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Abstract 

 
A Ni2Al3 coated tube was exposed in a wood firing power plant for 7100 h. The exposure resulted in protective 

behaviour in most areas, while corrosion attack occurred in local areas. In areas exhibiting protective behaviour, 

a 30-50 nm thick γ-Al2O3 layer was found, and a 200-250 nm K-O rich amorphous layer was identified in the 

corroded area. A corrosion mechanism is suggested: γ-Al2O3 was broken down by reaction with KCl(g) 

resulting in formation of potassium aluminate. Migration of Cl through potassium aluminate resulted in 

formation of volatile AlCl3. KCl-AlCl3 then led to alumina fluxing and further corrosion attack. 
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1. Introduction 
 

The combustion of biomass in thermal power plants has continued to increase in the past years, as combustion 

of biomass is overall CO2 neutral and therefore beneficial for limiting greenhouse effects. Among the biomass 

resources, straw and wood chips with a high availability are attractive fuels. In contrast to firing fossil fuels, 

the utilization of biomass presents considerably greater corrosion-related challenges for hot components such 

as superheater tubes. The corrosion of superheater tubes occurs mainly due to the formation of deposits that 

contain a high content of potassium and chlorine [1]. 

 

The high temperature corrosion mechanisms resulting from the presence of potassium and chlorine have been 

extensively studied and described in the literature [2-10]. In the past, the presence of aggressive chlorine was 

always considered as the main cause of corrosion in the biomass-fired power stations. The corrosiveness of 

Cl-containing species in biomass firing environments is usually explained by the active oxidation mechanism 

[2,3,4,5]. According to this mechanism, chlorine is able to pass through the oxide scale via small cracks or 

defects to the metal/oxide interface, where metal chloride is formed. At superheater operation temperatures, 

metal chlorides become volatile and therefore migrate outwards towards the oxide/gas interface [6,8]. These 

chlorides are converted to metal oxide and chlorine is released at higher partial pressures of oxygen. The 

released chlorine will then facilitate further corrosion, forming a cyclic corrosion process [9,11]. In recent 

years, it has been highlighted that alkali metals can play an important role in the breakdown mechanism for 

otherwise protective chromium containing oxides. When potassium is present in the flue gas, often as KCl, it 

reacts with chromia to form potassium chromate while releasing chlorine [4,5,6,12]. 

 

While there are many approaches to control the corrosion in a biomass fired power plant, the use of either high 

alloy materials or protective coatings may help to mitigate the corrosion and increase the lifetime of 

superheaters. Among coatings described in the literature, nickel aluminide coatings have shown good 

resistance against KCl induced corrosion in laboratory setups. In the study by Li and Spiegel [2] on the 

corrosion resistance of a Ni-Al alloy and Fe-Al alloys in a KCl-air atmosphere at 650 oC, the Ni-Al alloy 

exhibited good corrosion performance, while extensive corrosion attack occurred on the Fe-Al alloys. Kiamehr 

et al. [13] investigated the corrosion behaviour of pack cemented Ni2Al3 and Fe-Al coatings with KCl deposit 

in air for 168 h at 600 oC. It was reported that no attack occurred on Ni2Al3 coatings, while other coatings 

experienced different degrees of attack. Dahl et al. [14] evaluated the performance of pack cemented Ni2Al3 

coatings with KCl deposit in a gas flow of 40% H2O + 5% O2 + N2 at 600 oC for 168 h. After exposure, the 

Ni2Al3 coating showed the lowest corrosion rate compared with 304 steel and pure Ni. It was also found that 

slight corrosion reactivity occurred on the coating surface and resulted in formation of nodules that were rich 

in K, Al and O. The study of the nickel aluminide coatings reported in the literatures mainly contributed to the 

understanding of the corrosion performance and the analysis of the corrosion product in the similar laboratory 

environment. However, the actual corrosion performance and the formation of oxide scale of the coatings in 

the real power plants is not clear. 

 

Because of the good performance of the pack cemented Ni2Al3 coatings in the laboratory, testing was done 

from our previous study in-plant in two biomass fired boilers [15]. The coating consisted of an outer Ni2Al3 

layer on top of a Ni layer and then the substrate steel tube. The coating was formed by Al pack cementing pure 

Ni that was electrodeposited onto the steel tube. In the actual boiler environment, the corrosion mechanisms 

are caused by complex factors including fuel specifications and resulting flue gas and deposit composition, 

flue gas flow and temperature fluctuations. In one plant with 540 oC outlet steam temperature, the coating 

descaled from TP347H tubes due to frequent thermal-cycling, which made it difficult to assess the chemical 
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protectiveness of the coating [16]. In the second plant, which ran at lower outlet steam temperature 

(approximately 520 oC) without thermal cycling the coating was well adherent to the Esshete 1250 tubes and 

showed protective behaviour in most areas and some local failures after 1 year [15]. After two years exposure, 

the outer Ni2Al3 coating had failed completely around the circumference of the steel tube, and the underlying 

nickel was being attacked resulting in corrosive species diffusing through to react within the nickel layer [17]. 

However, the identification of the surface oxide scale and the degradation mechanism of the coatings were not 

studied and clarified in the previous study. The present study is dedicated to in-depth characterization with 

modelling and thus understanding of the chemical degradation mechanisms leading to the failure of the Ni2Al3 

coating. This has general implications for the potential use of alumina forming materials in biomass fired 

boilers. 

 
 

2. Experimental 

 
2.1 Coating of tubes 

 
The austenitic stainless steel Esshete 1250 (Fe-15Cr-9.5Ni-6.3Mn-1Nb-0.5Si-0.1C-1Mo-0.3V-0.015S- 

0.035P-0.005B wt.%) was used as substrate tubes, since uncoated Esshete 1250 tubes are used for the 

superheater in the biomass fired power plant where test exposures were carried out. The tube section that was 

coated had a length of 200 mm, an outer diameter of 32 mm and an inner diameter of 19 mm. A two-step 

process was used for coating the tubes: First nickel was electroplated and then low temperature pack 

aluminizing was undertaken to form the outer Ni2Al3 layer. Before nickel electroplating, a series of pre- 

treatment processes were undertaken to ensure a clean surface. The tube was first washed with detergent (soap) 

and ethanol, and then immersed in an anodic degreaser (3 minutes), with a subsequent chemical activation step 

in dry acid (3 minutes). A pre-plating process was carried out in a Woods nickel strike bath (5 minutes at 6 

A/dm2 current density). The final nickel-plating process was conducted in a Watts nickel-plating bath (using a 

current density of 6 A/dm2 at 45 oC for 100 minutes) followed by rinsing in ethanol. Before pack aluminizing, 

the Ni plated tube was heat-treated for 1 hour in a gas atmosphere of Ar at 650 oC. The reason for this was to 

bake out hydrogen that could be introduced during the previous process and to reinforce the bonding between 

the nickel layer and the steel tube. Pack cementation of the Ni-coated tube section was performed in a closed 

steel cylinder placed in a horizontal tube furnace with a flowing argon atmosphere. The Ni coated tube sections 

were embedded in pack powders (pre-mixed 10 wt.% Al + 8 wt.% AlCl3 + 82 wt.% Al2O3), heated to 650 oC, 

and held for 6 h. After aluminizing, the Ni2Al3 coated tube was cleaned thoroughly with ethanol. Finally, the 

coating was removed by machining from a 2 cm wide zone at each end of the coated tube section to make 

welding possible. 

 

 
2.2 Power plant testing 

 

The Ni2Al3 coated tube was welded into a leading superheater tube of a biomass boiler where the outlet 

superheater had an average steam temperature of 520 oC. The fuel fired in the power plant was 90 wt.% wood 

chips + 10 wt.% wood pellets. The detailed power plant operation conditions have been described in an earlier 

publication [15]. The test tube was placed in a position where the temperature and therefore the corrosion rate 

was assessed to be the highest and was exposed for 7100 h before removal for investigations. 
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2.3. Metallographic preparation and microscopy characterization 
 

The test tube section was removed from the biomass boiler and is shown in Figure 1, where a thick 

adherent layer of deposit was present around the whole circumference of the Ni2Al3 coated tube. The measured 

deposit thickness was up to 3.5 mm. 

Two thin rings (1 cm) were cut in dry condition from the middle of the tube. To prepare a cross-sectional 

sample, one of the cut tube rings was embedded in epoxy resin. Grinding was performed with standard 

metallographic techniques, while polishing was done with diamond slurry until a final step of 1 µm diamond. 

However, the preparation stages were undertaken using water-free absolute ethanol as lubricant to reduce 

dissolution of water-soluble corrosion products. The cross-sectioned tube was examined with an FEI Inspect 

S or a JEOL JSM-5900 scanning electron microscope, both used in backscattered electron contrast mode. Prior 

to SEM characterization of the cross-section, a thin layer of carbon was sputtered onto the sample using a 

Q150R Rotary-Pump Sputter. 

The second tube ring was cut into small pieces and the deposit was prised off the tube with a scalpel. The 

sections were then cleaned ultrasonically in ethanol to further remove loose corrosion products thus the surface 

morphology was visible and therefore areas with different appearance could be investigated. 

The surface was examined with a stereomicroscope (Olympus BH-2) and an FEI Inspect S scanning electron 

microscope (SEM) equipped with energy dispersive X-ray Spectroscopy (EDS) (Oxford Instruments 50mm2 

X-Max silicon drift detector) in secondary electron contrast mode. X-ray diffraction (XRD) was performed 

using a Bruker D8 Discovery diffractometer mounted with a Cr source and in parallel beam diffraction mode. 

In order to examine with transmission electron microscopy (TEM), an FEI Helios Nanolab (FIB/SEM) 

workstation was used to lift out thin foil samples from different areas of the exposed tube surface. Before FIB 

lift-out the sample was sputtered with gold to mark the original surface. To further protect the outermost surface 

during FIB thinning, the areas of interest were sputtered with platinum. A JEOL JEM3000F field emission 

transmission electron microscope equipped with X-ray energy dispersive spectrometer (EDS) was utilized to 

examine the microstructures and chemical compositions of the TEM samples. It is noted that EDS spot analysis 

with a focussed beam of 300 kV (compared to the 20 kV from SEM) can give rise to alkali migration [18]. 

This problem with respect to potassium migration has been documented when analysing geological samples 

with analytical electron microscopy using a high voltage TEM [19]. The samples were observed both in bright 

and dark field imaging modes.  Energy-Filtered Transmission Electron Microscopy (EFTEM) was used and 

jump-ratio images were obtained to show elemental distribution. Convergent beam electron diffraction 

(CBED) was applied to identify the crystal structures of the oxide layer and corrosion products. 

Thermodynamic equilibrium diagrams were calculated using Outotec HSC Chemistry Software version 9 

[20] or Thermo-Calc Software version 2018b with the SSUB6 database [21]. 

 

 

3. Results 

3.1. Ni2Al3 coating before exposure 
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The two-step coating preparation process led to formation of a coating with a double layer structure as shown 

in Figure 2a with an outer Ni2Al3 layer (thickness variation between 50 and 70 µm along the 200 mm tube 

length) and an inner pure Ni layer (approximately 100 µm thick). The grain size of the Ni2Al3 coating prior to 

exposure varied from 5 µm to 20 µm over the whole sample. The Ni2Al3 phase was identified by XRD phase 

analysis (not shown). Further details on the composition of the pre-exposed coating and results of isothermal 

laboratory heat treatments can be found in [22]. 

 

 

3.2. Ni2Al3 coating after exposure 

After one year of exposure, areas with different degrees of corrosion attack could be identified. The Ni2Al3 

coating showed only slight surface attack around 4/5 of the tube circumference similar to location (a) in Figure 

2b. In these locations, the Ni2Al3 coating was still intact and attached to the underlying Ni layer. In the 

remaining areas (1/5 of the observed tube circumference), the Ni2Al3 coating was attacked, generally starting 

with areas of grain boundary attack and in some locations full consumption of the Ni2Al3 (areas (ii) and (iii) 

on Figure 2b respectively). At location (iii), descaling can be observed, which is consistent with the observation 

that after two years of exposure, the Ni2Al3 coating had failed completely around the full tube circumference, 

and the underlying nickel was being attacked [17]. 

Figure 3 shows the surface of a piece of the superheater tube (after removal of deposit). In most areas, there 

was little attack and the surface was relatively smooth with reddish brown colouration, whereas in local areas 

there were clusters of dark blue/black corrosion product surrounding metallic areas. This could correspond to 

the morphologies observed in the cross section in Figure 2b, where the Ni2Al3 coating probably has fully 

descaled at the areas appearing metallic surrounded by corrosion product. Figure 3b is a scanning electron 

micrograph of the region marked with white in Figure 3a. The different areas where the exposed Ni2Al3 coating 

was either protective or has failed can be clearly observed and thus examined and compared in detail in the 

following sections. 

3.2.1. Area with protective behaviour 
 

a) Surface analysis 
 

XRD phase analysis performed on an area where the coating exhibited protective behaviour (reddish brown 

colour) identified the presence of Ni2Al3 (JCPDS 03-1052) and Ni3Al4 (JCPDS 46-1037). In addition, there 

were small peaks indicating NiAl (JCPDS 44-1188) as shown in Figure 4. There are some common peaks for 

Ni3Al4 and NiAl2O4 thus presence of the NiAl2O4 compound cannot be discounted based on XRD. 

SEM secondary electron images of the surface in plan-view (‘top-down’) are presented in Figure 5 together 

with SEM-EDS composition analysis revealing that Al, Ni and O were present in the near surface. Oxygen was 

present indicating that a thin oxide scale must have formed on the surface, although this could not be confirmed 

with XRD. Areas where there was higher oxygen content also had a higher aluminium content, which would 

indicate the presence of an aluminium rich protective oxide layer. 

b) Cross-sectional analysis 
 

The location shown in the SEM/BSE in Figure 6 was similar to location (i) in Figure 2 with only slight surface 

attack being visible (Figure 6a), however no protective layer can be discerned. The Ni2Al3 coating was still 

intact and no descaling from the underlying Ni layer was visible. A higher magnification analysis of the 

coating-deposit interface using EDS mapping revealed the presence of K, Cl, S, O, Mg, Ca, indicating that 

KCl was probably present in the deposit together with K2SO4, MgSO4, CaSO4, however there were no elements 
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from the coating (Ni or Al) within the deposit. Moreover, there was a very thin line rich in O and K at the 

interface of oxide and deposit. The oxide formed on the surface was too thin to be identified by SEM in the 

cross-section. 

A TEM thin foil was prepared by FIB lift-out from the reddish-brown protective area of the sample shown in 

Figure 3. A bright field image of the surface revealed a 30-50 nm thick surface layer (Figure 7a), which EDS 

analysis (Compositions of selected points in Figure 7a are shown in Table 1) and EFTEM (Figure 8) showed 

to be rich in Al and O. EDS analysis immediately below the layer yields a composition corresponding to the 

Ni2Al3 phase. At a few locations, the FIB-milling process had thinned through the oxide at the interface to the 

metal coating, resulting in some artefact holes with a size of 5–10 nm. The fine black line of dots visible at the 

oxide-platinum interface is the sputtered gold layer. HRTEM as shown in Figure 7b confirmed that the oxide 

scale was crystalline at all observed locations. 

Convergent beam electron diffraction (CBED) was employed to identify the crystal structure of the oxide scale. 

From the diffraction patterns obtained, the oxide layer was identified as being γ-Al2O3 and the matrix was 

identified as Ni2Al3. An example of a CBED diffraction pattern is shown in Figure 9 and spots originating 

from γ-Al2O3 (space group Fd-3m and PDF card: 79-1558) are indexed. Several diffraction patterns with 

different tilt angles were obtained in order to make an unambiguous identification. 

3.2.2. Area exhibiting non-protective behaviour (black corrosion products) 
 

a) Surface analysis 
 

The XRD analysis of the corroded area (Figure 10) identified Ni2Al3 (JCPDS 03-1052) and Ni3Al4 (JCPDS 46- 

1037) similar to the findings for the area with generally protective behaviour. However, the peaks for NiAl 

(JCPDS 44-1188) were much more prominent for the corroded area. In addition, Ni (JCPDS 04-0850) was 

identified and there were weak indications for NiO (01-1239). No Al2O3 or potassium compounds were 

identified. 

 

The morphology of the area with the black/blue corrosion product marked in Figure 3b is shown in Figure 11a. 

Figure 11b shows a series of EDS analyses along a line on the surface of the corrosion product (shown as the 

yellow dotted line in Figure 11a). There was a clear indication of K together with the expected Al, Ni and O. 

Al was present in the highest atomic percentage together with oxygen indicating an aluminium rich oxide. 

Where the measured oxygen level was highest, the Al/O ratio fits approximately to that for Al2O3 considering 

the inherent inaccuracy of oxygen measurements when using EDS. K was present at all measurement points 

along the line (2-7 at. %) while no Cl was measured and only localised presence of S in amounts less than 1 at. 

% was found. However, it should be remembered that the deposit had been removed and that the surface of the 

sample was cleaned with ethanol, which would lead to removal of any soluble chlorides. 

 

 
b) Cross- sectional analysis 

 
The corrosion attack did not occur to the same extent over the whole sample, therefore the locations analysed 

in this paper were representative examples of the extremes showing the progression of the corrosion attack. 

The corrosion attack began with localised grain boundary attack, see Figure 12a. BSE imaging as well as EDS 

composition measurements revealed that the grain boundary attack was accompanied by depletion of Al in the 

nearby grains. In Figure 12b, the Al depletion is visible in the lighter areas (more Ni rich in a back scattered 

micrograph). The EDS analysis values should be taken as an indication of Al depletion; however, the exact 
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local composition is difficult to measure due to the interaction volume of the beam. In addition, the presence 

of both K and O at grain boundaries could indicate the possibility of an oxide containing K, Al and O. This is 

similar to the elemental composition detected on the surface as shown in Figure 11. 

At specific locations around the tube, there was almost complete attack of the nickel aluminide part of the 

coating. Figure 13a shows an area where the grain boundary attack has penetrated the coating, while Figure 

13b shows a location where the entire Ni2Al3 layer was consumed and the corrosion front was adjacent the Ni 

rich interdiffusion layer. The corrosion attack resulted in the formation of mixed corrosion products as shown 

from the grey tones in the backscattered image and the EDS analyses reported in Table 2. A very dark layer 

consisting of K, Al and O was present on the surface of the attacked coating corresponding to KAl9O15 

according to EDS measurements 1, 2, and 3 in Table 2. The corrosion product underneath the outermost oxide 

was composed of a relatively high Al content in dark grey areas (EDS measurements 4 and 5) indicating 

aluminium oxide and in lighter grey areas more Ni was present together with Al and O (EDS measurements 6 

and 8). EDS position 9 is in an area with clear selective attack and also has a similar composition to the high 

Ni + O + Al areas. Sulphur, chlorine and potassium were detected throughout the corrosion product. Some 

areas (EDS points 7 and 10) in the lower part of the coating revealed no measurable oxygen content but both 

Ni and Al. Position 7 has 52 at.% Al and 47 at.% Ni indicating a NiAl composition, whilst analysis 10 in the 

unpenetrated layer has 28 at.% Al and 72 at.% Ni indicating a composition closer to Ni3Al. In this area, the 

corrosion attack has stopped when reaching the Ni-rich interdiffusion phases and has not fully penetrated to 

the Ni-layer, but in other locations, (Figure 2b), the layers formed by interdiffusion has also been attacked. 

Light Ni rich areas (marked by light blue arrows in Figure 13a) were also observed next to corrosion products, 

indicating depletion of Al. Where the corrosion attack had progressed further, Ni rich areas lying in strings 

parallel to the corrosion front could be observed (marked by light blue arrows in Figure 13b). 

Figure 14a shows an area where severe attack of the coating was observed. EDS elemental mapping of the area 

shown in Figure 14a revealed Al depletion and local enrichment of Ni in “strings” as earlier mentioned. 

Furthermore, the presence of sulphur in the outer part of the corroded coating and Cl at the corrosion front at 

the bottom of the corroded coating was observed. The dotted line shows the overlap of the micrograph (Figure 

14b) where the deposit immediately above the attacked coating was analysed. The EDS analysis revealed that 

the deposit in this location contained K, Al and O in amounts that correspond to KAl5O10, which is in contrast 

to Figure 6 where K, Cl, S and O were main components within the deposit. 

 

To obtain more information on the corrosion product, a TEM thin section was lifted out from an area with 

extensive visible corrosion product. The lift-out location is marked with a yellow line in Figure 11a. The 

complete TEM sample consisted of corroded coating, see Figure 15a. TEM-EDS analysis revealed a 200-250 

nm thick surface layer, which was rich in K and O with a minor amount of Al and little or no Ni (see Figure 

15a and EDS positions 1-3 in Table 3). Diffraction patterns obtained in this layer indicated that the surface 

oxide layer was amorphous, see Figure 15b. Below the outer layer, an inhomogeneous microstructure 

consisting of corrosion products with different compositions and morphologies were present. Within the 

corrosion product there were many areas which were rich in Al and O (EDS analysis 4-6 and 16 and 19). 

Within the Al rich areas, there were many small “darker” islands rich in Ni and O sometimes with small 

amounts of Al (EDS analyses 7, 9, 11, 18, 15, 17). Furthermore, a dark island with a diameter of around 1 µm, 

consisted almost entirely of Ni (see analysis 12). One analysis (8) also showed the presence of sulphur within 

a Ni-Al-O corrosion product, which was similar to the elemental analysis in the outer part of the corroded 

coating in the EDS maps shown in Figure 14. Cl was not identified, which agrees with Figure 14, where Cl 

was found deeper into the corroded coating and near to the corrosion front. 
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3.3 Thermodynamic calculations 
 

Metal-oxygen-chlorine phase stability diagrams for Al and Ni as function of oxygen and chlorine partial 

pressures are shown in Figure 16a. According to these diagrams depicting thermodynamic stabilities of 

aluminium and nickel, aluminium oxides and chlorides are more stable compared to nickel oxides and 

chlorides, and oxides of aluminium can form at very low p(O2) if the p(Cl2) is low. If the oxide partial pressure 

is low, which could be the case under dense deposits, aluminium chloride can form at the deposit/Ni2Al3 

coating interface. 

 
In the presence of K, chloride compounds containing both aluminium and potassium can form at high p(Cl2) 

however at low p(Cl2) and high p(O2), potassium aluminates are thermodynamically stable as shown in Figure 

16b. The thermodynamic database for the HSC software [20] contains data for different polymorphs of 

alumina, as well as different potassium aluminates (K2Al12O19 or KAl9O14 and KAlO2) and therefore the HSC 

software was used for further thermodynamic calculations since γ-Al2O3 and potassium aluminate 

(corresponding to either K2Al12O19 or KAl9O14) were detected within the corrosion products. Gibbs free 

energies of possible reactions involving KCl(g) and γ-Al2O3 are shown in Figure 17a. 

When γ-Al2O3 encounters gaseous KCl in oxidising environments containing O2 and/or H2O, a reaction is only 

favoured at temperatures below 500 °C. When only KCl gas is present without a source of oxygen, several 

different mixed potassium-aluminium chlorides and oxides can form at higher temperatures. A similar 

behaviour was calculated for α-Al2O3, which is also predicted to be reactive though the regions where reactivity 

is thermodynamically feasible is moved to lower temperatures compared to γ-Al2O3. Calculation of reactions 

with KCl in the solid form always yielded positive values for the Gibbs free energy indicating that any reaction 

would occur with KCl in the gaseous form. 

 

 

4. Discussion 
 

After boiler exposure, the surface and cross-sectional microstructure investigation revealed protective 

behaviour in most areas, while severe corrosion attack occurred in local areas. A summary of the findings is 

given in Table 4. 

4.1 Protective oxide 

 
After removal of the deposit, the protective surface had a red/brown colouration compared to the corroded 

areas, which were blue/black. Singh and Anand [23] showed that the aluminium rich surface can have a light 

brown/tan colour when an alumina layer is 40-55 nm thick, which correlates to the thickness of the protective 

oxide measured on the tube. The oxide could not be identified with XRD or SEM of the cross-section, but a 

clear indication of oxygen was detected by SEM-EDS performed on the surface. In addition, the morphology 

of the surface was different compared to a sample before exposure or for lower exposure durations in water 

vapour where grains were clearly visible [14]. TEM-EDS analysis and EFTEM jump-ratio images for 

elemental distribution of Ni, Al and O (Figure 7 and Figure 8) indicated that a thin aluminium rich oxide of 

20-50 nm had grown on the surface. The thin Al-rich sale could be identified as γ-Al2O3 using CBED, and 

HRTEM showed that the entire layer was crystalline. Dahl et al. [14] also reported the formation of a thin 

crystalline alumina scale (30 nm) on the surface of a Ni2Al3 coated sample after a laboratory exposure to 5% 
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O2 + 40% H2O + N2 at 600 oC for 168 h, however, the exact polymorph that formed on the Ni2Al3 coating was 

not identified. Brumm and Grabke [24] observed the formation of γ-Al2O3 on NiAl in 0.13 bar O2 + H2 at 700 
oC and reported that only γ-Al2O3 formed in the temperature range from 700 oC to 850 oC. Zhang et al. [25] 

investigated the oxidation of β-NiAl in air for 1-2 h in the temperature range of 650-950 oC and reported that 

a thin film of γ-Al2O3 formed. 

Growth of a γ-alumina scale on aluminium in the temperature range of 400-500°C was described as follows 

[26]: A slow growing amorphous alumina layer forms on the surface in the initial oxidation stage growing by 

interstitial outward transport of Al cations. Then the Al-enriched amorphous oxide layer gradually transforms 

into the stoichiometric and crystalline γ-Al2O3 when approaching a critical thickness (5 nm) and the chemical 

diffusion of O via grain boundaries results in further growth. The component investigated in the present study 

had been exposed to a surface metal temperature of approximately 540 °C, however the environment contained 

water vapour, carbon dioxide, oxygen, sulphur and chlorine bearing species, which could influence the initial 

formation of the alumina layer. In addition, the amount of deposit increases with operation time, which will 

also change the microenvironment on the surface of the tube. Thus, it is interesting that a protective Al2O3 layer 

(albeit γ-Al2O3 instead of the more protective α-Al2O3) was formed under conditions so different from the 

previously mentioned laboratory conditions and also that this γ-Al2O3 was protective for up to 7100 h exposure, 

even though KCl was present directly adjacent the layer (Figure 6). Li et al. [2] investigated the corrosion 

performance of model alloys with different Al content under a surface deposit of NaCl-KCl melt in air. They 

reported that there was no obvious attack on pre-oxidized Fe-20%Al alloy and an alumina layer coexisted with 

large amounts of salt on Fe-45%Al alloy. Sadeghimeresht et al. [27] evaluated the corrosion performance of 

HVAF sprayed Ni-5%Al coatings in 5 vol.% O2 + 500 vppm HCl + N2 with KCl deposit at 600 oC for 168 h. 

The results showed that a protective alumina formed on Ni-5%Al coatings. TEM investigations on a similar 

Ni2Al3 coating when exposed in the laboratory to KCl deposit in a gas mixture of 5% O2, 40% H2O + N2 at 

600 oC for up to 168 h revealed general protective behaviour, although nodules rich in K, Al, and O, were 

observed [14]. 

The XRD results on the protective region identified Ni2Al3, Ni3Al4 (with 60 and 61 at. % Al respectively). 

Significant aluminium depletion was not observed below the oxide layer with TEM-EDS analysis, but a slight 

depletion was measured where the Al content was 61 at. % just below the oxide and 59 at. % at an approximate 

distance of 400 nm from the oxide. This indicates that the Al content in the nickel aluminide coating was 

sufficient to generate the Al2O3 protective oxide layer. The growth rate of γ-Al2O3 is controlled by the inward 

grain boundary diffusion of oxygen anions [26] and it can undergo phase transformations into other metastable 

polymorphs, such as δ-Al2O3 and θ-Al2O3 after longer exposure times [28]. No evidence of other polymorphs, 

δ-Al2O3 or θ-Al2O3, was found despite the exposure time of 7100 h. Compared to α-Al2O3, the other transient 

alumina compounds have higher growth rates probably related to their crystal structures [29] and therefore 

would be less protective. When the temperature is sufficiently high or the oxidation process is long enough, 

the stable and denser α-alumina polymorph starts to form [29]. Recent TEM investigations of alumina on 

Kanthal APMT revealed crystalline alumina at 500 oC and α-alumina at 600 oC after 1000 h exposure in air 

[30]. In the present power plant exposure, it is clear that α-alumina did not form despite the much longer 

exposure time of 7100 hours. Josefsson et al. [31] attributed the formation of α-Al2O3 at 700 oC for a FeCrAl 

alloy in pure O2 to the initial presence of Cr2O3, which could account for the lack of α-alumina in our 

investigation. 

4.2 Breakdown of the Ni2Al3 coating 
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On the protective surfaces, the TEM results showed the formation of a thin adherent oxide layer after 1-year 

(7100 h) exposure, which offered protection against the aggressive environment. However, at the locations 

where severe corrosion took place, the γ-Al2O3 layer was not present, which indicates that the oxide layer was 

a) not established, b) was established and suffered mechanical breakdown or c) was established and suffered 

chemical breakdown. In laboratory investigations, alumina is stable with alkali chloride salt as described 

previously [2,14,27]. In the present field test where exposure times were longer but at slightly lower 

temperature in a more complex environment [15], localized failure of the coating was observed. After 2 years 

exposure, the coating had completely failed indicating that the intact oxide observed after 1 year’s exposure 

was broken down [17] i.e. the oxide was established but suffered breakdown. 

The surface layer on the corroded part of the tube was rich in potassium, aluminium and oxygen as indicated 

from the surface SEM analysis (Figure 11), the cross-sectional SEM analysis (Figure 13b) and the outer layer 

of the TEM FIB section (Figure 15-Table 3) while chlorine was absent. As shown in Figure 17a, when γ-Al2O3 

encounters gaseous KCl, a reaction is favoured especially at lower temperatures, however the reaction is 

unfavourable if KCl is a solid phase. The temperature profile associated with the superheater tube [17] varied 

from 480-540 oC steam temperature (approximately +20 oC for surface metal temperatures), however, at lower 

temperatures, the amount of KCl in the gas phase would be extremely low. According to the investigations by 

Pettersson et al. [7], volatilisation of KCl would occur at 560 oC as the vapour pressure of KCl is above 10-6 

atm. However even at 450 oC, some KCl volatilisation occurs resulting in corrosion of FeCrAl alloy close to 

KCl particles [32]. Since indications of potassium aluminate were already observed at 600°C after 168 hours 

[14], and for the majority of the tube were not observed after 7100 h at 540 °C, this could indicate that the 

concentration of gaseous KCl (which would be greater at higher temperatures) is a key factor. 

The thermodynamic calculations (Figure 17a) for the formation of potassium aluminates reveal that reaction 

is more favourable when there is no oxidising species (H2O or O2) and this could be a viable scenario under 

thick deposits resulting in potassium aluminium chloride as a corrosion product. The chlorides could then 

potentially oxidize later, e.g. if the deposit loosened or cracked. For the deposit analysed in the present 

investigations, it is also possible that Cl species could have been removed during metallographic preparation 

when analysing cross-sections, or during the ultrasonic cleaning used to remove deposit before surface analysis 

and FIB lift-out. However, laboratory exposure of the same coating, where preparation for characterisation did 

not involve solvents, revealed the presence of K all the way through the nodules of the protective oxide with 

TEM and GDOES [14], and a weak signal for Cl was observed with GDOES, which was believed to be from 

residual KCl particles on the surface. A preoxidised alumina formed at 700 oC, with subsequent KCl exposure 

for 24 hours at 600 oC revealed both the incorporation of K and Cl in the outer part of the pre-oxidised alumina 

scale [33]. Although in these two laboratory exposures [14,33] the atmosphere consisted of 40% H2O+5% 

O2+N2, i.e. an oxidising environment, the presence of a K-Al-Cl compound within the outer part of the 

aluminium-oxygen rich corrosion product could be a possibility. If the protective γ-Al2O3 reacted with KCl(g) 

to form potassium aluminates and K3AlCl6, the mixed potassium aluminium chloride would according to 

Robelin at al. [34] consist of a molten salt and KCl solid at 550°C. 

Thus, conversion of γ-Al2O3 to potassium aluminate is likely the first step in the breakdown of the Ni2Al3 

coating. Although the actual composition of potassium aluminate was not definitely established from the SEM 

analysis (Figure 13 and analysis in Table 2 and Figure 15), a potassium aluminate with a small content of 

potassium was indicated i.e. either KAl9O14 or K2Al12O19. It is to be noted that currently there are different 

compositions of the potassium aluminates/K-β aluminas, which are still under thermodynamic modelling 

investigations and are not included in thermodynamic databases, so therefore other variants could also be a 

possible corrosion product [35]. TEM analysis revealed a K-O rich amorphous surface layer with a thickness 
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of 200-250 nm (discussed later). Beneath this layer, a complex mixed corrosion product was found with areas 

consisting of Al rich oxide, other areas with Ni-Al oxide and finally areas with metallic Ni. The low level of 

potassium detected in the TEM analysis compared to SEM analysis could be due to K migration caused by the 

high energy focused ion beam used in TEM [18,19]. It could also be an effect of the very local TEM sampling 

with a lift out foil with dimensions of 5 µm x 9 µm. XRD analysis of the corroded area revealed Ni2Al3, Ni3Al4, 

NiAl, Ni and NiO. Thus, aluminium depletion of the nickel aluminide coating was revealed as well as metallic 

Ni and oxide of Ni. Surprisingly, neither Al2O3 nor potassium aluminates could be identified, however if these 

corrosion products were amorphous, nanocrystalline, or present in small amounts, they would not be revealed 

by XRD. 

Potassium aluminate such as KAl9O14 does not have the close packed structure of alumina [36] and presumably 

would allow for easier penetration of corrosive species such as Cl. In the presence of a KCl-AlCl3 molten salt, 

the corrosive species would be likely to be chlorine. Once through the potassium aluminate layer, chlorine 

species can use short circuit paths such as grain boundaries to further attack the coating. The migration of 

corrosive species along grain boundary interfaces either as ions [5] or atoms [37] was observed in the same 

environment through a pure Ni coating after 2 years exposure [17]. As shown from thermodynamic calculations 

(Figure 16), the Al from the Ni2Al3 coating will react at lower partial pressures of oxygen and chlorine 

compared to Ni, which is commensurate with the Al depletion observed within grains of the nickel aluminide 

(Figure 12). Nickel does not react as readily with chlorine compared to aluminium, which is in accordance 

with the areas containing metallic nickel found present within the coating corrosion product (Figure 14, Figure 

15). Internal formation of AlCl3 with a melting point of 192°C would result in volatilisation of this corrosion 

product inside the coating (tube temperature > 500 °C), which would then be able to move outwards. Due to the 

temperature gradient of the tube there would also be a continual inward migration of KCl from the deposit 

[38]. As the volatile AlCl3 would reach the KCl, or potentially K3AlCl6 (from the alumina + KCl reaction), this 

would result in a greater amount of molten salt [34]. This molten salt could then flow down grain boundaries, 

leading to further Cl preferential attack deeper into the Ni-Al coating. This is in accordance with the findings 

of areas with presence of Cl at the base of the Ni-Al coating just above the Ni coating (Figure 14). The presence 

of a eutectic AlCl3-KCl melt has previously been indicated from in situ FeCrAl alloy exposures to KCl at 450 

°C [32]. With increased penetration of the coating and further preferential attack of aluminium, oxygen species 

will likely have migrated in and the AlCl3-KCl could have been oxidised leading to the presence of Al-K-O 

reaction products at grain boundaries, and Cl species being re-released to continue the corrosion attack. 

Potassium aluminate was also observed within the deposit above where attack had occurred (Figure 14) which 

could be due to oxidation of an AlCl3-KCl deposit layer or a reaction of porous Al2O3 formed from oxidation 

of volatile AlCl3 and KCl(g). 

A further indication for the presence of a molten AlCl3-KCl layer was the K-O rich amorphous layer with low 

Al content (200-250 nm) on the surface of the corrosion product in the TEM thin foil. It was considered that 

this could be an artefact due to re-deposition of migrated K, however prior to FIB lift-out, gold was sputtered 

on to the surface followed by platinum deposition to preserve the corrosion product. It is suggested, that the 

presence of an AlCl3-KCl melt could have resulted in fluxing of Al2O3 from the surface of the potassium 

aluminate leaving behind a potassium rich oxide. Rapp [39] described how solubilities of oxides in fused 

sodium sulphates at 927°C, i.e. hot corrosion, depended on the acidity or basicity of the melted salt. Both oxides 

of Cr2O3 and Al2O3 had similar minimum solubilities in an acidic melt, and therefore showed protective 

behaviour in gas turbine environments. Similar solubility trends were measured in chloride containing melts 

(KCl-NaCl and KCl-NaCl-K2SO4-Na2SO4 where the acidity or basicity was changed by dosing with Na2O2, 

oxygen and HCl) and Cr2O3 was shown to dissolve in the melt with high basicity [40]. Although Al2O3 was 
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not directly investigated, the authors suggested that Al2O3 must also have increased solubility in basic molten 

chlorides since the alumina crucibles thinned down after exposure. Li et al. [41] investigated the degradation 

of alumina refractory by molten chloride + carbonate salts. Glassy layers of alkali metal oxides that were 10 

and 200 µm thick were observed at 900 °C and 1000 °C, respectively, but not at lower temperatures. It is 

suggested, that such glassy layers could be of similar nature to the 250 nm amorphous layer found in the present 

study. 

 

Figure 18 is a schematic that summarises the proposed mechanism of breakdown of the Ni2Al3 coating: Initially 

a γ-Al2O3 is formed and is protective for a long period sometimes greater than 7100 h, eventually it is broken 

down chemically by KCl(g) resulting in formation of potassium aluminate and chlorides. The potassium 

aluminate is not a barrier for ingress of Cl, which results in grain boundary attack and preferential attack of 

aluminium resulting in formation of volatile AlCl3. The volatile AlCl3 then migrates outwards where it can 

react with KCl(g) to form a molten salt which can further the grain boundary corrosion or migrates out of the 

coating to be oxidized at the coating surface resulting in formation of outer porous Al2O3, which can then 

further react with KCl(g) to form potassium aluminates. 

 
The results indicate that during exposure, an aluminium oxide γ-Al2O3 initially formed but that it was 

chemically attacked by KCl(g). This is in contrast to the findings of laboratory experiments where the failure 

of the α-Al2O3 (formed by preoxidation) was attributed to mechanical failure [42,43]. The operation 

temperature had been relatively stable for the whole exposure period and the EDS analysis did not show the 

presence of Al element in the deposit just adjacent to the coated tube from our previous study [15]. It is 

therefore the mechanical failure of the γ-Al2O3 can be ruled out. Microcracking of the alumina could also lead 

to attack of the underlying coating, however the present findings does not indicate this. Based on the 

thermodynamic calculations (cf Figure 17a and b), it is clear that α-Al2O3 will be less reactive than γ-Al2O3 

and therefore would be more resistant to attack. Due to the calculated reactivity of the alumina polymorphs, it 

is also apparent that the Ni2Al3 coating will not be able to re-establish a protective Al2O3 layer. Therefore, if 

for instance a thin protective α-Al2O3 was formed, and later suffered cracking, healing would not occur. Such 

a mechanism was reported for thermal cycling corrosion testing of a FeCrAl alloy, which revealed that cracks 

in the α-Al2O3 led to corrosion of the underlying alloy with formation of iron chlorides [42]. 

 

 

5. Conclusions 

Based on in depth characterisation of the Ni aluminide coated tube exposed for 7100 hours in a biomass 

boiler, the following conclusions can be drawn. 

1. After exposure in a biomass firing power plant for one year, a Ni2Al3 coated tube showed protective 

behaviour in most areas while corrosion attack occurred in local areas. In the protective areas of the Ni2Al3 

coated tube, a 30-50 nm γ-Al2O3 layer was present on the surface. 

2. At locations with corrosion attack visible on the surface, no alumina was present. A mechanism for the 

chemical breakdown of the alumina layer is suggested: The alumina suffered chemical attack by a reaction 

between KCl(g) and γ-Al2O3, which resulted in the formation of potassium, aluminium and oxygen rich 

corrosion products. The less protective potassium aluminate allowed ingress of Cl species, and preferential 

attack of aluminium in the coating. Reactions to form AlCl3 are indicated which leads to the formation of 

a molten salt of KCl-AlCl3. Al2O3 was fluxed from the K-Al-O rich corrosion products in contact with the 

molten salt leaving behind an amorphous K-O rich layer. 
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Figures and Tables 
 

 

  

 

 

Figure 1: Ni2Al3 coated tube after boiler exposure: a) surface of tube after removal and b) cross-section 

showing thick deposit layer 

 

 

 

  

 
 

Figure 2: BSE-SEM micrograph of a cross-section of the Ni2Al3 coated sample a) before exposure and b) 

after exposure showing the three different areas: (i) protective behaviour, (ii) attack of grain boundaries and 

(iii) total attack. 
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Figure 3: Surface morphology after deposit removal revealing a protective area and corroded area of a 

Ni2Al3 coated sample after boiler exposure a) stereo micrograph b) Scanning micrograph showing different 

areas with different surface morphologies. 
 

 

 
 

Figure 4: Analysis of red surface (see Figure 3a) with x-ray diffraction. 
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Figure 5: Morphology and analysis (in atomic %) on surface of protective oxide with SEM-EDS. 
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Figure 6: Cross-sectional microstructure of protective area (a and b) and the EDS mapping of the oxide- 

deposit interface of Figure 6b. 
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Figure 7: a) TEM image of oxide formed in protective area after boiler exposure. Compositions of selected 

points are shown in Table 1. b) HRTEM of oxide. 

 

 

 

 

 

Figure 8: TEM overview of the oxide scale and composition mapping (jump-ratio images) 
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Figure 9: a) TEM/BF image showing the oxide scale on the Ni2Al3 coated tube after boiler exposure, b) CBED 

diffraction discs from the oxide scale with indexing (zone axis <001>) 

 

 

 

 

 

Figure 10: Analysis of black corrosion product (Figure 2) with x-ray diffraction. 
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Figure 11: a) Surface morphology of corroded area (from Figure 3b) showing the location of EDS 

measurements the location for FIB lift out for TEM analysis: b) Results of SEM-EDS surface analysis along 

the yellow dotted line. 

 

 

 

 

 
 

  

 

 

Figure 12: a) SEM micrograph of grain boundary attack of coating b) higher magnification showing EDS 

analyses in atomic %. 
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Figure 13: a) Grain boundary attack and corroded areas in the outer part of the coating b) Complete attack 

of the nickel aluminide coating. Light blue arrows mark Ni rich areas and numbers correspond to the EDS 

measurements reported in Table 2. 
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Figure 14: Analysis of a) corrosion product with EDS mapping of Figure 14a and b) deposit adjacent the 

attacked coating. 
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Outer layer (1-3) 

 

 

 

 

Figure 15: Transmission electron microscopy of the corroded area for a Ni2Al3 coated tube after boiler 

exposure a) TEM bright field micrograph; b) diffraction pattern from the layer 1-3. Compositions of selected 

points are shown in Table 3. 
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Figure 16: a) M-Cl-O system for Al and Ni showing the stability regions for oxides and chlorides of Al-Ni at 

550oC b) Same type of diagram as shown in a) for Al but now with addition of a small amount of K [21]]. 
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Figure 17: Gibbs free energy calculated with HSC software of a) KCl and γ-alumina (G=gamma) b) 

reaction with α-Al2O3 (C=corundum). 
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Figure 18: Schematic of suggested reaction mechanism for the breakdown of the Ni2Al3 coating. 
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Table 1: EDS elemental compositions in atomic % of selected positions in Figure 7a, the values should be 

interpreted qualitatively because of the uncertainty when measuring for oxygen. 
 

 Element concentration (at. %) 

position Ni Al O Pt 

1 41 59   

2 39 61   

3  46 54  

4    100 

5  45 55  

6  44 56  

 

 

 

 

 
Table 2: Analysis of corrosion product in Figure 13b (atomic %). 

 

Location O Al Si P S Cl K Ni 

1 60 35  <1  <1 4 <1 

2 61 34  <1  1 4 <1 

3 61 31 <1 <1  1 5 1 

4 52 30   <1 2 1 14 

5 52 31   1 1 2 13 

6 36 22   1 2 2 37 

7  52   <1 1  47 

8 30 28   1 5 3 32 

9 35 31   <1 1 1 32 

10  28      72 



29  

Table 3: Elemental compositions in atomic % of selected positions in Figure 15b. Pt has been removed from 

the analysis which was present on the surface corrosion product. 

 

 positio

n 

O Al S K Ni 

K-Al-O 1 84 4  11 1 

K-Al-O 2 69 6  25 0 

K-Al-O 3 73 2  25 0 

Al-O 4 68 31  1 0 

Al-O 5 68 31  0 0 

Al-O 6 66 33 <1 0 0 

Ni-O 7 58 2  0 39 

Ni, Al, O, S 8 48 9 5  38 

Ni-O-Al 9 59 8   33 

Al-O- Ni 10 57 24 1 1 16 

Ni-O 11 51 1   48 

Ni 12 0 1   99 

Al-O-Ni 13 49 17   34 

Al-Ni-O 14 54 23   23 

Ni-O-Al 15 50 5  1 44 

Al-O 16 56 42   1 

Ni-O-Al 17 47 3   49 

Ni-O-Al 18 39 4   57 

Al-O 19 62 36   1 

 

Table 4: Comparison of observations on protective and non-protective areas after 7100 h exposure 
 

 Protective area Corroded area 

Visual Red/brown Blue/Black with metallic pits 

XRD Ni2Al3, Ni3Al4 (NiAl) (No Al2O3) Ni2Al3, Ni3Al4, NiAl, Ni, NiO (No Al2O3) 

Surface 

SEM 

Smooth layer Al, Ni, small amounts 

of O 

Uneven surface with Ni, Al, O, K. Al 

depletion where the metallic phase is 

exposed. 

Cross- section 

SEM 

Protective oxide layer too thin to be 

observed, KCl deposit adjacent 

surface 

K-Al-O deposit adjacent areas of attack. K- Al-

O layer on surface, Al depletion and grain 

boundary attack, Cl and S within corroded 

coating, unreacted Ni 

TEM γ-Al2O3, 30-50nm, no Al depletion Amorphous K-O rich layer (200-250 nm), 

Al-oxides, Ni-oxides, Al-Ni-O, highly 

inhomogeneous corrosion product 

 


