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Flow accelerated corrosion (FAC) is a major concern in the power industry as it causes 

thinning of the pipes by the dissolution of the passive oxide layer formed on the pipe surface. 

Present research deals with comparing the protection offered by the magnetite (Fe3O4) versus 

maghemite (γ-Fe2O3) phases thickness loss measurements. Fourier transform infrared 

spectroscopy (FTIR) is used in distinguishing these two elusive phases of iron oxides. 

Representative pipes are collected from high pressure steam extraction line of the secondary 

cycle of unit 2 of Comanche Peak Steam Electric Station (CPSES). Environmental scanning 

electron microscopy (ESEM) is used for morphological analysis. FTIR and X-ray diffraction 

(XRD) are used for phase analysis. Morphological analysis showed the presence of porous oxide 

surfaces with octahedral crystals, scallops and “chimney” like vents. FTIR revealed the 

predominance of maghemite at the most of the pipe sections. Results of thickness measurements 

indicate severe thickness loss at the bend areas (extrados) of the pipes. 
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CHAPTER I 

INTRODUCTION 

Problem Statement 

 Although flow accelerated corrosion (FAC) has been known in the power industry for 

three decades, there is no clear understanding of the relationship between many variables 

including hydrodynamic factors (flow velocity, pipe roughness, geometry of the flow path, steam 

quality); environmental factors (temperature, pH, reducing agent, oxygen concentration, 

oxidizing-reducing potential, water impurities); metallurgical factors (chemical composition of  

alloy materials, and type and degree of protectiveness of the oxides formed).  

 Many parameters control FAC, but I focused the research for this thesis only on 

characterization of the oxide phases and their morphologies present at different sections of the 

piping system employed at Comanche Peak Steam Electric Station (CPSES). Literature data 

indicates that distinction between Fe3O4 and γ-Fe2O3   phases and their degrees of protectiveness 

is not fully appreciated and understood. Nasrazadani (1993) developed a method based on 

Fourier transform infrared (FTIR) spectrophotometry to differentiate these two phases. These 

two forms of iron oxides are highly elusive and are generally mistaken for each other, even 

though their chemical compositions and degree of protectiveness vary. The relationship between 

different types of iron oxides and thickness (metal loss), which is a direct consequence of FAC, 

is discussed in this thesis.  

Purpose of Research 

The purpose of the research is:  

1. To characterize iron oxides formed at several pipe sections representing varying degrees of 

FAC using scanning electron microscopy (SEM), X-ray diffraction (XRD), and FTIR.  
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2. To identify and relate FAC with iron oxide composition and morphologies.  

3. To identify pipe regions with maximum thickness loss (critical pipe sections with maximum 

thinning). 

Research Questions 

1. How thickness loss varies in different pipes and configurations (e.g., elbows compared to 

straight sections)?  

2. Is magnetite (Fe3O4) more protective than γ-Fe2O3?  

3. Why is thinning more predominant at the elbow sections of the pipes?  

Statement of Need 

 “Corrosion costs the U.S.A. $276 billion/year. This cost includes direct and indirect 

expenses associated with corrosion” (NASA, 2008). Presently, FAC is taunting safety in power 

plants, as it leads to the gradual thinning of the pipes and their eventual failure. The 

repercussions of FAC were witnessed in a Surry FAC accident in 1986 (Electric Power Research 

Institute [EPRI], 1998). There is a need to address the problem of relating pipe thickness losses 

to iron oxide phase formation/transformation, oxides morphology and degree of protectiveness 

offered.  

 The findings of this study will ensure increased plant safety, reliable plant performance, 

maximized asset life, and more cost-effective operations. Hitherto, no study has been undertaken 

to relate FAC to oxide morphology.  

Research Method 

 The research method for this study was experimental. Pipe thickness was measured at a 

number of locations along the pipe as well as in bend sections and elbows. Representative oxide 

samples were collected from regions with high, moderate, and low thickness losses and 
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characterized for oxide phase identification using XRD, and FTIR spectrophotometry. Since the 

oxides’ differentiation between magnetite (Fe3O4) and maghemite (γ-Fe2O3), the dominant forms 

of oxides in the power industry, are not easily identified and differentiated with XRD technique 

alone, the FTIR technique was used as the complementary method. Oxide morphology and 

failure features on damaged pipe surfaces were assessed using a high-resolution environmental 

scanning electron microscopy (ESEM). The eventual goal of this project was to compare the 

protectiveness offered by the magnetite compared with maghemite phases as assessed by 

thickness loss data for different pipe sections and pipe configurations (e.g., elbows compared to 

midsections). 
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CHAPTER 2 

LITERATURE REVIEW 

Flow Accelerated Corrosion 

 Flow accelerated corrosion (FAC) is a form of corrosion mechanism in which protective 

oxide on low carbon steel dissolves in an electrochemical process induced by a moving corrosive 

fluid. FAC is different from erosion corrosion in which impingement of particles is the main 

cause of metal loss. FAC happens in the presence of either single or two-phase flow situations 

(Electric Power Research Institute [EPRI], 1998).  

 Figure 1 shows the FAC mechanism, in which ferrous cations produced in the anodic 

reaction (iron dissolution) are released into the flowing fluid. Hydrogen evolved in the cathodic 

reaction diffuses through the porous oxide layer of the parent metal. Hydrogen presence (at the 

water-oxide interface) aids in the reductive dissolution of the magnetite (Fe3O4) layer. The 

growth rate of the Fe3O4 layer depends on the pH of the solution (EPRI, 1998). 

 FAC leads to wall thinning (metal loss) of steel piping exposed to flowing water or wet 

steam. The rate of metal loss depends on a complex interplay of many parameters such as water 

chemistry, material composition, and hydrodynamics. FAC damage to piping at fossil and 

nuclear plants can lead to costly outages and repairs and can affect plant reliability and safety. 

The Electric Power Research Institute (EPRI) and power industry as a whole have worked since 

1986 to develop and refine monitoring programs in order to prevent FAC-induced failures 

(Roberge, 2004).  

 FAC is most severe at the abrupt flow discontinuities in the intermediate temperature area 

of the piping, where iron oxide solubility is highest (Crispin Hales, 2002). 
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Figure 1. FAC mechanism. From “Flow-Accelerated Corrosion in Power Plants,” by Electric 
Power Research Institute, 1998, July, Report TR-106611-R1. Copyright 1998 by EPRI. Reprinted 
with permission. 
 
 

Nuclear Power Plant 

 The Comanche Peak Steam Electric Station (CPSES) is a two-unit, nuclear-fueled power 

plant located in Somervell County, Texas. Fuel for the plant is uranium dioxide. Each of the two 

units has a generating capacity of 1.5 megawatts, for a total generating capacity of 2.3 megawatts 

(TXU, 2007). Pipes in the secondary steam generator are made of alloy 600 (thermally treated). 

The Rankine cycle, shown in Figure 2, is used in the generation of steam in power plants. From 

Stage 1 to 2, there is isentropic compression in a pump; in Stages 2 to 3, heat is added to the 

boiler at constant pressure; in Stages 3-4, there is isentropic expansion in a turbine; and in Stage 

4 to 1, heat is rejected in a condenser at constant pressure. During the process of reheating, 

increasing the number of expansion and reheat stages can increase average temperature. The 

purpose of reheating is to decrease the amount of moisture in the final stages of the expansion 

process. Feedwater heaters frequently used in the power plants are closed feed water heaters. A 
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device called a trap is used in throttling the condensed steam to the feedwater line or to another 

heater or condenser; during this process, enthalpy remains constant (Cengel & Boles, 2006).  

 

Figure 2. Schematic of the Rankine Cycle Operating from Stage 1 to Stage 4. Copyright 2008 by 
Nakka Ravi Kumar. 
 
 
 The schematic of a power plant is shown in Figure 3. Cleaned condensate is pumped 

through several sets of shell and tube-type, low-pressure feedwater heaters. Water is heated to 

about 350˚F; streams from moisture separator reheaters and from the heating side drain flow 

from the feedwater heaters are joined and feedwater passes through one or multiple high-

pressure feedwater heaters; feedwater divides in to multiple individual lines after passing through 

the high pressure heaters and flows in to the steam generator. The steam from the steam 

generator passes through the main steam line and then enters the high-pressure turbine. The 

extraction steam flows through the high-pressure extraction steam lines to the shell side of the 

high-pressure feedwater heaters. In the moisture separator reheater, steam is separated from the 

moisture is heated in the reheater section; then it enters the low-pressure turbine. Some of the 
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reheated steam entering the low-pressure turbine is extracted and made to pass through the low-

pressure extraction lines to the shell side of the low-pressure feedwater heaters. The remaining 

steam is sent to the condenser (EPRI, 1998). 

 

Figure 3. Schematic of the power plant. From “Flow-Accelerated Corrosion in Power Plants,” by 
Electric Power Research Institute, 1998, July, Report TR-106611-R1. Copyright 1998 by EPRI. 
Reprinted with permission.  
 
 

Iron Oxides 

 There are 16 forms of iron oxides, hydroxides, and oxide hydroxides. Iron exists in a 

trivalent state in most of the compounds. Close-packed arrays of anions exist in iron oxides; the 

package may be hexagonal and cubically closed packing. Some of the tetrahedral interstices are 

filled with divalent or trivalent iron ions; sometimes Cl- anions are also involved in this structure. 

Different types of oxides are listed in Table 1. Magnetite (Fe3O4) and maghemite (γ-Fe2O3) are 

the main iron oxide residues formed in the power plant components subjected to FAC. The 

transformation mechanism of iron oxides under different conditions is represented in Figure 2.4. 

 7



Table 2 shows the transformations among iron oxides and oxyhydroxides under different 

circumstances. 

Magnetite 

 Magnetite (Fe3O4) is a ferrimagnetic material with both Fe2+ and Fe3+ cations. It has an 

inverse spinel structure. Twinning is observed in {111} planes. It has a face-centered cubic 

lattice structure with a unit cell edge length of 0.8396 nm. The dissolution rate of the Fe3O4 is 

controlled by the speed of the ions crossing the interphase (Allen & Hampson, 1981). 

Maghemite 

 Maghemite (γ-Fe2O3) is also a ferrimagnetic material which is isostructural with 

magnetite but devoid of some of the cations in Fe3O4; for this reason the size of the γ-Fe2O3 

lattice parameter shrinks when compared with that of Fe3O4. The iron ions in γ-Fe2O3 exist in a 

trivalent state. Lattice parameter of γ-Fe2O3 ranges from 0.8338 nm to 0.8389 nm, whereas that 

of Fe3O4 is 0.8396 nm. There forms a super structure in γ-Fe2O3, and the symmetry is reduced 

from cubic to tetragonal with the edge lengths of the unit cell being a = 0.833 nm and c = 2.501 

nm. Maghemite formed as a result of oxidation of Fe3O4 is nonporous, but mesoporous when 

formed  as a result of dehydroxylation of lepidocrocite. The type of oxide can be determined by 

comparing the standard values of the interplanar spacings and intensities measured for both 

Fe3O4 and γ-Fe2O3 by using X-ray Diffraction (XRD) technique (Cornell & Schwertmann, 1996). 

 Maghemite is ferromagnetic, and it has an inverse spinel structure with some vacancies in 

the octahedral position occupied by the cations (Morales, Serna, Bodker, & Morup, 1997).  
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Table 1 

Eight forms of iron oxides and oxyhydroxides 

Oxyhydroxides Oxides 

Formula Mineral name Formula Mineral name 

Goethite Fe5OH8.4H2O α-FeOOH Ferrihydrite 

β-FeOOH Akaganéite α-Fe2O3 Hematite 

Lepidocrocite γ-FeOOH γ-Fe2O3 Maghemite 

δ-FeOOH Feroxyhyte Fe3O4 Magnetite 

Note. From R. Cornell and U. Schwertmann, The iron oxides: Structure, properties, reactions, occurrence, and uses, 
pp. 3-4, 1996. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. 
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Figure 4. Representation of iron oxides and their transformation with associated mechanisms. 
From R. Cornell and U. Schwertmann, The iron oxides: Structure, properties, reactions, 
occurrence, and uses, p. 314, 1996. Copyright Wiley-VCH GmbH & Co. KGaA. Reproduced 
with permission.  
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Table 2. Transformations among iron oxides and oxyhydroxides.  

Precursor Product Type of transformation Medium 
Goethite 

 

Hematite 

 

Maghemite 

Thermal/mechanical 
dehydroxylation 

Hydrothermal dehydroxylation 

Thermal dehydroxylation 

Gas/vacuum 

Solution 

Air + organic 

Feroxyhyte Goethite Dissolution/reprecipitation Alkaline solution 

Lepidocrocite Maghemite 

Hematite 

Goethite 

Magnetite 

Thermal dehydroxylation 

Thermal dehydroxylation 

Dissolution 

Reduction 

Gas/vacuum 

Gas/vacuum 

Alkaline solution 

Alkaline solution with Fe2+ 

Akaganéite Hematite 

Goethite 

Hematite 

Magnetite 

Thermal dehydroxylation  Gas/vacuum 

Dissolution/reprecipitation Alkaline solution 

Dissolution/reprecipitation Acid solution 

Dissolution/reduction Alkaline solution with 
N2H4 

Hematite Magnetite Dissolution/reduction Alkaline solution 

Ferrihydrite Hematite 

Substituted 
magnetite 

Lepidocrocite 

Thermal dehydroxylation Gas/vacuum 

Thermal dehydroxylation Solution, pH 6-8 

Dissolution/reprecipitation Alkaline solution 

Dissolution/reprecipitation Solution pH 6 with 
cysteine 

Magnetite Maghemite 

Hematite 

Oxidation 

Oxidation 

Air 

Air 

 

 

Magnetite 

Goethite 

Lepidocrocite 

Magnetite 

Maghemite 

Not determined N2 

Oxidation Alkaline solution 

Oxidation Alkaline solution 

Oxidation Alkaline solution 

Oxidation Alkaline solution 
Note. From R. Cornell and U. Schwertmann, The iron oxides: Structure, properties, reactions, occurrence, and uses, 
p. 314, 1996. Copyright Wiley-VCH GmbH & Co. KGaA. Reproduced with permission.  
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Erosion-Corrosion 
 

 Erosion-Corrosion occurs in flowing liquids or gases with or without abrasive particles, 

disrupting the protective oxide layer by mechanical impact of the flowing fluid. Corrosion 

process is exacerbated by the removal of the corrosion products formed on the metal surface due 

to the impingement by the fluid jet (Roberge, 2004).  

Cavitation 

 Collapsing of vaporous bubbles formed due to pressure reductions in high velocity flows 

induces cavities on the metal surfaces. Cavitation occurs when protective films are removed from 

a metal surface by high pressures generated by the collapse of gas or vapor bubbles. In general, 

higher-strength alloys are more resistant to this type of corrosion than lower-strength alloys. 

When cavitation damage is caused primarily by corrosion following the removal of protective 

films, the corrosion portion of the damage may predominate. Under extreme cavitation 

conditions, the cavitation itself is capable of removing the metal directly and corrosion effects 

are insignificant (Roberge, 2004).  

  Wall thinning is caused due to chemical or electrochemical reactions occurring on the 

surface of a material. These electrochemical reactions lead to material degradation, which is 

accelerated when the liquid is flowing over the surface of the material (Banweg, 2000).  

Post accident investigation at the Surry nuclear power plant revealed that the degradation of the 

pipes was due to FAC (EPRI, 1998). A computer program called CHEC® (Chexal-Horowitz 

Erosion-Corrosion) (Electric Power Research Institute, Palo Alto, CA, 

http://my.epri.com/portal/server.pt) was developed to calculate the rate of FAC and to manage 

data produced by an inspection program (EPRI, 1998).  
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 FAC is enhanced by solid particles or gas bubbles and multi-phase flows. Cavitation 

sometimes is considered a special case of this type of corrosion, which is caused by the 

formation and collapse of vapor bubbles in a liquid near the surface of the metal. Cavitation 

removes protective surface scales by the implosion of gas bubbles in the fluid. Cavitation 

damage often appears as a collection of closely spaced, sharp-edged pits or craters on the surface 

(Ma, Ferng, & Ma, 1998). 

Various Factors Affecting FAC 

 (a) Hydrodynamic: Factors such as fluid velocity, surface roughness of the pipe, and 

geometry of the pipes, have a great impact on FAC. The FAC rate varies directly with fluid 

velocity. Turbulent regimes initiate a sudden increase of FAC rates. Higher fluid velocities 

increase the transfer of ferrous ion species in to the flowing fluid and induce shear stress on the 

pipe surface.  

  (b) Material: The addition of elements such as chromium and molybdenum to low-carbon 

steels in low concentrations (0.1 %) improved resistance to FAC. Stainless steels are not 

susceptible to FAC. 

 (c) Environmental: The pH, temperature, water impurities, oxidation-reduction potential 

and oxygen concentration affect FAC. Increasing the pH will reduce the oxidation environment 

and thus influences the stability of the passive layer formed. Peak rates of FAC occur at a 

temperature near 300 ˚F and will decrease below this temperature. The dissolved O2 in water and 

the presence of hydrogen and anions like Cl- , SO4
2-  

  greatly affects FAC. 

 (d) Surface roughness: The manufacturing process of pipes renders a rough surface. 

Roughness is exacerbated by FAC, and in turn leads to the formation of scallops on the pipe’s 

surface. FAC wear rates tend to increase with the increasing bulk velocity and local turbulence. 
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Breakaway velocity, a critical flow velocity, has to be attained in order for FAC to take place; at 

this velocity, shear stress is high enough to break or remove the protective oxide film. Thus 

erosion of the surface begins. The two parameters affected by this process are mass transfer and 

surface shear stress. 

 The properties of surface films that naturally form on metals and alloys are important 

elements to understand the resistance of metallic materials to FAC (erosion-corrosion). The 

corrosion resistance is due to the formation and retention of the protective film. FAC is 

commonly seen in feedwater and condensate piping systems of the nuclear power plants. FAC 

phenomenon is a localized rather than a general phenomenon, attributed to the turbulent flow 

regime. The maximum rates of corrosion for single-phase flow are in the range of 265º to 300ºF 

(130º to150ºC) and for two-phase flow the maximum rates are in the range of 300º to 390ºF. 

Magnetite solubility was minimized with the increase of pH over 9.0. Nondestructive evaluation 

methods such as ultrasonic thickness (UT) testing, radiography, and computer-based analysis 

software should be employed to subvert the prevailing danger (Banweg, 2000). 

  FAC greatly depends on the local flow conditions and the piping layout. Ma, Ferng, and 

Ma (1998) simulated the two-phase flow using a three-dimensional model to investigate the 

effect of the local parameters. The liquid droplet impingement was found to be a great 

contributing factor for the FAC damage in high steam-quality flow conditions. The protective 

oxide layer is removed because of the impact of these droplets. The FAC mechanism is a 

combination of corrosion and wear. Because of different piping layouts, gravitational and 

centrifugal forces control the behavior of the liquid droplets. Even under the same flow 

conditions, different FAC locations are formed depending on the different layouts of the pipes. 

Severe wall thinning was observed on the outer side of the elbow; predicted results and measured 
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results were congruent with each other. In addition, severe wall thinning occurs downstream of 

the elbows (Ma, Ferng, & Ma, 1998). 

 Water chemistry also plays a key role in the process of flow accelerated corrosion. 

Typically, in the secondary cycles of cooling system in a given power plant amines and corrosion 

inhibitors influence water chemistry in controlling pH. Addition of just hydrazine or hydrazine in 

combination with ethanolamine (ETA) was found very helpful in decreasing the corrosion 

transport mechanism. When ETA is used, lower molar concentration is needed, compared to 

morpholine, in order to achieve the target pH at operating temperature. The reagents are added in 

order to decrease the corrosion rate. At high temperatures, addition of ammonia is ineffective in 

combating FAC in carbon steel components. Morpholine is the better alternative to ammonia; the 

distribution coefficient of morpholine is between the water and steam (i.e., close to 1). 

 Morpholine weighs over cyclohexylamine in corrosion inhibition, as higher room 

temperature pH and higher molar concentration are required when cyclohexylamine is used. 

However, 2-amino-2-methylpropanol (AMP) is suitable for the pH, but owing to its lesser 

stability in the absence of the condensate polisher. Adding excessive hydrazine can have a 

detrimental effect on FAC (Fiquet, 1996). 

 A high degree of iron oxide solubility is found at the irregular geometries of the tube 

sections such as Ts or elbows because of the increase in the flow rate and turbulence. The 

synergy of the fluid flow and electrochemical corrosion produces wave like patterns with sharp 

crests and smooth scallops. Chelants play a key role in the increase of dissolution of the iron at 

high temperatures. The presence of chelants promotes acidity and the dissolution of the metal 

(Crispin Hales, 2002). 
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 The influence of the impingement of the droplets cannot be ignored because of possible 

synergistic action between erosion-corrosion and FAC. Electrochemical experiments conducted 

on 304L stainless steel in 0.6 sodium (NaCl) solution by Sasaki and Burstein (2007) revealed 

that the mass transfer rate of oxygen increased with the increase in the fluid jet by impingement. 

The fluctuations in potential were due to the formation of metastable pits; initiation, growth, and 

repassivation of these pits are responsible for these fluctuations. The acceleration of the cathodic 

reaction continues until the pitting potential is achieved and decline will start once it is achieved, 

there-by resulting in the formation of the stable pits (Sasaki & Burstein, 2007).  

 The iron oxide deposits that are carried away by the fluid flow, may also aid in the 

abrasion of the inner surface of the tubing. In their electrochemical studies on the interaction 

between the erosion and corrosion, Yue, Zhou and Shi (1987) observed that in strong corrosive 

environments corrosion action increases the rate of mechanical wear of the material, whereas in 

the weaker corrosive environments, the erosive action initiates the corrosion process. The degree 

of protectiveness of the passive layer formed on the surface of the material depends on whether 

the passive film formed is continuous. Discontinuous films may form because of the 

discontinuous absorption of the oxygen, which will endanger the protectivity of the film. The 

anodic polarization current value will increase with the increase of the velocity of the corrosive 

fluid (Yue, Zhou, & Shi, 1987). 

 Accelerated rates of corrosion were observed during the transition of the fluid flow from 

resistant to non-resistant materials; this phenomenon may be due to the “entrance-like” effect. 

This effect can also occur in the straight pipes. The flow in power plants is always turbulent. 

FAC is predominant in the downstream sections of the upstream welds. Even the addition of 

approximately 0.1% chromium (Cr) was found highly effective in combating FAC in single as 
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well as two-phase flow. EPRI hints the modeling of flow pattern using computational fluid 

dynamics (CFD) by taking this factor in to consideration (Horowitz, Chexal, & Goyette, 1996). 

Kim, Kim, and Chung (2002) tested FAC at the Canada deuterium uranium (CANDU) nuclear 

power plant using high temperature cylinder rotating electrode (HTRCE). They further observed 

increased cathodic half-cell current rather than anodic half-cell current and thereby limiting 

current around the anodic regime at a high temperature. A high pH appeared, indicating that the 

migration of ferrous species governs the corrosion process, whereas formation of Fe3O4 

(oxidation process) cannot control the corrosion kinematics at higher temperatures. Corrosion 

current is proportional to the rotating speed in all temperature conditions; material removal is due 

only to mass transfer rather than to the activation process represented by the oxidation reaction. 

Kim, Kim, and Chung (2002) observed that the corrosion potential decreases with temperature 

because of the decrease of reduction process. At a temperature of 250ºC, sensitivity of corrosion 

potential with respect to rotation speed disappeared (Kim, Kim, & Chung, 2002). 

 The dissolution of the Fe3O4 film due to the flow occurs at very negative electrochemical 

potentials. At pH above 130ºC, mass transfer is proportional to the cube of the local mass 

transfer coefficient. The mass transfer coefficient depends on local hydrodynamic conditions 

(Bignold, de Whalley, Garbett, & Woolsey, 1983). 

 The diffusion-controlled corrosion varied directly with the increase in the degree of 

turbulence. Rates of diffusion-controlled corrosion can be attributed to the turbulence (El-Shazly, 

Zahran, Farag, & Sedahmed, 2004). 

 The flow-assisted dissolution of a normally protective film that forms on the surface 

occurs because of the erosion-corrosion of carbon steel in water of less dissolved O2. The effect 

of H2 on erosion-corrosion is ignored to date. When water is deoxygenated, the oxide film 
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consists of Fe3O4. The solubility of the Fe3O4 is a function of temperature, hydrogen activity and 

solution composition (Abdulsalam & Stanley, 1992). 

 FAC is often mislabeled as erosion-corrosion, even though FAC is caused by chemical 

and mass transfer effects. Although, it can be referred to as erosion-corrosion; it corresponds to a 

specific set of erosion-corrosion conditions (Daiber, 2003). 

 Tomlinson, Hurdus, and Silver (1981), in their experiment, demonstrated that the 

hydrogen will increase the local solubility of a normally protective Fe3O4 film on the metal 

surface, which leads to the formation of a less protective porous film. It was found that the 

hydrogen enhances the erosion-corrosion rate by a factor of three (Tomlinson, Hurdus, & Silver, 

1981). 

Thinning of the Pipes 

 FAC, an aspect of erosion-corrosion, is a mechanism involving chemical corrosion and 

mechanical erosion, thereby causing the metal loss. Ferng, Ma, Ma, and Chung (1999), simulated 

a two-phase system and observed that a liquid droplet with high kinetic energy impinges on the 

oxide layer of the metal and erodes its wall surface, thus rendering the FAC phenomenon. 

Centrifugal and gravitational forces play a vital role in the flow characteristics of vertical and 

horizontal 90º bends. The droplet impingement or liquid impact erosion was assumed to be a 

major factor in FAC in their model. Steeper radial profile of flowing fluid formed is due to lower 

local near-wall fluid velocity, and increases the soluble ferrous ion concentration gradient. 

Possible distributions of FAC locations can be indicated by making use of the local near-wall 

fluid velocity. The mass transfer of oxygen near the pipe wall affects the rate of ion transfer. The 

liquid droplets pushed to the outer side of the elbow because of centrifugal force and fall and 
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accumulate at the bottom of pipe as a result of gravitational forces in two-phase flow mixture in 

the horizontal pipe (Ferng, Ma, Ma, & Chung, 1999). 

 Deardorff (1993) studied the changes in the stress distributions of components thinned 

because of the effect of wall thinning. Thermal stresses can be ignored if the minimum predicted 

thickness is not less than 0.75 times the nominal thickness and is not subjected to thermal cycles 

greater than 150 thermal cycles (Deardorff, 1993).  

 Piping systems susceptible to FAC include condensate, feedwater sections, feedwater 

discharge boiler feed pump recirculation, auxiliary steam lines that are not superheated, 

cascading feedwater heater drains, boiler drains, main stream drain, and start up water separator 

drain. EPRI employed software1 to rank the critical areas susceptible to FAC. The techniques 

used to assess wall thinning include ultrasonic examination and pulsed eddy current (PEC). 

Owing to the limitation of insulation removal, ultrasonic examination for wall thickness 

measurements is expensive when compared to the PEC technique. The PEC technique uses the 

eddy current pulse in measuring wall thickness. Marvin, et al., found a consistent pattern of wall 

loss when both PEC and ultrasonic examination field measurements were compared (Cohn, 

1999).   

 In velocity-accelerated corrosion, which is homologous to FAC, protective thin film is 

damaged by mechanical impact or by a “diffusion-limited reaction.” Sheldon Dean (1990) has 

done the experiments focused on the single-phase flow. Fluid velocity effects dominate 

corrosion; however, corrosion is the contributing factor in the dissolution of the protective film 
                                                 
1 CHEC® and CHECMATE® computer codes (they predict FAC wear rates in piping containing single- and two-

phase flow), and CHECUP,™ a CHECWORKS™ application. CHECWORKS™ is a software workstation platform 

for FAC evaluation of fossil power plants (all created by Electric Power Research Institute, Palo Alto, CA, 

http://my.epri.com/portal/server.pt?) 
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and renders the roughness to the surface. By calculating the diffusion boundary layer thickness, 

one can evaluate the impact of the irregular geometries. After the breakaway velocity is attained, 

there is a drastic increase in the corrosion rate, which can be due to erosion; but, from the 

observation from the experiments, shear stresses at those velocities are very low. Therefore, this 

argument rules out the involvement of erosion. This process can be attributed to a chemical 

dissolution of the film. Concentration polarization governs this electrochemical process. V-

shaped pits or grooves are a common feature of velocity accelerated corrosion (Dean, 1990). 

 CFD is a numerical technique that relies on solving the fundamental equations of fluid 

motion to predict the flow pattern of a fluid. The exact mechanism governing erosion-corrosion 

is not yet well understood. The main hydrodynamic parameters under consideration are wall 

pressure and wall shear stress. Nešić (2006) believed that the intense near-wall turbulence 

disrupts both the protective oxide layer of the base metal and the mass transfer boundary layer, 

this disruption leads to enhanced corrosion. The increased near-wall turbulence leads to 

enhanced levels of fluctuating hydrodynamic stresses (both pressure and shear) and also 

increases the mass transfer. This finding confirmed the operating assumption that the near-wall 

turbulence intensity is a good hydrodynamic predictor of the erosion corrosion of mild steel 

(Nešić, 2006).   

 FAC occurs at temperatures above 150°C in the secondary circuits of pressurized water 

reactors. A synergy exists between FAC and cavitation-erosion. The pattern of the sand paper 

finishing is commonly found when this phenomenon occurs; it is more frequent in the 

downstream of the components with a high-pressure drop. This type of pattern can be attributed 

to the formation and collapse of the vapor bubbles. The major factors influencing cavitation are 
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material properties, cavitation intensity, liquid temperature, gas content of the fluid, geometry of 

the component, flow velocity and time (Vermorel, Romand, Charbonnier, & Bouchacourt 2000). 

 Yu, Zheng, and Yao (2006) studied the corrosion behavior of Q235 carbon steel under 

static, cavitation-erosion and erosion corrosion conditions. Their study confirmed that corrosion 

plays a major role in the synergistic effect under the conditions of cavitation and erosion- 

corrosion. The combined effect mechanical and electrochemical reactions will cause a great 

damage rather than they act separately (Yu, Zheng, & Yao, 2006). 

 There exists synergy between the hydrogen embrittlement and FAC (erosion corrosion). 

The tensile ductility of steels will be reduced because of hydrogen embrittlement. Velocity of the 

corroding fluid further exacerbates the corrosion. The synergistic action is found among the 

mechanisms like hydrogen embrittlement, erosion- corrosion, stress corrosion cracking, 

corrosive wear, corrosion fatigue, erosion, deformation, and abrasion. Hydrogen diffuses in to 

the metal during the fabrication process because of hydrogen’s presence in the atmosphere. The 

evolution of hydrogen takes place during the process of corrosion and eventually leads to 

hydrogen embrittlement. Surface damage and softening of the steels also occurs because of 

higher hydrogen charging, which also leads to a decrease in the ultimate tensile strength of the 

steel. The embrittlement of hydrogen initiates early cracks on the protective oxide layer. By cold 

working, plastic strain is decreased and notch strength is increased; these effects are further 

intensified with hydrogen charging. With flowing corrosive fluids, the steels which are cold-

rolled, exhibited better corrosion resistance than hot rolled steels; but, in static conditions the 

results were opposite (Namboodhiri, 2003) 

 Nascent hydrogen released during corrosion diffuses in to the metal surface of the pipe 

and combines with carbon in the steel to form cementite (Fe3C), and then releases the methane 
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gas, as described by the equation Fe3C + 4 H+      3 Fe + CH4. Intragranular cracks result from 

the gas pressure buildup (Water Services, 2005).  

 It is very difficult to eliminate the non-desired gases such as CO2 and O2. The thermal 

breakdown of bicarbonate and carbonate alkalinity in the feed water at boiler temperature is the 

main source of CO2. Even the presence of as little as 1 ppm of CO2 can lead to a pH of 5.5 

(Water Services, 2005). 

 The major inhibitors added in pressurized water reactor (PWR) are neutralizing and 

filming amines. The common amines used are dimethylamine (DMA), ethanolamine (ETA), 

morpholine and methoxy propylamine. Byproducts resulting from the usage of morpholine are 

ammonia, CO2  and glycolic acid (Díaz, 2004).  

 Nesic and Lunde (1994), in their 4-year experimental study, studied the behavior of the 

carbon steel in two-phase flow regimes, such as bubble flow and slug flow, under the influence 

of CO2. The experiments were carried out in the temperature range of 20˚C to 80˚C. Protective 

films formed under the influence of CO2 were immune to flow disturbances. They also observed 

that the increase in pH level increases the stability of the iron carbonate (FeCO3) layer formed, 

and that the partial pressure of the carbon dioxide increased the corrosion rate. The Fe3C present 

in the surface film increases the corrosion rate by promoting galvanic corrosion. Iron carbonate 

films are highly protective. Chemicals such as sodium bicarbonate (NaHCO3) were added to 

increase the pH. When corrosion of the low carbon steels occurs, Fe3C is not the corrosion 

product as it comes from the parent material; this Fe3C film is porous and is not protective. The 

formation of FeCO3 bolsters the flaky Fe3C and increases its protectivity. The effect of localized 

flow disturbances was also studied in their experiment. In the regions subjected to high 

turbulence levels, protective film was removed and localized attack was initiated; this attack 
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progressed because of the formation of the galvanic cell. SEM observation of the surfaces 

subjected to these localized flow disturbances displayed pit like cavities. It was observed that 

with the high super saturation of Fe2+ ions, the protectivity of the layer improved (Nešić & 

Lunde, 1994). 

 Svetozar, Israel, Risti, Zvonko, and Stanko (2004) observed that the corrosion of carbon 

steel in distilled water in the presence Na2CO3 and temperature of 90˚C gave rise to goethite. 

They also observed that at 90˚C, basic iron carbonate [Fe2(OH)2CO3] and Fe3O4 were present. 

Carbonates also play a key role in the phase transformations. Iron carbonate, Fe3C, and FeC are 

the different phases which are detected from the corrosion product. Presence of approximately 

1% of Cr in steel is responsible for the formation of FeCO3 and FeC phases. 

 High flow rates and higher shear stress reduce the efficiency of the inhibitor’s 

performance, and are very common in FAC. Thus, there is a substantial reduction of inhibitors 

performance. There is a need to estimate the exact range of inhibitors to be added based on the 

above consideration (Dougherty & Stegmann, 1996). 

 Iyer and Kumar (2002) established a unique methodology in evaluating and accepting 

Class 1 pipings subjected to FAC. The criteria for acceptance are established by comparing the 

predicted values of thickness with the change in the normal thickness of the pipe. A finite 

element model was also used to study the localized stress distribution; their results concluded 

that the thinning rate is higher at the extrados when compared with the intrados of the pipe bend 

(Iyer & Kumar, 2002). 

 To estimate the flow resulting from FAC, Lee, Lee, Ryu, Hwang, Kim and Luk (2005) 

devised an integrated system that monitors electrochemical potential (ECP), pH, thickness and 
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fluctuations due to the flow. This system includes electrochemical sensors, three-axis 

accelerometers and online UT (Lee, Lee, Ryu, Hwang, Kim, & Luk, 2005). 

 Poulson (1999) uses term “erosion corrosion” in representing a spectrum of different 

corrosion processes. The dissolution dominant corrosion (i.e., FAC) is on the higher end of the 

spectrum. The increase of chrome content was identified as the potent solution in combating 

FAC. There exists complexity in predicting the surface shear stress and attributing its effect on 

corrosion rate, turbulence levels, and mass transfer rate. In addition, roughness increases with the 

increase of the Reynolds number (Poulson, 1999). 

 FAC occurs because of the dissolution of the oxide layer or because of the mechanical 

erosion. Dissolution of the oxide layer is speculated to occur at the sites with the low near-wall 

turbulence and to a great extent depends on the chemistry of the flowing fluid. Erosion is 

speculated to be dominant at the sites with high-near wall turbulence, which hinders the 

formation of the passive layer (Rihan & Nešić, 2006). 

 Where there is turbulent flow, the erosion corrosion exists. It can be identified by the 

appearance of the horseshoe pits on the corroded metal surface (Canadian Copper and Brass 

Development Association). 

 Schmitt, Bücken, and Fanebust (1992) investigated the effects of flow velocities in small 

cavities ranging from 0.5 to 3 mm in both length and depth. They observed that the shear stress 

at the leading wall of the cavities was much higher than at the tubing wall outside the cavity, and 

that maximum shear stress in the cavity varies inversely to the length/depth ratio (Schmitt, 

Bücken, & Fanebust, 1992). 
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 Tomlinson and Ashmore (1987) observed that the surface of the ferrules was subjected to 

the erosion corrosion. Scalloped surfaces with single and duplex oxide layers and fluted surfaces 

were observed at the location subjected to the erosion corrosion (Tomlinson & Ashmore, 1987). 

 Synergy of cavitation and FAC occurs in the degradation process of the inner surface of 

the tubing. The typical phenomenon observed to result from cavitation is the formation of the 

sharp sand paper finish. Cavitation occurs downstream of the pipes because of the drop in the 

pressures at the flow control valves and level-control valves. If the pressure drops are large 

enough, there will be flashing of the water into a two-phase mixture. The collapse of vapor 

bubbles leads to the formation of high-velocity-driven microwater jets, which eventually 

impinges the metal surface (Mahini, Chexal, & Horowitz, 1993). 

 Kupinski, Paquette, Schonenberg, and Habicht (1996) analyzed the failed pipe of a heater 

drain pump recirculation line, which was subjected to FAC. Water hammer was found to be the 

root cause of the pipe’s rupture. The ruptured part was a significantly thinned section of the pipe. 

The inner surface of the pipe close to the rupture had black shiny scallops, which represented 

Fe3O4. Away from the rupture the surface was not shiny but had scallops. Great damage would 

occur if the valves were kept only partially open, as this would result in increased turbulence, 

which can be reduced by keeping the valve fully opened (Kupinski, Paquette, Schonenberg, & 

Habicht, 1996).  

 Low levels of O2 (< 1 ppb) results in reducing the feed water potential and aids in the 

dissolution of the protective oxide layer; within the temperature range of 250˚F to 350˚F, the 

oxide layer dissolves if  the pH is below 9.0 (Kuntz, 1998). 

 Yu, Zheng, & Yao (2006) have used the electrochemical impedance spectroscopy (EIS) 

to study the corrosion potentials under different environments while simulating the solutions 
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from three rivers of China. They found that corrosion potential (Ecorr) has increased in dynamic 

conditions; and that the Ecorr is greater in corrosion-induced erosion than in cavitation-erosion. 

(Yu, et al., 2006). 

 An observation by Wharton and Wood (2004) revealed that formation of metastable pits 

existed in all the flow regimes, but stable pits were observed during the laminar flow just before 

transition to turbulent flow. Pitting started in the form of the metastable pits, which were covered 

by the passive layer. The time period of the metastable pitting was less than 10 seconds. The 

effects of the fluid velocity were wall shear stress and mass transfer effect. They also observed 

that the transition of the Reynolds number (Re) between 2000 and 4000 wall shear stress 

increased by ten folds. The higher Re is observed in turbulent slug flows resulting from the 

irregular development of the boundary layer (Wharton & Wood, 2004). 

 The local flow velocities in elbows were observed to be two or three times the normal 

flow velocities. A rough corroded surface is due to the formation of the micro pits. The increase 

in the oxygen level to the threshold level of 15 ppb will hamper the formation of the Fe3O4 and 

helps in the formation of hematite, which is much less soluble than Fe3O4. Thus, increasing the 

dissolved oxygen level to the above specified threshold will significantly decrease the FAC rate. 

The FAC rate decreases with the increase in the ferrous ion concentration in the water, because 

of decrease of the mass transfer of the ferrous ions. In a two-phase flow, moisture in the steam 

plays an important role in dissolution of the oxide film. The liquid droplets, which are entrained 

in the vapor, will impinge on the protective oxide layer, thus leading to the cracks and its fatigue 

failure. The wearing of the metal is observed on the outside radius of the bend. On the inner side 

of the bend, the actual dissolution of the oxide layer is due to the turbulence (Nešić, 1991). 
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CHAPTER 3 

SAMPLE COLLECTION AND EXPERIMENTAL PROCEDURES 

Sample Collection 

 A number of pipe sections removed from Unit 2 of the Comanche Peak Steam Electric 

Station (CPSES) were collected and labeled as listed in Table 3.1. Nine pipes, consisting of 

elbows and straight pipes, were collected from the CPSES. All of these pipes were extracted 

from high-pressure steam extraction line of the secondary cycle of Unit 2. 

Table 3. List of pipes and their pipe identification used in this research 

 

 

 

 

 

 
 

 
 
 

Experimental Procedures 

 Experimental procedures are classified as physical analysis and chemical analysis. 

Environmental scanning electron microscopy (ESEM) is used for physical analysis, while 

Fourier transform infrared (FTIR) spectroscopy and X-ray diffraction (XRD) are used for 

chemical analysis. Initially, the samples are prepared from the pipe sections collected from the 

high-pressure steam extraction lines at the CPSES. The sample preparation procedures are 

different for each of these experiments. Sample preparation procedures for each experiment are 

discussed in the following sections.  

Pipe   Pipe ID  

A EX -1- 123 # 1 
B EX -1- 123 # 2  
C EX -1- 123 # 3  
D EX -1- 139 # 1  
E EX -1- 139 # 2  
F EX -1- 139 # 3  
G EX -1- 131 
H EX -1- 143 # 1  
I EX -1- 143 # 2  
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Fourier Transform Infrared Spectroscopy 

  FTIR is a non-destructive phase identification technique useful in the detection of various 

functional groups by making use of vibrations of atoms in those groups. FTIR is a powerful 

technique useful in identification of the materials as well as to determine them quantitatively. It 

can also be used for characterization and identification of different phases in solids or liquids. It 

is extremely sensitive to even small traces of materials present (ASM Handbook, 1986).  

Sample Preparation for FTIR 

 The Thermo Nicolet Avatar 370 FTIR spectrometer was used in the experimentation. The 

powder was scraped from the affected areas of the pipes, then homogeneously mixed with 

potassium bromide (KBr) and ground by means of mortar and pestle. Then this mixture was 

placed in the 13-mm steel die, and pellets were prepared by using the hydraulic press. Pellets 

were irradiated with the infrared beam coming from the infrared source. The interferogram 

obtained was Fourier transformed in the process of decoding it, resulting in a unique fingerprint 

pattern by each material. The readings were recorded in percent transmittance (%T) mode of 

intensity with respect to the wave number. The schematic of the FTIR is shown in the Figure 5. 

The %T is given by the equation %T = I/Io where I = intensity measured from the background, 

and Io = intensity measured from the sample subjected to the infrared beam. 

 The FTIR technique is an established method for phase identification and differentiation 

of Fe3O4 and γ-Fe2O3, and was used in this research to confirm XRD analysis. The FTIR 

spectrum of magnetite shows a broad absorption band at 570 cm-1 whereas absorption bands for 

γ-Fe2O3 are observed at 600 and 630 cm-1. 
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Figure 5. Schematic of Fourier transform infrared spectroscopy (FTIR) system. From Friedrich 
Siebert & Reiner Vogel, “Spectroscopy of Biomolecules,” 2008, Webpage, Institute für 
Molekulare Medizin und Zellforschung, Arbeitsgruppe Biophysik, Universität Freiburg. 
Permission to reproduce requested.  
 
 

Environmental Scanning Electron Microscopy 

 An ESEM was used for the physical analysis in the present research because it has good 

resolution and depth of field when compared with the conventional optical microscope, plus 

magnification ranges from as low as 10X to as high as 500,000X. A large depth of focus enables 

the three-dimensional appearance of the surface under observation. X-rays emitted from the 

sample surface can be analyzed by coupling the energy dispersive spectrometer or the 

wavelength dispersive spectrometer. A Quanta™ 200 ESEM (FEI Company, Hillsboro, OR, 

www.fei.com) is used in the present project to study the morphology of oxide layers, and other 

corrosion patterns such as scallops and pits formed on the inner surface of the pipe sections. 

Figure 6 shows a schematic of an ESEM and its major components.  
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Figure 6. Schematic of an ESEM showing major components including electron gun, lens 
system, detectors, and CRT. From Ray Egerton, “The Scanning Electron Microscope,” Fig. 2, 
Webpage, PHYS 319, no date, University of Alberta, Canada. Copyright by R.F. Egerton. 
Permission to reproduce requested. 
 
 

Working Principle of the ESEM 

 Figure 6 shows the schematic of an ESEM. The major components of an ESEM are (a) 

the electron column, (b) the specimen chamber, (c) the vacuum system, and (d) the imaging 

system. The sample was placed inside the vacuum chamber. A finely focused beam of electrons 

produced in the electron column was directed on to the sample. The size of the beam of electrons 

can be controlled by using the specimen chamber, which houses condenser lenses and scan coils, 

enabling the increase or decrease of the spot’s size. The detectors detect the auger electrons 

reflected from the sample surface. An analog-to-digital converter converts these analog signals to 

digital signals. Finally, the high-resolution graphical image is displayed on the cathode ray tube 

(CRT).  
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Sample Preparation for ESEM 

  A small piece of 1 cm2 was cut from the corroded pipe sections. These samples were 

fixed onto an aluminum stub using a copper tape, and the stub was placed on the sample holder 

in the sample chamber of the ESEM for observation. Samples used were electrically conductive 

enough not to need any coatings. Acceleration energy, working distance, and detector used are 

shown on each captured image in the results section of this thesis. Oxide or surface 

morphological features along with feature sizes were documented.     

X-ray Diffraction 

 X-rays used in diffraction studies falls between soft X-rays and hard X-rays, within a 

range of 0.5 to 2.5 Å. X-rays are said to be diffracted only if the diffracted beams are in phase 

with each other. Two commonly used types of X-ray tubes are gas tubes and filament tubes. The 

three major components of an X-ray generating tube are (a) the source of electrons, (b) a high 

accelerating voltage, and (c) a metal target. The schematic of an XRD is shown in Figure 7. An 

Ultima III™ X-ray diffractometer (Rigaku Americas Corporation, The Woodlands, TX, 

www.Rigaku.com) was used for this research. 

 Commonly, a copper (Cu) tube with characteristics X-rays (Cu Kα λ = 2.54 Å) is used in 

the generation of X-rays. The unknown material can be identified by the fingerprint pattern 

exhibited by each crystalline material. It can also be used to determine the crystal structure, 

lattice parameter, crystallite size, qualitative and quantitative phase analysis, and residual stress 

analysis. 

 The Kα line is the most intense line of the characteristic spectrum of copper metal, which 

is used as a target in generating X-rays. When the target is being bombarded by the electrons, the 

probability of the filling up of electrons from L-shell is more than that of electrons from the M-
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shell. Therefore, Kα lines are much stronger than all the diffraction lines detected. The Kβ lines 

are also detected and have much less intensity; however, they are eliminated when Ni Kβ filter is 

used. The broadening effect of the peaks observed is due to the decrease in size of the crystallite. 

When a unit cell is subjected to non-uniform distortion, the number of diffraction lines increases; 

the increase of lines can be attributed to the new d-spacings created by the distortion. However, 

in case of uniform distortion, no diffraction lines are added, but the shift in the diffraction lines is 

observed (Cullity, 2002). 

  Bragg’s law governs the process of diffraction. It is expressed by the following 

mathematical relationship: nλ = 2dSin(θ) where n = order of diffraction; λ = wavelength of the 

diffracted ray in angstroms; and θ = angle of diffraction. 

 

Figure 7. Schematic of X-ray diffraction optics.  
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 The various diffraction angles are the result of reflections from various crystallographic 

planes. For a cubic crystal, the relation among the Miller indices of a given diffraction planes (h, 

k, l), lattice parameter and interplanar spacing is given by the equation d = a/ √h2 + k2 + l2            

Sample Preparation for X-ray Diffraction 

 The XRD method used for analysis for this thesis was the powder diffraction method. 

Oxide powder was scraped from the pipe surface and spread uniformly over the small glass plate, 

taking care that the glass surface was not exposed to the incident radiation. Each scan was run for 

start and finish angles of 10º and 90º, and the scan rate selected was 2º per minute. A higher 

spectral resolution could have been achieved at lower scan rates, but that would have required 

longer run times. For this research 2º per minute was a desirable rate to obtain optimal results.   

 XRD is a well established method for phase identification, but, unfortunately, XRD 

spectra of the two dominant phases observed in this research, namely Fe3O4 and γ-Fe2O3, overlap 

extensively and make their differentiation extremely difficult. The only difference that may be 

observable is due to a faint peak that appears in γ-Fe2O3 spectrum that is not shown in magnetite 

XRD spectrum. Other than this minute difference, Bragg’s angle (2θ) corresponding to the major 

common peak of (311) planes at 35.4º shows a minor shift to a higher angle for maghemite. 

Therefore the FTIR technique that more clearly identifies these two phases was used. 
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CHAPTER IV 

RESULTS AND DISCUSSIONS 

 This chapter discusses the phases of iron oxides present at various regions of the pipes. 

These results will be helpful in depicting the corrosion processes in high-pressure steam 

extraction lines of the secondary cycle of the cooling system in the Comanche Peak Steam 

Electric Station (CPSES). Results of the analysis of the pipes received from CPSES is presented 

in this chapter in the order of thickness loss measurements, phase identification utilizing Fourier 

transform infrared (FTIR) spectroscopy  and X-ray diffraction (XRD) techniques, followed by 

morphological features observed by environmental scanning electron microscopy (ESEM). The 

analysis using the above-described techniques is totally qualitative. Table 3, shown on page 35 

but repeated here for the reader’s convenience, shows the identification of all pipe sections used 

in the investigation. Figure 8 shows the schematic of Unit 2 CPSES and the locations where 

pipes were extracted. 

Table 4 

Pipe samples with identification number 

 

 

 

 

 

 

 

 

Pipe   Pipe ID  

A EX -1- 123 # 1 
B EX -1- 123 # 2  
C EX -1- 123 # 3  
D EX -1- 139 # 1  
E EX -1- 139 # 2  
F EX -1- 139 # 3  
G EX -1- 131 
H EX -1- 143 # 1  
I EX -1- 143 # 2  
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 Figure 8 shows pipe specimens extracted from a high-pressure steam extraction line. It 

also displays moisture separator and reheater (MS and RH), low pressure turbines (LPT), high 

pressure turbines (HPT), condenser and steam generator.  

 Based on the geometry, the pipes are classified into two categories: 90˚ elbows and 

straight pipes. The sample pipes were collected from the feedwater extraction lines between the 

high pressure heaters and the HPT, as shown in Figure 8.  

 

Figure 8. Schematic of the Unit 2 of power plant showing pipe specimen locations.  
 
 

Thickness Measurements for Pipe A 

 Figure 9 shows Pipe A, EX-1-123 #1, which is a 90˚ elbow. Thickness loss observed near 

the bending is more than that of the straight pipe section away from the bending area. The 

thickness is almost uniform all through the pipe, except for the outer side (extrados) of the pipe; 

this is the section subjected to the higher loss of thickness.   



  Thick flakes of iron oxide layer are formed all through the pipe, except at the bending 

area of the pipe, where the glossy surface is due to the absence of any protective layer; this area 

also has corroded pits. An emery paper-like appearance is seen on one side of the pipe. 

Figure 9. Thickness variations in Pipe A. All dimensions are in inches. 
 
 

Phase Identification Using FTIR and XRD for Corrosion Deposits of Pipe A 

 Figure 11 shows FTIR spectra of Samples 1 to 7 as marked in the Figure 10. Detailed 

spectral peaks are shown in Appendix A. All these spectra showed a pattern for the γ-Fe2O3 

phase, a protective form of iron oxide that has crystal structure and morphology very similar to 

that of Fe3O4. The presence of γ-Fe2O3 is indicated by the observed absorption bands located at 

wave numbers 460, 630, and 660 cm-1. The photograph of Pipe A shows a region that is highly 

 

  

  

        0.153               0.147               0.149                          0.154         0.054 

        0.164               0.159               0.159                          0.176         0.164 

 0.151 

0.155 
0.149 

 0.150 
 0.161 

 0.155 

                           0.235 

                           0.291

                            0.222 

17”

                          0.138 

 36



 37

eroded from turbulence. The XRD pattern of the same region showed Bragg’s angle of 35.383º 

for (311) planes that could belong to either Fe3O4 or γ-Fe2O3. 

 

Figure 10. Sample Regions 1 through 7 of Pipe A. 
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Figure 11. FTIR spectra for samples of Pipe A.   
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Morphology of Samples from Pipe A 

 Figure 12 shows Region 1 of Pipe A covered predominantly by scallops as shown in the 

ESEM images presented in Figure 13 (a to d).  

   

Figure 12. Section of Pipe A showing Regions 1, 2 and 3 from which samples were collected for 
ESEM analysis.  
 
 
Scallop formation is the most common phenomenon prevailing in FAC. The roughness of the 

pipe as a result of defects inherent during manufacturing processes initiates the process of scallop 

formation (Villien, Zheng, & Lister 2001). The scallops form under the conditions of flow 

separation and reattachment due to irregular geometries. Allen assumed that the erosion marks 

were present uniformly over the surface and that they were identical; this was attributed to the 

dissolution and erosion of the surface. Little furrows on the flanks of the scallops are due to 

induction of smaller vortices by the main vortex (Allen, 1971). 
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Figure 13 (a to d). Morphology of corrosion products of Region 1 in Pipe A. 
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 The corrosion product from Sample 2 of Pipe A showed emery paper morphology. Figure 

14 (a to f) shows a highly porous oxide that is produced by anodic reaction of the base material. 

Even though the appearance of the oxide is highly porous, the corresponding thickness loss is 

less pronounced than the loss in the region from which Sample 1 is taken. Oxide particles 

appeared as the platelets and rhombohedrally shaped particles as shown in Figure 14 (e and f).  

 

Figure 14 (a to d). Morphology of corrosion products of Region 2 in Pipe A 

 



 
 
Figure 14 (e to f). Morphology of corrosion products of Region 2 in Pipe A. 
 

 41



Figure 15 (a to d) shows the scallops formed by the upstream flow. Oxidation or removal 

of the base metal indicates flow direction, and surface texture indicates the location with 

maximum velocity. Figure 15(b) shows the region with about similar behavior. Figure 15(c) is 

the magnified corroded region of the Figure 15(b). 

 

 
 
Figure 15 (a to d). Morphology of corrosion products of Region 3 in Pipe A. 
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Thickness Measurements for Pipe B 

 Figure 16 shows Pipe B, EX-1-123 #2. A porous layer of γ-Fe2O3 formed throughout the 

pipe except at the bends; a black layer with γ-Fe2O3 flakes was observed. On the inner side of the 

bends, however, the surface was worn out, exhibiting a corroded, wavy pattern upstream of the 

pipe and scallops and pits downstream of the pipe. The symmetry of the corrosion pattern was 

observed on the both sides of the cut sections of this pipe. Thickness loss values all along the 

straight pipe showed almost a uniform corrosion, and a severe thickness loss was observed only 

at the very ends of the pipe. 

 

 
 

Phase Identification Using FTIR and XRD for Corrosion Deposits of Pipe B 

 Figure 17 shows a photograph of Pipe B and locations from which Samples 1 to 10 were 

collected for phase identification.  

 
 
 
 
 
 
 
 
 
Figure 17. Sample Regions 1 through 10 of Pipe B. 

Figure 16. Thickness variations in Pipe B. All dimensions are in inches. 
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 Figure 18 shows the presence of Fe3O4 in Regions 1, 2 and 3, whereas the FTIR spectra 

of Samples 4 through 10 show a strong presence of γ-Fe2O3. A new predominant phase appeared 

in these samples that have an FTIR spectrum featured with a wave number between 1400 and 

1600 cm-1. According to Legrand, Savoye, Chausse, and Messina (2000), this phase is due to the 

presence of FeIII  oxyhydroxide carbonates, which are commonly seen at wave numbers 1632, 

1487, 1397, 1067, and 837 cm-1. Some of the bands around 1420 cm-1 can be attributed to the 

presence of siderite. Higher pH values are favorable for the formation of the green rust (1) due to 

the promotion of FeIII  species (Legrand, Savoye, Chausse, & Messina, 2000). Svetozar, Israel, 

Risti, Zvonko, and Stanko (2004) also observed that the presence of carbonates aids in the phase 

transformations and in the formation of iron carbonates (Svetozar, Israel, Risti, Zvonko, & 

Stanko, 2004). The presence of γ-FeOOH can also observed at a wave number of about 1020 cm-

1 in Samples 4, 5, 6, 8, and 9. Generally, the presence of oxyhydroxides is an indicative of an 

environment with a higher oxygen concentration. XRD results confirm the dominance of Fe3O4 

and γ-Fe2O3 phases in all samples from this pipe section. 
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Figure 18. FTIR spectra for samples of Pipe B. 
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Morphology of Samples from Pipe B 

 Figure 19 shows critical regions in Pipe B where maximum thinning occurred. Three 

samples were collected from the elbow regions to study phases of oxide present and their 

corresponding morphologies. Powdery yellow oxide present at both elbows sections shown in 

the bottom half of Pipe B could be oxides formed after the pipe was removed from the extraction 

line. Based on my experience, this type of loose yellow rust is the consequence of the pipe’s 

exposure to a humid atmosphere. This yellow oxide does not represent an actual field corrosion 

product. Samples examined for Pipe B were collected from sections where they truly represent 

the field corrosion products from the upper sections of the same pipe. 

 

Figure 19. Regions from which Samples 1, 2, and 3 of Pipe B were collected for ESEM analysis. 
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 Sample 1 of Pipe B shows a discontinuous corrosion product formed in separate layers. 

The surface on the pipe sample is porous, and circular patches are seen on the porous oxide 

layer, as shown in Figure 20 (a, b).  

 
Figure 20 (a, b). Morphology of corrosion products of Region 1 in Pipe B. 

 
 Sample 2 of Pipe B shows a relatively clean surface and a thin layer of oxide that has 

many cracks [Figure 21 (a, b)]. Fine-grained oxide particles are seen in the vicinity of cracks 

along with the formation of a chimney structure. According to Schwertmann, lepidocrocite 

and/or green rust scales are formed in the pipes because of oxygen leakage. The formation of the 

Fe3O4 is probably due to the oxidation of the green rust and lepidocrocite. During the scale 

formation, the composition of the Fe3O4 increased at the expense of lepidocrocite and green rust. 

Chimney-like vents are formed on these scales, probably to enable the release of gaseous 

products of corrosion (Cornell & Schwertmann, 1996). The chimneys observed in the current 

samples are shown in Figure 21 (c, d, e, and f). The chimneys resembled the mouth of volcano, 

from which gases erupt.              
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Figure 21(a to f). Morphology of corrosion products of Region 2 in Pipe B. 
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 Figure 22 (a to f) shows the morphology of samples from Region 3 of Pipe B. These 

samples also showed a chimney structure embedded in a finely grained oxide particle region as 

shown in Figure 22 (a, b). Along with that, regions containing coarser oxide particles were 

observed as shown in the Figure 22 (c, d, e, f).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22 (a to d). Morphology of corrosion products of Region 3 in Pipe B. 
 
 
 
 

 

 

a b 



 50

 

 

 

 
 
 
 
 
 
 
 
 
Figure 22 (e to f). Morphology of corrosion products of Region 3 in Pipe B. 
 



 51

Thickness Measurements for Pipe C 
 

 Figure 23 shows the Pipe C, EX-1-123#3. The thickness of the pipe gradually decreased 

downstream approaching the bend. The peak loss of thickness was observed at the outer side 

(extrados) of the bending area. The inner surface of this pipe is marked with pits (the thin porous 

Fe3O4 layer covering the surface is highlighted); the remaining surface of the pipe is shiny and 

marked with pits and scallops. The thickness measurements recorded for this layer are in good 

agreement with the fact that the pipe sections are at the extrados (outer side) of the pipe bend 

incurs great thickness loss when compared to the intrados of the pipe bend. 

 

Figure 23. Thickness variations in Pipe C. All dimensions are in inches. 
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Phase Identification Using FTIR and XRD for Corrosion Deposits of Pipe C 

 

Figure 24. Sample Regions 1, 2 and 3 of Pipe C. 
 
 
 Figure 25 shows the presence of Fe3O4 as indicated by the wave number 570 cm-1 band in 

Sample 1 and γ-Fe2O3 in Samples 2 and 4 (as shown in Figure 25) observed by the bands at 460 

and 630 cm-1. All the three spectra show γ-FeOOH bands at 1018 cm-1. 
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Figure 25. FTIR spectra for samples of Pipe C. 
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The XRD sample from this pipe confirms the presence of Fe3O4 or γ-Fe2O3; as it is very difficult 

to distinguish Fe3O4 and γ-Fe2O3 using XRD (Figure 26). 

 

 
 

Figure 26. XRD spectrum of a sample of Pipe C. 
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Morphology of Samples from Pipe C 

 Figure 27 shows regions from which Samples 1, 2, and 3 were collected for  

morphological analysis.  

 

Figure 27. ESEM sample regions of Pipe C. 
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 The ESEM micrographs of Sample 2 show flaky oxide particles as in Figure 28 (a to c). 

The formation of separate layers is shown in Figure 28 (a, b). Figure 28(c) shows platelets of 

Fe3O4, which was confirmed by XRD.  

 

 

 

 

 

 

 
Figure 28 (a to c). Morphology of corrosion products of Region 2 in Pipe C. 
 
 

 



 Figure 29 (a to f), shows the scallop morphology of Pipe C at the straight section (Region 

3). Figure 29(b) shows the magnified image of an individual scallop, which has micropits and 

oxide particle deposits as well. Figure 29(c) shows a step formed at the interface of two scallops, 

which is the most common feature observed in most of the scallops. Figure 29(d) shows the 

magnified image of the scallop surface, on which particles of corrosion products have deposited. 

Figure 29(e) shows a chimney-like vent — the other notable feature commonly seen in these 

pipes; it has an area of about 80 μm by 40 μm. Figure 29(f) shows the oxide scales formed on the 

scallop surface; these scales are discontinuous. 
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Figure 29 (a to f). Morphology of corrosion products of Region 3 in Pipe C. 
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Thickness Measurements for Pipe D 

 Figure 30 shows the Pipe D, EX-1-139 #1, as a 90˚ elbow. There was more thickness loss 

in the pipe downstream near the bend; the thickness is uniform throughout the pipe section away 

from the bend. The elbow region has a black shiny surface with scallops and pits; thickness loss 

is more at the outer side of the elbow nearby the bending. A different corrosion pattern is 

displayed 3 inches away from the bend; the surface is covered with a flaky iron oxide layer. 

 

Figure 30. Thickness variations in Pipe D. All dimensions are in inches. 
 

Phase Identification Using FTIR and XRD for Corrosion Deposits of Pipe D 

 Figure 31 shows the regions from which samples were collected. 

 

Figure 31. Sample Regions 1 through 6 of Pipe D. 
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 FTIR spectra of different samples in Figure 32 show the presence of carbonates/Green 

rust1, which is found at the band around 1390 cm-1. The presence of HCO3
-  anions is ruled out in 

the region around 1400 cm-1. FTIR spectra of all six samples confirm the presence of γ-Fe2O3 as 

the dominant phase. XRD results showed only phases of Fe3O4 and γ-Fe2O3, but neither 

carbonate nor green rust phases were detected. This could be due to the lack of substantial 

amounts of these two phases in the samples analyzed.   
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Figure 32. FTIR spectra for samples of Pipe D. 
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Morphology of Sa

 Figure 33 shows the regions from

mples from Pipe D 

 which ESEM samples were collected. 

 

Figure 33. Sample regions 1-3 for ESEM analysis of Pipe D. 
 
 
 Figure 34 (a, b) displays the scallops of Region 1, containing the particles of corrosion 

deposits. Oxide scales are not observed in the area occupied by the scallops, but some scallops 

had micro-oxide scales deposited in the center, which can be seen in Figure 34(c). Figure 34(d) 

displays a magnified image of Figure 34(c). Figure 34 (e, f, g, h) show platelets of OH 

containing oxyhydroxides (in this case, γ-FeOOH) as indicated by the presence of a faint 

absorption band at 1020 cm-1 wave number of the FTIR spectra of the sample.  

 

 

 

 

 

 

 
 
Figure 34 (a to b). Morphology of corrosion products of Region 1 in Pipe D. 
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Figure 34 (c to h). Morphology of corrosion products of Region 1 in Pipe D. 



 Sample 2 is collected from Region 2 of the Pipe D, which was covered by the highly 

porous black oxide layer. As shown in Figure 35 (a to d), scallops were not predominant in some 

areas, and the oxide layer percolated over the scallops in the regions away from the elbow. This 

region away from the elbow displayed a flaky oxide layer, which implies that the tendency of 

deposition of corrosion products is more at the sections of the pipe away from the bends 

throughout the pipe. The glossy surfaces found at elbow regions can be attributed to the fluid 

subjected to the turbulence at this area washing off the oxide layer.  

 The layer most expected to form is iron carbonate, as it was confirmed by the FTIR 

observations. Some of the oxide scale deposits in the scallops of this region, as shown in Figure 

35 (e, f), displayed a flowery pattern resembling lepidocrocite. The presence of lepidocrocite was 

confirmed by the FTIR results.  

 Figure 35 (g, h) show a clear view of nested oxyhydroxide; i.e., lepidocrocite, which 

resembles a honeycomb structure. This morphology is observed in the most of the samples in 

which oxide layer is highly porous. However, it is interesting to note that this type of 

morphology was observed even in the areas of the scallops on contrary to the uniform porous 

oxide layer; this confirms the transportation of the corrosion deposits in these pipes. The 

corrosion products, owing to the gravity, settle down at the center of the scallops. This 

phenomenon may be helpful sometimes in hampering the formation of the micro scallops 

because of the micro vortices inside the scallops. 
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Figure 35 (a to d): Morphology of corrosion products of Region 2 in Pipe D. 
 
 



 Figure 36 (a to d) displays the morphology of the sample collected from the Region 3 of 

Pipe D. This region is located in the immediate vicinity of the bend; the formation of the 

metastable pits as a result of the impingement of the fluid droplets is a precursor to the formation 

of these stable pits. Figure 36(b) shows the discontinuous oxide layer formed, which may be 

attributed to the damage of the oxide layer due to the impingement of the fluid droplets and 

corrosion products carried along the flow. Figure 36(c) displays the accumulation of the particles 

of the corrosion products. 

 

Figure 36 (a to d). Morphology of corrosion products of Region 3 in Pipe D. 
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Thickness Measurements for Pipe E 

 Figure 37 shows Pipe E, EX-1-139 #2. It was a straight pipe with significant loss of 

thickness at the ends of the pipe. This was one of the longest pipes studied in this research. The 

results of thickness loss indicated that the ends of this pipe exhibited scallops and pits, and the 

midsection of the pipe exhibited a black surface of the porous Fe3O4 layer; thickness in this 

region is almost uniform. 

 

Figure 37. Thickness variations in Pipe E. All dimensions are in inches. 
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Phase Identification Using FTIR and XRD for Corrosion Deposits of Pipe E 

 Figure 38 shows the regions from which samples were taken. Iron oxide phases detected 

(as shown in Figure 36) were γ-Fe2O3, Fe3O4, and lepidocrocite. FTIR spectra of most samples 

analyzed from this pipe showed absorption bands around 600 cm-1 (γ-Fe2O3) and 1020 cm-1 

(lepidocrocite) wave numbers.  

 

Figure 38. Sample Regions 1 through 9 of Pipe E. 
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 Spectra of Samples 3, 6, 7, and 8 showed a broadening of absorption band at 600 cm-1
, 

indicating the presence of Fe3O4, which has an FTIR absorption band of about 570 cm-1 (Figure 

39). 
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Figure 39. FTIR spectra for samples of Pipe E. 
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The XRD spectrum of a sample from this pipe as shown in Figure 40 confirms the presence of γ-

Fe2O3.  

 

 

 

 

 

 

 

 

 

 

 
Figure 40.
 
 

 XRD spectrum of a sample of Pipe E. 
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Morphology of Samples from Pipe E 

Figure 41 shows the regions from where samples for Pipe E were collected. 

Figure 41. Regions from where samples for Pipe E were collected. 
 
 
 Figure 42 (a to f) shows the morphology of the samples collected. Figure 42(a) shows the 

accumulation of the oxide scales on a scallop surface. The oxide scales formed were 

discontinuous, possibly because of the insufficient amount of O2 required for continuous scale 

formation or because of the evolution of the gases from the oxide layer and rendering the 

chimney-like structure. There is also the possibility that the oxide scale is abraded by the 

corrosion deposits, causing it to break. Lepidocrocite was also observed (as indicated by the 

formation of thin and sharp platelets) in this region as shown in the Figure 42 (e and f).  

 

 

 

 

 

 



 

Figure 42 (a to f). Morphology of corrosion products of Region 1 in Pipe E. 
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 71

 Region 2 of the pipe as shown in Figure 43 (a to d) displays the formation of the porous 

oxide layer, and some platelets of the oxide layer are also seen in Figure 43(b). 

 

Figure 43 (a to d). Morphology of corrosion products of Region 2 in Pipe E. 
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 Figure 44 (a, b) displays the pits formed on the scallops. The formation of the pits may be 

attributed to the fluid impingement or to the cavitation process acting in synergy with FAC. 

 
 
 
 
 

 
Figure 44 (a, b). Morphology of corrosion products of Region 3 in Pipe E. 
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Thickness Measurements for Pipe F 

 Figure 45 shows Pipe F, EX-1-139 #3. As seen in other elbows, this elbow also incurred 

a significant thickness loss at the bending section. The wavy pattern is exhibited at the bending 

section; scallops and pits appeared throughout the pipe except at the leaving end of the pipe, 

where a coating of the iron oxide layer is seen. Interestingly, the highlighted portion in the Figure 

45 shows a pattern different from the prevailing pattern on the other side of the pipe. This pattern 

may be due to the conjunction of two or more mechanisms occurring at the same time as a result 

of the variation in the flow regimes. 

 

Figure 45. Thickness variations in Pipe F. All dimensions are in inches. 
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Phase Identification Using FTIR and XRD for Corrosion Deposits of Pipe F 

 Figure 46 shows the sample regions of pipe F. As shown in Figure 47, γ-Fe2O3, 

lepidocrocite, and green rust1 are the phases detected with the FTIR spectrometry. Figure 48 

shows the XRD pattern of a typical oxide from this pipe confirming the presence of γ-Fe2O3. 

 

Figure 46. Sample Regions 1 through 9 of Pipe F. 

 
Figure 47.  FTIR spectra for samples of Pipe F. 
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Figure 48. XRD spectrum of a typical sample of Pipe F. 
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Morphology of Samples from Pipe F 

Figure 49 shows the ESEM sample regions of Pipe F. 

 

Figure 49. ESEM sample regions of Pipe F. 
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 Figure 50 (a to f) shows scallop pits and oxide scales morphology of Pipe F, Region 1.  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 50 (a to f). Morphology of corrosion products of Region 1 in Pipe F. 
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Figure 51 (a, b). Morphology of corrosion products of Region 2 in Pipe F. 
 

 Figure 51 (a and b) shows the porous oxide layer resembling sand paper finish. 

The sand paper finish is a common feature observed due to the conjunction of the two 

mechanisms FAC and cavitation erosion (Vermorel, 1999). Region 3 as shown in the Figure 52 

(a and b) has the same morphology as Region 1.  

Figure 52 (a, b). Morphology of corrosion products of Region 3 in Pipe F. 
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 Figure 53 (a and b) shows the surface of the oxide layer with sand paper finish. The 

magnified image shows the octahedral-shaped oxide particles deposited. Figure 53(c) shows 

some of the region being covered by the scallops. Figure 53(d) shows the surface that is highly 

porous. Figure 53 (e and f) shows the platelets of oxide scales. 

 

 
 Figure 53 (a to d). Morphology of corrosion products of Region 4 in Pipe F. 
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Figure 53 (e to f). Morphology of corrosion products of Region 4 in Pipe F. 
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Region 5 of the pipe as shown in the Figure 54 (a and b) shows highly porous surface of the 

oxides deposited on the surface of the pipe.  

 

Figure 54 (a, b). Morphology of corrosion products of Region 5 in Pipe F. 
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 Figure 55 (a to d) shows Region 6 of Pipe F. Figure 55 (c and d) shows the discontinuous 

oxide scales formed on the scallop. Figure 56 (c and d) also shows the chimney-like vent 

formation, making it clear that the gaseous evolution takes place during the scale formation. The 

gases that evolve are H2, CH4 etc. These gases evolve from the reaction of the nascent hydrogen 

with cementite (Fe3C) of the parent metal. The galvanic cells are formed in the region subjected 

to high turbulence, thus enabling the formation of the pit-like cavities (Nešić & Lunde, 1994).  

Figure 55 (a to d). Morphology of corrosion products of Region 6 in Pipe F. 
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Thickness Measurements for Pipe G 

 Figure 56 shows Pipe G, EX-1-131. There is no large amount of variation in the thickness 

along this pipe. However, thickness on one side of the pipe is less than the thickness on the other 

side. The major area of the pipe is covered by the formation of pits. The thickness loss is uniform 

throughout the section of the pipe.  

 

 

 

 

 

 

 

 

 

 

Figure 56. Thickness variations in Pipe G. All dimensions are in inches. 
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Phase Identification Using FTIR and XRD for Corrosion Deposits of Pipe G 

 Figure 57 shows the sample regions of Pipe G. Iron oxide phases observed in the pipe are 

γ-Fe2O3and lepidocrocite as confirmed by FTIR in Figure 58. The presence of highly porous and 

powdery oxides with much finer grains was visible on the photographs shown in Figure 59 and 

Figure 60. FTIR spectra of all samples collected from this pipe had a strong presence of 

lepidocrocite as indicated by a very strong absorption band at a wave number of 1020 cm-1. 

 

Figure 57. Sample Regions 1 through 4 of Pipe G. 
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Figure 58. FTIR spectra for samples of Pipe G. 
 
 

Morphology of Samples from Pipe G 

 Figure 59 shows the ESEM sample regions of Pipe G.  

 

 

 

 

 

 

Figure 59. ESEM sample regions of Pipe G. 
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 Figure 60 (a to d) shows highly porous region. Chimney-like vents are also seen in this 

area. Figure 60 (a to d) shows the region that is highly corroded, contains scallops and exhibits, 

in Figure 60(d), a porous oxide layer exhibits many cracks. 

 

 

 

 

 

 

 

 

 

 

 
Figure 60 (a to d). Morphology of corrosion products of Region 1 in Pipe G. 
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Figure 61 (a to d). Morphology of corrosion products of Region 2 in Pipe G. 
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Thickness Measurements for Pipe H 

 Figure 62 shows the Pipe H, EX-1-143#1. Figure 62 shows thickness variation along the 

length of Pipe H. A fairly uniform thickness is seen all along the length of this pipe. Only the left 

end of this pipe showed excessive thickness loss with a final thickness of 0.059 inch.   

  

Figure 62. Thickness variations in Pipe H. All dimensions are in inches. 
 
 
 The pipe is straight and has a different corrosion pattern when compared with the elbow 

sections. The corrosion pattern exhibited is not the same throughout the pipe section. Most of the 

pipe surface was covered with the scallops and pits, and an oxide layer coating was observed on 

a few spots; however, the area covered by this coating is much smaller. The maximum thickness 

loss observed was downstream of the pipe immediately after the step, where two pipes are joined 

together. There was a remarkable decrease in thickness downstream of the pipe on one side; 

however, on other side, the thickness of the pipe is more or less uniform throughout the pipe 

except near the step.  
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Phase Identification Using FTIR and XRD for Corrosion Deposits of Pipe H 

  Sample regions for Pipe H are shown in Figure 63.      

 

Figure 63. Sample Regions 1 through 8 of Pipe H. 

1 

2 3 
4 5

6 
7 8

Sample1

 70%
T

Saample 2
 60%

T

Sample 3

 50

 60

%
T

Sample 4

 60

 80

%
T

Sample 5
 5

%
T

Sample 6

 40%
T

Sample 7

 50

 60

%
T

Sample 8

 60%
T

 600    1800   1600   1400   1200   1000   800    2000  

Wavenumbers (cm-1)  
 
 

Figure 64. FTIR spectra for samples of Pipe H. 
 
 

FTIR spectra of different samples are shown in the Figure 64. All FTIR spectra except 

spectrum of Sample 5 revealed the presence of γ-Fe2O3 and green rust1. Figure 65 shows the 

XRD pattern showing the phases of γ-Fe2O3.   
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Figure 65. XRD spectrum of a sample of Pipe H.  
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Morphology of Samples from Pipe H 

 Figure 66 shows locations where samples for morphological analysis were collected. 

 

Figure 66. ESEM sample regions of Pipe H. 
 
 Figure 67 (a, b) shows the morphology of scallops from Region 1, which is a clean glossy 

surface that was probably eroded as a result of the impingement by the water droplets and oxide 

deposits. 

 

 

Figure 67 (a, b). Morphology of corrosion products of Region 1 in Pipe H. 
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 Figure 68 (a, b) shows the surface from Region 2 where the surface is very porous and 

uneven. Figure 68 (c, d) shows an admixture of different iron oxides like γ-Fe2O3, goethite, and 

lepidocrocite based on FTIR results. 

 

Figure 68 (a to d). Morphology of corrosion products of Region 2 in Pipe H. 
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 Figure 69 shows the porous oxide layer as seen in Figure 69 (a, b). Figure 69 (c, d) shows 

iron oxide crystals present along with oxyhydroxides and other corrosion deposits such as 

carbonates. 

 

Figure 69 (a to d). Morphology of corrosion products of Region 3 in Pipe H. 

 

 

 

 

 

 

 

 

 

 



 94

 Figure 70 (a to c) shows the scallops present in Region 4 of Pipe H. Figure 70(d) shows 

the discontinuous oxide layer. 

 

 

Figure 70 (a to d). Morphology of corrosion products of Region 4 in Pipe H. 
 
 



Thickness Measurements for Pipe I 

 Figure 71 shows the thickness variation in Pipe I, EX-1-143 #2. The thickness observed 

at the end of the pipe from where the water enters the pipe is very less compared to that of other 

end. The thickness increased away from the entrance of the pipe.  

 

 

 

 

 

 

 

 

 

 
Figure 71: Thickness variations in Pipe I. All dimensions are in inches. 
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Phase Identification using FTIR and XRD for corrosion deposits of Pipe I 

 Sample regions selected for phase analysis of Pipe I are shown in the Figure 72.  

 

Figure 72. Sample Regions 1 through 8 of Pipe I. 
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The FTIR spectra of all the samples in Figure 73 show the presence of γ-Fe2O3 and lepidocrocite. 

Green rust 1 was detected in Samples 3, 4, 6, and 8. Sample 11 has shown the presence of Fe3O4.  
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Figure 73. FTIR spectra for samples of Pipe I.  
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 The XRD pattern of a typical sample from Pipe I as shown in Figure 74 presents Fe3O4/γ-

Fe2O3 phases. 

 

 

 

 

 

 

 

 

 

 

 

Figure 74. XRD spectrum of a typical sample of Pipe I. 
 
 



Morphology of Samples from Pipe I 

 Figure 75 shows the sample regions collected from Pipe I.  

Figure 75. ESEM sample regions of Pipe I. 

 

 Figure 76 (a, b) show the scallops and the oxide layer.   

 

Figure 76 (a, b). Morphology of corrosion products of Region 1 in Pipe I. 
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 Figure 77 (a, b) of the sample from Region 2 shows the same morphology as that of 

Region 1.  

Figure 77 (a, b). Morphology of corrosion products of Region 2 in Pipe I. 

 

 Figure 78 from Region 3 shows a sand paper finished surface that is highly porous. The 

oxide particle deposits formed are a cluster of particles rather than the scales. The morphology 

seen in the Figure 78 (a to d) resembles that of the Fe3O4 morphology with particles exhibiting 

an octahedral shape. Some platelets of the oxide scales are also seen as shown in Figure 78 (e, f). 
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Figure 78 (a to f). Morphology of corrosion products of Region 3 in Pipe I. 
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 Figure 79 (a to f) shows Region 4 of Pipe I has scallops with pits formed on them.  

 

Figure 79 (a to f). Morphology of corrosion products of Region 4 in Pipe I. 

 



 Region 5 of Figure 80 (a to d) shows the accumulation of the oxide particles on the 

surface of the pipe. In Figure 80(c), it’s interesting to note that the oxide scale formation took 

place after the scallops were formed, as the layers of oxide scales were seen on the surface with 

scallops. Figure 80(d) shows the presence of oxy hydroxides. 

 

 

Figure 80 (a to d). Morphology of corrosion products of Region 5 in Pipe I. 
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Cumulative Discussion 

 One of the questions this research sought to answer was a comparison of the degree of 

protectiveness offered by two phases of iron oxide, namely, Fe3O4 and γ-Fe2O3. Identification 

and differentiation of these two phases has proven to be difficult, and practitioners in the power 

industry are often uneasy in separating these two elusive forms of iron oxides. Both phases have 

the same cubic crystal structure and are members of the spinel family of crystals. Both are highly 

magnetic, but γ-Fe2O3 crystals contain 2.67 vacancies per unit cell. In addition, all cations in γ-

Fe2O3 are ferric, whereas 33% of cations in Fe3O4 are ferrous, and the remaining cations are 

ferric. Dr.Nasrazadani’s (1993) research provided a method based on application of FTIR for 

positive identification of γ-Fe2O3. I used this method in this research to separate the two phases, 

in attempting to assess the degree of protectiveness offered by these two phases. Based on the 

thickness loss data and phases present in each corroded pipe (A through I), no clear advantage 

was observed for samples dominated with either the Fe3O4 or the γ-Fe2O3 phase. However, data 

proved FTIR to be reliable and a much faster technique than XRD for characterization of iron 

oxides and oxyhydroxides. For most samples, results of the phase analysis done with both 

methods (FTIR and XRD) were in good agreement.  

 The dominant morphological characteristic observed in almost all samples, whether 

elbow or straight sections, appeared to be the formation of scallops. This form of failure 

indicates synergistic effects of both electrochemical dissolution of the alloy along with the 

mechanical action of the flowing fluid. Loose oxide particles detach from the metal surface and 

add to iron transport throughout the secondary cycle in nuclear power plants.  

 Thickness loss data indicated that regions in the vicinity of the elbow sections are the 

most vulnerable. Periodic assessment of pipe thickness needs to be made to prevent catastrophic 
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failure. This critical region of the piping system is extremely sensitive to flow regime. It is 

anticipated that formation of a turbulent flow regime is favorable in the elbow sections if flow 

velocity exceeds the laminar limit, causing a transition to turbulences based on the Reynolds 

number.  
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Table 5 

Summary of Results 

Pipe FTIR spectroscopy X-Ray diffraction ESEM 

A Maghemite  (γ-Fe2O3) + 
Lepidocrocite  
 ( γ-FeOOH)   

Magnetite/Maghemite Scallops, Porous oxide layer. 

B Maghemite (γ-Fe2O3) + 
Magnetite  (Fe3O4)  + 
Lepidocrocite  
( γ-FeOOH)  

Magnetite/Maghemite Discontinuous oxide scales with 
cracks, chimneys, and porous 
oxide layer 

C Maghemite (γ-Fe2O3) + 
Lepidocrocite 
 ( γ-FeOOH)  

Magnetite/Maghemite Scallops, chimneys and porous 
oxide layer. 

D Maghemite (γ-Fe2O3) + 
Lepidocrocite  
( γ-FeOOH)  

Magnetite/Maghemite Scallops, flowery pattern 
structure resembling honey- 
comb. 

E Maghemite (γ-Fe2O3) +  
Magnetite  (Fe3O4)  +  
Lepidocrocite 
( γ-FeOOH)  

Magnetite/Maghemite Scallops, discontinuous oxide 
scales 

F Maghemite (γ-Fe2O3) + 
Magnetite  (Fe3O4)  +  
Lepidocrocite 
 ( γ-FeOOH)  

Magnetite/Maghemite Scallops with micro pits, porous 
oxide layer with octahedral 
crystals and platelets 

G Maghemite (γ-Fe2O3) + 
Lepidocrocite 
 ( γ-FeOOH)  

Inconclusive  Scallops, porous oxide layer 
with chimneys 

H Maghemite (γ-Fe2O3) +  
Magnetite  (Fe3O4)  + 
Lepidocrocite 
 ( γ-FeOOH)  

Magnetite/Maghemite Scallops, porous oxide layer 
with octahedral crystals and 
discontinuous oxide scales 

I Maghemite (γ-Fe2O3) + 
Magnetite  (Fe3O4)  +  
Lepidocrocite  
( γ-FeOOH)  

Magnetite/Maghemite Scallops, porous oxide layer 
exhibiting flowery pattern 

Note. Differentiation of magnetite and maghemite is very difficult using XRD. 
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CHAPTER V 

CONCLUSIONS 

1. From the thickness measurements, the severe thickness loss was observed at the bend areas 

(extrados) of the pipe when compared with the other sections of the pipe. 

2. FTIR revealed the predominance of maghemite and lepidocrocite in most of the pipe samples 

collected from elbows (severely thinned regions) as well as in other regions (relatively thinned 

regions).  

3. ESEM morphology depicted the presence of pits and scallops, a feature typical to single phase 

FAC. Chimney-like vents were also seen in the some of the samples. Most of the oxide layers 

exhibited morphology of octahedral crystals.  

4.  XRD confirmed the presence of magnetite/maghemite, making the findings complement the 

results of FTIR. 
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