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Preface 

The works in this thesis were carried out under the 

guidance of Professor Toshio Shibata at The Department of 

Metallurgical Engineering. Osaka University for five years since 

1982. 

The object was to examine the initial anodic process of 

iron. nickel and their chromium alloys in high temperature and 

high pressure aqueous solutions in order to obtain the basic 

electrochemical information about corrosion behavior of iron and 

nickel base alloys in the high temperature and high pressure 

water environments. 

November 1986 Shinji Fujimoto 
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CHAPTER I 

General Introduction 

1.1 Corrosion Failures in High Temperature 
and High Pressure Water Environments 

Material performance in plant industries is an important 

factor determining the reliability of the whole system. The 

utilization of metallic materials in high temperature and high 

pressure water environments is comprised in power generating 

plants. such as. nuclear(I). geothermal(2) and also ordinary 

thermal power generators(I).(3)-(4). An extremely high 

reliability has been demanded particularly for nuclear power 

plants. because their failure will lead to a great economic loss 

and also to a social uneasiness. 

In the nuclear power generators. mainly iron and nickel base 

alloys(5).(S). and also zirconium alloys are used in the high 

temperature. high pressure and high purity water. Austenitic 

stainless steels(7)-(9) are used for the cooling water tubing 

system in the boiling water reactor (BWR) plants. the commercial 

operation of which have been started early in 1960·s. The 

failure of cooling water tubing was first detected in 1965 at 

Dresden-I reactor. USA(IO). The failure was attributed to stress 

corrosion cracking (SCC) as a result of localized stress. 

sensitization of material and dissolved oxygen. At that time. 

the SCC problem of austenitic stainless steels has not become of 

serious interest. Since the intergranular stress corrosion 

cracking (IGSCC) of cooling water tubing made of stainless steel 

was detected for Dresden-2 reactor in 1974(11). similar failures 

were found in many reactors in the world including USA and Japan. 
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After that. extensive studies have been performed on SCC of 

austenitic stainless steel in BWR environment for understanding 
. . (8) (14) (15) and developIng the measures to prevent It' • . 

Development of nuclear grade SUS31S steel(IS). improved welding 

procedure(13).(17) and also strict control of water chemistry(13) 

have given effective countermeasures to the SCC problem of 

austenitic stainless steels in this environment(8).(18). 

In the pressurized water reactor (PWR). high nickel alloys 

have been used as steam generator (SG) tubing. which forms a 

pressure boundary between the primary water and secondary 

side(19)-(24). SG tubes of Alloy SOO are known to suffer with 

SCC and intergranular attack (IGA) from the secondary side. Few 

cases of SCC from primary side have been also reported(25). 

SCC and IGA of high nickel alloys have been closely related to 

water treatment(22).(2S).(27). However. an exact understanding 

of mechanism has hOt yet been achieved to date(5).(S).(8). The 

development of candidate materials for the high performance has 

been in progress(29)-(31). In the case of PWR. the denting 

Phenomena(22).(32).(33) are also an important corrosion trouble 

in the steam generator a thick magnetite layer deposits and 

grows in a crevice between SG tubing and a tube supporting plate 

made of carbon steel. These voluminous corrosion products 

press SG tubes to cause SCC with an acceleration of corrosion 

within the crevice(33).(34). It is emphasized that the water 

chemistry plays an important role to control the phenomena. 

As stated above. a considerable number of research has been 

conducted on corrosion attacks of iron and nickel base commercial 

alloys in this environment in order to establish practical means 

to prevent them. However. there have been few studies to ~xamine 

the interaction of materials with the environments. because of 
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the experimental difficulty. The interaction here includes the 

basi~ electrochemical process of iron, nickel, stainless steels 

and high nickel alloys in high temperature and high pressure 

water environment. 

1.2 Previous Studies on the Corrosion Behavior of 
Iron and Nickel Base Alloys in High Temperature 
and High Pressure Water Environments 

Many corrosion researches have been performed on various 

materials, such as, iron, nickel, aluminum and zirconium alloys, 

in connection with steam-power boiler, high temperature 

hydrometallurgy, oil drilling, fuel cell, high temperature 

chemical reactor, and others(31,(351. The basic electrochemical 

properties, for example, corrosion rate, solubility of metal and 

its oxide, and structure of oxide films have been 

investigated for a long time(3S1-(391. However, studies 

with electrochemical techniques have been conducted after the 

development of the reference electrode for high temperature 

and high pressure aqueous solution(401-(441. because experiments 

in this environment are very difficult compared with that at 

room temperature and atmospheric pressure. At the 

international conference on "High Temperature High Pressure 

Electrochemistry 

England(451, the 

in Aqueous 

attendants 

Solution" 

discussed 

in 1973 at Surrey, 

the electrochemical 

researches and experimental techniques for high temperature water 

environments that were obtained until that time. It has been 

recognized that the corrosion behavior in high temperature and 

high pressure water is quite different and is not readily 

estimated from the knowledge obtained at room temperature. 

I t is generally recognized tha.t SCC is caused by the 

-3-



conjoint action of stress, environment and materials factor(46). 

The residual stress and sensitization of material at heat 

affected zone (HAZ) due to welding, and dissolved oxygen (DO) of 

a high concentration are considered to be mainly responsible for 

IGSCC of stainless steels in high temperature and high pressure 

pure water(14),(15). 

SCC of stainless steel is usually explained by an active 

path corrosion (APC) mechanism(47)-(49), i.e., SCC propagates by 

the preferential anodic dissolution at crack tip, as 

illustrated in Fig.l-l(48). Therefore, the electrochemical 

reaction is an important factor to discuss the SCC phenomenon. 

SCC is liable to occur at some specified potential zones as 

described in Fi9.1-2(50), which also illustrates various types of 

corrosion at each potential. The passive film seems to be 

unstable at these potentials in which SCC is prone to occur. 

The corrosion potential is determined by the dissolved oxygen 

(DO) concentration(51)-(53). Therefore, the control of DO 

concentration is important to prevent SCC. 

Fig.l-l 

,'\ , , 
anode, 

Solution 

or 

cathode 2 e·. 112 02 • H20 

- - 20W 
Stress 

Schematic drawing of crack propagation 
by APC mecahnism in SCC. 
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Fig .1-2 

..J 

I 

~ ~"~If!$/Il 

~~_scc-r 
DesIrable ReQlon for l.aniI <= ~ 

Term Operation 01 ~ -No Genen>I Attack 
Atlayl -No sce 

- TSCC 
"-'--'-=~""-'--

-1JjfJJdll 
AccelernIed 

General Attack 

rnlll)),}, 
General Attadt 
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CURRENT 

Schematic polarization diagram indicating(50) 
corrosion types and SCC potential regions 

According to the APC theory, SCC propagates when anodic 

dissolution is localized at a crack tip(54). In other words, 

the localized dissolution can be expected, if the dissolution at 

the crack tip is fast and that on the side wall of the crack is 

suppressed. Such a condition for stainless steels seems to be 

attained by sensitization, i.e., the precipitation of chromium 

carbides in a specific temperature range from 820 to 1120 K forms 

the chromium depleted zone along grain boundaries(55). The 

passive film formed on the chromium depleted zone is less 

protective for dissolution. Then, SCC propagates along chromium 

depleted grain boundaries. 

SCC and IGA of high nickel alloys occur under various 

conditions(5),(S),(19). Condensed alkaline species have been 

supposed to be responsible for IGA and SCC(19),(5S),(57). The 

potential regions of SCC and IGA as commonly observed in caustic 

solutions are illustrated in Fig.I-3(58) with the polarization 

-5-
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Fig.I-3 Superimposition of the potential areas for IGA 
and SCC of Alloy 600 on its polarization curve 
in 10 X NaOH + 1 X Na2C03 solution at 573 K. 
Specimen area 1 cm2 (58) • 

curve. The IGA zone includes not only anodic but also cathodic 

potential region. On the other hand, Coriou et al. (59) reported 

that Alloy 600 is susceptible to I GSCC in deaerated high 

temperature pure water. Moreover, a local acidification within 

crevice promotes active dissolution of chromium depleted grain 

boundary to cause IGSCC(60). The presence of chromium depleted 

zone is considered to be not essential for SCC(24),(61),(62), 

contrary to SCC of stainless steels. The alloy microstructure 

has been known to play an important role in determining the 

corrosion resistance of high nickel aIIOys(19),(22)-(24). It is 

now generally accepted that thermal treatments, which control 

the grain size and structure of precipitates, determine the 

susceptibility to SCC and IGA. Nevertheless, the 

electrochemical mechanisms to cause IGSCC and IGA for high nickel 

alloys have not been understood yet consistently(5),(6),(25). 
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As described above, not sufficient studies have been 

conducted on the basic electrochemical behavior of iron and 

nickel base alloys. The dissolution and film formation behavior 

of pure metals, and the effect of chromium addition to them have 

to be investigated in various environments, because these 

informations will provide a clue to understand the mechanism of 

localized attack. 

1.3 Purpose and Arrangement of the Thesis 

Localized corrosion attacks, including SCC, IGA, pitting, 

and corrosion fatigue (CFl, are caused by breakdown of the 

passive film. In the case of SCC and CF, the passive film is 

broken mechanically. For IGA and pitting, on the other hand, 

Fig.I-4 

Passive FiI m 
1227772111171117117777777711112717 

Metal -- ------------------'--
~Strain 

~ 

e" 

Schematic drawing of the dissolution and 
the film formation on the newly created 
surface emerged by straining. 
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some aggressive anions. such as CI- and 5°42-. break the passive 

film locally. and such film breakdown also gives an initiation 

site for SCC and CF. Whether these localized corrosion 

propagates or not is determined by the both rate of film 

breakdown and its repair. namely, repassivation. 

The effect of alloying element and environmental factors. 

such as. potential. temperature and anion on the electrochemical 

behavior on bare surface, which is emerged by film breakdown, can 

be 
(67) 

investigated by a rapid straining electrode techniqUe(63)-

Figure 1-4 illustrates the emergence of the newly 

created surface by straining and the following active dissolution 

and repassivation. The historical background and the principle 

of the rapid straining electrode technique are presented in the 

next chapter 2.1. 

Fig.I-5 

Chromium 

The Fe-Cr-Ni ternary diagram at 673 K, showing 
the locations of important commercial alloys and 
materials investigated in this work ( • ). 
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The purpose of this work is to investigate the dissolution 

and the subsequent film formation of iron. nickel and their 

chromium alloys by means of the rapid straining electrode 

technique. 

The materials investigated in this work are Fe and Ni. and 

Fe-Cr- and Ni-Cr binary alloys. and Fe-Cr-Ni ternary alloys. 

Their compositions are indicated in the Fe-Cr-Ni ternary diagram 

at 673 K presented in Fig.1-5. which also shows the location of 

important commercial alloys. The Fe-Cr alloys and Ni-Cr alloys 

including pure metals used in this work are ferritic and 

austenitic phase. respectively. Three Fe-Cr-Ni alloys of 

18 mass% chromium are prepared as ternary alloy specimens. 

because many commercial alloys contain about 18 mass% chromium. 

as shown in this figure. 

This thesis consists of the following nine chapters. 

Chapter I of general introduction will be followed by 

Chapter 11 which describes the historical background and the 

principle of the rapid straining electrode and also the 

experimental apparatus used in this work. 

Chapters III and IV deal with the straining electrode 

behavior of iron and nickel. respectively. in a sodium sulphate 

solution. The aggressive action of 5°42- ion on the breakdown 

of passivity for these metals is particularly emphasized. 

Chapters V and VI deal with the dissolution and film 

formation mechanisms on the newly created surface of iron and 

nickel. respectively. in a borate buffer solution. because the 

5°42- containing solution is not suitable environment for the 

basic investigation on the anodic behavior of iron and nickel. as 

demonstrated in the previous two chapters. 

In Chapter VII. the straining electrode behavior of the Fe-

-9-



Cr and Ni-Cr alloys are examined in the borate buffer solution. 

in order to discuss the effect of chromium on the dissolution and 

the film formation of iron and nickel base alloys. Moreover. 

the composition of films formed on these alloys. obtained with 

Auger electron spectroscopy. is shown in order to discuss the 

repassivation·behavior in terms of the film composition. 

In Chapter VIII. the straining electrode behavior of Fe-Cr-

Ni ternary alloys is examined in order to discuss the role of 

alloying elements for commercial alloys. and results of Auger 

analysis of films formed on these alloys are also described. 

Finally. the concluding summary will be given in Chapter IX. 
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CHAPTER 11 

Rapid Straining Electrode Test 

2.1 Historical Background and Principle 
of Straining Electrode 

Effects of strain on the electrochemical behavior of metals 

d . . t t ( 1) • (2) . t . . th alloys are long-stan Ing In eres In connec Ion WI 

both thermodynamic aspects and practical corrosion problems 

affected by stress. 

Measurements of electrode potential under straining have been 

conducted since a long time ago(3)-(5). The change of electrode 

potential with strain was explained only by the consideration of 

change in the excess energy from the view point of the 

thermodynamical eQUilibrium(5)-(8). because the exact 

understanding of the meaning of electrode potential had not been 

establ i shed yet. Therefore. the changes in potential actually 

measured were not in agreement with theoretical predictions(S). 

The concept of the mixed potential was first introduced by Wagner 

and Traud in 1938(9). Based on the mixed potential theory. 

the electrode potential is determined by both anodic and cathodic 

processes. and the electrode potential actually measured is 

explained kinetically. Eyring et al!10)-(12) measured the 

transient of electrode potential with strain for various 

metal/solution systems. They discussed that the surface film 

is broken by a strain. which changes reaction rate for both 

anodic and cathodic processes resulting in shift of electrode 

potential. and then the potential returns to the initial value 

because the surface condition returns to the original state. 

They also measured the changes in current density with time for 
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straining electrode. Since the potentiostat(13) was developed 

and Jntroduced to study the effect of stress or strain, the 

change of the current at a constant potential can be readily 

analyzed quantitatively, and the effect of strain on the anodic 

dissolution has been investigated by many authors(14)-(19). 

Figures 2-1(a) and (b) are the schematic drawings of the 

change in the electrode potential in open circuit condition and 

the change in the current density in a constant potential or 

Fig.2-1 

(a) 

(b) 

(before straining) 

(Before Straining) 

, 
I 
I 
I 
I 
I 
I 
I 

I I 

Time -+ 

Cutfrent I ;:!W' +- Straining 
~ I 
• I 

I 

I , . 
Illustration of (a)the change in electrode potential 
in open circuit condition and (b) the change in 
current density in potentiostatic condition due to 
a straining(20)' 
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potentiostatic condition 

illustrated by Murata(201. 

due to a straining, respectively 

When a straining is given at a open 

circuit condition, the anodic current increases with the increase 

in the area of anodic reaction sites which emerge as a newly 

created surface, and then the electrode potential (corrosion 

potential ECorr.l shifts to less noble. The potential changes to 

the initial value with the decrease in the anodic current, 

because the reaction products formed on the newly created surface 

decrease the anodic reaction rate. On the other hand, the 

anodic current increases with increasing the area of anodic 

sites, then decreases with time due to the formation of 

High P 
N2 gas 

ressure 

"""" 
'-'" 

'--

Fig.2-2 
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Digital Digital 

Memory Scope Voltmeter 
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~ III - Id H 
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'" I I 
d 'V / ',jV 

)= - . ---.. - -

~:~ 
a : Reference Electrode 
b : Wire Specimen Micro 

Electrode Computer 
c : Pt Counter Electrode 
d : Pull Rod 
e : Strain Transducer 

Autoclave 

Schematic drawing of apparatus for the rapid 
straining electrode test in high temperature­
and high pressure aqueous solution. 
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corrosion products under the potentiostatic condition. When the 

pass i ve film suppresses anodi c dissolution. the increase in 

anodic current with straining is almost due to dissolution of 

substrate metal or alloy through the newly created surface. and 

the decrease in current with time is due to repassivation of 

the newly created surface. Therefore. the dissolution and film 

formation behavior on the newly created surface can be analyzed 

quantitatively by means of the straining electrode technique. 

2.2 Apparatus for Rapid Straining Electrode Test in 
High Temperature and High Pressure Aqueous Solution 

Figure 2-2 is schematic drawing of the testing apparatus. 

It consists of an autoclave system with a device for rapid 

elongation. A static type autoclave made of SUS316L with a 

volume of 1570 cm- 3 was used. A pair of chucks for holding a 

wire specimen are equipped in the autoclave. The wire specimen 

of 0.35 mm diameter is attached to the chucks made of SUS316. 

The details of the chucks with a wire specimen are shown in 

Fig.2-3 

100 mm 

a: wire specimen 
b: zirconium plate 
c: sleeve 
d: spacer(SUS316) 

Details of the chuks with a wire specimen. 
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Fig.2-3. Between the chuck and the specimen, zirconia coated 

zirconium plates are inserted, and the bolts for fixing the 

specimen also covered with sleeves of the same material, in 

order to provide electrical insulation between the specimen and 

the autoclave. The length between the upper and the lower part 

of the chucks is- 30 mm at minimum. Thus, the initial length of 

specimen exposed to a test solution is 30 mm. The upper part of 

the chuck is connected to a pull rod made of Hastelloy C. The 

pull rod passes through the autoclave lid plate with a water 

cooled pressure balanced fitting seal and is connected to a 

piston in a cylinder. When the specimen is to be strained, high 

pressure N2 gas is introduced into the cylinder, and the piston 

moves rapidly giving a specified strain produced via an action of 

a stopper in the cylinder. The amount of strain is measured by 

a moving strain transducer of a differential transformer type. 

An internal Ag/AgCI/O.OI kmol.m-3 KCI reference electrode for 

measuring and controlling the potential of the specimen 

electrode, a counter electrode made of a small platinum plate 

(5mm x 5mm) and C-A thermocouple are also mounted in the 

autoclave. These three electrodes, namely, specimen, reference 

and counter electrodes are connected to a potentiostat in order 

to conduct the potentiostatic electrochemical measurements. 

The electromotive force (EMF) of the reference electrode is 

converted to standard hydrogen electrode (SHE) scale at a given 

temperature as follows. 

The EMF of Ag/AgCI electrode is given by the Nernst's 

equation 

(2-1 ) 
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where EA9/A9Cl is the standard potential of Ag/AgCl electrode. R 

the gas constant. F the Faraday constant. T the absolute 

temperature in K and aCl - the activity of Cl ion. The 

temperature dependence of the standard potential of the Ag/AgCl 

electrode is given by the following equation reported by Greeley 

et al. (21). 

EO = 0.23755 - 5.3783 x 10-4t - 2.3728 x 10-St 2 • (2-2) Ag/AgCl 

where t is the temperature in C. 

The activity coefficient of Cl ion is also reported by 

Greeley et al.(22) for HC1. In the present work. the author 

used these data of activity coefficient for HC1. Recently. 

however. activity coefficients of Cl ion for KCl at elevated 

temperatures are reported by some authors(23).(24). 

In the thesIs. the electrode potential is expressed in the 

SHE scale. 

The transient anodic current and the output of the straining 

transducer were recorded by the following digital equipments. 

Changes for the initial period of 1 s are recorded by a 2 channel 

di~ital memory scope at intervals of 1 ms. For the later period 

of about 50 s. only the change of anodic current was measured by 

a digital voltmeter at intervals of 0.083 s. the data measured 

by which are transferred to a micro computer via GP-IB interface. 

The data stored in the digital memory scope are also transferred 

to the micro computer via 8-bit parallel interface after the 

measurements are completed. The data processing was conducted 

automatically and instantaneouslY by the micro computer. An 

example of data displayed by the micro computer is presented in 

Fig.2-4. Figure 2-4(a) shows the changes in strain and current 
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Fig.2-4 
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Cb) 

Example of the data displayed by a micro computer. 
(a)Changes in the current and strain measured by a 
2-channel digital memory scope. (b)change in the 
current measured by a digital volt meter. 

with time measured by the digital memory scope. Figure 2-4(b) 

shows the change in current density for about 50 s measured by 

the digital volt meter. 

A schematic diagram of the change in anodic current and 

strain is presented in Fig.2-5. The current density on a newly 

created surface. i. is defined by the following eQuation(18) : 

i(t) = (l(t) - lr) Il1S 

= l11(t) Il1S 
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Fig.2-5 

~ ca)! 
~ /~ 

Time 

Residual eurrent 

Schematic diagram of change in (a)strain 
and (b) anodic current. 

where I(t) is the transient current at time t. Ir the residual 

current measured just before straining. Further. ~ I (tl is an 

increase of anodic current. ~S is a small amount of increase of 

specimen surface. and is calculated by the next equation 

assuming that the wire specimen is elongated keeping its volume 

constant ( 18) : 

~ 5 = ( So / 2 )( M/I 0 ) • (2-4) 

where 10 is the initial length of the specimen(=30mm). So the 

initially exposed area(=3.3xl0-5 m2 ) and ~l a small amount of 

elongation. Figure 2-6 is an example of computer display 

showing the change in current density with time. 
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CHAPTER III 

Straining Electrode Behavior of Iron in High Temperature 
and High Pressure Sodium Sulphate Solution 

3.1 Introduction 

Extensive studies have been performed on the corrosion 

behavior of iron and carbon steels in high temperature alkaline 

solutionsC11-CS1, in connection with power steam generators. 

Potter and Mann CS1 reported the formation of porous double 

magnetite layers on the carbon steel in this environment. 

Many studies have been conducted over the past decade on 

SCC of stainless steels in high temperature and high pressure 

neutral water C71 . Various conditions to assist SCC, such as 

potential, temperature and other environmental and metallurgical 

factors have been revealed in recent years. Moreover, 

considerable attentions have been denoted to magnetite deposition 

on a carbon steel used as a tube support plate in a steam 

generator of pressurized water reactor, relating to the denting 

phenomenaC81-Clll. In order to understand the corrosion and 

film formation behavior as well as the basic mechanism of SCC 

propagation for iron-base alloys, it is important to know the 

initial anodic behavior on a newly created surface. 

In this chapter, the rapid straining electrode technique is 

introduced to study a transient anodic process on a newly created 

surface of iron at temperatures UP to 573 K in a neutral Na2S04 
solution. 
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3.2 Experimental 

The material used was electrolytic iron, whose chemical 

composition was as follows: 0.0013 0, 0.0007 N, 0.006 C. 0.0015 

Si, 0.001 AI, 0.006 Sand 0.005 Mn (mass~), and balance Fe. The 

material was remelted, cast in a vacuum and drawn to thin wire of 

0.35 mm diameter. The wire specimen was degreased with acetone 

in an ultrasonic bath, annealed in a vacuum at 1073 K for 900 s, 

then water quenched. The specimen surface was neither polished 

nor given any further treatments. 

The -3 electrolyte used was 0.1 kmol·m Na2S04 

distilled water and reagent grade chemicals. 

prepared with 

The testing apparatus was already described in Chapter 11. 

The experimental procedures were as follows. After a specimen 

was mounted and the autoclave was closed, the solution was 

deaerated by purified N2 gas. Then the autoclave was heated to a 

test temperature with a heating rate of about -1 0.15 K·s . Soon 

after the temperature was attained. the specimen was cathodically 

polarized to a potential about 100 mV less noble than the open 

circuit potential (ECorr.l for about 600 s, and then anodic 

polarization curve was measured. In the straining electrode 

test, the specimen potential was shifted rapidly to a test 

potential after 600 s application of the cathodic polarization, 

and was kept at the same potential for about 3.6 ks in order to 

obtain a steadY state of the specimen surface. The straining 

electrode test was conducted 5 ~ 10 times at the same test 

potential for one specimen until it failed. 
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3.3 Results 

3.3.1 Polarization curves 

Anodic polarization curves of iron in 0.1 kmol·m-3 Na2S04 at 

various temperatures are shown in Fig.3-1. The curves exhibit 

the presence of the passive state in a range from about -0.2 V 

to +0.5 V at 473 ~ 553 K. The iron specimen, however, dissolved 

away without showing any passive state at 423, 433 and 453 K. 

-1. 

Fe in 0.11-1 Na2S04 

Scanning rat~: 8.33x 10-4 vs' 
(50mV I min) 

I .423 K (l50·C) 
2.453 K (l80"C) 
3.473 K (200·C) 
4. 503 K (230·C) 
5.523K(250·C) 
6. 553 K (28o-C) 

-0.5 0 0.5 
Potential I \'sHE 

1.0 

Fig.3-1 Anodic polarization curves of iron in 0.1 kmol'm-3 

Na2SO<t. 

3.3.2 Straining electrode behavior 

Typical changes in the transient current densities with time 

are shown in Fig.3-2 for a few sets of conditions. Two distinct 

regions in the current decay with time were observed after the 

elongation was stopped. The current decay followed a power law, 

except for the initial region of about 0.1 ~ 0.2 s : 
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Fig.3-2 

1: 
tlcr J 0 473 K (200 ·C ) • -0.5 V 

<D 503 K ( 230 ·C). 0.4 V ( a) 

102 J: 553 K( 2BO·C) • 0.4 V (c) 

00.01 0.1 1.0 10 100 
Time I 5 

Typical changes in the anodic current density 
with time under a few conditions. 

= at-n (3-1) 

with n in the range of O.S '" 0.9. The current density 

increased slightly UP to 0.1 '" 0.2 s and thereafter decayed with 

the power law at low temperature and at less noble potential 

(Fig.3-2(b». To the contrary. the period of initial region 

was shorter than about 20 ms at higher temperature and at more 

noble potential. and then the current decayed with the power 

law (Fig.3-2(c». The power n varied with potential and 

temperature. The value of n is a criterion of the repassivation 

ability. because the larger n means the higher repassivation 

rate. The length of the initial region also depends on the 

repassivation ability. Thus. this ability should be discussed in 

terms of n and the initial period. 

As stated before. the measurements of straining electrode 

behavior were repeated for 5 '" 10 times at a fixed potential and 

temperature for one specimen. Examples of changes in transient 
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Fig.3-4 
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current density with the number of straining. Ns ' are shown 

in Fig.3-3. It is clearly seen that the current density 

immediately after the straining was stopped (t=O) decreased with 

increasing Ns ' and that the slope of log i vs log t plot also 

changed with Ns ' Figure 3-4 shows the change in the current 

density immediately.after the elongation was stopped. i O' with 

increasing total amount of strain for several conditions. io 

decreased with the increase in the total amount of strain. The 

decrease in iO was particularly remarkable for the strain between 

about 0.8 and 1.6 X. Therefore. the current density obtained at 

the second straining. corresponding to the total strain of about 

1.6 X. was used for the following analysis. 

The measurements of straining electrode behavior were 

conducted mainly at 503 and 533 K. 

the power law from 0.01 to 0.03 s 

The decay curves followed 

with n being about 0.54 at 

.. 
'e 
< 
Z,1O' 
·in 
c 
Cl> 
"0 

C 
Cl> 

~ 10
3 

U 

.. 
'e 
<t 

Z,IO' 
.~ 
Cl> 
"0 

C 
Cl> 

~ 10
3 

U 

533 K (260'C) 

( b) 

-0.5 0 0.5 1.0 -0.5 0 0.5 1.0 

Fig.3-5 
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Potential dependence of the initial current density. 
i o ' and the transient anodic current density at 0.01. 
0.1. 1 and 10 s after elongation is stopped. as' 
indicated by subscripts. at (a)503 K and (b)533 K. 
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potentials above -0.1 V. On the other hand, the curves followed 

~he power law from 0.1 ~ 0.2 s at passive potentials of -0.6, 

-0.5 and -0.28 V, and the value of n ranged from 0.6 to 0.9. 

The period of initial region at 503 K was, as a whole, longer 

than that at 533 K, with n being 0.75 0.9 at the passive 

potential region. 

Figures 3-5(al and (bl show the potential dependence of 

current density at 0, 0.01, 0.1, 1 and 10 s after the elongation 

was stopped. The initial current iD increases slightly with 

increasing potential. The distance between each curve is 

prbportIonal to the repassivation rate. The wider distance means 

the faster repassivation. i1 and i 10 show minimum at about 

0.3 V for 503 K and at about 0.2 V for 533 K. This fact means 

that the repassivation is rapid at these potentials, which just 

corresponds to the minimum passive current shown in polarization 

curves in Fig.3-1. However, curves of iD, i O•OI ' and i O• 1 cross 
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each other at the less noble potential region at 503 K. This 

fact .means that the current density increased for a while after 

the elongation was stopped, as mentioned above. 

Figures 3-6(a) and (b) show the temperature dependence of 

current density at the active potential of -0.5 V and at the 

passive potential of 0.4 V, respsectively. iO as well as i O. 01 

and i O• 1 show a maximum at 503 K both at -0.5 and 0.4 V. This 

figure also shows that il and i 10 decrease with increasing 

temperature at both of the active and the passive potentials. 

The current density after 10 s still decreased, but its change 

was not so large, while the back current noise was relatively 

large. Thus, the value of i 10 was used to represent the steady 

current density, because it could be definitely determined after 

being separated from the back current noise. 

3.4 Discussion 

3.4.1 Transition temperature for no passivation 

Figure 3-7 shows schematically that the initial current on 

the newly created surface has a maximum at 503 K, and the steady 

state current decreases with increasing temperature, as mentioned 

before. If these curves were extrapolated to lower temperatures, 

they would cross each other. For this case, the higher steady 

state current can be expected compared with the initial 

dissolution current. 

lower temperatures. 

Thus, no passivation does occur at the 

This transition for no passivation is 

likely to occur at around 460 K. In fact, no passivation was 

observed for anodic polarization curves and for the straining 

electrode test at 423 ~ 463 K. 
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Fig.3-7 Schematic diagram of the current density on the newly 
created surface and the passive current density. 

3.4.2 Active dissolution process 

The current density on the newly created surface showed a 

slight increase even after straining was stopped at less noble 

potentials and at low temperatures. as shown in Fig.3-2. The 

increase in the current density after straining was stopped did 

not occur owing to a rapid film formation at noble potentials and 

at high temperatures. The changes in with t. however. 

did not follow Eq.(3-1) and showed slower repassivation rate than 

that expected from the equation. in the initial period. Not only 

film formation but also active dissolution was supposed to occur 

in the initial period of repassivation. 

Referring to the mechanism of active dissolution for iron at 

room temperature(12).(13). the next reaction occurs on the newly 

created surface 

-Step A Fe + OH -4 (FeOH)ads + e (3-2) 

Step B (FeOH)ads -4 (FeOH)+ + e (3-3) 

Step C (FeOH)+ -4 Fe2+ + OH (3-4) 
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OH- ions in the solution near the bare surface are consumed 

instantaneously after the bare surface emerges. in the reaction 

of step A. Thus, the concentration of H+ ion adjacent to the 

bare surface increases, namely. pH decreases locally as a result 

of dissociation of H20. (FeOHl+ is also formed as an 

intermediate product of the series of reactions. T.hen, excess 

H+ thus formed diffuses gradually into bulk solution. resulting 

in pH restoration which promotes the reaction of the step A. 

Thereafter. the anodic current increases with time. When 

dissolved or Fe2+ exceeds its solubility, oxide or 

hydroxide deposits on the bare surface. namely, the film 

formation, resulting in the anodic current decreasing with time. 

3.4.3 Strain dependence of active dissolution period 

As shown in Figs.3-3 and 3-4, iO decreased with the increase 

in the total amount of strain. This fact seems to be brought 

about by a change in morphology of slip step of exposed metal 

surface. 

The area of bare surface created by emergence of the slip 

step is proportional to the amount of given elongation. 61. as 

defined by Eq.(2-4l. The area actually must be corrected 

Fig.3-8 
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The coarse slip gives a larger effective area 
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considering the thickness of film. 0 and the number of slip 

steps. N. included in the given elongation of ~l. as illustrated 

in Fig.3-8. which indicates two types of slip steps. 

Consequently. the effective area. 

following equation(14) : 

~ Se' is expressed by the 

a: ~l N 0 (3-5) 

This relation suggests that the fine slip steps. namely a larger 

number of slip steps. create a less effective area. It is 

supposed that the dislocation density increases with increasing 

strain. Dislocations in iron are known to form a tangled or cell 

wall structure which may create fine steps. Therefore. the more 

total strain creates the less effective area of newly created 

surface. Consequently. the apparent initial current density 

decreases with the increase in the total strain. 

3.4.4 Film formation behavior 

The transient anodic current on the newly created surface 

must be discussed in terms of the film formation which is 

directly connected to the accumulated charge. 

Figure 3-9 shows the change in the total amount of charge 

with time. The charge. Q. 

integration of the i vs t curve. 

is calculated by numerical 

The curves of log Q vs log t 

show nearly straight lines with the slope of almost unity in the 

initial region at the active potential (Fig.3-9(a)). 

gradually decreases with time in the later region. 

The slope 

These facts 

indicate that the anodic current in the initial region was 

consumed mostly by the active dissolution. while a slight 

suppression of anodic current occurred in the later region due to 
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Fig.3-9 Changes in the total amount of charge, Q, with time at 
several temperatures at (a)-0.5 V and at (b)+0.4 V. 

the formation of corrosion products. The curves in the initial 

region also show nearly straight lines with the slope being less 

than unity such as 0.54 ~ 0.9 at the passive potential (Fig.3-

9(b». That is, the active dissolution was already suppressed 

by the film formation even in the initial region. The film 

formation becomes more rapid with increasing temperature, because 

the slopes of curves decrease with increasing temperature. 

After 0.03 ~ 0.25 s passed, the slopes change to smaller values 

as can be seen in Fig.3-9(b). 

Since the anodic current decay follows the power law, the 

amount of charge, Q, is derived from the following integration of 

Eq.(3-1) : 

t 

Q = J i 
o 

t 

dt = J at-ndt 
o 

=(a(l - n»t 1- n + C, (3-6) 
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Q - C = (a/(l - n»t l - n 

= (a/(l - n»(i/a)(I-n)/-n 

(3-7) 

(3-8) 

Accordingly, the current density is expressed as a function of 

Q : 

= k I (Q - C)m , (3-9) 

where, k and C are constants, and m=n/(l-n). The value of C is 

proportional to the charge passed during the initial region, that 

is, the dissolution charge, Qd,i' 

m = k / (Q - Q
d 

.) 
, 1 

Thus, Eq.(3-9) is modified to 

(3-10) 

The relation between log i and log (Q - Q
d 

.) 
, 1 

is shown in 

Fig.3-10. The value of Q
d 

. 
, 1 

is determined so as to fit the 

experimental data to Eq.(3-10), and is shown in Fig.3-11. It is 

important to note that the slopes of all curves for 503, 523, 553 

Fig.3-10 

106~-----r------.-----~------' 

• 573 K 
o 553 K 
Q) 523 K 
9 503 K 
® 473 K 

o 

Current density, i ,vs the amount of 
charge, (Q - Q .), in log - log scale 
at several temgetatures at 0.4 V. 
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Temperature dependence of the initial 
dissolution charge, Qd,i' 

and 573K are all nearly -1. This means m=1 for Eq.(3-10). 

Consequently, the exact relation can be expressed as the following 

Eq. (3-11) : 

= k I (Q - Qd, i) . (3-11) 

This equation is known as the parabolic rate law of film growth. 

It should be emphasized that the reaction constant, k, decreased 

with increasing temperature, the value of k being determined from 

the intercept in Fig.3-9. The parabolic law suggests that the 

film growth is determined by the diffusion of reaction species 

through the film. Thus, k includes the diffusion constant D. 

Assuming that the amount of charge accumulating as the film is a 

part of the total charge and that the ratio of a - Q IQ - film total 
is constant, the following equation is obtained: 

a (Q - Q
d 

.1. 
, 1 

(3-12) 
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Then, Eq.(3-11) is expressed. by 

= k' 0 / a (Q - Qd, i) • (3-13) 

The iron oxide formed in the high temperature water is known 

to· be magnetite, which is formed by the following Shikkor's 

reaction(15), 

(3-14) 

The oxide film is formed at the oxide/solution interface by 

deposition of Fe304 from Fe2+ ion, which is produced by anodic 

dissolution(IS),(17). The solubility of magnetite in a neutral 

high temperature water decreases with increasing 

temperature(18),(19). The lower solubility means to make Fe2+ 

ion precipitate more easily. Then, the ratio of a included in k 

increases with increasing temperature. Therefore, the negative 

temperature dependence of k is supposed to be caused by the 

difference between temperature dependence of both 0 and a. The 

activation energy for the diffusion of iron in magnetite is, 

however. known to be about 190 kJ·mol- 1(20). On the other hand, 

the change in the free energy for the solubility of magnetite is 

calculated(19) to be merely -19 kJ.mol- 1• Therefore, the 

observed negative temperature dependence of k could not be 

expected to be caused only by the difference between these 

energies. This fact suggests that the rate constant k includes 

another parameter with the temperature dependence being more 

negati ve than that of 0/ a . Such a parameter is supposed to be 

the porosity or the number of the site of diffusion path in the 

oxide film(IS). A more compact film contains fewer porosity or 
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fewer diffusion paths. Thus. 

accelerate the formation of 

higher temperature 

the more compact 

might 

film. 

Consequently. the negative temperature dependence of k could be 

explained more rationally by assuming the above parameters of D. 

a • and the shape of porosity and/or diffusion paths included in 

the oxide film. 

The film formation kinetics. however. could not be 

analyzed definitely for all temperatures at the active 

potentials. in the present work. It is most probable that a less 

protective film is formed under these conditions. 

3.4.5 Strain dependence of repassivation rate 

The repassivation observed in the straining electrode 

technique occurs on the slip step which is surrounded by a pre-

formed oxide layer as already stated. Therefore. the surface 

film has a heterogeneous structure with many defects. because 

the specimen surface is covered with a mixture of pre-formed 

thick passive film and newly-formed thin film. The 

heterogeneity of surface film increases with increasing the 

number of straining. Thus. the number of defects in the oxide 

layer also increases. The repassivation rate is determined by 

diffusion of Fe2+ ions through defects in the film as discussed 

in section 3.4.4. The increase in the number of diffusion path 

would increase the dissolution current. Thus. the repassivation 

was slowed with the increase in the total amount of strain. 

Moreover. a localized dissolution tends to occur after many times 

of straining electrode tests. resulting in failure of the 

specimen. 
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3.4.6 Consideration of SCC 

When SCC proceeds by an active path corrosion (APC) 

mechanism, a crack propagates more readily under such a condition 

that dissolution on the side wall of the crack is suppressed and 

active dissolution at the crack tip is fast, thus self-sustaining 

dissolution bein~ continued. In the present experiment, the 

repassivation rate in the power law region showed a maximum in 

the passive potential region at 0.3 V for 503 K and at 0.2 V for 

533 K, as shown in Fig.3-5, and the active dissolution in the 

initial stage showed the maximum rate at 503 K, as shown in 

Fig.3-10. These facts suggest that a favorable situation to 

assist SCC of iron in 0.1 kmol·m- 3 Na2S04 could be attained under 

the condition of 503 K and 0.3 V. In fact, it is reported that 

carbon steels suffer with SCC under conditions similar to those 

discussed above(21),(22). 

3.5. Conclusions 

Using the rapid straining electrode technique, the initial 

process of anodic behavior on the newly created surface of iron 
-3 was investigated in 0.1 kmol·m Na2S04 at temperatures up to 

573K. 

(1) Two regions were observed for the change in the transient 

anodic current with time. The current density decayed following 

a power law; i = at-n with n in a range of 0.5 ~ 0.9, except for 

the initial region. 

(2) The initial current, i O' increased slightly with increasing 

potential and showed a maximum at 503 K. The steady current on 

the passivated surface decreased with increasing temperature. 

(3) At 503 ~ 573 K and at the passive potential, the passive 
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film grew following a parabolic growth law i=k/Q. but the 

reaction constant k showed a negative temperature dependence. 

(4) Iron did not show any passive state. in a temperature range 

423 IV 463 K. 

(5) A favorable condition to assist SCC of iron in this 

environment could be atta·ined under the condi tion of 503 K and 

0.3 V. 
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CHAPTER IV 

Straining Electrode Behavior of Nickel In HIgh Temperature 
and High Pressure Aqueous Solution Containing Sulphate Ion 

4.1 Introduction 

Nickel base alloys are used as corrosion resistant materials 

in high temperature and hIgh pressure water environments whIch 

are commonly comprised in both BWR and PWR. It has been reported 

that Alloy 600 seriously suffers with localized attacks such as 

IGSCC and IGA. The electrochemical dissolution, film formation 

and its breakdown are supposed to play an important role to 

cause the above faIlures. However, there have been few studIes 

to examIne the basIc electrochemical process of nickel or high 

nickel allOysCl) in the high temperature and high pressure water 

envIronment because of the experimental difficulty. 

This chapter deals with the very inItial anodic behavior on 

the -newly created surface of nickel in high temperature and high 

pressure aqueous solutions containing sulphate ions. The film 

formatIon and its breakdown were mainly discussed with the 

emphasis on an aggressIve action of sulphate ion. 

4.2 Experimental 

The specimen was commercial nickel wire (0.35 mm diameter), 

whose chemical composition was: 0.028 C, 0.0032 p, 0.0037 5, 

0.06 Si, 0.38 Mn, 0.29 Co, 0.09 Fe, 0.007 Cu, 0.001 Cr (mass%). 

and balance Ni. The wire was degreased, then annealed in a 

vacuum at 1073 K for 900 s followed by water quench. Solutions 

used in the present experiment were 0.1 kmol.m-2Na2so4, a borate 
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buffer solution. i . e .• 0.0375 kmol.m-3 

Na2B407 and borate buffer solutions with additions of Na2504 
of some concentrations. These solutions were prepared with 

reagent grade chemicals and distilled water. 

The straining electrode tests were conducted at a series of 

constant potentials over a wide potential range from the active 

to passive at intervals of 100 mV. When one elongation was 

given. the change of anodic current was recorded for about 1 min. 

The specimen potential was switched to a noble potential soon 

after the measurement of anodic current was completed and kept 

for a few tens minutes to reach a steady state. and then the next 

straining was given. 

The strain for one elongation was about 1.5 % with a strain 

rate of about 0.25 5- 1• 

Fig.4-1 

-0.5 0 0.5 
Potential I V9£ 

Anodic polarization curves of nickel in a borate 
buffer solution and a sodium sulphate solution. 
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4.3.1 

4.3 Results 

Polarization curves 

The polarization curves -3 measured in 0.1 kmol·m Na2S04 and 

the borate buffer solution at various temperatures are shown in 

Fig.4-1. The polarization curves in the borate buffer solution 

show a wide and steady passive region. The current density in 

the sodium sulphate solution is more than five times as large as 

that in the borate buffer solution to the contrary. In addition, 

it should be noted that the current density increases abruptly at 

a critical potential before the potential reaches to the oxygen 

evolution region. These facts suggest that the passivity of 

nickel in the sodium sulphate solution is unstable in contrast 

with that in the borate buffer solution. 

Fig.4-2 
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4.3.2 Straining electrode behavior 

Two types of changes in the anodic current were found for 
-3 the surface newly created in the 0.1 kmol·m Na2S04 solution. as 

shown in Fig.4-2. The first type shows a rapid decay after the 

elongation was stopped. This behavior is. therefore. called 

the repassivation type (Fig.4-2(a». In the second type. the 

anodic current shows no rapid decay and sometimes increases 

gradually. depending on the applied potential and 

temperature (Fig.4-2(b». The second is called the breakdown 

type. because the pass i ve f i 1 m breaks down locally as will be 

described later. The regions of the repassivation and the 

breakdown are illustrated in Fig.4-3 as a function of temperature 

and potenti al. The repassivation was observed at less noble 

potentials. The breakdown was observed at potentials more noble 

Fig.4-3 
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Potential-temperature diagram showing regions of 
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broken line and the dash-dotted line is the 
passive region obtained from polarization curves 
shown in Fig.4-4. 
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than a critical potential, which is called the breakdown 

pote~tial, Eb , shown as a solid line in this figure. The region 

between the breakdown potential and the corrosion potential, 

ECorr .' is called the repassivation region. The symbol ~ 

indicates the intermediate case where the repassivation or the 

breakdown could not be precisely determined. The repassivation 

region becomes wider with the increase in temperature above 

403 K. The breakdown, however, did not occur at any potential 

and any temperature tested below 393 K. The broken line in 

Fig.4-3 shows the peak current potentials, Ep ' found in the 

polarization curves measured in the same solution, shown in 

Fig.4-4. The dash-dotted line shows the critical potentials, 

Ec ' at which the current density increased again as the 

potential increased. Thus, the area between these two lines 

indicates the passive region exhibited by the polarization 

Fig.4-4 
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curves. It is noticed that the passive region found in the 

polarization curves becomes wider with the increase in 

temperature. as does the repassivation region determined by the 

straining electrode. 

The straining electrode test in the borate buffer solution 

showed no breakdown at any temperature and any potential tested. 

This corresponds to the fact that the polarization behavior in 

the borate buffer solution clearly differs from that in the 

sodium sulphate solution. Therefore. the presence of sulphate is 

supposed to be harmful to the passivity of nickel. In order to 

examine the effect of sulphate ion more precisely. the breakdown 

potential in borate buffer solutions with additions of 0.001. 

0.01. 0.05. 0.1 and 0.3 kmol.m- 3Na2so4 was measured at various 

temperatures. Figure 4-5 shows the potential-temperature diagram 

Fig.4-5 
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Potential-temperature diagram showing the breakdown 
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of the repassivationJbreakdown region. The breakdown potential

shifts to less noble direction with increasing concentration of

sulphate ion . The breakdown was, however, not observed in the
-3 2-

solutions of 0.001 and 0.01 kmol 'm 504

Fig.4-6 5EM morphology of the specimen showing breakdown
C523 K. +0.4 V).

4.3.3 5EM observation of specimen surface

A surface morphology of the breakdown specimen was examined

with a 5EM. which is shown in Fig.4-6. The majority of the

surface suffered with no attack. but a small amount of debris was

distinctlY visible. The debris was yellowish green and

identified to be NiCOH)2 by a powder X-raY diffraction method.

On the other hand. the surface of the specimen which showed no

breakdown ( l . e . , repassivation), eXhibited no localized

corrosion and no debris. Thus, an active dissolution at this

pit-like localized corrosion brought about the act ive dissolution

with a large anodic current resulting in the formation of debris.
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Fig.4-1 
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Typical changes in the anodic current density 
on the newly created surface at 523 K under 
various conditions. 

4.3.4 Film formation behavior 

During the repassivation, several types of the transient 

current were found, depending on the composition of solution 

examined. The transient current followed the power law as shown 

in Fig.4-1. 

(4-1) 

The current density immediately after the elongation was stopped, 

i O' showed no distinguishable dependence on the applied potential 

and the solution composition. On the other hand, the 

repassivation behavior, observed in the changelin anodic current 

with time, was dependent on the applied potential as well as on 

the concentration of 5°42- ion. The value of n in Eq.(4-1) 

was in the range of 0.5 '" 0.8 in the borate buffer solution and 
-3 was approximately 0.5 in 0.1 kmol·m Na2504 . The larger n means 
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the higher repassivation rate. Consequently. it is concluded 

that. the repassivation rate in the borate buffer solution is 

higher than that in the sulphate solution. 

The repassivation behavior in the borate buffer solution will 

be discussed in detail in Chapter VI. 

4.4 Discussion 

4.4.1 Breakdown of passivity of nickel due to 504
2- ion 

Two distinct anodic processes on the bare surface of nickel 

are possible to occur. at the transition from active to passive 

state. as described by Sato et al. (2): the direct film formation 

and the dissolution-precipitation. The direct film formation 

(Process A) is the reaction of metal surface with solution to 

form a compact oxide film. described as follows: 

Process A (4-2) 

The dissolution-precipitaion (Process B) is a two or three-step 

process in which dissolved ion precipitates to form an oxide film 

on the nickel surface 

Process B Ni -+ Ni 2+ + 2e-

Ni 2+ + H
2

0 -+ (NiOH)+ + H + 

(NiOH) + -+ NiO + H+ 

(4-3) 

(4-4) 

(4-5) 

If sulphate ion' is included in the solution. a preferential 

adsorption of it will occur simultaneously. and then. a salt 

forms instead of Eq.(4-4). A further hydrolysis of the salt 

leads to the formation of a hydroxide by Process C 
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Ni 2+ + 2e - (4-3) Process C Ni -.. 
Ni 2+ + SO 2-

4 -.. Ni 2+.50
4

2- (4-6) 

N" 2+ 1 • SO 2-
4 + H2O 

-.. Ni (oH)2 + 2H+ + SO 2-
4 (4-7) 

Nickel oxide. NiO. formed by Process A is supposed to be compact 

and protective. because NiO is formed directly on metal surface 

without the dissolution-precipitation process. On the other 

hand. the oxide formed by Process B is less protective than that 

formed by Process A. The hydroxide formed by Process C is. 

however. highly porous as demonstrated in Fig.4-6 and is 

permeable to ions. If 504
2- ion is contained in the solution. 

Process C occurs in parallel with Process A and/or B. and then 

the repassivation is slowed. 

Fig.4-8 
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The effects of 5°42- and potential on the repassivation rate 

are more clearly seen in Fig.4-8, in which io and i 1, the current 

density at 1 s after elongation was stopped, are plotted against 

the applied potential in three kinds of the solutions 
-3 0.1 kmol·m Na2504, the borate buffer solution, and the borate 

-3 buffer solution + 0.1 kmol·m Na2504. iO shows no 

distinguishable difference each·other in these three solutions. 

The current density i1 is independent of the applied potential in 

the borate buffer solution, 

in the solutions containing 

but it increases with the potential 
2-5°4 • High concentration of 

sulphate ion and a high. electrode potential are considered to 

accelerate the adsorption of sulphate ion. When the adsorption 

of 5°42- exceeds a critical amount, Process C is facilitated. 

The higher current accelerates the accumulation of 2-504 ' which 

in turn promotes Process C. Thus, the self-acceleration of 

dissolution results in the breakdown. This figure also shows 

that when borate ion is added to the sulphate solution, the 

retardation of the repassivation with the increase in the 

potential is suppressed slightly, and Eb shifts to noble 

potential. The buffer action of borate solution is supposed to 

restore the concentration of H+ ion produced by Eqs.(4-2) and 

(4-5) in the vicinity of the newly created surface. This buffer 

action promotes the film formation reactions of Processes A 

and B, and then, the reaction of Process C is effectively 

inhibited. 

Figure 4-9 illustrates the repassivation and breakdown. In 

the case of the repassivation, the slip step is covered rapidly 

with a passive film, and then the active dissolution is 

suppressed. On the other hand, an active dissolution occurs 

through the slip step to form porous and non-protective corrosion 
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Fig.4-9 
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Schematic drawing of repassivation and breakdown 
on the slip step which emerges due to elongation. 

products leading to the breakdown when the applied potential is 

more noble than the critical potential. Furthermore. this 

figure also describes that the passive film already formed by the 

repassivation is broken in the breakdown potential region even 

though no strainIng is applied in some cases. In other words. 

the critical potential for breakdown of passivity. Ec' is also 

found in the polarization curve. as shown in Figs.4-3 and 4-4. 

These facts mean that so 2-
4 ion not only disturbs the 

repassivation of newly created surface but also breaks down the 

pre-formed passive film. Similar behavior has been known for Cl 

ion to cause pitting corrosion. Several mechanisms have been 

proposed(3) for the breakdown of passivity due to the harmful 

action of Cl ion. It seems that a similar mechanism can be 

applied for the breakdown of passivity by sulphate ions. assuming 

that 5°42- breaks the pre-formed passive film. In other words. 

if 5°42- ion can reach metal surface through micro defects in the 

passive film. it promotes the active dissolution in the same way 

that SO 2-
4 

(Process C). 

does at newly created surface emerged due to strain 

Therefore. it is supposed that the critical 
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potential for 5°42- ion to break down the passive film is similar 

to the breakdown potential. However. the critical potential. Ec' 

is . always more noble than Eb at any temperatures tested. An 

induction period is needed for 504 2- ion to break down the 

passive film. because SO 2-
4 ion has to be transported from 

solution/film 'interface to film/metal interface through defects 

in the passive film. Thus. Ec determined by potentiodynamic 

polarization curves shows more noble potential than Eb . It is 

concluded that the straining electrode technique can determine 

the lowest critical potential for the breakdown of passive film 

by SO 2-
4 ion. comparing with any other methods 

potentiodynamic polarization method. 

such as 

4.4.2 Effect of temperature and borate ion on the breakdown 

the 

The repassivation region extended to noble potential with 

increasing temperature above 403 K in the solution of 0.1 kmol· 
-3 m Na2504 as shown in Fig.4-3. The more stable passive 

film was considered to be formed at a higher temperature in this 

environment. On the other hand. no breakdown occurred below 

403 K. Therefore. a very narrow repassivation region was 

observed for about 400 ~ 420 K. In other words. the passivity of 

nickel is unstable in this temperature range. The temperatur~ 

range of unstable passivity of nickel was also found for around 

400 ~ 450 K in the borate buffer solutions added with various 

concentrations of 5°42-

As discussed in Chapter Ill. the more protective films are 

formed on iron at the 

0.1 kmol.m-3 Na2504 • 

higher temperature above 400 K in 

A similar change in the property of 

passive film likely occurs for nickel in this environment. 

Namely. defects in the passive film on nickel seem to decrease 

-55-



with increasing temperature. 

The higher concentration of 5°42- ion gives less noble Eb as 

shown in Fig.4-5. However, Eb in the borate buffer solution 

with 0.1 kmol.m-3 Na2504 is more noble than that in the sulphate 

solution without borate. It is concluded that sulphate ions 

cause the localized attack on nickel, but borate ion inhibits the 

harmful action of 5°42-. 

4.4.3 Consideration to localized corrosion of 
high nickel alloys 

Much attention has been paid to the fact that sulphur 

species cause some contamination leading to localized corrosion 

of both nickel and iron base alloys in high temperature and high 

pressure water environmentC41-C71. It was suggested that 

sulphur species are derived from ion exchange resins C81 and 

condense in crevice to cause breakdown. It was reported C81 that 

thick and porous corrosion products were formed on Alloy 600 in 

acidic solutions. The corrosion products thus formed are quite 

similar to that found for the breakdown in this study. In the 

case of Alloy 600, Taylor et al. C91 ,CI01 reported that the 

accumulation of sulphate ion which leads to acidification is 

supposed to be the main reason for IG5CC at 561 K. 

The breakdown phenomena may provide a key for understanding 

the mechanism of localized attacks of high nickel alloys in the 

high temperature and high pressure water environments. The 

breakdown at higher temperature is highly possible to occur, if 

enough 5°42- is enriched in the crevice, even though the 

breakdown occurred most readily at 403 K in the present 

experiment. Thus, the contamination with sulphate ion should be 

avoided as far as possible, in order to use the high nickel 
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alloys with enough reliability. 

4.5 Conclusions 

Repassivation behavior on nickel was examined in solutions 

containing S042- ion. 

(1) Repassivation behavior was divided into two types. 

according to the applied potential and temperature. The first 

type showed a rapid decay of anodic current and was called the 

repassivation. In the second type. the anodic current showed 

no rapid decay and sometimes increased gradually even after 

straining was stopped. The second type was called the 

breakdown. The breakdown was observed at potentials more noble 

than a critical potential. called the breakdown potential. 

The potential/temperature/S04
2- concentration diagram showing the 

breakdown region was shown in FIgs.4-3 and 4-5. 

(2) The breakdown was caused by the presence of which 

adsorbed on the bare surface preferentially to bring about local 

hydrolysis. resulting in the formation of porous and non-

protective hydroxide of Ni(OH)2. Thus. the dissolutIon of nickel 

continued. leading to the breakdown. On the other hand. the 

borate ion inhibited the harmful action of S042- ion. 

(3) The breakdown potential shifted to a more noble region with 

the increase in temperature above 403 K. but breakdown was not 

observed below 393 K. Therefore. it was concluded that there 

exists an unstable potential range for passivity of nickel in 

this environment. around 400 ~ 450 K. 

(4) The breakdown phenomena found in this study may provide a 

clue for understanding the localized attack observed for high 

nickel alloys in high temperature and high pressure water. 
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CHAPTER V 

Straining Electrode Behavior of Iron in High Temperature 
and High Pressure Borate Buffer Solution 

5.1 Introduction 

Chapter III dealt with the initial stage of anodic behavior 

on iron in a high temperature and high pressure sodium sulphate 

solution. A passive film grew following the parabolic growth 

law. but the reaction constant showed a negative temperature 

dependence at passive potentials of 503 ~ 573 K. Therefore. it 

has been concluded that a more compact and more protective film 

was formed at the higher temperatures. Furthermore. no 

passivation was observed in the temperature range between 373 and 

463 K. 

Sodium sulphate solution has been used widely as an 

electrolyte for the electrochemical 

temperature and high pressure water. 

measurements in high 
2-However. 504 ion caused 

the breakdown of passivity of nickel in the temperature range 

between about 400 and 450 K. as described in Chapter IV. It was 

also found for iron that a similar breakdown or no passivation of 

iron occurred owing to the presence of 5°42- ion. as discussed in 

Chapter Ill. Therefore. the sulphate solution seems to be not 

suitable for the electrochemical measurements simulating for the 

corrosion behavior in high temperature and high purity water. 

Iron is. however. known to form a stable passive film in the 

borate buffer solution at room temperature CI1 • Therefore. the 

borate buffer solution was used for the analysis of the initial 

process of dissolution and repassivation of iron in the present 

experiment. 
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5.2 Experimental 

Thin iron wire (0.35mm diameter) was used as the working 

electrode, whose chemical composition is as follows: 0 0.029, N 

o • 0004 , CO. 00 1 ,Si o. 003 , Mn < 0 . 00 1 , Ni < 0 • 00 1 , PO. 0 02 , 5 

0.001, Al <0.001 (mass X) and Fe balance. The wire specimens 

were made of electrolytic iron which was remelted in a vacuum. 

The specimen was degreased in acetone and was solution annealed 

in a vacuum at 1073 K for 900 s, followed by water quench. The 

specimen surface was neither polished nor given any further 

treatment. The electrolyte used in the present experiment was 

the borate buffer solution of 0.15 kmol.m- 3H3B03 + 0.0375 kmol· 
-3 m Na2B4 07 , prepared with reagent grade chemicals and distilled 

water, and was deaerated with high purity N2 gas at room 

temperature before heating. 

Fig.5-1 

Fe in Borate Buffer Solution 

Scanning rat.: 8.33x lcr'V ~ 

-0.5 0 0.5 
Potenti al I VSHE 

Polarization curves of iron in borate buffer 
solution. 
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The straining electrode technique has been described in 

Chapter 11. Soon after a test temperature was attained, the 

potential of specimen was polarized rapidly from the corrosion 

potential to a noble potential and kept for about 1000 s to 

obtain a steady passive surface. In the present experiment, the 

strain given by an elongation was about 0.8 X, with the strain 

rate being between about 0.3 and 0.4 s-l. 

5.3 Results 

5.3.1 Polarization curves 

Polarization curves of iron in the borate buffer solution at 

423 and 523 K are shown in Fig.5-l. Iron shows a wide and 

steady passive region at the both temperatures, in contrast to 

that iron showed passive state at 523 K but it showed no 
-3 passivation at all at 423 K in 0.1 kmol'm Na2S04, as stated in 

Chapter III 

It is noticeable that the current density passes a minimum 

at about -0.5 V, then increases with increasing potential and 

comes to the secondary passive state in the potential region 

from 0 to 0.1 V at 423 K and around 0.5 V at 523 K. 

5.3.2 Repassivation behavior 

Typical changes in the anodic current with time are shown in 

Fig.5-2. The current density on the newly created surface 

decayed following the power law : 

(5-1) 

The value of n was about 0.15 and was almost independent of 

-61-



Fig.5-2 

potential. 

o O.4V 
a O.2V 
Cl) 0 v 
Cl -0.2V 
Q -O.SV 
C) -0.7V 
• -0.9V 

Typical changes in the anodic current on the newly 
created surface of iron at various potentials at 523 K. 

The value of n was in the range of 0.1 ~ 0.8 at 

temperatures between 413 and 553 K, and changed from about 0.5 

to 0.1 with increasing temperature from 313 to 423 K. 

Figure 5-3 shows the potential dependence of current 

density. The suffix to each indicates the time in second 

after the elongation was stopped. The transient currents are 

divided into two groups with respect to their potential 

dependences. Every current density from io to i 10 shows no 

potential dependence in the noble potential region more than 

-0.2 V. It is called a plateau region. i O' i 1, and i 10 increase 

with increasing potential in a less noble potential region. 

However, i O•01 and i O. 1 show a small negative potential 

dependence. These facts suggest that repassivation rate in an 

early stage in the less noble potential region is different from 

that in the noble potential region. A similar potential 

dependence was observed at temperatures between 313 and 553 K. 

The mean values of the current density at the plateau region 

are shown for various temperatures in Fig.5-4. iO increases 
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Fig.5-3 
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Temperature dependence of the transient anodic 
current density at the plateau potential region 
shown in Fig.5-3. 
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with increasing temperature and shows a maximum at 503 K. and 

then decreases slightly. The distance between each curve in 

this figure is proportional to the repassivation rate. The 

wider distance means the faster repassivation. The repassivation 

rate shows almost no temperature dependence in the temperature 

range from 423 to 553 K. but decreases wi.th decreasing 

temperature below 423 K. 

The current density passed through the newly created surface 

is the sum of two currents : 

(5-2) 

where i dis • is the dissolution curient and i film is the film 

formation current. Thus. the observed charge density. Q. is 

also the sum of two charges. corresponding to the above two 

currents : 

Q = Qdis. + Qfilm . (5-3) 

There is. however. no decisive method to separate experimentally 

these two charge densities. It is assumed that the thickness of 

film is proportional to Q. because a part of Q precipitates as 

film. Thus. the relation between i and Q. instead of Qfilm' is 

analyzed as a function of time. 

The charge density that has passed through the newly created 

surface is estimated by 

Q(t) = (qo + 
t 

f fj. I( OdO / fj. S t 

o 

-64-

(5-4) 



Fig.5-5 
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where t is the time elapsed after the straining is stopped and qo 

the charge passed during the elongation. The integration of 

this equation was performed by a summation of i vs t curves 

measured in the experiment. 

Relations between log i-and Q at 523. 473 and 423 K are 

shown in Fig.5-5. log i vs Q curves at various potentials at 

523 K are divided into two groups. as shown in Fig.5-5(a). Decay 

behavior of log with the increase in Q shows no apparent 

potential dependence at noble potentials of 0.4. 0.2. O. and 

-0.2 V. The other group of decays at -0.5. -0.7 and -0.9 V 

also has no potential dependence. although relations between i 

and t had potential dependence. as shown in Fig.5-3. But. an 

obvious difference in the log i vs Q relation between these two 

groups is found. The two groups were also recognized at 473 and 

423 K. as shown in Figs.5-5(b) and (cl. respectively. 

5.5 Discussion 

5.5.1 Initial current on the newly created surface 

Initial process of the anodic reaction on the newly created 

surface of iron is supposed to be controlled by dissolution of 

Fe2+ ion at themetal/solution interface. because iO showed a 

positive potential dependence in a potential range near open 

circuit potential. Thus. the rate determining step of the 

initial dissolution process seems to be an activation controlled. 

On the other hand. iO showed the plateau region in the more noble 

potential region as shown in Fig.5-3. iO at the plateau region 

showed a monotonous temperature dependence in a temperature range 

from 313K to 503K as shown in Fig.5-4. The Arrhenius plot of iO 

at the plateau region is shown in Fig.5-6. A linear relation 
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Fig.5-6 
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Temperature dependence of i in the 
plateau region as shown inOFig.5-3. 

between io and the reciprocal of absolute temperature, liT, is 

recognized, the apparent activation energy being 36 kJ/mol. The 

value suggests that the initial dissolution of Fe2+ in the 

plateau region is determined by diffusion in aqueous solution and 

not by the applied potential, because the activation energy for 

diffusion in aqueous solution is known to be in the range of few 

tens kJ/mol (2) . 

On the contrary, io showed a negative temperature dependence 

above 503 K as can be seen clearly in Figs.5-4 and 5-6. It is 

unreasonable that the diffusion process shows a negative 

temperature dependence. It should be noticed that iO is actually 

not the true initial current density on the bare surface. The 

film formation had been already started even at the time when 

straining was stopped, because a little time was always needed to 

give a constant amount of elongation. Therefore, io includes 

influences of both active dissolution current on the newly 

created surface and the early stage of repassivation. Thus, it 

is supposed that the decrease in iO above 503 K is due to the 
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rapid film formation before the elongation is stopped. 

5.5.2 Repassivation behavior 

Corrosion mechanisms of carbon and low alloy steels in the 

high temperature water environment were recently reviewed and 

discussed in deta~l by Tomlinson(31. A porous double magnetite 

layer has been demonstrated to form on iron and carbon steels in 

high temperature and high pressure aqueous solutions. The 

corrosion process involves the transportation of reaction species 

by diffusion in the liquid phase contained in pores or other 

defects in the magnetite layer(41.(51. 

Potter and Mann(61.(71 reported that the corrosion rate of 

mild steel in high temperature caustic solution decreases with 

time following the parabolic law. They concluded that the rate 

of the process is controlled by the diffusion in liquid phase. 

as 

The mechanism of magnetite formation is generally accepted 

follows. Fe2+ ion which is dissolved at the metal/film 

interface diffuses outward through the diffusion paths which are 

consist of pores. grain boundaries or other defects in the 

magnetite layer. Then. Fe2+ deposits on the outer surface of the 

magnetite layer, and also a considerable part of Fe2+ ion is 

dissolved away into bulk solution at the same time. Therefore, 

the rate of this process is determined by the diffusion of Fe2+ 

ion in the liquid phase which is contained in the diffusion 

paths. Thus, the parabolic rate law is observed. 

An analysis of the relation between the current density and 

the charge density provides informations about the film formation 

mechanisms. In the case of parabolic rate law, a linear relation 

between l/i and Q is to be expected. This relation, however. was 

not observed in the present experiment except the cases at 313 
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and 353 K. 

Most of kinetic studies in the past has been performed for 

rather longer time than that in this study. On the other 

hand. the straining electrode test examines the very initial 

process from emergence of bare surface for few tens of seconds. 

Therefore •. the film growth process has not reached to a steady 

state even at the end of the straining electrode test. In The 

rate of ini tial dissolution proved to be determined by diffusion 

in aqueous solution and not by the applied potential. as stated 

before. Furthermore. relations between log i and Q showed no 

potential dependence. as shown in Fig.5-5. although the relations 

were divided into two groups according to potential. These 

facts suggest that the film growth is not controlled by the 

applied potential either. Therefore. the initial process of film 

formation. observed in the present experiment-. is controlled by 

the diffusion of ion in aqueous solution. The first process at 

the emergence of bare surface is considered to be the dissolution 

of Fe2 + ion, a part of which is dissolved away into solUtion 

andlor precipitates at the outer surface of the magnetite 

layer. It is also considered that the precipitationl 

dissolution ratio changes with time. The change in the structure 

of diffusion paths with time is expected. in addition to this 

change in the precipitation ratio. That is. the number of 

diffusion paths and its shape will alter with time. 

Consequently. the parabolic rate law has to be modified by 

assuming the above factors. 

In general. the relationship between J. the flux of reaction 

species through the reaction products. and d. their thickness. is 

expressed by the following equation. 
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J = k D / d • (5-5) 

where k is constant and D diffusion constant. assuming that the 

diffusion paths are present uniformly in the reaction products. 

In the case of anodic film growth. Eq.(5-5)" is equivalent to the 

next equation. which is known as the parabolic law for anodic 

film growth: 

i = k' / Q • (5-S) 

assuming that the charge density. Q. is proportional to the film 

thickness. 

The flux of Fe2+ ion is proportional to the number of 

diffusion paths per unit area. N(Q). and their size. A(Q). both 

of them being functions of Q. In addition. since the film 

thickness is proportional to the precipitation charge which is a 

part of the total charge density. the 

Qprecipitation/Qtotal is also a function of Q. 

Eq.(5-S) is modified to the following equation 

= N(Q)·A(Q)·k' / a (Q).Q • 

ratio of 

a (Q). Thus. 

(5-7) 

Figure 5-7 shows the relationship between i and Q in 

log-log plots at the plateau potential region for various 

temperatures. Their slopes ranged from -2.5 to -3.5 above 

423 K and were about -1 at 313 and 353 K. If the relation 

between i and Q followed Eq.(5-S). namely the parabolic law. the 

slope should be -1. This figure shows that the parabolic law can 

be applied only for 313 and 353 K. The slopes at higher 

temperatures were rather larger than that expected by Eq.(5-S). 
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Fig.S-7 
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This fact suggests that the three factors of N(Q), A(Q) and a(Q) 

added to Eq.(S-S) depended on Q. Almost linear relations were 

observed in log vs log Q plots as shown in Fig.5-7. 

Consequently, the above three factors are possible to be 

expressed by power functions of Q as a first approximation. The 

large change in a (Q), however, can not be expected, because the 

precipitation ratio, a (Q), is in the range of 0 to 1, and is 

not so small value at the initial stage of repassivation(S). 

Thus, this factor, a (Q), can be equated to a constant value, 

Therefore, Eq.(S-7) is modified to 

= k' ,.Qm.Ql I a .Q (S-8) 

= k' '. Qm+l I a·Q (5-9) 

= k' '. Qm+l-l la (S-lO) 

The slopes of log i vs log Q plots were -2.S tU -3.S. 

Thus, m+l = -l.S tU -2.S is obtained. This result indicates 

that a large change in the structure of the magnetite layer took 
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place with the accumulation of charge density. 

As discussed in Chapter Ill. iron showed very slow 

repassivation -3 rate in 0.1 kmol·m Na2S04 above 503 K. until 

charge density reached 103 ~ 104 C.m-2 . After this initial 

dissolution period. the repassivation followed the parabolic 

rate law. A considerable amount of charge was consumed by 

dissolution of ions into solution or formation of non-protective 

hydroxide in the sulphate solution in the initial period. A 

porous magnetite layer which was less protective than that formed 

in the borate buffer solution was formed during the initial 

dissolution period. Then. this initially formed porous 

magnetite layer grew continuously with the constant number and 

the constant size of pores. Therefore. the parabolic law was 

observed. 

On the other hand. it is well known that the magnetite layer 

formed on iron in high temperature and high pressure ·water 

consists of crystalline particles larger than a few U m(3 ). 

Thus. it is supposed that such a large size particle can not 

fully cover the bare surface during the short time of the 

straining electrode test. Therefore. the nucleation and rapid 

growth of the particles occurred with a rapid change in the size 

and the number of diffusion paths. defined as ACQ) and NCQ) in 

Eq.C5-7). during the initial period. Thus. a large change in the 

structural factors of expressed as Qm+l was expected. with the 

power of m+l being -1.5 ~ -2.5. Consequently. the more rapid 

repassivation was observed compared with that of the parabolic 

law. 

5.5.3 Effect of potential 

The change in current density was divided into two groups 
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according to the applied potential, namely, the noble and the 

less noble potential groups. 

dividing was about -0.5 V at 523 K. 

The critical potential for 

The current density of the 

polarization curves increased slightly from -0.6 V for 523 K and 

from -0.4 V for 423 K as shown in Fig.5-1. This increase seems 

to be related to the oxidation of Fe2+ ion to Fe3+ ion. Fujii 

et al. (9) observed that the corrosion products formed on mild 

steel at around the corrosion potential were Fe304 , and that a 

small amount of a-Fe203 was also detected together with Fe30 4 
at higher potentials by a transmission electron diffraction. 

Thus, they concluded that a peak potential observed in the 

polarization curve at around -0.25 V at 553 K corresponded to 

the oxidation of Fe304 to Fe203 , where this potential was 

measured by external SCE reference electrode. Thus, the 

potential seems to be equivalent to about -0.5 V at 553 K. It 

is supposed that the change in repassivation behavior at the 

critical potential around -0.5 V is due to the change in the 

reaction species from Fe2+ to Fe3+ and/or in the structure of 

reaction products as film. Thus, the film composition is 

prone to change from magnetite to hematite in this noble 

potential region. The larger anodic current flows than that at 

less noble potentials, because the formation of Fe3+ needs more 

charge than that of Fe2+. 

Umemura and Kawamoto investigated the SCC susceptibility of 

carbon steel in high temperature and high pressure water by 

They reported that carbon steel is susceptible to 

SCC in aerated pure water at 523 K, namely at a noble corrosion 

potential, but is not in deaerated pure water, in which corrosion 

potential is less noble. It is also reported that SCC occurs 

only in a potential region of more noble than -0.4 V in 0.1 kmol· 
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m-3Na2so4 under controlled potential condition. Thus. it is more 

likely that the change in repassivation behavior observed for 

iron at the critical potential has a close relation to the 

susceptibility of SCC of iron base alloys~ 

5.5.4 Effect of temperature 

There are some reports that the corrosion rate of iron. 

carbon steels and stainless steels shows a maximum around 523 K 

in various environments(111-(131. The relation between log 

and log Q in Fig.5-7 showed the maximum current density at 503 K. 

and also iO showed a maximum at 503 K. The passive film on a 

newly created surface of iron grew following a parabolic growth 

law: i = k/Q. in 0.1 kmol.m-3Na2so4 above 503 K up to 573 K. as 

discussed in Chapter Ill. The rate constant. k. however, showed 

negative temperature dependence. Namely. the repassivation rate 

showed a minimum at 503 K in the temperature range. Moreover. 

the initial dissolution charge. Qd .• 
• 1 

which passed before the 

parabolic film growth started. showed a maximum at 503 K. It 

should be noted that the maximum repassivation rate was observed 

at around 500 ~500 K not only for the long time but also for the 

very early period examined by the straining electrode test. 

The repassivation rate was independent of temperature above 

423 K. and the maximum initial current density was found at 

503 K as discussed in Fig.5-4. Consequently. a favorable 

condition for SCC could be attained at 503 K. at which the 

highest dissolution on the bare surface took place with a rapid 

repassivation. because SCC is supposed to occur when the active 

dissolution is fast and the repassivation is rapid. The 

maximum susceptibility to SCC of iron base alloys actually has 

been reported around 523 K in the literature(141.(151. 
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corresponding to this condition. Thus, the straining electrode 

could clarify a favorable condition for SCC 

propagation. 

5.5 Conclusions 

The InItIal stage of the repassivation process of iron was 

investigated in the high temperature and high pressure borate 

buffer solutIon. 

(1) The current densIty on the newly created surface decayed 

following the power law: i = at-n with n ranging from 0.7 to 

0.8 above 473 K. 

(2) The repassivation process seemed to be controlled by the 

diffusion In aqueous solution, but was more rapid 

expected for the parabolIc rate law. 

than that 

(3) The repassivation process was controlled by the dIffusion 

of Fe2+ ions In the diffusion paths, which consist of pores or 

other defects In the magnetite layer. The rapId repassIvation 

rate was supposed to be caused by the decrease in the number and 

the sIze of these dIffusion paths with time during the initial 

stage of fIlm formatIon. 

(4) The repassIvation behavior was divided into two groups 

according to the applied potential, the critical potential being 

around -0.5 V at 523 K. The more rapid repassivation was 

observed at the more noble potentials. A change in reaction 

products from Fe304 to Fe203 seemed to occur above the critical 

potentIal. 

(5) A favorable condition for SCC was attained at 503 K, at 

which the highest dissolution on the bare surface took place with 

a rapid repassivation. 
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CHAPTER VI 

Repassivation Behavior of Newly Created Surface of Nickel 
in High Temperature and High Pressure Neutral Solution 

6.1 Introduction 

A large number of work has been performed on the kinetics 

of active dissolution and film growth on nickel in acidic and 

neutral solutions at room temperature(ll-(4l. Little work. 

however. has been performed on the basic electrochemical process 

of nickel or high nickel alloys in the high temperature and high 

pressure water environment(5l. Chapter IV dealt with the 

rapid straining electrode behavior of nickel in high temperature 

and high pressure aqueous solution containing sulphate ion. It 

was revealed that the passive film of nickel is broken down 

locally due to an aggressive action of sulphate ion in a specific 

temperature range. In the present experiment. the initial 

process of anodic behavior of newly created surface on nickel 

is examined in the neutral borate buffer solution. 

6.2 Experimental 

The specimen used for the present experiment was a nickel 

wire (0.35 mm diameterl of commercial purity. whose chemical 

composition was 0.028 C. 0.0032 P. 0.0037 S. 0.06 Si. 0.38-Mn. 

0.29 Co. 0.09 Fe. 0.007 Cu. 0.001 Cr (mass %l. and balance Ni. 

The wire was degreased in acetone and then annealed in a vacuum 

at 1073 K for 900 s. followed by water quench. The specimen 

surface was neither polished nor given any further treatments. 

The electrolyte used was the borate buffer solution of 0.15 kmol· 
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+ -3 0.0375 kmol·m . Na
2

B407 (pH=8.5 at room temperature). 

prepared with reagent grade chemicals and distilled water. 

The straining electrode technique has been described in 

Chapte~ I I. The experimental procedures were almost the same as 

that described in Chapter V. The strain given for an elongation 

was about 1.5 %. with strain rate being approximately 0.5 s-l. 

11 I. Results 

6.3.1 Polarization curves 

Polarization curves of nickel in the borate buffer solution 

at several temperatures are shown in Fig.6-1. There always 

exists the stable and wide passive potential region at any 

temperature tested. in contrast that nickel showed no stable 

passive state in solutions containing 5°42- ion in a specified 

temperature range. as described in Chapter IV. 

Fig.6-1 
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Anodic polarization curves of nickel 
in borate buffer solution. 
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The straining electrode test was conducted at the passive 

potentials observed in these polarization curves. 

6.3.2 Straining electrode behavior 

Typical changes in anodic current with time are shown in 

Fig.6-2. The current density on the newly created surface 

decayed following the power law : 

(6-1 ) 

The value n ranged from 0.5 to 0.8. In the most cases. the 

relation described by Eq.(6-1) was observed from about 5 ms for 

3 decades. The value of n showed no considerable dependence 

upon temperature and also upon potential. 

In order to discuss the repassivation behavior on the newly 

created surface. it is necessary to estimate the accumulated 

charge density that has passed through the newly created surface. 

Fig.6-2 
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Typical changes in the anodic current density with 
time on the newly created surface of nickel. 
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In the literature(S). the passive film formation and its growth 

are described by several kinetics: a logarithmic rate law. 

inverse logarithmic rate law. parabolic rate law. power law and 

others. The first three kinetics are expressed by the following 

equations as functional relations between current density. i. and 

accumulated ·charge density. Qfilm' which is proportional to the 

thickness of the passive film: 

Logarithmic 

Inv. logarithmic 

Parabolic 

= A exp ( bE - cQfilm) 

= iO exp ( aE I Qfilm ) 

= k I Qfilm • 

(S-2) 

(S-3) 

(S-4) 

where E is an applied potential and i O' a. b. c. and A are 

constants. 

By examining the experimental data in log i vs Q. log i vs 

1/Q and 1/i vs Q plots. the proper relation can be determined. 

Examples of plots in log i vs Q and in 1/i vs Q using 

the same experimental data are shown in Figs.S-3(a) and (b). 

respectively. These figures revealed that the data obtained in 

the present experiment can not be described in a single 

kinetics. Most of data. however. fitted with a logarithmic 

rate law in the initial stage and with a parabolic rate law 

in the later stage. This behavior corresponds to the two stage 

process as discussed later. The linear region of curves in 

Fig.S-3(a) does not intersect with y-axis(Q=O). because some 

charge less than 10 C.m-2 flows during the elongation. Thus. the 

maximum current density. i O' was not the true current density on 

the newly created surface. because the film formation already 

occurred during the elongation. If the logarithmic rate law 

could be applied to the initial stage of the film growth. the 
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Fig.6-3 
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current density at Q=O is estimated by an extrapolation of the 

linear portion of curves in Fig.6-3(a) to y-axis. The value 

given above is called iQ=o' The values of iQ=o are shown in 

Fig.6-4 as a function of potential at various temperatures. 

iQ=O increases with increasing potential in a less noble 

potential region. then exhibits a plateau in the noble potential 

region. iQ=O in the plateau region increases with increasing 

temperature. although a scatter is observed. Similar plateau 

was also observed in other metal/environment systems. 

discussed in Chapters Ill. IV and V. 

Fig.6-4 
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Potential dependence of the estimated current 
density on the bare surface. i _. which was 
obtained by extrapolation of theQ-Olinear portion 
of curves in Fig.6-3(a) to Q=O. 

6.4 Discussion 

Early stage of behavior on newly created surface 

as 

In this section. the early stage is discussed. because 
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Fig.6-5 
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Temperature dependence of iQ=O in the plateau 
region shown in Fig.6-4. 

and (b) showed two distinct stages in the 

repassivation process. The temperature dependence of iQ=O in 

the plateau region is described as a function of lIT in Fig.6-5. 

A linear relation between iQ=O and lIT is recognized. even though 

the values show a scatter. From this figure. the apparent 

activation energy. !J. Ha' is estimated to be 32 kJ/mol. which is 

of the same order as that of the activation energy for diffusion 

in aqueous solution(5). Thus. the reaction rate just after the 

bare surface was exposed could be explained by the diffusion of 

dissolved species from bare surface to bulk solution. The film 

formation initiated immediately' following this initial process. 

log i varied linearly with Q in the early stage of 

repassivation or the film formation, as shown in Fig.6-3(a). 

Thus. the decay of current density is described in the 

logarithmic rate law: 

= iQ=o exp( -Q/C ) (6-5) 
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The decay parameter. C. is shown in Fig.6-6 as a function of 

potential at various temperatures. The value of C is 

independent of potential and temperature. The change in the 

kinetics from the logarithmic to the parabolic took place at a 

critical amount of charge density. Qc' The value of Qc can be 

determined by comparing Figs.6-3(a) and (b). Qc was actually 

estimated by the extrapolation of the linear portion of 

parabolic plots toward l/i=O. Qc thus estimated increased 

with increasing temperature. but did not depend on the applied 

potential. and was almost in the range of 5 to 25 C.m-2 . If the 

passive film is assumed to be NiO. whose density is 7.55 g/Cm2 • 

the anodic charge density required for the monolayer oxide 

formation is calculated to be about 5 C·m-2 . Therefore. the 

measured value of Qc corresponds to '" 5 layers of oxide film. 

Qc also contains a contribution by the dissolution. because the 

dissolution current is included in Q. as stated before. In 

addition. the roughness of the newly created surface was not 

cons i dered. 

N 
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Fig.6-6 
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the decay parameter. C • in the logarithmic 
rate law described in Eq.(6-5). 
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the exact accumulated charge corresponding to the change in the 

kinetics becomes roughly equivalent to the formation of monolayer 

oxide. Therefore, it can be concluded that the accumulation 

of charge in the early stage is controlled by the logarithmic 

rate law until the bare surface is covered with monolayer of 

oxide film. 

Several mechanisms 

proposed for formation 

to explain the logarithmic rate law were 

of the first mOnOlaye~ of oXide(8)1~ (10), 

the process of which involves nucleation and two dimensional 

extension. In the case of the straining electrode, a newly 

created surface emerges as slip steps which break down a 

preformed oxide. Thus, the newly created surface is surrounded 

by the oxide layer already formed. Therefore, the early stage of 

the repassivation is the process of filling the emergent slip 

steps with oxide, which comes from dissolved Ni 2+ ion and OH­

ion. Consequently, the rate of film growth is determined by 

the number of slip steps emerged at straining and also the rate 

of decrease in the number of slip steps. This behavior could 

be properly explained by the mutual-blockage model proposed by 

Evans(II). 

When the rate of oxide accumulation is proportional to the 

number of slip steps produced by straining, 

equation is introduced : 

the following 

(6-6) 

where N is the number of step at time t. According to the 

mutually-blocking pore mechanism, the process of oxide 

accumulation in a slip step also affects the decreasing rate of 

neighboring slip steps. Thus, the chance of decrease of the 
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steps, -dN, is formulated as follows. 

-dN = k2NdQ (S-7) 

The integration of Eq. (S-'7) wi th the condi tion of N=NO at Q=O, 

gives 

or 

From Eqs.(S-S) and (S-9), 

express ed as 

(S-8) 

(S-9) 

the rate of oxide accumulation is 

This equation is equivalent to Eq.(S-5), which was in a good 

agreement with the experimental results in the early stage. 

S.4.2 Steady state growth 

The anodic current decayed following the parabolic rate law 

after the formation of first monolayer oxide, as shown in lli vs 

Q plot of Fig.S-3(b). The parabolic law thus observed suggests 

that the film growth rate is determined by the diffusion andlor 

migration of reaction species through the reaction products. 

The parabolic rate law is described in the following equation, 

as stated before : 

i = k/Q. (S-ll) 
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the rate constant k obtained by the experiment is shown in Fig.S-

7 as a function of potential at various temperatures. k is 

positively dependent not only on temperature but also on 

potential. This fact suggests that the reaction species move 

through the film owing to partly a migration of charged ion under 

a potential gradient in addition to the diffusion under a 

concentration gradient. 

The flux, J, of ions under both the concentration gradient, 

dC/dx, and the potential gradient, dE/dx, is generally described 

by 

J = DdC/dx + ZFC wdE/dx . (S-12) 

where D and ware diffusion constant and mobility of moving 

species, 

~ 

'E 
u 
< -
~ 

Fig.S-7 
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Potential dependence of the rate constant k 
in the parabolic growth law described in 
Eq.(S-11), at various temperatures. 
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Faraday's constant. When the length of mass transfer ·path is 

small, dC/dx and dE/dx are expressed approximately as 6 Cl 6X 

and 6EI 6x, respectively, where 6 C and 6 E are differences of 

concentration and potential between two sides of mass transfer 

path, and 6 x its thi ckness. Thus, Eq.(6-12) is modified to 

J = D 6C/6 x + ZF III Ci 6 El 6 x 

= D (C i-CO) I 6 x + ZF III C i 6 El 6 x, 

(6-13) 

(6-14) 

where Ci and Co are concentration of ion at interfaces of 

metal/fi lm and film/solution, respectively. Since the 

concentration of ion in the solution side is almost zero in this 

experiment, Co can be neglected. Thus, Eq.(6-14) is reduced to 

J = ( D + ZF III 6E) Ci I 6 x (6-15) 

This equation is equivalent to Eq.(6-11) because 6x is 

proportional to Q. By comparing Eq.(6-11) with Eq.(6-15), k 

in Eq.(6-11) can be equated as follows: 

k a: (D + ZF III 6 E ) (6-16) 

That is, the rate constant k in the parabolic law includes two 

factors corresponding to diffusion and migration. 

It is difficult to separate above two factors from observed 

rate constant. Thus, temperature dependence of diffusion 

constant, D, can not be calculated. However, the temperature 

dependence of mobil i ty, III , can be estimated by plotting a kl a E 

against lIT, because a kl a E = zF III • The temperature 

dependence of akl aE shows that activation energy of mobility 
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is 27 kJ/mol, as shown in Fig.6-8. This value is in the range 

generally accepted for the ion's mobility in aqueous 

sOlution(12). Therefore, it is concluded that the observed 

parabolic growth is controlled by diffusion and migration in 

aqueous liquid under the concentration gradient and the potential 

gradient. It is difficult to estimate which factor of diffusion 

or migration is more dominant. However, the distinct potential 

dependence of k in Fig.6-7 suggests that the migration under 

potential gradient has a large contribution. 

It has been reported that the growth of passive film in 

neutral solutions at room temperature takes place by field 

assisted ion conduction(13),(14) or place exchange 

mechanism(15), which follows the inverse logarithmic or the 

direct logarithmic rate law. Namely, both processes occur in a 

thin oxide film under a high electric field in solid state. 

However, the film growth on nickel in high temperature water 

Fig.6-8 
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environment observed in this experiment is determined by the 

parabolic law. 

The logarithmic law observed in the early stage and the 

parabolic law in the later stage suggest the following 

repassivation mechanism as shown schematically in Fig.6-9. The 

metal is covered uniformly with a passive film before being 

provided with the elongation (Fig.6-9(a)). When a strain is 

given. the preformed passive film is broken by the emergence of 

many slip steps. The newly created surface. namely. the slip 

step. is surrounded by preformed passive film. and then 

nucleation of the oxide film starts at the edge of the preformed 

film (Fig.6-9(b)). The oxide film extends two dimensionally 

following the logarithmic rate law. until the. newly created 

surface is covered with monolayer of the film. The surface 

film has heterogeneous structure. because the metal surface is 

covered with a mixture of the preformed thick passive film and 

Fig.6-9 

W&fir~'00'!'0 
(a) metal 

V Strain 

(b) 

(c) 

A schematic model of the repassivation 
process of nickel on the newly created 
surface which emerged due to elongation. 
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the newly formed thin film. Thus, there are many pores and 

other defects which contain liquid phase and give paths for 

transportation of ion. The Ni 2+ ion dissolved into the pore 

and/or the other defects at metal/film interface is transferred 

outward through these paths, and then Ni 2+ ion deposits as oxide 

on the outer surface of the passive film(Fig.6-9(c». This 

process corresponds to the parabolic growth observed in the 

later stage. Thus, the rate is determined by diffusion and 

migration through the liquid phase contained in the defects in 

the passive film under not only the concentration gradient but 

also the potential gradient. 

It should be emphasized that the specific condition given by 

the rapid straining provides the heterogeneity of passive film. 

In addition, the structure of passive film formed at high 

temperature 

temperature. 

is quite different from that formed at room 

6.5 Conclusions 

Repassivation process of nickel was investigated in high 

temperature and high pressure borate buffer solution at 

temperatures UP to 553 K. 

(1) The current density on the newly created surface decayed 

following the power raw: i=at-n with n ranging from 0.5 to 0.8. 

(2) The repassivation process consisted of two stages the 

.early stage and the later stage. 

(3) During the early stage, the newly created surface was 

covered with monolayer of oxide film following the logarithmic 

rate law, which was explained by the mutual-blockage model 

proposed by Evans. 
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(4) In the later stage, the passive film thickened following the 

parabolic law with the rate determined by diffusion and 

migration of Ni 2+ ion under both the concentration and the 

potential gradient through liquid phase contained in many pores 

and other defects in the passive film. 
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CHAPTER VII 

Straining Electrode Behavior of Fe-Cr and Ni-Cr Alloys 
in High Temperature and High Pressure Borate Buffer Solution 

7.1 Introduction 

Stainless· steels and high nickel alloys have been widely 

used in the high temperature and high pressure water environment 

of light water nuclear power Plants(11,(21. Extensive studies 

have been performed on these commercial materials to understand 

and prevent corrosion failures including SCC, IGA, crevice 

corrosion and others(31,(4). It is commonly accepted that 

alloying elements, such as chromium, nickel and molybdenum play 

important roles to provide corrosion resistance to these alloys. 

However, few studies to understand the basic electrochemical 

influences of alloying elements have been performed in this 

environment. 

In this chapter, in order to discuss the role of chromium 

in the initial process of repassivation, the results of the rapid 

straining electrode test are described for two series of binary 

alloys of Fe-Cr and Ni-Cr. The high temperature and high 

pressure borate buffer solution was used as the test 

enVironment, because iron and nickel showed no localized 

corrosion in this solution as discussed in Chapters V and VI. 

The composition of passive film formed on the alloys in the 

same environment was analyzed by Auger electron spectroscopy, 

referring to their repassivation behavior. 
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1.2 Experimental 

Materials used in the present study are Fe-xCr and Ni-xCr 

alloys (X = 3, 8, 18 and 22 in mass%) in addition to iron and 

nickel. Their chemical compositions are shown in Table 7-1. 

These. materials were melted in a vacuum, cast and drawn to thin 

wire of 0.35 mm diameter. The wire specimens were degreased, 

then annealed in a vacuum, followed by water quench. The 

annealing temperature was 1013 K for nickel, iron and iron base 

alloys, and 1323 K for nickel base alloys. The electrolyte used 
-3 borate buffer solution of 0.15 kmol·m H3B03 + 0.0315 was the 

-3 kmol·m Na2B401 , prepared with reagent grade chemicals and 

distilled water, and deaerated with high purity N2 gas at room 

temperature before heating. 

The straining electrode technique used here has been already 

described in Chapter 11. 

The specimen for Auger analysis was prepared as follows. 

10 mm x 15 mm coupons were cut from a sheet of 2 mm thickness, 

Table 1-1 

Fe 

Ni 

3Cr-Fe 

8Cr-Fe 

18Cr-Fe 

22Cr-Fe 

3Cr-Ni 

8Cr-Ni 

18Cr-Ni 

22Cr-Ni 

C 

Chemical composition of the specimen 
materials (mass%). 

N 5i Mn p 5 Al Ni 

0.001 0.0004 0.003 <0.001 0.002 0.001 <0.001 <0.001 

Cr Fe 

bal. 

0.028 0.066 0.38 0.003 0.004 bal. 0.001 0.09 

0.039 0.0069 0.32 

0.028 0.0049 0.28 

0.025 0.0064 0.30 

0.025 0.0099 0.30 

0.027 0.0019 0.27 

0.025 0.0037 0.27 

0.027 0.0045 0.30 

0.024 0.0044 0.27 

0.31 0.003 0.002 0.15 

0.30 0.003 0.002 0.14 

0.30 0.003 0.002 0.17 

0.30 0.003 0.002 0.15 

0.30 0.002 0.001 0.14 

0.30 0.002 0.001 0.15 

0.31 0.002 0.001 0.13 

0.31 0.002 0.001 0.16 
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<0.01 3.20 

<0.01 8.23 

<0.01 18.59 

<0.01 22.48 

bal. 3.26 

bal. 7.66 

ba!. 18.07 

ba!. 21.92 

ba!. 

bal. 

bal. 

bal. 

0.17 

0.01 

<0.01 

<0.01 



which were obtained from the same materials used for the 

straining electrode test. The specimen surface was polished 

with SiC paper UP to 1500 grid and finished with 0.3 urn alumina 

paste. then degreased with acetone and methanol in an ultrasonic 

bath. The passive films were formed at 523 K and at a constant 

potential of -0.2 V for 3.6k s in the borate buffer solution. 

7.3 Results 

7.3. 1 Polarization curves 

Polarization curves of the iron base alloys and the nickel 

base alloys in the borate buffer solution at 523 K are shown in 

Fig.7-1. 

10
3 

Fe-xCr in 0.15M H~0:!.0.0375M Na284O, 

523K( 250·C) 

(a) 

-1.0 -0.5 0 
Potential I V 

Ni-xCr in O.15M 1i:JB0;t0.0375M Na2840, 

523K (250"C) 

16 

(b) 

Fig.7-1 Polarization curves of (a)the Fe-Cr alloys and (b)the 
Ni-Cr alloys in borate buffer solution at 523 K. 
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For the iron base alloys, the current density in the passive 

region decreased with increasing chromium content. A small 

peak of current density was observed around -0.5 V for Fe-3Cr 

alloy. A similar peak was also recognized for iron. Another 

peak appeared at around o V for 8Cr, 18Cr and 22Cr-Fe alloys 

except for Fe and Fe-3Cr alloy. This peak is called the over 

passive peak. After the over passive peak, the secondary 

passive region was observed for every alloy. 

The nickel base alloys showed more noble corrosion 

potentials than the iron base alloys. The over passive peak was 

also observed for the nickel base alloys around 0 V. Therefore, 

the passive potential region for the nickel alloys were narrower 

than that of the iron base alloys. The current density at the 

passive state for the Ni-Cr alloys did not depend so much on the 

chromium content, and was in the same order as that for Fe-18Cr 

and Fe-22Cr alloys. In contrast, the over passive peak current 

density for the Ni-Cr alloys depended clearly on the chromium 

content, but was fairly smaller than that of the Fe-Cr alloys. 

Consequent! y, it can be concluded that the anodic 

polarization curves of Fe-Cr alloys clearly change with the 

chromium content. On the other hand, the Ni-Cr alloys showed 

almost the same polarization curves except for the over passive 

peak. 

7.3.2 Straining electrode behavior of Fe-Cr alloys 

Figure 7-2(a) shows the changes in the current density with 

time on the newly created surface of the Fe-Cr alloys at -0.2 V 

for 523 K. 

law 

The current density, i, decayed following the power 
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Fig.7-2 

523 KC 250·C). -0.2V 
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Timel s 

Changes in the anodic current density with time on 
the newly created surface of (a1the Fe-Cr alloys of 
various chromium contents at 523 K and -0.2 V, and 
(b1Fe-18Cr alloy at various potentials for 523 K. 

= at-n (7-11 

from few ms for about 3 decades. The power, n, was in the range 

of 0.8 '" 0.95 for Fe-Cr alloys and was larger than that of iron 

in the same environment, as described in Chapter V. The 

dependence of i on the chromium content, however, can not be seen 

clearly in the log i-log t plot. Figure 7-2(b1 shows the 

changes in the current density of Fe-18Cr alloy for various 

potentials at 523 K. The current density on the newly created 

surface decayed following also the power law. in the early 

stage for about 100 ms showed a positive potential dependence, 

but, in the later stage, the current density did not show any 

significant potential dependence. The current density, however, 

stopped decreasing at around 0.5 s and remained at a large value 

for few tens seconds at 0 V. This potential was in the over 

passive region observed in the polarization curves. This change 
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in the feature of the repassivation behavior in this potentia~ 

region seems to be brought about by the oxidation of chromium. 

which was enriched in the initially formed film. from Cr3+ to 

Cr6+ as discussed later. 

Figure 7-3 shows the decay in the current density on the 

newly created surface. i. with the increase in charge density. Q, 

for the Fe-Cr alloys at -0.2 V and 523 K. The alloy with the 

higher chromium content has a smaller current density at the same 

charge density Q except for Fe-3Cr alloy. On the other hand. Fe 

and Fe-3Cr alloy showed the larger current density than that of 

the other alloys at the same Q. In other words. the 

repassivation of Fe and Fe-3Cr alloy was slower than that of the 

other alloys. Similar log i to Q plots for Fe and Fe-Cr alloys 

were observed at 423. 473 and 553 K. 

Fig.7-3 

1~r-----r-----r-----r-----r----' 
Cl) 22Cr- F. 
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o 2000 4000 6000 8000 10000 
Amount of charge, Q I C.m2 

Changes in the current density. i. with increasing 
charge density. Q. for the Fe-Cr alloys of various 
chromium contents at 523 K and -0.2 V. 
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7.3.3 Straining electrode behavior of Ni-Cr alloys 

~igures 7-4Cal and Cb) show the change in i with time for 

the Ni-Cr alloys at 0.2 V for 523 K. and for Fe-18Cr alloy at 

various potentials for 523 K. respectively. A significant 

difference in log vs log t curve was observed for nickel and 

the Ni-Cr alloys. Decays of the current density on bo~h nickel 

and the Ni-Cr alloys followed the power law of Eq.C7-1). but the 

values of n were found to be 0.5 ~ 0.8 for nickel and 0.8 ~ 0.95 

for the Ni-Cr alloys. The initial current density. i O' for the 

Ni-Cr alloys was fairly larger than that for nickel. and 

increased with the increase in the chromium content. 

The potential dependence of i vs t curve is shown in Fig.7-

4 Cb) • The current density increased with increasing applied 

potential. On the other hand. the value n in Eq.C7-1) did not 

depend on the applied potential. Namely. the repassivation rate 

of Ni-18Cr alloy was independent of potential. contrasting to 

that of Fe-18Cr alloy which depends on potential. 

o 18Cr-Ni 
o 8Cr-Ni 
e 3Cr-Ni 
• Ni 

523 K(250·C), O.2V 

(a) 

18 Cr- Ni 

'";'e104! ~ ~~ 523 K ( 250·C ) 

et • ~~. (b) 

:;03 ~~h . 
. ~ .. ~, 
CII ., • 

~1~ • . c 0 0.2 V '. '" 

~ e 0 V \ii(p~ 
:;101 <D-0.2 V .~~ 

U 0-0.4 V .~ 

I.--O•sv ~ 
0·10"3 102 10" 100 101 102 

Time I s 

Fig.7-4 Changes in the anodic current density with time on the 
newly created surface of Ca)the Ni-Cr alloys of various 
chromium contents at 523 K and 0.2 V. and Cb)Ni-18Cr 
alloy at various potentials at 523 K. 
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Fig.7-5 
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Changes in the current density, i , with increasing 
charge density, Q , for the Ni-Cr alloys of various 
chromium contents at 523 K and -0.2 V. 

Relations between the current density and the charge density 

for the Ni-Cr alloys at -0.2 V and 523 K are shown in Fig.7-5. 

A similar repassivation behavior was observed for all the Ni-Cr 

alloys examined, although a larger current density during 

repassivation was observed for a higher chromium content alloy. 

7.3.4 Auger electron spectroscopy 

Auger analysis of the film was conducted for Fe-8C. Fe-18Cr, 

Ni-8Cr, Ni-18Cr and Ni-30Cr alloys. Figure 7-6 shows the depth 

profiles for (a) Fe-8Cr and (b) Fe-18Cr alloys. It is 

difficult to estimate the exact thickness of the film from 

sputtering time, because the sputtering rate for the oxide film 

formed on each alloy was not determined directly. The 

sputtering rate, however, was measured for 5i02 which is 

indicated with the figures. The sputtering rate for Fe-8Cr 

was larger than that for Fe-18Cr. Furthermore, Fe-8Cr alloy 

needed a longer sputtering time for the peak to peak height of Fe 
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reaching a constant value, comparing to Fe-18Cr alloy. 

Therefore, it can be concluded that a fairly thicker film was 

formed on Fe-8Cr alloy than on Fe-18Cr alloy. This result was 

confirmed again by the fact that a brown interference calor was 

observed for Fe-8Cr alloy specimen, while Fe-18Cr alloy showed 

only metallic luster with no calor. .Figure 7-7 shows depth 

profiles for (a) Ni-8Cr, (b) Ni-18Cr and (c) Ni-30Cr alloys. An 

identical sputtering rate was used for all Ni-Cr alloys. By 

comparing these three figures, it is readily seen that the 

Fig.7-S 
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thicknesses of the films formed on the Ni-er alloys were almost 

the same. In addition. the surface of the Ni-er alloys showed 

the same metallic luster without interference color. 

The peak to peak heights of chromium and iron in the depth 

profile for Fe-8er alloy simply increased with the sputtering 

time as shown in Fig.7-6(a). No enrichment of chromium in 

the film occurred. although a slight increase of the er/Fe ratio 

in the outer layer was observed. On the other hand. a 

significant enrichment of chromium could be clearly observed for 

Fe-18er alloy. The profile for Fe-18er alloy showed a maximum 

peak to peak height of chromium in the outer layer of the film. 

while the peak to peak height of iron in the outer layer 

increased with the depth. Thus. it can be concluded that the 

outer layer of the film for Fe-18er alloy consists mainly of 

chromium oxide. 

The peak to peak height profiles for every Ni-er alloy show 

that a nearly constant er/Ni ratio was attained throughout the 

whole profile from outer surface to bulk alloy. Therefore. it 

is concluded that the er/Ni ratio in the film is nearly 

equivalent to that of the substrate alloy. It should be noted 

that no enrichment of chromium in the film occurs for the Ni-er 

alloys. contrasting to the remarkable chromium enrichment for Fe-" 

l8er alloy. 

7.4 Discussion 

7.4.1 Active dissolution on the newly created surface 

The initial stage of repassivation showed that the anodic 

current tends to increase with increasing chromium content. It 

is reasonable to suppose that the initial current density is 
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proportional to the activity of metal or alloy for active 

dissolution. 

The ini tial current density. i O. is. however. not the true 

initial current density on the bare surface. because a short time 

of about 20 ms is always needed to give a constant amount of 

elongation. Thus. the film formation had already started even 

before the straining was stopped. Therefore. iO includes the 

influence of both active dissolution and the early stage of 

the film formation. 

In the following discussion. a bare surface current density 

with no influence of film formation is estimated quantitatively 

by a numerical method. the outline of which is shown as follows. 

It is assumed that the current density on a bare surface 

which emerges instantaneously follows an unknown function. C(t). 

c: 
III ... .... 
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Schematic drawings of (a)strain which is introduced 
immediately and the change in the current. C(t). ·as 
a response of the input step function of the strain. 
and (b)actual changes in strain. Set). and current. 
I(t). which is a convolution of C(t) and Set). 
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as illustrated in Fig.7-8(a). In actual, the area of the bare 

surface changes with time during the limited time to reach a 

constant value, because an emergence of bare surface needs a 

I imi ted time. Namely, the area of the bare surface can be 

described as a function of time, Set). Thus, the observed change 

in current with time, I (U, is expressed as a convolution of 

set) and C(t), as shown in the following equation: 

t 

Ht) = f C( T) Set - T) d T 

o 
(7-2) 

In the present experiment, I(t) and Set) can be expressed as 

series of data with the same intervals, because I(t) and Set) are 

recorded as digital data measured at constant intervals. 

This relation is schematically shown in Fig.7-8(b). Therefore, 

if C(t) is also d~fined as a series of variables, the integral in 

Eq.(7-2) for a given t can be modified to a polynomial. Thus, 

Eq.(7-2) is also modified to a series of polynomials, namely, 

simultaneous equations. Thus, the unknown function C(t) can be 

obtained by solving these simultaneous equations. Consequently, 

the estimated bare surface current density, ie,b' is given from 

the function C(t) thus obtained. 

Figure 7-9 shows ie,b of the iron and nickel alloys at 

523 K and -0.2 V as a function of chromium content. In this 

figure, iO is also plotted in broken lines. The initial 

current density, ie,b' of both the Fe-Cr and the Ni-Cr alloys 

increases with increasing chromium content as similar as i O• 

ie,b' of iron is larger than that of nickel by about one order. 

It is also clearly shown that the addition of chromium to iron 

and nickel increases the initial current of both metals. 
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Therefore, it is concluded that the activity for dissolution of 

chromium is larger than that of iron and nickel. It is 

noticeable that the effect of chromium content on the current 

density is more pronounced for the Ni-er alloys than for the Fe-

er alloys. 

There have been few reports which dealt with the anodic 

dissolution of alloys thermodynamically. Bockris et al. (5 ) 

discussed on the partial dissolution current of constituent 

elements in a binary alloy considering the change in activation 

energy for dissolution of elements due to alloying. It is 

known that the reversible potential for an element in an alloy 

can be defined considering the change in activity of the element 

in the alloy. It has been reported that the partial dissolution 

current density of the element vs potential curves for the binary 

alloy obey the Tafel's relation. For this case, the decrease in 
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the logarithm of the partial anodic current density is 

proportional to the increase in the reversible potential(6). In 

the" present experiment. however. the detailed discussion on the 

contribution of chromium to the total dissolution current could 

not be given. because the observed current density could not be 

separated into each partial current. 

On the other hand. Mueller(7) discussed on the derivation 

of the anodic polarization curves of alloy from its constituent 

elements. assuming that the alloy is a heterogeneous mixture of 

the single metallic components. and that each component 

contributes a fraction of the total current density: 

+ . . . .. , (7-3) 

where. la is current density of the alloy. Ix' Iy and Iz are 

current densities of the single metals of x. y and z. Ax' Ay 

and Az are exposed areas of the metals. and Aa is the total 

exposed area of the alloy. 

The dissolution current of i e •b at -0.2 V is controlled by 

diffusion. because i e •b showed no potential dependence above 

-0.2 V. Therefore. the dissolution rate is determined by the 

concentration of metal ion adjacent to the metal surface. It may 

be fairly accepted that the concentration of each element 

adjacent to the bare metal is proportional to the ratio in the 

substrate alloy at the very initial period after the emergence of 

bare surface. If there is no interaction between alloying 

elements. the relation presented in Eq.(7-3) holds. Thus. if 

the data exhibited in Fig.7-9 are plotted in i e •b vs the 

chromium content in normal scales. the extrapolation of the plots 

to 100 % chromium content provides ICr ' ~.e .• the current density 
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on bare surface of chromium. The current density on the bare 

surface of chromium thus obtained is in the range between 106 and 

This is more than one order larger than that of iron, 

and in turn the value for iron is about one order larger than 

that of nickel. Consequently, the contribution of chromium to 

the initial current density of alloys is apparently larger for 

the Ni-Cr alloys than for the Fe-Cr alloys as can be seen in 

Figs.7-2(a), 7-4(a) and 7-9. 

In other words, most of current in the initial period of 

repassivation of the Fe-Cr and the Ni-Cr alloys derives from 

dissolution of chromium. This fact seems to be important for 

considering mechanisms of localized corrosion of the Fe-Cr-Ni 

alloys, because the larger dissolution rate is expected for the 

larger chromium content alloys at the very initial period after 

the film breakdown, in spite of their improved passivity. 

Moreover, the faster initial dissolution seems to enhance the 

localized corrosion. 

7.4.2 Repassivation rate 

As stated before, the chromium addition to Ni-Cr alloys 

simply increased the current density during repassivation but did 

not accelerate the repassivation. On the other hand, the 

addition of chromium to Fe-Cr alloys also increased the initial 

dissolution current, and more than 8 mass~ chromium alloying 

increased the repassivation rate of Fe-Cr alloys. The addition 

of 3 mass~ chromium, however, rather retarded the repassivation 

of Fe-Cr alloy, as shown in Fig.7-3. 

The transient current density on the newly created surface 

should be discussed by considering not only the active 

dissolution rate but also the nature of film formed during the 
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repassivation. Informations about the nature of the passive 

film' on these alloys are provided by the polarization curves and 

the results of Auger analysis. 

The Auger electron analysis showed that the enrichment of 

chromium in the film occurs for Fe-18Cr alloy. whereas no 

enrichment of chromium occurs for Fe-8Cr alloy and all the Ni-Cr 

alloys. It is very likely that the change in polarization 

curves with chromium content corresponds to the chromium content 

in the passive film. The small current density in the passive 

region for Fe-18Cr and Fe-22Cr seems to be caused by the chromium 

enrichment in the passive film. It is also supposed that the 

large over passive peak current density is brought about by the 

oxidation of chromium from Cr3+ to Cr6+. thus enriched in the 

film. On the other hand. the small contribution of chromium to 

decrease the passive current density and the small over passive 

peak for the Ni-er alloys compared with that of the Fe-Cr alloys 

are the result of no enrichment of chromium in the film for the 

Ni-Cr alloys. 

It is considered that the enrichment of chromium in the 

steady state film corresponds to the change in the repassivation 

behavior observed in the straining electrode test. although the 

films analyzed by Auger were formed after a long time passivation 

compared with the short time of the straining electrode test. 

The more rapid decrease in the current density. namely. the 

faster repassivation was always observed for the higher chromium 

content Fe-Cr alloys as shown in Fig.1-3. It is reasonably 

assumed that the chromium enriched passive film depresses 

effectively the dissolution current. although the larger anodic 

current flows at the very initial period owing to the higher 

activity of chromium. On the other hand. the small addition of 
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chromium also enhances the initial dissolution. However. it 

does not suppress effectively the repassivation process. 

because the chromium content in the alloy is not sufficient to 

form chromium enriched passive film. Consequently. the 

repassivation current of Fe-3Cr alloy was larger than that of the 

other Fe-Cr alloys. The enrichment of chromium. however, did 

not occur for Fe-8Cr. as shown in Fig.7-6. but the enhancement of 

the repassivation was observed for this alloy. It seems that 

the structure of the newly created surface was different from 

the surface prepared for Auger specimen. Therefore. the 

repassivation behavior in the straining electrode did not 

correspond to the film composition for the Fe-Cr alloy of the 

intermediate chromium content. 

In the case of the Ni-Cr alloys. 

increases significantly the initial 

the chromium addition 

current. because the 

dissolution activity of chromium is fairly larger than that of 

nickel as mentioned before. However. changes in the current 

density with time or charge density are quite similar for all the 

Ni-Cr alloys. regardless of the chromium content. In other 

words. chromium addition has no effect on the repassivation rate 

for the Ni-Cr alloys. corresponding to no enrichment of chromium 

in the passive film formed on the Ni-er alloys. 

7.5 Conclusions 

The initial stage of repassivation process of Fe-Cr and Ni-Cr 

alloys of various chromium contents was investigated in the high 

temperature and high pressure borate buffer solution. Moreover. 

the composition of the passive film formed on these alloys was 

analyzed by Auger electron spectroscopy. 
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(1) The initial current on the newly created surface increased 

with .increasing chromium content for both the Fe-Cr and Ni-Cr 

alloys. The chromium addition of more than 8 mass% accelerated 

the repassivation of the Fe-Cr alloys. but the addition of 

3 mass% chromium rather retarded it. On the other hand. the 

chromium addition to the Ni-Cr alloys simply lncreased the 

current density during repassivation. although it did not 

accelerate the repassivation. 

(2) A bare surface current density with no influence of film 

formation was estimated by a numerical method. It was concluded 

that the bare surface current density of chromium was more than 

one order larger than that of iron. The bare surface current 

density of iron was in turn also about one order larger than that 

of nickel. 

(3) Auger analysis showed that chromium was enriched in the 

passive film of Fe-18Cr alloy. while chromium enrichment did not 

take place for the Fe-Cr alloy of small chromium content and all 

the Ni-Cr alloys examined. 

(4) The results of straining electrode tests and the Auger 

analysis showed that the acceleration of repassivation was always 

associated with the chromium enrichment in the passive film. 
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CHAPTER VIII 

Straining Electrode Behavior of Fe-Cr-Ni Alloys 
in High Temperature and High Pressure Borate Buffer Solution 

8.1 Introduction 

.In the previous chapters, the repassivation behavior on the 

newly created surface of iron and nickel. and also that of the 

Fe-Cr and the Ni-Cr alloys have been investigated. The 

commercial materials that are used actually in the high 

temperature and high pressure water environment are mainly Fe-Cr-

Ni ternary alloys. This chapter deals with the repassivation 

behavior of Fe-Cr-Ni alloys. whose chemical compositions are 

similar to that of the commercial alloys. In the previous 

chapter. it has been revealed that the Fe-Cr alloys and the Ni-Cr 

alloys show quite different repassivation behavior. In this 

chapter. in order to discuss the role of iron and nickel. the 

repassivation behavior of Fe-Cr-Ni alloys which contain various 

amounts of iron and nickel with a constant amount of chromium of 

18 mass% were analyzed. Auger analysis of the films formed on 

these alloys was also conducted in order to compare the 

repassivation behavior of these alloys with the composition of 

the film. 

8.2 Experimental 

The materials used in the present experiment were 75Ni-18Cr-

7Fe. 33Ni-18Cr-49Fe and 8Ni-18Cr-74Fe alloys. whose chemical 

composition are shown in Table 8-1. The former two alloys were 

prepared in the same way for the Ni-Cr alloys described in the 
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Table 8-1 Chemical composition of the specimen alloys (massX). 

75Ni-18Cr- 7Fe 

33Ni-18Cr-49Fe 

5U5304 

C N 5i Mn p 5 Al Ni Cr Fe 

0.028 0.0037 0.30 0.30 0.002 0.001 0.16 bal. 17.74 6.99 

0.026 0.0062 0.30 0.30 0.002 0.002 0.16 bal. 17.88 45.33 

0.073 0.038 0.51 0.80 0.034 0.002 8.47 18.29 bal. 

previous chapter. BNi-lBCr-74Fe alloy is commercial 5U5304 

stainless steel. The former two alloys were prepared in order 

to simulate the composition of commercial alloys of Alloy 600 and 

Alloy BOO, respectively. These high nickel alloys are widely 

used as steam generator (5G) tubing materials in PWR. 

The straining electrode test procedures were the same as 

Fig.8-1 

-1.0 

523 K 

if 

11 

Scanning rate: 8.33 x 10' VS! 

•• __ ..• - 82NI-18Cr 

-- 75Ni-1BCr- 7Fe 
_.- 33Ni -IBCr - 49 Fe 

BNi -18Cr-74Fe 
lBCr-82Fe 

-0.5 0 
Potential I VSHE 

0.5 

Polarization curves of the Fe-lBCr-Ni alloys 
in borate buffer solution at 523 K. 
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described in the early chapters. The electrolyte used was the 

borate buffer solution. 

The specimens used for Auger analysis were prepared also in 

the same way as described in Chapter VII. 

B.3 .Results 

B.3.1 Polarization curves 

Polarization curves of 75Ni-lBCr-7Fe, 33Ni-lBCr-49Fe and 

BNi-lBCr-74Fe (SUS304) alloys measured in the borate buffer 

solution at 523 K are shown in Fig.B-l, in which polarization 

curves of Fe-lBCr and Ni-lBCr alloys already shown in the 

previous chapter are also presented. The corrosion potential, 

E shifted to less noble value with increasing iron content. Corr. 
ECorr • of Fe-lBCr alloy was fairly less noble than that of the 

other alloys. On the other hand, these five alloys showed the 

same over passive peak potentials at around 0 V. Therefore, it 

is concluded· that the Fe-Cr-Ni alloy system, including binary 

alloys of the Fe-Cr and Ni-Cr alloys, shows a constant over 

passive peak potential. 

The current density in the passive potential region 

increased with the increase in the iron content, although its 

dependence was not so large. On the other hand, the over passive 

peak current density clearly depended on the FelNi ratio. 

Namely, the current density of the over passive peak increased 

with increasing iron content. 

B.3.2 Auger electron spectroscopy 

Figure B-2 shows the differential Auger electron spectrum of 

the anodic film formed on 33Ni-lBCr-49Fe alloy in the borate 
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buffer solution. The depth profiles of film formed on 75Ni-18Cr-

7Fe, 33Ni-18Cr-49Fe and 8Ni-18Cr-74Fe alloys are shown in Fig.8-3 

(a), (b) and (c), respectively. These profiles were obtained 

with an identical sputtering rate. Thus, the thickness of the 

films can be compared directly from these profiles. There seems 

to be no significant difference in thickness among these three 

alloys. 

The depth profile of 75Ni-18Cr-7Fe alloy shows that the peak 

to peak heights of Ni, Cr and Fe increase from outer surface to 

inner layer. The Ni/Cr/Fe ratio is almost constant throughout 

the profile except for a small increase of chromium near the 

surface. In other words, the cation ratio in the film is almost 

the same as that of the substrate alloy. Almost constant Cr/Ni 

ratio throughout the depth is also observed for 33Ni-18Cr-49Fe 

alloy. On the other hand, the ratio of Fe to Cr and Ni at the 
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surface is fairly smaller than that at the substrate. In other 

words, the height of Fe at the surface is smaller than that of 

Cr, wbereas the 'height of Fe is larger than that of Cr in the 

substrate in accordance with the alloy composition. Thus, a 

depletion of iron in the film was surely occurred. In the case 

of BNi-1BCr-74Fe alloy, Fe in the film decreased distinctly. 

From these facts, it can be easily concluded that the most part 

of cation in the film is chromium. 

B.3.3 Straining electrode behavior 

The changes in current density on the newly created surface 

of the alloys at -0.2 V for 523 K, and at -0.05 V for 423 K are 

shown in Figs.B-4(a) and (b), respectively. The current 

density decayed with time following the power law, the power n 

being about O.B tU 0.95. These figures clearly show that the 

changes in the current density with time were very similar for 

B2Ni-1BCr, 75Ni-1BCr-7Fe, 33Ni-1BCr-49Fe and BNi-1BCr-74Fe alloys 

->-
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Fig.B-4 Changes in the anodic current density with time on 
the newly created surface of the Fe-1BCr-Ni alloys 
at (a)523K and -0:2 V, and at (b)423 K and -0.05 V. 
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to one another. except for the initial period less than 10 ms. 

The 0 larger current density flowed for the larger nickel contents 

alloys during this initial period. On the other hand. the 

transient current density for 82Fe-18Cr was fairly larger than 

that of the other alloys. 

The changes in the current density on the newly created 

surface with increasing charge density. Q. at -0.2 V for 523 K 

are shown in Fig.8-5. The difference in the changes of the 

current density in the initial period can be observed more 

apparently compared with the log i vs log t curves. It is 

obviously recognized that the larger charge density was needed 

for decay of current density for the larger nickel content alloy. 

However. the larger current density flowed for the larger iron 

content alloy in the later period. On the other hand. the change 

in current density with Q for 18Cr-82Fe alloy was quite different 

from that for the others. 

Fig.8-5 
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2: 75Ni-18Cr- 7Fe 
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Fig.8-6 Effect of the alloy composition on the estimated bare 
surface current density, i b' and on the current 
density immediately aftere , straining was stopped, iO' 
for the Fe-18Cr-Ni alloys. 

As already discussed in the previous chapters. the observed 

initial current density is not the true bare surface current 

densi ty. The true bare surface current density was estimated in 

the same way introduced in Chapter VII. Figure 8-6 shows the 

current density. i b' calculated for Fe-18Cr-Ni alloys at -0.2 V e. 
for 523 K. The current density immediately after straining was 

stopped. iO' is also plotted in a broken line. It is shown that 

i e •b slightly increased with the increase in the nickel content 

above 8 mass" Ni. On the other hand. o mass" Ni. namely. Fe-18Cr 

alloy showed fairly larger i e •b than that of the other alloys. 

8.4 Discussion 

8.4.1 !he initial current density 

As discussed in Chapter VII. io or ie,b for the Fe-Cr alloys 
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was larger than that for Ni-Cr alloys. Therefore. it is expected 

that the initial current increases with increasing FelNi ratio 

for the Fe-18Cr-Ni alloys. However. i e •b increased slightly with 

increasing nickel content except for Fe-18er alloy. contrary to 

the expectation. If the initial current derives mostly from the 

dissolution of chromium. the initial currents for alloys of the 

same chromium content have to be almost equal. Then. it is 

necessary to consider another parameter for the initial 

dissolution. It is likely that the dissolution on a bare 

surface starts at active sites which include edges of plane. 

kinks and other defects. Thus. the initial current is 

proportional to the number of these active sites and the 

chromium content. Therefore. it is important to consider the 

structure of defects on the newly created surface. In the case 

of the straining electrode test. since the newly created surface 

emerges owing to the formation of slip steps. the edges of slip 

step act as active sites for dissolution. The number of slip 

step is directly related to the dislocation density and its 

structure(11.C21. An illustration of the structure of the slip 

step and the active sites on it C31 is presented in Fig.8-7. 

Active Sites Active Sites 

film 

newly created 
surface ===;j 

Coarse Sl ip Fine Slip 

Fig.8-7 Schematic sketch of two kinds of slip steps. 
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Among the Fe-Cr-Ni alloys examined, only Fe-18Cr alloy was 

ferritic phase, the others being austenitic phase. It is known 

that ferritic phase (b.c.c.) has many slip systems compared with 

that of austenitic phase (f.c.c.). Therefore, ferritic alloy 

forms finer slip steps than an austenitic alloy. Thus, the 

more dissolution sites emerged for the ferritic alloys than for 

the austenitic alloys at the same elongation. Consequently, Fe-

18Cr alloy showed the larger initial current than the other 

austenitic Fe-18Cr-Ni alloys. 

Assuming that the initial current is proportional to the 

chromium content and the number of slip step emerged at a given 

elongation, the initial current for the austenitic Fe-18Cr-Ni 

alloys of various nickel contents has to depend on the number of 

slip step, because the chromium content in the alloys was 

constant. Stacking fault affects the structure of dislocation 

for austenitic aIIOys(I). It is known that high stacking fault 

energy of pure nickel is reduced by alloying of iron and 

chromium(4). Dislocations introduced by the deformation for 

the alloys of low stacking fault energy are widely extended and 

exist as piled up groups, namely, coplanar arrays(5),(6). Thus, 

dislocations tend to remain in their slip steps to produce coarse 

slip steps. The alloys with high stacking fault energy, on the 

other hand, exhibit tangles or cell boundaries of dislocations to 

form many slip planes. Thus, a deformation produces many or fine 

slip steps. The stacking fault energy of the Fe-Cr-Ni alloys of 

about 18 massX chromium has been reported to increase with 

increasing nickel content(4). Figure 8-8 shows the variation of 

the stacking fault energy of Fe-Cr-Ni alloys reported by some 

Consequently, the alloy of the larger Ni/Fe ratio 

exhibits the higher stacking fault energy to produce the finer 

-122-



':"e 
u 
~00r- Fe- er-Ni -.... 
CII ->-
Cl .... 
Cl> 
C 

" -
g'00- V Whelan (1" Cr, --Cl 
C 

.::t:. 
U 
III ... 
III 

>-

Fig.B-B 

• Douqlass et al (20' Cr, 

o Swann (17\ Cr' 

• Sllcock (15.7'Cr' 

o Gallaqhor (18'Cr, 

~ Coulomb et a1 (16.6'Cr' 

A Thomas and Benry (n.8'Cr' 

10 20 30 40 50 60 70 80 
Ni content I mass °1. 

Variation of the staGking fault energy 
in Fe-er-Ni alloys(4). 

slip steps, resulting in the formation of a larger number of 

active sites for dissolution. Therefore, the initial current on 

the bare surface of the austenitic Fe-18er-Ni alloy increases 

with increasing nickel content as a result of the change in the 

dislocation structure. 

8.4.2 Film formation behavior 

The change of current density in the later period showed a 

small difference among the Fe-18er-Ni alloys except for Fe-18er 

alloy. That is, the larger current density tends to flow for the 

larger iron content alloys contrary to the initial period, 

although the difference is not so large, as shown in Fig.B-5. 

The newly created surface seems to be covered uniformly with the 

passive film in the later period. Then, it is supposed that the 

dissolution activity of the substrate alloy determines the 

repassivation current in the later period, regardless of the 

number of active site formed by the deformation. The larger 

current density was actually observed in the passive potential 

-123-



range for the higher iron content alloy in the polarization curve 

which represents the dissolution rate on the film-covered 

surface. Thus. it seems that the larger iron content alloy 

shows the higher dissolution activity. 

The ferritic 18Cr-Fe alloy. however. showed the fairly 

larger current density than the other alloys not only in the 

initial period but also in the later period until which the 

nucleation and two dimensional extension of the film has been 

already completed. Therefore. the difference in the 

repassivation behavior between austenitic alloy and the ferritic 

alloy can not be explained only by the difference in the 

structure of the newly created surface. Thus. the difference in 

the property of film must be considered. 

As discussed in Chapter VII. the cation ratio in the film on 

the Ni-Cr alloys is almost the same as that of the substrate 

alloys. On the other hand. enrichment of chromium in the film 

occurs for the chromium rich Fe-Cr alloys. The Cr/Ni ratios in 

the films on the Fe-18Cr-Ni alloys examined are approximately 

constant throughout the depth. Namely. theCr/Ni ratio in the 

film is roughly the same as that for the substrate alloys. On 

the other hand. the Fe/Cr or Fe/Ni ratio in the film on the Fe-

18Cr-Ni alloys are smaller than that of the substrate alloys. 

Thus. if the iron content in an alloy is large. the proportion of 

chromium and nickel in the film becomes relatively larger than 

that of the substrate alloy. Therefore. the larger iron content 

alloy forms the more chromium enriched film. because the iron 

rich alloy contains relatively a small content of nickel. In 

fact. the passive film formed on SUS304 steel consists of 

chromium oxide to a large extent as already shown in Fig.8-3(c). 

Therefore. it is concluded that the selective dissolution of iron 
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occurs during the repassivation process. In other words, the 

selective dissolution leads to the lower deposition ratio of iron 

as the film than that of chromium and nickel. On the other 

hand, the deposition ratio of chromium and nickel seems to be 

approximately equal, because no change of the Cr/Ni ratio in the 

film was observed. 

The difference in the film composition shows no noticeable 

effect on the changes in the current density with time for Fe-

18Cr-Ni alloys except for Fe-18Cr alloy in a short period of 

about 50 s in the straining electrode test. Alloying elements 

such as nickel and chromium in the iron base alloys are enriched 

in the film as a result of the selective dissolution of iron as 

discussed above. Thus, a small addition of nickel into er-Fe 

alloy is supposed to change the property of the film. Then, this 

is considered to be one of the main factors which result in the 

difference in the repassivation behavior between 18Cr-Fe alloy 

and the other Ni-18Cr-Fe alloys. 

8.4.3 Consideration of SCC susceptibility 

There was no noticeable difference in polarization curves 

between Fe-18Cr alloy and the other Fe-Cr-Ni alloys. This fact 

suggests that the character of film formed on the newly created 

surface emerged by straining is different from that formed on 

the polished surface of polarization specimen. Thus, the 

deformation, namely straining, has affected not only the 

structure of the newly created surface but also the property of 

the film. 

It is considered that SCC of metals and alloys in a given 

environment is likely to occur under the following condition(71 : 

the initial dissolution rate on the newly created surface emerged 
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by a deformation is larger and the repassivation due to film 

formation is more rapid. Such condition seems to be attained 

for the high nickel austenitic alloys, because the larger initial 

current on the newly created surface was observed for the higher 

nickel content alloy and the repassivation rate of the austenitic 

alloy is fairly larger than that of ferritic Fe-1BCr alloy. 

It has been discussed that ferritic stainless steels are 

immune to SCC in such environments as chloride solutions(B),(9), 

while austenitic stainless steels in the same environments are 

highly susceptible to SCC(7). However, austenitic 13Cr-BMn 

alloy is known to be resistant to SCC(lO). On the other hand, 

ferritic stainless steels which contains a small amount of nickel 

are reported to show SCC susceptibility(ll). These facts 

suggest that the difference in the structure is not the only 

factor determining the SCC susceptibility. Thus, it is 

thought that not only the crystal structure but also the chemical 

properties for the dissolution and the film formation of alloys 

are important for considering the susceptibility to SCC. It 

should be pointed out that a small addition of nickel to the 

iron base alloys changes the both factors and affects the SCC 

susceptibility. 

B.5 Conclusions 

The repassivation behavior on the newly created surface of 

the Fe-1BCr-Ni alloys of various Fe/Ni ratio with the constant 

chromium content was investigated in the high temperature and 

high pressure borate buffer solution. The Auger electron 

analysis of the films formed on these alloys was also conducted. 

(1). The difference in the alloy structure remarkably 
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affected the initial period of repassivation behavior on the 

newly. created surface. 

(2) Fe-1BCr alloy showed a fairly larger current density on the 

newly created surface compared with the austenitic Fe-1BCr-Ni 

alloys. On the other hand, the austenitic alloys showed 

similar changes in the .current density in spite of a large 

difference in the FelNi ratiO. 

(3) The initial current on the newly created surface of the 

austenitic Ni-1BCr-Fe alloys increased with the increase in the 

nickel content. The change in structure of slip step affects 

the initial current. The stacking fault energy increases with 

increasing nickel content to form the finer slip steps, which 

give many sites for active dissolution. Therefore, the initial 

current density increased with increasing nickel content. 

(4) The chromium content in the film increased with increasing 

iron content. The selective dissolution of iron was thought to 

be the reason for the chromium enrichment. 

(5) The higher SCC susceptibility is likely to be attained for 

the higher nickel content austenitic Fe-Cr-Ni alloys. 
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CHAPTER IX 

SUMMARY 

The dissolution and the subsequent film formation of iron, 

nickel and their chromium alloys were investigated by a rapid 

straining electrode technique, in order to obtain the basic 

electrochemical information of iron and nickel base alloys in the 

high temperature and high pressure water environments. 

In Chapter I, the historical background of corrosion 

failures in the high temperature and high pressure water 

environments was described and the aim of this work was stated. 

The history, the principle and the experimental apparatus of 

the straining electrode technique were described in Chapter 11. 

A thin wire electrode was elongated rapidly to yield a newly 

created surface at a constant potential. The anodic current 

increased rapidly to a maximum, then decayed. The change in 

current density on the newly created surface with time was 

analyzed at various potentials and temperatures UP to 573 K. 

The straining electrode behavior of iron in a sodium 

sulphate solution was analyzed in Chapter Ill. The anodic 

current density decayed following a power law : i = at-n , except 

for the initial period of 0.01 tU 0.1 s. A thick magnetite layer 

formed in the passive potential region above 503 K, its growth 

following a parabolic law. The rate constant for the growth 

showed a negative temperature dependence. It was concluded that 

a more compact film was formed to suppress diffusion of reaction 

species through the film at a higher temperature. Iron, 

however, showed no passive state and dissolved away rapidly in a 

temperature range of 423 tU 463 K. On the basis of the active 

dissolution rate and the repassivation rate on the newly created 
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surface a favorable condition to assist SCC of iron could be 

attained under the condition of 503 K and +0.3 V in the 
-3 0.1 kmol·m Na2S04. 

The rapid straining electrode technique was applied to 

investigate the initial process of anodic dissolution and the 

subsequent film formation on nickel in solutions containing 

sulphate ion in Chapter IV. Two types of the changes in the 

anodic current were found for the newly created surface. The 

first showed a rapid decay and was called the repassivation type. 

The anodic current. however. showed no rapid decay and sometimes 

increased gradually in the second type. The second was called 

the breakdown type because the passive film was broken locally. 

showing no repassivation. The breakdown was observed at 

potentials more noble than a critical potential. which was called 

the breakdown potential. The breakdown potential shifted more 

noble with the increase in temperature above 403 K. but the 

breakdown was not observed below 393 K. Thus. it was found that 

there existed an unstable temperature range fQr the passivity of 

nickel in the sulphate ion containing solutions around 400 ~ 

450 K. It was considered that the sulphate ion promoted the 

formation of non-protective NiCOH)2' prior to the passive film 

formation. Thus. the dissolution of nickel continued. leading to 

the breakdown. 

Based on the results of previous two chapters that 5°42- ion 

caused the breakdown of passivity of iron and nickel. a borate 

buffer solution was used as the electrolyte in the experiments 

described in the following chapters. 

In Chapter V. the repassivation behavior of iron was 

investigated in the borate buffer solution. The repassivation 

seemed to be controlled by diffusion in aqueous solution. but 
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proceeded more rapidly than expected from the parabolic rate 

low. Fe2+ ion diffused in aqueous phase contained in pores or 

other defects in the oxide layer. The rapid repassivation rate 

was attained owing to the decrease in the number and size of 

these diffusion paths before the growth of magnetite layer 

reached to a steady state. The repassivation behavior was 

divided into two groups according to the applied potential, the 

critical potential being around -0.5 V at 523 K. The slower 

repassivation rate was observed at the more noble potentials than 

the critical potential. The change in the reaction product from 

Fe30 4 to Fe203 seemed to occur at the critical potential. Based 

on the experimental results, a favorable condition for SCC of the 

iron base alloys was discussed. 

The repassivation process of nickel in the borate buffer 

solution was investigated in Chapter VI. 

process consisted of early and later stages. 

The repassivation 

In the early 

stage, the newly created surface was covered with monolayer of 

oxide film. The rate of this process followed a direct 

logarithmic law, showing neither potential nor temperature 

dependence. The mechanism of this stage was explained by a 

mutually-blocking pore model proposed by Evans. In the later 

stage, the passive film grew following a parabolic law with the 

rate constant depending on both temperature and potential. The 

rate of this process was concluded to be determined by migration 

and diffusion of Ni 2+ ion in liquid phase under the potential and 

the concentration gradient through pores and other defects 

contained in the passive film. 

In order to discuss the role of chromium for the passivity 

of Fe-Cr and Ni-Cr alloys, the initial process of repassivation 

on the newly created surface was analyzed, and also the depth 
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profile of composition of the film formed on these alloys were 

examined by Auger electron spectroscopy in Chapter VII. It was 

observed that chromium addition simply increased the initial 

current density on the bare surface of both the Fe-Cr and the Ni­

Cr alloys. The repassivation of the Fe-Cr alloys was enhanced 

by the chromium addition of more than 8 massX. but was rather 

retarded by 3 mass% chromium. On the other hand. the 

repassivation currents of the Ni-Cr alloys were increased by 

chromium addition but the passivation rate was not enhanced 

during the short period of the straining electrode test. Auger 

analysis proved that enrichment of chromium in the film occurred 

only for the high chromium Fe-Cr alloys. but no enrichment 

occurred for the low Fe-Cr alloys and for every Ni-Cr alloy. 

The contribution of chromium addition for the repassivation 

behavior of the Fe-Cr and the Ni-Cr alloys was discussed by 

considering the effect of chromium on the film composition. 

Chapter VIII dealt with the repassivation behavior of Fe-Cr­

Ni ternary alloys containing various amount of iron and nickel 

with the constant amount of chromium of 18 massX. The 

repassivation behavior was discussed with the results of Auger 

electron spectroscopy. The initial current density was affected 

by the structure of the newly created surface. which was 

determined by the structure of dislocation. The ferritic Fe-

18Cr alloy showed a fairly larger current density compared with 

the austenitic Fe-18Cr-Ni alloys. On the other hand. the 

austenitic alloys showed similar changes in the current density 

in spite of the large difference in the Fe/Ni ratio. Auger 

analysis showed that a selective dissolution of iron enriched 

chromium in the film. Therefore. the chromium content in the 

film increased relatively with the increase in the iron content 
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in the sub~trate alloy. 

between the ferritic 

discussed in terms of 

properties formed on it. 

Difference in the SCC susceptibility 

alloys and the austenitic alloys were 

the structure of alloy and the film 
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