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ABSTRACT. The variable flue gas composition in biomass-fired plants, among other parameters, 
contributes to the complexity of high temperature corrosion of materials. Systematic parameter studies 
are thus necessary to understand the underlying corrosion mechanisms. This paper investigates the effect 
of water (H2O) vapour content in the flue gas, on the high temperature corrosion of austenitic stainless 
steel (TP 347H FG) under laboratory conditions, to improve the understanding of corrosion mechanisms. 
Deposit-coated and deposit-free samples were isothermally exposed for 72 h in a synthetic flue gas 
atmosphere containing either 3 vol % or 13 vol % H2O vapour. Comprehensive characterization of the 
corrosion products was carried out by the complementary use of microscopic, spectroscopic and 
diffraction based techniques. To evaluate the effect of the exposure time, results were compared to 
previous results with longer isothermal exposure over 168 h, and indicated that the development of a Ni-
rich layer due to selective attack was time dependent. The increase in water vapour decreased the 
measurable corrosion attack, and, in addition decreased sulphation was observed. Results from the 
current investigation and from previously reported findings suggest that an increase in water vapour will 
cause competitive adsorption on active sites. 

1. Introduction 

One of the major operational challenges experienced in power plants firing biomass is the severe 
corrosion of superheater tubes [1–4]. The release of K, Cl, S and other organically/inorganically 
associated species into the vapour phase during combustion of biomass leads to subsequent condensation 
of deposits on superheater tubes [5]. The corrosion rate caused by KCl containing deposits accelerates 
with increasing steam temperatures, and therefore reduces the efficiency of biomass-fired plants relative 
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to those fired with fossil fuels. As a consequence, the outlet steam temperature of biomass fired plants 
(in Denmark) is limited to about 540 ⁰C. 

KCl induced corrosion of high temperature materials has been the subject of a number of investigations 
[6–13] to clarify the mechanism of attack in order to pave the way for the development of advanced high 
temperature resistant materials. Laboratory investigations have shown that the alkali earth metal plays a 
role in the initial corrosion process [8,10,14–17]. Such studies indicate that a protective Cr2O3 layer 
cannot be formed on high Cr-alloyed steels due to the formation of K2CrO4 which leads to the formation 
of a Fe-rich porous oxide. Chlorine transport through the scale was suggested to proceed according to an 
electrochemical –“Wagner type” redox mechanism involving Cl reduction and metal oxidation [16,18].  

However, other studies with SO2 in the gas reported that corrosion is accelerated by Cl generation from 
the sulphation of the alkali chloride present in the deposit [13,19,20]. In such studies, it was suggested 
that the HCl released from sulphation of the deposits is able to dissociate according to the Deacon 
reaction [21] into Cl species which are transported through cracks and pores to the corrosion front. A 
cyclic attack involving the chlorination, oxidation and re-chlorination by the released chlorine was 
proposed to be responsible for the increased corrosion attack  [13,19,20]. 

Other studies [11,22–27] suggest that SO2 in the flue gas can affect the corrosion process in a couple of 
ways: 

(a) fast conversion of the corrosive chloride (KCl) to the less corrosive sulphate (K2SO4) [23,26]. In this 
process, SO2 is also converted to SO3, 
(b) formation of surface sulphates which prevent the vaporisation of CrO3(OH)2 and thus, slow down the 
corrosion process [26,27], and; 
(c) the ability of surface sulphates to inhibit surface reactions involved in corrosion [27]. 

It has to be noted however, that most of such studies have been carried out either with a very low surface 
coverage of the deposits on the samples, or with very high concentrations of SO2 which may affect the 
sulphation and, hence, the corrosion process. In fact, it was stated [23] that a high concentration of SO2 
may induce preferential sulphation at the gas-deposit interface resulting in HCl generation away from 
the metal surface. 

Effects of H2O vapour on high temperature corrosion of materials have been widely investigated in the 
absence of deposits (relevant to steamside oxidation of superheater tubes) [28–38]. Generally the 
corrosion results in an outward growing magnetite layer and an inward growing Fe-Cr spinel phase. 
Likewise in the presence of synthetic deposits in simplified atmospheres (relevant to fireside corrosion 
during biomass-firing), the effect of H2O vapour has frequently been studied [10,34,39–43]. Results from 
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such investigations revealed that H2O can exert either an accelerating [10,41–43] or inhibiting [34,39,40] 
effect on the corrosion of the investigated samples. Hence, a need for further understanding of its effect 
on the corrosion process is important. Even more indispensable is the need to investigate the effect of 
H2O vapour under realistic laboratory-scale conditions related to biomass-firing and its possible 
influence on the sulphation of the deposits.  

This paper focuses on laboratory-scaled investigations of high temperature corrosion of an austenitic 
stainless steel (TP 347H FG) under conditions mimicking biomass-firing in thermal power plants. The 
effect of the amount of H2O vapour in the flue gas stream was investigated to gain better understanding 
of its influence on both the deposit sulphation and the corrosion mechanism. Results are compared to 
those from an exposure at 168 h [44] to reveal the influence of exposure time. 

2.  Experimental procedures 

2.1  Sample preparation  

Fine grained (FG) TP 347H austenitic stainless steel (chemical composition given in Table 1) was used 
for the present investigation. Arc shaped samples with a surface area of 1.2 cm2 of concave curvature 
were cut from a virgin steel tube utilised as superheater tubes in the plants. The samples were 
ultrasonically degreased in acetone and subsequently dried with ethanol. Afterwards, the concave 
surfaces of some of the clean samples were coated with a slurry of the synthetic deposit prepared by 
mixing 32 – 63 µm sized KCl particles in a solution of 2-propanol. Each sample was coated with a 1 mm 
thick deposit. Using deposit slurries for laboratory investigation of high temperature corrosion forms part 
of the EU guidelines for effective simulation of such processes [45,46]. 

Table 1. Chemical composition (in wt %) of the as-received steel (TP 347H FG)  

Si Cr Mn Ni Fe Nb 
0.4 18.1 2.0 10.3 68.7 0.5 

 

2.2  High temperature corrosion exposures 

High temperature exposure of both deposit-coated and deposit-free samples was carried out in a series 
of experiments summarized in Table 2, under controlled atmospheres mimicking biomass firing 
conditions. To achieve this, a high temperature corrosion test-rig, schematically shown in Figure 1, was 
used. The corrosion test-rig consists of a gas mixing compartment, an electrically heated furnace and a 
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flue gas cleaning system. Mass flow controllers are used to carefully regulate the concentration of each 
gas component.  

Table  2. Exposure conditions at a temperature of 560°C. For comparison, conditions for the 168 h 
exposure at a similar temperature [44] (reference condition for the present work) is also presented 

Experiment Time 
(h) 

Gas composition 

HCl  
(ppmv)/dry 

SO2  
(ppmv)/dry 

CO2  
(vol 
%)/dry 

O2 
(vol 
%)/dry 

N2 
(vol 
%)/dry 

H2O 
(vol 
%) 

Condition 
1 72 400 60 12 6 82 3 

Condition 
2 72 400 60 12 6 82 13 

Reference 168 400 60 12 6 82 3 
 

 

Figure 1. Schematic representation of the high-temperature corrosion test-rig. 

The furnace contains five quartz reactors in which the samples were placed. In reactors containing more 
than one sample, a minimum separation distance of 50 mm was maintained between the samples to avoid 
shielding effects. In order to incorporate the desired H2O vapour concentration, the gas mixture of CO2, 
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O2 and N2 (carrier gas) was passed through a thermally controlled H2O bath. The desired H2O vapour 
concentration was obtained by setting the temperature of the bath such that the ratio of vapour pressure 
of H2O at such temperatures to that at 100 oC gave the desired concentration. The H2O loaded gas mixture 
was finally mixed with the HCl and SO2 gas streams and then fed into the reactors in a preheated channel 
to avoid condensation. At the exit of each reactor, ball flowmeters are connected in order to maintain a 
uniform gas flow in each reactor. All exposures were carried out isothermally at 560 oC. After each 
exposure, the samples are allowed to cool down under a flow of humid N2. A minimum of 6 samples 
were exposed at each experimental condition shown in Table 2. 

The experiments reported here focus on the effect of parameters relevant for high temperature corrosion 
in biomass plants. However in the real plant, there are many fluctuating parameters, such as gas and 
metal temperatures, thermal gradient, flue gas composition, dynamic flow within the boiler which can 
make it difficult to understand the specific roles of the different corrosive components. Also, it is a 
simplification of the corrosion process to have isothermal exposures using only a KCl deposit. However, 
this is undertaken to obtain specific mechanistic data. 

2.3  Characterization of exposed samples 

The corrosion products formed on the samples were characterized by means of microscopic, 
spectroscopic and diffraction techniques. Characterization involved both examination of the cross 
sections, and plan-view investigations coupled with mechanical removal of the corrosion products (in 
the case of deposit-coated samples).  

To facilitate cross-sectional investigations on exposed deposit-coated samples, a two-stage process for 
metallographic embedding was employed. First, the samples were mounted in the as-exposed condition 
under vacuum using an epoxy based resin. This preserved the as-exposed morphology of the corrosion 
products. Subsequently, mounted samples were sectioned under dry conditions to assess the cross-section 
of the samples. A second stage mounting under vacuum using an epoxy based resin was carried out with 
the exposed cross-section facing downwards in the mount. The mounted samples were then prepared 
according to standard metallographic techniques down to 1µm diamond suspension. During the 
metallographic preparation process, the samples did not come in contact with water; instead, absolute 
ethanol (99.9 %, VWR Chemicals) was used as a lubricant to prevent dissolution of the water-soluble 
corrosion products (such as metal chlorides).  

For deposit-free samples, a direct mounting under vacuum in epoxy was carried out. The mounted 
samples were also prepared according to the water-free techniques utilized for the deposit-coated 
samples. 
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Plan-view investigations of the deposit-coated samples started directly on the exposed deposit surface 
and continued with subsequent characterization of the revealed interfaces after stepwise mechanical 
removal of the corrosion products. Owing to the thin corrosion products observed on deposit-free 
samples, only direct plan-view surface investigations on the as-exposed samples were carried out. 

Both plan-view and cross section analysis was carried out with scanning electron microscopy (SEM). 
This microscopic analysis of the morphology of the corrosion scale and the microstructure of the steel 
beneath the affected surface was combined with chemical element analysis applying energy dispersive 
spectroscopy (EDS) in the SEM. The prepared cross-sections were coated with carbon prior to SEM 
analysis.   

For all SEM (Inspect S, FEI) investigations, an acceleration voltage of 15 keV and a beam spot size of 5 
were used. Micrographs were obtained using the backscatter electron (BSE) detector in order to reveal 
information from the compositional contrast of the corrosion products. For some plan-view 
investigations, BSE images were supplemented by secondary electron (SE) imaging. 

Quantitative elemental compositions of the corrosion products were revealed with an EDS (Oxford 
instruments) system attached to the SEM. An acceleration voltage of 15 keV was also utilized for EDS 
measurements. Due to the heterogeneous surface morphology of the corrosion products, EDS results are 
shown only for values above 1 wt % to minimize possible errors. Also, due to possible contamination 
from the metallographic preparation and mechanical removal steps using SiC grinding paper, Si was 
intentionally not analysed. 

Crystalline corrosion products were identified by qualitative phase analysis using X-ray diffraction 
(XRD). The diffractometer (Bruker AXS, D8 Discover) was operated with Cr-Kα radiation. An 
asymmetric beam path (grazing incidence geometry) with a fixed incidence angle of γ = 2 o was employed 
for XRD.  These diffraction measurements were further combined with stepwise removal of corrosion 
products, where each removal was larger than the maximum X-ray penetration depth during grazing 
incidence measurements. Due to the geometry of the samples, measurements were carried out with a 
point focused incidence beam using a polycap optics system.                                                                                                                                                                                                                                                                 

3.  Results 

3.1  Reference exposure (straw-firing flue gas, 3 vol % H2O, 168 h)  

A similar exposure of the same alloy  (TP 347H FG) coated with the same deposit (KCl) at the same 
temperature (560°C) for 168 h to straw-firing flue gas composition containing 3 vol % H2O has been 
previously reported [44]. For comparison, selected results of this previous study are summarized in 
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Figure S1(see supporting information) as they form the basis for discussion of results from the present 
samples. These results originate from the examination of more than 10 samples and are representative of 
the corrosion morphology. As observed from the various micrographs, the morphology of the corrosion 
products is not uniform. However, a general observation is the occurrence of three layers of corrosion 
products (Figure S1, a-d in the supporting information). Layer 1 and layer 2 are similar in all samples, 
while layer 3 exhibits some variation. Detailed characterization revealed that layer 1 consists of K2SO4-
KCl-FexOy, while layer 2 consists of mainly MxOy;  M =  {Fe, Cr} [44]. A sponge like Ni-S-rich 
microstructure dominated in layer 3 (Figure S1 a). In addition to Ni and S, Cr and Fe could be identified 
within layer 3 on some locations (Figure S1 b-d). However, such regions did not exhibit a clear porous 
structure but rather a continuous layer or pit like morphology. Irrespective of the morphology of layer 3, 
the presence of a Ni-rich band at the interface between the corrosion product and the bulk of the alloy 
was always observed from EDS mapping across the cross section. Preferential attack along grain 
boundaries is often observed below layer 3 of the corrosion product. Detailed microstructure 
characterization of the corrosion products resulting from exposure under this condition is contained in 
Okoro et. al. 2014 [44]. 

3.2  Exposure under straw-firing flue gas with 3 vol. % H2O (condition 1, 72 h) 

The exposure of deposit-coated samples to flue gas containing 3 vol % H2O for 72 h (condition 1 in 
Table 2) resulted in the formation of the corrosion products shown in Figure 2a – d, illustrating their non-
uniform nature. Consistently, however, the corrosion products observed below the initial deposit consist 
of three layers marked as 1, 2, and 3 in the micrographs.  

The corresponding elemental composition of the corrosion products revealed by EDS mapping are 
presented in the Figures 3a – c. Layer 1 appears similar to that observed after the reference exposure (cf. 
Figure S1 in supporting information). This layer consistently contains Fe, K, S and O regardless of the 
overall morphology of the corrosion product. Similarly, layer 2 also consistently is comprised of Fe, Cr 
and O. However, the Cr maps show that Cr is enriched in the lower parts of layer 2. The morphology of 
layer 3 is rather non-uniform. Observations from this layer are summarized as follows: 

- Double layered regions (Figure 2a) with a very porous upper layer, and a relatively continuous 
layer below. Such regions are comprised of Fe, Cr, Ni, O and S (Figures 2a and 3a). A number of 
pores can be identified also in the lower layer (Figures 2b and 3b). 

- Fe, Cr, Ni, O and S containing pits (Figures 2c and 3c). 

- Regions with a dual-layered morphology similar to (i), but with selective attack along grain 
boundaries extending into the bulk of the alloy (Figure 2d). The EDS line scans (not shown here) 
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along such grain boundaries reveal Fe and Cr depletion, with a corresponding enrichment of Ni, S 
and O. 

-  

Figure 2. Selected cross sections of corrosion product resulting from exposure to condition 1 (flue gas 
with 3 vol % H2O) (1: layer-1, 2: layer-2, 3: layer-3). Micrographs in a) to d) refer to different locations 
on the exposed samples.   
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-  

Figure 3. EDS maps showing elemental composition of the corrosion products resulting from exposure 
under condition 1 (flue gas with 3 vol % H2O). Maps in a) to c) refer to different locations on the exposed 
samples, cf. Fig. 2.   
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More detailed results on the morphology and composition of the corrosion products are obtained from 
plan-view characterization, combined with mechanical removal of the corrosion product layers. In 
Figures 4a and b, plan-view microstructures of the deposit observed from the flue gas/deposit and 
deposit/corrosion product interfaces are shown respectively.  

 

Figure 4. Plan view microstructure of the synthetic deposit at the flue gas/deposit (a) and 
deposit/corrosion product (b) interfaces after exposure to condition 1 (flue gas with 3 vol % H2O). For 
elemental composition of locations 1 and 2, see Table S1 in the supporting information.  

At the flue gas/deposit interface, large facetted particle agglomerates consisting exclusively of K, S and 
O are detected (Table S1, supporting information). The size of these particle agglomerates decreases with 
distance from the flue gas/deposit interface into the bulk of the deposit (see arrows (i) and (ii) in Figure 
4a). Deeper in the deposit, these features agglomerate around the initial deposit particles. Similarly, 
examination of the deposit particles from the deposit/corrosion product interface (Figure 4b) also 
revealed accumulation of these K, S and O rich features around the KCl deposit particles but to a reduced 
extent. This observation supports the identification of Cl from the deposit particles in the EDS analysis 
shown in Table S1 (supporting information). After partial removal of the surface deposit, the Fe, K, S 
and O containing layer shown in Figure 2 (layer 1) is seen to accumulate around the KCl deposit particles 
(Figure 5 and location 1 and 2 in Table S2, supporting information). EDS analysis on positions where 
the initial KCl particles have been removed (location 3 in Table S2) reveal high concentration of Fe (61.4 
wt %), in addition to Cr and Mn. Previously identified elements (K, S and O) from the maps in Figure 3 
were also revealed by plan-view EDS analysis.  

Figure 6 shows secondary electron (SE) plan-view micrographs of corrosion products obtained after 
removal of the MxOy-K-S-O deposit-coated layer shown in Figure 5 (M =  {Fe, Cr, Mn}). EDS analysis 
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(location 1 in Table S3, supporting information) revealed that this layer consists mainly of MxOy; 
where M =  {Fe, Cr, Mn}. 

 

Figure 5. Selected plan view micrographs of the corrosion product showing the observed microstructure 
after partial removal of the initial KCl deposit, i.e. beneath surfaces shown in Fig. 4, on a sample exposed 
to condition 1. For elemental composition of locations 1-3, see Table S2 in the supporting information. 

 

Figure 6. Selected plan view microstructures (SE images) of the corrosion product observed directly 
below the KCl-K2SO4 rich layer in Figure 5, after further removal of the corrosion product resulting 
from exposure to condition 1. For elemental composition of locations 1 and 2, see Table S3 in the 
supporting information. 
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The Fe-rich layer (Figure 6a) is observed to contain isolated nodular as well as blade-like structures. 
After removal of the Fe-rich layer, the revealed corrosion product layer in Figure 6b is Cr-rich (location 
2 in Table S3). These results agree with that revealed by EDS mapping on the cross-section of the 
corrosion product (cf. Figure 3), i.e. outer Fe-rich oxide and inner Cr rich oxide.  

Plan-view BSE images of regions where the internal attack occurred are shown in Figure 7 and 
supplemented by EDS results in Table S4 (supporting information). More than 20 wt % of each of the 
alloying elements Fe, Cr and Ni were present in the internally attacked zones. The analysis reveals that 
Cr and Ni are enriched in these regions compared to the bulk alloy and that Fe is depleted. In addition, 
small amounts of chlorine and large amounts of oxygen were also identified. Also at these positions, 
attack along grain boundaries was observed (Figure 7b). 

 

Figure 7. BSE plan view microstructure of regions of internal attack (close to the corrosion front) due to 
exposure to condition 1. For average elemental composition of location 1, see Table S4 in the supporting 
information. 

Results from grazing incidence XRD (GI-XRD) measurements after the stepwise removal of the 
corrosion products are shown in Figure 8. The rough morphology of the corrosion product (cf. Figure 5) 
resulted in a high signal to noise ratio in the diffractograms. Nonetheless, both KCl (JCPDS card 41-
1476) and K2SO4 (JCPDS card 05-613) could be identified in the diffractogram obtained from the 
sulphated deposit layer (cf. Figure 5). On the Fe-rich layer shown in Figure 6a, Fe2O3 (JCPDS card 33-
664) was the predominant crystalline phase identified. Apart from the austenite phase (γ-Fe, JCPDS card 
33-397), no other phase could be detected in the diffractogram recorded at the regions of internal attack 
(cf. Figure 7).  
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Figure 8. Grazing incidence XRD diffractograms showing the predominant crystalline corrosion product 
phases (after exposure to condition 1) on the different layers of corrosion product shown in Figures 5, 6 
and 7. The peak at ~ 69 0 is due to stress-induced austenite to martensitic transformation during 
mechanical removal. 

The corrosion products resulting from exposure under the same flue gas condition, but on deposit-free 
samples are shown in Figure 9. The plan-view investigation indicates that the corrosion product includes 
regions with thicker, coarse and blade-like features with increased concentration of Fe and Mn (Figure 
9a, location 1 in Table 3) compared to regions with relatively finer morphological features and greater 
Cr and Ni concentration (Figure 9b, location 2 in Table 3). Examination of the cross section (not shown 
here) showed a thinner layer of corrosion product relative to the deposit coated samples. The elemental 
composition revealed by EDS mapping (Figure 9c) showed that the corrosion product consists of Fe, Cr 
and O. However, only O, Cr and Ni maps are shown here in order to show the differences between the 
thick and thinner corrosion product regions. Discrete enrichment of Ni was also observed by EDS 
mapping on the cross sections at the interface between the corrosion product and the bulk of the alloy.  
The predominant crystalline phase identified by GI-XRD (Figure 10) on the exposed samples was Fe2O3 
(JCPDS card 33-664), in addition to peaks from the bulk sample (γ-Fe, JCPDS card 33-397). 
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Figure 9. Plan-view (a), (b) and EDS maps (c) of resulting corrosion products on deposit-free samples 
after exposure to condition 1 (without KCl deposit, straw-firing flue gas with 3 vol% H2O). For elemental 
composition of locations 1 and 2, see Table 3. 

Table 3. Elemental composition of selected locations of the corrosion product in Figure 9 

location 
elemental composition (wt %) 
O Cr Mn Fe Ni 

1 27.7 4.3 2.3 63.7 - 
2 26.6 9.2 1.8 59.4 2.7 
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Figure 10. GI-XRD diffractogram showing the predominant crystalline corrosion product phases on 
deposit-free sample exposed to condition 1.  

3.3  Exposure under straw-firing flue gas with 13 vol % H2O (condition 2, 72 h) 

Exposure with increased H2O vapour content in the flue gas resulted in the formation of corrosion 
products presented in Figure 11, indicating the heterogeneity of the corrosion products, similar to 
observations for the previous exposure (cf. Figure S1 in supporting information and Figure 2). Again, 
three corrosion product layers can be identified as indicated in the micrographs.  

Similar to the corrosion products observed in condition 1, layer 1 also consists of Fe, K, S and O (see 
Figure 12a-c). Fe, Cr and O are the major elements of layer 2. Cr is observed to be enriched at the lower 
sections of layer 2 (Figure 12a, b). However on some locations across the cross section, Cr enrichment 
forms a significant part of layer 3 (Figure 12c). On other locations, the Cr enriched sections extend into 
internal attack (grain boundary attack) towards the alloy bulk (Figure 12a, b).   

Layer 3 is sometimes observed as a continuous layer (see Figure 12c), consisting mainly of Cr-rich oxide 
whereas in the other maps (Figure 12a), the Cr rich oxide is in localised areas. On some locations on the 
exposed samples (Figures 11b and 12b), layer 3 is lacking, except for local enrichment of Ni. On locations 
where layer 3 is observed, the elemental composition consists of Cr, Ni, S, O and Fe. A general feature 
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observed in layer 3 is the enrichment of Ni as marked with the arrows in Figure 12.  Ni enriched regions 
in the grain interior are observed adjacent to grain boundary attack where Cr rich oxide penetrates into 
the alloy. 

 

Figure 11. Selected cross sections of the resulting corrosion product after exposure to condition 2 (flue 
gas with 13 vol% H2O) (1: layer-1, 2: layer-2, 3: layer-3). Micrographs a)-d) originate from different 
regions along the sample surface. 
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Figure 12. EDS maps showing elemental composition of corrosion products (shown in Figure 11 (a-c)) 
resulting from exposure to condition 2 (flue gas with 13 vol % H2O).  

EDS line scans (not shown here) reveal a difference in the elemental composition of the attacked grain 
boundaries as the bulk of the alloy is approached. Grain boundaries extending directly from layer 3 are 
observed to be depleted in Fe and Ni, and relatively enriched in Cr, O and S. In contrast, the attacked 
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grain boundaries closer to the bulk of the alloy are depleted in Fe, Cr and O. Instead, only an enrichment 
of Ni and S is observed on such grain boundaries. 

In Figures 13 and 14, plan-view micrographs of the corrosion products obtained from stepwise scale 
removal are presented. Similar to the observation in previous exposure conditions (cf. Figure 4 and the 
reference exposure [44]), extensive agglomerations are observed around the original deposit particles.  
These agglomerates fully cover the deposit particles at the flue gas/deposit interface (Figure 13a); hence 
only K, S and O were identified by EDS. In contrast, partial coverage of the deposit particles is observed 
at the deposit/corrosion product layer interface (Figure 13b); consequently in addition to K, S and O, Cl 
is also identified there. 

 

Figure 13. Plan-view microstructure of the synthetic deposit observed from (a) the flue gas/deposit and 
(b) deposit/corrosion product interfaces after exposure to condition 2 (flue gas with 13 vol % H2O). 

Beneath the deposit particles, the corrosion product layer appears as shown in Figure 14a. This layer also 
contains partly sulphated particles of the deposit similar to that for the exposure with 3 vol. % H2O in 
the flue gas (condition 1). Potassium, S, O, Fe, Mn and Ni make up the elemental composition of the 
continuous regions of this corrosion product layer. On some regions (location 2 in Table 4), it was 
observed that the initial deposit particles are covered by such continuous regions. In Figure 14b the 
microstructure of the underside of layer 2 and topside of layer 3 are shown. The underside of layer-2 
consists predominantly of Cr, Fe and O as previously detected in Figure 12. A correlation is observed 
between the micrographs in Figure 14b and c. The cross linked features in Figure 14b clearly matches 
the distribution of the attacked grain boundaries in Figure 14c. A severe case involving selective attack 
of a complete grain is shown in the insert in Figure 14b. Elemental analysis shows that the corrosion 
product resulting from such selective attack consists of Cr, Fe, Ni, and O, with minor concentrations (< 
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2 wt %) of S and Cl.  EDS maps (in Figure S2, supporting information) show that Fe and Cr are essentially 
depleted on the attacked grain boundaries. Instead, a pronounced enrichment of Ni, S, K, Cl and O is 
observed.  

 

Figure 14. Plan-view microstructures of the corrosion product after exposure to condition 2 (flue gas 
with 13 vol % H2O) and stepwise layer removal; (a): observed below the initial deposit, (b): observed 
from the interface between the corrosion product scale and the alloy bulk, (c), (d): selective attack along 
grain boundaries as the alloy bulk is approached.  

 

 

19 
 



Table 4. Elemental composition of selected areas in Figure 14  

location elemental composition (wt %) 
O S Cl K Cr Mn Fe Ni 

1 29.8 14.4 - 34.0 - 4.3 15.4 1.0 
2 24.0 12.4 10.4 40.5 - 9.1 3.4 - 
3 31.4 - - - 46.3 - 19.6 - 
4 26.3 1.8 1.9 - 36.3 - 24.9 6.9 

 

The identified crystalline phases of the corrosion product are shown in the diffractograms presented in 
Figure 15. From the GI-XRD measurements on layer 1 of the corrosion product (cf. Figures 11 and 14a), 
the phases KCl, K2SO4 and Fe2O3 could be identified according to the JCPDS cards 41-1476, 05-613 
and 33-664 respectively. On the revealed surface of the selective attacked layer (layer 3, Figure 14c); 
both K2SO4 and Fe2O3 were identified. In addition, peaks from the alloy bulk (γ-Fe, JCPDS card 33-
397) are detected. With increasing depths, the γ-Fe phase becomes the predominant phase. 

 

Figure 15. GI-XRD diffractograms showing the predominant crystalline corrosion product phases on the 
different layers of corrosion product obtained after exposure to condition 2 (flue gas with 13 vol % H2O) 
and subsequent stepwise layer removal. 
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Corrosion of deposit-free samples exposed to condition 2 resulted in the corrosion products shown in 
Figure 16. The corrosion product is only very thin and, apparently, it cracked during metallographic 
preparation of the cross section, hence hindered thorough EDS analysis.  

 

Figure 16. Plan-view and EDS maps of deposit-free sample exposed to condition 2 (flue gas with 13 vol 
% H2O). The elemental composition of locations 1 and 2 are given in the supporting information Table 
S5. 

However, the EDS maps on the corrosion product cross section (not shown here) indicate that the 
corrosion product consists of Fe, Cr and O. Sulphur was identified on local positions at the lower region 
of the corrosion product. It is observed from plan-view investigation (Figure 16) that the interior of the 
alloy grains is affected by corrosion, whereas regions surrounding the grain boundaries are less attacked. 
EDS analysis on the different regions show a difference in the concentration of Cr, Fe, Ni and O (see 
Table S5, supporting information). Near the grain boundaries, there is an increased concentration of the 
alloying elements (Cr and Ni). The only crystalline phases identified were Fe2O3 (JCPDS card 33-664) 
and γ-Fe (JCPDS card 33-397), see Figure 17. The γ-Fe phase originates from the underlying alloy bulk 
because of the thin nature of corrosion product layer on the deposit-free sample. 
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Figure 17. GI-XRD diffractogram showing the predominant crystalline corrosion product phase(s) on 
the deposit-free sample exposed to condition 2.   

3.4  Thickness of corrosion product layers 

The thicknesses of the different corrosion product layers on the various samples after exposure to the 
different conditions was measured on more than 20 positions for each sample. Measurement of layer 3 
involved both regions where internal /grain boundary attack have occurred. The box charts in Figure 18 
shows the statistical distribution of the corrosion product thicknesses. The mean of the measured 
thickness are represented by the dots inside each box. The standard deviation from the mean is denoted 
by the two horizontal edges of the box. The ‘error’ bars above and below the box depict the maximum 
and minimum measured thicknesses, while the position of 50 % of the measured values is shown by the 
horizontal line inside each box. 

The thickness of corrosion product layers after exposure to the reference condition [44] is observed to 
exhibit the highest degree of variation. However, for layer 1 (Figure 18a), the mean thickness obtained 
after exposure to condition 1 and the reference conditions was relatively similar (31.1 ± 8.5 µm and 36.3 
± 12.6 µm, respectively), despite the difference in exposure time. A similar trend is observed for layer 2 
of corrosion product (Figure 18b): 20.7 ± 5.9 µm and 19.2 ± 10.0 µm for condition 1 and the reference 
exposure, respectively. 
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Figure 18. Thicknesses of the resulting corrosion products after exposure to the different conditions. The 
maximum and minimum thicknesses are represented by the marks above and below each box. Round 
dots in each box represents the mean thickness. The standard deviation from the mean is represented by 
the horizontal edges of the box. Location of 50 % of the distribution is depicted by the horizontal bar in 
each box. At least, 20 positions on the exposed samples were measured to obtain the thickness plot. 

Exposure to condition 2 (with 13 vol% H2O in the flue gas) showed relatively lower values of the mean 
thickness (11.3 ± 4.2 µm and 10.3 ± 5.3 µm for layer 1 and layer 2, respectively). It is observed that the 
thickness of the internal/grain boundary attack regions depended neither on the exposure time, nor the 
amount of H2O vapour in the flue gas (cf. Figure 18c). The average thickness values of these regions 
from the reference exposure, condition 1 and condition 2 were; 10.6 ± 4.9 µm, 10.2± 3.6 µm and 9.7 ± 
3.2 µm, respectively. 

In Figure 19, a schematic summary of the corrosion products after exposure of deposit coated samples to 
the different conditions is presented. 
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Figure 19. Schematic representation of the resulting corrosion products on deposit coated samples from 
the exposures under the reference condition (a), condition 1 (b) and condition 2 (c). 

4.  Discussion 

4.1  Effect of the exposure time 

High temperature corrosion of superheater materials under biomass-firing conditions is complex. This 
can be attributed to the interplay between the various corrosive species present. However, the long-term 
(168 hours) exposure of the investigated material (TP 347H FG) under laboratory conditions simulating 
biomass-firing indicated that the prominent corrosion mechanisms involve chlorination-oxidation and 
sulphidation [44].  Under such conditions (which serve as the reference condition in the current study), 
sulphation of the initial deposit, direct reaction of the deposit with the preformed oxide on the alloy as 
well as direct attack of the flue gas on the alloy, were suggested as possible pathways to initiate the 
corrosion attack. Thorough comparison of the morphology of corrosion products formed after both 168 
h (reference, Figure S1 in supporting information) and 72 h (condition 1, Figure 2) of exposure to such 
conditions showed the formation of three layers of corrosion products. The only pronounced difference 
between the two exposure times is the clear establishment of the Ni-rich porous region in layer 3 as a 
result of the extended exposure time of 168 h. Such difference suggests that the action of Cl species in 
selectively extracting ‘less noble’ alloying elements (Fe and Cr [44]) is time dependent and therefore a 
propagating step and not an initiation step. As clearly observed from the EDS maps of the corrosion 
products after 72 h of exposure (Figure 3), layer 3 has not fully developed into a Ni-rich porous layer. 
Instead, Cr is observed in addition to Ni where such porous regions have started to form. The time 
dependent evolution of the Ni rich porous layer due to selective attack by Cl is supported by the clear 
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development of this layer after a longer (field) exposure (3462 h) of the investigated material in a straw 
fired plant [47].  

The exposure time marginally influences the thickness of the corrosion products layers (for the flue gas 
containing 3 vol % H2O) as the average measured thicknesses of the three layers are in close agreement 
(Figure 18). However, the maximum thickness of the corrosion product layers is observed to clearly 
increase with time. The observed thickness of corrosion product after 72 h of exposure is in agreement 
with that observed in a similar study[13]. Based on the slow increase in corrosion product thickness 
recorded for the investigated material even after 150 days of exposure to similar conditions [19], the 
similarity in average thickness of corrosion products after 72 and 168 h is confirmed. This observation 
has two implications:  

- The resulting corrosion products after a given time impose some degree of resistance to transport 
of species to/from the corrosion front. 

- The catastrophic corrosive species (KCl) become consumed in the corrosion process after a given 
period. Subsequently, the flue gas components and the less corrosive corrosion product (for 
example, potassium sulphate) will result in attack leading to a relatively slow increase in the 
thickness of corrosion products. This is one of the constraints of such a laboratory set-up because 
in the real plant; the deposit is constantly being replenished. 

4.2  Effect of H2O vapour concentration in the flue gas 

Although from a generalized perceptive, three layers of corrosion products were observed regardless of 
the concentration of H2O vapour in the flue gas, the morphology, thickness and distribution of the 
corrosion products varied significantly as a function of H2O vapour concentration (see Figures 2, 3, 11 
and 12). The synergistic/antagonistic behaviour of H2O vapour on high temperature oxidation has been 
effectively reviewed in the literature [36,38]. It has been suggested that H2O vapour can influence the 
corrosion process via several mechanisms, for example: 

(a) Formation of volatile metal-oxyhydroxide species consequently leading to the formation of less 
protective Fe-rich oxides [14,28–30,37,48]. 
(b) Enhanced growth of the oxide scale due to faster transport of H+/OH-  in the scale [31,35]. 
(c) Assisting the internal oxidation of Cr and as a result aiding the outward growth of Fe-rich oxide 
[31,33]. 
(d) Competitive H2O/O2 adsorption at the scale-gas and scale-metal interfaces [31,36,49]. 
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A general consequence of the above mechanisms is an increase in the growth of an external Fe-rich 
corrosion product. Since the concentration of other gas species (SO2, CO2, O2 and HCl) in the flue gas 
were kept constant in the different exposures, H2O vapour is observed to influence high temperature 
corrosion of deposit-free samples in the present investigation. A similar effect of H2O in dominating the 
oxide formation mechanism was reported for studies under oxyfuel gaseous conditions [50]. Plan-view 
investigations on samples exposed to a flue gas containing 13 vol % H2O (Figure 16) show that regions 
at the grain boundaries are attacked to a lesser extent relative to the alloy grain interior. This observation 
hence supports the fact that the continuous supply of Cr from faster transport paths (grain boundaries) is 
able to sustain the formation of a more protective oxide. Insufficient supply of Cr from the bulk alloy to 
the interior of grains in the subsurface caused the formation of thicker Fe-rich corrosion products as the 
outer oxide probably according to mechanism (a) above. The corrosion products on deposit-free samples 
exposed to a flue gas with 3 vol % H2O content did not display a similar trend. In fact very little sign of 
grain boundary protectiveness is observed on the regions with fine morphological features (see Figure 
9). Under such conditions,  

𝑝𝑝𝐻𝐻2𝑂𝑂
𝑝𝑝𝑂𝑂2

 < 1 holds and, hence, H2O vapour would have a reduced effect on 

corrosion. However, either Cl or SO2 from the flue gas could have caused an accelerated attack to justify 
the thick and coarse corrosion product morphology observed on some regions of the exposed samples 
(Figure 9a). Considering that HCl dissociates into Cl2 according reaction (1), it is expected that in order 
to sustain equilibrium, an increase in 𝑝𝑝𝐻𝐻2𝑂𝑂 will cause a decrease in 𝑝𝑝𝐶𝐶𝐶𝐶2. An opposite effect will be 
observed at low 𝑝𝑝𝐻𝐻2𝑂𝑂 which may explain the resulting thick and coarse corrosion products on some 
regions of the exposed sample due to enhanced attack by Cl2. 

2HCl(g) +
1
2

O2(g) ⇌ Cl2(g) + H2O(g)                   (1) 

In the present investigation of the effect of H2O vapour in the presence of a KCl deposit, a decrease in 
the corrosion product thickness is observed with increasing H2O vapour concentration. Additionally, no 
clear increase of the corrosion product porosity/densification can be observed after exposure to 
conditions 1 and 2 (see Figures 2 and 11).  Justifiably the above listed mechanisms (a – d) cannot explain 
the H2O vapour effect observed on deposit coated samples since they were solely developed based on a 
gas-metal interaction. However, it has been suggested that in the presence of solid corrosive species 
(KCl, NaCl) [41–43,51], the synergistic corrosion accelerating effect of H2O vapour originates from the 
higher thermodynamic favourability of reaction (2) compared to reaction (3). 

xNCl(s) + MxOy + H2O ⇌ NxMxO(y+1) + xHCl                   (2) 

xNCl(s) + MxOy +
1
𝑥𝑥

O2 ⇌ NxMxO
�y+2𝑥𝑥�

+ Cl𝑥𝑥                   (3) 
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(N = {K, Na}, M = {Fe, Cr}, and x, y are integers). 

The HCl released from reaction (2) is able to chlorinate the alloying elements resulting in the formation 
of volatile metal chlorides (reaction 4). Oxidation of these species yields a porous oxide and also the 
regeneration of HCl (reaction 5) which partly reinitiates the chlorination reaction in a cyclic manner. 

M + xHCl ⇌ MClx +
x
2

H2                   (4) 

MClx + yH2O ⇌ MxOy + (2y)HCl                   (5) 

The present results reveal that H2O vapour does not increase corrosion attack on the investigated alloy 
under the present conditions. Similar investigations of high temperature corrosion of austenitic steel AISI 
304 L [38], alloy 625 [40], ferritic 10CrMo910 steel [40] and FeCrAl alloy [34]  show a decrease in 
corrosion with an increase in H2O vapour concentration. The densification of the resulting corrosion 
product or ability of the HCl from reaction (2) to exit from the corrosion system has been suggested to 
compensate for the observed trend. However, in the present investigation where the sulphation of the 
deposit particles also contributes to an increase in the corrosive species (HCl, K2SO4), it is meaningful 
to consider the possible effect of H2O vapour on the flue gas-deposit interactions. 

With the presence of SO2 in the flue gas, sulphation of the initial deposit (KCl particles) is expected to 
proceed in a mechanism similar to the Hargreaves process [52] (reaction 6) in which HCl is released in 
the flue gas. 

2KCl(s) + SO2(g) +
1
2

O2(g) + H2O ⇌ K2SO4(s) + 2HCl(g)               (6) 

Comparison of the cross-sections in Figure 2 for condition 1, and Figure 11 for condition 2 reveal a 
decrease in thickness of layer 1 when specimens are exposed to the 13 vol % H2O containing flue gas. 
The degree of K2SO4 accumulation around the deposit particles is also observed to be significantly 
reduced with 13 vol % (Figure 13), instead of 3 vol % (Figure 4) H2O. These observations suggest that 
more of the KCl deposit is sulphated (and therefore more HCl is generated) in the flue gas with lower 
concentration of H2O vapour. A corresponding small increase in thickness of the metal oxide containing 
layer of the corrosion product - layer 2 (Figure 18) also suggests that a significant proportion of the 
released HCl from the sulphation process (reaction 5) has contributed to corrosion. The generated HCl 
can dissociate into Cl2 (reaction 1) which can migrate to the corrosion front and induce chlorination of 
thermodynamically favourable alloying elements (reaction 7) [53–56]. Similarly, electrochemical 
migration of adsorbed Cl ions to the corrosion front [18,34,57] will give rise to chlorination of the most 
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favourable alloying element. The resultant volatile metal chlorides are transported away from the 
corrosion front and subsequently oxidized to release Cl (reaction 9), which partly migrates back to the 
corrosion front and continues the process in a cyclic mechanism (the so-called chlorine cycle). The 
selective depletion of Fe and Cr are explained by the thermodynamically favoured chlorination of these 
elements relative to Ni [21,44,55,56], hence suggesting a Cl assisted type of corrosion attack. 

M(s) + xCl ⇌ MClx(s)                   (7) 

MClx(s) ⇌ MClx(g)                  (8) 

yMClx(g) +
z
2

O2(g) ⇌ MyOz(s) + yClx(g)                  (9) 

Owing to the porous morphology of the oxides converted from metal chlorides, it is reasonable that 
enhanced migration of corrosive species occurs. This explains the accumulation of S at the corrosion 
front after exposure of the deposit-coated samples to the different conditions (see Figures 3 and 12). It is 
suggested that sulphidation may proceed due to enhanced transportation of SO2 across the porous oxide 
formed as a result of the cyclic Cl attack.  

With respect to the kinetics of reaction 6, reported results on the effect of H2O vapour concentration are 
somewhat inconclusive. While model predictions and some experimental results suggest an insignificant 
effect of H2O concentration on the heterogeneous sulphation of alkali chlorides (KCl/NaCl) [58–62], 
thorough analysis of some experimental results reported in literature reveal an interesting trend. At 
constant SO2 and O2 concentrations, a potential maximum in the reaction kinetics is observed in the 
sulphation of NaCl (at 600 oC) [61] when the H2O vapour concentration approaches 10 vol% . Above 
this concentration, a decrease in conversion rate is observed. The rate determining steps in the 
heterogeneous sulphation of deposit particles will involve adsorption of SO2, O2 and H2O on the surface 
of the deposit [61–63]. Hence the present authors suggest that a competitive adsorption on active sites of 
the deposit particle may influence the kinetics of the process, and by extension, the rate with which HCl 
is released. A similar mechanism based on preferential adsorption of H2O in CO2 containing gases has 
been used to explain reduced carburisation [64]. Even though H2O facilitates the formation of the 
intermediate specie (H2SO4) in the sulphation process via a proton transfer to SO3 [63], it is possible 
that above a certain concentration, the adsorbed H2O species exert an inhibiting influence instead. 
Alternatively, it is probable that with increased active site coverage by adsorbed H2O species, the 
available sites for adsorption of other species such as SO2 become restricted (steric hindrance) and 
accordingly a decrease in sulphation rate is observed. Although the limits of experimental error in 
previous experimental investigations [59,61] is unknown, results indicate that such phenomena will 
likely occur above a critical H2O vapour concentration around 10 vol %. Indeed proper studies in this 
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regard are needed to clarify the effect of H2O vapour on the sulphation kinetics of alkali chlorides.  
Nonetheless, the observed trend with an increase in flue gas H2O content in the present investigation can 
be explained by the above suggestions. 

5. Conclusions 

Laboratory-scale high temperature exposures have been carried out with a view to investigate the effect 
of exposure time and H2O vapour content on the corrosion of TP 347H FG under conditions mimicking 
biomass firing. Comprehensive characterization of the resulting corrosion products using SEM, EDS and 
XRD was achieved by both cross-sectional and plan-view investigations after mechanical removal of the 
corrosion product layers.  

Corrosion products generally contain three layers irrespective of the exposure time or condition. 
However, it is shown that the development of the Ni-rich porous layer due to selective attack by Cl is 
observed with longer exposure times.  

With respect to the influence of H2O vapour, an antagonistic effect was observed on the corrosion process 
upon an increase in the amount of H2O vapour in the flue gas. The observed corrosion morphologies on 
samples coated with a KCl deposit could not be explained based on classical H2O vapour corrosion 
accelerating mechanisms. Such accelerating mechanism was only observed on deposit-free samples 
exposed to flue gas with 13 vol % H2O vapour. 

Based on previous experimental results in literature and results from the current investigation, it is 
suggested that above a critical H2O vapour concentration, competition for active adsorption sites will 
lead to a decrease in the sulphation of the initial deposits as well as HCl generation, and consequently a 
lower extent of corrosion. 
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Supporting Information 

Table S1. Elemental composition of selected locations of the corrosion product in Figure 4 

Location elemental composition
*
 (wt %) 

O S Cl K 
1 37.3 18.9 - 43.8 
2 18.9 6.8 29.7 44.1 

*due to the morphology of the measured locations, values < 1 wt %  (denoted by ‘-’) are not presented. The same holds for the subsequent tables. 

 
Table S2. Elemental composition of selected locations of the corrosion product shown in Figure 5 

location elemental composition (wt %) 
O S Cl K Cr Mn Fe 

1 22.2 8.6 23.6 42.5 - - 2.8 
2 33.8 16.0 2.5 39.0 1.1 - 7.6 
3 19.0 2.2 - 6.1 8.2 2.3 61.4 

 
Table S3. Elemental composition of selected locations of the corrosion product in Figure 6 

location elemental composition (wt %) 
O Cr Mn Fe Ni 

1 25.4 4.3 1.7 67.4 - 
2 27.1 38.3 2.1 25.3 4.7 

 
Table S4. Elemental composition of internally attacked regions shown in Figure 7 

location elemental composition (wt %) 
O Cl Cr Fe Ni 

1 19.2 1.8 22.9 30.2 22.7 
 
Table S5. Elemental composition of selected areas in Figure 16  

location elemental composition (wt %) 
O Cr Mn Fe Ni 

1 32.1 4.2 1.6 61.1 - 
2 15.3 16.3 1.7 56.8 8.7 
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Figure S1. Selected BSE micrographs showing cross sections of corrosion products after exposure to the 
reference condition (straw-firing with 3 vol % H2O, 168 h) a.  

 

 
Figure S2. EDS elemental maps showing the elemental composition of the selectively attacked regions shown in 
Figure 14(c).  
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