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Abstract 

As the Supercritical Water-cooled Reactor (SCWR) shows a promising future, the 

corrosion behavior of candidate materials has attracted great interest. In this study, 

experimental investigation was conducted to evaluate the corrosion behavior of 

the ferritic-martensitic steels designed for the use in SCWR. The steels were 

evaluated in supercritical water (SCW) with different dissolved oxygen 

concentrations at 500°C and 25MPa for up to 1000 hours. The effects of alloy 

elements, temperature, and dissolved oxygen concentration on the corrosion 

behavior of the ferritic-martensitic steels in SCW have been investigated. It was 

found that adding Si in alloy increased the corrosion resistance, whereas the 

addition of Mn showed the converse effect. Higher dissolved oxygen 

concentration accelerated the corrosion in SCW and decreased the effects of Si 

and Mn. Ultrasonic peening was also investigated to evaluate its effect on the 

corrosion in SCW. Significant improved corrosion resistance could be achieved 

by ultrasonic peening treatment. 
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Introduction 
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1.1 Motivation 

Selecting proper candidate materials is one key issue for the development of the 

supercritical water-cooled nuclear reactor (SCWR). Designing or choosing the 

most fitting materials means better sustainability, economics and safety. As the 

supercritical water (SCW) is a very aggressive corrosive media, corrosion 

becomes one challenging problem for the materials used in the SCWR.  

 

The corrosion performance of candidate materials in SCW can be affected by 

several factors, including material composition and structure, temperature and 

pressure of SCW, water chemistry, and exposure time. Enormous investigations 

have been taken to study the corrosion behavior of various candidate materials in 

different SCW environment, aiming to find the most fitting materials as well as an 

effective method to control corrosion in SCW. 

 

Ferritic-martensitic steels have been chosen as candidate materials to be used in 

the SCWR. Many efforts have been made to evaluate the corrosion performance 

of ferritic-martensitic steels in SCW environments. Some investigations have been 

conducted to study the effect of chemical composition on the corrosion behavior 

of ferritic-martensitic (F-M) steels in SCW. However, most of those investigations 

only focused on the effect of chromium content. Few studies have been taken to 
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study the effect of other alloy elements, such as Si and Mn, on the corrosion 

behavior of F-M steels. 

 

Several investigations to study the effect of grain refinement on corrosion 

behavior of F-M steels have been conducted over the past few years. The results 

of these research indicated that grain refinement is an effective approach to 

improve the corrosion resistance of ferritic-martensitic steels in supercritical water 

[1, 2]. Ultrasonic shot peening has been proved to be a highly effective method for 

surface grain refinement [5-7]. However, little data about the effect of ultrasonic 

peening on corrosion behavior of F-M steels in supercritical water can be found so 

far.  

 

1.2 Objectives and Scope 

As a part of the Generation IV Energy Technologies program, this investigation 

mainly focuses on the evaluation of the corrosion behavior of ferritic-martensitic 

steels in SCWR environments. The corrosion control method, ultrasonic peening, 

was also studied. The following are the main objectives of the present study: 

 Investigate the corrosion behavior of Si, Mn-containing ferritic-martensitic 

steels in supercritical water. 
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 Evaluate the effect of Si and Mn elements on corrosion behavior of F-M 

steels in supercritical water. 

 Evaluate the influence of ultrasonic peening on corrosion behavior of ferritic-

martensitic steels in supercritical water. 

 Evaluate the effects of other factors, such as exposure time and dissolved 

oxygen concentration on the corrosion in supercritical water. 

 

1.3 Thesis Organization 

The thesis consists of 6 chapters, including introduction, and 1 appendix.  

 

Chapter 2 is the literature review presented as background information on 

supercritical water, supercritical water reactor, corrosion of ferritic-martensitic 

steels and austenitic steels in supercritical water, corrosion control method, and 

ultrasonic peening .  

 

Chapter 3 introduces the experimental procedures and test and analysis facilities 

used in this study, including the specimen preparation. 
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Chapter 4 focuses on the corrosion behavior of designed ferritic-martensitic steels 

in supercritical water. Oxide structure and kinetics have been presented. The 

effects of minor alloy elements have been discussed in details.  

 

The discussion of the effect of surface peening on the corrosion of ferritic-

martensitic stainless steel in supercritical water environments presents in Chapter 

5. 

 

Chapter 6 discusses the effect of dissolved oxygen on the corrosion of ferritic-

martensitic stainless steel in supercritical water environments. 

 

Additional information that was deemed too detailed to include in the body of the 

thesis is presented in appendix. 
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Chapter 2 

Literature Review 
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2.1 Supercritical Water Reactor and Supercritical Water 

Supercritical Water-cooled Reactor (SCWR) is one of the most promising 

Generation IV nuclear reactor concepts. The SCWR has many advantages over 

the current water-cooled nuclear reactors, such as Light Water Reactor (LWR), 

Pressurized Water Reactor (PWR) and Boiling Water Reactor (BWR). Figure 2.1 

illustrates one design of SCWR [111]. The SCWR offers much improved thermal 

efficiency of 44-50%, compared to 33-35% [3] for the current-generation LWRs. 

A reduction in the size of the reactor coolant pumps, piping, and associated 

equipment can be achieved because of the higher enthalpy coolant used. There is 

no boiling crisis (i.e. departure from nucleate boiling or dry out) due to the lack of 

a second phase in the reactor, thereby avoiding discontinuous heat transfer 

regimes within the core during normal operation [3]. Overall the SCWR concept 

offers a simplified, volume reduced, safer system with high thermal efficiency. 
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Figure 2.1 - One SCWR system design [111]. 

Supercritical water, as the water is above its critical point (374°C, 22.1 MPa), is a 

very unique chemical media. Water in supercritical state exhibits properties 

significantly different from those of either liquid water or vapor gas. The physical 

and chemical properties of supercritical water have been investigated and 

reviewed by E.U. Frank and co-workers in detail [25]. Supercritical water acts 

like a dense gas and its density can vary with temperature and pressure from less 

than 0.1 g/cc to values similar to that of water below the critical point. Figure 2.2 

shows the density change of water when crossing the critical point [3]. At a 

certain temperature, a drop of density and ionic product of high-temperature water 
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can be observed (Figure 2.3). With increasing pressure, this drop shifts toward 

higher temperatures and its step height decreases. Supercritical water has both 

liquid-like and gas-like characteristics, high diffusivity and good heat-transporting 

properties [3]. It is a medium with excellent transport properties, and possesses a 

complete solvency for most gases [5, 6] and organic compounds [7-9]. The ionic 

product of high-temperature water versus temperature is shown in Figure 2.4 [3]. 

At low pressures, water behaves as a non-polar solvent with low self-dissociation. 

High pressure can increase the ionic product of SCW to values above those found 

for water at ambient conditions. In the region near the drop of density and ionic 

product mentioned above, a slight change of temperature and pressure has a huge 

effect on the physical and chemical parameters of SCW. Chemical reactions 

taking place in water of high density are dominated by ionic pathways while 

radical reactions favor low-density water. High-density supercritical water is not 

only a good solvent for organic compounds, but also for gases and salts. All these 

special characters lead to interesting applications of supercritical water as listed in 

Table 2.1 [3].  
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Table 2.1 - Applications of supercritical water [3]. 

Application Properties exploited 

Chemical reactions High solvency for organics, 

Hydrothermal syntheses Solubility 

Waste oxidation High solvency for organics and oxygen 

Radioactive waste reduction High solvency for organics and oxygen 

Biomass conversion High solvency for organics 

Plastic degradation High solubility of monomers 

Synthesis of nano-particles Low solubility of salts 

 

 

Figure 2.2 - Phase diagram of water and schematic course of density versus 

pressure and temperature [3]. 
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Figure 2.3 - Drop of physical properties of high-temperature water at different 

pressures [3]. 

 

Figure 2.4 - Ionic product of high-temperature water and steam at different 

temperatures versus pressure [3]. 

 

2.2 Corrosion in supercritical water 

Supercritical water at the low density is a non-polar solvent and can dissolve 

oxygen and other gases with complete miscibility. Depending on what species are 
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present and how much oxygen is in the solution, supercritical water could become 

a very aggressive oxidizing media that may cause severe corrosion and stress 

corrosion cracking for the materials exposed to SCW environments. 

 

Even with significant industry experience gained from using supercritical water in 

fossil plants [10, 11], there are still many challenges to use SCW in a nuclear 

reactor. One vital issue is caused by the geometry of the SCWR. The tubes used in 

a fossil-fired boiler usually have relatively thick walls, approximately 6-12 mm in 

thickness. In an SCWR, the wall thickness of the fuel rod cladding is 0.63 mm and 

the wall thickness for the water rods is 0.40 mm [3]. Therefore, the very thin 

components do not provide much margin for corrosion in the cores of supercritical 

water reactors. Oxide films of several hundred micrometer thickness are tolerant 

for boiler tubes with a typical wall thicknesses of 6-12 mm, but are unacceptable 

for water rods or fuel cladding for SCWR [13]. 

 

Another issue for developing the SCWR comes from irradiation in a nuclear 

reactor which can affect both the water chemistry and the alloy microstructure. 

Radiolysis can result in an increase in the concentration of oxygen and other 

oxidizing species such as H2O2 that raise the susceptibility to corrosion and stress 

corrosion cracking [3]. Radiolysis is not at all understood in supercritical water 
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and pioneering experiments are just now underway. It is difficult to estimate the 

influence of irradiation on supercritical water because of the very high-

temperature and significantly different properties of supercritical water compared 

to subcritical water. The most challenging part is the understanding of the effect 

of irradiation on the microstructure and how these changes influence stress 

corrosion cracking. Irradiation assisted stress corrosion cracking has been found 

on all austenitic and nickel-base alloys used in light water reactors. [16, 20] 

 

Corrosion behavior has been studied in supercritical water for ferritic-martensitic 

steels, austenitic stainless steels, Ni-base alloys, Zr-base alloys, and Ti-base alloy 

[5-11, 99-115]. The test temperatures were generally ranged from 290 to 750 ℃ 

with dissolved oxygen concentration ranging from <10 ppb to 8 ppm. Exposure 

time for corrosion tests have ranged from 100 to over 1000 hours. In stress 

corrosion cracking studies, the effect of chemical species have been examined, 

such as H2SO4, HCl, H2O2, NaCl [3, 83, 110]. The effect of system pressure on 

stress corrosion cracking has been investigated as well. Kinds of test facilities, 

such as tube capsule, autoclave and simulative loop, made of variety of materials 

have been used for supercritical water exposure. 
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Numerous mechanisms have been proposed to for the oxidation occurred in SCW. 

Those models differ in the assumption of the rate-determining process: the 

transport mechanism through the oxide film, and the driving forces of these 

transport mechanisms, etc. For a particular metal, the reaction kinetics will be a 

function of surface characteristics of the samples, temperature, time of reaction, 

water chemistry and pressure. 

 

Oxidation kinetics are commonly classified into three relationships, including 

logarithmic, parabolic and linear. However, those models only represent limiting 

and ideal cases. Deviations and intermediate rate equations are often encountered. 

In some cases it is difficult or even impossible to verify the validity and the 

correctness of the various models and parameters involved in the equations 

derived. Hence, it can be difficult to fit rate data to simple rate equations. In the 

following, a selection of the most important kinetics for high temperature 

oxidation will be briefly reviewed. The oxidation kinetics of a large number of 

metals at low temperatures (< 400°C) can be described by logarithmic rate 

equations:  

Direct logarithmic: 

                              (2-1) 

Inverse logarithmic:  
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                        (2-2) 

where x represents the thickness of the oxide film, t denotes the time, klog and kil 

represent the rate constants, and A and B are integration constants.  

 

At high temperatures, the oxidation of many metals is found to follow a parabolic 

time dependence:  

                     (2-3) 

where kp represents the parabolic rate constant.  

 

High temperature parabolic oxidation features that a thermal diffusion process is 

the rate determining process. Such a process may include a uniform diffusion of 

one or both of the reactants through a growing compact scale.  

 

Linear oxidation can be described by:  

                    (2-4) 

where kl is the linear rate constant. In contrast to the parabolic and logarithmic 

equations, which the reaction rates decrease with time, the rate of linear oxidation 

is constant with time. In this case a surface or phase boundary process or reaction 

may be the rate determining process [135]. 
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2.2.1 Ferritic-martensitic steels 

Ferritic-martensitic steels were selected as the candidate materials for supercritical 

water reactor because of their high thermal conductivity, low thermal expansion 

coefficients and good radiation resistance. Ferritic-martensitic steel contains two 

phases: ferrite and martensite. Ferrite, also known as α-ferrite (α-Fe) or alpha iron, 

is a materials science term for pure iron, with a body-centered cubic crystal 

structure. It is this crystalline structure which gives steel and cast iron 

their magnetic properties, and is the classic example of a ferromagnetic material 

[133]. Martensite is produced in carbon steels by the rapid cooling (quenching) 

of austenite at a high rate, in which carbon atoms do not have time to diffuse out 

of the crystal structure to form cementite (Fe3C). As a result, the face center cubic 

austinite transforms to a highly strained body centered cubic form of ferrite that is 

supersaturated with carbon [134].  

 

The addition of alloy elements has great effect on microstructure and mechanical 

property of steels. The Si addition usually accelerates the recrystallization of 

ferrite during heating in the intercritical temperature range, which in turn 

promotes the formation of austenite through the nucleation process, followed by 

grain growth. Addition of Si favors the formation of a homogeneous austenite of 

higher hardenability resulting in a higher volume of martensite in the final 

http://en.wikipedia.org/wiki/Iron
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structure. Thus, a silicon-bearing steel has been demonstrated to possess a higher 

strength in comparison with Si-free steel [139]. Manganese is added to steel to 

improve hot working properties and increase strength, toughness and 

hardenability. Manganese, like nickel, is an austenite forming element and has 

been used as a substitute for nickel in the A.I.S.I 200 Series of Austenitic stainless 

steels [138]. The addition of alloying elements also has an important impact on 

oxidation properties. Generally, alloying with silicon reduces the oxidation rate. 

The oxide scale thickness decreases with increasing Si content. This is explained 

by the formation of a silicon-14 rich layer at the scale/steel interface due to its less 

noble behaviour than iron. A SiO2-rich inner scale layer could be observed with 

alloys containing Si more than 2 wt%, which results in a reduced oxidation rate 

[139]. The presence of the Mn element has a detrimental effect on the oxidation 

resistance, resulting in enhanced scale-growth rates during isothermal exposure 

and increased incidences of scale failure at high temperatures. This is largely due 

to relatively rapid diffusion of manganese across the Cr2O3 scale and formation of 

MnCr2O4 spinel on its outer surface [140].  

 

So far, the following ferritic-martensitic steels have been studied: T91, T22, 

HCM12, HCM12A (T122), NF616 (T92), P2 and variety of oxide dispersion 

strengthened steels including JAEA 9Cr ODS, MA 956 and (14-22)Cr-4Al 
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version [1-9]. Surface modifications, like the implantation of oxygen and yttrium 

and shot peening, have also been studied on ferritic-martensitic steels in SCW [3, 

106, 108]. 

 

It was found that a dual-layer oxide is formed on the surface of ferritic-martensitic 

steel when exposed to SCW with low dissolved oxygen concentration (less than 

300 ppb) [106]. A typical oxide scale with a two distinct layers was formed on 

ferritic-martensitic steel after SCW exposure as shown in Figure 2.5. The outer 

oxide layer predominantly consists of iron oxide while the inner oxide layer 

contains a significant amount of chromium, iron oxides. For 300 ppb and lower 

dissolved oxygen concentration, XRD data have indicated the outer oxide layer is 

magnetite and the inner layer is an iron chromium spinel (Fe, Cr)3O4 [108]. 
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Figure 2.5 - Cross-section image and EDS of HCM12A exposed to 600℃ SCW 

containing 25 ppb dissolved oxygen for 1026 h [3]. 

 

For the SCW tests with high (2000 ppb) dissolved oxygen concentration, a 

hematite layer has been found on the dual layer oxide structure. The formation of 

a three-layer oxide in high oxygen concentration and a two-layer in low oxygen 

concentration is consistent with predicted stable phases [24]. In addition, the EDS 

profile in Figure 5 shows that an internal oxidation transition layer underneath the 

inner spinel layer exists [24]. 

 

A strong correlation between increasing temperature and increased oxidation has 

been found for all ferritic-martensitic steels [25]. Using HCM12A as an example, 
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the effect of temperature and time on the growth of oxide on ferritic-martensitic 

steels can be seen in Figure 2.6 and 2.7 [80]. At 500℃ and 600℃, the growth of 

the oxide roughly follows parabolic kinetics and the exponent is about 0.4 for this 

material in these tests. At temperature below the critical point, very little oxide 

growth can be observed even up to 1026 h. The growth of oxide increases 

significantly with the increasing of SCW temperature from 350℃ to 600℃. The 

activation energies of the oxidation of T91, HCM12A and HT9 in SCW at 

temperatures ranging from 400℃ to 600℃ have been estimated to be 189, 177 

and 172 kJ/mol, respectively [104]. 

 

Extensive experiments conducted by Graham and Hussey [26] have suggested that 

for Ni, Cr, Fe, and Fe-Cr alloys, the outer oxides grow predominantly by outward 

diffusion of cations. In particular, the activation energy for the diffusion of iron in 

Fe3O4 is 230 kJ/mol, for nickel in NiO the value is 234 kJ/ mol, and for chromium 

in Cr2O3, the value is 420 kJ/mol [32]. The activation energy for diffusion of 

oxygen in Fe2O3 is 610 kJ/mol [31], and that for Fe3O4 is considerably small. 

However, the diffusion coefficients cannot account for the measured oxide 

thickness. Nevertheless, evident results suggest that the inner oxide layer grows 

by the inward diffusion of oxygen. The diffusion through short-circuit paths, such 
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as pores, cracks and grain boundaries, accounts for the high oxidation rates 

observed. 

 

According to the results showed in Figure 2.6, for the time range up to 1026 

hours, the oxide scales developed on ferritic-martensitic steels are stable, and 

could maintain a constant average density, and do not spall from the surface 

[106]. The weight gain data showed in Fig. 2.6 are proportional to the oxide 

thickness. The oxide density is greater for samples exposed to SCW with high 

oxygen concentration (2000 ppb) rather than samples exposed to SCW with low 

dissolved oxygen concentration (25ppb). Plan view and cross-sectional images of 

the oxides do not show any spallation [106].  
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Figure 2.6 - Weight gain as a function of oxide thickness for HCM12A exposed to 

25 ppb and 2000 ppb oxygen at 500℃ [106]. 

 

The oxide growth rate and associated weight gain of ferritic-martensitic steels are 

correlated to the dissolved oxygen concentration as shown in Figure 2.7 [104] 

which shows the corrosion of alloy HCM12A in SCW. For oxygen concentration 

from 10 ppb to 300 ppb, the weight gain which indicates the oxide growth, 

decreases slightly with the increase of dissolved oxygen concentration. However, 

the weight gain experiences a sharply increase when the oxygen concentration 

goes up to 2000 ppb, due to the enhanced oxidation. In addition, the formation of 

a hematite layer formed over the outer layer at the higher dissolved oxygen 

content supercritical water also plays an important role in the significant weight 

gain increase observed on samples exposed to 2000 ppb dissolved oxygen 
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supercritical water. No significant hematite crystal has been found for the tests 

with 10-300 ppb dissolved oxygen, in which case the oxidation was the slowest 

[37]. 

 

 

Figure 2.7 - Weight gain as a function of temperature for HCM12A exposed to 

low oxygen concentration supercritical water for 1026 hours [104]. 

 

For conventional ferritic-martensitic steels, increasing the bulk chromium 

concentration reduces the weight gain due to oxidation. An example of this 

correlation is shown in Fig. 2.8 where the 9 at.% Cr alloy NF616 has a greater 

weight gain than the 12 at.% alloy HCM12A [104]. The same trend is seen in the 

weight gain data for T91 (9Cr) and HT9 (12Cr) for all temperatures and times 

evaluated [130]. The results obtained by Cho and Kimura [16, 25], as well as Jang 



- 23 - 

 

[39] who tested ferritic-martensitic steels over a range of Cr content, also show 

that increasing Cr content led to the decrease of weight gain. However, different 

corrosion behavior was observed in oxide dispersion strengthened ferritic-

martensitic steels. It has been found that the JAEA 9Cr ODS alloy shows the 

lowest weight gain of all the tested ferritic-martensitic steels presented in Figure 

2.8 [108]. 

 

 

Figure 2.8 - Weight gain as a function of time for NF616, HCM12A, and 9Cr 

ODS exposed to low oxygen concentration supercritical water at 600℃ [108]. 

 

2.2.2 Austenitic steels 

Austenitic steels were selected as one of the candidate materials for supercritical 

water reactor systems because of their good corrosion resistance and relative high 
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radiation resistance compared to Ni-based alloys. So far, the following austenitic 

steels have been investigated by international programs: 304L, 304, 304H, 316L, 

316, 310S, D9 and 800H. 

 

Most results of SCW corrosion tests for austenitic steels show that the oxide scale 

formed consists of a two- or three-layer structure, similar to the oxide scales 

formed in air, vacuum and subcritical water [57-59]. The outer oxide layer 

generally consists of magnetite, and inner oxide layer is rich in chromium and 

consists of either an iron-chromium spinel or an iron chromium oxide with a 

hematite structure [11, 50, 59]. As in the case of ferritic-martensitic steels, an 

internal oxidation layer is also observed between the inner oxide layer and the 

base metal. It is evidenced by a gradually decreasing oxygen diffusion profile in 

this transition zone. 

 

A typical structure and composition profile for an oxide scale grown on austenitic 

steel (800H) is shown in Figure 2.9 [30]. The oxide structure is somewhat similar 

to those formed in ferritic-martensitic steels, except that the outer oxide layer is 

composed of both magnetite and hematite. 
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Figure 2.9 - Cross-section of oxide formed on Alloy 800H exposed to 500 ℃ SCW 

with 25 ppb dissolved oxygen concentration for 505 hours [30]. 

 

An additional difference between austenitic and ferritic-martensitic steels is the 

adherence of the outer oxide layer. In many of the austenitic stainless steels with 

higher bulk concentrations of nickel and chromium, the outer oxide layer has a 

tendency to spall, as demonstrated in the plan-view images from D9 exposed to 

SCW at 500 °C with a dissolved concentration of 2000 ppb as shown in Figure 

2.10 [60]. 



- 26 - 

 

 

Figure 2.10 - SEM surface morphologies of the D9 samples after exposure to 

2000 ppb SCW at 500 °C for (a) 168 hours, (b) 335 hours and (c, d) 503 hours 

[60]. 

 

Austenitic stainless steels usually showed a smaller weight gain than ferritic-

martensitic steels [11,13,56]. An example of typical kinetics for tests to 1026 h is 

shown in Figure 2.11 for alloy D9. For 500 °C and 600 °C, the oxide kinetics 

appears parabolic, but the data scatter is greater in austenitic alloys than in ferritic-

martensitic steels. In some austenitic alloys, a portion of this scatter is attributed 

to spallation. The oxidation rate in austenitic alloys is smaller than in ferritic-

martensitic alloys. The relation between oxidation rate and temperature is similar 

with ferritic-martensitic steels. The oxidation rate of austenitic steels increases 
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dramatically with increasing temperature. Activation energy has been calculated 

for some austenitic steels, specifically 210 kJ/mol for 304L and 214 kJ/mol for 

316L, higher than the energy measured in T91, HCM12A, and HT9 [104]. 

 

 

Figure 2.11 - Weight gain as a function of time for D9 exposed to low oxygen 

concentration supercritical water at 360 ℃, 500℃ and 600℃ [41]. 

 

The effect of dissolved oxygen is not straightforward for austenitic alloys as that 

for ferritic-martensitic steels. This is illustrated in Figure 2.12 for D9 and Figure 

2.13 for 316 and 316L [43].  
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Figure 2.12 - Weight gain as a function of time for D9 exposed to 25 ppb and 

2000 ppb oxygen concentration at 500℃ [43]. 

 

 

Figure 2.13 - Weight gain rate as a function of temperature for 316L exposed in 

< 10 ppb dissolved oxygen (blue circles), 316L exposed in 8000 ppb dissolved 

oxygen (green diamonds), 316 exposed in 25 ppb dissolved oxygen (red triangles), 

and 316 exposed in 2000 ppb dissolved oxygen (black squares) [41,43]. 
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For D9 exposed at 500 °C, at short times, the weight gain is smaller at very high 

(2000 ppb) dissolved oxygen than at low (25 ppb dissolved oxygen). At longer 

times (between 333 and 505 h), the oxidation rate of the D9 exposed to 2000 ppb 

dissolved oxygen increases significantly. It is noted for the D9 samples exposed to 

25 ppb oxygen content, particularly for longer exposure times that the weight gain 

remains nearly constant, which may be attributed to oxide spallation in these 

alloys. The weight loss due to spallation counterbalances the weight gain due to 

the growth of the oxide layer [3]. Weight gain rate for 316 and 316L as a function 

of temperature from this work is compared to that of Kasahara et al. [23], who 

exposed 316L in a static autoclave at 8000 ppb dissolved oxygen, in Figure 2.13. 

At low temperatures, the oxidation is minimal and no significant difference is 

noted between 316 and 316L or between exposures at different oxygen 

concentration. At 500 ℃, higher dissolved oxygen leads to greater weight gain in 

316. At 550 ℃, the weight gain rate is actually higher for the deoxygenated (<10 

ppb) case than for the 8000 ppb case. Therefore, the effect of oxygen is not as 

straightforward in the austenitic steels as was seen in the ferritic-martensitic steels 

and more study is needed to identify the optimal oxygen concentration to 

minimize corrosion. 
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The trends in weight gain as a function of time for three austenitic alloys exposed 

to 20–25 ppb dissolved oxygen are shown in Figure 2.14. The weight gain is 

always the smallest for 800H, but the fluctuations in weight gain were observed 

indicating the oxide spallation that may occur for this alloy. The relative weight 

gain of 316 and D9 differ as temperature varies. D9 has a greater weight gain at 

500 ℃  and 316 has a greater weight gain at 600 ℃ . The effect of bulk 

composition is not as straightforward in the austenitic steels as was seen in the 

ferritic-martensitic steels and greater study is needed to identify optimal alloying 

concentrations required to form thin stable oxides [3]. 
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Figure 2.14 - Weight gain as a function of time for D9, 316, 800H exposed to low 

oxygen concentration supercritical water as 500℃ and 600℃ [3]. 

 

2.3 Corrosion Control Methods  

As mentioned before, the water rod wall for the SCWR is as thin as about 0.5mm. 

After only 1000 hours exposure in SCW at 600℃, the thickness of the oxide scale 

grown on HCM12A is approximately 65μm, about 14% of the thickness of the 

water rod wall. So the oxidation should be reduced for ferritic-martensitic steels to 

make it acceptable for the application in a SCWR. 
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One method to improve the corrosion resistance is using ODS alloy as shown in 

Figure 2.8. The ODS steels show lower oxidation than conventional ferritic-

martensitic steels. There increased corrosion resistance of ODS steels can be 

attributed to the two aspects. First, ODS steels include nanometer sized Y-Ti-O 

particles which are added for strengthening. After supercritical water exposure, 

ODS steels has a much deeper internal oxide layer. Thus the net conversion of 

metal to spinel appears to be driven by oxygen diffusion into the metal rather than 

cation diffusion to the oxide surface. Detailed microscopy indicates that the 

formation of Y-Cr-rich oxides along grain boundaries in the steel near the metal-

oxide interface may block the cation diffusion [16]. As the inner spinel layer 

formed on ODS alloy is thinner, more porous and density lower, a smaller weight 

gain in ODS steels is observed. Second, the grain sizes of ODS steels are smaller 

than conventional ferritic-martensitic steels. The increased diffusion length may 

slow oxidation. 

 

The other promising method to slow the oxidation of ferritic-martensitic steels in 

supercritical water is surface modification, including composition modification 

and grain size refinement. For surface composition modification, both oxygen and 

yttrium have been implanted into the surface of various ferritic-martensitic steels. 
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The weight gain changes of tested ferritic-martensitic steels with various surface 

implantation conditions are shown in Figure 2.15 [3]. 

 

 

Figure 2.15 - Effect of oxygen and yttrium surface implantation at 500℃, and 

600℃ on T91, HCM12A, HT9, NF616, and 9Cr ODS [3]. 

 

At 500℃, oxygen implantation reduced the weight gain in HCM12A, HT9, and 

T91[3]. Associated with the reduction in oxide thickness in HT9, a change in the 

oxide texture is observed early in the development of the oxide, but after longer 

time exposure, the texture are similar between samples with and without oxygen 

pre-implantation [67]. One possible explanation for the texture is that 

bombardment with oxygen ions may increase nucleation sites with certain 

preferred orientations at the initial stage of oxide formation, resulting in a denser 

textured oxide layer. Another possibile reason is that, among randomly orientated 

initial grains, some with certain crystal orientations grow faster than the others to 
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release the stress introduced by the ion implantation. At 600℃, the oxygen pre-

implantation is not an effective method to reduce the oxidation in supercritical 

water, but yttrium strongly reduced the oxidation rate in both NF616 and 

HCM12A. It has been proved that a thin layer of yttrium incorporated into the 

magnetite layer could reduce the oxidation by approximately 50% [50]. 

 

Grain refinement is considered as a promising approach to control the corrosion of 

ferritic-martensitic steels. Grain boundaries are regarded as ‗‗short-circuit‘‘ paths 

for the diffusion of elements, and hence play an important role in the 

oxidation/corrosion performance of materials. Grain refinement can lead to 

enhanced diffusion of elements from the bulk to the surface since the diffusion 

coefficient along GBs can be several orders of magnitude higher than that in the 

bulk lattice [61, 70]. This can also promote a quicker formation and self-healing 

of protective oxide scales [48]. Studies on nanocrystallized 304 stainless steel 

oxidized in air with 0–40% water vapor in the temperature range of 700 to 900℃, 

showed no breakaway oxidation, whereas in coarse-grained samples of the same 

material, breakaway oxidation was observed [39]. This improvement was 

attributed to sufficient outward diffusion of chromium through an abundance of 

GBs in the nanocrystallized samples that resulted in the formation of a protective 

Cr-rich oxide layer rather than a non-protective Fe-rich oxide layer. 
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According to the approaching method and affected area, grain refinement can be 

divided into two categories, general grain refinement and surface grain 

refinement. General grain refinement is usually achieved by cold work and heat 

treatment, by which the whole material will be grain refined. For the surface grain 

refinement, which usually approached by shot peening or ultrasonic peening, only 

the surface of the material will be grain refined and the depth of the fine grain 

layer is usually about 100 μm. Y. Tsuchiya, etc. have investigated the effect of 

general grain refinement on corrosion behavior of austenitic steels in subcritical 

and supercritical water [24]. The time dependency of the weight change of the 

austenitic stainless steel at 550oC in SCW is shown in Figure 2.16. The weight of 

Type 316L SS and Type 304L SS increased when the duration time exceeds to 

around 400 hours. The weight changes of Type 310S, fine grain 304L SS and fine 

grain 310S SS were remarkably smaller than those of Type 316L SS and Type 

304L SS. It is found that the influence of Cr content and grain size becomes 

remarkable at 550
o
C. The corrosion rates of the austenitic stainless steels at 

550oC are shown in Figure 2.17. The corrosion rate decreased in the order of 

Type 304L SS>Type 316L SS >>Type 310S SS>> fine grain 304L SS> fine grain 

310S SS. Comparing the oxidization and release, Type 316L SS and Type 304L 

SS were dominated by oxidation, and Type 310S SS has a larger rate of oxidation 

with a noticeable amount of dissolution. The comparison of the corrosion rate of 
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normal grain with fine grain austenitic stainless steel indicates the fine grain 

material has remarkably lower corrosion rate. Thus, the improvement of corrosion 

resistance at 550
o
C was realized by means of the grain refinement. 

 

 

Figure 2.16 - Time dependency of weight change of austenitic steels at 550℃ 

[83]. 

 

Figure 2.17 - Corrosion rates of austenitic steels at 550℃ [83]. 
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2.4 Surface Grain Refinement  

Actually, the majority of failures of engineering materials are very sensitive to the 

structure and properties of the material surface, and in most cases material 

corrosion and failures occur on the surface. Therefore, optimization of the surface 

structure and properties may effectively enhance the global behavior of materials. 

Surface grain refinement is one of the promising methods to control the corrosion 

in supercritical water.  

 

2.4.1 Shot Peening 

Shot peening as one of the surface grain refinement methods has been proved to 

be effective to improve the corrosion resistance of ferritic-martensitic steels in 

supercritical water [22]. Ren et al. have investigated the corrosion behavior of 

grain refined commercial F/M steels and binary model alloys in SCW with 25 ppb 

dissolved oxygen at 500 
o
C for up to 3000 h. Improved corrosion resistance was 

observed for the sampes after grain refinement, which attributed to the formation 

of a Cr-rich or chromium oxide layer facilitated by the enhanced diffusion of 

chromium through dense GBs produced by grain refinement. Shot Peening also 

reduced the critical chromium content to form a continued chromium oxide layer 

from about 18 wt% in the as-received condition to about 15 wt% in the Fe-Cr 

model alloys. It can be seen that the grain refinement effect becomes more evident 
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with increasing chromium contents and the worst case was observed in NF616 

which has the lowest chromium concentration. The inner spinel compound layer 

was found to be more effective to increase the corrosion resistance with increasing 

chromium content because its structure is more ordered with chromium resulting 

in a lower diffusivity [16]. By shot peening, both outward diffusion of chromium 

and iron are enhanced through abundant GBs, and therefore the chromium content 

in the base steel has to be high enough to form an effective diffusion barrier layer. 

Otherwise, the enhanced diffusion of iron will be deleterious to the corrosion 

resistance of shot-peened samples, as observed in NF616. In the shot-peened 

NF616, chromium content is higher in the inner oxide layer (~14 at%) compared 

to the as-received sample (~8 at%), but it is still not as high as the shot-peened 

HT9 (~18 at%),. Other minor elements in these commercial steels may have 

considerable influence on grain refinement effects in certain cases. T91, another 

9Cr F/M steel only has a slightly higher chromium content than NF616, shows a 

significant improvement in corrosion resistance by grain refinement. This 

probably caused by the higher silicon content in T91 than that in NF616 and 

silicon can facilitate the diffusion of chromium [27]. The grain refinement effect 

is also influenced by exposure Time. The improvements of corrosion resistance 

become more evident after long-time exposure and appear saturated after 1700 

hours.  
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2.4.2 Ultrasonic Peening 

2.4.2.1 History  

The following is a summary of a more detailed historical review of ultrasonic 

peening based on the review given by Kudryavtsev et al. and other literatures[74] 

. Research on ultrasonic treatment of metals started in the 1950s in the U.S.A., 

Austria and the former Soviet Union. This research was rather theoretical and 

mainly concentrated on demonstrating the beneficial effect of ultrasound on 

ductility and strength properties of metals. At the same time first attempts were 

made to improve the geometry of welded joints through deformation treatment 

employing ultrasound. However, these attempts showed little success. The main 

problem lay in the design of the equipment for ultrasonic treatment. In the 1960s 

and 70s, advances in equipment design were achieved in the U.S.A. and the 

former Soviet Union. Intensive investigations were especially carried out at the 

Institute for Metal Physics (IMP) in Kiev, developed the still employed 

intermediate element-striker technology (see next section). With the technology at 

hand, the IMP started to focus on improving the fatigue behavior of welds, but 

due to political boundaries these findings were mainly kept to the Eastern 

European scientific and industrial world. Only after the fall of Communism, the 

benefits of weld improvement treatment by ultrasonic peening became better 

known in the West, leading to close cooperation between the IMP and the 



- 40 - 

 

Western industry. Presently, the research mainly concentrates on developing 

optimal and user friendly applications of ultrasonic peening for the industry, 

employing expert systems [65]. 

 

2.4.2.2 Mechanism 

In ultrasonic peening the strikers (hammer or needles) are activated by a 

transducer. In the early models of ultrasonic peener the strikers were directly 

attached to the transducer, resulting in uneconomical use of the ultrasonic energy 

and difficult handling of the tool. The development of the intermediate element-

striker technology allowed for a much more optimal use of the ultrasonic energy. 

This technology is still state of the art and is explained in the following [71, 74]. 

The two basic tools for ultrasonic peening consist of a generator and a transducer 

as shown in Figure 2.18. The generator supplies the electrical energy, which is 

converted into ultrasonic vibrations by either a magnetostrictive or piezoelectric 

transducer. Magnetostrictive transducers use the property of certain materials to 

expand and contract when placed under changing magnetic fields. First, the 

ultrasonic energy from the generator has to be transformed into an alternating 

magnetic field through the use of a wire coil. Resonant strips of the 

magnetostrictive material are then used to induce the desired vibrations. 
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Piezoelectric transducers use a similar principle by changing the dimensions of a 

material susceptible to electrical charge. Since the electric energy is directly 

transformed into ultrasonic vibrations, piezoelectric transducers are more efficient 

than magnetostrictive transducers, which require dual energy conversion from 

electric to magnetic to ultrasonic. The efficiency of modern piezoelectric 

transducers is over 95% compared to roughly 35% for typical magnetostrictive 

transducers. Furthermore, magnetostrictive transducers are normally heavier due 

to their need for a water cooling system. Therefore, piezoelectric transducers are 

more commonly used today [72]. 

 

Modern transducers employ the intermediate element-striker technology. Figure 

2.19 shows a schematic section through an ultrasonic tool [76]. The forced 

oscillation of the ultrasonic transducer (1) is transferred to a concentrator of 

oscillating velocity, called waveguide (2). The output end of the waveguide 

impacts upon the strikers (3), which are not connected to the transducer (1) and 

thus free to move. At the output end of the waveguide the ultrasonic oscillation 

(A) is transformed to impacts (B), which indent the work piece (4). A complex 

interaction between the waveguide, the strikers, and the work piece results in a 

superposition of non-periodic stress pulses and ultrasonic periodic stress waves in 

the work piece.  



- 42 - 

 

 

Figure 2.18 - Ultrasonic generator and transducer. 

 

Figure 2.19 - Mechanism of ultrasonic peening [76] 

 

2.4.2.3 Application 

Most of the applications of ultrasonic peening are focus on improving the fatigue 

performance so far. However, as the effect is similar with shot peening, ultrasonic 
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peening has been investigated to control the corrosion of some austenitic steels. 

According to the research from Korean and Ukraine, it is effective to use 

ultrasonic peening to improve the corrosion resistance of AISI 304 and AISI 321 

stainless steels in room temperature [78]. However the corrosion tests in their 

study were potentiodynamic polarization measurements in 0.5 M H2SO4 at room 

temperature and cyclic potentiodynamic polarization measurements taken in 3.5 

wt.% NaCl at room temperature. The conditions are quite different from that in 

supercritical water. For the effect of ultrasonic peening on corrosion behavior of 

stainless steels or alloy, very little data can be found nowadays. More study is still 

needed to study this promising corrosion control method for improving the 

corrosion resistance in supercritical water. 
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Experimental 
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3.1 Materials and Preparation 

In order to investigate the corrosion behavior of ferritic-martensitic steels in 

supercritical water, five kinds of ferritic-martensitic steels with different additions 

of Si and Mn have been designed and fabricated. The adding of Si and Mn is 

aiming to investigate the effect of alloy elements Si and Mn on the corrosion of F-

M steels in SCW. Table 3.1 lists the chemical compositions of these steels. These 

five kinds of steels have been denoted as FM1, FM2, FM3, FM4 and FM5 in 

order to describe easily. FM1, FM2 and FM5 have been designed for study of the 

Si content on the corrosion, because they have very similar Cr, Mn and Fe 

contents and the Si content increases from 0.6 wt. % to 2.2 wt.%. FM5, FM3 and 

FM4 have been designed to investigate the effect of Mn content on the corrosion, 

in which the content of Mn increases from 0.6 wt. % to 1.8 wt. % with little 

variation of other element contents.  

Table 3.1 - Chemical composition of five kinds of ferritic-martensitic steels  

Material 
Alloy element (wt. %) 

Cr Si Mn Fe 

FM.1 11.1 0.7 0.6 Balance 

FM.2 11.2 0.7 1.1 Balance 

FM.3 11.6 1.1 1.8 balance 

FM.4 11.6 2.2 1.7 Balance 

FM.5 11.7 0.6 1.8 Balance 

3.2 Specimen Preparation 
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Samples with dimensions of 20mm×5mm×2mm was cut from the five kinds of F-

M steels. The samples were ground using sand paper from 240# to 1200# grit 

finish. The samples were ultrasonic cleaned in acetone for 30 minutes. After 

complete drying, the samples were divided into two groups. Samples in Group 1 

were named as P-FM-1 to P-FM-5, while samples in Group 2 were named as NP-

FM-1 to NP-FM-5. Then ultrasonic peening treatment was applied on all samples 

in Group 1. The peening facility used for the surface treatment is a set of HJ-III 

Ultrasonic Peening Treatment Equipment from Sunbow Technology. The main 

parameters of ultrasonic peening treatment are shown in Table 3.2. 

 

Table 3.2 - Main parameters of ultrasonic peening treatment 

Parameter Value 

Work frequency 20 kHz 

Work load 10 g 

Time 180 s 

Impact needle diameter 4 mm 

 

However, the peening treatment was applied only on the 20mm×5mm sides of 

samples in Group 1, the 20mm×2mm and 5mm×2mm sides were too small to 

peen on them. After ultrasonic peening treatment, samples in Group 1 were 

cleaned with acetone in ultrasonic water bath for 30 minutes.  
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The information of all the samples used for supercritical water exposure is given 

in Table 3.3. 

 

Table 3.3 - The main parameters of samples used for supercritical water 

exposure. 

 

3.3  Corrosion exposure in supercritical water 

3.3.1 Test Setup 

All the supercritical water exposure tests were conducted using a static capsule 

autoclave as shown in Figure 3.1. The capsule was made of 316L stainless steel 

tube with a length of 10 cm. The outer diameter of the tube is 9mm and the inner 

Name Size 
Surface 

treatment 

Alloy element (wt%) 

Cr Si Mn Fe 

P-FM-1 

20mm×

5mm×

2mm 

Ultrasonic 

peened surface 

11.1 0.7 0.6 Balance 

P-FM-2 11.2 0.7 1.1 Balance 

P-FM-3 11.6 1.1 1.8 balance 

P-FM-4 11.6 2.2 1.7 Balance 

P-FM-5 11.7 0.6 1.8 Balance 

UP-FM-1 

20mm×

5mm×

2mm 

Polished 

surface (up to 

1200# grit) 

11.1 0.7 0.6 Balance 

UP-FM-2 11.2 0.7 1.1 Balance 

UP-FM-3 11.6 1.1 1.8 balance 

UP-FM-4 11.6 2.2 1.7 Balance 

UP-FM-5 11.7 0.6 1.8 Balance 
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diameter is 6mm. The inner wall was polished using sandpaper up to 1200# grit 

and then ultrasonic rinsed in acetone for 30 minutes. Then the samples were 

placed inside the tubes, and certain amount of DI water or water solution with 5% 

H2O2 was filled into theses tubes. After filling water, the tubes were sealed by two 

caps made of 316L stainless steel. All the tubes and caps used in the tests were 

fabricated by Swagelok Company. Then the sealed capsules were put into a 

furnace heated to 500℃ for different exposure time. As there was certain amount 

of water sealed in the capsules, and the volume in the capsule is constant during 

the test, so when the capsules were heated, the environment inside the tube would 

reach to designed supercritical water conditions. 

 

 

Figure 3.1 - Tube and coupon sample used for supercritical water test. 
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3.3.2 Test Conditions 

Table 3.3 lists the conditions of the supercritical water tests. Test 1 and Test 2 

have been conducted for all the samples in Group 1 and Group 2. For each test 

condition, 3 specimens for each kind of material were tested in order to ensure the 

results were valid.  

 

Table 3.4 - The conditions of the supercritical water tests. 

 T and P Oxygen content Exposure time 

Test 1 500℃ 25MPa 8 ppm 100 h, 250 h, 500 h, 1000 h 

Test 2 500℃ 25MPa 5% H2O2 added 100 h, 250 h, 500 h, 1000 h 

3.3.3 Characterizations 

After supercritical water exposure, capsules were taken out from furnace and 

cooled to room temperature. Then coupons were taken out from capsules, cleaned, 

dried. The weights of samples were measured. The surface morphology and cross-

section of samples after exposure were characterized by XRD, SEM and EDS.    

 

A scanning electron microscope (SEM) is a type of electron microscope that 

produces images of a sample by scanning it with a focused beam of electrons. The 

electrons interact with electrons in the sample, producing various signals that can 

be detected and reveal the information about the sample's surface topography and 
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composition. The electron beam is generally scanned in a raster scan pattern, and 

the beam's position is combined with the detected signal to produce an image. The 

types of signals produced by a SEM include secondary electrons (SE), back-

scattered electrons (BSE), characteristic X-rays, light (cathodoluminescence) (CL), 

specimen current and transmitted electrons. Back-scattered electrons (BSE) are 

beam electrons that are reflected from the sample by elastic scattering. BSE are 

often used in analytical SEM along with the spectra made from the characteristic 

X-rays, because the intensity of the BSE signal is strongly related to the atomic 

number (Z) of the specimen. BSE images can provide information about the 

distribution of different elements in the sample. Characteristic X-rays are emitted 

when the electron beam removes an inner shell electron from the sample, causing 

a higher-energy electron to fill the shell and release energy. These characteristic 

X-rays are used to identify the composition and measure the abundance of 

elements in the sample [136]. 

 

Energy-dispersive X-ray spectroscopy (EDS, EDX, or XEDS) is an analytical 

technique used for the elemental analysis or chemical characterization of materials. 

It relies on the investigation of an interaction of some source of X-ray excitation. 

Its characterization capabilities are due to large part of the fundamental principle 
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that each element has a unique atomic structure allowing unique set of peaks on 

its X-ray spectrum [137]. 

 

The furnace used for supercritical water exposure is a MTI OTF-1200X furnace, 

the maximum working temperature can be set up to 1200 ℃.The XRD system 

used in this study is a Rigaku Ultimate IV multipurpose X-ray diffraction system. 

The SEM system used in this study is Zeiss EVO MA 15 equipped with a Bruker 

Silicon Drift Detector for Energy Dispersive X-Ray analysis/ mapping with a 

peak resolution of 125 eV.  
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Chapter 4 

Corrosion of Ferritic-

Martensitic Steels in 

Supercritical Water 
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4.1  Introduction 

This chapter presents the results of investigating the corrosion behavior of five 

kinds of ferritic-martensitic stainless steels in supercritical water. The oxidation 

kinetics occurred during the SCW exposure were studied. The oxide scale grown 

on the surface was characterized. The corrosion mechanism, especially the effect 

of minor alloy elements (Si, Mn), were discussed in this chapter.  

 

4.2  Experimental 

Table 4.1 lists the information of the samples examined in this chapter. Coupons 

with dimensions of 20mm×5mm×2mm were cut from the as-received alloys. The 

coupons were ground using sand paper from 240# up to 1200# grit finish and then 

were ultrasonically cleaned with acetone for 30 minutes. All the coupons were 

weighted by digital balance and the dimensions were measured by digital 

micrometer.  
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Table 4.1 – Ferritic-martensitic steels for SCW test. 

Name Size Surface treatment 
Alloy element (wt%) 

Cr Si Mn Fe 

UP-FM-1 

20mm×

5mm×2mm 

Polished surface (up 

to 1200# grit) 

11.1 0.7 0.6 Balance 

UP-FM-2 11.2 0.7 1.1 Balance 

UP-FM-3 11.6 1.1 1.8 balance 

UP-FM-4 11.6 2.2 1.7 Balance 

UP-FM-5 11.7 0.6 1.8 Balance 

 

Supercritical water exposure tests were conducted in capsule autoclaves at 500℃, 

25MPa with a dissolved oxygen concentration of 8ppm. The SCW exposure lasted 

from 100 hours to 1000 hours. The weight changes were measured after each test 

in order to investigate the oxidation kinetics. SEM, EDS and XRD were employed 

to characterize the oxide scales formed.  

 

4.3  Results 

4.3.1 Oxide kinetics 

Figure 4.1 shows the weight changes of ferritic-martensitic steels as a function of 

exposure time (from 100 hours to 1000 hours) when exposed to supercritical 

water at 500 ℃ and 25MPa with 8ppm dissolved oxygen. A strong correlation can 

be found between increasing the exposure time and increasing the oxidation for all 

the ferritic-martensitic steels tested. 
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Figure 4.1 - Weight change as a function of exposure time in 500 ℃ 25MPa 

supercritical water with 8ppm dissolved oxygen. 

 

As shown in Figure 4.1, weight gains increased with the exposure time for all the 

ferritic-martensitic steels tested in SCW from 100 hours to 1000 hours. After 1000 

hours exposure, Sample UP-FM-4 showed the smallest weight gain which is 

about 5.208 mg/cm
2 

and the Sample UP-FM-5 suffered more corrosion, as the 

highest weight gain about 6.32 mg/cm
2 

was detected. 

 

High temperature oxidation kinetics of metals or alloys is commonly controlled 

by the diffusion of cationic or anionic species through the oxide scale [1]. Such a 

controlling usually leads to a parabolic growth behavior described by the 

following equation:  
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in which ΔM is the weight change in a unit of mg, kp is the rate constant, 

expressed in mg
2
cm

-2
h

-2
, and S is the area oxidation took place in cm

2
, and t is the 

oxidation time. According to the calculation shown in Appendix 1, the oxidation 

behavior of all the tested ferritic-martensitic steels roughly followed the parabolic 

laws. Table 4.2 lists the parabolic rate constant determined for the five tested 

materials. Sample UP-FM-5 has the largest parabolic rate constant which is 

around 0.0326, indicating a more severe corrosion suffered. Sample UP-FM-4 

exhibited higher corrosion resistance as smaller parabolic rate constant around 

0.0238 was derived.  
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Table 4.2 – parabolic rate constants 

Name Surface treatment 
Parabolic rate constant (mg2cm-2h-2) 

8ppm dissolved oxygen 

UP-FM-1 

Polished surface (up 

to 1200# grit) 

0.0240 

UP-FM-2 0.0311 

UP-FM-3 0.0270 

UP-FM-4 0.0238 

UP-FM-5 0.0324 

 

4.3.2 Characterization of Oxide Scales 

Figure 4.2 shows the surface morphologies found on specimens after 1000 hour 

exposure in supercritical water. Figure 4.2(e) shows the surface morphology of 

oxide scale formed on UP-FM-5, while the oxide scale formed on UP-FM-3 is 

quite similar to it. Figure 4.2(d) shows the surface morphology of oxide scale 

formed on UP-FM-4 which is quite similar to the surface morphologies of UP-

FM-1 and UP-FM-2. It is obvious that the oxide scale formed on the surface of 

UP-FM-5 (Fig. 4-2 (e)) is not continues, whereas continues and uniform oxide 

scales has been found on other samples as shown in (Fig. 4-2 (d)). However, the 

oxide particles in both kinds of scales have similar grain size which is about 

7~8μm. 
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Figure 4.2- Surface morphology SEM images (1000×) after 1000 hour SCW 

exposure: (a) UP-FM-1, (b) UP-FM-2, (c) UP-FM-3, (d) UP-FM-4, (e) UP-FM-5 

in low dissolved oxygen. 

 

Figure 4.3 shows the XRD result of the surface oxide scale formed on UP-FM-4 

after 1000 hours supercritical water exposure. The oxide formed on the surface 

was identified to be magnetite. The oxides formed on the other four kinds of test 

material were found to be magnetite as well.   

(a) (b) (c) 

(d) (e) 
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  Figure 4.3 - XRD result of the surface oxide scale formed on UP-FM-4 after 

1000 hours supercritical water exposure. 

 

Figure 4.4 shows the cross-section SEM images of the oxide scales formed after 

1000 hours supercritical water exposure. Distinct dual layer oxide scales were 

observed on all tested specimens after exposure. The outer layers consisting of the 

larger oxide grains appeared more porous than the inner layers that composed of 

much smaller oxide grains. However, the dual layer oxide scales formed on UP-

FM-1, UP-FM-2, and UP-FM-4 seem more continuous and thinner than that 

formed on UP-FM-3 and UP-FM-5, which may be caused by the different Si and 

Mn contents.  
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Figure 4.4 - cross-section SEM images of (a) UP-FM-1, (b) UP-FM-2, (c) UP-

FM-3 (d) UP-FM-4 and (e) UP-FM-5 after 1000 hour exposure in supercritical 

water with 8 ppm dissolved oxygen (1000×). 

 

Figure 4.5 shows the EDS mapping results of (a) UP-FM-4 and (b) UP-FM-5 as 

examples of the continuous and discontinuous oxide scales. According to the EDS 

mapping of UP-FM-4, the outer layer is predominately iron oxide whereas the 

inner layer shows significant chromium enrichment. Enrichment of silicon and 

manganese has also been found in the inner layer. The effect of the silicon and 

manganese enrichment will be discussed in Section 4.4.1. The outer layer is 

magnetite and the inner layer is iron-chromium spinel [3]. According to the EDS 

mapping data of UP-FM-5, the outer layer is predominately iron oxide and the 

inner layer is enriched with chromium. However, for the inner layer, enriched 

manganese has been observed whereas the enrichment of silicon content is not as 

(a) (b) (c) 

(d) (e) 
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obvious as that in UP-FM-4. The outer layer mainly consists of magnetite and the 

inner layer mainly consists of iron-chromium spinel. [3] 

 

 

Figure 4.5 - The cross-section SEM image and EDS mapping of (a) UP-FM-4 

and (b) UP-FM-5 after 1000 hour exposure in 500℃, 25MPa supercritical water 

with 8ppm dissolved oxygen. (red: Cr, green: Mn, blue: Fe, cyan: Si, purple: O) 

 

4.4 Discussion 

4.4.1 Effect of minor alloy element on corrosion in supercritical water  

The effect of alloy element on corrosion behavior of ferritic-martensitic steels has 

been investigated by many researchers, but most of their studies only focus on the 

effect of the chromium element. Little investigations have been taken to study the  

effect of other alloy elements on corrosion behavior of ferritic-martensitic steels 

(a) 

(b) 
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in SCW. According to some papers on the corrosion behavior of ferritic-

martensitic steels [27], some minor elements like silicon and manganese have 

considerable effect on corrosion behavior.  

In this study, Samples UP-FM-1, UP-FM-2, and UP-FM-5 were employed to 

examine the influence of Mn content on corrosion in SCW, since all the alloy 

elements are very similar except the manganese content that changes from 0.6 wt. 

% to 1.8 wt.%.  

 

Table 4.3 - samples used to investigate the effect of manganese element 

Name Size Surface treatment 
Alloy element (wt%) 

Cr Si Mn Fe 

UP-FM-1 
20mm×5mm

×2mm 

Polished to #1200 

grit 

11.1 0.7 0.6 Balance 

UP-FM-2 11.2 0.7 1.1 Balance 

UP-FM-5 11.7 0.6 1.8 Balance 

 

Figure 4.6 shows the weight change data of these samples exposed to 500℃, 

25MPa supercritical water with 8 ppm dissolved oxygen. For all samples tested in 

the low dissolved oxygen supercritical water, a trend has been found that the more 

weight gain was measured for the sample with higher Mn content. The weight 

gain of UP-FM-5(1.8% Mn) is about 15% larger than that of UP-FM-1 (0.6 Mn). 
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Figure 4.6 - Weight change as a function of exposure time in 500℃, 25MPa 

supercritical water with 8 ppm dissolved oxygen. 

 

 

Figure 4.7 - cross-section SEM images of (a) UP-FM-1, (b) UP-FM-2 and (c) 

UP-FM-5 after 1000 hour exposure in supercritical water with 8 ppm dissolved 

oxygen. 

 

The oxide scales for the samples with different Mn content were shown in Figure 

4.7. When the Mn content is at 0.6 wt. %, , a continuous bi-layer oxide scale was 

formed as shown in Figure 4.7(a). The thickness is about 15~20μm. When the Mn 

content increased to 1.1 wt. %, the oxide became less uniform in thickness. The 
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thickness of the oxide scale varied from 20 to 30μm. When the Mn content 

increased to 1.8wt. %, the oxide scale became discontinues and thicker oxide 

scales about 40μm were formed.  

 

Samples UP-FM-3, UP-FM-4, and UP-FM-5 can imply the effect of silicon on 

corrosion behavior in supercritical water, since the silicon contents are different 

while other alloy elements are very similar, as listed in Table 4.4.  

 

Table 4.4 - Samples used to investigate the effect of silicon element. 

Name Size Surface treatment 
Alloy element (wt%) 

Cr Si Mn Fe 

UP-FM-3 
20mm×5mm

×2mm 

Polished to #1200 

grit 

11.6 1.1 1.8 balance 

UP-FM-4 11.6 2.2 1.7 Balance 

UP-FM-5 11.7 0.6 1.8 Balance 

 

Figure 4.8 shows the weight change data of these samples exposed in 500℃, 

25MPa supercritical water with 8 ppm dissolved oxygen. It can be seen that less 

weight gain was observed for the samples containing more Si. Sample NP-FM-5, 

which has the smallest Si content of 0.6 wt. %, shows the largest weight gain, 

whereas the NP-FM-4 with the largest Si content of 2.2wt. % shows the smallest 

weight gain. After 500 hour exposure, the weight gain measured for Sample NP-

FM-5 is about 15% higher than that of NP-FM-4.  
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Figure 4.8 - Weight change as a function of exposure time in 500℃, 25MPa 

supercritical water with 8 ppm dissolved oxygen. 

 

Figure 4.9 shows the effect of Si content on the oxide scales formed. It can be 

seen that the oxide scale changed from discontinues to continues layer when Si 

content increased from 0.6% to 2.2%. The oxide thickness also decreased from 

about 35 μm on UP-FM-5 to about 25μm on UP-FM-4. According to EDS and 

XRD results, all these oxide scales are dual-layer structure with the outer layer 

consisting of magnetite and the inner layer containing chromium-iron oxide. 
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Figure 4.9 - cross-section SEM images of (a) UP-FM-5, (b) UP-FM-3 and (c) 

UP-FM-4 after 1000 hour exposure in supercritical water with 8 ppm dissolved 

oxygen. 

As shown in Figure 4.5, Sample UP-FM-5, which has a Si content of 0.6 wt. %, 

exhibited an inner oxide layer with the uniform distribution of Si and Cr.  

However,  clear enrichment of Si, Cr and O can be found at the oxide-alloy 

interface for the Sample UP-FM-4 which has 2.2 wt.% Si. The enrichment of Mn 

content is not as much as that found in UP-FM-5. When Si content in the alloy 

increased from 0.6% to 2.2%, enrichment of Si has been found in the inner oxide 

layer. According to the study by M. Schütze etc, the diffusion of chromium in 

ferritic-martensitic steels will be facilitated by silicon [27]. So that with higher 

content of Si were present, the diffusion of Cr could be promoted in UP-FM-4. 

The faster diffusion of Cr lead to the quick formation of a continuous inner 

chromium-iron oxide layer as observed for Sample UP-FM-4. This continues 

chromium-iron oxide layer could act as a diffusion barrier to suppress the 

transportation of iron (outward) and oxygen (inward). Therefore, a thinner oxide 

scale and less weight gain were observed for Sample UP-FM-4. 

(a) (b) (c) 
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Therefore, both the Si and Mn contents affect the corrosion behavior of ferritic-

martensitic steels in supercritical water. The corrosion resistance increased  

when Si element content increased from 0.6% to 2.2%. On the other hand, the 

corrosion resistance decreased with increasing the Mn content from 0.6% to 1.8%.  

The test results indicated that Sample UP-FM-4 with the Si and Mn content of 2.2 

wt. % and 1.7 wt. % exhibited the highest corrosion resistance against corrosion in 

SCW. 

 

4.4.2 Mechanisms of corrosion of Ferritical-Martensitic steels in 

Supercritical Water Environments 

The oxidation mechanism for the corrosion of ferritic-martensitic steels is very 

complex and governed by the outward migration of iron and the inward diffusion 

of oxygen. While it is difficult to precisely quantify the oxide layer growth, the 

outer layer and the inner layer seem to grow at the same time. In the beginning, 

the oxygen adsorbs on the metal surface forming the iron oxide (outer layer) and 

creating iron vacancies near the metal surface. The iron from within the grain 

begins to migrate outwards, drawn by the presence of iron vacancies; thereby 

enriching the grain it has left in chromium and other minor alloy elements, such as 

Si and Mn. This process starts to form the outer layer in association with the 

outwards diffusion of iron. Since the outer layer grows outward from the metal 
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surface, it is not constrained, the Fe3O4 grains formed loosely with lots of pores 

and flaws. At the same time, the oxygen penetrates outer layer through these pores 

and flaws reaching the metal surface where chromium and other minor elements 

enriched. It begins to oxidize this layer creating chromium-rich oxide scale (inner 

layer). Once both layers have formed, the overall oxide layer growth occurs at two 

interfaces: the outer layer-SCW interface and the inner-metal interface. The outer 

layer grows by adsorption of oxygen on the surface creating iron vacancies, which 

migrate inwards along with electron holes, forcing the iron outwards[67]. The 

oxygen penetrates through the outer layer and oxidizes the layer lack of iron 

forming the inner layer. Even though this layer attacked by oxygen is enriched 

with chromium, due to the total content of chromium and diffusion speed of 

chromium is limited, there is no enough chromium supply to form Cr2O3 which 

exhibits good corrosion resistance. The oxide within inner layer is likely to be 

FeCr2O4 which does not have good corrosion resistance. 

 

This enrichment of Si and Mn in the inner oxide layer indicated by the EDS 

mapping results might have two effects on the corrosion behaviour. Decreasing 

the Si content or increasing the Mn content might increase the minimum oxygen 

potential necessary for inner oxide layer formation. Also the Si element might 

accelerate the diffusion speed of chromium and further increase the corrosion 
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resistance, while the Mn element might slow down the diffusion speed of 

chromium and further decrease the corrosion resistance.   

 

4.5 Conclusions and future work 

In the present study, the corrosion behavior of five kinds of designed ferritic-

martensitic steels in supercritical water has been investigated. The effect of alloy 

elements on the corrosion behavior was discussed. The following conclusions 

have been drawn from this study. 

 The oxides formed on the surfaces of F-M steels exhibited dual-layer 

structure. The outer layer is predominately magnetite and the inner layer 

consists of iron-chromium oxide. 

 All the samples showed weight gains after supercritical water exposure. 

The kinetics of oxidation in supercritical water followed the parabolic 

growth model.. 

 The oxidation rate is correlative with the alloy composition. The minor 

alloy element Si and Mn have opposite effects on the corrosion of ferritic-

martensitic steels. With increasing Si content, improvement of corrosion 

resistance has been observed. Less weight gains and thinner, more 

protective oxide layer were observed for F-M steel containing high Si 
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content. On the contrary, the weight gains increased and the oxide layers 

became thicker and less continues when Mn content increased.  

Within the scope of study, a few recommendations on the basis of current 

contribution in this study are: 

 Do the supercritical water exposure in more advanced facility which can 

remain the dissolved oxygen at a constant level and keep flowing, such as 

supercritical water loop. 

 Designed more ferritic-martensitic steels with wider range of Si and Mn 

content in order to figure out the whole picture of effect of minor alloy 

element on corrosion in supercritical water. 
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Chapter 5 

Effect of Surface Peening on the 

Corrosion of Ferritic-Martensitic 

Stainless Steel in Supercritical 

Water Environments 
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5.1 Introduction 

Ultrasonic peening, which was one of the effective methods to improve fatigue 

performance of alloy, has attracted more and more attention for another aspect of 

application: corrosion control. It has been proved that ultrasonic peening can 

improve the corrosion resistance in ambient water environment [115]. However, 

very limited data about the effect of ultrasonic peening on corrosion in 

supercritical water can be found. This chapter presents the study of the effect of 

ultrasonic peeing on corrosion of ferritic-martensitic steels in supercritical water. 

Five kinds of ferritic-martensitic steels with different alloy composition have been 

investigated. The micro-hardness, oxidation kinetics and oxide scale 

characterization have been analyzed. The corrosion mechanism and effect of 

surface peening on corrosion in supercritical water have been discussed. 

 

5.2 Experimental 

Table 5.1 gives the information of the specimens used in this study. The 

preparation is described in chapter 3. 
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Table 5.1 – specimens’ characterization 

Name Size Surface treatment 
Alloy element (wt%) 

Cr Si Mn Fe 

P-FM-1 

20mm×5mm

×2mm 

Ultrasonic peened 

surface 

11.1 0.7 0.6 Balance 

P-FM-2 11.2 0.7 1.1 Balance 

P-FM-3 11.6 1.1 1.8 Balance 

P-FM-4 11.6 2.2 1.7 Balance 

P-FM-5 11.7 0.6 1.8 Balance 

 

Supercritical water exposure tests were conducted in static capsule reactors at 500

℃, 25MPa with 8ppm dissolved oxygen. Exposure time ranges from 100 hours to 

1000 hours. After supercritical water exposure, weight changes of specimens were 

recorded after each test. SEM, EDS and XRD tests have been conducted to 

characterize the oxide scales formed.  

 

5.3 Results 

5.3.1 Micro-hardness characterization 

Samples after ultrasonic peening usually form a layer with severe plastic 

deformation. In order to quantify the depth of this layer, micro-hardness tests were 

conducted on the peened surface of each sample. The hardness at 25μm, 50μm, 

100μm, 150μm and 200μm depth from the surface has been tested. At least 3 

points have been tested at each depth. Figure 5.1 and Figure 5.2 showed the 

micro-hardness tested on ultrasonic peened samples and polished samples.  



- 74 - 

 

 

 

Figure 5.1 - Micro-hardness test results of ultrasonic peened samples. 

 

 

Figure 5.2 - Micro-hardness test results of polished samples. 

 

As the materials used in tests are ferritic-martensitic steels, from Figure 5.2, it was 

obvious that there were two phases with different hardness in the polished 

samples. The hardness of ferrite phase in these materials is about 170 HV, and the 
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hardness of martensite phase in these materials is about 310 HV. The hardness of 

ferrite and martensite had almost no change from 25μm deep to 200μm deep from 

the surface.  

 

However, things were quite different for the ultrasonic peened samples. From 

Figure 5.1, it was hard to figure out two different phases because there was no 

significant difference in hardness. The hardness of the surface layer (with 

depth<100μm) was significantly higher than the polished samples and the value 

of hardness decreased with increasing the depth. All the five kinds of F-M steels 

had the same trend. This hardness test results indicated that there was a hardened 

layer with a depth around 100μm formed induced by the severe plastic 

deformation after ultrasonic peening treatment.  

 

5.3.2 Oxidation kinetics 

Figure 5.3 showed the weight changes of ultrasonic peened ferritic-martensitic 

steels as a function of exposure time in supercritical water at 500 ℃, 25MPa with 

8ppm dissolved oxygen.  

For all the peened specimens, weight gains increased with increasing the exposure 

time. All the peened samples showed much smaller weight gain than the polished 

samples in all the tested time range as shown in Figure 5.3. The weight gain 
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differences between polished samples and peened samples became more distinct 

after 500 hour exposure. After 1000 hour exposure, the weight gains of polished 

samples were about 2 times of the peened ones. For all the ultrasonic peened 

samples, after 1000 hour exposure, P-FM-1 had smallest weight gain about 2.806 

mg/cm
2
 and P-FM-5 got largest weight gain about 3.862 mg/cm

2
. 

 

 

Figure 5.3 – Comparison of weight gains of polished samples and peened 

samples. 

 

Just like what has been found on the polished samples, the oxidation of ultrasonic 

peened ferritic-martensitic steels also followed the parabolic law. The parabolic 

constants were derived according to  
  

 
         , which are listed in Table 

5.2. For the ultrasonic peened samples, P-FM-5 presented the largest rate constant 
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which was 0.0094 and P-FM-4 presented lowest oxidation rate as the constant was 

0.0069. It can be seen that the unpeened samples have the larger parabolic rate 

constants than that of peened samples. For the unpeened samples, the largest 

parabolic rate constant which is 0.0326 came from UP-FM-5 and the smallest rate 

constant is 0.0238, from UP-FM-4.The parabolic rate constants of polished 

samples were about 3 times of the constants of the peened ones. 
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Table 5.2 - The parabolic rate constants. (Calculation is in Appendix 1) 

Name Surface treatment 
Parabolic rate constant (mg2cm-2h-2) 

8ppm dissolved oxygen 

P-FM-1 

Ultrasonic peened 

surface 

0.0076 

P-FM-2 0.0071 

P-FM-3 0.0086 

P-FM-4 0.0069 

P-FM-5 0.0094 

UP-FM-1 

Polished surface 

(up to 1200# grit) 

0.0240 

UP-FM-2 0.0311 

UP-FM-3 0.0270 

UP-FM-4 0.0238 

UP-FM-5 0.0324 

 

5.3.3 Characterization of oxide scales 

Figure 5.4 shows the comparison of surface morphology images from polished 

specimen (a) UP-FM-4, (b) UP-FM-5 and ultrasonic peened specimen (c) P-FM-4 

(d) P-FM-5 after 1000 hours exposure in supercritical water at 500℃ and 25MPa.  

It can be seen that the peened surfaces were uniformly covered by the oxide 

particles formed. It is obvious that the oxide particles formed on peened surfaces 

are much smaller than that formed on polished surfaces. The size of the oxide 

crystal formed on polished surface is about 7~8 μm whereas the oxide crystal size 

on peened surface is only about 1 μm. According to the XRD analysis, all the 

surface oxides were determined to be magnetite.  
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Figure 5.4 – Surface morphologies comparison: polished specimen (a) UP-FM-4, 

(b) UP-FM-5 and ultrasonic peened specimen (c) P-FM-4 (d) P-FM-5 after 1000 

housr exposure in supercritical water at 500℃ and 25MPa. 

 

Figure 5.5 shows the comparison of Cross-section SEM images and local EDS 

mappings of polished and peened samples after 1000 hours exposure in 

supercritical water with 8 ppm dissolved oxygen. According to the SEM images, 

continuous oxide layer has been observed on all the peened samples. For sample 

UP-FM-5 and P-FM-5, which have the same chemical composition (11.7% Cr, 

0.6% Si and 1.8% Mn), different oxide structures have been observed. Thinner 

and continues oxide layer has been found on the peened P-FM-5 while thicker and 

discontinues layer formed on the polished UP-FM-5. Moreover, the outer oxide 

(a) (b) 

(c) (d) 
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layer on the peened surface is more compact than the outer layer formed on the 

polished surface. Similar phenomenon has and been found on Samples UP-FM-2 , 

P-FM-2, UP-FM-3 and P-FM-3. For sample UP-FM-4 and P-FM-4, which have 

the same chemical composition (11.6% Cr, 2.2% Si and 1.7% Mn), the oxide 

layers on both polished and peened samples are all continues. But the oxide layer 

formed on peened sample is only about 10μm thick, which is much thinner than 

that (30μm) formed on polished samples. The oxidation behavior of UP-FM-1 and 

P-FM-1 pair is quite similar to UP-FM-4 and P-FM-4 pair. The oxide thickness of 

the peened samples is about 1/3 to half of the thickness of oxide layer formed on 

the polished samples. The thickness of oxide layer coincides with the weight 

change data. Based on the EDS mappings, it is obvious that all the oxides have 

dual layer structure. The outer layer is predominately magnetite while the inner 

layer consists of iron-chromium oxide. However, a big difference of chromium 

enrichment in the inner layer has been observed between peened and polished 

samples. For the polished samples, less enrichment of chromium were observed 

than that of the peened samples. Furthermore, the distribution of the enriched 

chromium in inner layer is more homogeneous in the peened samples than that in 

polished samples indicating that a more homogeneous chromium-iron oxide layer 

has been formed on the peened samples.  
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Figure 5.5- Cross-section SEM images and local EDS mappings of polished and 

peened samples after 1000 hours exposure in supercritical water with 8 ppm 

dissolved oxygen. (red: Cr, green: Mn, blue: Fe, cyan: Si, purple: O). 
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5.4 Discussion 

5.4.1 Role of shot peening in oxidation in supercritical water 

To demonstrate the effect of ultrasonic peening in terms of parabolic rate 

constant, a parameter, corrosion resistance improvement by ultrasonic peening 

(CRIUP) is defined as below: 

 

      
                      

           
      

 

where the PRCPolished and PRCPeened are the parabolic rate constant data of polished 

and peened samples respectively. By definition, the larger the CRIUP, the more 

corrosion improvement can be achieved by ultrasonic peening. CRIUP 

percentages of FM-1 to FM-5 are shown in Figure 5.6. From the CRIUP data, 

distinct corrosion improvement has been achieved by ultrasonic peening in 

supercritical water. For all the steels tested, the best case has been found in FM-2 

(11.2% Cr, 0.7 % Si, and 1.1% Mn), for which the CRIUP is 77.17%, and the 

worst case has been found in FM-3 (11.6% Cr, 1.1% Si and 1.8% Mn), for which 

the CRIUP is 68.15%. According to the research by X. Ren etc. the corrosion 

resistance improvement of ferritic-martensitic steels achieved by shot peening is 

proportional to the chromium content in bulk material [86]. As the chromium 

contents are very similar in all the materials used in this study, relationship 
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between the alloy composition and the corrosion resistance improvement achieved 

by ultrasonic peening is not straight forward. The Si and Mn content may have 

some effects on the ultrasonic peening effect, but more data are needed to identify 

their effects.  

 

Figure 5.6 - CRIUP percentages of FM-1 to FM-5 

 

5.4.2 Mechanism of corrosion of ferritic-martensitic steels with ultrasonic 

peening treatment in supercritical water 

The oxidation mechanism for the corrosion of ferritic-martensitic steels with 

ultrasonic peening treatment in supercritical water is very similar with the 

mechanism of the one without peening and still governed by the outward 

migration of iron and the inward diffusion of oxygen. However, the severe plastic 

deformation layer induced by ultrasonic peening plays an important role in the 

corrosion process. Amount of micro-cracks and dislocations have been generated 
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within this plastic deformation layer during ultrasonic peening. All these micro-

cracks and dislocations are short-circuit paths for ion diffusion, especially the 

diffusion of Cr element. Therefore, the diffusion of Cr during supercritical water 

exposure could be accelerated, leading to more supplement of Cr when forming 

inner oxide layer. Under this condition, Cr2O3, instead of FeCr2O4, begins to 

present in the inner oxide layer. Cr2O3 acted as barrier for both the inward 

penetration of oxygen and the outward diffusion of metal ions. Therefore, the 

oxidation rate was evidently decreased. 

 

5.5 Conclusions and future work 

In the present study, the corrosion behavior of five kinds of designed ferritic-

martensitic steels with ultrasonic peening in supercritical water has been 

investigated. Conclusions have been drawn in the following aspects. 

 After ultrasonic peening, a severe plastic deformation layer with a 

thickness of 80~100µm formed on the peened metal surface.  

 Dual-layer oxide scales formed after supercritical water exposure. The 

outer layer is predominately magnetite and the inner layer is iron-

chromium oxides. Comparing to the discontinuous oxide scales found on 

the polished specimens, the oxide scales formed on all the peened 

specimens were continuous. For samples with same alloy composition, the 
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polished sample formed oxide scales about 3 times thicker than that of the 

peened sample. 

 For samples with same alloy composition, the peened sample showed 

about 50% smaller weight gains than the polished sample. And the 

parabolic rate constant of peened sample was about 1/3 of that of polished 

sample. 

 Overall, ultrasonic peening improved the corrosion behavior of ferritic-

martensitic steel in supercritical water environment. 

Within the scope of study, a few recommendations on the basis of current 

contribution in this study are: 

 Exposure in supercritical water for longer time is recommended to prove 

the positive effect of ultrasonic peening on corrosion of ferritic-martensitic 

steels. 

 Exposure test is recommended to be conducted in supercritical loop 

instead of capsule sample in order to get an environment closer to the 

industry application. 
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Chapter 6 

Effect of Dissolved Oxygen on 

the Corrosion of Ferritic-

Martensitic Stainless Steels in 

Supercritical Water 
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6.1 Introduction 

As one of the key parameters of supercritical water, dissolved oxygen 

concentration plays an important role in corrosion in supercritical water. As the 

corrosion in supercritical water is not electrochemical process but only chemical 

oxidation process, the corrosion is determined by the supply of oxygen to some 

extent [3]. This chapter presents the study of the effect of dissolved oxygen on 

corrosion of ferritic-martensitic steels in supercritical water. Five kinds of ferritic-

martensitic steels with different alloy composition have been investigated. The 

oxidation kinetics and oxide scales formed have been studied. The corrosion 

mechanism and effect of dissolved oxygen on corrosion in supercritical water 

have been discussed. 

 

6.2 Experimental 

Table 6.1 shows the specimens used for this study. The preparation is described in 

chapter 3. Supercritical water exposure tests have been conducted in capsule 

autoclaves at 500 ℃ , 25MPa with two oxygen concentrations. The SCW 

environment with the high oxygen concentration was obtained by adding H2O2 

into the deionized water to get 5vol% H2O2 solution, and then sealed in capsules, 

in order to compare the corrosion behavior in high dissolved oxygen. The oxygen 

content inside the capsules can be increased to 22000 ppm. For the SCW with low 
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dissolved oxygen, the de-ionized water with 8 ppm oxygen concentration was 

used as the test liquid. Exposure Time lasted from 100 hours to 1000 hours. After 

supercritical water exposure, weight changes of specimens have been measured in 

order to investigate the oxidation kinetics. SEM, EDS and XRD have been applied 

to characterize the surface and cross-section morphologies and compositions of 

oxide scales. 

 

Table 6.1 - The main parameters of samples used for high dissolved oxygen 

supercritical water exposure. 

Name Size Surface treatment 
Alloy element (wt%) 

Cr Si Mn Fe 

P-FM-1 

20mm×5mm

×2mm 

Ultrasonic peened 

surface 

11.1 0.7 0.6 Balance 

P-FM-2 11.2 0.7 1.1 Balance 

P-FM-3 11.6 1.1 1.8 Balance 

P-FM-4 11.6 2.2 1.7 Balance 

P-FM-5 11.7 0.6 1.8 Balance 

UP-FM-1 

20mm×5mm

×2mm 

Polished surface (up 

to 1200# grit) 

11.1 0.7 0.6 Balance 

UP-FM-2 11.2 0.7 1.1 Balance 

UP-FM-3 11.6 1.1 1.8 Balance 

UP-FM-4 11.6 2.2 1.7 Balance 

UP-FM-5 11.7 0.6 1.8 Balance 

 

6.3 Results 

6.3.1 Oxidation kinetics 
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Figure 6.1 shows the comparison of weight change data of samples exposed to 

supercritical water with different dissolved oxygen concentrations. Increase of 

weight gain has been found in both peened samples and polished samples when 

dissolved oxygen concentration increased. After 1000 hour exposure, the weight 

gains of samples exposed in supercritical water with 5% H2O2 were about 2 times 

higher than that of samples exposed to supercritical water with 8ppm dissolved 

oxygen. In both low and high dissolved oxygen, the oxidation behaviors of all 

ferritic-martensitic steels roughly followed the parabolic laws. However, the 

parabolic rate constant increased when dissolved oxygen concentration increased.  
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(a) 

 

（b） 

Figure 6.1 - Weight change as a function of exposure time in supercritical water 

with different dissolved oxygen concentration. (a) Unpeened samples, (b) 

ultrasonic peened samples. (Dashed: weight gain in high dissolved oxygen. Solid: 

weight gain in low dissolved oxygen.) 
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Table 6.2 shows the comparison of parabolic rate constant in supercritical water 

with different dissolved oxygen concentrations. The oxidation rate is proportional 

to the parabolic rate constant, so the parabolic rate constant indicates how fast the 

oxidation could happen.   

 

Table 6.2 - The parabolic rate constant. (Calculation is in Appendix 1) 

Name 
Surface 

treatment 

Parabolic rate constant (mg2cm-2h-2) 

8ppm dissolved oxygen 5% H2O2 added 

P-FM-1 

Ultrasonic 

peened surface 

0.0076 0.0319 

P-FM-2 0.0071 0.0365 

P-FM-3 0.0086 0.0330 

P-FM-4 0.0069 0.0310 

P-FM-5 0.0094 0.0408 

UP-FM-1 

Polished 

surface (up to 

1200# grit) 

0.0240 0.0881 

UP-FM-2 0.0311 0.0973 

UP-FM-3 0.0270 0.0844 

UP-FM-4 0.0238 0.0748 

UP-FM-5 0.0324 0.1149 

 

With the SCW environment changed from 8 ppm deionized water to 5% H2O2 

solution, the parabolic rate constants increased more than threefold for all the 

tested samples. As the oxidation is roughly controlled by parabolic law, the 

diffusion of cationic and anionic species through oxide scale is the controlling 

factor. The increase of parabolic rate constant indicates that the oxidation rate 

increases with the increase of dissolved oxygen. It means that the dissolved 
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oxygen concentration may accelerate the diffusion of cationic and anionic species 

through oxide scale. In another aspect, the more oxygen supplied leads to more 

oxide growth, so that more weight gain was observed.  

 

6.3.2 Characterization of oxide scales 

Different oxide scales have been observed in tests with different dissolved oxygen 

concentration. Figure 6.2 shows the comparison of surface morphologies of 

specimens exposed to supercritical water with different dissolved oxygen. The 

oxide formed in lower dissolved oxygen has larger grain size about 7~8μm. The 

grain size of oxide formed in SCW with high dissolved oxygen is smaller around 

1~2μm. According to the XRD analysis as shown in figure 6.3, the surface oxide 

scales were determined as hematite.  
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Figure 6.2 - Surface morphology SEM images: exposure time:1000 hours (a) UP-

FM-5 in low dissolved oxygen (b) UP-FM-5 in high dissolved oxygen (c) UP-FM-

4 in low dissolved oxygen (d) UP-FM-4 in high dissolved oxygen. 

 

 

Figure 6.3 - XRD result of the surface oxide scale formed on UP-FM-5 after 1000 

hour exposure in high dissolved oxygen supercritical water 
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Figure 6.4 shows the comparison of cross-section of oxide scales formed in 

supercritical water with different dissolved oxygen concentrations. 

 

 

 

(a)                                       (b)                                    (c) 

Figure 6.4 - Cross-section SEM images of sample UP-FM-5, UP-FM-4 and P-

FM-5 after 1000 hour exposure in supercritical water with (a) low dissolved 

oxygen concentration, (b) high dissolved oxygen concentration and (c) EDS linear 

scan of oxide scale formed in high dissolved oxygen SCW. 

The oxide formed in supercritical water with the high dissolved oxygen 

concentration is more continues and more uniform than the oxide formed in 

supercritical water with the low dissolved oxygen.  It is obvious that the oxide 

thickness increased with increasing the dissolved oxygen. The oxide thickness 
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increased to about 2 times in high oxygen SCW, which is consistent with the 

weight gain data. The oxide formed in supercritical water with low dissolved 

oxygen has relatively distinct dual layer structure, whereas the oxide formed in 

supercritical water with high dissolved oxygen exhibited a single-layer structure. 

However, according to the EDS linear scanning and XRD data, the oxide in high 

dissolved oxygen still has a dual layer structure. The outer layers of the samples 

exposed to low dissolved oxygen are predominately magnetite while the outer 

layers of samples in high dissolved oxygen consist of hematite. All the inner 

layers consist of iron-chromium oxide. Although the outer layer and inner layer of 

oxide formed in high dissolved oxygen have different composition, their 

structures are very similar in SEM images. The increase of dissolved oxygen 

concentration makes the outer layer more uniform and more condensed. This is 

because the more oxygen supplied, the more oxide grew and developed into a 

continuous and uniform structure.  

 

Because of the test facility used in this study, there are some limitations for 

studying the effect of dissolved oxygen on corrosion behavior of ferritic-

martensitic steels in supercritical water. As all the tests are static tests conducted 

in capsules, the oxygen concentration might drop with increasing the exposure 

time. Because of the oxidation consumption, the dissolved oxygen concentration 
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dropped when SCW exposure test began. It means the dissolved oxygen 

concentration is not constant or stable during the exposure but decreases when 

time increases. 

 

6.4 Discussion 

6.4.1 Effect of alloy element on corrosion in high dissolved oxygen 

Figure 6.5 shows the weight change data of these samples exposed in 500℃, 

25MPa supercritical water with H2O2 added. For tests in high dissolved oxygen 

supercritical water, the effect of Mn on weight change is similar to the effect 

found in low dissolved oxygen. However, in the high dissolved oxygen 

environment, the weight gain of each sample, both the polished and peened, got 

closer to each other. For polished samples after 1000 hour exposure, the weight 

gain of UP-FM-5 is nearly 10% larger than that of UP-FM-1. And after 1000 hour 

exposure, the weight gain of peened sample P-FM-5 is 15% larger than that of P-

FM-1. It can be seen that the effect of Mn has been weakened by the high 

dissolved oxygen. 
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(a) 

 

(b) 

Figure 6.5 - Weight change as a function of exposure time in 500℃, 25MPa 

supercritical water with H2O2 added. (a) polished samples, (b) ultrasonic peened 

samples. 
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Figure 6.6 shows the weight change data of these samples exposed in 500℃, 

25MPa supercritical water with H2O2 added. The similar trend has been found in 

high dissolved oxygen tests. The weight gains decreased when Si content 

increased from 0.6% to 2.2% for both polished and peened samples. However, the 

Si effect is weaker in high dissolved oxygen supercritical water than in low 

dissolved oxygen.  
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(a) 

 

(b) 

Figure 6.6 - Weight change as a function of exposure time in 500℃, 25MPa 

supercritical water with H2O2 added. (a) polished samples, (b) ultrasonic peened 

samples. 

6.4.2 Effect of dissolved oxygen on the formation of the oxide scales 

The most distinct effect of dissolved oxygen on the formation of oxide scale is 

that in high dissolved oxygen supercritical water, hematite has been found within 

the outer layer. In high dissolved oxygen supercritical water, because of higher 
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partial oxygen pressure, more oxygen can be absorbed and reacted with the iron at 

the metal-SCW interface, so that Fe2O3 formed instead of Fe3O4. Moreover, as 

more oxygen supplied, the more quickly the iron will be consumed, leading to the 

acceleration of the iron diffusion. Simultaneously, the higher oxygen partial 

pressure leads to quicker inward oxygen penetration. The accelerated iron 

diffusion and oxygen penetration lead to fast oxidation rate in supercritical water. 

According to Renfei Wang‘s study [132], increasing the dissolved oxygen 

concentration in SCW can lead to dramatically increasing of the solubility of Cr 

oxide in SCW. Therefore in high dissolved oxygen SCW environment, chromium 

oxide became very unstable. As the inner oxide layer consisting of chromium 

oxide, in high dissolved oxygen SCW, the inner layer became unstable and less 

efficient for blocking the outward diffusion of iron ion. This may explain why 

thicker oxide layers and larger weight gains were observed in high dissolved 

oxygen SCW exposure tests. 

 

6.5 Conclusions and future work 

In the present study, the corrosion behavior of five kinds of designed ferritic-

martensitic steels in supercritical water with different dissolved oxygen 

concentration has been investigated. Conclusions have been drawn in the 

following aspects. 
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 Dual layer oxide scales formed after supercritical water exposure. The 

outer layer is predominately hematite and the inner layer is iron-chromium 

oxide. The outer oxide layer become denser and the distinct line between 

outer layer and inner layer disappeared after exposure in high dissolved 

oxygen supercritical water. 

 When dissolved oxygen increased from 8ppm to 5% H2O2 solution, the 

weight gains increased significantly and the parabolic rate constants 

increased about 3 times. 

 The effects of alloy element Si and Mn on corrosion in low dissolved 

oxygen supercritical water (discussed in Chapter 4) have been weakened 

in high dissolved oxygen environment.  

Within the scope of study, a few recommendations on the basis of current 

contribution in this study are: 

 Due to the limitation of capsule sample, it‘s hard to keep the dissolved 

oxygen at constant level. It‘s recommended to conduct supercritical water 

exposure test in facility like supercritical water loop. 

 Tests in supercritical water with more variations of dissolved oxygen 

content are recommended to get the whole picture of the effect of 

dissolved oxygen on corrosion of ferritic-martensitic steels in supercritical 

water. 
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Appendix 1: Parabolic Rate Constant Calculation. 

Parabolic rate constant, kp, expressed in mg
2
cm

-2
h

-2
, is defined by  

 
  

 
          

in which ΔM is the weight change in mg, S is the area oxidation took place in cm
2 

which is equal to the sample‘s surface area, A is a constant and t is the oxidation 

time. 

         

Where M1 is the weight of sample after supercritical water exposure and M0 is the 

weight before supercritical water exposure. 

The following part use sample UP-FM-1 tested in 500 ℃ , 25MPa supercritical 

water with 8 ppm dissolved oxygen as an example to show the calculation. 

                           

                             

                             

                             

                               

Put ΔM, S and t in  
  

 
         , using excel to calculate the value of A and 

kp. A=5.878 and kp=0.024. 

 

 


