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Abstract: 

Hot corrosion behaviour of a β-NiAl coating induced by Na2SO4, K2SO4, and 

Na2SO4-K2SO4 deposits was investigated at 700 °C in air + 300 ppm SO2. To provide 

an insight into the corrosion mechanisms, phase equilibria of the Na2SO4-K2SO4-NiO-

SO3 system were calculated using an in-house developed thermodynamic database. The 

attack rates and morphologies could be correlated with the deposit compositions and 

their reactions with oxides. K2SO4 and Na2SO4-K2SO4 deposits are more corrosive than 

Na2SO4. This is attributed to a reduction of the melting temperature of the deposit and 

the formation of Ni-containing mixed sulphate phases in the presence of K2SO4. 
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1. Introduction 

High-temperature components in gas-turbines are frequently exposed to 

sulphur-containing gases and alkali sulphate deposits during service. The deposit-

induced accelerated corrosion attack termed hot corrosion may result in rapid 

degradation and failure of the turbine components [1, 2]. Hot corrosion studies of the 

involved materials (Ni-based alloys and coatings) are thus of significant importance for 

understanding the mechanisms, identifying ways to mitigate the attack and extending 

the life span of the components. Hot corrosion attack is commonly categorized as high-

temperature (type I) and low-temperature (type II) corrosion [3]. After decades of 

investigation, it is generally agreed that formation of liquid phase is a pre-requisite for 

the occurrence of severe low-temperature hot corrosion [4]. Na2SO4 commonly found 

in the deposit on the surface of components is proved to be detrimental because of the 

low-temperature eutectic reactions with sulphates produced from the oxides of alloying 

elements and SO3, in particular NiSO4 and CoSO4. The relevant mechanisms have been 

extensively studied and described in review papers as well as textbooks [3-8]. 

Apart from Na2SO4, K2SO4 is frequently detected in the deposits [9, 10]. Similar 

to Na2SO4, K2SO4 forms a low melting temperature eutectic with CoSO4 (m. p. = 

538 °C [11]) and Fe2(SO4)3 (m. p. = 627 °C [12]). The addition of K2SO4 to Na2SO4 

has been reported to increase the hot corrosion rates in Co and Fe based alloy systems, 
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by further decreasing the melting temperature of the salt due to ternary eutectic 

reactions [11, 12]. Na2SO4-K2SO4 mixtures were typically used as deposits for hot 

corrosion studies of Ni-based alloys, but the focus of these studies was either the fatigue 

mechanisms [13, 14] or the comparison between isothermal and cyclic hot corrosion 

[15]. Hot corrosion mechanisms of Ni-based alloys and coatings related to K2SO4 

containing deposits, particularly the role of K2SO4 addition have, as far as known to the 

authors, hardly been elucidated. 

In the present study, the corrosion reactions induced by Na2SO4, K2SO4, and 

binary Na2SO4-K2SO4 mixture deposits were compared by performing a series of hot 

corrosion tests in air + 300 ppm SO2 using a β-NiAl coating on a single-crystal Ni-

based superalloy. Apart from the hot corrosion experiments, various mixtures of alkali 

sulphates and Ni-oxide/sulphate powders were prepared and exposed under the same 

experimental conditions as the coated specimens. Comparison of the composition and 

morphologies of reaction products between the coated superalloy and mixed sulphate 

powders allowed a better understanding of the underlying corrosion phenomena. The 

stability diagrams of the Na2SO4-K2SO4-NiO-SO3 system were calculated using an in-

house developed thermodynamic database. Based on the experimental and calculation 

results, the mechanisms of hot corrosion attack caused by different alkali salts will be 

extensively discussed. 



4 

 

2. Material and methods 

2.1 Materials 

An aluminide coating on the Ni-based single-crystal superalloy PWA1484 was 

used in the present study. The chemical composition of the PWA 1484 batch used was 

measured in our previous work [16] by inductively coupled plasma optical emission 

spectroscopy (ICP-OES) with a relative error of up to 10% and the result of the analysis 

is provided in Table 1. An industrially employed chemical vapor deposition (CVD) 

process with a low Al activity pack was used for aluminizing. The coating thickness is 

around 60 µm. Based on the observed morphologies, the coating can be divided into 

two parts, namely the outer coating and the interdiffusion zone (IDZ), as shown in our 

previous work [16]. The outer coating of about 30 µm in thickness consists of β-NiAl 

with a composition of approximately Ni-41 at. % Al-6 at.% Co-2 at.% Cr.  

Table 1 The composition of the as-received Ni-based single-crystal superalloy PWA 1484 in 

wt. % determined by ICP-OES [16] 

Element Co Cr Al Ta W Mo Re Hf Ni 

Concentration 9.91 4.85 5.63 9.0 6.0 2.0 3.0 0.1 Bal. 

 

2.2 Experimental methods 

2.2.1 Hot corrosion tests 

Pure Na2SO4, pure K2SO4, and Na2SO4-20 mol.% K2SO4 (Na2SO4-20K2SO4) 

mixture were used as deposits for the hot corrosion tests. To produce a deposit slurry, 
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82 wt. % dry salt powder was mixed with a special solvent, which consisted of 95 wt. % 

terpineol and 5 wt. % ethyl cellulose. Before corrosion tests, the slurry was applied to 

one surface of the specimens by painting. The painted specimens were then dried at 

60 °C for 12 h. Assuming all terpineol evaporated during drying, the final composition 

of the deposit was 99 wt. % salt mixture + 1 wt. % cellulose. The amount of the deposit 

on the sample surface was measured to be around 30 mg / cm2. 

Rectangular coupon specimens with a size of 20×10×2 mm3 were used for hot 

corrosion tests. Prior to testing, the specimens with salt deposits were placed into 

alumina crucibles and subsequently exposed in a horizontally arranged tube furnace for 

24 or 100 h. In all experiments, synthetic air-300 ppm SO2 was used as the test 

atmosphere. A platinum honeycomb in front of the specimens was used to catalyse the 

reaction between O2 and SO2 for SO3 production, and thereby to establish the 

equilibrium gas composition [17, 18]. The heating and cooling rates for the furnace 

operation during the hot corrosion tests were 10 °C/min and 2 °C/min, respectively.  

2.2.2 Metallographic analysis 

After exposure, metallographic cross-sections of the specimens were prepared 

using an oil-based solution to preserve any water-soluble species. Scanning Electron 

Microscopy (SEM) and Energy Dispersive X-Ray Analysis (EDX) were used for the 

observation of corrosion attack morphologies and measurements of the elemental 

distribution, respectively. 
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2.2.3 X-ray diffraction (XRD) 

XRD measurements were conducted for identifying the phase structures of the 

alkali sulphate-Ni oxide/sulphate mixtures. An Empyrean diffractometer (Malvern 

Panalytical) with Cu-Kα radiation (40 kV, 40 mA) and a PIXcel3D detector was used. 

The inorganic crystal structure database (ICSD, FIZ Karlsruhe) [19] and the powder 

diffraction file (PDF-2) [20] from the International Centre for Diffraction Data (ICDD) 

were used for the phase identification. 

3. Experimental results 

3.1 Hot corrosion morphologies after 24 h exposure 

A series of hot corrosion tests with no deposit, pure Na2SO4, pure K2SO4, and 

Na2SO4-20K2SO4 mixture as deposits were performed at 700 °C in air + 300 ppm SO2 

for 24 h. The cross-sections of the post-test specimens were subsequently characterized 

using SEM-EDX. The corresponding backscatter electron (BSE) images are presented 

in Fig. 1a-d. After 24 h exposure, no significant attack was found in the salt-free 

specimen (Fig. 1a). For the specimen with Na2SO4, sparsely distributed pits were 

observed at the interface between the salt deposit and the coating (Fig. 1b). With K2SO4 

deposit a relatively uniform corrosion attack of the coating was observed (Fig. 1c). 

About 30 % of the outer coating was reacted. With Na2SO4-K2SO4 deposit substantial 

coating corrosion occurred (Fig. 1d), whereby the corrosion pits locally reached the 

interdiffusion zone. 
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Fig. 1 SEM-BSE images of cross-sections of studied β-NiAl coating on Ni-base superalloy after 

hot-corrosion testing at 700 °C in air-300 ppm SO2 for 24 h with (a) no deposit; (b) Na2SO4; (c) 

K2SO4; (d) Na2SO4-20K2SO4 

Fig. 2 shows a detailed morphology and composition of the local corrosion pit 

formed after exposure of the coated alloy under Na2SO4. According to the presented 

EDX-maps the pit contains mainly Al-rich oxides but also substantial amounts of Ni 

and sulphur. In the Al-depleted coating region below the pit, very fine S-rich 
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precipitates were observed, which were identified by EDX-analysis to be Cr-rich 

sulphides (not shown here, reported in [21]).   

 

Fig. 2 (a) SEM-BSE image and (b)-(f) corresponding EDX-elemental maps of cross-section of 

studied β-NiAl coating on Ni-base superalloy after hot-corrosion testing with Na2SO4 deposit 

at 700 °C in air-300 ppm SO2 for 24 h 
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A rather uniform layer of corrosion products was found in the specimen with 

K2SO4 deposit (Fig. 3). Based on comparison of the EDX-maps, this layer is 

presumably composed of Ni and Al rich oxides infiltrated with K2SO4. In the lower part 

of the layer, Ni-sulphide precipitates were recognized that are marked by the yellow 

arrows in Fig. 3. Beneath the corroded layer an Al depleted coating was observed (Fig. 

3d), in which fine sulphur-rich precipitates were dispersed. Based on the EDX analysis 

the Al-depleted zone consists of Ni3Al. Quantitative EDX-analysis of the sulphur-rich 

precipitates was not possible due to their small size. Based on the EDX-results with 

unary Na2SO4 deposit (compare with Fig. 2) as well as exposures of NiAl coating with 

Na2SO4-20K2SO4 in our previous work [21] these particles are most likely Cr-sulphides.  
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Fig. 3 (a) SEM-BSE image and (b)-(f) corresponding EDX-elemental maps of cross-section of 

studied β-NiAl coating on Ni-base superalloy after hot-corrosion testing with K2SO4 at 700 °C 

in air-300 ppm SO2 for 24 h 

The specimen with Na2SO4-20K2SO4 deposit underwent more severe hot 

corrosion attack during 24 h exposure than in case of the exposures with solely Na- or 

K-sulphate, resulting in a multiphase corrosion layer (Fig. 1d). Clearly, the addition of 

20% K2SO4 to Na2SO4 aggravated the attack. To identify the corrosion products, the 

elemental distributions were analysed using EDX and the results are presented in Fig. 

4. Al-rich oxides infiltrated with the salts were found to be the predominant corrosion 

products. At some locations where the attack was most severe, e.g. Zone A in Fig. 4a, 

the oxide layer evolved to multi-layers of Al-rich oxides interposed with NiO layers. 

Similar to the specimen with pure K2SO4, Ni-sulphide bands were also found at the 

bottom part of the corrosion products in Zone A.  
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Fig. 4 (a) SEM-BSE image (area A marked by the circle is one location, where the attack was 

most severe) and (b)-(g) corresponding EDX-elemental maps of cross-section of studied β-NiAl 

coating on Ni-base superalloy after hot-corrosion testing with Na2SO4-20K2SO4 deposit at 

700 °C in air-300 ppm SO2 for 24 h.  
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The morphology of the Na2SO4-20K2SO4 deposit on top of the β-NiAl coating 

after 24 h exposure is presented in Fig. 5. The salt particles exhibit a dark phase (marked 

by A) and a relatively bright phase (marked by B). Some needle-like precipitates are 

also observed (marked by the yellow arrows, designated as phase C). A detailed 

explanation regarding this morphology will be given in Section 5.3. 

 

 

Fig. 5 (a) SEM-BSE image of cross-sections of studied β-NiAl coating on Ni-base superalloy 

after hot-corrosion testing with Na2SO4-20K2SO4 deposit at 700 °C in air-300 ppm SO2 for 24 

h; (b) SEM-BSE image with a higher magnification of right upper part in (a) as marked by the 
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red dashed box. A and B in (b) represent a dark phase and a relatively bright phase in the salt 

particles, respectively. The arrows in (b) illustrate the needle-like precipitates. The phase 

compositions of the phases are provided in detail in section 3.1. 

3.2 Hot corrosion morphologies after 100 h exposure 

It is found from the macro-images of the exposed specimens (Fig. 6) that with 

K2SO4 and Na2SO4-K2SO4 deposits the corrosion attack is more severe compared to 

that with Na2SO4. In the latter case, white crystals of solid Na2SO4 can still be found 

on the specimen surface after exposure (Fig. 6a), whereas both K2SO4 containing 

deposits (Fig. 6b and c) feature pinkish and greenish reaction products. Although an 

unequivocal analysis appeared to be difficult, the pink and green products might be 

CoSO4 [18] and NiO, respectively.  

 

Fig. 6 Macro-images of studied β-NiAl coating on Ni-base superalloy after exposure at 700 °C 

for 100 h in air + 300 ppm SO2 with (a) Na2SO4; (b) K2SO4; (c) Na2SO4-20K2SO4  
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The cross-sectional BSE images (Fig. 7) show that the differences in the hot 

corrosion morphology and its severeness among the three salts observed after 100 h 

exposure are qualitatively similar to those found after 24 h (compare with Fig. 1). For 

the specimen with Na2SO4 deposit a rather homogeneous corrosion attack was found 

(Fig. 7a-c). In the specimen with K2SO4 deposit, a thick mixed salt-oxide zone was 

observed. Underneath there was an irregular corrosion zone whereby its front locally 

reached the IDZ (Fig. 7d-f). The specimen with the binary salt mixture kept the major 

morphology characteristics of the short-term exposure, namely multiple Al-rich oxide 

layers with Ni oxide/sulphide bands within it (Fig. 7g-i). The front of the attack entered 

the IDZ (Fig. 7g). The results confirm the observations of the 24 h exposures that for 

the studied NiAl coating, the hot corrosion attack with K2SO4 and Na2SO4-20K2SO4 

deposits is more severe than that with Na2SO4 deposit. 
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Fig. 7 BSE images of cross-sections of studied β-NiAl coating on Ni-base superalloy after hot-

corrosion testing at 700 °C in air-300 ppm SO2 for 100 h with: (a) (b) (c) Na2SO4; (d) (e) (f) 

K2SO4; (g) (h) (i) Na2SO4-20K2SO4 deposits 

To identify the corrosion products, the specimens after 100 h exposure were 

examined using EDX, and the EDX-maps obtained are displayed in Fig. 8-Fig. 12. As 

shown in Fig. 8, with pure Na2SO4 a porous Al-rich oxide layer penetrated by Na2SO4 
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was observed as the major attack morphology. An Al depleted zone formed beneath the 

corroded layer (Fig. 8d). This depletion zone contained small sulphide particles (Fig. 

8f). From the Cr distribution it is likely that these particles are Cr sulphides (Fig. 8h). 

Since only local pits were found after 24 h exposure with Na2SO4 (Fig. 1b), whereas a 

relatively thick corroded layer formed after 100 h exposure, apparently the incubation 

time of the corrosion reaction in this case is longer than that with K2SO4 and with the 

binary alkali salt deposits.  

To better understand the reactions between the salts and the coating, the 

composition of the deposit after exposure was also studied. For the specimen coated 

with Na2SO4 salt the majority of the deposit fell off during the cross-section preparation 

(Fig. 6). Only some individual deposit particles were available for subsequent SEM 

analysis (Fig. 7a). The deposit particles appeared to consist mainly of Na2SO4. Around 

1 at.% Ni was detected in the salt particles by EDX point analyses.  

Interestingly, the reaction product of the K2SO4 deposit exhibited a lamellar 

microstructure (Fig. 7e and Fig. 9). Comparing Ni, Co, K, S and O EDX-maps in Fig. 

9 reveals a laminated K-Ni (Co) distribution, whereas oxygen and sulphur are 

distributed relatively homogeneously (Fig. 9b and h). Since the distributions of Co (Fig. 

9e) and Ni (Fig. 9d) are comparable, Co probably plays a similar role as Ni during the 

corrosion reaction. The compositions of two locations in Fig. 9a representing the K-Ni 

(Co) (spectrum 1) and K-rich (spectrum 2) phases were quantified using EDX analysis 

and the corresponding results are shown in Table 2. The phases marked by 1 and 2 in 
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Fig. 9a matches approximately with the stoichiometry of K2Ni2(SO4)3 and K2SO4, 

respectively, assuming that Ni in the K2Ni2(SO4)3 phase is partially replaced by Co.  

 

Fig. 8 (a) SEM-BSE image and (b)-(h) corresponding EDX-elemental maps of cross-section of 

studied β-NiAl coating on Ni-base superalloy after hot-corrosion testing with Na2SO4 at 700 °C 

in air-300 ppm SO2 for 100 h 
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Fig. 9 (a) SEM-BSE image and (b)-(h) corresponding EDX-elemental maps of cross-section of 

studied β-NiAl coating on Ni-base superalloy after hot-corrosion testing with K2SO4 at 700 °C 
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in air-300 ppm SO2 for 100 h. The compositions of the areas marked by 1 and 2 are shown in 

Table 2.The phase designated by the yellow arrows is a Ni, Al mixed oxide, e.g. NiAl2O4 spinel 

Table 2 EDX point analysis of element concentrations of the reaction products in Fig. 9a (at. %) 

Spectrum O Al S K Ni Co 

1 63.0 0.3 15.7 10.9 7.5 2.7 

2 57.5 - 14.4 27.8 0.4 - 

 

The distribution of Al after the exposure with K2SO4 is completely different 

from that observed after exposure with pure Na2SO4.  For the specimen with K2SO4, 

a relatively thin Al rich oxide layer formed at the interface between the salt and the 

remaining coating, as can be seen from Fig. 9 and Fig. 10. S-rich precipitates were 

found beneath the Al2O3 (Fig. 9h, Fig. 10f). Some Al2O3 layers can be seen as 

embedded islands within the deposited salt (Fig. 10d). Besides, an overlapping of Ni, 

Al and O was noticed in some locations (e.g. those marked by yellow arrows in Fig. 9d 

and f), which indicates the existence of a mixed oxide e.g. NiAl2O4 spinel.  



20 

 

 

Fig. 10 (a) SEM-BSE image and (b)-(h) corresponding EDX-elemental maps of cross-section 

of studied β-NiAl coating on Ni-base superalloy after hot-corrosion testing with K2SO4 at 

700 °C in air-300 ppm SO2 for 100 h 

With Na2SO4-20K2SO4 as the deposit, a porous Al-rich oxide layer was also 

found as the main morphology characteristics, as shown in Fig. 11. But different from 

the morphology with Na2SO4, with Na2SO4-20K2SO4 the Al-rich oxide layer was 

thicker. The Al-rich oxides were intermixed with Ni oxide/sulphide bands, indicating a 

more severe attack with the binary deposit compared to unary Na2SO4. In addition, 

voids can be observed between the Al and Ni-rich corrosion products. 
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Fig. 11 (a) SEM-BSE image and (b)-(f) corresponding EDX-elemental maps of cross-section 

of studied β-NiAl coating on Ni-base superalloy after hot-corrosion testing with Na2SO4-

20K2SO4 at 700 °C in air-300 ppm SO2 for 100 h. The arrows designate the voids. 

 

To better understand the reaction mechanisms between the salt and the coating 

during the exposure, the salt-rich part of the specimen cross-section with Na2SO4-

20K2SO4 deposit was also examined using SEM and EDX, and the corresponding 

results are shown in Fig. 12 and Table 3. The major reaction products in four different 

zones in Fig. 12a are marked as A, B, C, and D.  Ni and Co distribute homogeneously 

in zones A, B and C; K is mainly present in zones B and C, but also found in zone A. 

Na is more enriched in zone D, but also found in the other three zones.  
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Fig. 12 (a) SEM-BSE image and (b)-(g) corresponding EDX-elemental maps of cross-section 

of studied β-NiAl coating on Ni-base superalloy after hot-corrosion testing with Na2SO4-

20K2SO4 at 700 °C in air-300 ppm SO2 for 100 h. A-D designate different phases, the 

composition of which are given in Table 3 

Table 3 EDX point analysis of element concentrations of zones A-D in Fig. 12 (at. %) 

Spectrum O S Na K Ni Co 

A 61.7 15.6 12.6 2.9 5.7 1.6 

B 61.4 15.4 7.4 8.4 5.6 1.8 

C 61.5 15.5 6.7 9.4 4.5 2.5 

D 57.5 14.4 26.8 0.9 0.4 0.0 
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3.3 The reactions between alkali salts and NiO/NiSO4 powders 

The results of the hot corrosion tests in Section 3.1-3.2 indicate that the reactions 

involving the sulphate salts and NiO are essential for the hot corrosion reactions. 

However, clarification of the corrosion mechanisms based on the analysis of corrosion 

products of the aluminised specimens is difficult due to the presence of Al as well as 

other alloying elements such as Co and Cr in the coating. In addition, access of the gas 

phase to the specimen surface can be locally different causing variation in the extent of 

the attack. To better understand the reaction mechanisms, five powder mixtures 

consisting of alkali salts and NiO or NiSO4 were prepared. The compositions are listed 

in Table 4. 38 mol.% NiO and/or NiSO4 was added into the alkali salts because it 

corresponds to the NiSO4 content in the Na2SO4-NiSO4 eutectic system [22]. The 

powder mixtures were exposed directly to air + 300 ppm SO2 for 24/100 h by being 

placed in open alumina crucibles and subsequently analysed by SEM-EDX and XRD. 

The BSE images of cross-sections and the corresponding EDX-maps of the powders 

are presented in Fig. 13-Fig. 15. For the Na2SO4-38 mol.% NiO mixture after 100 h 

exposure, apart from Na2SO4 (dark particles) and NiO (bright particles), no third phase 

was found (Fig. 13). The EDX point analysis (Fig. 13, Table 5) showed that about 1.7 

at.% Ni dissolved into Na2SO4.  

 

Table 4 The composition of the alkali salt and NiO/NiSO4 powder mixtures 
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Mixture Composition (mol. %) 

1 Na2SO4-38NiO 

2 K2SO4-38NiO 

3 Na2SO4-20K2SO4 

4 Na2SO4-12.4K2SO4-38NiO 

5 Na2SO4-12.4K2SO4-38NiSO4 

 

 

Fig. 13 SEM-BSE image of cross-section of Na2SO4-38NiO mixture after exposure at 700 °C 

in air-300 ppm SO2 for 100 h. The composition of the area marked by the red box is given in 

Table 5 

 

Table 5 EDX point analysis of element concentrations of the Na2SO4 particle in Fig. 13 (at. %) 

Spectrum O S Na Ni 

1 57.8 14.4 26.2 1.7 
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Different from Na2SO4, K2SO4 reacted with NiO to form a lamellar 

microstructure already after 24 h exposure, as proved by the EDX-maps shown in Fig. 

14. The morphology is qualitatively similar to that of the outer part of the reaction 

product of the NiAl coating after exposure with K2SO4 (Fig. 9). No Ni was found in the 

K2SO4 particles by EDX analysis. 
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Fig. 14 (a)-(b) SEM-BSE images (b is a higher magnification of the area marked by the red box 

in a with rotation) and (c)-(f) corresponding EDX-elemental maps of cross-section of K2SO4-

38NiO mixture after exposure at 700 °C in air-300 ppm SO2 for 24 h 

Fig. 15a and b show the cross-section image of the NaSO4-20K2SO4 mixture 

after 24 h exposure at 700 °C. The microstructure and the EDX analysis (Table 6) reveal 

that apart from Na2SO4 phase, a Na, K sulphate solid solution phase (spectrum 1 in Fig. 

15b and Table 6) was present in the mixture. With addition of 38% NiO into the 

Na2SO4-20K2SO4 mixture (the composition is Na2SO4-12.4K2SO4-38NiO) and after 

100 h exposure, the Na, K sulphate solid solution phase (Fig. 15a-b) disappeared, and 

a new needle-like phase was observed throughout the Na2SO4 solution (spectrum 3 in 

Fig. 15d). The composition of the needle-like phase shown in Fig. 15d is given in Table 

6. The Na2SO4-12.4K2SO4-38NiO mixture after 24 h exposure exhibits essentially the 

same microstructure as that after 100 h exposure.  

Different from the particle morphologies observed in the Na2SO4-38NiO (Fig. 

13), Na2SO4-20K2SO4 (Fig. 15a and b) and Na2SO4-12.4K2SO4-38NiO (Fig. 15c and d) 

mixtures, no dispersed particles can be seen in the microstructure of the Na2SO4-

12.4K2SO4-38NiSO4 mixture (Fig. 15e and f), indicating its complete melting during 

24 h exposure. This agrees well with the differential thermal analysis (DTA) showing 

that this mixture starts to melt at 596 °C (Fig. S1 in the supplementary 1). Apart from 

the dark Na2SO4 and the needle-like phase, another phase was observed (spectrum 6) 

as shown in Fig. 15e - f and the brightness of the latter phase is in between that of the 
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dark Na2SO4 and the bright needle-like phase. The compositions of all three phases are 

shown in Table 6 (spectra 5-7). 

 

Fig. 15 SEM-BSE image of cross-sections of (a) (b) Na2SO4-20K2SO4 mixture after exposure 

at 700 °C in air-300 ppm SO2 for 24 h; (c) (d) Na2SO4-12.4K2SO4-38NiO mixture after 

exposure at 700 °C in air-300 ppm SO2 for 100 h; (e) (f) Na2SO4-12.4K2SO4-38NiSO4 mixture 

after exposure at 700 °C in air-300 ppm SO2 for 24 h. Points designated 1-7 indicate locations 

of EDX point analyses and the corresponding results are summarized in Table 6. 
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Table 6 Elemental concentrations (at. %) of locations in Fig. 15 determined by EDX point 

analysis  

Powder mixture Spectrum O S Na K Ni 

Na2SO4-20K2SO4 
1 57.6 14.6 17.0 10.8 - 

2 57.8 14.7 25.3 2.2 - 

Na2SO4-12.4K2SO4-

38NiO 

3 63.0 16.6 7.3 7.2 5.9 

4 57.6 14.4 25.3 1.9 0.8 

Na2SO4-12.4K2SO4-

38NiSO4 

5 61.7 15.6 6.3 8.8 7.7 

6 61.9 15.6 11.7 3.2 7.7 

7 58.5 14.9 23.9 1.6 1.2 

 

XRD measurements were performed with all three studied mixtures after the 

700 °C exposure to correlate the chemical compositions of the reaction products with 

their crystal structures. For the Na2SO4-20K2SO4 mixture (pattern (a) in Fig. 16), low 

temperature (LT) and medium temperature (MT) modifications of Na2SO4, as well as 

the K3Na(SO4)2 phase were identified. It should be noted that the peaks marked as 

Na2SO4 (LT, MT) are slightly shifted to the left from the ideal Na2SO4 pattern, which 

may be related to the dissolution of K2SO4 in Na2SO4.  
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For the mixtures containing NiO/NiSO4 (patterns b and c in Fig. 16), the high 

temperature (HT) modification of Na2SO4 was identified, instead of the Na2SO4 (LT, 

MT) phase. Although the Na2SO4 (HT) phase is a not quenchable phase, it can be 

stabilized by doping with other elements, e. g. Ni [23]. NiO was identified in both 

Na2SO4-12.4K2SO4-38NiO and Na2SO4-12.4K2SO4-38NiSO4 mixtures. Na2Ni(SO4)2 

was identified only in the mixture with NiSO4, and it most likely is the light grey phase 

in Fig. 15f with the composition corresponding to spectrum 6 in Table 6. In the mixtures 

with NiO and with NiSO4, there are some un-identified peaks. By comparing patterns 

b and c in Fig. 16, some identical reflections (designated as “unknown phase”) can be 

found, e. g. the peak near 9.7°, 13.6°, a triplet between 21° and 22.5°, and a triplet 

between 29° and 30.5°, indicating the same unknown phase but with slightly different 

lattice parameters. It is highly likely that this unknown phase is the needle-like phase 

in Fig. 15c-f, which could be a Na, K, Ni ternary sulphate with cation ratio close to 

1:1:1 according to the EDX quantification (compare spectra 3 and 5 in Table 6). 

Unfortunately, there are no matching entries with this unknown phase in the powder 

diffraction database (PDF-2 [20]) or in the inorganic Crystal Structure Database (ICSD, 

[19]). Further studies are thus required to determine the exact crystallographic structure 

of this ternary phase. 
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Fig. 16 X-ray patterns of fine powder mixtures consisting of: (a) Na2SO4-20K2SO4; (b) Na2SO4-

12.4K2SO4-38NiO; (c) Na2SO4-12.4K2SO4-38NiSO4 after exposure at 700 °C in air-300 ppm 

SO2 for 24 h; Na2SO4 LT, MT and HT in the legend represent the low temperature (LT), 

medium temperature (MT) and high temperature (HT) Na2SO4 modifications, respectively. 

4. Thermodynamics of the Na2SO4-K2SO4-NiO-SO3 system 

4.1 General remarks 

In order to interpret the experimental results obtained in the previous section 

and derive mechanisms of the corrosion reactions, an extensive assessment of the 

available thermodynamic data in the investigated system Na2SO4-K2SO4-NiO-SO3 was 

performed. To predict the conditions for liquid formation considering temperature, SO3 

partial pressure and deposit composition, a reliable thermodynamic database containing 

all relevant species is required. Specifically, for Na2SO4-K2SO4 induced hot corrosion 
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of a Ni-based alloy or coating, the thermodynamic data for the Na2SO4-K2SO4-NiSO4 

system is the basis. A sulphate database (GTOX) including the Na2SO4-K2SO4 system 

was previously developed by Yazhenskikh et al. [24]. The thermodynamic description 

of the K2SO4-NiSO4 system was presented in our recent work [25]. The Na2SO4-NiSO4 

phase diagram was reported in 1956 [22]. NiSO4 was implemented into the GTOX 

database based on all available data of the Na2SO4-K2SO4-NiSO4 system [22, 25, 26]. 

The extended database was employed in the current calculations, which were performed 

using FactSage 7.3 [27].  

4.2 Quasi-binary phase diagrams of the Na2SO4-K2SO4-NiSO4 system 

The quasi-binary phase diagrams of the Na2SO4-K2SO4, Na2SO4-NiSO4 and 

K2SO4-NiSO4 system were reported in the literature (Fig. 17) [22, 24, 25, 28]. The 

minimum melting temperature in the Na2SO4-K2SO4 system is reported by Bellanca et 

al. [29] to be 830 °C with the composition of Na2SO4-20 mol.% K2SO4. There is a solid 

solution hexagonal phase (HEXA), which forms based on the high temperature 

modification of the alkali sulphates with the hexagonal structure. No intermediate 

compounds were found in this system (Fig. 17a). The minimum melting temperature in 

the Na2SO4-NiSO4 system was reported by Bol'shakov and Fedorov [22] to correspond 

to the eutectic reaction (671 °C). The hexagonal solid solution phase also exists in the 

Na2SO4-NiSO4 system, and the maximum solubility of NiSO4 in the hexagonal phase 

is around 30 mol.% (Fig. 17b). An intermediate compound Na2Ni(SO4)2 (congruent 

melting temperature: approximately 700 °C [22]) prevails in this system (Fig. 17b). In 

the K2SO4-NiSO4 system, there are two eutectics with respective melting temperatures 
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of 812 °C and 642 °C. An extremely low mutual solubility of the sulphates in the solid 

state and formation of an intermediate compound K2Ni2(SO4)3 with a melting 

temperature of 834 °C can be noted. Based on all published data, a database containing 

all three quasi-binary sub-systems of the Na2SO4-K2SO4-NiSO4 system was developed 

in-house [24, 25, 28] and was used for the calculations of stability diagrams in the 

following section.  
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Fig. 17 The calculated phase diagrams with experimental data of (a) Na2SO4-K2SO4 system 

[24]; (b) Na2SO4-NiSO4 system [28]; (c) K2SO4-NiSO4 system [25]. HEXAGONAL (HEXA) 
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and GLASERITE (GLAS) represent solid solution phases based on Na and K sulphates. K-

ortho, Na-ortho-MT and Na-ortho-LT are solution phases with orthorhombic structure based 

on K2SO4 (low temperature modification), Na2SO4 (medium and low temperature 

modifications), respectively. Red symbol and arrow in (b) represent a special composition and 

the changing direction of this composition with increasing of NiSO4 content at 700 °C, 

respectively, and will be referred to in the discussion section. 

4.3 Stability diagrams of the Na2SO4-K2SO4-NiO-SO3 system 

Phase equilibria in the Na2SO4-K2SO4-NiO-SO3 system as function of SO3 

partial pressure and temperature were calculated. For the calculations, O2, SO2, SO3, 

and inert gas (Ar) were chosen as gas constituents. The total gas pressure and the partial 

pressure of O2 were set at 1 atm. and 0.21 atm., respectively. The SO3 partial pressure 

was varied from 10-7 to 0.1 atm. and the temperature from 600 °C to 900 °C. For the 

corresponding calculations, 0.62 Na2SO4 + 0.38 NiO, 0.62 K2SO4 + 0.38 NiO, and 

0.496 Na2SO4 + 0.124 K2SO4 + 0.38 NiO, were defined as the compositions of the 

condensed phases based on the minimum melting temperatures in the corresponding 

quasi-binary systems showed by the phase diagrams (Fig. 17).  

The calculated stability diagrams representing the phase equilibria are provided 

in Fig. 18, where Fig. 18a, b, and c are present for the Na2SO4-NiO-SO3, K2SO4-NiO-

SO3, and Na2SO4-K2SO4-NiO-SO3 systems, respectively. The phases involved are 

liquid phase, NiO, intermediate sulphate compound phases (Na-Ni and K-Ni), and the 

solid solution phases (HEXA) containing Na, K, Ni sulphate [24, 25, 28].  
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Since the presence of molten deposit is the pre-requisite for the initiation of 

rapidly progressing hot corrosion, the emphasis of this assessment is placed on 

predicting the temperature and gas composition, which favour the formation of the 

liquid phases. In terms of temperature, in the Na2SO4-NiO-SO3 system, the lowest 

temperature, at which the liquid phase can be expected, is calculated to be 670 °C, as 

marked by the pink point in Fig. 18a; while in the K2SO4-NiO-SO3 and the Na2SO4-

K2SO4-NiO-SO3 systems, this temperature was predicted to be 640 °C (Fig. 18b) and 

596 °C (Fig. 18c), respectively. It is thereby concluded that compared to Na2SO4, 

K2SO4 produces liquid at a lower temperature if the NiO and SO3 contents in the system 

are sufficiently high. 
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Fig. 18 The calculated stability diagrams: a) Na2SO4-NiO-SO3; b) K2SO4-NiO-SO3; c) Na2SO4-

K2SO4-NiO-SO3 (compositions of the various base mixtures given in the text); at fixed pO2
 = 

0.21 atm. d) Comparison of the ‘solidus’ line of the three studied systems. HEXA represents a 

solid solution phase (see Fig. 17) based on the high-temperature modifications of Na and K 

sulphates. The settings of the calculation are given in the text. 

Apart from temperature, the calculated diagrams in Fig. 18 also provide an 

insight into the influence of pSO3
 on the phase equilibria. The bottom solid lines in the 

diagrams in Fig. 18a, b and c represent the minimum pSO3
 required for liquid phase 

formation as a function of temperature, which are called ‘solidus’ lines in the following 

text. Fig. 18d summarizes the ‘solidus’ lines in the three calculated systems for 

comparison. It can be seen that lower pSO3 is required with K2SO4 compared to Na2SO4 

to form liquid phase by reaction with NiO in the temperature range between around 

670 °C and 830 °C. The corresponding minimum pSO3 for the binary alkali sulphate is 

lower than that for pure Na2SO4 but higher than that for pure K2SO4. The equilibrium 

SO3 partial pressure in the presently performed hot corrosion experiments, i.e. air + 300 

ppm SO2/SO3 at 700 °C was calculated to be 160 ppm (log (pSO3) =-3.79 atm). This 

point (log (pSO3) =-3.79 atm, T= 700 °C) is extremely near but slightly below the 

‘solidus’ line in the Na2SO4-NiO-SO3 system, as marked by the red point in Fig. 18a. 

The activities of the HEXA, NiO, and liquid phase at this point are 1, 1, and 0.997, 

respectively, indicating the instability of the liquid phase (see the exact phase equilibria 

in the supplementary 2). The same point is in the liquid region in the K2SO4-NiO-SO3 

system, and in the solid + liquid region in the Na2SO4-K2SO4-NiO-SO3 system (red 
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point in Fig. 18b and c). Thus, liquid formation is predicted to occur in the presently 

used experimental condition under both K2SO4 containing deposits but hardly with 

solely Na2SO4 deposit. 

5. Discussion 

5.1 Na2SO4 induced hot corrosion 

The 24 h and 100 h exposure at 700 °C of the NiAl coating with pure Na2SO4 

in air + 300 ppm SO2 resulted in pitting type (Fig. 1b) and homogeneous type of attack 

(Fig. 7a), respectively. It is commonly assumed that the type II hot corrosion attack 

requires formation of molten salt [30-32] due to eutectic reactions, e.g. that in the 

Na2SO4-NiSO4 system. However, no direct evidence was obtained for molten salt 

formation during the 100 h exposure of the Na2SO4-38NiO mixture under the present 

hot corrosion condition. Instead, Ni dissolving into the Na2SO4 solid particles was 

detected (Fig. 13, Table 5). The EDX quantification (Table 5) reveals that the 

composition of the Na2SO4 particles after reacting with NiO is close to a Na2SO4 - 11 

mol.%NiSO4 mixture. This composition is marked by a red point in the Na2SO4-NiSO4 

phase diagram (Fig. 17b). Clearly, this composition corresponds to the Na2SO4 solid 

solution region. In order to produce liquid phase at 700 °C, more than 20 % of NiSO4 

is required, as indicated by the red arrow in Fig. 17b.  

During exposure of the studied NiAl coating beneath the Na2SO4 deposit, NiSO4 

was produced by the reaction between NiO, and SO3, whereas NiO originates from the 

oxidation of Ni and/or Ni sulphide. The powder mixture study reveals no indications of 
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liquid phase formation even with NiO being in contact with Na2SO4 (Fig. 13). Therefore, 

the liquid phase formation process is governed by the SO3 partial pressure. The 

calculated stability diagram of the Na2SO4-NiO-SO3 system in Fig. 18a indicates that 

the pSO3
 in the present hot corrosion testing is a bit too low to produce sufficient amounts 

of NiSO4 for the liquid phase formation. It is likely to assume that the corrosion attack 

occurred under the presently used exposure condition (see Fig. 7a) was because of the 

effect of other alloying elements in the coating or caused by solid state reactions. 

It is possible that minor amounts of liquid phase formed between 24 and 100 h 

exposure due to the presence of alloying elements incorporated into the NiAl-coating 

from the substrate superalloy during aluminizing process. According to our previous 

investigation [21], there are 6 at.% Co in the studied coating. The eutectic temperature 

between Na2SO4 and CoSO4 is 565 °C [22], which is even lower than that of Na2SO4-

NiSO4. Thus, the minimum pSO3
 required for molten salt formation could be decreased 

by the presence of Co. In fact, some Co in the corrosion products was observed (Fig. 

8g).  

Molten salts are considered to be more detrimental compared to the solid ones, 

because of larger solubility of the oxides as well as the faster transport of e. g. SO3 in 

the liquid phase [3, 5]. However, the presence of solid Na2SO4 was proved to promote 

the oxidation and sulfidation of pure Ni at 700 °C even in sulphur free test atmospheres 

[33, 34]. According to Grégoire et al. [34] Na2SO4 releases SO3 during exposure of pure 

Ni at 700 °C in dry air for 20 h. Sulphur enrichment was found in the oxide scale at the 

location where the specimen has no contact with the salt. Moreover, Kistler et. al [35] 
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proposed recently a mechanism of solid-state hot corrosion reaction induced by Na2SO4 

at temperatures below the eutectic temperature in the Na2SO4-NiSO4 system. This 

mechanism involves formation of a metastable phase Na2Ni2SO5 at the grain 

boundaries of solid Na2SO4, which promotes the outward Ni transport through the 

deposit. Therefore, it is possible that in the present work the coating under the Na2SO4 

deposit was in the solid-state hot corrosion regime up to 100 h exposure at 700 °C.  

5.2 K2SO4 induced hot corrosion 

A frontal attack was observed after 24 h and 100 h exposure of the NiAl coating 

in air + 300 ppm SO2 with K2SO4 (Fig. 1c, Fig. 7d). The reaction between K2SO4 and 

the NiAl coating during 100 h exposure resulted in a lamellar microstructure of the 

corrosion products, which contain K, Ni, Co, O and S (Fig. 7d, Fig. 9). This morphology 

was qualitatively reproduced by exposing the K2SO4-38NiO powder mixture to 700 °C 

in air + 300 ppm SO2/SO3 for 24 h (Fig. 14). The powder mixture result confirmed that 

the lamellar microstructure observed on top of NiAl coating in Fig. 7d was mainly 

caused by a reaction between K2SO4 and Ni from the coating. As shown in Fig. 17c, 

the solubility of Ni in K2SO4 and K in NiSO4 are nearly zero and there are two 

intermediate compounds: K2Ni(SO4)2 and K2Ni2(SO4)3. The latter compound is stable 

at lower temperatures. Considering the phase diagram of the K2SO4-NiSO4 system (Fig. 

17c) and the EDX quantification result in Table 2, the lamellar microstructure in Fig. 9 

and Fig. 14 is most probably composed of K2Ni2(SO4)3 and K2SO4. The minimum 

melting temperature of the K2SO4-NiSO4 system is 642 °C (Fig. 17c, [25]). The 

calculated stability diagram of the K2SO4-NiO-SO3 system (Fig. 18b) indicates that a 
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liquid phase is stable at 700 °C when pSO3 is higher than 19 ppm. Therefore, the pSO3 of 

160 ppm in equilibrium condition in air + 300 ppm SO2/SO3 is sufficient to stabilize the 

liquid phase, which agrees very well with the experimental data (Fig. 7d, Fig. 14) 

showing lamellar microstructures typical for different types of eutectic reactions in 

metallic and ceramic binary systems [36, 37].  

Based on the prevailing results and considerations made by Luthra [5] a 

mechanism for hot corrosion reaction of K2SO4 deposit with the aluminide coating 

containing minor amount of Cr can be proposed as illustrated with the schematic 

representation shown in Fig. 19. During the exposure of the studied NiAl coating, NiO 

and Al rich oxides are produced during transient oxidation (Fig. 19a), especially at 

700 °C. NiO further reacts with SO3 and K2SO4 to form a molten salt layer (the yellow 

area in Fig. 19b). The molten salt layer acts as a barrier layer for the transport of 

molecular O2 and SO2. In contrast, this layer favours the transport of SO3 because SO3 

can be transported in the ionic form (S2O7
2-) by reacting with SO4

2- [5]. Effectively SO3 

becomes thus the predominant oxidant at the interface of the salt and the coating (the 

effective transport of SO3 is shown by arrows in Fig. 19b). The oxidation of the coating 

by SO3 results in formation of Al-rich oxides (Al2O3 and spinel, the green region in Fig. 

19b) and release of sulphur. Due to very low oxygen activity originating from the 

presence of molten salt and high sulphur activity, coarse Ni-sulphide precipitates (Fig. 

3 and Fig. 19b) and fine internal Cr-sulphide particles ([21] and Fig. 19b) are formed 

below the Al-rich oxide layer within the coating. Since the eutectic temperature of Ni-

Ni3S2 is 645 °C [38], i.e. below the test temperature of 700 °C used in the present study, 
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formation of Ni-sulphide might additionally increase the rate of the corrosion attack, 

provided that Al was depleted below a critical value. It should be, however, noted that 

no evidence for liquid phase formation was found associated with the Ni-sulphide 

particles in the present work. 

As the reaction continues, Ni-sulphides are oxidized. NiO dissolves into the 

molten salt and diffuses outwards in the form of Ni2+ (Fig. 19c) and the content of the 

molten salt thereby increases. The pre-formed Al-rich oxide layer is delaminated from 

the coating and its pieces become incorporated into the molten deposit (Fig. 9, Fig. 10, 

and Fig. 19c). The Al-rich oxides do not react in contact with the sulphate melt, 

supported by the fact that no dissolution of Al2(SO4)3 into K2SO4 was found in the 

Al2(SO4)3-K2SO4 [39] system. Upon cooling, the liquid sulphate solidifies to produce 

a lamellar structure composed of K2SO4 and Ni2K2(SO4)3 and the elongated pieces of 

Al-rich oxide remain embedded in the deposit (compare EDX-maps in Fig. 9 and 

schematic in Fig. 19d).  
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Fig. 19 Schematic representation of microstructural evolution and transport processes during 

reactions of the studied β-NiAl coating with K2SO4 in air + 300 ppm SO2 at 700 °C: a) initial 

oxidation of the coating; b) formation of liquid sulphate phase, Al-rich oxides and (internal) Ni 

and Cr sulphides; c) Ni-transport through the melt and penetration of the melt through the Al-

rich oxide layer; d) Al-rich oxide islands formation during longer time exposure and the 

microstructure of the corrosion products after cooling to room temperature 

5.3 Na2SO4-20K2SO4 induced hot corrosion 

Severe hot corrosion attack was observed on the NiAl coating with mixed 

Na2SO4-20K2SO4 deposit after exposure at 700 °C in air + 300 ppm SO2 for 24 h (Fig. 
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1d) and especially 100 h (Fig. 7g). Fig. 5 indicates formation of three phases (designated 

as A, B and C) in the deposit on top of the NiAl-coating after the 24 h test. 

By considering the microstructure (Fig. 15a and b), the composition (EDX 

spectra 1 and 2 in Table 6), the phase identification by XRD (Fig. 16a) of the Na-K 

mixed sulphate powder, and the associated phase diagram (Fig. 17a, [24]), it is found 

that the Na2SO4-20K2SO4 mixture is composed of Na2SO4 and a glaserite phase after 

exposure. The glaserite phase is a solid solution phase, which exhibits a variable 

composition (25 mol.%-75 mol.% Na2SO4) formed in the sub-solidus region of the 

K2SO4-Na2SO4 system. The crystal structure of the glaserite phase is based on Na2SO4, 

whereby part of Na is replaced by K in the cation sublattice [24, 40]. According to the 

phase diagram in Fig. 17a glaserite is unstable at the test temperature of 700 °C and 

apparently formed during cooling of the coating (powder specimens) to room 

temperature. Thus, the dark phase (phase A in Fig. 5) and the bright phase (phase B in 

Fig. 5) in the salt particles above the NiAl coating are Na2SO4 and the glaserite phase, 

respectively. 

The studies of Na2SO4-12.4K2SO4-38NiO/NiSO4 powder mixtures (Fig. 15c-f, 

spectra 3 and 5 in Table 6, and Fig. 16b-c) indicate that the needle-like phase formed 

during exposure of the Na2SO4-20K2SO4 mixture on top of the NiAl coating (Fig. 5, 

phase C marked by the yellow arrows) and in the powder mixtures (Fig. 15d and f) is 

likely to be a Na, K, Ni ternary sulphate phase with a cation ratio close to 1:1:1. 

Formation of the needle-like phase might bind K and thereby suppress formation of the 

glaserite phase, which was found in the salt particles on top of the NiAl coating (phase 
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B in Fig. 5) but not after the exposure of the Na2SO4-12.4K2SO4-38NiO powder mixture 

(Fig. 15c-d). Another intermediate compound (Na,K)2Ni(SO4)2 is observed in addition 

to the Na-K-Ni ternary sulphate in the Na2SO4-12.4K2SO4-38NiSO4 powder mixture 

(spectrum 6 in Fig. 15e-f, Fig. 16c). The absence of (Na,K)2Ni(SO4)2 in the powder 

mixture with NiO is most likely related to a relatively slow sulphation of NiO and/or 

slow incorporation of Ni into Na2SO4 (compare with Fig. 13).  

The compositions of the reaction products observed in the powder mixtures 

between Na and K sulphates and NiO/NiSO4 appeared to be in excellent agreement 

with the products on the corroded aluminide coatings (compare the EDX-results in Fig. 

12, Table 3 and Fig. 15, Table 6, respectively). This agreement indicates that the hot 

corrosion of the studied coatings is dominated by reactions of Ni with the deposit, and 

the reactions of Al, Co and Cr probably play a less important role. 

Based on the prevailing results of the hot corrosion tests with the aluminide 

coating and the annealing experiments with the sulphate/oxide powder mixtures, the 

following chronological sequence can be proposed for the reaction of NiAl with the 

Na2SO4-20K2SO4 deposit. During the early stages of exposure, Ni from the coating is 

oxidized and Ni-ions diffuse into the solid salt forming a needle-like Na, K, Ni ternary 

sulphate compound (Fig. 5). Formation of a porous, Al-rich oxide layer (Fig. 1d and 

Fig. 4) and sulphur accumulation beneath this layer (in the form of Ni-sulphides; 

compare the morphologies in the left parts in Fig. 4a, e and g after 24 h) are qualitatively 

similar processes to those described above for the case of K2SO4 deposit (Fig. 3 and 

schematic in Fig. 19). This is an indication that formation of a liquid phase occurred at 
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least locally beneath the Na2SO4-20K2SO4 deposit after relatively short time, supported 

by the DTA-curve for Na2SO4-12.4K2SO4-38NiSO4 mixture shown in the 

supplementary 1. The Al-oxide layer is not very protective and Ni-sulphide precipitates 

become eventually exposed to the melt and oxidize, a step followed by oxidation of Al 

in the underneath coating. The latter process is repeated during further exposure 

resulting in formation of layered NiO / Al-rich oxide morphology as designated as Zone 

A in Fig. 4a. With increasing time to 100 h further incorporation of Ni into the deposit 

results in formation of (Na,K)2Ni(SO4)2 (compare Fig. 12 / spectrum A in Table 3 and 

Fig. 15 /spectrum 6 in Table 6; XRD pattern (c) in Fig. 16) and complete deposit melting 

(the melting temperature of Na2Ni(SO4)2 without K is about 700 °C, Fig. 17b). After 

cooling, both the needle-like Na, K, Ni ternary sulphate compound and 

(Na,K)2Ni(SO4)2 were identified on top of the aluminide coating (Fig. 12). 

5.4 Comparison of hot corrosion induced by different alkali sulphates  

It is generally agreed that molten salts have a greater ability in initiating severe 

hot corrosion attack, compared to solid and gaseous salts [3-5]. Therefore, when 

comparing the aggressiveness of the individual alkali sulphates and their mixtures in 

terms of their ability to induce type II hot corrosion attack, the potential of these three 

salts for producing liquid is a major aspect. According to our previous work [25], the 

eutectic temperature of the K2SO4-NiSO4 system is 642 °C, which is lower than that of 

the Na2SO4-NiSO4 system (671 °C). The NiSO4-Na2SO4-K2SO4 system might have an 

even lower eutectic temperature (approximately 596 °C) as shown by the DTA 

measurements (see supplementary 1).  The minimum exposure temperature and pSO3 
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required for molten salt formation were found to be lower for the K2SO4-NiO-SO3 and 

the Na2SO4-K2SO4-NiO-SO3 system than that for the Na2SO4-NiO-SO3 system (Fig. 

18). Lower melting temperature and lower pSO3 required for liquid phase formation with 

K2SO4 are in agreement with the fact that the corrosion attack of the aluminide coating 

induced by K2SO4 and Na2SO4-20K2SO4 are much more severe than that induced by 

Na2SO4 (Fig. 1 and Fig. 7). A detrimental effect of K2SO4 addition to Na2SO4 in 

accelerating hot corrosion attack in Fe-Al and Co-based alloys was reported by Shi et 

al. [12] and LeBlanc et al. [11], respectively. The associated mechanisms proposed in 

these studies [11, 12] by considering the experimental observations and thermodynamic 

assessment are the low eutectic temperature and the low pSO3 required for stabilizing 

the liquid phase in the K2SO4 containing systems, which qualitatively agree with the 

present work. 

In addition to the studies mentioned above [11, 12], thermodynamic 

considerations regarding liquid phase formation in case of Na2SO4 deposit have been 

extensively studied by Luthra et al. (Na2SO4-Co3O4-SO3 system, [30]) and Misra et al. 

(Na2SO4-NiO-SO3 system, [4]). The trend for liquid phase formation predicted in the 

present work (Fig. 18a) qualitatively agrees with these studies [4, 30]. However, due to 

the different model and assumptions applied, the minimum SO3 partial pressure 

required for liquid formation (‘solidus’ line) calculated in the present work is slightly 

different from that reported by Misra. A detailed comparison with Misra’s model was 

made in our previous work [21]. Moreover, with more precise database and advanced 



47 

 

modelling tool (Factsage), the stability diagram calculation performed in the present 

work provides more details regarding the phase equilibria, e.g. the ‘liquidus’ line. 

Apart from the hot corrosion kinetics, it is also noticed that the products of the 

reactions between Ni oxide/sulphate and different deposits are different. Referring to 

the NiSO4-Na2SO4 (Fig. 17b, [28]) and NiSO4-K2SO4 (Fig. 17c, [25]) phase diagrams 

the solubility of NiSO4 in Na2SO4  hexagonal solid solution is around 30 mol.%; while 

virtually no dissolution of NiSO4 in solid K2SO4 was found [25]. This means that in the 

Na2SO4-NiSO4 system a substantial enrichment of Ni in the Na2SO4 is required prior to 

the formation of the liquid phase, which might significantly increase the incubation 

time prior to liquid-phase-induced hot corrosion reaction. In contrast, no such “buffer” 

solid solution exists in the K2SO4-NiSO4 system with nearly zero mutual solubility in 

the solid state. Regarding the Na2SO4-20K2SO4 deposit case, formation of two 

compound phases, i.e. the Na, K, Ni ternary sulphate phase with presently unknown 

structure and the (Na,K)2Ni(SO4)2 phase was detected (Fig. 5, Fig. 12, Fig. 15), 

whereby the presence of K in the latter phase might additionally stabilize it. Based on 

the prevailing results it can be hypothesized that formation of the thermodynamically 

stable mixed sulphate phases might provide an additional driving force for Ni-reaction 

with the deposit, which effectively increases the corrosion rate. Further studies are 

required to verify the latter idea. 
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6. Conclusions 

Na2SO4, K2SO4, and Na2SO4-20K2SO4 were applied on the surface of a β-NiAl 

coating on a single-crystal Ni-based superalloy, and then the samples were exposed to 

700 °C with air-300 ppm SO2 for 24 h and 100 h. In addition, a series of alkali salts-

NiO/NiSO4 mixtures were exposed to the same test conditions. The phase stabilities of 

the Na2SO4-K2SO4-NiO-SO3 system were calculated by FactSage using an in–house 

developed thermodynamic database. Based on the experimental and calculation results 

the following conclusions are drawn: 

1. For the NiAl coating with Na2SO4 local pits were found after 24 h exposure, 

which developed into an Al-rich mixed oxide/sulphate layer after 100 h 

exposure. The powder mixture study and the stability diagram calculation 

did not indicate any liquid phase formation. The attack is likely related to 

the presence of other alloying elements, e.g. Co or due to solid-state 

corrosion reactions. 

2. During exposure of the NiAl coating with K2SO4, a melt formed according 

to the observation of the microstructures of the exposed NiAl coating and 

the powder mixture, as well as the thermodynamic calculation. 

Consequently, a mixed oxide/salt layer was observed after 24 h exposure; a 

thick molten salt layer with Al2O3 islands was found after 100 h exposure. 

The solidified salts appeared in the form of K2SO4-K2Ni2(SO4)3 lamellar 

mixture indicating a eutectic reaction. The observed rapid corrosion was 
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promoted by nearly zero solubility of NiSO4 in K2SO4 and a high 

thermodynamic stability of K2Ni2(SO4)3.  

3. The hot corrosion attack caused by the Na2SO4-20K2SO4 binary salt was 

more severe than that by pure Na2SO4. Mixed Ni, Al rich oxides and Ni 

sulphide formed during 24 and 100 h exposure. During the early stage of the 

exposure, a Na, K, Ni sulphate phase with cation ratio of approximately 

1:1:1 was produced by the reaction between Ni oxide/sulphate and the 

Na2SO4-K2SO4 solution phase. The crystallography of this ternary sulphate 

phase does not match any of the known binary compounds in the Na2SO4-

NiSO4 and K2SO4-NiSO4 systems. After longer time exposure Na2Ni(SO4)2 

formed and the salt melted. Apparently, addition of K2SO4 into Na2SO4 

lowers the pSO3 required for liquid phase formation. The formation of low-

melting liquid and thermodynamically stable Ni, K and Na-containing 

compounds are believed to accelerate the attack, compared to that caused by 

the single Na2SO4 deposit. 
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