
The Pennsylvania State University 

 

The Graduate School 

 

College of Earth and Mineral Sciences 

ELECTROCHEMICAL CORROSION BEHAVIOR OF NICKEL ALLOYS IN SULFATE-

CONTAINING MOLTEN SALTS AT 700 °C 

A Dissertation in 

 

Materials Science and Engineering 

 

by 

 

Kuldeep Kumar 

 

 

 2018 Kuldeep Kumar 

Submitted in Partial Fulfillment 

of the Requirements 

for the Degree of 

Doctor of Philosophy 

 

May 2018 

 

 



ii 

 

The dissertation of Kuldeep Kumar was reviewed and approved* by the following: 

 

 Hojong Kim 

Professor of Materials Science and Engineering 

Dissertation Advisor 

Chair of Committee 

 

 

Kwadwo Osseo-Asare 

Distinguished Professor of Materials Science and Engineering, Energy, and Geo-

Environmental Engineering 

 

 

 Zi-Kui Liu 

Distinguished Professor of Materials Science and Engineering 

 

 

 Ismaila Dabo 

Professor of Materials Science and Engineering 

 

 

 Barbara Shaw 

 Professor of Engineering Science and Mechanics 

 

 

 Suzanne Mohney 

 Professor of Materials Science and Engineering and Electrical Engineering 

 Chair, Intercollege Graduate Degree Program in Materials Science and Engineering 

 

 

      *Signatures are on file in the Graduate School 

 



iii 

 

 

ABSTRACT 
 

Hot corrosion on nickel based alloys has been the focus of extensive research due to their 

applications in high temperature operations such as gas turbines, petrochemical, and fossil fuel 

power engines. The demand for good mechanical and corrosion-resistant properties in construction 

materials for high temperature components has led to the development of several nickel-based 

superalloys. While these novel alloys are well known to exhibit sufficient mechanical properties, 

they lack corrosion resistance. As a result, components in high temperature processes do not exhibit 

the necessary degree of durability. During operation, the combustion zone in high temperature 

engines contains contaminants including sulfur (S) and sodium chloride (NaCl), which enter due 

to contamination in oil and polluted air. As a result, molten sulfate salts (e.g. Na2SO4, K2SO4) are 

formed within the combustion zone, which accelerate degradation reactions on metallic surfaces. 

To provide higher stability against the corrosive effect of alkali sulfates, a protective metallic 

coating is applied over the components in these high temperature environments. Corrosion behavior 

of metallic coatings is reported in the literature using burner-rig tests, exposure tests, and 

thermodynamic calculations; however, a fundamental study on the electrochemical corrosion 

behavior of nickel-based alloys has yet to be performed. Therefore, this dissertation aims to provide 

an outlook on the corrosion properties of nickel-based metallic coatings in corrosive environments. 

Specifically, an electrolyte composition ‒ LiCl-KCl-Na2SO4 (53.3-36.7-10 mol%) was 

used to elucidate the corrosion reactions at 700 ºC. During molten sulfate induced corrosion (hot 

corrosion), metal elements undergo oxidation reactions (e.g. Ni → Ni2+ + 2e‒) coupled with the 

reduction of SO4
2‒ ions. To further our understanding of the corrosion properties of metallic 

coatings, it is important to investigate the reduction mechanism of SO4
2‒ ions in hot corrosive 

environment. In a three electrode electrochemical cell configuration, sulfate ions were observed to 

undergo reduction reactions at sufficiently large negative overpotentials (< ‒1.1 V vs. Ag/Ag+) 
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under inert argon atmosphere. It was found that SO4
2‒ ion reduction reactions produce elemental 

sulfur (S) and sulfide (S2‒) species, with charge-controlled, sluggish kinetics. Cyclic 

voltammograms remained invariant on switching the argon atmosphere to O2-0.1%(SO2+SO3), 

suggesting that electrochemical reduction potential of SO4
2‒ ions is not dependent on the gaseous 

environment . However, the open circuit potential became more positive by ~0.60 V upon switching 

the argon atmosphere to oxidizing O2-0.1%(SO2+SO3) gas, implying the presence of stronger 

oxidants [O2, SO2, SO3] which can be coupled with the metal corrosion reactions during the hot 

corrosion processes.  

To evaluate the corrosion behavior of nickel alloys in SO4
2‒ ion containing solutions, 

electrochemical measurements with pure nickel in LiCl-KCl-Na2SO4 solution were performed 

under gaseous atmospheres of inert argon, pure O2, and O2-0.1%(SO2+SO3). In inert argon, nickel 

corrosion developed an adherent NiO passive layer, resulting in a decreasing trend in open circuit 

potentials, and a low corrosion rate (~0.26 mA/cm2). In oxidizing atmospheres, Ni rapidly degraded 

due to the instability of NiO, which formed a dispersed NiO-NiSx phase, and showed significantly 

higher corrosion rates (7‒12 mA/cm2).  

With the baseline behavior of pure nickel established, oxygen active elements (e.g. Al, Cr) 

were alloyed with nickel to substitute the NiO passive layer with Al2O3 and Cr2O3. Hot corrosion 

studies with β-NiAl (BCC phase) demonstrated a strong corrosion resistance under inert gaseous 

environment due to the formation of an adherent and protective alumina scale. However, oxidizing 

gaseous atmospheres led to localized damages in the alumina layer. Particularly, in the SO2-SO3 

containing environment, the Al2O3 layer showed several cracks, which led to a corrosion rate ~35 

times higher in comparison to that under inert argon. Upon the addition of 5 at% Cr in β-NiAl, the 

passive layer consisted of a bi-layer structure: pure Al2O3 on the alloy surface and Al2O3‒Cr2O3 

solid solution on the outer part. The lower corrosion current densities of the Ni-Al-Cr alloys 
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compared to β-NiAl under pure O2 as well as O2-0.1%(SO2+SO3) environments suggested the 

beneficial effect of Cr addition in β-NiAl. 

Considering the fact that Cr addition in β-NiAl improves the corrosion resistance, Cr 

content was varied in Ni-Al-Cr alloys. It was observed that a small fraction of Cr is sufficient to 

improve the integrity of passive layer [Al2O3-Cr2O3] under a pure O2 environment. Moreover, 

corrosion current densities decreased with higher Cr content in Ni-Al-Cr alloys [β-NiAl: 0.78 

mA/cm2, NiAl-10Cr: 0.30 mA/cm2], In general, the corrosion properties of Ni-Al-Cr alloys 

improved with increasing content of Cr in hot corrosive environments containing pure O2. To 

elucidate the effect of sulfur oxides in corrosion behavior of Ni-Al-Cr alloys, similar measurements 

were performed under a O2-0.1%(SO2+SO3) environment.  It was observed that Cr addition helps 

in repassivating the damaged sites on alloy surfaces. However, the repassivation time was 

dependent on Cr content. With increasing Cr, the recovery time decreased. Furthermore, corrosion 

potential measurements in SO2-SO3 containing environments demonstrated an increasing trend of 

stability up to Cr = 5 at%; with any more addition of Cr reducing the magnitude. In agreement with 

the passivation stability predicted by corrosion potentials, Ni-Al-Cr alloys with Cr = 5 at% showed 

the least corrosion current density (~0.09 mA/cm2), which was approximately two orders of 

magnitude lower in comparison to β-NiAl. As a result, NiAl-5Cr is considered a prime composition 

for further enhancement of Ni-Al-Cr alloys in SO2-SO3 containing hot corrosive environments. 

.  
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Chapter 1  
 

Introduction and Thesis Organization 

Corrosion in an ambient environment is a commonly observed type of materials 

degradation, which affects our day-to-day life in a profound manner. This form of degradation is 

primarily governed by the reaction of metallic element(s) with atmospheric species, e.g. moisture 

(H2O) and oxygen (O2) [1]. Rusting of steel based alloys is a common example of this kind of 

degradation at ambient temperatures, but metals also deteriorate in high temperature environments. 

For example ‒ oxidation of electrical heating elements, burning of the tungsten filament in light 

bulbs, and tarnishing of cooking-ware, are temperature dependent degradations. Taking into 

account the role of temperature in degradation reactions, corrosion can be broadly classified into 

two categories – (i) aqueous corrosion and (ii) high temperature corrosion. While aqueous corrosion 

has a more significant influence in our day-to-day lives, corrosion at high temperature is closely 

related to numerous industrial environments, e.g. metal casting, high temperature furnaces, and 

power generating systems. 

Scientific research on aqueous corrosion can be traced back to 1675, when Robert Boyle 

(1627-1691) published two articles: “Of the Mechanical Origin of Corrosiveness” and “Of the 

Mechanical Origin of Corrodibility” [2,3]; however, high temperature corrosion is a more recent 

focus in the scientific community. A literature search on this subject traces back the beginning of 

this research in 1913 with oxidation studies on tungsten by Langmuir [4], describing the reaction 

of tungsten vapor with nitrogen forming WN2 compound. In general, metals exposed to high 

temperature under oxidizing gases such as O2, SO2, SO3, and CO2, undergo oxidation reactions and 

form a metal oxide layer on their surface.  
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Following Langmuir’s research, wider attention was paid to the oxidation kinetics and 

mechanisms of metal alloys in oxidizing environments at high temperature. Several notable studies 

include the discovery of the parabolic rate law of oxidation by Tammann [5], Pilling and Bedworth 

[6], with the mechanism being elucidated by Dunn [7,8]. A significant contribution towards the 

understanding of metal oxidation was made by Wagner starting in 1933, when he published his 

studies explaining the nucleation, growth, and diffusion kinetics of oxide scales [9–11]. Wagner’s 

work became a stepping stone for the subsequent progress in this field and development of 

numerous alloys for high temperature applications.  

1.1 Hot Corrosion 

 Metal corrosion by surrounding oxygen can be significantly different when additional 

oxidizing species are present on the metal surfaces. For instance, metal corrosion under molten 

metal sulfates (e.g. Na2SO4, K2SO4, CaSO4, MgSO4 [12]) is an accelerated form of metal 

degradation known as hot corrosion, which severely damages aircraft engines, marine turbines, 

petrochemical and power plants, and ore refineries. In these systems, the efficiency of the process 

is often improved with increasing operating temperature; hence, there is a demand for more stable 

and corrosion resistant material in the construction of such improved high temperature systems. 

 Petroleum feed carries an inevitable sulfur contaminant, which during combustion, 

generates sulfur oxides including sulfur dioxide (SO2) and sulfur trioxide (SO3). These gaseous 

species react with alkali halides (e.g., NaCl) present in the marine air as contaminants to form alkali 

and/or alkaline metal sulfates (e.g., Na2SO4). Such environmental conditions within the combustion 

zone lead to catastrophic degradation of metal surfaces [13].  

 Corey, Cross, and Reid reported the role of alkali sulfates in metal corrosion, documenting 

their observations on corrosion inside a low carbon steel boiler [14]. Further, Satz affirmed that 

Na2SO4 is a precursor for metal sulfide inclusions near the fire-side surface of mercury boilers [15]. 
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The idea that Na2SO4 is a corrosive salt in high temperature environments was further reinforced 

by Sykes and Shirley [16] as well as Buckland, Gardiner, and Sanders [17]. Elaborating on the 

corrosive nature of Na2SO4 salt on metal surfaces, Simons et al. [18] performed crucible tests on a 

stainless steel 310 surface in Na2SO4 and proposed reduction reactions of Na2SO4. This was when 

researchers around the world developed curiosity about the corrosive effects of sulfate ions in high 

temperature applications.  

1.1.1 Types of Hot Corrosion 

Depending on the physical state of Na2SO4, hot corrosion studies have been categories in 

two temperature regimes. 

i) High temperature hot corrosion (Type I) 

Hot corrosion above melting point of Na2SO4 (Tm = 884 ºC) is referred to as high 

temperature hot corrosion, also known as Type I hot corrosion. Broadly, corrosion within the range 

of 900–1000 °C fall within the scope of this category. 

ii) Low temperature hot corrosion (Type II) 

 Below the melting point of Na2SO4, a temperature region ~ 650-750 ºC falls in the study 

of low temperature hot corrosion, also known as Type II hot corrosion. Even though this regime 

considers the solid state of Na2SO4 for metal corrosion, the corrosive salt in a practical environment 

consists of low melting alkali halides (e.g. NaCl) and sulfate mixtures. For example, the eutectic 

composition of Na2SO4 and NaCl melts at 620 ºC, indicating a molten phase of Na2SO4. 

Additionally, SO4
2- species may come from other salts such as K2SO4, MgSO4 etc. 
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1.2 Importance of Investigating Hot Corrosion 

While the effects of hot corrosion may not be as evident in our daily lives as aqueous 

corrosion, it can lead to catastrophic events that endanger human life. From a long list of hot 

corrosion induced accidents, two recent nearly fatal incidents are stated here.  

Incident # 1 

Information Source: The Aviation Herald [19] 

On July 12, 2014, flight TP-85 from Lisbon (Portugal) to Sao Paulo Guarulhos (Brazil) 

with 232 passengers on board experienced engine failure immediately after take-off at 3000 ft. in 

the air [20], which required the aircraft to dump its fuel at 5000 ft. Fortunately, the plane was able 

to land safely back at Lisbon’s airport.  

After two years of investigation, Portugal's GPIAA reported that low temperature hot 

corrosion (Type II) assisted in causing a crack in the high pressure turbine stage. Among the 

possible causes that led to this severe event was high sulfur content in air-fuel, sand, and salt coming 

from the maritime environment.  

The same report also stated that from 2006 to 2014, there were approximately 13 incidents 

of this kind in GE made CF6-80E1A engines. Out of these 13, 11 occurred due to low temperature 

hot corrosion damaging the turbine blades.  

Incident # 2 

Information Source: The Guardian [21] 

In 2016, the Japanese airline ANA experienced failure of three engines developed by Rolls-

Royce for Boeing 787 Dreamliners. The first failure happened in February, during a flight from 

Kuala Lumpur to Tokyo. Similar failures took place in two other flights in March and August. As 

a result of these concerning events, ANA cancelled 18 domestic flights and kept 4 Boeing 787 

Dreamliners grounded. Post-failure analysis of these engines indicated corrosion and cracking of 
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turbine blades as the cause of failure, which led to the expensive decision to refurbish 100 Rolls-

Royce engines. 

1.3 Construction Alloys of High Temperature Components 

High temperature engines such as aircraft turbines, marine turbines, and other 

petrochemical engines endure aggressive environments during operation. In such locations, 

metallic components experience high mechanical stresses necessitating mechanical properties 

including strength, toughness, machinability, formability, and weldability in the development of 

new alloys. Nickel and cobalt-based alloys have been known to deliver suitable mechanical 

properties. However, due to relatively higher ductility and lower cost of nickel alloys as compared 

to cobalt based compositions, major focus is given to the development of new-generation nickel 

based systems. In the construction of turbine blades and similar components, nickel alloys are used 

where L12 phase is the primary lattice. Here, nickel and aluminum/titanium elements are arranged 

in an FCC lattice where Ni occupies face centered positions and with Al, Ti on the corners. An 

example of such an alloy system is ‘Inconel’, a family of nickel based superalloys. A member of 

this family – Alloy 600 contains the composition as given in Table 1 [22].  

Table 1-1. Elemental composition of Alloy 600 from Inconel family of nickel superalloys [22]. 

 

Element wt% 

Ni 72 

Cr 14 - 17 

Fe 6.0 - 10 

Mn 1.0 

Cu 0.5 

Si 0.5 

C 0.15 

S 0.015 
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 Characterizations of these alloys revealed suitable mechanical properties required during 

the operation of gas turbines; however, they often lack in corrosion resistance. When exposed to 

hot corrosive environments, these alloys undergo surface degradation and consequently lose the 

attractive mechanical properties. Without compromising with the inherent properties of substrate 

composition, a new metallic composition exhibiting strong corrosion resistance is required to be 

used as surface coating. 

1.4 Metallic Coatings for Hot Corrosive Environments 

Considering that metals in oxidizing environments have the tendency to be oxidized, the 

protective behavior of metallic coatings is dependent on the parent alloy composition as well as the 

developed oxide scale. Therefore, for efficient coatings performance, a stable oxide layer exhibiting 

good corrosion resistance is desirable. In other words, surface engineering of these components is 

directed towards the growth of a slow growing, dense, and thermodynamically stable oxide scale. 

Most of the engineering alloys are primarily composed of iron, nickel, and/or cobalt. When these 

alloys contain elements such as aluminum, chromium, and silicon, they develop an oxide scale of 

alumina, chromia, and silica, respectively. During the formation of these oxide scales, the substrate 

is depleted with respect to oxide scale forming element(s). Therefore, in order to form a durable 

passive scale, a sufficient amount of oxide scale forming elements are required to be incorporated 

during the coating alloy development.  

1.4.1 Coating Types 

On a broad scale, there are three types of metallic coatings in use. A brief description is as 

follows [23]. 
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i) Diffusion Coatings 

Diffusion coatings are employed by surface enrichment of structural alloys by aluminum, 

chromium, silicon, or a combination of these elements. Usually, a ~60 µm thick layer of these 

elements is applied on the superalloy substrate. 

ii) Overlay Coatings 

Overlay coatings are applied as a separate metallic layer having a composition of M-Cr-

Al-Y, where M stands for nickel or cobalt or a combination of these two. These type of coatings 

are required to have a balance of oxidation, corrosion resistance, and mechanical properties such 

as ductility comparable to the substrate.  

iii) Thermal Barrier Coatings (TBCs) 

TBCs are an extended form of diffusion or overlay coatings. TBCs are usually applied to 

insulate superalloy substrate from heat diffusion. In TBCs, the substrate is first covered with a bond 

coat which is applied by enrichment with an oxide scale former (diffusion coating) or by application 

of metallic layer with M-Cr-Al-Y composition (overlay coating). This bond coat is further coated 

with a ceramic layer, usually using partially yttria stabilized zirconia.  

The focus of research in this dissertation is motivated towards the fundamental 

understanding of diffusion and overlay coatings. Therefore, a further discussion on thermal barrier 

coatings has been skipped and a detailed discussion on diffusion and overlay coatings is provided 

in Chapter 2. In order to acquire an understanding of metallic coatings in hot corrosive 

environments, a comprehensive outlook on the reduction behavior of SO4
2− species is very 

important. There are several reports available in the literature on this subject; however, due to the 

complex speciation behavior of sulfur bearing species, conflicting findings have been reported in 
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the literature. As a result, an exact reduction mechanism remains a debatable subject. Chapter 3 of 

this thesis reports the reduction mechanism of molten sulfate species at 700 ºC. Additionally, 

toward understanding the mechanisms of corrosive environments within gas turbines, the role of 

gaseous species (O2, SO2, SO3) in reduction reactions has been discussed. 

Subsequently, nickel corrosion is introduced in Chapter 4. Addition of aluminum and 

chromium in nickel alloys leads to the formation of alumina and chromia layer(s), respectively, on 

the metal surface. Considering the fact that a slow growing passive scale is required for a durable 

protection in hot corrosive environment, passivation by alumina scale has been evaluated by 

performing electrochemical studies with β-NiAl phase in molten sulfate electrolyte. It was observed 

that the growth of alumina scale under oxidizing gases is also accompanied by localized damages. 

Additionally, alumina based passivation is vastly impacted under the presence of SO2-SO3 species. 

In such environment, Cr addition in β-NiAl has been observed to enhance the corrosion resistance. 

The beneficial effect of chromium in Ni-Al-Cr based ternary alloys observed by 

electrochemical measurements was in good agreement with the available reports in the literature 

[23,24].  However, the focus of previously reported studies has mainly remained in the type I hot 

corrosion regime. Furthermore, fundamental studies informing the corrosion properties of nickel 

alloys under varying content of chromium are sparse [25]. Chapter 5 reports electrochemical studies 

performed on Ni-Al-Cr ternary alloys in molten LiCl-KCl-Na2SO4 electrolyte with the varying 

content of chromium. Subsequently, effect of SO2-SO3 gases on the Cr2O3-Al2O3 scale stability has 

been investigated. Immersion tests were also performed at 700 ºC to corroborate electrochemical 

observations.  
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Chapter 2  
 

High Temperature Alloys and Their Performance in Molten Sulfates 

Containing Corrosive Environments 

2.1 Background of Corrosion-resistant Metallic Coatings 

In the early 1970s, Talboom [26] studied several cobalt based quaternary alloys by varying 

Al between 12‒20 wt%, Cr between 20‒40%, and yttrium level at 0.5 wt% for coating applications 

to counter hot corrosion, and concluded that Co-Cr-Al-Y (60.5-25-14-0.5 wt%) alloy provided the 

most corrosion resistant behavior. Since then, there has been an extensive research dedicated to 

cobalt based alloys for their applications in the hot corrosive environments [27–32]. During the 

successive progress in this field, it was established that the nickel and cobalt based alloys exhibit 

similar corrosion properties. In efforts to reduce the cost of corrosion resistant coatings, nickel 

based alloys obtained significant development due to relatively lower cost of nickel in comparison 

to that of cobalt. Furthermore, nickel alloys exhibit higher ductility in comparison to cobalt alloys 

[23,24,33]. Chemical compositions of  few important corrosion resistant nickel alloys are given in 

Table 2-1 [34,35].  

During the exposure of nickel alloys to the hot corrosive environment, the corrosion rate is 

primarily governed by (i) alloy composition, (ii) microstructure of alloy, (iii) thermodynamic 

stability of passive film, (iv) sulfate salt deposits, (v) surrounding gases, and (vi) operating 

temperature [24,36]. These alloys, when employed in the hot corrosive environment, develop an 

oxide scale which is primarily responsible for imparting resistance against corrosive species such 

as SO4
2‒, O2, and sulfur oxide gases. For example, pure nickel in a sulfate environment develops a 

NiO passive layer containing Ni3S2 phase [37,38]. This passive layer on the nickel surface further 

limits the corrosion by reducing the reaction between nickel and corrosive species. Therefore, new 

compositions of nickel alloys must form a protective passive layer against the corrosive species.   
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Table 2-1. Some compositions of nickel alloys commonly used in the hot corrosive environment 

[34,35]. 

Alloy 

Composition (wt%) 

Ni Co Cu Mo Cr Fe W Mn Si C Al Ti Oth. 

600 76  0.2  15.5 8  0.5 0.2 0.08    

625 61   9 21.5 2.5  0.2 0.2 0.05 0.2 0.2 

3.6 

(Na+

Ta) 

690 58  0.5  29 9  0.5 0.5 0.05    

725 57   8 21 7.5  0.35 0.2 0.03 0.35 1.5 
3.5 

(Nb) 

U-700 Bal 18.5  5.1 15      4.3 3.5  

U-500 Bal 18.5  4 18.5      3 3  

R-77 Bal 15  4.2 14.6      4.3 3.35  

R-80 Bal 10  4 14  3.8    3 5  

IN-713 Bal   4.1 12.5      6.1 0.8 
2 

(Cb) 

IN-100 Bal 15  3.0 10      5.5 4.7 1 (V) 

IN-738 Bal 8.5  1.75 16  2.6    3.4 3.4 
1.75 

(Ta) 

IN-792 Bal 9  2 12.5  4    3.3 4.4 
3.6 

(Ta) 

Hast-X Bal 1.5  9 22  0.6      
18 

(Fe) 

Ni-50Cr Bal    50         

Ni-2541 Bal    25      4  1(Y) 
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In general, the mechanism of hot corrosion on alloy surfaces is similar to that for high 

temperature oxidation of metal. However, unlike oxidation, hot corrosion takes place in the 

additional presence of molten sulfate deposits. Therefore, prior to the discussion on sulfate induced 

corrosion of nickel alloys, it becomes imperative to discuss the oxidation behavior of alloys at high 

temperature. The following section will describe the high temperature oxidation of engineering 

alloys and their governing mechanisms. Subsequently, the role of sulfate ions in the accelerated 

degradation of nickel alloys will be highlighted based on the literature. 

2.2 Thermodynamic and Kinetic Understanding of Metal Oxidation at High Temperatures 

Metal alloys (M), when exposed to oxidizing species such as pure O2 gas, undergo an 

oxidation reaction forming a metal oxide. If the metal has the tendency to release ‘n’ electrons, the 

oxidation reaction can be given by reaction 2-1: 

 2M + n/2 O2 (g) → M2On             Reaction 2-1 

 The spontaneity of the above reaction can be estimated by the formation energy (∆G𝑓
𝑜) of 

metal oxides. As an example, thermodynamic properties such as enthalpy of formation, entropy 

change, and Gibbs energy of formation for the growth of alumina at several temperatures are given 

in Table 2-2. Since the Gibbs energy of formation is negative, growth of alumina is an exothermic 

process and occurs spontaneously.  

 Figure 2-1 shows the trend of Gibbs energies as a function of temperature for the oxidation 

of some common engineering metals [39]. Utilizing these plots, other thermodynamic parameters 

such as the formation enthalpy (∆H𝑓
𝑜) and the change in entropy (∆S𝑓

𝑜) can be estimated using 

Equation 2-1. 

∆G𝑓
𝑜

 = ∆H𝑓
𝑜

  ̶   T∆S𝑓
𝑜             Equation 2-1 
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Table 2-2. Enthalpy of formation, change in entropy, and Gibbs energy of formation for the growth 

of alumina passive layer on aluminum surface during oxidation at high temperatures [39]. 

 

T (°C) 

Enthalpy Change, 

ΔH (kJ/mol) 

Entropy Change, ΔS 

(J/mol-K) 

Gibbs Energy of 

Formation, ΔG (kJ/mol) 

600 -1673.082 -310.580 -1401.900 

700 -1693.879 -332.859 -1369.957 

800 -1692.948 -331.950 -1336.716 

900 -1691.902 -331.018 -1303.568 

1000 -1690.753 -330.079 -1270.513 

 

 

Figure 2-1.  Ellingham diagram calculated for the formation of metal oxides on several engineering 

elements from 500 °C to 2000 °C. 
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The intercept of ∆G𝑓
𝑜

 on y-axis at 0 K and the slope d∆G𝑓
𝑜/𝑑𝑇 provide the formation 

enthalpy (∆H𝑓
𝑜) and change in entropy ( ̶ ∆S𝑓

𝑜) , respectively. The slope d∆G𝑓
𝑜/𝑑𝑇 includes a 

negative sign on the entropy term. Therefore, a negative slope in the ∆G𝑓
𝑜 vs. T plot (Ellingham 

diagram) indicates an increase in entropy during the course of oxidation and vice versa. These 

thermodynamic quantities can be used to assess the feasibility of metal oxidation in an oxidizing 

environment at a given temperature. From Figure 2-1, it is evident that the Gibbs energy of 

formation for alumina is substantially negative than most other oxides. Therefore, alumina-based 

passivation is considered one of the most stable protections in oxidizing environments. 

 In practical oxidizing environment, the activity of oxygen may deviate from unity, 

affecting the growth of metal oxides. In other words, the formation of metal oxides and their 

stability depends on the oxygen partial pressure in the gaseous environment. Employing the 

thermodynamic relation  

 ΔGf  = ∆G𝑓
𝑜+ RT * lnK             Equation 2-2 

,where K is the reaction constant for the equilibrium of metal oxidation reaction, partial pressures 

of oxygen are calculated and the results are shown in Table 2-3. It is clear that the oxygen partial 

pressure required to oxidize these elements is exceptionally low. In practice, the oxygen pressure 

in contact with metallic coatings is several orders of magnitudes higher, resulting in an inevitable 

growth of passive oxide scale.  

Reduction of the thermodynamic energy is a prerequisite for the initiation of passive scale 

formation. However, the subsequent growth of the oxide scale is limited by the developed oxide 

layer. Wagner [9] proposed that the metal oxidation initiates through the chemisorption of O2‒ on 

the pristine metal surface, which subsequently develops an electric field on the metal surface to 

ionize the metal atoms which leads to the formation of metal oxide. After initial growth of the oxide 

layer on the alloy surface, subsequent growth is controlled by the outward diffusion of metal cations 
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(Mn+) and electrons (e‒), and the inward diffusion of oxygen anion (O2‒) through the oxide layer. A 

schematic of the diffusion of charged species (ions and electrons) through a passive oxide layer is 

shown in Figure 2-2.  

Table 2-3.  Minimum partial pressure of oxygen (𝑃𝑂2
) required for the oxidation of engineering 

elements at various temperatures [39] 

Reaction(s) 
Partial pressure of O2, 𝑷𝑶𝟐

 (atm) 

T = 500 °C T = 1000 °C T = 1500 °C T = 2000 °C 

2Al + 3/2 O2 → Al2O3 2.57 * 10‒65 1.69 * 10‒35 1.79 * 10‒22 3.28 * 10‒15 

2Cr + 3/2 O2 → Cr2O3 1.39 * 10‒42 1.05 * 10‒22 4.70 * 10‒14 3.79 * 10‒9 

Si + O2 → SiO2 8.39 * 10-53 8.96 * 10‒29 2.74 * 10‒18 3.38 * 10‒12 

Ni + ½ O2 → NiO 1.67 * 10-23 5.48 * 10‒11 1.47 * 10‒5 0.0234 

Co + ½ O2 → CoO 5.59 * 10‒25 1.35 * 10‒12 3.59 * 10‒7 3.40 * 10‒4 

Fe + ½ O2 → FeO 1.24 * 10‒29 1.40 * 10‒15 1.41 * 10‒9 2.45 * 10‒6 

Ti + O2 → TiO2 5.18 * 10‒55 4.77 * 10‒30 3.60 * 10‒19 3.87 * 10‒13 

 

Figure 2-2. A schematic illustrating the growth mechanism of passive oxide layer on the metal 

surface in oxidizing gaseous environment at high temperature. 
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Since, the subsequent growth of the passive layer depends on the movement of charged 

species through the existing layer, the thickness of the grown passive film becomes a limiting 

factor. Therefore, the growth rate will be inversely proportional to the thickness of the passive layer 

[40]. If at a given time (t), the oxide scale thickness is y, then 

𝑑𝑦

𝑑𝑡
=  

𝑘

𝑦
  (k: a proportionality constant)         Equation 2-3 

On integration, y2 = 2*k*t + constant               Equation 2-4 

Initially, at t = 0, the thickness of oxide layer was 0. Therefore, 

 y2 = kp * t  (on replacing 2*k with another constant, kp)        Equation 2-5 

The coefficient kp is known as the parabolic rate constant.  

Wagner established that an ideal (protective) passive layer grows under diffusion-

controlled kinetics, showing a parabolic trend of passive scale thickness as a function of time. 

Under an environment containing oxidizing species such as oxygen, nitrogen, sulfur, and chlorine, 

the extent of metal oxidation can be assessed by oxide scale thickness or the weight gain 

measurements at various time-intervals. Since weight gain is proportional to the oxide scale 

thickness, Equation 2-5 can be rewritten as  

W2 = kp * t              Equation 2-6 

Where, W is the weight gain per unit surface area of the exposed specimen in time t. Based on the 

weight gain measurements, the fraction of passive scale forming metal element(s) in oxide phase 

can also be evaluated. The parabolic rate constants (kp) determines the durability of the alloy. 

Therefore, a passive scale with a lower parabolic rate constant provides greater durability. 
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Equation 2-6 describes metal oxidation at a fixed temperature well. However, when 

varying the surrounding temperature, the parabolic rate constant (kp) is described by the Arrhenius 

equation as below. 

 𝑘𝑝 = 𝐴 ∗ exp(−
∆𝐸𝑎

𝑅∗𝑇
)             Equation 2-7 

Where, A is pre-exponential factor, Ea  is activation energy, R is the ideal gas constant and T is 

temperature in K. The associated variables in Equation 2-7 such as Ea, A and kp can be calculated 

by using this equation at different temperatures [40]. 

 Metal alloys containing aluminum develop an alumina scale with thickness of 1-20 µm. 

After an initial growth, alumina layer behaves as a barrier to further alumina development, which 

in turn reduces the growth rate of the passive scale.  Figure 2-3 shows parabolic rate constants for 

the growth of various oxide scales over a wide temperature range [24]. Commonly used alloys in a 

high temperature regime are primarily based on nickel, cobalt and/or iron. Based on thermodynamic 

formation energies of metal oxides [Figure 2-1], it is evident that when these alloys contain 

aluminum, chromium, and/or silicon, they undergo the preferential formation of Al2O3, Cr2O3, 

and/or SiO2 on the alloy surface. Since, alumina growth has a small magnitude of parabolic rate 

constant, alumina based passive layer is desirable to counter oxidation reactions. 
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Figure 2-3.  Parabolic rate constant for the growth of common passive oxide scales in oxidizing 

environments at various temperatures [24] 

 

 

2.3 Metal Oxidation in Sulfate Containing Environment – Hot Corrosion 

  

Hot corrosion is an accelerated form of metal oxidation at high temperatures. Metal alloys 

exposed to sulfate containing environments undergo oxidation due to air as well as sulfate ions. As 

described in Section 1.1 [Chapter 1], high temperature applications including the combustion of 

oil/gas introduces sulfur oxides e.g. SO2 and SO3. These gaseous species form alkali sulfates when 

reacting with ingested marine or polluted air which usually contain NaCl as contaminant. For 
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example, industrial gas turbines located in the vicinity of ocean air were found to exhibit the 

presence of several alkali/alkaline sulfates such as Na2SO4, MgSO4, CaSO4 and K2SO4 as listed in 

Table 2-4 [12]. Based on their relative fractions, it is also evident that Na2SO4 is the primary salt 

present in the turbine engine.  

Table 2-4.  Composition of typical metal sulfates present in industrial gas turbines [12]  

Constituent Composition (wt%) Composition (mol%) 

Na2SO4 56.50 54.68 

K2SO4 6.97 5.50 

CaSO4 14.85 15 

MgSO4 21.73 24.82 

 

Several studies have been reported in the literature on the corrosion behavior of nickel 

alloys [23,24,37,38,41–44]. For example, a mechanistic framework for the corrosion behavior of 

nickel alloys was developed by performing oxidation and hot corrosion studies with pure nickel 

[37,38,41]. It was established that nickel specimens coated with Na2SO4 (~0.5 mg/cm2) underwent 

accelerated corrosion, forming nickel oxide (NiO) and nickel sulfide (NiSx) phases in O2 

environment at 1000 ºC. Over a period of 90 mins, nickel hot corrosion showed a weight gain of 

approximately 3.5‒5.5 mg/cm2, whereas nickel oxidation (without Na2SO4) showed less than 1.5 

mg/cm2 during the same period of time [38]. Further comparison between these two degradation 

processes also showed that the nickel oxidation led to the formation of a dense NiO layer, whereas 

the NiO-NiSx layer under Na2SO4 was porous.  

Besides Na2SO4, hot corrosion reactions are also influenced by the chemistry of 

surrounding gases. For example, inside the turbine combustor, nickel alloy are exposed to O2, N2, 

CO2, and sulfur oxides (SO2 and SO3). Luthra [28] reported that sulfur oxides react with the passive 

oxide layer on nickel alloys forming low melting temperature eutectic compositions. For example, 
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NiO layer on nickel surface will form NiSO4‒Na2SO4 (Teutectic = 670 °C) upon exposure to sulfur 

oxides. As a result, the passive layer becomes less protective. Further effect of SO2-SO3 gases on 

nickel corrosion was studied by Lillerud & Kofstad [41] and Gheno & Gleeson [37]. It was 

observed that nickel coated with a thin layer of Na2SO4 (2.8 ± 0.5 mg/cm2) showed ~15 μm thick 

NiO passive layer under air and ~60 μm thick NiO layer under O2-0.1%(SO2 + SO3)  environment 

at 700 ºC [37]. Based on these studies, it is clear that the nickel alloys developing NiO passive scale 

will undergo accelerated corrosion due to the presence of sulfur oxides within high temperature 

processes, such as indusrial gas turbines. 

 

2.4 Role of Oxygen Active Elements in Nickel Alloys  

Since the NiO passive layer on nickel (or nickel alloys) is porous and undergoes a 

dissolution reaction in the hot corrosive environment, oxygen active elements are added in nickel 

alloys to develop more stable passive layer. Due to high thermodynamic stability, slow growth 

kinetics, and compact lattice structure, alumina based passivation on nickel alloys provides an 

improved resistance against corrosive species [23,24]. Therefore, gas turbine components, which 

are typically constructed using nickel alloys, are coated with a thin layer of aluminum using various 

methods such as pack cementation, slurry cementation, chemical vapor deposition (CVD), and 

metallizing [23]. During the aluminizing process, aluminum from the source is deposited on the 

substrate alloy and diffuses inwards forming a Ni-Al intermetallic phase. A Ni-Al binary phase 

diagram is shown in Figure 2-4 [45]. A beta-nickel aluminum binary phase is an intermetallic 

material which includes the crystallographic distribution of Ni and Al atoms in BCC (CsCl) lattice. 

This binary phase exhibits a high melting point (Tm = 1638 °C) and does not change phases over a 

wide range of temperatures. Therefore, this composition is known for its significant corrosion 

resistance properties in the high temperature corrosive environments. During exposure to oxidizing 
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and hot corrosive environments, a slow growing alumina scale forms on the alloy surface because 

of the slow diffusion of aluminum from the bulk metal toward the alloy surface. 

 

Figure 2-4.  Nickel-aluminum binary phase diagram depicting the phase behavior from 400 °C to 

1800 °C [45] 

 

Similar to pure nickel, hot corrosion studies have been performed with samples containing 

β-NiAl phase [36,46–48]. Gheno et. al. [47] reported that β-NiAl coated with a thin layer of Na2SO4 

(2.8 ± 0.5 mg/cm2) showed the formation of an alumina passive layer after hot corrosion. However, 

the alumina scale exhibited localized damages which led to the internal oxidation of the bulk β-

NiAl [48,49]. Hot corrosion studies with β-NiAl in O2-0.1%(SO2-SO3) showed scattered nodules 

of NiO and NiAl2O4 phases of varied size (~85 μm). During the localized damage in an alumina 

film, the underlying alloy is directly exposed to corrosive species [SO4
2‒, O2, SO2, and SO3], which 

leads to subsequent corrosion.  
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Typically, metal alloys and ceramics have significantly different lattice parameters. For 

example, alumina grows in a hexagonal lattice (a = 4.785A and c = 12.991A) [50] whereas β−NiAl 

is a CsCl type lattice (a = 2.88A) [51]. While eliminating this lattice mismatch is difficult, the 

impact can be significantly reduced by maintaining a thin passive layer. A scale thickness around 

1-20 µm has been found to exhibit stable interfacial behavior. Considering these constraints, growth 

of alumina scale on metal alloys is desirable. However, during the localized damage, repassivation 

of the metal surface becomes a critical step. Usually, regrowth of alumina on damaged sites of β-

NiAl is a slow process, which makes β-NiAl susceptible to continuous corrosion. Therefore, β-

NiAl is alloyed with other elements such as Cr, Co, and Pt to facilitate faster alumina growth 

[52,25,46–49].  

Malik et. al. [53] and Nicholls et. al. [42] reviewed a wide range of alloy compositions for 

coating applications in hot corrosive environments. It was realized that chromium rich 

compositions have strong corrosion resistance to the sulfate containing environment [27,53]. β-

NiAl based alloys with added Cr  demonstrate a shorter duration of transient oxidation, suggesting 

the faster regrowth of alumina on damaged sites. Giggins and Pettit [52] suggested that Ni-Al-Cr 

alloys in oxygen containing surrounding, undergo preferential oxidation of Cr, forming a Cr2O3 

layer. Over continued growth of Cr2O3, the partial pressure of oxygen at the alloy vs. chromia 

interface decreases to stop its subsequent growth. However, due to the lower requirement of oxygen 

for alumina formation [Table 2-3, Figure 2-1], aluminum reacts with residual oxygen and forms an 

alumina layer beneath the chromia. The diffusivity of Cr with respect to Al in Ni-Al-Cr alloys is 

higher, which gives these alloys the ability to quickly diffuse chromium and form a Cr2O3 layer in 

the event of localized damage in the passive film. As a result, addition of Cr in β-NiAl improves 

the corrosion resistance. A representative sketch reproduced from Novak’s work [54] depicting the 

performance of alumina forming alloys in hot corrosive environment is shown in Figure 2-5.  
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Figure 2-5.  Generic behavior of nickel and cobalt based alloys in hot corrosive environments 

(reproduced from Novak’s work [54]) 

Nickel alloys when combined with aluminum improve corrosion resistance, as evident 

from Figure 2-5. However, further addition of Cr is required to obtain higher resistance in 

aggressive hot corrosive environments such as within the combustion zone in gas turbines. To 

improve the passivity of alloy surface, oxygen-active elements e.g., Y, Si, Ta, or Hf [55–58] are 

also added to the alloy. During the growth of the passive oxide scale, these elements segregate at 

the oxide scale-alloy interface. Such segregation inhibits the outward movement of cations through 

the oxide scale and strengthens the integrity of the passive layer. Further discussion on the role of 

reactive elements in nickel based alloys has been given in Chapter 6.  
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2.5 Chemical Stability of Passive Scales in Molten Sulfate Environment 

 After the growth of passive oxide layer on the alloys surface, sulfate species are in contact 

on the passive scale. Thus, chemical reactivity between passive scale and Na2SO4 solution 

influences the stability and corrosion resistance of nickel alloys. Rapp [59–61] suggested that the 

chemical solubility of surface oxides (e.g.  NiO, Al2O3, and Cr2O3) in molten Na2SO4 can be utilized 

to predict the stability of passive layer. The chemistry of molten Na2SO4 can be described by the 

following equilibrium reaction. 

 Na2SO4 = Na2O + SO3(g)           Reaction 2-2 

 Based on the activities of Na2O and/or SO3(g), Rapp [59] defined the basicity and acidity 

of Na2SO4 molten phase in terms of 𝑎𝑁𝑎
2𝑂

and 𝑎𝑆𝑂3
. For example, a sulfate salt with high 𝑎𝑁𝑎

2𝑂  or 

low 𝑎𝑆𝑂3
 is basic in nature or vice versa. Corresponding to Na2SO4 acid-base chemistry, the 

solubility behavior of various metal oxides such as NiO, Co3O4, Al2O3 and Cr2O3 etc., were 

measured as shown in Figure 2-6.  For a stable passive layer, a minimum solubility in Na2SO4 is 

required. Metal oxides such as NiO and Co3O4 are basic in nature and exhibit low solubility in basic 

sulfate electrolyte. On the other hand, Al2O3 and Cr2O3 are acidic in nature and retain a low 

solubility in acidic sulfate environment. Corrosive environments within most of the high 

temperature turbines exhibit a sulfate chemistry, which corresponds to the low solubility range of 

Al2O3 and Cr2O3 phases. Therefore, Al2O3 and Cr2O3 based passive layers are desirable for hot 

corrosive applications. 
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Figure 2-6.  Solubilities of common metal oxides in fused Na2SO4 electrolyte solution at 1200 K 

[59–62] 

2.6 Electrochemical Aspects of Hot Corrosion Reactions 

 The hot corrosion of nickel alloys involves the liberation of electrons at the reaction site, 

which react with the surrounding species to form corrosion products [9]. For example, in sulfate 
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induced degradation, alkali sulfates (e.g. Na2SO4) dissociate to their ionic form (Na+ and SO4
2‒) 

and react with metal elements (e.g. nickel). Hot corrosion depends on two electrochemical 

reactions, known as cathode and anode half-cell reactions. During the corrosion process, the metal 

element tends to lose electrons (anode reaction) and corrosive species such as O2, SO3, SO4
2- 

consume them (cathode reaction) as follows [63].  

M → Mn+ + n e            Reaction 2-3 

X + n e → Y             Reaction 2-4 

where X denotes the participating corrosive species and Y is the corresponding reduced phase. 

 Interestingly, the anode half-cell reaction is usually predictable. For example, the 

electrochemistry of pure nickel corrosion indicates the anode half-cell reaction is Ni → Ni2+ + 2e‒

. Conversely, the reduction reaction(s) of sulfate ions in hot corrosive environment are more 

complex. Sulfate-induced hot corrosion has been widely studied in the literature. However, an 

understanding of the electrochemical properties of molten sulfates still remains incomplete. This is 

due to the complex speciation behavior of sulfur-bearing species (e.g., SO4
2, SO3

2, S2‒, SO3 etc.) 

with a variety of proposed reaction pathways at high temperatures. For example, Liu and Johnson 

et al. suggested that sulfate ions (SO4
2) can be directly reduced to elemental sulfur (S), sulfite 

(SO3
2), and/or sulfide (S2) ions [64,65]; whereas Burrows and Wrench et al. concluded that sulfate 

ions are not directly reducible species in molten salts [66,67]. In addition, several reduction 

reactions involving SO3 were also proposed under an oxidizing O2-SO2-SO3 atmosphere. Sequeira 

and Shores et al. suggested that SO3 molecules can be reduced into S2 and/or SO2 [68,69]; Park 

and Rapp proposed that pyrosulfate ions (S2O7
2‒) are first formed from the equilibrium reaction of: 

SO4
2‒ + SO3 = S2O7

2‒            Reaction 2-5 
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and further reduced into SO4
2 and SO3

2 [70]. Therefore, it is evident that the reduction reactions 

of sulfate ions during the alloy degradation are still unsettled in the literature due to the complex 

speciation of sulfur bearing species. 

2.7 Objective of the Current Work 

The hot corrosion of nickel based alloys has been widely studied using popular methods 

such as the exposure test and burner-rig test, and corroborated with thermodynamic stability 

calculations of corrosion products. However, the available literature on the electrochemical 

corrosion of nickel alloys [35,71–75] remained focused on complex engineering alloys with 

compositions similar to given in Table 2-1. In order to strengthen our understanding of the hot 

corrosion behavior of nickel alloys, a fundamental knowledge on the role of individual elements of 

the alloy compositions is required but currently not available.  

Electrochemical studies rely on the interfacial kinetics of metallic systems in the corrosive 

environment and can be directly correlated with other methodologies, e.g. burner-rig test [35]. An 

electrochemical understanding of hot corrosion can provide a fundamental view of metal 

degradation in sulfate containing environments. In addition, due to the high sensitivity of 

electrochemical measurements, a relatively short time in comparison to the other methodologies is 

required to assess the corrosion behavior of a given alloy. Therefore, electrochemical 

measurements can be applied as an initial screening on a large batch of alloys, and thus provide 

economic benefits in the development of new alloy compositions for coating applications. This 

dissertation strives to build a fundamental electrochemical understanding towards the corrosion 

behavior of nickel alloys in the hot corrosive environment. Specifically, efforts have been made to 

understand the role of passive scale forming elements (aluminum and chromium) in nickel alloys 

to counter corrosion in gas turbines under type II (650‒750 ºC) corrosion mechanism.   
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First, an understanding of the reduction behavior of sulfate (SO4
2‒) ions was developed by 

performing electrochemical measurements in molten sulfate salt at 700 ºC. Then, the influence of 

gaseous species (O2, SO2, and SO3) on the reduction of sulfate ions and/or their participation in 

corrosion reactions has been studied [Chapter 3]. Within the perspective of building an 

understanding towards the passive protection provided by alumina and chromia layers in hot 

corrosive environment, the effect of aluminum and chromium addition in nickel has been 

investigated by electrochemical methods. The electrochemical corrosion behavior of β-NiAl has 

been studied to contrast with pure Ni. Further, effect of Cr addition in β-NiAl to improve alumina 

based passivation has been explored. To corroborate electrochemical findings, immersion tests 

were performed in parallel and corrosion morphologies were interpreted in terms of possible 

degradation reactions [Chapter 4]. Moreover, the corrosion resistance of Ni-Al-Cr alloys was 

understood by varying Cr content under different environments of pure O2 and O2-0.1%(SO2+SO3) 

gases. The observed corrosion behavior has been explained on the basis of alloy microstructure, 

integrity of passive scale, and electrochemical corrosion potentials and resistance [Chapter 5]. 
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Chapter 3  
 

Electrochemical Studies of Molten Sulfates in LiCl-KCl-Na2SO4 at 700 °C 

3.1 Introduction 

Aggressive chemical and thermal environments found in industrial and marine gas turbines 

are well known to accelerate the degradation of materials in hot section components. The liquid-

state dissociation of metal sulfates, e.g.: 

Na2SO4  2Na+ + SO4
2           Reaction 3-1 

suggests that the degradation of alloys will proceed through interfacial electrochemical reactions at 

the alloy/molten sulfate interface. Thus, understanding the electrochemical behavior of corrosive 

molten sulfate is important in the study of sulfate-induced hot corrosion reaction mechanisms as 

well as in evaluating alloy performance under molten sulfate environments. Some of the previous 

studies on the electrochemical reduction reactions of sulfur-bearing species are summarized in 

Table 3-1, including the electrolyte system and the temperature of investigation. It is evident, that 

a wide range of SO4
2- ion reduction reactions have been reported [64,65,70]. Also, few reports 

suggested that direct reduction of sulfate ions was not possible and the involvement of SO3 species 

in the reduction mechanism was suggested [68–70]. Notably, Burrows and Hills [66] and Wrench 

and Inman [67] reported that sulfate ions are non-reducible species.  
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Table 3-1. Summary of reduction reactions in sulfate system reported in the literature, including 

the electrolyte system and the temperature [64–70]. 

 

Reactions Electrolyte T (°C) Ref. 

Direct sulfate ion (SO4
2‒) reduction 

(a) SO4
2‒ + 2e‒ → SO3

2‒ + O2‒ 

Li2SO4-K2SO4 

Li2SO4-Na2SO4 -K2SO4 

625 

550 

[64] 

[65] 

(b) SO4
2‒ + 6e‒ → S + 4O2‒ 

Li2SO4-K2SO4 

Li2SO4-Na2SO4 -K2SO4 

625 

550 

[64] 

[65] 

(c) SO4
2‒ + 8e‒ → S2‒ + 4O2‒ 

Li2SO4-K2SO4 

Na2SO4 

625 

900 

[64] 

[70] 

(d) sulfate ions are not reducible 

Li2SO4-K2SO4 

NaCl-KCl-Na2SO4 

625 

750 

[66] 

[67] 

Reduction reactions involving SO3  

(e)   SO4
2‒ = SO3 + O2‒ 

       SO3 + 2e‒ → SO2 + O2‒ 

       SO3 + 8e‒ → S2‒ + 3O2‒ 

Na2SO4 / Na2SO4-NaCl 900 [68] 

(f)  S2O7
2‒ + 8e‒ → SO4

2‒ + S2‒ + 3O2‒ 

       SO3 + 2e‒ → SO2 + O2‒ 

       SO3
2‒ + 6e‒ → S2‒ + 3O2‒  

Na2SO4 900 [69] 

(g) SO4
2‒ + SO3 = S2O7

2‒ 

      S2O7
2‒ + 2e‒ → SO4

2‒ + SO3
2‒ 

Na2SO4 900 [70] 
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 In order to accurately understand the role of sulfate ions in hot corrosive environment, an 

exact reduction mechanism of sulfate ions becomes very important. This work specifically 

investigated the electrochemical behavior of molten sulfates at 700 °C, in particular, sulfate 

reduction reactions which will be coupled with the metal oxidation reactions in hot corrosion 

process. In this study, sodium sulfate (5‒15 mol%) was dissolved into eutectic LiCl-KCl (59-41 

mol%, Teutectic = 353 °C) to observe the characteristic reduction waves of the sulfate system using 

cyclic voltammetry in LiCl-KCl-Na2SO4 electrolytes. These measurements were conducted under 

two different gaseous atmospheres of inert argon and oxidizing O2-0.1% SO2 to contrast the 

electrochemical behavior of molten sulfates. Reaction products derived from sulfate reduction 

under constant potentials were also characterized. Other proposed reactions involving sulfite 

(SO3
2) and pyrosulfate (S2O7

2‒) ions were examined within the context of thermal stability of these 

species at temperatures above 700 °C.  

3.2 Experimental 

3.2.1 Electrochemical Cell Components and Assembly 

Electrolytes: Anhydrous LiCl (Alfa Aesar, Product No. 10515), KCl (Sigma Aldrich, 

Product No. 746436), and Na2SO4 (Sigma Aldrich, Product No. 238597) were weighed in 

appropriate quantities and mixed together inside argon-filled glovebox (O2 < 0.5 ppm). The dry 

mixture of LiCl-KCl or LiCl-KCl-Na2SO4 was placed in an alumina crucible (60 × 104 mm or 39 

× 91 mm in diameter and height; McDanel Advanced Ceramics).  

The dry, homogeneous reference electrolyte (LiCl-KCl-AgCl) was prepared by adding 1 

wt% (0.39 mol%) of AgCl in LiCl-KCl eutectic composition. The mixed powder was poured into 

a quartz crucible (24 mm diameter and 14 cm height) and loaded in the vacuum-tight stainless steel 

chamber. The chamber was evacuated to less than 1.3 Pa, heated at 80 °C for 12 h, at 230 °C for 

12 h under vacuum, purged with ultra high-purity argon three times, and heated at 700 °C for 3 h 
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for pre-melting under flowing argon atmosphere (~50 mL/min). The pre-melted reference 

electrolyte was ground into a fine powder for the preparation of reference electrode. 

Electrodes: A reference electrode (RE) was constructed using a closed-end mullite tube 

(6.35 cm outer diameter, 4.78 mm inner diameter, and 45.7 cm length; Coorstek), which contained 

about 0.5 g of LiCl-KCl-AgCl electrolyte and a silver wire (1 mm diameter and 48 cm length) to 

establish a reversible Ag/Ag+ half-cell potential at 700 °C. The open-end of the mullite tube was 

sealed with epoxy under inert argon atmosphere. A graphite counter electrode (CE) was fabricated 

in a cylindrical shape (9.5 mm diameter and 5 cm length) and connected to a stainless steel electrical 

lead (3.2 mm × 46 cm threaded rod in diameter and length). 

Working electrodes (WEs) were selected among tungsten wire, platinum or glassy carbon 

rods (1 mm diameter). Tungsten WE was selected for the LiCl-KCl electrolyte because tungsten is 

immiscible with metallic lithium; however, platinum or glassy carbon (GC) can react with lithium 

to form intermetallic compounds (e.g., Li2Pt) during cathodic polarization. Platinum and glassy 

carbon WEs were used in the LiCl-KCl-Na2SO4 electrolytes because the tungsten WE was found 

to dissolve into the LiCl-KCl-Na2SO4 electrolyte during cathodic polarization. The Pt or GC rods 

were cut in 4 cm lengths, inserted into a graphite adapter (9.5 mm diameter and 2 cm length), and 

the adapter was connected to a stainless steel electrical lead. A schematic cell configuration and 

approximate electrode geometry are shown in Figure 3-1. 

   Electrochemical cell assembly: The electrochemical cell assembly was conducted inside 

an argon-filled glove box due to the hygroscopic nature of alkali-metal chlorides and sulfate. A 

three-electrode electrochemical cell was assembled by arranging the electrodes inside an alumina 

crucible that contained 30‒70 g of the mixed electrolyte, and the cell was placed inside the stainless 

steel test chamber (Figure 3-1). Stainless steel baffle plates were installed to maintain a uniform 

temperature inside the test chamber. The sealed cap was designed to include seven ultra-torr fitting 

ports for insertion of electrical leads and a thermocouple. All the electrical leads were electrically 
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isolated from the stainless steel chamber using alumina tubes (6.4 mm outer diameter, 4.8 mm inner 

diameter, and 30 cm length).  

(a) 

       

(b) 

 

Figure 3-1. Schematic of experimental set-up for measurements of electrochemical properties in 

molten LiCl-KCl-Na2SO4 electrolyte at 700 °C: (a) electrochemical cell configuration (top view) 

and approximate electrode geometry, and (b) test chamber assembly. 
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In experiments under oxidizing, reactive O2-0.1% SO2 atmosphere, an alumina test 

chamber (10.5 cm inner diameter, 11.4 cm diameter outer diameter, and 43 cm length; Coorstek) 

was employed in place of the stainless steel test chamber. A platinum mesh (2.5 × 2.5 cm) was 

rolled and inserted into the gas inlet tube located inside the test chamber to facilitate an equilibrium 

partial pressure of SO3 according to: 

½O2(g) + SO2(g) = SO3(g)            Reaction 3-2 

The assembled test chamber was loaded into a crucible furnace (CC-12, The Mellen 

Company, Inc.) and evacuated to less than 1.3 Pa. The electrochemical cell inside the test chamber 

was dried using a similar procedure described for preparing the reference electrolyte to remove 

residual moisture from the cell components, and then heated at 700 °C under flowing argon. The 

cell temperature was recorded using K-type thermocouple enclosed in a closed-end quartz tube and 

thermocouple data acquisition board (NI 9211, National Instruments).  

3.2.2 Electrochemical Measurements 

Electrochemical signals were collected using a potentiostat-galvanostat (Metrohm, 

PGSTAT 302F). Once the electrochemical cell reached the target temperature 700 °C, the stability 

of reference electrodes was verified by measuring the potential difference between the two identical 

Ag/Ag+ REs. The electrochemical measurements were performed when the potential difference 

between the two REs remained less than 5 mV. For measurements under oxidizing atmosphere, O2-

0.1% SO2 gas mixture (Airgas) was introduced at the flow rate of ~50 ml/min after a thermal steady-

state was achieved. During the transition from argon to O2-0.1% SO2 atmosphere, the open circuit 

potentials of the platinum WE were continuously monitored. 

Cyclic voltammetry was conducted at scan rates of 10‒100 mV/s using a tungsten WE in 

LiCl-KCl (59-41 mol%), and platinum or glass carbon WEs in LiCl-KCl-Na2SO4 (53-37-10 mol%). 

Prior to electrochemical measurements in LiCl-KCl-Na2SO4 electrolyte, uncompensated solution 

resistance Ru was estimated using electrochemical impedance spectroscopy (EIS) to correct 
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potential drop (I·Ru) in the measurements. As is typical for highly conductive molten salt 

electrolytes, a low solution resistance was obtained, typically less than 0.3 Ω [Figure A-1, Appendix 

A]. The nominal surface area of WEs was estimated to be 0.50 cm2, based upon the immersion 

depth of WEs in the electrolyte (1.6 cm). At selected potentials, separate electrolysis experiments 

were conducted in LiCl-KCl-Na2SO4 electrolytes under constant potential control to obtain 

electrolysis products from sulfate reduction reactions for characterization. 

3.2.3 Characterization of LiCl-KCl-Na2SO4 Electrolyte 

After the constant potential electrolysis, the electrochemical cell was cooled to room 

temperature and disassembled inside the glovebox. The electrolyte was isolated from the cell 

assembly for further characterization by scanning electron microscope (SEM, FEI Quanta 200) 

fitted with energy dispersive spectroscopy (EDS) for chemical analysis, and by X-ray 

diffractometer (XRD, PANalytical Empryean) over 2θ angles 20‒70° with step size of 0.026º, 

dwell time per step of 200s, and scan rate of 0.033º/s for phase characterization. Finally, 

simultaneous differential thermal analysis (DTA) and thermal gravimetric analysis (TGA) were 

conducted using a thermal analyzer (STA 449, Netzsch Instruments). About 30‒50 mg of powdered 

salt samples were loaded into an alumina crucible and data were collected during the heating cycle 

at a heating rate of 10 °C/min under 100 ml/min high-purity flowing Ar gas. 

3.3 Results and Discussion 

3.3.1 Electrochemical Reduction of Sulfate Ions under Inert Argon Atmosphere 

Prior to the investigation into the electrochemical reduction behavior of sulfate ions, cyclic 

voltammograms were obtained in the eutectic LiCl-KCl to identify the electrochemical window 

and relevant faradaic processes using a tungsten WE at 700 °C under inert argon atmosphere. These 

voltammograms were commenced towards the cathodic region and concluded from anodic region 

(i.e. negative and positive potentials, respectively, w.r.t.. open circuit potential of tungsten WE), 
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which showed negative current densities in forward scan and positive current densities in reverse 

scan. As shown in Figure 3-2(a) (dashed line), the electrochemical window of the LiCl-KCl was 

approximately 3.0 V at a scan rate of 100 mV/s and delimited by the decomposition reactions of 

LiCl: lithium metal reduction at ‒2.1 V vs. Ag/Ag+ and chlorine gas evolution at +0.9 V vs. Ag/Ag+. 

At chlorine evolution potential, a small anodic wave preceding the linearly rising current region 

was also observed, which could be due to a passive WCl2 layer formation on tungsten WE 

according to: 

W + Cl2(g) → WCl2,  ∆rG = ‒145.5 kJ/mol at 700 °C [39]        Reaction 3-3 

(a) 
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(d) 

 

Figure 3-2. Cyclic voltammograms at 700 °C under inert argon atmosphere: (a) a comparison 

between LiCl-KCl electrolyte using tungsten working electrode (WE), (dashed line) and LiCl-KCl-

Na2SO4 electrolyte using platinum WE (solid lines) at scan rate of 100 mV/s, (b-c) comparisons 

between platinum and glassy carbon WEs in LiCl-KCl-Na2SO4 electrolyte at scan rate of 100 mV/s, 

and (d) comparison at various scan rates of 10‒100 mV/s using platinum WE. 

 

Upon the addition of 10 mol% Na2SO4 into the eutectic LiCl-KCl electrolyte, two 

additional reduction waves were obtained at the same scan rate within the electrochemical window 

using platinum WE [solid lines in Figure 3-2(a)]. The first reduction wave (thin solid line) started 

at ‒0.3 V vs. Ag/Ag+ with a peak current density of ‒2.5 mA/cm2, and the second wave (thick solid 

line) started at ‒1.1 V vs. Ag/Ag+ with a peak current density as high as ‒790 mA/cm2. In reversal 

scans of the second wave, the anodic peak current was substantially smaller and the anodic peak 

potential was widely separated from cathodic peak potential, suggesting that the reduction reactions 

are chemically irreversible. 
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Using a glassy carbon WE, voltammetric measurements were conducted over a similar 

potential range and compared with platinum WE [Figure 3-2(b) and 3-2(c)]. As shown in Figure 3-

2(b), a strong reduction wave was observed at large overpotentials (E < ‒1.1 V vs. Ag/Ag+) for 

both glassy carbon and platinum WEs, confirming the direct reduction of sulfate ions independent 

of electrode materials. In contrast, the first reduction wave observed with platinum WE was absent 

from the glassy carbon WE [Figure 3-2(c)], suggesting that this reduction wave may originate from 

the pristine platinum surface oxides according to:  

PtO2 + 2e‒ → PtO + O2‒            Reaction 3-4 

or PtO2 + 4e‒ → Pt + 2O2‒.            Reaction 3-5 

The above redox reaction 3-5 of platinum oxides may explain the fading of the first 

reduction wave during multiple scans over a large potential range. 

Voltammograms were also obtained at various scan rates of 10‒100 mV/s using a platinum 

WE [Figure 3-2(d)]. As the scan rate increased, the reduction current density increased 

monotonically; however, the peak potentials were substantially shifted in the negative direction, 

indicating sluggish charge transfer kinetics of sulfate reduction reactions. It should be noted that 

during the reversal scan, several oxidation waves were observed possibly due to reaction products 

from sulfate reduction. 

Briefly summarizing, voltammetric study suggests that the sulfate ions can be reduced in 

LiCl-KCl-Na2SO4 electrolyte at sufficiently negative overpotentials (E < ‒1.1 V vs. Ag/Ag+) under 

inert argon atmosphere, and the sulfate reduction processes exhibit a high degree of irreversibility 

due to the chemically irreversible reactions and sluggish charge transfer kinetics. Reduction 

behavior of sulfate ions was also investigated by varying the electrolyte solutions, e.g. Li2SO4-

K2SO4 and NaCl-Na2SO4.Interestingly, the reduction wave corresponding to sulfate ions remained 

invariant [Figure A-2, Appendix A]  
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3.3.2 Electrolysis and Characterization of Electrolysis Products 

Constant potential electrolysis experiments in LiCl-KCl-Na2SO4 (10 mol%) were 

conducted for 24 h under inert argon atmosphere to identify the reaction products associated with 

sulfate reduction, using a platinum WE. From voltammetric measurements, two electrode potentials 

were selected at ‒0.4 V vs. Ag/Ag+ and ‒1.6 V vs. Ag/Ag+, before and after the onset of sulfate 

reduction wave at ‒1.1 V vs. Ag/Ag+. At E = ‒1.6 V vs. Ag/Ag+, a steady cathodic current density 

(~110 mA/cm2) was observed during electrolysis, but very little cathodic current density (less than 

0.8 mA/cm2) was observed at E = ‒0.4 V vs. Ag/Ag+ [Figure 3-3(a)].  
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(b) 

 

Figure 3-3. Constant potential electrolysis at 700°C in inert argon atmosphere using a platinum 

working electrode (WE) for 24 h: (a) in LiCl-KCl-Na2SO4 (10 mol%) at potential, E = ‒0.4 V and 

‒1.6 V vs. Ag/Ag+, and (b) in various Na2SO4 compositions (5‒15 mol%) in eutectic LiCl-KCl at 

potential, E = ‒1.6 V. 

 

 The electrolysis experiments were also performed at varying Na2SO4 concentrations of 5‒
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current densities of 110‒180 mA/cm2 were measured consistently, but the current density was not 

specifically dependent on the sulfate concentration. Such a behavior may originate from the 
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to the mass transport kinetics of sulfate ions in the electrolyte. 

Upon the completion of electrolysis in LiCl-KCl-Na2SO4 (10 mol%), the electrochemical 

cell was cooled to room temperature, disassembled inside the glovebox, and the electrolyte was 

0 5 10 15 20 25
-1500

-1200

-900

-600

-300

0

mol% of Na2SO4

 5 mol%

 10 mol% 

 15 mol%

C
u

rr
e

n
t 

d
e

n
s
it
y
, 

j 
(m

A
/c

m
2
)

Time, t (h)

Electrolysis at E = -1.6 V (700 C)



41 

 

separated to examine the electrolysis products. The electrolyte held at E = ‒0.4 V vs. Ag/Ag+ 

retained a pristine white color exhibiting the overlapped regions of oxygen and sulfur in SEM-EDS 

elemental maps [Figure 3-4(a)], but the electrolyte held at E = ‒1.6 V vs. Ag/Ag+ exhibited yellow 

color, in particular, near the electrolyte surface. In the electrolyzed salt at E = ‒1.6 V vs. Ag/Ag+, 

a distinct pure sulfur phase was identified without overlapping with oxygen region, as shown in 

elemental mappings of sulfur and oxygen [Figure 3-4(b)].  

 

(a) 

  



42 

 

  

 

(b) 

 



43 

 

  

(c) 

 

 

 

0 100 200 300 400 500 600 700
90

95

100

105

 After electrolysis at E = -1.6 V

 Pristine electrolyte

R
e

la
ti
v
e

 m
a

s
s
 (

%
)

Temperature, T (C)

0 100 200 300 400 500 600 700
-0.4

-0.2

0.0

0.2

0.4

395350130

TGA

H
e

a
t 

fl
o

w
 (


V
/m

g
)

DTAendothermic

102



44 

 

(d) 

 

Figure 3-4. Characterization of the LiCl-KCl-Na2SO4 (10 mol%) electrolyte after electrolysis at (a) 

potential, E = ‒0.4 V vs. Ag/Ag+, (b) potential, E = ‒1.6 V and 700°C for 24 h: elemental X-ray 

mappings of sulfur and oxygen taken from the surface of the electrolyte, (c) thermal analysis 

(DTA/TGA) obtained from ~50 mg of the electrolyte at 10 °C/min under 100 ml/min flowing 

argon, and (d) X-ray diffraction pattern of the electrolyzed electrolytes at potential, E = ‒1.6V and 

‒0.4 V as well as the pristine electrolyte, compared to the diffraction patterns of Na2S2, S6, Li2SO4, 

NaCl, KCl, and LiCl from crystal structure database [76–78]. 
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S = 115 °C), evidenced by the presence of sulfur from chemical analysis with SEM/EDS. The last 

two peaks at 350 °C and 395 °C come from the solidus and liquidus temperatures of the electrolyte. 

These two transition temperatures agree with those of pristine electrolyte at 355 °C and 397 °C, 

respectively [dashed lines in Figure 3-4(c)]. 

Finally, the phases of the electrolyzed salt were analyzed using XRD in comparison with 

the pristine electrolyte [Figure 3-4(d)]. The pristine electrolyte was mainly composed of LiCl, KCl, 

NaCl, and Li2SO4. Notably, diffraction peaks of Na2SO4 were absent due to the following 

metathetical reaction during the solidification: 

 Na2SO4 + 2LiCl → 2NaCl + Li2SO4, ∆rG = ‒32.7 kJ/mol at 700 °C [39]         Reaction 3-6 

The diffraction peaks of the electrolyte at E = ‒0.4 V vs. Ag/Ag+ were in good agreement 

with the pristine electrolyte, indicating no substantial electrolysis products. 

In contrast, the electrolyzed salt at E = ‒1.6 V vs. Ag/Ag+ exhibited several additional 

characteristic peaks, marked with * and # in Figure 3-4(d). While a thorough phase analysis of the 

electrolyzed electrolyte was not feasible due to complex diffraction peaks of several co-existing 

compounds, the overall diffraction pattern suggested the presence of S6 (#) and Na2S2 (*) phases. 

Interestingly, Jaroudi et al. investigated the reactions between pure sulfur and Na2S using Raman 

spectroscopy at 75‒450 °C, and determined the formation of Na2S2 phase according to: 

Na2S + S = Na2S2 [79]                         Reaction 3-7 

Then, the coexistence of Na2S2 and sulfur in the electrolyzed salt at E = ‒1.6 V vs. Ag/Ag+ 

assumes the presence of Na2S as the electrolysis products, suggesting that the sulfate ions were 

reduced to sulfide (S2‒) and sulfur (S) during electrolysis at 700 °C, in agreement with the sulfate 

reduction reactions (b-c) in Table 3-1 [64,65,70]. 
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3.3.3 Influence of Gaseous Atmosphere (O2-0.1% SO2) 

The electrochemical behavior of sulfate ions was examined under the oxidizing, reactive 

atmosphere (O2-0.1% SO2) at 700 °C using a platinum WE in LiCl-KCl-Na2SO4 (10 mol%) 

electrolyte. The equilibrium partial pressure of SO3, 
3SOP , was estimated to be 7 × 10‒4 atm [39]. 

Even a small quantity of SO3(g) in a gas combustor has been known to cause a substantial increase 

in corrosion rates of alloys, known as low-temperature type II hot corrosion at 650‒750 °C. At 

650‒750 °C, transition metal oxides (e.g., NiO or CoO) react with SO3 to form transition metal 

sulfates e.g.: 

NiO + SO3 = NiSO4            Reaction 3-8 

resulting in low-melting temperature sulfate mixtures such as Na2SO4-NiSO4 (Teutectic = 670 °C) and 

Na2SO4-CoSO4 (Teutectic = 580 °C) [37,41,44,80–82]. For this reason, the reduction reactions in 

molten sulfates under oxidizing atmosphere are often postulated to involve SO3 and/or O2, for 

example: 

SO3 + 2e‒ → SO2 + O2‒            Reaction 3-9 

and  O2 + 4e‒ → 2O2‒ [69]           Reaction 3-10 

During the transition from inert argon to oxidizing O2-0.1%(SO2-SO3) atmosphere at 700 

°C, a large shift in open circuit potential EOCP was observed from 0.02 V to 0.65 V vs. Ag/Ag+ 

(∆EOCP = 0.63 V) in the positive direction [Figure 3-5(a)]. In contrast, the open circuit potentials 

under inert argon atmosphere remained relatively steady at ~0.14‒0.18 V vs. Ag/Ag+ with a slight 

shift in the negative direction. Such high open circuit potentials under oxidizing atmosphere may 

originate from the presence of stronger oxidants such as O2, SO2, and/or SO3 in the molten salt 

electrolyte.  
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(a) 

 

(b) 

 

Figure 3-5. (a) Open circuit potentials during the transition from inert argon to oxidizing O2-

0.1%(SO2-SO3) atmosphere and (b) cyclic voltammograms using platinum working electrode (WE) 

in LiCl-KCl-Na2SO4 (10 mol%) at 700 °C under two different gaseous atmospheres. 
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 In efforts to identify reduction reactions in molten sulfates under the oxidizing atmosphere, 

voltammetric measurements were conducted in LiCl-KCl-Na2SO4 at 50 mV/s. As shown in Figure 

3-5(b), a single strong reduction wave was observed at potentials below ‒1.0 V vs. Ag/Ag+, similar 

to that observed under inert argon atmosphere (‒1.1 V vs. Ag/Ag+). Based upon a similar potential 

range of this reduction wave to that under inert argon atmosphere, we may conclude that sulfate 

ions are directly reduced into sulfur and sulfide ions at large negative overpotentials in the oxidizing 

atmosphere. Hellstrom and Sequeira et al. studied sulfate reduction reactions in pure Na2SO4 at 900 

°C under oxidizing O2-SO2-SO3 atmosphere and also obtained a reduction wave at large negative 

overpotentials [68,83]. They concluded that this reduction wave may come from the reduction of 

SO3 according to:  

SO3 + 2e‒ → SO2 + O2‒            Reaction 3-9 

or  SO3 + 8e‒ → S2‒ + 3O2‒          Reaction 3-11 

reactions (e) in Table 3-1. However, by comparing the voltammograms under two different gaseous 

atmospheres in this work, this reduction wave is thought to be related to direct sulfate reduction at 

large overpotentials.  

While a large open circuit potential shift in the positive direction suggests the presence of 

strong oxidants, no relevant reduction waves were observed, possibly due to insufficient 

concentrations of dissolved O2 or SO3 molecules in the electrolyte at 700 °C. Thus, the definite 

reduction mechanisms involving these oxidants remain inconclusive.  

3.3.4 Sulfate Reduction Reactions 

 Our electrochemical investigation into LiCl-KCl-Na2SO4 at 700 °C confirmed that sulfate 

ions (SO4
2‒) can be directly reduced at large negative overpotentials (E < ‒1.1 V vs. Ag/Ag+) in 

both inert argon and oxidizing O2-0.1%(SO2-SO3) atmospheres. Furthermore, the characterization 
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of the electrolysis products at E = ‒1.6 V vs. Ag/Ag+ suggests that a direct sulfate ion reduction 

can result in sulfur (S) and sulfide ion (S2‒) according to the following reactions of: 

SO4
2‒ + 6e‒ → S + 4O2‒          Reaction 3-12 

and SO4
2‒ + 8e‒ → S2‒ + 4O2‒         Reaction 3-13 

in agreement with reactions (b-c) in Table 3-1. In view of large overpotential requirement for these 

reactions, Gibbs energies were calculated for the equivalent reduction of Na2SO4 at 600 °C, 700 

°C, and 800 °C using reference [39]. Table 3-2 shows that these reactions are associated with 

substantially high positive Gibbs energies, supporting that reduction of SO4
2− species is an 

endothermic process requiring large overpotentials. 

Table 3-2. Gibbs energies of Na2SO4 reduction reactions at three different temperatures calculated 

from reference [39]. 

 

Reaction(s) 
Gibbs Energy, ∆rG (kJ/mole) 

600 °C 700 °C 800 °C 

(a) Na2SO4
 → Na2O + S(g) + 3/2O2(g) 906.8 870.2 833.9 

(b) Na2SO4 → Na2S + 2O2(g) 720.0 688.1 656.6 

 Studies conducted at 550‒625 °C by Liu and Johnson et al. also suggested that the sulfate 

ions are reduced to sulfite ions by the reaction of: 

SO4
2‒ + 2e‒ → SO3

2‒ + O2‒         Reaction 3-14 

, the reaction (a) in Table 3-1 [64,65]; however, sulfite species were not observed in this work at 

700 °C. To examine the possibility of forming sulfite ions at 700 °C, thermal analysis of pure 

sodium sulfite (Na2SO3) was conducted at the heating rate of 10 °C/min under flowing argon 

[Figure 3-6(a)]. In the TG-DTA thermmogram of Na2SO3, a sudden exothermic heat flow was 

observed during the heating, starting at ~677 °C without mass loss. The reaction associated with 

this exothermic heat flow was further investigated by heat-treating Na2SO3 powder samples at 600 

°C and 700 °C for 6 h under argon, respectively and each sample was characterized by XRD [Figure 

3-6(b)].  
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(a) 

 

(b) 

 

Figure 3-6. Thermal analysis obtained from ~37 mg of Na2SO3 powder at 10 °C/min under 100 

ml/min flowing argon and (b) X-ray diffraction pattern of Na2SO3 after heat treatment at 700 °C 

and 600 °C for 6 h, compared to the diffraction patterns of Na2S, Na2SO4, and Na2SO3 from crystal 

structure database [76,78]. 
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A sodium sulfite (Na2SO3) sample treated at 600 °C maintained its pristine Na2SO3 

crystalline structure, however, the sample treated at 700 °C was comprised of Na2S and Na2SO4, 

suggesting that sulfite will exothermically decompose into sulfide and sulfate according to: 

Na2SO3 → ¼Na2S + ¾Na2SO4          Reaction 3-15     

, also supported by thermodynamic estimation (∆rG = ‒38.1 kJ/mol at 700 °C) [39].  Considering 

the thermal instability of sulfite ions above 677 °C, the sulfate reduction reaction into sulfites: 

SO4
2‒ + 2e‒ → SO3

2‒ + O2‒          Reaction 3-14 

may not be feasible at temperatures above 700 °C and was not observed in this study. 

Several studies suggested that pyrosulfate ions (S2O7
2‒) can be formed under oxidizing 

atmosphere according to: 

SO4
2‒ + SO3 = S2O7

2‒           Reaction 3-15 

and be subjected to the reduction reactions, e.g. : 

S2O7
2‒ + 2e‒ → SO4

2‒ + SO3
2‒         Reaction 3-16     

at 900 °C [69,70]. However, De Vries and Gellings determined that sodium pyrosulfate (Na2S2O7) 

decomposes into Na2SO4 and SO3 at temperatures above 330 °C according to: 

Na2S2O7 → Na2SO4 + SO3         Reaction 3-17      

based on thermogravimetric measurements and XRD analysis [84]. Based on the fact that both the 

pyrosulfate (S2O7
2‒) and sulfite (SO3

2‒) ions are subjected to thermal decomposition reactions at 

typical temperatures of hot corrosion processes (650‒950 °C), the formation of these species is 

thermodynamically unstable and may not occur in hot corrosion process at 900 °C. It is also to note 

that the observed reducibility of SO4
2- in the present work is in contrast with the electrochemical 

inactivity reported by Burrows and Wrench et al. [66,67]. It is believed that due to sluggish 

reduction kinetics of SO4
2- species, the amount of reduction products might have remained out of 

detection limits of their characterization method(s).  



52 

 

In the light of interfacial electrochemical processes in spontaneous hot corrosion of metal 

alloys, the cathodic (reduction) reactions in the sulfate system will need to be coupled with the 

anodic (oxidation) reactions of metal alloys [63], e.g.:  

Ni → Ni2+ + 2e‒           Reaction 3-18       

whose redox potential should be more negative than cathodic reactions. Figure 3.7 shows a cyclic 

voltammogram obtained with pure nickel WE in molten LiCl-KCl-10 mol% Na2SO4 electrolyte 

under argon environment at 700 ºC. An electrochemical potentials, E ≥ ‒0.4 V vs. Ag/Ag+ is 

required to oxidize/corrode in sulfate containing environment. In this regard, the observed direct 

reduction reactions of sulfate ions (SO4
2‒) may not be coupled with metal oxidation reactions due 

to their occurrence only at substantially negative overpotentials.  

 

Figure 3-7. Cyclic voltammogram at a scan rate of 100 mV/s obtained with nickel working 

electrode (WE) in LiCl-KCl-Na2SO4 (10 mol%) electrolyte under argon atmospheres at 700 °C. 

 

In contrast, the shift in open circuit potential by ~0.63 V in the positive direction under 

oxidizing atmosphere, indicates the presence of strong oxidants such as SO3 and O2 in the 
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electrolyte. Assuming strong oxidants of O2 and SO3 are available and can be reduced at more 

positive potentials than sulfate ions, the reduction reactions of these oxidants are more likely to be 

coupled with the metal oxidation reactions, leading to spontaneous hot corrosion of metal alloys.  

3.4. Summary 

This study determined that sulfate ions (SO4
2‒) can be reduced into S and S2‒ at 700 °C at 

large negative overpotentials:  

SO4
2‒ + 6e‒ → S + 4O2‒          Reaction 3-12 

and SO4
2‒ + 8e‒ → S2‒ + 4O2‒         Reaction 3-13 

At this temperature, sulfite ions (SO3
2‒) were not observed as a reduction product, possibly 

due to thermal instability of sulfite ions above 677 °C. Under oxidizing O2-0.1%(SO2-SO3) 

atmosphere, open circuit potentials were shifted in the positive direction, implying the presence of 

stronger oxidants such as O2 and SO3. The reduction reactions of these oxidants are expected to 

occur at more positive potentials than sulfate ions (SO4
2‒) and thus, are more likely to be coupled 

with the metal oxidation reactions during hot corrosion processes.  

This study suggests that the reduction reactions of molten sulfate system are dependent 

upon (i) the degree of overpotential, (ii) gaseous atmosphere that can provide stronger oxidant in 

the molten sulfate electrolyte, and (iii) the thermal stability of sulfur-bearing species. 
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Chapter 4  
 

Electrochemical Corrosion Behavior of Ni Alloys in LiCl-KCl-Na2SO4 at 700 

°C: The Influence of Oxidizing Atmosphere and the Role of Oxygen-Active 

Elements (Al and Cr) 

4.1 Introduction 

The degradation modes of hot corrosion are often classified as high temperature (Type I) 

hot corrosion (e.g., 900–1000 °C) and low-temperature (Type II) hot corrosion (e.g., 650–750 °C). 

This classification was made primarily based on the accelerated corrosion rates observed at these 

two temperature ranges, due to the formation of liquid-state salt deposits [27,37,41,82]. Based on 

sodium sulfate (Na2SO4) which melts at 884 °C, molten Na2SO4 (Type I, 900–1000 °C) deposits 

were found to accelerate the degradation of Ni alloys under oxidizing atmospheres, especially in 

the presence of SO3 [37,38,41]. At lower temperatures (Type II, 650–750 °C), the degradation 

reaction could be expected to decrease with solid-state Na2SO4; however, the degradation rate of 

Ni was also accelerated in SO3-containing atmosphere as NiO reacted with SO3 molecules to form 

nickel sulfate (NiSO4), resulting in a molten sulfate solution (Na2SO4-NiSO4, Teutectic = 670 °C) 

[27,41].  

A number of studies on sulfate-induced hot corrosion identified a variety of degradation 

reaction pathways, including sulfidation, formation of transition metal sulfates (NiSO4 or CoSO4), 

as well as dissolution of metal oxides (e.g., NiO, Al2O3, and Cr2O3) in the salt deposit (fluxing 

mechanisms) [59–62], all of which were influenced by gaseous atmosphere (e.g., O2, O2-SO2-SO3). 

In selecting Ni alloys to mitigate hot corrosion reactions, oxygen-active elements (Al and Cr) are 

critical constituents due to their capability to form protective oxide scales at elevated temperatures 

[52,47–49]. 

In both types of hot corrosion processes, the presence of sulfate-containing molten salts is 

the essential factor in accelerating the degradation reaction of Ni alloys by providing chemically 
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aggressive ionic solutions (electrolytes), suggesting the utility of electrochemical corrosion testing 

of Ni alloys (electrodes) in understanding and evaluating their degradation behavior in addition to 

more popular approaches of coupon exposure and burner-rig tests [35]. This work specifically 

studied the sulfate-induced hot corrosion behavior of three Ni alloys (Ni, β-NiAl at 50-50 mol%, 

and Ni-Al-Cr at 47.5-47.5-5 mol%), using electrochemical open-circuit potential and 

potentiodynamic polarization techniques in molten LiCl-KCl-Na2SO4 (53.3-36.7-10 mol%) 

solution at 700 °C. Due to the importance of gaseous atmosphere in hot corrosion processes 

[24,27,44,85], the electrochemical corrosion testing was conducted under the control of gaseous 

atmosphere: from inert argon to pure O2 and to O2-0.1%SO2 gas mixture.  

Overall, electrochemical corrosion measurements in this work aimed to elucidate the 

effects of gaseous atmosphere and oxygen-active elements (Al and Cr) in hot corrosion processes, 

by comparing the stability of oxide scales from each alloy in the molten salt: NiO scale from Ni, 

Al2O3 scale from β-NiAl, and mixed Al2O3-Cr2O3 scale from Ni-Al-Cr. The electrochemical 

corrosion behavior of Ni alloys was corroborated with the results from immersion tests in the same 

environment by characterizing the chemistry and microstructure of corrosion scales. The 

morphologies of the corrosion layers and degradation reactions were discussed within the context 

of prior hot corrosion studies in the literature under similar environmental conditions.  

4.2 Experimental 

4.2.1 Electrochemical Cell Components for Corrosion Testing 

Bulk electrolyte: Sulfate-containing bulk electrolyte, LiCl-KCl-Na2SO4 (53.3-36.7-10 

mol%), was prepared from appropriate weights of lithium chloride (anhydrous, 99.0%, Alfa Aesar, 

product # 10515), potassium chloride (KCl, 99.0%, Sigma Aldrich, product # 746436), and sodium 

sulfate (Na2SO4, 99.0%, Sigma Aldrich, product # 238597) inside an argon filled glovebox (O2 and 

H2O < 0.5 ppm) due to the hygroscopic nature of salts. Weighed salts were contained in a plastic 
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bottle (500 mL) and mixed together by manually shaking the bottle. About 70 g of the bulk 

electrolyte mixture was poured into an alumina crucible (5.4 cm inner in diameter and 11 cm in 

height) for electrochemical cell assembly. 

Electrodes: The alloy working electrodes (WEs) of pure Ni, β-NiAl (50-50 mol%), and Ni-

Al-Cr (47.5-47.5-5 mol%) were prepared from pure metals of Ni wire (99.5%, 1 mm in diameter, 

Alfa Aesar, product # 41361), Al wire (99.0%, 1 mm in diameter, Alfa Aesar, product # 11064), 

and Cr pieces (99.995%, Alfa Aesar, product # 38494) using an arc-melter (MAM1, Edmund 

Buhler GmbH). Homogeneous alloys were fabricated in the form of cylindrical rods (0.3 cm in 

diameter and 3.0 cm in length) by suction casting in a copper mold. The arc-melted alloy rods were 

annealed at 1100 °C for 24 h under vacuum (< 5 mtorr) to stabilize their microstructures, and the 

alloy surface was polished using silicon carbide emery papers to remove surface oxides produced 

during the alloy fabrication. The alloy WEs were electrically connected to stainless steel rods (3.2 

mm in diameter, 46 cm in length). Pure Ni WEs were connected to stainless steel rods via stainless 

steel adapters using 5-40 threads; the brittle β-NiAl and Ni-Al-Cr alloy WEs were directly tied to 

stainless steel rods using Ni-Cr (78-22 mol%) wire (0.25 mm in diameter), as shown in Figure 4-

1(a). 

(a) 
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(b) 

 

 

Figure 4-1. Schematic of three-electrode electrochemical cell: (a) approximate electrode geometry 

for working (WE), reference (RE), and counter (CE) electrodes, and (b) top view of electrode 

configuration (left) in a test chamber assembly (right). 

 The Ag/Ag+ reference electrode (RE) was constructed using a closed one-end mullite tube 

(6.4 mm in outer diameter, 4.8 mm in inner diameter, and 45.7 cm in length) which contained ~1.0 

g of LiCl-KCl-Na2SO4-Ag2SO4 reference electrolyte and Ag wire (1 mm in diameter and 48 cm in 

length) to establish Ag/Ag+ half-reaction [Figure 4-1(a)]. The reference electrolyte, LiCl-KCl-

Na2SO4-Ag2SO4 (48-33-9-10 mol%), was prepared by adding 10 mol% of Ag2SO4 (99.999%, 

Sigma Aldrich, product # 204412) into the bulk electrolyte composition. The electrolyte mixture 

was placed in a quartz crucible (24 mm in inner diameter and 14 cm in length) for premelting in a 
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stainless steel vacuum chamber. The chamber was loaded in a crucible furnace (Mellen, CC-12), 

evacuated to less than 5 mtorr, and heated under vacuum at 80 °C for 12 h and at 230 °C for 12 h 

to remove residual moisture. Then, the chamber was purged with ultra-high purity argon three 

times, heated at 700 °C for 3 h for premelting, and cooled to room temperature under flowing argon. 

In an argon-filled glovebox, the dry and homogeneous reference electrolyte was crushed into a fine 

power, the powder was poured into the mullite tube with Ag wire inserted, and the open-end of the 

mullite tube was sealed using epoxy.  

A graphite rod (0.95 cm in diameter and 1 cm in length) was used as the counter electrode 

(CE), female threaded at the top and connected to a male threaded steel rod (3.2 mm in diameter, 

46 cm in length) via 5-40 threads [Figure 4-1(a)]. The stainless steel rod above the graphite CE was 

sheathed with a threaded boron nitride (BN) tube (6.35 mm in outer diameter, 3.2 mm in inner 

diameter, and 1.5 cm in length) in order to minimize its direct exposure to the corrosive bulk 

electrolyte during the electrochemical measurements. 

 4.2.2 Electrochemical Cell Assembly and Measurements 

Cell assembly: Electrochemical corrosion testing of Ni alloys was conducted in a closed 

one-end alumina test chamber (10.5 cm in inner diameter, 11.4 cm in outer diameter, and 43 cm in 

length, Coorstek). The chamber was capped with a stainless steel flange (QF100-BF, Kurt J. 

Lesker) where seven ultra-torr fittings (6.35 mm in inner diameter, Swagelok) were installed to 

insert electrical leads and a thermocouple (ASTM type K), and was sealed using a silicone O-ring 

between the test chamber and the flange [Figure 4-1(b)]. The alumina crucible filled with the bulk 

electrolyte (~70 g) was placed inside the test chamber, on the flat surface established with alumina 

powder. Two of each WE, RE, and CE were inserted through vacuum fittings of the cap until each 

electrode touched the bottom of the alumina crucible with the configuration shown in Figure 4-

1(b). Electrical leads for WEs and CEs were electrically isolated from stainless steel flange using 



59 

 

quartz tubing (6.35 mm in outer diameter, 4.0 mm in inner diameter, and 15 cm in length) and the 

top end of the tube was sealed using epoxy. The K-type thermocouple was placed in the electrolyte, 

but was enclosed by a closed one-end quartz tube (46 cm in length) to avoid the direct contact of 

the thermocouple sheath (stainless steel) with the corrosive electrolyte at 700 °C. 

The assembled test chamber [Figure 4-1(b)] was loaded into a vertical crucible furnace, 

evacuated to less than 5 mtorr, and heated under vacuum at 80 °C for 12 h and at 230 °C for 12 h 

to remove moisture from the cell components and the electrolyte mixture. Then, the chamber was 

purged with ultra-high purity argon three times, heated to 700 °C under flowing argon (~50 

mL/min) and the cell temperature was recorded using a thermocouple data acquisition board (NI 

9211, National Instruments). Under inert argon, the electrochemical cell was allowed to equilibrate 

until the cell temperature reached a steady temperature at 700 °C (±4 °C) and until the potential 

difference between the two identical REs was less than 5 mV to ensure reliable electrochemical 

measurements.  

Electrochemical measurements: Once the cell reached the steady temperature at 700 °C 

and RE stability within 5 mV difference under inert argon, the electrodes were connected to 

potentiostat-galvanostat (PGSTAT 302F, Metrohm) for electrochemical measurements using three-

electrode cell configuration (graphite CE and Ag/Ag+ RE). For experiments under oxidizing 

atmospheres, pure O2 gas (Praxair) or O2-0.1%SO2 gas mixture (Praxair, OX SD1000C-AS) was 

introduced into the test chamber at the flow rate of ~50 mL/min, and the open-circuit potentials of 

the alloy WEs were measured for about 12 h. In the case of experiments under O2-0.1%SO2 

atmosphere, a platinum mesh (2.5 cm × 2.5 cm) was rolled and inserted into the gas inlet tube in 

order to establish equilibrium partial pressure of SO3 by facilitating the following reaction:  

½O2(g) + SO2(g) = SO3(g).            Reaction 4-1 

The equilibrium partial pressure of SO3 (𝑃SO3
) in O2-0.1%SO2 was estimated at 7 × 10–4 

atm from the above reaction [39]. 



60 

 

Following open-circuit potential measurement for 12 h, the alloy WE was subjected to 

potentiodynamic polarization and the current response was measured in each gaseous atmosphere.  

The electrode potential of each WE was initially applied at 0.05 V more negative than the open-

circuit potential, swept in the anodic (positive) direction at a scan rate of 1 mV/s, and terminated at 

0.50 V more positive than the open-circuit potential. Upon completion of electrochemical 

measurements, the alloy WEs were raised above the bulk electrolyte solution, the cell was cooled 

to room temperature, and the immersion depth of alloy WEs was measured. Based on the immersion 

depth (1.6 cm) of the alloy WEs in the electrolyte, the exposed surface area was estimated to be 

1.58 cm2. 

4.2.3 Immersion Test and Characterization of Corrosion Layer 

In separate experiments using an equivalent set-up in Figure 4-1, the alloys of pure Ni, β-

NiAl, and Ni-Al-Cr were immersed in the LiCl-KCl-Na2SO4 electrolyte at 700 °C for 12 h in each 

gaseous atmosphere. After 12 h immersion, the alloy samples were raised above the electrolyte 

under argon atmosphere, the test chamber was cooled to room temperature, and the test samples 

were detached for characterization. Diffraction patterns were obtained from the surface of each 

alloy sample by X-ray diffractometer (XRD, PANalytical Empryean) over 2θ angles of 20–70° 

with step size of 0.026º, dwell time per step of 100s, and scan rate of 0.033º/s for phase 

characterization for phase identification. In order to characterize the corrosion layer, the tested alloy 

samples were cut and mounted using epoxy resin and hardener (Allied High Tech Products) at the 

ratio of 12:1 for metallographic sample preparation. The samples were ground up to 2000 grit using 

silicon carbide abrasive papers and polished with diamond powder (6–1 μm) dispersed in ethylene 

glycol. The polished samples were sputter-coated with gold at ~10 nm thickness and characterized 

using scanning electron microscopy (SEM, FEI Quanta 200) fitted with energy dispersive 

spectroscopy (EDS). 
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4.3 Results and Discussion 

Electrochemical corrosion behavior of Ni alloys (Ni, β-NiAl, and Ni-Al-Cr) was 

investigated in molten LiCl-KCl-Na2SO4 electrolyte at 700 °C.  Each alloy electrode was subjected 

to open-circuit potential (EOCP) measurements for 12 h, followed by potentiodynamic polarization 

measurements under three different gaseous atmospheres of inert Ar, pure O2, and O2-0.1%SO2. 

The current density (j) of each electrode, based on exposed surface area, was obtained as a function 

of overpotential η (= E – EOCP) over −0.05 V ≤ η ≤ +0.50 V at a scan rate of 1 mV/s and the 

polarization curve (log |j| vs. η) was plotted and compared. The electrochemical response of each 

alloy in each atmosphere was corroborated from the characterization of corrosion layer obtained 

from immersion testing for 12 h using SEM-EDS and XRD. These results were compared and 

analyzed to elucidate the influence of oxidizing atmosphere on the degradation reaction pathways 

as well as the effect of alloying elements (Al and Cr) in controlling the corrosion resistance of Ni 

alloys. 

4.3.1 Electrochemical Behavior and the Corrosion Scale of Pure Ni 

Under inert argon, the open-circuit potential (EOCP) of pure Ni electrode was initially at 

about –0.65 V (vs. Ag/Ag+) and reached steady-state value at –0.73 V (vs. Ag/Ag+) [Figure 4-2(a)]. 

In contrast, the transition from inert argon to oxidizing atmospheres resulted in a large shift in EOCP 

in the opposite direction: EOCP = –0.25 V (vs. Ag/Ag+) in pure O2, and EOCP = –0.29 V (vs. Ag/Ag+) 

in O2-0.1%SO2 after 12 h. Such a rapid rise in EOCP could be attributed to the presence of strong 

oxidants (O2, SO2, and SO3) in the electrolyte [85], which also resulted in a large increase in currents 

during anodic polarization [Figure 4-2(b)], indicating accelerated corrosion rate of Ni under 

oxidizing atmospheres. Compared to the lowest anodic currents obtained under inert argon, the 

anodic currents increased by 25–45 times in oxidizing atmospheres of both pure O2 and O2-

0.1%SO2. 
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(a) 

 

(b) 

 

Figure 4-2. Electrochemical behavior of pure Ni in molten LiCl-KCl-Na2SO4 (53.3-36.7-10 mol%) 

solution at 700 °C in three different gaseous atmospheres of argon, pure O2, and O2-0.1%SO2. (a) 

Open-circuit potential measurements for 12 h and (b) potentiodynamic polarization curve (log |j| 

vs. η) at a scan rate of 1 mV/s over –0.05 V < η < +0.50 V. 
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Electrochemical behavior of Ni under each gaseous atmosphere was well correlated with 

the results from immersion testing (Figure 4-3): the formation of uniform NiO scale under inert 

argon leading to low anodic currents, and non-protective corrosion scales under oxidizing 

atmospheres leading to increased anodic currents. The corrosion scale thickness drastically changed 

from 5 μm in argon to ~374 μm in pure O2 and ~143 μm in O2-0.1%SO2, indicating a rapid corrosion 

rate of Ni under oxidizing atmospheres. Under inert argon, phase constituents in the corrosion scale 

included NiO and Ni3S2, evidenced by X-ray elemental mapping [Figure 4-3(a)] and XRD [Figure 

4-3(d)], suggesting the reaction of Ni metal with the sulfate ions:  

9Ni + 2SO4
2– = 6NiO + Ni3S2 + 2O2–.          Reaction 4-2 

Under oxidizing atmospheres, diffraction peaks of NiO were evident, but stronger peaks 

were obtained from the electrolyte phase comprised of KCl, NaCl, and Li2SO4 [Figure 4-3(d)] [76–

78]. Diffraction peaks of Li2SO4 and NaCl, instead of Na2SO4 and LiCl, were observed due to the 

metathesis reaction in the electrolyte: 

Na2SO4 + 2LiCl = Li2SO4 + 2NaCl (∆rG = ‒32.7 kJ at 700 °C [39]).      Reaction 4-3 

The change from argon to pure O2 atmosphere destabilized the uniform NiO layer, resulting 

in the dispersed NiO phase within the electrolyte and the formation of nickel sulfide layer at the 

metal-scale interface [Figure 4-3(b)]. A similar degradation morphology was also observed by 

Goebel and Pettit [38] who investigated hot corrosion of Ni coated with Na2SO4 at 1000 °C in air, 

and identified a porous NiO scale mixed with Na2SO4 as well as nickel sulfide layer at the metal-

oxide interface. The formation of non-protective oxide scale in air was postulated to occur due to 

the following reaction:  

2NiO + ½O2 (g) + O2− = 2NiO2
−           Reaction 4-4 

, resulting in an accelerated dissolution of NiO. The dissolution mechanism of NiO, 

reaction (4), was rationalized based on the measured solubility of NiO in Na2SO4 as functions of 

oxygen partial pressure (𝑃O2
) and the activity of Na2O (𝑎Na2O)  at 927 °C by Gupta and Rapp [60]. 
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The accelerated dissolution of NiO under pure O2 would expose Ni metal surface to the electrolyte, 

allow the direct reaction of Ni with the sulfate ions, reaction 4-2, and result in a sulfide layer at the 

metal-scale interface. 

The addition of 0.1%SO2 in O2 resulted in a complex corrosion scale comprised of several 

sub-layers [Figure 4-3(c)]: (i) top layer enriched with NiO and nickel sulfides, (ii) electrolyte-rich 

middle layer which included globular nickel sulfides and dissolved Ni ions, and (iii) nickel sulfide 

layer at the metal-scale interface. The presence of nickel sulfides in the scale was the most 

prominent in O2-0.1%SO2, possibly due to the reaction of Ni with SO2 or SO3: 

7Ni + 2SO2 = 4NiO + Ni3S2  (∆rG = ‒201.6 kJ at 700 °C)      Reaction 4-5 

9Ni + 2SO3 = 6NiO + Ni3S2.  (∆rG = ‒488.4 kJ at 700 °C [39]).     Reaction 4-6 

 

(a) 
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(b) 

 

(c) 
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(d) 

 

Figure 4-3. (a-c) SEM and elemental X-ray mapping images of pure Ni samples after immersion 

tests for 12 h in molten LiCl-KCl-Na2SO4 (53.3-36.7-10 mol%) solution at 700 °C in each gaseous 

atmosphere of (a) argon, (b) pure O2, and (c) O2-0.1%SO2. (d) XRD patterns from the corroded Ni 

surface. 

 Furthermore, the SO3 molecules in O2-0.1%SO2 (𝑃SO3
 = 7 × 10–4 atm) are well known to 

accelerate the dissolution of NiO into the bulk electrolyte [27]:  

NiO + SO3 = Ni2+ + SO4
2–           Reaction 4-7 

, evidenced by X-ray mapping of Ni in the electrolyte-rich middle layer [Figure 4-3(c)]. 

While the presence of nickel sulfides was evident from SEM-EDS analysis, the diffraction peaks 

related to nickel sulfides (e.g., Ni3S2) were not detected [Figure 4-3(d)], possibly due to the 

formation of complex, off-stoichiometric nickel sulfides. The globular shape of nickel sulfides in 

the middle layer suggests that nickel sulfides could be in the liquid state at 700 °C. Based on the 

eutectic temperature (637 °C) and composition (~34 mol% S) from  the binary Ni-S phase diagram 
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[86], the formation of liquid-state nickel sulfides at 700 °C is reasonable and supports the possibility 

of forming off-stoichiometric nickel sulfides away from the Ni3S2 phase.  

Overall, the corrosion behavior of Ni in molten LiCl-KCl-Na2SO4 was highly dependent 

upon the gaseous atmosphere which drastically affected the stability of NiO scale through the 

dissolution and/or formation of nickel oxides, sulfides, and sulfates. In the case of the uniform NiO 

layer in inert argon, the anodic currents during polarization could be related to the following anodic 

half-reactions: 

Ni → Ni2+ + 2e–  or           Reaction 4-8  

NiO + O2– → NiO2
– + e–           Reaction 4-9 

; however, in oxidizing atmospheres, far more complex anodic half-reactions are expected 

due to the presence of additional degradation reaction pathways involving nickel sulfides and 

sulfates.  

4.3.2 Electrochemical Behavior and the Corrosion Scale of β-NiAl Alloy 

The electrochemical corrosion behavior of oxidation-resistant β-NiAl alloy was conducted 

in the same electrolyte (Figure 4-4) utilizing its excellent capability to form a protective alumina 

(Al2O3) scale as well as the lower solubility of Al2O3 than that of NiO in pure Na2SO4 [59–61]. 

Similar to the trend observed in Ni, the open-circuit potential (EOCP) was shifted in the negative 

direction under argon, and in the positive direction under both oxidizing atmospheres [Figure 4-

4(a)]. However, β-NiAl electrodes under both oxidizing atmospheres exhibited a frequent but 

aperiodic drop in open-circuit potential, followed by gradual recovery towards steady-state values. 

A sudden drop and gradual recovery of open-circuit potential clearly indicates an instability of 

alumina scale in the electrolyte under oxidizing atmospheres, possibly in the form of localized 

damage (or transient pitting) in the alumina scale followed by repassivation [87]. Interestingly, the 

recovery time was about 10–20 min under pure O2, but was longer (20–180 min) under O2-

0.1%SO2, implying a more sluggish recovery (or passivation) of the oxide scale in O2-0.1%SO2.  
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(a) 

 

(b) 

 

Figure 4-4. Electrochemical behavior of β-NiAl alloys in molten LiCl-KCl-Na2SO4 (53.3-36.7-10 

mol%) solution at 700 °C in three different gaseous atmospheres of argon, pure O2, and O2-

0.1%SO2. (a) Open-circuit potential measurements for 12 h and (b) potentiodynamic polarization 

curve (log |j| vs. η) at a scan rate of 1 mV/s over –0.05 V < η < +0.50 V. 
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The subsequent polarization measurements of the β-NiAl alloy clearly differentiated the 

electrochemical corrosion behavior in each gaseous atmosphere [Figure 4-4(b)]. Compared to the 

lowest anodic currents in inert argon, the anodic currents increased by about three times under pure 

O2, and increased further by more than an order of magnitude under O2-0.1%SO2. Interestingly, the 

anodic currents under pure O2 increased rapidly at large overpotentials above 0.40 V, suggesting a 

transpassive dissolution of alumina scale. In general, the anodic currents of β-NiAl electrode were 

lower than those of Ni, indicating better corrosion performance of β-NiAl with alumina scale. 

However, the stability of alumina scale in the electrolyte was questionable, in particular under 

oxidizing atmospheres, indicated by the instability in open-circuit potentials, transpassive 

dissolution at large overpotentials (pure O2), and high anodic currents (O2-0.1%SO2). 

Under both inert argon and oxidizing atmospheres, the formation of alumina scale was 

confirmed by SEM-EDS and XRD (Figure 4-5). The alumina scale thickness after a 12 h immersion 

test was measured to be 5–13 μm under argon, 10–14 μm under pure O2, and 23–29 μm under O2-

0.1%SO2. Notably, the alumina scale grown under O2-0.1%SO2 was comprised of an intact inner 

layer and a defective outer layer with micro-cracks and increased sulfur content [Figure 4-5(c)]. 

The formation of the defective outer layer in O2-0.1%SO2 could be attributed to the reaction of 

aluminum oxide with SO3 molecules into solid aluminum sulfates, Al2(SO4)3 (Tm = 770 °C):  

Al2O3
 + 3SO3 → Al2(SO4)3 (∆𝑟𝐺 = –35.61 kJ at 700 °C [39])     Reaction 4-10 

, causing micro-cracks in the outer oxide layer and thus, the highest anodic currents [Figure 

4-4(b)].  
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 (a) 

 

(b) 
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(c) 

  

(d) 

 
Figure 4-5. (a-c) SEM and elemental X-ray mapping images of β-NiAl alloys after immersion tests 

for 12 h in molten LiCl-KCl-Na2SO4 (53.3-36.7-10 mol%) solution at 700 °C in each gaseous 

atmosphere of (a) argon, (b) pure O2, and (c) O2-0.1%SO2. (d) XRD patterns from the corroded β-

NiAl surface. 
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Since the formation of alumina scale accompanies the selective consumption (or depletion) 

of Al from the β-NiAl substrate, a phase change occurred beneath the oxide scale: from a dense 

single-phase β-NiAl to microporous two-phase [β-NiAl + γʹ-Ni3Al] microstructures (Figure 4-5). 

Similar two-phase porous microstructures were reported from oxidation studies of β-NiAl under 

oxidizing atmosphere (𝑃O2
 = 0.13 atm) at 900–1200 °C by Brumm and Grabke [88,89], where the 

formation of micropores was ascribed to outward diffusion of Al and inward diffusion of Ni from 

the chemical potential gradient of each element. Figure 4-6 shows the depth profiling on the cross 

sections of corroded alloys using optical microscope. It is to note that due to uneven oxide scale 

surfaces, depth profiling on metallic regions exhibited erroneous behavior; therefore, only metallic 

regions were analyzed. It was observed that regions far from the oxide scale exhibited plane surface 

indicated by red/orange colors. However, the regions closer to the oxide scale showed several non-

planar spots with large depth indicated by blue color. The presence of deeper sites in alloy cross-

section indicate the pore formation during the hot corrosion.  

(a) 

 



73 

 

(b) 

 

(c) 

 

Figure 4-6. Depth profile images of β-NiAl alloy after immersion tests in molten LiCl-KCl-Na2SO4 

(53.3-36.7-10 mol%) solution for 12 h at 700 °C under the gaseous atmospheres of (a) argon, (b) 

pure O2(g), and (c) O2-0.1%(SO2 +  SO3). 
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Compared to Ni, the formation of alumina scale from β-NiAl under pure O2 enhanced 

corrosion resistance against the sulfate-containing electrolyte by blocking severe degradation 

reactions of Ni and NiO. Weight gain measurements were also performed with Ni and β-NiAl 

specimens coated with Na2SO4 thin layer (~ 35 mg/cm2). At constant temperature of 700 ºC, both, 

Ni and β-NiAl showed increased corrosion under the influence of SO2-SO3 gases [Figure B-1, 

Appendix B]. A comparison between Ni and β-NiAl showed a lesser weight gain with β-NiAl 

confirming the superior corrosion resistance of Al2O3 as compared to that of NiO. The instability 

of alumina scale was evident from electrochemical corrosion behavior. Moreover, the stability of 

alumina scale was severely deteriorated in O2-0.1%SO2, leading to high anodic currents comparable 

to those of pure Ni. Open circuit potential measurements were also performed with pre-oxidized β-

NiAl specimen [Figure B-2, Appendix B]. Under SO2-SO3 containing environment a sudden rise 

in OCP was noticed in contrast to the constant OCP for approximately 1.5 h under pure O2, 

suggesting that alumina scale is vulnerable to sulfur oxide gases. 

4.3.3 Electrochemical Behavior and the Corrosion Scale of Ni-Al-Cr Alloy 

 

The addition of 5 mol% Cr into β-NiAl (Ni-Al-Cr, 47.5-47.5-5 mol%) resulted in a much 

less frequent drop in open-circuit potential compared to β-NiAl, indicating enhanced stability of 

the oxide layer in both oxidizing atmospheres of pure O2 and O2-0.1%SO2 [Figure 4-7(a)]. In 

contrast to β-NiAl which exhibited increased anodic currents from pure O2 to O2-0.1%SO2 by an 

order of magnitude [Figure 4-4(b)], the Ni-Al-Cr alloys could maintain low anodic currents under 

both oxidizing atmospheres [Figure 4-7(b)], indicating the beneficial effect of Cr against hot 

corrosion, especially under O2-0.1%SO2. 
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(a) 

 

(b) 

 

Figure 4-7. Electrochemical behavior of Ni-Al-Cr (47.5-47.5-5 mol%) alloys in molten LiCl-KCl-

Na2SO4 (53.3-36.7-10 mol%) solution at 700 °C in oxidizing atmospheres of pure O2, and O2-

0.1%SO2. (a) Open-circuit potential measurements for 12 h and (b) potentiodynamic polarization 

curve (log |j| vs. η) at a scan rate of 1 mV/s over –0.05 V < η < +0.50 V. 
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The cross-section analyses of the corrosion layer from the Ni-Al-Cr sample in each 

oxidizing atmosphere are displayed in Figure 4-8. Under both atmospheres of pure O2 and O2-

0.1%SO2, intact oxide scales with 5–10 μm thickness were observed. Interestingly, the oxide scale 

was comprised of both Al2O3 and Cr2O3; however, Cr2O3 was enriched in the outer layer and was 

depleted in the inner layer, suggesting a bilayer structure of the oxide scale. The composition of Cr 

by EDS was about 9–14 mol% in the outer layer, but was less than 0.8 mol% in the inner layer. 

While the diffraction peaks from Al2O3 were identified by XRD [Figure 4-8(c)], the crystalline 

Cr2O3 phase was not evident in the oxide scale, possibly due to the formation of a solid solution 

(Al2O3-Cr2O3). Due to the formation of a mixed oxide (Al2O3-Cr2O3) scale, the depletion of Al and 

Cr in the substrate also resulted in a phase change from [β-NiAl + Cr] to [β-NiAl + γʹ-Ni3Al] 

beneath the oxide scale [Figure 4-8(c)].  

(a) 
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(b) 

 

(c) 

 
Figure 4-8. (a-b) SEM and elemental X-ray mapping images of Ni-Al-Cr (47.5-47.5-5 mol%) alloys 

after immersion tests for 12 h in molten LiCl-KCl-Na2SO4 (53.3-36.7-10 mol%) solution at 700 °C 

in each gaseous atmosphere of (a) pure O2 and (b) O2-0.1%SO2. (c) XRD patterns from the corroded 

Ni-Al-Cr surface. 
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Similar to the subsurface behavior observed with β-NiAl alloy, NiAl-5Cr also 

demonstrated the formation of micro-pores during the hot corrosion. Shida [90] reported the 

relative diffusivity of Cr in Ni stating the higher diffusion of Cr towards the alloy surface. As a 

result, NiAl-5Cr also developed micropores in the subsurface region due to opposite diffusion of 

Ni with respect to oxide scale formers (Al, Cr). Figure 4-9 shows the depth profiling on the cross-

sections of corroded NiAl-5Cr alloys after degradation in sulfate electrolyte under pure oxygen and 

O2-SO2-SO3 environments. 

The enhanced electrochemical corrosion behavior of Ni-Al-Cr alloy under oxidizing 

atmospheres (Figure 4-7) could be attributed to the Cr2O3-rich outer layer at the scale-electrolyte 

interface. The addition of Cr in Ni-Al alloys has been well known to enhance hot corrosion 

resistance in molten sulfates [23,52,25]. The beneficial effects of Cr (and Al) were postulated to 

occur due to the minimal solubility of Cr2O3 and Al2O3 under typical oxidizing atmospheres found 

in gas turbines (O2-SO2-SO3) as well as the positive gradient of oxide solubility in the salt film 

(fluxing mechanisms) [59,62]. A number of oxidation studies of ternary Ni-Al-Cr alloys also 

identified a simulaneous formation of both oxides (Cr2O3-Al2O3) in thermally grown oxide scales, 

and that the various types of oxide scales with complex structures can be formed depending upon 

alloy composition, oxidation temperature, and gaseous atmosphere [52,47,91]. The formation of 

mixed-oxide scale (Cr2O3-Al2O3) in this work could be explained based on the gaseous oxidation 

mechanisms; however, the detailed mechanism in sulfate-containing molten salts could be more 

complicated due to the continuous dissolution of oxides at 700 °C. 
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(a) 

 

(b) 

 

Figure 4-9. Depth profile images obtained from the cross-sections of corroded Ni-Al-Cr (47.5-47.5-

5 mol%) alloy after immersion tests in molten LiCl-KCl-Na2SO4 (53.3-36.7-10 mol%) solution for 

12 h at 700 °C under the gaseous atmospheres of (a) pure O2(g), and (b) O2-0.1%(SO2 +  SO3). 
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4.3.4 Effect of Al and Cr in Hot Corrosion Resistance of Ni Alloys 

In each gaseous atmosphere, polarization curves of three Ni alloys were compared and 

further analyzed to contrast the effects of Al and Cr addition (Figure 4-10). Based on the stable 

anodic currents observed at an overpotential range of 0.10–0.30 V (log | j| vs. η) in each curve, 

corrosion current density (jcorr) was evaluated by extrapolation into corrosion potential (Ecorr), 

similar to an approach used for Tafel extrapolation under active dissolution of corroding metal 

[40,92]. Unlike typical passivation characteristics in an aqueous system near room temperature, the 

anodic currents continued to increase in sulfate-containing molten salts at 700 °C. The analyzed 

results are summarized in Table 4-1, including the estimated anodic slope (𝑑 log |𝑗| /𝑑𝜂) as well as 

the corrosion scale thickness obtained from immersion tests by SEM.  
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(b) 

 

(c) 

 

Figure 4-10. Potentiodynamic polarization curves (log |j| vs. η) of Ni alloys in (a) argon, (b)  pure 

O2, and (c) O2-0.1%SO2, at a scan rate of  1 mV/s at 700 °C after 12 h immersion in LiCl-KCl-

Na2SO4 electrolyte. 
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Table 4-1. Open circuit potential (Ecorr), corrosion current density (jcorr), and the slope ( 
𝑑 log |𝑗| /𝑑𝜂), estimated from polarization curve of Ni alloys over 0.10 V < η < 0.30 V in 

each gaseous atmosphere, as well as corrosion scale thickness. Measured after immersion 

for 12 h at 700 ºC in LiCl-KCl-Na2SO4 (53.3-36.7-10 mol%) electrolyte. 

 

Gaseous 

atmosphere 
Alloy 

Ecorr vs. Ag/Ag+ 

(V) 

jcorr 

(mA/cm2) 

𝒅 𝐥𝐨𝐠 𝒋 /𝒅𝜼 

(dec/V) 

Scale thickness 

(μm) 

Ar 

Ni –0.75 0.26 3.56 (±0.01) 5.0 (±1.5) 

β-NiAl –0.76 0.25 2.16 (±0.02) 15 (±2) 

O2 

Ni –0.25 11.97 2.90 (±0.02) 374 (±20) 

β-NiAl –0.20 0.78 2.18 (±0.02) 12 (±2) 

Ni-Al-Cr –0.10 0.55 2.47 (±0.03) 8 (±1.2) 

O2-0.1%SO2 

Ni –0.30 7.03 3.42 (±0.01) 143 (±12) 

β-NiAl –0.40 8.86 1.19 (±0.01) 26 (±3) 

Ni-Al-Cr +0.05 0.09 2.71 (±0.02) 7.5 (±1.5) 

 

In inert argon, comparable corrosion current densities (0.25–0.26 mA/cm2) were obtained 

for both Ni/NiO and β-NiAl/Al2O3 electrodes; however, the lower slope (𝑑 log 𝑗 /𝑑𝜂) for β-NiAl/ 

Al2O3 than Ni/NiO indicates a better stability of Al2O3 than NiO during anodic polarization [Figure 

4-10(a)]. In pure O2, the corrosion current density of Ni substantially increased to 11.97 mA/cm2, 

compared to 0.78 mA/cm2 for β-NiAl and 0.55 mA/cm2 for Ni-Al-Cr alloys, indicating enhanced 

hot corrosion resistance of Al2O3 and/or Al2O3-Cr2O3 scales [Figure 4-10(b)]. However, the 

addition of 0.1%SO2 resulted in an increased corrosion current density of β-NiAl at 8.86 mA/cm2 

[Figure 4-10(c)], compared to 0.78 mA/cm2 in pure O2, due to the defective oxide scale [Figure 4-

5(c)]. In contrast, the corrosion current densities of Ni-Al-Cr were the lowest among the tested Ni 

alloys at 0.09 mA/cm2 in O2-0.1%SO2 and 0.55 mA/cm2 in pure O2. In other words, hot corrosion 

performance of Ni-Al-Cr alloys was enhanced by forming an oxide scale that incorporates both 
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Al2O3 and Cr2O3 under oxidizing atmospheres, evidenced by the lowest corrosion current density 

as well as intact oxide scale. 

4.4 Summary 

Electrochemical corrosion properties of Ni alloys (Ni, β-NiAl, and Ni-Al-Cr) were 

determined in molten LiCl-KCl-Na2SO4 electrolyte under three different gaseous atmospheres 

(inert argon, pure O2, and O2-0.1%SO2) at 700 °C. Pure Ni developed a uniform NiO layer only in 

the inert argon atmosphere, and rapidly degraded in oxidizing atmospheres due to the formation of 

non-protective corrosion scales comprised of NiO, nickel sulfides, and nickel sulfate. The β-NiAl 

alloys developed alumina scales under oxidizing atmospheres with an indication of local 

breakdown of the oxide film during open-circuit potential measurements. Moreover, the β-NiAl 

alloy performed poorly in O2-0.1%SO2, indicated by a high corrosion current density and non-

protective oxide scale with micro-cracks. The addition of 5 mol% Cr in β-NiAl (Ni-Al-Cr alloy) 

enhanced corrosion resistance both under pure O2 and O2-0.1%SO2: the lowest corrosion current 

density among the tested alloys and the formation of thin, intact oxide scales comprised of both 

Cr2O3 and Al2O3. Overall, hot corrosion resistance of Ni alloys in the sulfate-containing molten salt 

was affected by gaseous atmosphere and alloying elements (Al and Cr), both of which controlled 

the formation of oxide scales as well as their stability. 
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Chapter 5  
 

Electrochemical Corrosion Behavior of Ni-Al-Cr Alloys in LiCl-KCl-Na2SO4 

at 700 °C: The effect of Cr Content  

5.1 Introduction 

 High temperature components are constructed using nickel based superalloys which are 

surface enriched with aluminum to nucleate β-NiAl phase and counter hot corrosion [23,24]. The 

stability of nickel-based alloys in hot corrosive environments relies on passive protection from an 

alumina scale which results from the oxidation of aluminum on the alloy surface. However, the 

alumina passive layer undergoes localized damages resulting in internal metal oxidation and 

reduced corrosion resistance in sulfate containing environment [43,48,49]. Usually, passivity is lost 

at few local sites, exposing the metal surface to corrosive species [SO4
2-, O2, SO2, and SO3].  

In order to improve the integrity of the alumina scale and corrosion resistance of nickel 

alloys, the addition of secondary elements such as platinum, iridium, palladium, ruthenium, 

hafnium, and chromium in β-NiAl has been studied [25,47–49].  Leyens et. al. reported that Cr 

addition in β-NiAl imparts the most beneficial effect in obtaining improved corrosion resistance 

against molten Na2SO4 [25].  Task et. al. stated that Cr addition supports the rapid formation of the 

Al2O3 scale on β-NiAl at the beginning of hot corrosion as well as in the event of localized damage, 

improving the corrosion resistance drastically [48,49]. Thus, the addition of Cr in β-NiAl is 

necessary to obtain higher corrosion resistance in a hot corrosive environment. Though the 

beneficial effects of Cr in β-NiAl are established, studies reporting the dependence of corrosion 

resistance on the chromium content in (β)NiAl-Cr alloys are sparse in the literature [25].   

During hot corrosion, dissociation of molten Na2SO4 into Na+ and SO4
2‒ ions suggests the 

utility of electrochemical measurements in assessing corrosion properties, in addition to the popular 
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methodologies – burner-rig test and exposure test [35].  Specifically, this study aims to elucidate 

the corrosion behavior of Ni-Al-Cr alloys with varying chromium content (0 ≤ Cr ≤ 10.0 at%) 

[Table 5-1] in molten LiCl-KCl-Na2SO4 (53.3-36.7-10 mol%) electrolyte solution at a constant 

temperature of 700 ºC. Electrochemical measurements including open circuit potential (OCP) and 

potentiodynamic polarizations were conducted on Ni-Al-Cr alloys under the controlled gaseous 

environment of pure O2 and O2‒0.1%(SO2 + SO3). In parallel, immersion tests were performed with 

Ni-Al-Cr alloys in similar experimental environments to corroborate electrochemical 

measurements with the microstructural and phase analyses on corroded alloy specimens. Briefly, 

corrosion properties of Ni-Al-Cr alloys such as corrosion rate, corrosion potential, and thickness of 

oxide scale (Al2O3-Cr2O3) were measured under each of pure O2 and O2‒0.1%(SO2 + SO3) 

environments. Further, these corrosion properties were compared to distinguish the role of the 

sulfur oxide species on the corrosion behavior of each alloy composition.   

Table 5-1. Elemental composition of Ni-Al-Cr alloys considered in the present study 

Alloy 
Elemental Composition 

Ni (at%) Al (at%) Cr (at%) 

β-NiAl 50.0 50.0 0 

NiAl-1Cr 49.5 49.5 1.0 

NiAl-2.5Cr 48.75 48.75 2.5 

NiAl-5Cr 47.5 47.5 5.0 

NiAl-7.5Cr 46.25 46.25 7.5 

NiAl-10Cr 45.0 45.0 10.0 

 

5.2 Experimental 

5.2.1 Synthesis of Ni-Al-Cr Alloys and Ternary Phase Diagram 

Weights of pure nickel (Ni, 99.5%), aluminum (Al, 99.0%), and chromium (Cr, 99.995%) 

were calculated to synthesize Ni-Al-Cr alloys. These alloys were prepared in rod shape (3.0 mm 

diameter, 3.0 cm height) using an arc-melter (MAM1, Edmund Buhler GmbH). In order to remove 
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any metastable phase during the cooling in the arc-melter, alloy specimens were annealed at 1100 

°C for 24 h under vacuum (< 5 mtorr). Annealed specimens were further polished using silicon 

carbide (SiC) abrasive papers up to 600 grit and ultrasonically cleaned in isopropanol twice for 10 

min each. Thermodynamic calculations were performed to understand the microstructural behavior 

of Ni-Al-Cr alloys. Utilizing the elemental databases reported by Dupin et al. [93], Thermo-Calc 

software [94] was used to calculate the Ni-Al-Cr ternary phase diagram at 700 °C.  

5.2.2 Electrochemical Measurements and Immersion test 

Experimental procedure to perform the electrochemical measurements was similar as 

described in Chapter 4. Briefly, electrochemical assembly consisting of two instances of Ni-Al-Cr 

working electrodes (WEs), and Ag/Ag+ reference electrodes (REs) with one graphite counter 

electrode (CE) was developed as shown in Figure 5.1, following the electrode preparation steps, as 

described in Section 4.2.1. After achieving temperature equilibrium (700 ± 4 °C) and verifying the 

stability of reference electrodes, open circuit potentials and potentiodynamic polarization 

measurements were performed with Ni-Al-Cr alloy WEs in LiCl-KCl-Na2SO4 electrolyte (53.3-

36.7-10 mol%) under different environments of pure O2 and O2-0.1%(SO2-SO3) at a flow rate of 

~50 mL/min, with the similar steps as described in Section 4.2.2. Further, to validate the 

reproducibility of electrochemical measurements, potentiodynamic polarization measurements 

were repeated with few selected compositions of Ni-Al-Cr alloys. As shown and discussed in 

Appendix C, a reproducible current densities were observed over applied overpotentials (-0.05 ≤ η 

≤ +0.50 V) during these measurements [Figure C-1 and C-2, Appendix C].  

Additionally, corrosion studies on Ni-Al-Cr alloys included electrochemical impedance 

spectroscopy. An electrochemical potential with 10 mV AC amplitude was applied on NiAl-5Cr 

WE within the frequency range of 0.1Hz ‒ 100kHz. The obtained impedance response was used to 

draw Nyquist plots and understand the growth behavior of the passive layer (Al2O3-Cr2O3) under 
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different gaseous environments of pure O2 or O2-SO2-SO3. Corrosion behavior of Ni-Al-Cr alloys 

was also studied by performing immersion tests with annealed alloy specimens, following the 

experimental procedures described in Section 4.2.3. 

 

Figure 5-1. Schematic of electrochemical cell depicting the configuration of Ni-Al-Cr working 

electrode (WE), graphite counter electrode (CE), Ag/Ag+ reference electrode (RE), and 

thermocouple in LiCl-KCl-Na2SO4 (53.3-36.7-10 mol%) electrolyte at 700 ºC. 

5.3 Results and Discussion 

5.3.1 Microstructural Analysis of Ni-Al-Cr Alloys 

Annealed Ni-Al-Cr alloys were analyzed using X-ray diffraction and energy dispersive 

spectroscopy. Based on the diffraction patterns, the alloys were found to be composed of two 

distinct phases ‒ (i) β-NiAl (BCC) and (ii) elemental Cr (BCC) as shown in Figure 5-2(a). It is 

believed that elemental Cr settles along the grain boundaries in polycrystalline β-NiAl as well as 

develop separate regions. As shown in Figure 5-2(b), elemental distribution of Cr in Ni-Al-Cr 

alloys shows the distinct regions of pure Cr phase. It was also observed that Cr regions grew in size 

with increasing content of Cr in Ni-Al-Cr alloys, which ultimately leads to interconnected Cr 

regions in NiAl-10Cr alloy.  
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In order to understand the growth of Cr regions in Ni-Al-Cr alloys, solubility of Cr in β-

NiAl was evaluated utilizing thermodynamic and mobility databases [93,94] at 700 °C and 1 

atmosphere pressure. A complete ternary phase diagram depicting the phase behavior of Ni-Al-Cr 

alloys at 700 ºC is shown in Figure 5-2(c). Based on the calculated phase equilibria, Ni-Al with 1:1 

stoichiometry (β phase) has a negligible affinity for Cr addition, supporting our XRD results that 

Ni-Al-Cr alloys with an equal fraction of nickel and aluminum are composed of β‒NiAl (BCC) and 

Cr (BCC) phases. 
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(b) 
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(c) 

 

Figure 5-2. Microstructural analysis of Ni-Al-Cr alloys by (a) X-ray diffraction patterns, (b) X-ray 

EDS elemental maps for Cr distribution on annealed alloys over 0.01 ≤ Cr ≤ 0.10, and (c) calculated 

ternary phase diagram using thermodynamic and mobility database [93,94] at 700 °C at 1 

atmosphere pressure (Courtesy: Bi-Cheng Zhou1). 

 

5.3.2 Corrosion Behavior of Ni-Al-Cr Alloys under Pure O2 

Initially, electrochemical hot corrosion of Ni-Al-Cr alloys was assessed by measuring open 

circuit potentials of freely corroding alloy working electrodes. After obtaining thermal equilibrium 

                                                      
1 Post-doctoral fellow, Phases Research Lab, Penn State University, PA - 16802 
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in the electrochemical cell, the inert argon atmosphere was replaced with pure O2 at a flow rate of 

~50 mL/min. During the transition, β-NiAl and Ni-Al-Cr alloys demonstrated a sudden rise in the 

open circuit potential [Figure 5-3(a)] possibly arising due to the stronger oxidizing ability of O2 

gas. Within a few minutes, quasi-stable potentials of Ni-Al-Cr alloys were observed. Notably, β‒

NiAl WE showed frequent drops in the open circuit potentials and subsequent recovery. A drop in 

OCP suggests exposure of the alloy surface to the electrolyte and gaseous species, due to the 

localized damage in the passive scale of alumina. However, subsequent diffusion of aluminum 

toward the β‒NiAl surface heals these damaged sites through fresh growth of alumina, leading to 

the recovery of the electrochemical potentials. Interestingly, alloy specimens with Cr showed 

reduced instability in the OCP measurements, suggesting that Ni-Al-Cr alloys develop a more 

stable passive scale [Figure 5-3(a)]. Moreover, Ni-Al-Cr alloys showed a similar potential trend 

and achieved similar magnitudes after 12 h long measurements as indicated by NiAl-1Cr, and NiAl-

10Cr alloys in Figure 5-3(a), implying that a small amount of Cr is sufficient to improve the 

integrity of alumina scale on β-NiAl.  

Corrosion behavior of Ni-Al-Cr alloys was further evaluated by performing immersion 

tests in molten sulfate solutions for 12 h under pure O2. Surface morphologies of corroded alloy 

specimens are shown in Figure 5-3(b). After the immersion tests, Ni-Al-Cr alloys developed a bi-

layer passive scale composed of Al2O3 and Cr2O3 phases with Cr2O3 present on the edge of the 

oxide scale. Elemental maps representing the distribution of nickel, aluminum, chromium, oxygen, 

and sulfur are given in Figure C-3 of Appendix C. The relative presence of Al2O3 and Cr2O3 phases 

in the passive scale is in agreement with the reported oxidation behavior of Ni-Al-Cr alloys at 1000 

‒ 1200 ºC under oxygen (𝑃O2
= 0.1 atm) by Giggins and Pettit [52]. During corrosion, both Al and 

Cr diffuse toward the alloy surface; however, the relative diffusivity of Cr is faster due to its 

presence along grain boundaries and in separate phase regions [Figure 5-2(b)], causing preferential 

formation of Cr2O3. On continued chromium oxide growth, the partial pressure of oxygen below 
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the chromia layer decrease to sufficiently inhibit the growth of Cr2O3. Due to lower oxygen 

requirement for the formation of Al2O3 than that for Cr2O3 (~10-51 atm and ~10-32 atm, respectively, 

[39]), alumina growth takes place in the reduced oxygen environment below the chromia layer.  

All the composition of Ni-Al-Cr alloys showed similar corrosion behavior, having an Al2O3 

layer on the alloy surface and Al2O3-Cr2O3 solid solution on the outer edge of the passive scale, 

agreeing with the corrosion behavior of Ni-Al-Cr (59-36-5.0 at%) alloy at 700 ºC reported by Task 

et. al. [48]. Notably, Cr2O3 was detected as a minor phase in the passive layer on alloys with Cr ≤ 

2.5 at%. On further addition of Cr, the presence of Cr2O3 became stronger. Based on the enhanced 

growth of Cr2O3, the overall thickness of the passive layer on Ni-Al-Cr alloys increased with 

increasing Cr content [Figure 5-3(b)]. It is also noteworthy that after corrosion, alloy specimens 

developed Al and Cr depleted phases in the subsurface region [beneath the passive scale] which 

also exhibited the presence of micro-size pores. Similar pore formation was observed by Brumm 

and Grabke [88,89] during the oxidation studies of β-NiAl under oxidizing atmosphere (𝑃O2
 = 0.13 

atm) at 900–1200 °C. It was suggested that diffusion of Al toward the surface develops a gradient 

of chemical potential for Ni, inducing its inward diffusion. Due to relatively higher diffusivity of 

nickel (DNi) with respect to aluminum (DAl), the subsurface region develops lattice vacancies. After 

coalescing, these lattice vacancies produced micro-pores which could also result in the poor 

adherence of the passive scale as observed for NiAl-10Cr in Figure 5-3(b). 

To evaluate the corrosion resistance of the grown passive scale on these alloys, 

potentiodynamic polarization measurements were performed at a scan rate of 1 mV/s within the 

overpotential range of ‒0.050 V ≤ η ≤ 0.50 V. Figure 5-3(c) shows the electrochemical current 

response plotted on a logarithmic scale as a function of applied overpotentials. Due to interest in 

corrosion behavior of these alloys, oxidation current response at positive overpotentials (η > 0 V) 

has been considered to compare the corrosion resistance. It was noticed that anodic currents of 
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these alloys decreased with increasing Cr, implying the beneficial effect of chromium in acquiring 

higher corrosion resistance.  

Utilizing the extrapolation of linear regions (η = 100‒300 mV) in polarization plots (i.e. 

log | j| vs. η), corrosion current densities (at η = 0) and slopes of linear region (dlog |j|/dη) have 

been calculated and are presented in Table 5-2 along with corrosion potentials and thickness of 

passive layer (Al2O3-Cr2O3). Considering the corrosion potential of β-NiAl at ‒0.202 V vs. Ag/Ag+ 

and Ni-Al-Cr alloys between ‒0.143 V and ‒0.080 V vs. Ag/Ag+, it is believed that Al2O3-Cr2O3 

scale growth on Ni-Al-Cr alloys imparts a similar passive surface under pure O2. Therefore, the 

decreasing corrosion current densities may arise due to reduced ionic diffusion through thicker 

passive scales. In summary, open circuit potentials, corrosion morphology, and polarization 

measurements on Ni-Al-Cr alloys demonstrated that chromium addition in β‒NiAl provides higher 

corrosion resistance in molten sulfate under pure O2 environment. 
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 (c) 

 

Figure 5-3. (a) Open circuit potentials measured for ~12 h, (b) corrosion morphologies of Ni-Al-

Cr (0 ≤ Cr ≤ 0.10) alloys, (c)  potentiodynamic polarization plots (log |j| vs. η)  at a scan rate of 1 

mV/s over –0.05 V < η < +0.50 V after immersion in molten LiCl-KCl-Na2SO4 (53.3-36.7-10 

mol%) solution at 700 °C for 12 h under pure O2 gas. 

 

Table 5-2. Corrosion potential (Ecorr), corrosion current density (jcorr), and the slope (dlog|j|/dη), 

estimated from polarization plots of Ni-Al-Cr alloys over 0.10 V < η < 0.30 V, as well as corrosion 

scale thickness measured after immersion in LiCl-KCl-Na2SO4 (53.3-36.7-10 mol%) electrolyte 

for 12 h at 700 ºC under pure O2 

Alloy 
Ecorr vs. Ag/Ag+ 

(V) 

jcorr (η = 0) 

(mA/cm2) 

𝒅 𝐥𝐨𝐠 |𝒋| /𝒅𝜼 

(dec/V) 

Scale thickness 

(μm) 

β‒NiAl –0.202 0.78 2.18 (±0.02) 12 (±2) 

NiAl-1Cr –0.109 0.66 2.34 (±0.03) 2.3 (±0.8) 

NiAl-2.5Cr –0.080 0.76 2.14 (±0.02) 8.7 (±0.97) 

NiAl-5Cr –0.096 0.55 2.47 (±0.03) 8 (±1.2) 

NiAl-7.5Cr –0.143 0.43 2.36 (±0.02) 10.3 (±2.3) 

NiAl-10Cr –0.123 0.30 2.58 (±0.02) 43.6 (±2.9) 
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5.3.3 Corrosion Behavior of Ni-Al-Cr Alloys under O2‒0.1% (SO2+SO3) Environment 

Petroleum feed within the combustor of gas turbines is known to carry sulfur 

contamination, which results in the formation of sulfur oxide gases, e.g. SO2 and SO3. Jose et. al. 

[61] and Zhang [62] reported the solubility behavior of Al2O3 and Cr2O3 phases, respectively, at 

927 ºC. Even a slight increase in the activity of SO3 (𝑎𝑆𝑂3
) was found to significantly increase the 

solubility Al2O3 and Cr2O3 phases in molten Na2SO4. In order to understand the corrosion behavior 

of Ni-Al-Cr alloys in SO2 and SO3 containing gaseous environment, open circuit potentials, 

immersion tests, and potentiodynamic polarizations measurements were performed in O2-

0.1%(SO2-SO3) environment, analogous to that under pure O2 gas. 

During the transition from inert argon to O2-SO2-SO3 atmosphere, OCP measurements with 

β-NiAl and Ni-Al-Cr working electrodes showed an increasing trend [Figure 5-4(a)], which was 

similar to the behavior under pure O2 gas [Figure 5-3(a)]. However, the OCP of these alloys showed 

different magnitudes after 12 h immersion in sulfate electrolyte; β‒NiAl had the smallest potential 

and NiAl-5Cr had the highest. The different magnitudes of OCPs of Ni-Al-Cr alloys under SO2-

SO3 containing environment might have arisen due to the following degradation reactions on Ni-

Al-Cr alloys: 

Al2O3
 + 3SO3 → Al2(SO4)3 (∆𝑟𝐺 = –35.61 kJ at 700 °C [39])       Reaction 5-1 

Cr2O3
 + 3SO3 → Cr2(SO4)3 (∆𝑟𝐺 = –33.22 kJ at 700 °C [39])       Reaction 5-2 

 Further, β‒NiAl alloy in O2-SO2-SO3 atmosphere undergoes localized damages requiring 

~20‒180 min to repassivate the surface. Interestingly, the repassivation time was reduced with 

increasing Cr addition as shown in Figure 5-4(a). It is also evident that the frequency of localized 

damages was dependent on the Cr content. Increased Cr content was required to reduce passive 

scale damages under O2-SO2-SO3 atmosphere, in contrast to the need of small Cr addition under 

pure O2. 
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Immersion tests with β‒NiAl alloy in sulfate solution under O2-SO2-SO3 environment 

demonstrated several cracks in the corrosion layer [Figure 5-4(b)], which are believed to be due to 

the formation of solid Al2(SO4)3 (Tm = 770 ºC) during the corrosion. Interestingly, all the 

composition of Ni-Al-Cr alloys under SO2-SO3 containing atmosphere did not show such cracks, 

implying the improved stability of passive layer. In general, corrosion layer on Ni-Al-Cr alloys 

showed similar growth of the passive scale as observed under pure O2: bi-layer oxide scale 

consisting of inner layer of Al2O3 layer and outer layer of Al2O3-Cr2O3 solid solution. Moreover, 

the overall thickness of oxide scale increased with increasing Cr content in Ni-Al-Cr alloys. The 

elemental maps corresponding to the surface of Ni-Al-Cr alloys after corrosion in O2-SO2-SO3 

environment are given in Figure C-4 of Appendix C. 
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(c) 

 

Figure 5-4. (a) Open circuit potentials measured for ~12 h, (b) corrosion morphologies of Ni-Al-

Cr (0.0 ≤ Cr ≤ 0.10) alloys, and (c) potentiodynamic polarization plots (log |j| vs. η)  at a scan rate 

of 1 mV/s over –0.05 V < η < +0.50 V after immersion in molten LiCl-KCl-Na2SO4 (53.3-36.7-10 

mol%) solution at 700 °C for 12 h under O2-0.1%(SO2+SO3) gas. 

Subsequently, polarizations measurements were evaluated to understand the corrosion 

resistance of Ni-Al-Cr alloys under O2-SO2-SO3 gas. Figure 5-4(c) shows that β-NiAl alloy has the 

highest magnitude of electrochemical current densities among all the studied alloys. Interestingly, 

NiAl-1Cr alloy exhibited current densities ~6 time smaller in comparison to that with β-NiAl, 

suggesting the beneficial effect of Cr in improving the corrosion resistance. Notably, NiAl-5Cr 

showed the lowest current densities in all the Ni-Al-Cr alloys; higher addition of Cr increased the 

magnitude of electrochemical currents. By extrapolating the linear region of current densities into 
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corrosion potentials, the calculated slope (dlog|j|/dη), corrosion current density, along with 

corrosion potential and passive layer thickness are given in Table 5-3. From Table 5-3, it is evident 

that the addition of Cr up to 5 at% shows increasing corrosion potentials. Further addition of Cr 

commences a decreasing trend. In agreement to the maximum stability of NiAl-5Cr alloy predicted 

by corrosion potential, corrosion current densities were lowest for NiAl-5Cr alloy, which were 

approximately two orders of magnitudes smaller in comparison to that with β-NiAl alloy. 

Table 5-3 Corrosion potential (Ecorr), corrosion current density (jcorr), and the slope (dlog|j|/dη), 

estimated from polarization plots of Ni-Al-Cr alloys over 0.10 V < η < 0.30 V, as well as corrosion 

scale thickness measured after immersion test in LiCl-KCl-Na2SO4 (53.3-36.7-10 mol%) 

electrolyte for 12 h at 700 ºC under O2-0.1%(SO2+SO3). 

 

Alloy 
Ecorr vs. Ag/Ag+ 

(V) 

jcorr (η = 0) 

(mA/cm2) 

𝒅 𝐥𝐨𝐠 |𝒋| /𝒅𝜼 

(dec/V) 

Scale thickness 

(μm) 

β‒NiAl –0.402 8.86 1.19 (±0.01) 26 (±3) 

NiAl-1Cr –0.208 1.43 2.51 (±0.01) 4.0 (±1.0) 

NiAl-2.5Cr –0.091 0.90 2.54 (±0.04) 3.1 (±0.6) 

NiAl-5Cr +0.050 0.09 2.71 (±0.02) 7.5 (±1.5) 

NiAl-7.5Cr –0.148 2.26 2.10 (±0.02) 8.4 (±1.7) 

NiAl-10Cr –0.157 2.38 2.19 (±0.02) 29.3 (±3.2) 

5.3.4 Role of Sulfur Oxides (SO2, SO3) in Hot Corrosion on Ni-Al-Cr Alloys 

Corrosion properties of each composition of Ni-Al-Cr alloys under pure O2 [Table 5-2] and 

O2-SO2-SO3 [Table 5-3] environments were compared to elucidate the effect of SO2, SO3 species 

on different Cr additions in β-NiAl. Figure 5-5(a) shows the trend of passive scale thicknesses as a 

function of Cr content in Ni-Al-Cr alloys. Under both of the gaseous environments, a similar trend 

and magnitudes of corrosion layer thicknesses were observed for each composition of Ni-Al-Cr 

alloys. Briefly, 1at% Cr addition in β-NiAl alloy reduced the thickness of corrosion layer which 

slightly increases for 1at% ≤ Cr ≤ 7.5at% and abruptly increases for the addition of 10at% Cr. It is 
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believed that the presence of Al2O3-Cr2O3 solid solution on the outer edge of passive layer acts as 

a strong barrier against the diffusion of corrosion species [SO4
2‒, O2, SO2, SO3] and oxide scale 

formers (Al3+ and Cr3+) across the passive layer. However, particular to NiAl-10Cr alloy, 

interconnected Cr regions within the bulk alloy might have provided shorter diffusion paths for 

accelerated diffusion and oxidation of Cr at the outer edge of passive scale, leading to abrupt 

increase in the thickness.  

Comparison of corrosion potentials measured after 12 h long immersion in sulfate 

electrolyte shows that addition of 1at% Cr in β-NiAl increased the corrosion potentials under both 

of the gaseous environments. However, magnitudes of corrosion potentials under pure O2 

environment remained within the range of ‒0.143 V to ‒0.080 V vs. Ag/Ag+ for alloys with 1at% 

≤ Cr ≤ 10.0 at%, implying a somewhat invariant nature of corrosion potential on Cr content [Figure 

5-5(b)]. Conversely, corrosion potentials under O2-SO2-SO3 increased linearly as a function of Cr 

content up until a higher than 5at% which led to decreased corrosion potentials. It is also evident 

from Figure 5-5(b) that NiAl-1Cr and NiAl-10Cr exhibit lower magnitudes of corrosion potentials 

under the influence of SO2-SO3 species; whereas, the corrosion potentials of NiAl-2.5Cr and NiAl-

7.5Cr did not change on switching the gaseous environment. Interestingly, NiAl-5Cr exhibited 

higher corrosion potential in SO2-SO3 containing environment compared to that under pure O2. 

Subsequently, corrosion current densities were compared to understand the impact of sulfur oxides 

on the corrosion rate of Ni-Al-Cr alloys. Figure 5-5(c) shows a trend of slightly decreasing 

magnitudes of corrosion current densities under pure O2. In contrast, corrosion current densities 

decreased drastically under O2-SO2-SO3 for alloy with increasing Cr content up to 5at%; further 

addition of Cr demonstrated an increasing current densities. While other alloy compositions showed 

higher corrosion currents under the influence of SO2-SO3 species, NiAl-5Cr alloy showed a lower 

current density in SO2-SO3 containing environment, agreeing with the increased stability predicted 

based on the corrosion potential measurements [Figure 5-5(b)].   
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(c) 

 

Figure 5-5. Influence of sulfur oxide species (SO2, SO3) on Ni-Al-Cr alloys corrosion: comparison 

of (a) oxide scale thickness (∆w), (b) corrosion potential (Ecorr) vs. Ag/Ag+, and (c) corrosion 

current density (j) over 0.0 ≤ Cr ≤ 0.10 after immersion in molten LiCl-KCl-Na2SO4 (53.3-36.7-10 

mol%) solution at 700 °C for 12 h under different atmospheres of pure O2 and O2-0.1%(SO2+SO3) 

gas. 

 

To understand the effect of SO2 and SO3 species on the growth of passive scale (i.e. Al2O3-

Cr2O3), electrochemical impedance measurements were performed under pure O2 and O2-SO2-SO3 

environments. Typically, non-corroding metals such as platinum in contact with sulfate species 

have substantially high polarization resistance making them inert in hot corrosive reaction. Due to 

the wide gap in oxidation and reduction potentials of inert metal and sulfate ions, respectively, the 

charge transfer across metal surface becomes a rate limiting step. However, in the case of corroding 
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charged species across the passive layer, transport through the electrolyte, passive layer porosity, 

and/or localized damaged in the passive scale [95].  

NiAl-5Cr alloy after immersion in the sulfate electrolyte was subject to polarizations with 

a 10 mV AC potential over a frequency range of 0.1Hz‒100kHz. Impedance measurements were 

performed at t = 3, 6, 9, 12, and 18 h to elucidate the growth of the passive scale by comparing 

polarization resistance over time in each gaseous atmosphere. Nyquist plots representing the 

impedance of corrosion scale on NiAl-5Cr alloy in both gaseous environments are shown in Figure 

5-6. Interestingly, NiAl-5Cr alloy showed similar Nyquist plots over a period of 18 h [Figure 5-

6(a)]. The semicircular trend in high frequency regime, which is indicator of a polarization 

resistance, might be due to the charge transfer resistance at the NiAl-5Cr alloy vs. sulfate electrolyte 

interface [71,95]. Linear behavior in the low frequency regime indicates diffusion resistance 

(Warburg impedance, (Zw)] [1,92] which could be due to transport of gaseous molecules (O2) from 

electrolyte vs. O2 gas interface to passive scale vs. electrolyte interface as suggested by Zeng and 

Li, based on the corrosion behavior of nickel-based superalloy M38G [71]. Therefore, it is 

concluded that the growth of passive layer on NiAl-5Cr alloy is controlled by the diffusion of O2 

molecule through the electrolyte phase, instead of diffusion of charged species across the passive 

layer [71]. An equivalent circuit for this observed behavior is given in the inset of Figure 5-6(a), 

where Rs, Rct, Cdl, and Zw represent the electrolyte resistance, double-layer resistance, double layer 

capacitance, and Warburg impedance, respectively.  

In contrast to the constant impedance behavior under pure O2, NiAl-5Cr alloy showed a 

growth of additional semicircular trend in the low frequency regime over time, which 

overshadowed the diffusion resistance (i.e. linear region) [Figure 5-6(b)]. Notably, SO2 and SO3 

are more soluble than O2 in the sulfate electrolyte. In that case, the diffusion of sulfur oxides through 

the electrolyte might not be a limiting step. Growth of an additional semicircle in Nyquist plot 

indicates a new capacitive and resistive component in the electrochemical circuit [1,92]. The 



105 

 

observation of two semi-circular loops in Nyquist plot is similar to the behavior of FeAl in 

(Li,K)2CO3 electrolyte at 650°C, reported by Zeng et. al. [95]. In the early phase of corrosion, FeAl 

showed a semicircle and a linear trend. However, after an exposure of 20 h, two semicircular loops 

were observed. The formation of second loop (in low frequency regime) was suggested due to the 

protective behavior of external LiFeO2 layer and inner Al2O3 layer. Considering the behavior of 

NiAl-5Cr alloy in SO2-SO3 containing environment, which also includes a semicircle and a linear 

trend, it is believed that the initial growth of passive layer (Al2O3-Cr2O3) was predominantly 

controlled by the diffusion of gaseous species [O2, SO2, SO3]. However, on extended exposure to 

the sulfate electrolyte solution, the passive scale becomes protective and shows a semicircular 

behavior. An equivalent electrochemical circuit, as suggested by Zeng et. al. [95], is given in the 

inset of Figure 5-6(b), where Rox and Cox are the resistance and capacitance of passive oxide layer 

(Al2O3-Cr2O3). 
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(b) 

 

Figure 5-6. Electrochemical impedance measurements (Nyquist plots) obtained with (β)NiAl-5at% 

Cr alloy in the frequency range of 0.1Hz‒100 kHz with 10 mV AC potential at different immersion 

times (3 h ≤ t ≤ 18 h) in molten LiCl-KCl-Na2SO4 (53.3-36.7-10 mol%) solution at 700 °C under 

atmosphere of (a) pure O2 and (b) O2‒0.1%(SO2+SO3) gas. 

In summary, NiAl-5Cr alloy in molten sulfate environment containing pure O2 gas 

undergoes corrosion reactions which are limited by the diffusion of O2 molecules across the 

electrolyte solution. In contrast, addition of SO2-SO3 species in the surrounding gas provides an 

additional circular loop in the Nyquist plot, suggesting an increased protectiveness by the passive 

layer. The beneficial effect of Cr addition under SO2-SO3 environment is found to be in agreement 

with the conclusions from OCP and potentiodynamic polarization measurements.  
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5.4 Summary 

Hot corrosion behavior of Ni-Al-Cr alloys with varying Cr content was obtained by 

performing electrochemical measurements in molten LiCl-KCl-Na2SO4 (53.3-36.7-10 mol%) 

solution at 700 °C. Under the controlled gaseous atmospheres of pure O2 and O2-0.1%(SO2-SO3), 

open circuit potentials, potentiodynamic polarizations, and electrochemical impedance 

measurements were performed to elucidate the role of Cr content in obtaining higher corrosion 

resistance. OCP measurements showed that Ni-Al-Cr alloys under pure O2 exhibit similar potentials 

on varying Cr content, implying a comparable stability of Ni-Al-Cr alloys under Al2O3-Cr2O3 scale.  

In general, β-NiAl based alloys undergo localized damage in alumina scale. Addition of Cr in β-

NiAl improves the repassivation ability of alloy surface in the event of scale damage. Based on the 

OCP and potentidynamic polarization measurements in 0.1% SO2-SO3 environment, NiAl-5Cr 

alloy exhibited the best corrosion properties among the studied compositions.  
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Chapter 6  
 

Conclusions and Recommendations for Future Work 

High temperature processes in oil refinery plants, coal gasification systems, and gas 

turbines necessitate construction alloys that exhibit high creep resistance, thermal stability, and 

corrosion resistance. Nickel-based alloys are well known for their attractive high temperature 

properties and therefore, are often used in the construction of high temperature components as well 

as surface coatings. During operation, these components are exposed to an aggressive chemical and 

thermal environment containing molten sulfates (e.g. Na2SO4), resulting from the combustion of 

sulfur containing fuel in NaCl-containing polluted or marine air. As a consequence, molten salts 

are deposited on metallic components and accelerate degradation reactions, also known as hot 

corrosion.  

In the context of coating applications for nickel alloys in hot corrosive environments, this 

dissertation attempts to establish a fundamental electrochemical understanding of the corrosion 

properties of nickel alloys. On exposure to molten sulfates, nickel alloys undergo oxidation 

reactions (M → Mn+ + ne‒) which are coupled with the reduction of SO4
2‒ ions and/or gaseous 

species such as O2, SO2, and SO3. In order to elucidate the corrosion behavior of nickel alloys and 

the reduction mechanism of SO4
2‒ ions, electrochemical measurements were performed with 

several metals and alloys in molten LiCl-KCl-Na2SO4 (53.3-36.7-10) solution at 700 ºC, and under 

differing atmospheres of argon, pure O2, and O2-0.1%(SO2+SO3).  Thermodynamic measurements 

and immersion tests in similar experimental conditions were also performed to corroborate 

electrochemical observations.  

Electrochemical studies on the behavior of SO4
2‒ ions showed that the reduction of sulfate 

ions requires a large negative overpotential (< ‒1.1 V vs. Ag/Ag+). On a platinum working 
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electrode, these reduction reactions occur under charge-controlled and sluggish kinetics, forming 

elemental sulfur (S) and sulfide (S2‒) species according to  

  SO4
2– + 6e− → S + 4O2–            Reaction 6-1 

 and   SO4
2– + 8e− → S2– + 4O2–           Reaction 6-2 

 Sulfate ions are known to accelerate alloy degradation; however, the present study revealed 

that the deleterious effect of sulfate ions may not occur in inert gaseous environments, instead 

requiring stronger oxidants such as O2, SO2, and SO3 to participate in hot corrosion reactions. 

 Hot corrosion studies with pure Ni and β-NiAl (1:1) alloys in LiCl-KCl-Na2SO4 electrolyte 

under argon environment exhibited negative corrosion potentials (< ‒0.75 vs. Ag/Ag+) and low 

corrosion rates (~0.25 mA/cm2). Moreover, cross-sectional analyses on corroded Ni and β-NiAl 

specimens revealed an adherent and protective layer of NiO and Al2O3, respectively. Nickel alloys 

exposed to sulfate electrolyte under oxidizing gaseous species such as O2, SO2, and SO3, showed a 

sudden rise in open circuit potential, which implies stronger oxidizing activities of these gaseous 

species. It is believed that the accelerated degradation of nickel alloys is governed by the cumulative 

reduction of SO4
2- and gaseous molecules (O2, SO2, and SO3). In oxidizing environments, Ni rapidly 

degraded due to the instability of NiO, and β-NiAl demonstrated localized damage in a alumina 

passive layer. Particularly, alumina scale developed cracks under a O2‒0.1%(SO2+SO3) 

environment, which increased the corrosion rate of β-NiAl by ~11 times in comparison to that under 

pure O2. This behavior is attributed to sulfur-bearing gaseous species reacting with the alumina 

layer, and forming aluminum sulfate according to  

  Al2O3 + 3SO3 → Al2(SO4)3    (∆𝑟𝐺 = –35.61 kJ at 700 °C [39])      Reaction 6-3 

 In order to further enhance corrosion resistance, chromium (Cr) addition in β-NiAl was 

observed to produce a solid solution of Al2O3-Cr2O3 on the outer edge of the passive scale, which 

in turn reduced corrosion rates and recovery time required to re-passivate the damaged sites on the 

Ni-Al-Cr alloy surface. Upon varying Cr content in Ni-Al-Cr alloys, it was observed that a small 
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quantity of Cr is sufficient to improve the integrity of passive layer under pure O2. With increased 

Cr content (0.01 ≤ Cr ≤ 0.1) in β-NiAl, the corrosion rate linearly decreased from 0.78 mA/cm2 to 

0.30 cm2. In contrast, with the increased addition of Cr in β-NiAl in SO2-SO3 containing 

atmosphere, re-passivation time for damaged sites was reduced. Interestingly, open circuit potential 

and potentiodynamic polarization measurements revealed that 5 at% Cr addition in β-NiAl provides 

excellent corrosion properties among the studied Ni-Al-Cr alloys (0.01 ≤ Cr ≤ 0.1).  

6.1 Recommendations for Future Work 

 During the course of this dissertation, the primary focus remained on the stability and 

corrosion resistance of passive scales (NiO, Al2O3, and Al2O3-Cr2O3) grown on the alloy surface. 

As described in Chapter 2, the oxide layer on the alloy surface develops interfacial stresses due to 

different lattice parameters. Over an extended period of corrosion, the passive layer may spall off 

the alloy surface; therefore, further efforts are needed to strengthen the integrity of passive layer.  

6.1.1 The Effect of Other Alloying Elements for Enhanced Environmental Resistance 

 During the growth of oxide scales, metal ions diffuse toward the alloy surface by movement 

along grain boundaries and lattice defects. On the other hand, corrosive species such as O2− move 

in the opposite direction through the oxide scale. It has been reported in the literature that reactive 

elements such as hafnium, zirconium, silicon, and yttrium, when added in small fractions (< 1 at%), 

tend to segregate at the interface. [55,57,96]. This way, the outward motion of metal ions is 

inhibited. Moreover, the grown passive layer develops inwardly oriented pegs which significantly 

strengthen the alloy vs. the metal-oxide interface. An exemplary view of the reactive element effect 

is shown in Figure 6-1, which depicts the effect of Hf in FeAl alloy [96].  
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Figure 6-1. Growth of oxide scale on Fe-10Al-1Hf alloy exhibiting inwardly growing pegs under 

the influence of Hf addition, making the alloy vs. alumina interface stronger [96]. 

 

 Electrochemical studies focused on the effect of reactive element(s) in nickel alloys are 

sparse in the literature. Therefore, it is recommended that an initial framework on reactive element 

effects be understood by performing electrochemical measurements with Zr, and/or Hf additions in 

β-NiAl alloys. Microstructural characterizations of the corroded specimens can be used to 

complement electrochemical findings. After establishing a generic framework with β-NiAl binary 

alloys, ternary, and quaternary alloys can be studied.    

 Besides the electrochemical methodologies described in this dissertation, additional 

experimental methods, such as current-noise tests, can be accommodated in the course of future 

studies. Additionally, the effect of the surrounding temperature on the degradation profile of these 

alloy compositions requires further understanding.  

6.1.2 Estimation of Aluminum Activities in Nickel and Cobalt Alloys 

 The corrosion resistance of nickel alloys in corrosive environments has been found to be 

dependent on the growth of the passive oxide scale. Movement of oxide scale forming elements 

(Al, Cr) from the alloy matrix to the surface can be understood in terms of a gain in thermodynamic 
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stability after oxidation [Section 2.2, Chapter 2]. In other words, elements such as aluminum and 

chromium have high thermodynamic activity in nickel when exposed to oxidizing environments. 

Therefore, they tend to diffuse toward the alloy surface, and oxidize to achieve lower activity. A 

fundamental thermodynamic study on the behavior of nickel alloys can be developed by performing 

electromotive force (emf) measurements. There are few reports available in the literature informing 

the thermodynamic activity of aluminum in the temperature range corresponding to type I corrosion 

regime [97] and a temperature range (547-647 ºC) below the type II corrosion regime [98,99]. 

Bonnet et. al. performed thermodynamic studies in the temperature range of 577-1027 ºC [100]. 

However, the focus was primarily on aluminum rich (0.84 < xAl < 1) nickel compositions. 

 An electrochemical study focused on aluminum activity, particularly in the β-NiAl 

composition range and type II corrosion temperature regime can be performed to elucidate the 

thermodynamic activity of aluminum in nickel matrix. An electrochemical cell design and 

calculations of thermodynamic parameters can be performed in the following way. 

 An electrochemical cell having an Al(s)|Electrolyte (l)|Al(in Ni) arrangement can be 

developed; where, an electrolyte (e.g. LiCl-KCl-AlX3, X = Cl‒, F‒) capable of  ionic conduction, 

and with a low melting point (< 400 °C), should be selected.  

Afterwards, the emf measurements can be performed with pure Al as the reference 

electrode (RE) and various compositions of β-NiAl as the working electrodes (WEs). During the 

measurements, the following half-cell reactions will be established.  

RE: Al(s) + 3X‒ = AlX3(s) + 3e‒             Equation 6-1 

WE: AlX3 + 3e‒ = Al(in Ni) + 3X‒             Equation 6-2 

Which leads to the overall cell reaction: 
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Al(s) = Al(in Ni)                Equation 6-3 

Therefore, the change in partial molar Gibbs energy of Al is given by  

∆𝐺𝐴𝑙 = 𝐺Al (in Ni) - 𝐺Al 
                     Equation 6-4 

Subsequently, the partial molar Gibbs energy can be related to aluminum activity by: 

𝐺Al (in Ni)  =   �̅�Al (in Ni)
𝑜 + RT ln 𝑎𝐴𝑙(𝑖𝑛 𝑁𝑖)

          Equation 6-5 

𝐺Al  =   �̅�Al
𝑜

 + RT ln 𝑎𝐴𝑙(𝑠)
               Equation 6-6 

Where a denotes the activity, 𝐺° the standard partial molar Gibbs free energy, R the gas constant, 

and T the temperature.  

Applying the Nernst equation (∆G = -nFEcell) and 𝑎𝐴𝑙(𝑠)= 1, the following relation can be 

obtained relating Ecell and 𝑎𝐴𝑙(𝑖𝑛 𝑁𝑖). 

Ecell =  ‒
∆𝐺𝐴𝑙

𝑛𝐹
= ‒ (

𝑅𝑇

𝑛𝐹
) 𝑙𝑛𝑎Al (in Ni)

             Equation 6-7 

Where n is number of electrons exchanged and F is Faraday’s constant.  

Using equation 6-7, activity values of Al in nickel can be directly calculated. Also, the 

activity of Ni can be estimated using the Gibbs-Duhem equation. Subsequently, thermodynamic 

properties such as partial molar entropy and enthalpy can also be obtained. 

 Similar to nickel based alloys, cobalt (Co) based compositions are also observed to have 

good mechanical and corrosion resistant properties suitable for gas turbine applications [23,24]. 

Therefore, thermodynamic activity estimation for Al in Co will also provide a perspective on the 

oxidation/corrosion properties of cobalt alloys.
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Appendix A 

 

Solution Resistance and Cyclic Voltammetry in Different Sulfate Solutions 

 Prior to electrchemical measurements with platinum/tunsgten/glassy carbon electrodes in 

LiCl-KCl-Na2SO4 electrolyte to elucidate sulfate reduction reactions, solution resistance of molten 

electrolyte was calculated by electrochemical impedance spectroscopy. Figure A-1 shows the 

Nyquist plot obtained with platinum working electrode in LiCl-KCl-10 mol%Na2SO4 electrolyte at 

700 °C. The inset shows the zoomed view of high frequency regime depicting the intersection with 

Z’ axis at ~0.3 Ω. This value was utilized in correcting cyclic voltammograms in Figure 3-2 

[Chapter 3] for IR losses. 

 

Figure A-1. Nyquist plot obtained with platinum WE in LiCl-KCl-Na2SO4 (53.3-36.7-10 mol%) 

electrolyte, with an AC input signal of 10 mV amplitude and frequency range of 10 Hz ‒100 kHz 

at 700 °C. 



115 

 

 In addition to the sulfate reduction studies with LiCl-KCl-10mol% Na2SO4 electrolyte, the 

reduction behavior of SO4
2- species was also understood with different electrolytes containing 

molten SO4
2- species. Exemplary cyclic voltammograms obtained with glassy carbon working 

electrode in Li2SO4-K2SO4 and NaCl-Na2SO4 electrolytes at 700 ºC are shown in Figure A-2. A 

comparison of these voltammograms with that obtained in LiCl-KCl-10mol%Na2SO4 indicates that 

reduction potential of SO4
2- ions remained invariant on changing the electrolyte solutions. 

 

 
 

Figure A-2. Cyclic voltammograms obtained with glassy carbon working electrode (WE) in 

different solutions of Li2SO4-K2SO4, LiCl-KCl-Na2SO4 (53.3-36.7-10 mol%), and NaCl-Na2SO4 at 

a scan rate of 100 mV/s under inert argon environment at 700 °C. 
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Appendix B 

 

Influence of SO2 and SO3 Species on the Corrosion Rate of Ni and β-NiAl 

Chapter 4 in this dissertation focused on the effect of Al and Cr addition in nickel. Based 

on electrochemical potentiodynamic measurements, a qualitative understanding on the corrosion 

resistance of Ni alloys was established in molten sulafte environment at 700 ºC. Efforts were also 

made to obtain the weight/loss behavior of nickel alloys during corrosion. 

Weight gain measurements were performed to obtain an understanding on the corrosion 

rate of nickel alloys in sulfur oxide containing environment. Specifically, alloy specimens coated 

with Na2SO4 salt layer (~ 35 mg/cm2) were isothermally heated at 700 ºC for 12 h under different 

environments of O2 and O2-0.1%SO2 (flow rate = 40 mL/min) gases to contrast the effect of the 

SO2-SO3 species on the oxidation rate of Ni alloys. It is also to note that, due to sensitive design of 

thermogravimetric analyzer, it was difficult to place platinum catalyst at the inlet of O2-0.1%SO2 

gas mixture. However, in the absence of catalytic conversion, ~0.1% SO2 is transformed to SO3, 

establishing 
3SOP ≈ 1 x 10-6 atm in the gaseous atmosphere at 700 ºC [101].  

Weight gain measurements with pure nickel, as shown in Figure B-1(a), demonstrated the 

effect of SO2-SO3 species on nickel hot corrosion. In contrast to immersion test where a clear 

influence of SO2-SO3 on the amount of NiO and NiSx was difficult to observe due to continuous 

nickel dissolution in molten phase [Figure 4-3(b,c)], thermogravimetric measurements showed that 

SO2-SO3 species severely increased nickel corrosion. In a period of 12 h, Ni specimen showed a 

weight gain of ~0.8 and ~2.6 mg/cm2 under O2 and O2-SO2-SO3 gases, respectively. This enhanced 

corrosion is in agreement with the reported studies by Gheno & Gleeson [37], where nickel 

exposure test under sulfur oxide gases at 700 ºC showed increased thickness of NiO and NiSx scale.  

Similar measurements with β-NiAl alloy showed a weight gain of ~0.15 and 1.0 mg/cm2 

under O2 and O2-SO2-SO3 environments, respectively [Figure B-1(b)], implying substantially 
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increased corrosion under SO2-SO3 atmosphere, which agrees with weaker corrosion resistance 

observed in potentiodynamic measurements under sulfur oxide gases.   

(a) 

 

(b) 

 

Figure B-1. Weight change measurements with nickel alloys covered with thin layer of 

Na2SO4 (~ 35 mg/cm2) during isothermal oxidation at 700 °C: (a) pure Ni, and (b) β-NiAl, 

under pure O2 and O2-0.1%(SO2+SO3) gases with flow rate of 40 ml/min. 
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In order to obtain a fundamental outlook on reaction tendency between alumina and  SO2-

SO3 species, β-NiAl rod was preoxidized at 1100 ºC under air for 24 h which resulted in the growth 

of ~3 µm thick alumina scale on β-NiAl surface. OCP measurements were performed with 

preoxidized β-NiAl WE in LiCl-KCl-10mol%Na2SO4 electrolyte under different gaseous 

atmospheres. It was found that OCP under O2 remained unchanged for ~1.5 h indicating that 

corrosive species were unable to reach β-NiAl surface due to alumina scale barrier. However, a 

sudden rise in OCP was noticed under SO2-SO3 containing gas, suggesting that alumina scale 

promptly reacted with SO2 and/or SO3 species [Figure B-2].  

  

 

Figure B-2. Open circuit potentials (EOCP) measured with preoxidized β−NiAl WE immersed in 

molten LiCl-KCl-Na2SO4 (53.3-36.7-10 mol%) electrolyte under different gaseous environments 

of argon, pure O2 (g), and O2-0.1%(SO2+SO3) with flow rate of ~50 ml/min at 700 ºC. 
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Appendix C 

 

Reproducibility of Potentiodynamic Polarization Measurements and Elemental Maps 

corresponding to Corroded Ni-Al-Cr Alloys 

Prior to the potentiodynamic polarization measurements with Ni-Al-Cr alloys under 

different gaseous atmospheres, the effect of potential sweep rate was estimated by performing 

measurements with β-NiAl working electrode in LiCl-KCl-Na2SO4 electrolyte solution under inert 

argon atmosphere. Figure C-1 shows the electrochemical current response within the overpotential 

of -0.050 ≤ η ≤ +0.500 V at scan rate of 1 mV/s and 0.1 mV/s. It was observed that the 

electrochemical current densities show very similar magnitudes on applied overpotentials. 

 

Figure C-1. Potentiodynamic polarization plots obtained with β-NiAl working electrode within the 

overpotential of -0.050V ≤ η ≤ +0.500 V at a scan rate of 1 mV/s after 12 h long immersion in 

molten LiCl-KCl-Na2SO4 (53.3-36.7-10 mol%) electrolyte  under argon environment at 700 ºC. 

  Further, to validate the reproducibility of potentiodynamic polarization plots, experiments 

were repeated with few selected compositions of Ni-Al-Cr alloys under pure O2 and O2-0.1%(SO2 
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O2, and NiAl-1Cr and NiAl-7.5Cr alloys under O2-0.1%(SO2 + SO3) environments. It was noticed, 

that electrochemical current densities were similar on repeated experiments.    

(a) 

 

(b) 
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(c) 

 

Figure C-2. Comparison of potentiodynamic polarization plots on repetitive experiments with (a) 

NiAl-10Cr alloys under pure O2, (b) NiAl-1Cr alloy, and (c) NiAl-7.5Cr alloy under O2-0.1%(SO2 

+ SO3) within the overpotential of -0.050V ≤ η ≤ +0.500 V at a scan rate of 1 mV/s after 12 h long 

immersion in molten LiCl-KCl-Na2SO4 (53.3-36.7-10 mol%) electrolyte at 700 ºC. 

 

Corresponding to the corrosion layers on Ni-Al-Cr alloys (0.01≤Cr≤0.10) after immersion 

in molten LiCl-KCl-Na2SO4 (53.3-36.7-10 mol%) electrolyte under pure O2 and O2-0.1%(SO2 + 

SO3) [Figure 5-3(b) and Figure 5-4(b), Chapter 5] at 700 ºC, the elemental maps for aluminum, 

chromium, oxygen, and sulfur are given below. 
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(b) NiAl-2.5Cr 

 

(c) NiAl-5Cr 

 

(d) NiAl-7.5Cr 

 

(e) NiAl-10Cr 

 

Figure C-3. X-ray elemental maps corresponding to aluminum, chromium, oxygen, and sulfur 

distribution obtained from the surface of corroded Ni-Al-Cr alloys with (a) Cr = 1 at%, (b) Cr = 2.5 

at%, (c) Cr = 5.0 at%, (d) Cr = 7.5 at%, and (e) Cr = 10 at%, after 12 h long immersion in molten 

LiCl-KCl-Na2SO4 (53.3-36.7-10 mol%) electrolyte under pure O2 gas at 700 ºC. 
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(a) NiAl-1Cr 

 

(b) NiAl-2.5Cr 

 

(c) NiAl-5Cr 

 
 

(d) NiAl-7.5Cr 
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(e) NiAl-10Cr 

 

Figure C-4. X-ray elemental maps corresponding to aluminum, chromium, oxygen, and sulfur 

distribution obtained from the surface of corroded Ni-Al-Cr alloys with (a) Cr = 1 at%, (b) Cr = 2.5 

at%, (c) Cr = 5.0 at%, (d) Cr = 7.5 at%, and (e) Cr = 10 at%, after 12 h long immersion in molten 

LiCl-KCl-Na2SO4 (53.3-36.7-10 mol%) electrolyte under O2-0.1%(SO2 + SO3) gas at 700 ºC. 
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