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Abstract 

Nuclear power plants have been an important source of energy in many countries for the last 

fifty years. The Canadian supercritical water cooled reactors (SCWR), among the Generation IV 

reactors, are currently being designed in Canada and many other countries. It presents 

challenges for many scientists and engineers due to the harsh environment in which the reactor 

must operate and the lack of knowledge of materialΩs performance in this corrosive conditions 

of high temperature and pressure. This thesis entails the corrosion testing of four candidate 

materials, two nickel based alloys (IN 625 and A-286) and two stainless steels (AISI 304 and AISI 

310), and microstructure evaluation of samples after being exposed to supercritical water 

(SCW), subcritical water (SubCW), and superheated steam.  

Samples were ground to 600 grit finish and placed in an autoclave and a superheated steam rig 

to a maximum of three thousand hours and one thousand hours respectively. Procedures, 

based on ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƳŀƴǳŀƭǎΣ ǿŜǊŜ ŎǊŜŀǘŜŘ ŦƻǊ ǘƘŜ ǎŜǘǳǇ ŀƴŘ operation of all the 

equipment. The temperature of all three tests was set to 625oC with a pressure of 29 MPa 

(SCW), 8 MPa (subcritical water) or ambient (superheated steam). The surface morphology and 

composition were analyzed using scanning electron microscope (SEM) imaging and energy-

dispersive X-ray spectroscopy (EDS). 

Results from this study show a poor corrosion performance, in terms of surface oxide formation 

and weight change, for A-286 and AISI 304 in all conditions due to their low chromium content. 

AISI 310 and IN 625, with higher chromium content, exhibit an excellent corrosion resistance in 

almost all conditions, except for the superheated steam test where oxide spallation may have 
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taken place. The excellent performance (in terms of minimum weight change) of these two 

materials makes them promising candidate materials for further evaluation in long tests. A 

general observation obtained thus far suggests that supercritical water yields a lower corrosion 

than the subcritical water. The superheated steam and the supercritical water tests are not 

analogous. The results obtained will be useful in future research of test protocol and 

development of alloys that could be used as reactor fuel cladding and other components 

transporting fluid in the SCWR. 
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Chapter 1. Introduction 

As a result of our need for improved quality of life, energy demand has been on the rise in the 

past few decades.  With even greater demand in the years to come, we will face many 

challenges such as environmental concerns and energy resources. Among the variety of means 

used to produce electric energy, none of them are considered to be ideal. They have 

advantages and disadvantages, mainly associated with the capacity of meeting huge demands, 

the by-products generated by heat producing reaction, geographical issues, and wastes from 

the whole energy producing process that need to be managed.  

Nuclear power plant has the ability to provide low greenhouse gas emissions and is able to 

meet increasing energy ŘŜƳŀƴŘ ŀǎ ŀ ǊŜǎǳƭǘ ƻŦ ŀŎŎŜƭŜǊŀǘŜŘ ƎǊƻǿǘƘ ƻŦ ǿƻǊƭŘΩǎ ǇƻǇǳƭŀǘƛƻƴ ŀƴŘ 

industrialization. Nuclear energy is also an important alternative to overcome the rising fossil 

fuel cost in the last years. Many countries are using this type of energy production this days, 

with the overall nuclear power worldwide represents 13.4 % of the total electricity generated 

by all means in 2009 [1]. Of the countries where nuclear energy is used as a partial source of 

electricity, France takes the lead, with 76% of the total electricity produced by nuclear plants. 

The United States are reported to have the highest installed nuclear capacity (101 GW) in 2010 

[2, 3]. These numbers will increase despite many nuclear plants being shut down or reaching 

their lifetime. In addition, many countries are in the process to construct more new nuclear 

reactors; this will increase more significantly in future years once the more efficient next 

generations of nuclear reactors, particularly Gen IV, are in the market. 
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With the purpose of consolidating the design effort internationally and taking the lead in the 

development of future nuclear energy systems the Generation IV International Forum (GIF) was 

created. This forum was formed by nine of the developed countries (including Canada) in the 

world; they were also the bigger producers of nuclear energy for domestic and industrial use 

[4]. The goals of the new reactor designs were clearly defined into four main categories: 

sustainability, safety and reliability, economics and proliferation resistance and physical 

protection [5]. More detailed explanation is provided in Figure 1. 

 

Figure 1. Generation IV reactors goals [5]. 

Out of the work developed by the GIF since its inception, six designs are considered to be the 

most promising ones for Gen IV reactors. These are: Gas-Cooled Fast Reactor (GFR), Lead-

Cooled Fast Reactor (LFR), Molten Salt Reactor (MSR), Sodium-Cooled Fast Reactor (SFR), 
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Supercritical-Water Reactor (SCWR) and Very-High-Temperature Reactor (VHTR). As their 

names suggest, the main differences between all of these reactors are the type of coolant and 

moderator used as well as the temperature region in which they operate. Table 1 provides 

more details about these systems. 

Table 1. Some details about Gen IV systems [5]. 

System Neutron 

Spectrum 

Fuel 

Cycle 

Coolant Size 

(MWe) 

Applications R&D Needed 

Supercritical-Water 

Reactor (SCWR) 

Thermal, Fast Open, 

Closed 

Water 1500 Electricity Materials, Thermal-

hydraulics 

Lead Cooled Fast 

Reactor (LCFR) 

Fast Closed Lead-

Bismuth 

50-150 

300-600 

1200 

Electricity, Hydrogen 

Production 

Fuels, Materials 

Molten Salt Reactor 

(MSR) 

Epithermal Closed Fluoride 

salts 

1000 Electricity, Hydrogen 

Production, Actinide 

Management 

Fuel Treatment, 

Materials, 

Reliability 

Very-High-

Temperature Reactor 

(VHTR) 

Thermal Open Helium 250 Electricity, Hydrogen, 

Process Heat 

Fuel, Materials, H2 

production 

Gas-Cooled Fast 

Reactor (GFR) 

Fast Closed Helium 200-

1200 

Electricity, Hydrogen, 

Actinide Management 

Fuels, Materials, 

Thermal-hydraulics 

Sodium Cooled Fast 

Reactor (SFR) 

Fast Closed Sodium 300-

1500 

Electricity, Actinide 

Management 

Advanced Recycle 

Options, Fuels 

 

Canada has been an active member of the GIF since the beginning.  A national program for 

Generation IV Energy Technologies was established in 2006 by National Resources Canada 

(NRCan) to support the collaboration in research and development internationally and within 
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the country for the development of the Gen IV technology. In 2010 Canada was assigned to 

work in two of the six candidate systems: SCWR and VHTR. The SCWR is an evolution of the 

existing CANDU nuclear systems used in Canada. The knowledge and experience accumulated 

in 40 years of designing and operating CANDU reactors in Canada will be a great asset in the 

development of the SCWR technology. The main focus of the Gen IV R&D program currently is 

on thermohydraulics, safety, materials and chemistry. 

 The SCWR is a high pressure high temperature system that employs water, above supercritical 

point, as a coolant (a term used in nuclear industry to represent working fluid in a 

thermodynamic system).  The current design of the SCWR allows for a simplified plant, as 

shown in a schematic diagram (Figure 2). Here a single turbine represents both the high 

pressure and low pressure turbines as a whole. The design of SCWRs with single-phase coolant 

(SCW working fluid) is regarded as the most promising advanced nuclear systems because of 

their high thermodynamic efficiency [i.e., about 45% vs. 33% of current light water reactors 

(LWRs)] and considerable plant simplification. The high operating pressure and temperature 

thermodynamic conditions (> 374oC and 22 MPa) utilized in SCWRs ensure this superior thermal 

efficiency by reducing the containment volume and eliminating the need for recirculation and 

other hardware such as jet pumps, pressurizers, steam generators, steam separators and 

dryers.  
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Figure 2. Supercritical water cooled reactor - a simplified schematic diagram [4]. 

The majority of nuclear reactors employ water as working fluid. A comparison of both 

temperature and pressure of working fluid among some of the reactors used nowadays, such as 

Boiling Water Reactor (BWR), Pressurized Water Reactor (PWR), CANDU-6 (CANDU generation 

II) and the two main Gen IV SCW reactor designs (US and CANDU), is shown in Figure 3.  

The SCWR designs include a large pressure vessel similar to conventional Light Water Reactors 

(LWRs) or a distributed pressure tubes system similar to conventional Heavy Water Reactors 

(HWRs) of the CANDU type [6]. The second type of design is considered more flexible in many 

aspects and safer due to the lower risk involves in using tubes to carry SCW fluid rather than 



 
 

6 
 

employing a large vessel [6]. As can be seen in Figure 3, the temperature of the fluid in this type 

of reactor can be as high as 625oC in the outlet of the reactor and approximate 325oC in the 

inlet of the reactor. 

 

Figure 3. Pressure-temperature diagram of water for typical operating conditions of SCWRs, PWRs, CANDU-6 

reactors and BWRs [6]. 

To maximize the thermodynamic efficiency of reactors, many designs were studied. One of the 

most promising and simpler cycles studied is the no reheat single cycle. The main difference of 

this cycle with some other cycles is the absence of reheating of the steam between each 

turbine stage.  A schematic diagram of this cycle is shown in Figure 4.  

To obtain a fluid temperature close to 350oC before entering the reactor, a series of low (LP 

HTR) and high pressure feedwater heaters (HP HTR) are used to increase the temperature of 



 
 

7 
 

the fluid (some time with temperature as low as 40oC after existing the last low pressure 

turbine stage). This heating step increases the thermodynamic efficiency of the whole cycle. 

 

Figure 4. No reheat cycle for SCWR [7]. 

The T-s diagram corresponding to the cycle shown in Figure 4 can be seen in Figure 5. The 

supercritical water exits the reactor at 625oC and 25 MPa and expands in the HP turbine; heat 

extraction takes place at this stage. After leaving the HP turbine, it goes through two LP 

turbines where further expansion and heat extraction of the feedwater take place, and an 

output temperature of approximate 40oC characterizes the steam when it leaves the last stage 

of LP turbine.  
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Figure 5. T-s diagram for a no reheat cycle [6]. 

The saturated steam flows into a condenser where it is condensed under constant pressure and 

temperature. A condensate extraction pump forces the condensate through a LP HTR (constant 

pressure) to a deaerator; the working fluid leaves this point as a saturated liquid [6]. 

Subsequently, a reactor feed pump raises the fluid pressure to the 25MPa, required for the 

reactor inlet, and several HP HTRs raise the fluid temperature to 325oC. The heat generated 

inside the reactor, as a result of the fission reaction, increases the fluid temperature to over 

625oC under constant pressure of 25MPa, and the above mentioned cycle repeats.  

The operation temperatures inside the reactor range from 510oC to 625oC [5], with localized 

areas reaching 850oC. This elevated temperature regime together with high pressures (>22.1 

MPa) limits the type of materials that can withstand this environment. The selection of 
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materials is also difficult due to the non-existing information available in the literature about 

the behaviour of materials in these extreme conditions.  

Under supercritical water conditions the main concerns regarding the selection of the 

appropriate materials are the prevention of stress corrosion cracking and the resistance to 

corrosion at high temperatures and pressure, and under the neutron radiation for materials 

used in the reactor core. Some of the candidate materials that can be used are stainless steels 

and high nickel-chromium alloys, some of them will be studied in detail in this thesis.  

Besides the performance evaluation of candidate materials in SCW environments, another key 

objective of this thesis is to study and determine the behaviour of these materials under 

superheated steam conditions. This is important because currently there is no existing 

pressurized test rig than can reach temperatures beyond 650°C; superheated steam (not 

pressurized) has been proposed as a surrogate to test candidate materials at temperatures 

above this threshold. This study will compare materials tested at the same temperature but 

under different pressure settings. Furthermore, the use of superheated steam in steam 

turbines has the benefit of increasing efficiency due to the thermal properties of superheated 

steam and cycle design.  
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Chapter 2. Literature Review 

In this chapter, a general review of the behaviour and properties of engineering materials in 

supercritical water and superheated steam will be presented. The main focus will be on the 

corrosion mechanisms and performance of materials in these environments. More specifically, 

a review of the available literature for several high nickel chromium alloys and stainless steels 

with regard to their corrosion and oxidation behaviour will be presented. 

2.1 Nuclear Reactor for Power Generation  

A nuclear reactor initiates and controls a sustained chain reaction that releases high amount of 

energy due to the fission of atoms (fission reactor). The fission process consists in the splitting 

of the nucleus of an atom into lower atomic number atoms due to a nuclear reaction or 

radioactive decay. The most common nuclear reaction used in nuclear reactors for power 

generation is the fission of Uranium-235 by a neutron into two other lighter elements and three 

new neutrons which are the responsible for maintaining the chain reaction. The high amount of 

energy released is used as the heat source in power plants to produce electricity.  

2.1.1 General description 

There is a variety of nuclear reactor designs for power generation. The main differences 

between designs are: the type of coolant used (boiling or pressurized light water, heavy water 

or carbon dioxide), and the type of moderator used, most common ones are: light water, heavy 

water or graphite. Regardless of the type of reactor, all nuclear power plants have common 

components in the reactor side: fuel rods, control rods to regulate the chain reaction, reactor 
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vessel, a moderator for the chain reaction and the coolant substance that will extract the heat 

from the reactor core to the heat exchangers.  

The conventional side of all nuclear generation plants is almost the same in all cases and so it is 

the principle for power generation in all of them. Light clean water will enter the steam 

generator where it will be transformed to steam with the heat obtained from the nuclear core. 

This high kinetic energy steam will be transform to the turbine inlets where it pushes against 

the blades of the turbine, causing the turbine, and therefore, the attached rotor of the 

electrical generator, to spin and produce electricity by a magnetic field variation principle. This 

is a quick and very simplified description of a nuclear plant functioning, this is high complicated 

system with a lot more components that the ones mentioned here. They are also specific and 

expensive designed parts that have required large study in all engineering aspects including the 

materials field for several years.     

2.1.2 CANDU I and CANDU II operating principle 

One of the reactors used in power generation is the CANada Deuterium Uranium (CANDU), 

which is the first and only type of heavy water moderated reactor in the industry, besides it is 

the most efficient of all reactors in the use of Uranium [8]. CANDU have evolved from 

experimental and limited power designs to single units of 600 MWe and 900 MWe in current 

use around the world [9]. Efforts in the development of new generation designs are being 

made. The first and second generation of CANDU reactors have similar operation principles. 

Figure 6 shows a general diagram of the main components in a CANDU reactor based nuclear 

power plant (note this diagram does not show the water pumps at the outlet of the condenser 
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to pump water back to the steam generator and at the outlet of the steam generator in the 

heavy water loop to pump the heavy water back to the calandria).   

 

Figure 6. Schematic diagram of a nuclear power plant using a CANDU reactor [10]. 

The CANDU reactor uses unenriched uranium dioxide as fuel, which is held in zirconium alloy 

cans loaded into horizontal zirconium alloy tubes inside the pressure tubes (Figure 6). The fuel 

is cooled by pumping high heavy water through the tubes and then to a steam generator to 

raise steam from light water. By immersing the zirconium alloy tubes in the calandria 

(unpressurized vessel) containing more heavy water, the additional moderation action over the 

chain reaction is achieved. To control and regulate the reaction in the reactor core, cadmium 

control rods are inserted in the calandria vessel. The whole reactor and the steam generator 

are contained inside a concrete reinforced building named the reactor building. The harsh 

environment causing high oxidation and corrosion in all nuclear reactors and other nuclear 

power plant components, limits the options of materials that can be used. These limitations are 

bigger for the newer generations of reactors and plants that are being designed. 
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2.2 Oxidation and Corrosion in Supercritical Water 

In order to analyze the mechanism of corrosion and oxidation in supercritical water, it is 

important to know the properties of SCW and understand different factors that will affect 

ƳŀǘŜǊƛŀƭǎΩ ƳŜŎƘŀƴƛŎŀƭ ŀƴŘ ŎƘŜƳƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ǳƴŘŜǊ ǘƘŜǎŜ ŎƻƴŘƛǘƛƻƴǎ. The harshness of this 

pressurized high-temperature environment often leads to accelerated degradation of materials. 

A key parameter in defining the corrosion behavior in an SCWR will be an enhanced 

understanding of the chemistry of supercritical water. The marked change in the density of 

SCW through the critical point noted above is accompanied by dramatic changes in chemical 

properties. For example, the ionization constant reduces from 10-14 to 10-23; hydrogen bonding 

is greatly reduced or non-existent depending on the pressure; and, the dielectric constant is 

reduced by more than an order of magnitude.  These changes mean that the ionic solubility, pH, 

and corrosion potential will be distinctly different at the core inlet compared to the outlet. 

These complications are further exacerbated by in-core radiolysis, which is the dissociation of 

water molecules by ionizing radiation [11]. The radiolysis process in the nuclear reactor is 

influenced by the type and amount of radiation present, the temperature and the pressure in 

the reactor core, and the properties of the water used as coolant (working fluid) or moderator 

[12]. The water radiolysis ƛƴ ǘƻŘŀȅΩǎ ǊŜŀŎǘƻǊǎ is mainly due to alpha and fast neutron particles; 

some products from these reactions, such as H+, OH-, H2O2, and O2, contribute to the formation 

of oxidizing environment that leads to an increased corrosion rate of the reactor components. 

Stress corrosion cracking and cracking of Inconel superalloys and austenitic steels become 

susceptible in this environment [12, 13, 14]. The radiation in the reactor core, especially by the 

neutron particles, is one of the factors that change the properties of solid metal components of 
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the reactor. Neutron radiation produces dislocation loops and void in the crystal lattices, 

causing a decrease in the fracture toughness of materials [15].   

To understand the corrosion potential in an SCWR core and to effectively control corrosion 

rates will require knowledge of the corrosion potential of each of the stable and reactive-

intermediate species present in-core. The radiolytic yields and recombination rates in SCW are 

currently unknown, and preliminary studies suggest a markedly different behavior at SCW 

conditions compared to what would have been predicted from simplistic extrapolations of the 

behavior encountered in conventional water-cooled reactors [14]. In the following sections, the 

properties of water under different conditions are summarized.  

2.2.1 Supercritical Water 

A supercritical fluid is defined as a substance that exists in a temperature and pressure above 

its thermodynamic critical point. Above this point it is not possible to distinguish between two 

or more fluid phases. This point is well defined for each fluid and plays important roles in many 

thermodynamic systems.  In the case of pure substances the supercritical point situates at the 

limit of the vapor-liquid equilibrium where the density of the two phases merges [16]. Above 

the supercritical point there is no phase transformation and the substance is not liquid or gas 

anymore, it is considered a homogeneous supercritical fluid. Water is considered a supercritical 

fluid when its temperature and pressure are above 374oC and 22.1 MPa respectively. In Figure 7 

the phase diagram of water can be observed, it shows also the supercritical water region. 
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Figure 7. Water phase diagram [16]. 

2.2.2 Density 

In the neighbourhood of the supercritical point, the changes in the waterΩǎ physical properties 

are very dramatic with small changes in pressure or temperature. These properties can be 

closer to the liquid properties or to the gas properties or a mixture of both. Density of 

supercritical water decreases abruptly when increasing the temperature above the supercritical 

point at a certain pressure; these changes are smaller at higher temperatures. The decrease in 

density in the supercritical region can be observed in Figure 8, a diagram under a specific value 

of pressure of 25 MPa (250 bar).   

Density is just one of the physical properties that are affected by changes in temperature or 

pressure in this region. Figure 8 also shows how the ion product and dielectric constant 

decrease dramatically when increasing the temperature above the critical point at a 

supercritical pressure.  
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Figure 8. Water physical properties variation with temperature at pressure value of 25 MPa (250 bar). [16] 

2.2.3 Polarity, Dielectric Constant and Hydrogen Bonding  

Water (H2O) is a polar molecule as the result of a more electronegative oxygen atom than the 2 

atoms of hydrogen to which it is bonded [17]. Due to the high electronegativity of oxygen, 

electrons are strongly attracted by the oxygen atom that gives it a negative charge; this also 

creates an electron deficiency in the hydrogen atoms which give them a slight positive charge 

[16]. This difference in the distribution of charges is responsible for the polarity of water 

molecules and it is the basis for forming hydrogen bonding [16]. Dielectric constant of water 

quantifies the water moleculeΩǎ polarity. 

Hydrogen bonding is formed due to electrostatic attraction between the positive charged 

hydrogen atoms of one molecule and the negative charged oxygen atom of the neighbouring 

molecule, shown in Figure 9 [17]. This weak interaction, together with the polarity of the water 
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molecule, is responsible for many of the properties of the water [16], with solvent properties as 

one of the most important ones for our interests.  

 

Figure 9. Hydrogen bonding in water at ambient temperature [17]. 

At ambient temperature water is a good solvent for many polar substances, but not for non-

polar substances [16]. When temperature and pressure reach high values like that in 

supercritical water conditions, the hydrogen bonding tends to get weaker due to the decrease 

in density and the weak interaction between molecules. Dielectric constant also decreases with 

the temperature increase; this results in behaviour of SCW as a non-polar solvent with low 

solvency for ionic compounds, but high for non-polar organic substances such as salts and gases 

[18, 19]. Low density SCW has high diffusivity and excellent transport properties; this is also 

applicable to steam [16, 18, 20].   

2.2.4 Ionic Product and pH Value 

The ionic product of water Kw is dependant of the product of the concentrations of H+ and OH- 

ions that form as a result of the ionization due to electric fluctuations between neighboring 

molecules [21]. This ionization is given by a simple equilibrium equation [18]:                                                                                                                               
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H2O   H+ + OH-          Equation. (1) 

The pH value of water is determined by the concentration of hydrogen ions. At ambient 

temperature the production of H+ and OH- due to ionization takes place at the same rate, which 

makes the pH value neutral (pH= 7) [18]. 

The ionic product, as well as density and dielectric constant, decrease with the increase of 

temperature over the supercritical point at a constant supercritical pressure value (Figure 8) 

[19]. However, as can be seen in Figure 10, the ionic product, and similarly the density and 

dielectric constant, increase with the pressure at various temperatures. The values of ionic 

product at certain pressures are higher than that at ambient temperatures [18]. The variation 

of temperature or pressure can favour the equilibrium equation (Eq.(1)) in one way or the 

other. This will change the pH value and render the water either as acid or alkaline [18]. 

 

Figure 10. Ionic product of high-temperatures water vs. different pressures [18]. 
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2.2.5 Solubility of Oxygen and Hydrogen 

Non-polar gases, including oxygen and hydrogen, have a low solubility in water at room 

temperature. The increase in pressure results in an increased solubility of these gases in water. 

The same way, increasing the temperature to supercritical conditions will drastically increase 

their solubility in water [22]. The increase of oxygen and hydrogen concentrations in 

supercritical water will cause an accelerated corrosion process in metals that will have certain 

consequences for applications where the changes in temperature and pressure may release the 

dissolved oxygen and hydrogen to the environment [19]. 

2.3 Types of Corrosion and Parameters Influencing Corrosion 

The main corrosion mechanism observed at high temperature will be discussed below. The 

corrosion at high temperature is the direct reaction of a metal or its protecting oxide with 

aggressive gases [19]. The formation of a protective oxide layer (dense, stable and free of 

defects) on the metal surface helps to control the further propagation of corrosion, and with 

this, the useful life of the metal part can be extended. Failing to establish this layer will cause 

the uncontrolled propagation of different types of corrosion due to environmental attack. The 

main factors causing various types of corrosion will also be reviewed.  

General Corrosion 

General corrosion is the most common type of corrosion and can be located on the entire 

surface area of a metal as it is caused by a general instability of the surface film. Chemical or 

electrochemical reactions will cause the deterioration of the entire exposed surface of the 

metal [23]. In this case, none of the alloy components can form a protective layer on the 
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surface. It usually starts in the weakest points of the metal like grain boundaries or highly 

stressed area [24]. Pitting corrosion can often turn into general corrosion [23]. 

Pitting Corrosion 

Pitting corrosion is a kind of localized corrosion. Aggressive anions such as chloride or bromide 

exist in this environment. They attack and destroy the oxide protective film in localized areas, 

mainly grain boundaries or around inclusions in the metal, causing the appearance of small pits 

at the beginning of the process [25]. The increase in concentration of the anions also leads to a 

strong acidification of the solution inside the pits, as the corrosion progresses [26]. The increase 

in temperature accelerates the attach, ǘƘŀǘΩǎ ǘƘŜ ǊŜŀǎƻƴ ƘƛƎƘŜǊ ǘŜƳǇŜǊŀǘǳǊŜǎ ǇƛǘǘƛƴƎ ŎƻǊǊƻǎƛƻƴ 

occurs more readily [25]. It has a non-predictive nature which makes this type of corrosion 

insidious. 

Intergranular Corrosion (IC) 

Although not as common as other kinds of corrosion, IC can lead to the more dangerous stress 

corrosion induced cracking. Grain boundaries and surrounding areas have different chemical 

properties when compared to that within the grains. Metal phases such as carbides and nitrides 

can also be formed in the boundary regions. During the IC, grain boundaries or neighboring 

areas are attacked by different corrosion mechanisms. It can be observed under a wide range of 

environmental conditions and for many engineering materials [27]. An example of IC in nickel-

base alloy 625 in SCW is shown in Figure 11. 



 
 

21 
 

 

Figure 11. Example of IC in SCW [18]. 

Stress Corrosion Cracking (SCC) 

SCC is a type of corrosion that occurs under the combination of stress, material chemistry and 

environment. Since laboratory test conditions may not simulate the actual working 

environment of the materials, this mode of corrosion, if not realized, can cause catastrophic 

failures because of its nature [18]. Any changes to the chemical environment or stress condition 

can lead to unpredicted failures. At high temperatures it has been observed either water with 

high concentrations of hydrogen or oxygen accelerates SCC. It can be inter-granular or trans-

granular depending where in the grain structure the crack takes place [28].   

2.3.1 Parameters Influencing Corrosion 

The factors that control different kinds of corrosion seen above are very important when 

selecting materials for next generation SCW reactors. The following sections will analyze the 

most important environmental parameters. 

Temperature and Pressure 
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As discussed in previous sections, the variation in temperature and pressure will affect water 

physical properties such as density, ion product and dielectric constant. All these changes that 

take place near supercritical region will have an influence on the surface oxide layer or the base 

material itself.  According to previous research, the increase of temperature to supercritical 

region (500oC) will slow down the corrosion process, when comparing it to water at subcritical 

temperature (300oC) [18]. This is a direct result of the decreased density, ionic product and 

dielectric constant of the fluid.  An increase in pressure at supercritical temperatures will 

produce an increase in all of the physical properties of water mentioned above [19], they will in 

turn contribute to a higher dissolution rate of the metal protective oxide layer hence increased 

corrosion rate of the base material. Finally, the increase in temperature will accelerate many 

chemical reactions and elemental diffusion rates, thus has an effect on corrosion/oxidation rate 

of substrate materials [19]. 

Water Density, pH and Oxide Solubility 

The changes in water properties at high temperatures, produce variations in the solvent 

character of water that goes from a high polar solvent at high pressure (high density), being 

able to dissolve even non-polar gases and organic compounds, to non-polar solvent at low 

pressure (low density) [16, 19]. The pH value plays an important role in the solvent properties 

of water as well. 

If the solubility of oxides that are part of the oxide protective layer in a fluid is high, the rate of 

corrosion in the metal will increase quickly [19]. Pourbaix diagrams are maps that display the 

thermodynamic stability of metals, metals oxide and dissolution of components at a given 
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temperature, pressure and ionic concentration [29]. In the example shown in Figure 12, the 

relationship between electrochemical potential and pH values provides regions with minimized 

corrosion [29]. In each diagram, the region of least corrosion resides where the passive state 

prevails. A variation in pH or electrochemical potential outside the stability region will lead to 

an unstable condition in which the corrosion processes will be faster; for a chemical dissolution, 

it could lead to acidic or an alkaline dissolution depending upon pH values. Cr2O3 has a Pourbaix 

diagram similar to the one shown in Figure 12 [19].   

 

Figure 12. A general Pourbaix diagram for alloys oxide layers [18]. 

The increase in the production of ions shown in the water stability equation (Eq. (1)) due to a 

temperature increase will affect the pH values. A higher (more alkaline) or lower value (more 

acidic) of pH will produce oxide (formed on metal surface) dissolution at a constant 

electrochemical potential. Most engineering metals/surface oxides are affected by either 

alkaline or acidic dissolutions; chromium containing alloys have shown better stability and least 

corrosion among various metals tested in these acidic, neutral of alkaline conditions [18]. 
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There are three important elements that are part of many alloys being considered to be used in 

the next generation of reactors: Fe, Ni and Cr [29]. Pourbaix diagrams built at 25 MPa for 

temperatures of 350oC (subcritical) and 400oC (supercritical) for these three materials in water, 

show important differences. For the Iron-Water system (Figure 13), regions of immunity and 

passivity higher pH values regardless of potential are noticed in the supercritical conditions. 

This is different in subcritical conditions: when approaching values of supercritical temperature, 

the immunity region is separated from the passivity areas by corrosion regions [29].  

 

Figure 13. Pourbaix diagram of the Fe-H2O system at 400
o
C, 25 MPa, and 10

-12
 molar [29]. 

For Nickel, stability is observed at supercritical condition (Figure 14); just a small corrosion is 

noted when the acid levels are very high. In subcritical temperature, passivation regions are 

present when pH is close to neutral [29].  
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Figure 14. Pourbaix diagram of the Ni-H2O system at 400
o
C, 25 MPa, and 10

-8
 molar [29]. 

Chromium shows large passive regions composed as a result of the formation of chromite in 

subcritical conditions and a combination of chromite and chromium oxide in supercritical 

conditions (Figure 15) [29]. 

 

Figure 15. Pourbaix diagram of the Cr-H2O system at 400
o
C, 25MPa, and 10

-8
 molar [29].  
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Dissolved Oxygen and Electrochemical Potential 

The increase of temperature favors the solubility of non-polar gases like oxygen, hydrogen and 

nitrogen in water. The solubility of these gases in water at supercritical temperature and 

pressure is remarkably high [30]. The higher the amount of dissolved oxygen that is present in 

water the more damaging the corrosion and oxidation processes will be.      

The other type of dissolution that takes place at high temperature is the electrochemical 

dissolution, which is directly affected by the electrochemical potential and temperature. This is 

a process that takes place at a constant pH value. The reactions are considered as oxidation and 

they are greatly affected by variations in the electrochemical potential (or solubility of oxygen 

in the medium). For the formation of a stable oxide film (passive state), a certain value of 

electrochemical potential is needed; under or above this number, transpassive dissolution or an 

active dissolution (Figure 12) will occur [18]. As shown in Figure 16, Cr2O3 will move into 

transpassive state/dissolution (soluble Cr6+) when the electrochemical potential or solubility of 

oxygen is high. On the other extreme, Cr2O3 may dissolve (in the form of Cr2+) in alkaline 

medium when the electrochemical potential is low.  Nickel-based alloys have shown a strong 

corrosion resistance in this type of high oxidizing environments due to the formation of NiO 

[18]. 
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Figure 16. Schematic diagram of forming soluble chromates in acidic and alkaline solution [19]. 

In the most commonly used reactor materials (stainless steels and nickel-based alloys), 

chromium is added as oxide former to provide a protective surface layers [18]. In acidic 

solutions the formation of Cr (III) compounds leads a protective layer on the metal. When the 

electrochemical potential falls below where Cr (III) is stable, Cr(II) is formed, and active 

dissolution takes place at this state [18]. When the electrochemical potential goes above the 

stable value, the oxide layer loses its protective function and is dissolved via a transpassive 

dissolution process. Higher temperature accelerates the oxidation process and also changes the 

oxygen activity in the medium, thus chromium can fail to provide protection to the substrate 

alloy and bulk metal oxidation will take place [20]. 

Material Properties 

Addition of effective alloying elements is a very important factor in the mitigation of corrosion. 

As mentioned before, the presence of chromium helps to improve general corrosion resistance; 

it is useful in both mild acidic and oxidizing solutions and also improves pitting corrosion 
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resistance of the alloy [18, 29]. However, this protective nature is reduced at high 

temperatures. To enable an alloy to form a stable oxide layer, Niobium, Tantalum, Aluminum, 

Zirconium and Yttrium have been added to provide high temperature oxidation solutions [18]. 

Nickel is a suitable alloying element for both alkaline and neutral solutions at high temperature 

where its oxide forms a stable protective layer [18, 29]. 

Heat treatment has a direct effect on the grain boundaries chemistry, hence intergranular 

corrosion [18]. Surface conditioning is another important measure used to control the 

corrosion. It is known that polished surfaces are more corrosion resistance than non-polished 

ones, but once the corrosion progresses the corrosion rates may become higher [31]. More 

details about the effects of surface finish will be presented in future sections. 

Relation between Parameters 

The correlation between all parameters affecting corrosion is explained in Figure 17. All of them 

are dependent on the water properties, which are controlled by the pressure and temperature; 

these properties are mutually dependant. Previous research shows that the corrosion is low in 

low density solutions; it is the opposite for high density SCW in which corrosion is quiet high 

due to the higher extent of dissociation of acids, salts and bases and the increased solubility of 

salts [18, 19].      
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Figure 17. Interdependences of the corrosion factors in high-temperature water solutions [19]. 

Figure 18 shows the effects of high density SCW (higher pressure) on the corrosion processes in 

the case of HCl solution. The dissociation of acids, salts and bases and the solubility of salts 

increase with the density, and consequently accelerate the corrosion process. The protective 

oxide layers form on metal surface react with the solution and yield primary corrosion products 

in the form of salts. 

 

Figure 18. Experimental corrosion rates of general corrosion for two values of pressure caused by HCl solution 

[18]. 
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The occurrence of high corrosion rates at certain temperature-pressure regimes is shown in 

Figure 19. Corrosion is considered high when densities are above 200-300 kg/m3. At low 

temperatures, 300oC for example, a high corrosion rate is observed when the pressure is over 

10 MPa. At higher temperatures, for example 600oC, high corrosion rates occur under high 

densities created by a pressure of 65 MPa or more. 

 

Figure 19. Density range of high corrosion at different temperatures [18]. 

2.4 Oxidation and Corrosion in Superheated Steam  

In all power plants, for the power generating cycle to function the basic design must include 

components such as boilers/steam generators, tubes transporting the steam and turbines 

driven by high temperature steam. The nature of this steam can be saturated after it is 

produced in the boilers, or superheated when it is exposed to higher temperatures at the 

superheaters after leaving the boilers; the heating temperature depends upon the type of 

power plant and its design. The knowledge of high temperature steam properties and the main 



 
 

31 
 

mechanism of oxidation and corrosion characteristics of this environment are vital for the 

design of next generation of nuclear plants. 

2.4.1 Superheated Steam 

When steam reaches the temperature that is higher than its saturation temperature under a 

defined pressure, it is named superheated steam [32]. This temperature will be above 600oC for 

the Gen IV reactors, which is extremely high in comparison to that in conventional steam power 

plants. Besides this high temperature, high pressure is another parameter involved in the 

process. The use of the superheated steam will bring noticeable benefits among which the 

increase in thermodynamic efficiency of the cycle is the most important one [32]. It is also vital 

to know ǘƘŀǘΣ ŘǳŜ ǘƻ ƛǘǎ ƴŀǘǳǊŜΣ ǎǳǇŜǊƘŜŀǘŜŘ ǎǘŜŀƳ ŀƴŘ ǿŀǘŜǊ ǾŀǇƻǳǊ ŎŀƴΩǘ Ŏƻ-exist. A further 

addition of water to the superheated steam will cause the evaporation of the water and 

transform the mixture to saturated steam. Saturated steam also appears when the temperature 

drops to just above the saturation temperature. This transformation with superheated steam 

will remove the process of condensation and the presence of water; and with this, a reduced 

occurrence of steam plant failures such as water erosion in pipes and turbine blades. However, 

due to the elevated temperature the materials to be used in the superheated power plants will 

be exposed to oxidation, creep or thermal fatigue [33]; they have to be chosen with good 

mechanical properties and also good oxidation resistance.  

2.4.2 Alloying Addition and Their Roles in Oxidation and Corrosion Prevention  

The absence of liquid water and the behaviour of superheated steam (like a gas) will reduce 

oxidation and corrosion, but general corrosion and stress corrosion cracking are still present in 


















































































































































































































































