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SYNOPSIS 

To secure the energy demands of the growing Indian economy, Department of Atomic 

Energy (DAE) in India has evolved a three-stage nuclear power program based on 

closed fuel cycle [1]. This calls for adopting spent fuel reprocessing, conditioning and 

recycle as an important option. With  total  protection  of  the  environment  as  an  

overriding consideration, management of the radioactive waste generated in the  fuel  

cycle  has  received high  priority  in  India’s  nuclear  programme  right  from its 

inception and it covers the entire range of activities from handling, treatment, 

conditioning, transport, storage and finally disposal [2]. In the backend of the nuclear 

fuel cycle, Austenitic stainless steel of AISI (American Iron and Steel Institute) type 

304L SS is the major construction material in Indian nuclear reprocessing plants [3, 

4], where nitric acid is the process medium used from low to high concentration and 

from room temperature to boiling conditions and in high level liquid waste storage 

plants  [2],  where  the  acidity  ranges  from  1-6M  depending  on  the  type  of  nuclear  

waste and the process conditions.  

AISI type 304L SS is characterized by excellent corrosion resistance in nitric acid 

medium owing to the spontaneous formation of protective, self healing, tenacious 

Cr2O3 passive  film.  But  at  concentrations  greater  than  8M  acid  and  elevated  

temperatures (> 80o C), the passive film is damaged, rendering the steel to corrosion 

in the acidic environment. The presence of oxidizing ions in high level liquid waste, 

in combination with the radioactive heat, ennobles the corrosion potential of the 

stainless steel close to transpassive region and, in addition, the ions that gets adsorbed 

on the passive film surface weakens it, leading to breakdown during long term 

exposure. Thus, corrosion monitoring is an essential requirement in nuclear 
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reprocessing and waste storage plants in order to achieve an extended service life. 

Conventional corrosion monitoring techniques [5] such as coupon tests, electrical 

resistance and linear polarization resistance methods, though provide reliable 

corrosion rates, are based on the assumption that corrosion is uniform, and hence, are 

not suitable for localized corrosion monitoring and also do not provide a real time 

online information. Most of the electrochemical techniques for corrosion monitoring 

require an external perturbation that disturbs the very system that is being measured. 

Electrochemical noise [6, 7, 8, 9, 10] (EN) has emerged as a powerful corrosion 

monitoring tool as it stands unique in its credentials over other techniques. 

Electrochemical noise describes the spontaneous fluctuation of current and potential 

that occurs during an electrochemical process and corrosion being predominantly 

electrochemical in nature, these fluctuations can be tapped to map the corrosion event. 

Electrochemical noise gives an instantaneous and online indication of the corrosion 

events as and when it occurs and the signals represent distinct fingerprints for various 

types of corrosion. The technique requires no external perturbation and therefore, 

measurements can be made from naturally corroding systems and hence, can be 

applied to real structures. The technique is unique in its unprecedented ability to 

detect online as it happens and discern localized corrosion events. The application of 

electrochemical noise includes corrosion monitoring [8, 9, 11], investigating various 

types of corrosion like uniform and localized corrosion [9, 12], monitoring crack 

propagation in stress corrosion cracking [13, 14], evaluation of corrosion inhibitors 

[15], monitoring microbiologically induced corrosion, acid dew point corrosion in 

exhaust systems [17], coating evaluation [18] and many others. 

The international experience in corrosion monitoring of nuclear high level waste 

storage plant includes, the Department of Energy (DOE) sites such as Hanford, 
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Savannah River Site (SRS), Oak ridge Reservation (ORR), Idaho National 

Engineering and Environmental Laboratory (INEEL) implementing corrosion 

coupons, linear polarization resistance (LPR) and electrical resistance (ER) probes for 

monitoring the corrosivity of underground nuclear waste storage tanks made of 

carbon steel and stainless steels, holding caustic and acidic waste [19]. These probes 

though detected uniform corrosion, failed to provide any indication of pitting and 

stress corrosion cracking, which were the primary modes of degradation in these 

plants.  In 1995, DOE’s Tanks Focus Area (TFA) launched the development and 

deployment of EN probes in these nuclear installations and achieved good degree of 

success  in  indicating  uniform  and  localized  corrosion  events  (pitting  and  SCC)  as  

well. 

Toward developing EN probes for corrosion monitoring application in reprocessing 

and  waste  storage  medium,  a  three  identical  electrode  probe  made  of  304L  SS  was  

designed. The objective of this thesis is to demonstrate the capability of the three 

identical electrode probe to monitor the corrosion activity of 304L SS in reprocessing 

and waste management environments. The studies presented in the thesis thus, can be 

categorized into three parts. 

1. The first part comprised electrochemical noise monitoring of 304L SS during 

pitting corrosion. Presence of chloride ions in reprocessing medium or high level 

waste, by ingress of chloride from the water or acid, is detrimental. Chloride ions get 

adsorbed on the passive film and penetrate through the protective passive film causing 

local breakdown of passive film and leading to the formation of pits. The propagation 

and  growth  of  these  pits  in  reprocessing  and  waste  storage  plants  cause  radioactive  

leaks, which are highly catastrophic, and hence, there is a need for monitoring pitting 

corrosion. This aims to obtain electrochemical noise data using the three identical 
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electrode probe made of 304L SS, and derive mechanistic information of the 

processes occurring on the material surface exposed to environments conducive for 

pitting to occur. 

2. AISI type 304L SS exhibits good passivation properties in nitric acid though, 

uniform dissolution from the film surface on long term exposure to the acid could 

contribute  to  low  corrosion  activity.   The  objective  of  the  second  study  was  to  

establish electrochemical noise resistance, a parameter derived from statistical 

analysis of electrochemical noise-time record, to determine the corrosion activity 

during the monitoring of 304L SS exposed to nitric acid and simulated high level 

waste, by using the three electrode probe. Electrochemical noise resistance is known 

to be equivalent to polarization resistance and hence, can replace the latter in the well 

known Stern Geary equation to determine the corrosion rates. Though this parameter 

is applied to obtain uniform corrosion rates, few attempts have been made by 

researchers to use this parameter to estimate the corrosion activity of low active 

systems, such as those for passive systems.  

3. Towards developing materials for reprocessing and high level waste storage, 

nitrogen containing 304L SS are being considered as potential candidates for 

structural materials. Though nitrogen additions provide well balanced combination of 

excellent mechanical properties and corrosion resistance, their corrosion property in 

nitric acid environments is an important concern. Studies were thus taken up to 

investigate the effect of nitrogen on the corrosion property of three nitrogen 

containing (0.132 %N, 0.193 %N, 0.406 %N) 304L SS by potentiodynamic anodic 

polarization technique in these media. Another objective was to establish the three 

electrode electrochemical noise probe made of these materials to monitor the 

corrosion activity in reprocessing and waste storage medium and also to obtain 
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information on the effect of nitrogen on the corrosion property by electrochemical 

noise.  

The thesis presents six chapters which are organized in the following sequence. 

Chapter 1:       Introduction and literature review 

Chapter 2:  Materials and experimental methods 

Chapter 3:  Results and discussion 

                   Electrochemical noise monitoring during pitting corrosion of 304L SS 

Chapter 4:   Results and discussion 

          Electrochemical noise monitoring of 304L SS in nitric acid and simulated  

                        nuclear high level waste medium 

Chapter 5:   Results and discussion 

Effect of nitrogen on the corrosion behaviour of nitrogen containing 

304L SS in nitric acid medium 

Chapter 6:  Summary and conclusions 

 
Chapter 1 

Introduction and literature review 

The chapter commences with the introduction of the three stages of Indian nuclear 

programme and backend of the nuclear fuel cycle, followed by a description of the 

materials for nuclear reprocessing and high level liquid waste storage. A brief 

discussion on corrosion monitoring and the conventionally used methods to 

accomplish the same with international experience in corrosion monitoring in nuclear 

waste storage tanks is presented in the subsequent section. This chapter introduces the 

electrochemical noise technique and describes the definitions of electrochemical 

noise, measurement procedures and the different analysis methods of the acquired 

noise signals. The introduction follows a brief literature review of electrochemical 
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noise starting from the time of its inception till the current scenario, and the need / 

importance of the current study presented in the thesis. 

 
Chapter 2 

Materials and experimental methods 

This chapter presents the chemical composition of the materials used for the various 

studies reported in the thesis, the heat treatments, specimen preparation, electrolyte 

preparation, etching procedure and microstructural evaluation, and passive film study 

by laser Raman spectroscopy. This chapter also describes the experimental procedures 

which include potentiodynamic anodic polarization, electrochemical noise 

measurements and the analysis methods associated with these studies.  

 
Chapter 3 

Electrochemical noise monitoring during pitting corrosion of 304L SS 

Chapter 3 presents the results of electrochemical noise monitoring of 304L SS during 

pitting corrosion in ferric chloride medium, under freely corroding conditions. 

Electrochemical current and potential noises were simultaneously acquired from 304L 

SS in 0.05M ferric chloride (FeCl3) using three identical electrode configuration. The 

acquired data were visually examined and analyzed by statistical, spectral and wavelet 

analysis.  The  results  of  potential  and  current  time  records  indicated  high  amplitude  

fluctuations during the initial stages of immersion. The random high amplitude 

fluctuations became more defined as corrosion progressed, and distinct potential and 

current spikes were obtained, which were indicative of pitting attack. The 

corresponding power spectral plots [20] exhibited 1/f n variation and the roll off slope 

corroborated with pitting attack. Statistical evaluation of the time record was carried 

out and parameters such as localization index [21], standard deviation of potential 

noise as well as the kurtosis [7, 22] of potential and current noise corroborated with 
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pitting attack. However, useful information on the corrosion mechanism could not be 

obtained from the skewness [7, 22]. Energy distribution plots obtained from wavelet 

analysis [23, 24] were found to provide useful information on the progress of 

corrosion. During initial stages of immersion, metastable pitting, propagation and 

repassivation of pits and stable pitting occurred on the specimen surface, the dominant 

process being propagation and repassivation of pits. With time of immersion, 

metastable pitting was suppressed and the corrosion mechanism comprised 

propagation and repassivation of pits and stable pitting, the latter being the most 

predominant. Although electrochemical noise time domain and power spectral 

analysis provided an insight on the corrosion mechanism as a whole, wavelet analysis 

provided intrinsic details on the processes occurring on the specimen surface as 

corrosion progressed. 

 
Chapter 4 

Electrochemical noise monitoring of 304L SS in nitric acid and simulated nuclear  

high level waste medium 

In the interest to develop electrochemical noise probes for corrosion monitoring in 

nuclear reprocessing and waste storage applications, laboratory scale electrochemical 

noise monitoring experiments were carried out on AISI 304L SS in nitric acid and 

simulated high level waste (HLW) environments by simulating plant conditions. In 

nuclear  waste  tank  infrastructure,  problems  related  to  sensitization  can  occur  in  the  

heat affected zones near welds as a result of thermal cycling during welding of thick 

components. This could lead to corrosion problems during long term exposure to 

nitric acid and HLW and hence, demands monitoring. The objective of the study was 

to acquire electrochemical noise signals from AISI type 304L SS under various 

microstructural conditions (solution annealed and sensitized) in nitric acid medium of 
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varying concentration ( 4M, 8M, 12M ) and temperature (298K, 323K), and in 

simulated HLW,  under naturally corroding conditions, with respect to time of 

immersion,  and  derive  information  on  the  corrosion  processes  as  well  as  on  the  

corrosion activity, so as to understand similar phenomenon likely to occur in 

reprocessing and waste storage plants during monitoring. This chapter demonstrates 

the application of electrochemical noise resistance [7, 25, 26] (a parameter derived 

from  the  EN  time  records)  as  a  monitoring  tool  to  reflect  the  corrosion  activity  of  

304L SS in various environments, simulating reprocessing and waste storage 

conditions during the monitoring period. EN records revealed passivation process 

during the monitoring period, under all conditions studied, except for the sensitized 

specimen in 4M nitric acid (323K) which showed localized attack. Optical 

micrograph confirmed localized attack for sensitized 304L SS in 4M nitric acid at the 

electrolyte temperature of 323K. No surface attack was observed in other specimens. 

The time records of the solution annealed 304L SS in simulated HLW under ambient 

conditions showed regions of depassivation by the ions present in the waste solution. 

The results revealed decrease of noise resistance with increase in concentration of 

nitric acid for solution annealed 304L SS at 298 K and 323 K electrolyte temperature 

implying higher corrosion activity at higher concentration. Increase in temperature did 

not appreciably increase the corrosion activity. For the sensitized 304L SS, the 

corrosion  activity  was  found  to  be  comparable  in  4M,  8M  and  12M  nitric  acid  at  

298K. An appreciable increase in corrosion activity occurred in 8M nitric acid when 

the electrolyte temperature was increased to 323K. The corrosion activity was found 

to be higher for sensitized specimen compared to solution annealed 304L SS. The 

decrease in noise resistance for the sensitized specimen in simulated HLW (323K) 

was found to be marginal when compared to that of the solution annealed specimens 
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implying comparable corrosion activity for the solution annealed and sensitized 

specimen during the period of measurement. The high noise resistance for these 

systems could be attributed to the passive state, which the system exhibited 

throughout the monitoring period. Nevertheless, the variations in the noise resistance 

in  the  environments  are  because  of  differences  in  the  dissolution  rates  from  the  

passive film surface. Electrochemical noise resistance was found to be useful in 

discerning the differences in the corrosion activity even for systems that exhibited low 

corrosion activity. An inverse relation between EN resistance and corrosion activity 

could be established for 304L SS in nitric acid and simulated HLW from the results of 

the present study. 

 
Chapter 5 

Effect of nitrogen on corrosion behavior of nitrogen containing 304L SS in nitric 

acid medium 

This  chapter  describes  the  studies  carried  out  on  the  corrosion  behavior  of  three  

nitrogen containing 304L SS (0.132 %N, 0.193 %N, 0.406 %N) in nitric acid and 

simulated HLW by potentiodynamic anodic polarization and electrochemical noise 

techniques. Potentiodynamic anodic polarization experiments were carried out on the 

three nitrogen containing 304L SS under forged and rolled microstructural conditions, 

in nitric acid and chloride medium. The effect of concentration (1M, 4M, 6M) and 

temperature (298K, 323K) of nitric acid and the effect of nitrogen content in acid and 

chloride medium, on the corrosion resistance is discussed. Scanning electron 

micrographs, optical micrographs and energy dispersive spectra were used for 

microstructural evaluation.  

The three nitrogen containing stainless steels in the forged and rolled conditions were 

found to possess good corrosion resistance in nitric acid medium (1M, 4M, 6M) and 
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simulated HLW medium.  Increase of concentration and temperature of the acid 

increased the corrosion potential of the forged and rolled alloys, which could be 

attributed to global reduction of nitric acid.  Yet, a well defined passive range was 

maintained. Increase in nitrogen content of the alloys showed no discernable 

difference in the corrosion property in nitric acid and simulated HLW which could be 

attributed to the spontaneous formation of chromium oxide passive film in these 

media. The presence of oxidizing ions in simulated HLW ennobled the corrosion 

potential though, no detrimental effect was found on the passive film stability of the 

nitrogen containing stainless steel alloys. All the hot rolled nitrogen containing 

stainless steel alloys exhibited a marginal improvement in corrosion resistance in 

nitric acid medium when compared to the forged stainless steel alloys of the same 

composition. The results from the pitting corrosion studies showed that an increase in 

the nitrogen content from 0.132 wt% N to 0.193 wt% N in the forged alloy increased 

the pitting corrosion resistance. Further increase in nitrogen to 0.406% decreased the 

pitting resistance due to the presence of continuous network of chromium and 

manganese rich precipitates along the grain boundary, as inferred from SEM and EDS 

analysis. In the rolled stainless steel alloys, an increase up to 0.406% N was found to 

be beneficial in enhancing the pitting resistance. The improvement in the pitting 

resistance of the hot rolled high nitrogen stainless steel could be attributed to various 

aspects. Hot rolling and annealing had resulted in partial dissolution of both carbide 

and nitride precipitates, leading to a more homogeneous matrix, consequently 

reducing the number of pit initiation sites. In addition, dissolution of chromium nitride 

precipitates resulted in enrichment of the stainless steel matrix with nitrogen. Nitrogen 

in solid solution is known to enhance the corrosion property of stainless steel, in 

particular pitting corrosion resistance. Beneficial role of nitrogen in enhancing the 
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pitting  resistance  could  be  attributed  to  the  well  known  theories  of  ammonia  

formation, surface enrichment, anodic segregation and local inhibition.  

 Electrochemical current and potential noise was acquired from the three nitrogen 

containing AISI type 304L SS in 1M, 4M, 8M nitric acid and simulated high level 

waste under ambient conditions. Statistical, spectral, shot noise and wavelet analysis 

were performed on the acquired signals from all the above mentioned environments. 

The results showed that the stainless steels exhibited good corrosion resistance in nitric acid 

and simulated high level waste medium, as evidenced by the high noise resistance and 

spectral noise resistance [27] and the two parameters showed good equivalence. In addition, 

the  two  parameters  were  found  to  show  an  inverse  relation  with  corrosion  activity  and  an  

increase in nitrogen content of the stainless steels was found to decrease the corrosion activity 

in nitric acid and simulated HLW medium as well. From shot noise analysis [7, 28, 29], it was 

found that the characteristic frequency decreased with increase in nitrogen content and the 

frequency of distribution shifted towards lower frequency as nitrogen content increased. 

Except for a couple of disagreements, a direct correlation between nitrogen content and 

corrosion activity was established by shot noise analysis. In addition, the frequency of 

distribution was found to shift towards higher frequency with increase in concentration 

implying higher corrosion activity at higher concentration. Electrochemical noise analysis 

indicated better  passive film stability  in  4M nitric  acid compared to 1M and 8M nitric  acid. 

The energy distribution plots [23, 24] of current noise were found to be useful in deriving 

mechanistic information about the processes happening on the electrode surface. Laser Raman 

spectra (LRS) for passive film analysis inferred a stable passive film in 4M nitric acid when 

compared to 1M and 8M nitric acid and an unstable film structure in simulated HLW.  LRS 

results were in tandem with electrochemical noise results. 
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Chapter 6 

Summary and conclusions 

Chapter 6 presents a summary and conclusion of the various studies presented in the 

thesis towards establishing electrochemical noise and a three identical electrode probe 

to monitor the EN activities on the surface of 304L SS exposed to various 

environments simulating nuclear reprocessing and waste storage medium. 

1. Electrochemical noise monitoring of 304L SS in 0.05M FeCl3 using  the  three  

electrode probe gave distinct features of pitting attack. Parameters such as standard 

deviation, localization index, kurtosis from statistical analysis and roll off slope from 

power spectral analysis gave time average information that the surface was 

undergoing pitting attack. The energy distribution plots from wavelet analysis were 

useful in reflecting the predominant processes occurring on the metal surface as 

corrosion progressed. The change in mechanism from metastable / stable pitting to 

purely stable pitting was well depicted. 

2. It was aimed to demonstrate the three identical electrode noise probe to monitor the 

corrosion activity of 304L SS in reprocessing and waste storage medium by 

simulating the conditions in the laboratory and to establish electrochemical noise 

resistance as a parameter which reflects the corrosion activity. The results inferred 

that electrochemical noise resistance monitoring using three identical electrode probe 

of 304L SS  (sensitized and solution annealed) in varying concentrations and 

temperature of nitric acid and simulated HLW was found to be useful in discerning 

the variations in the corrosion activity even for systems that exhibited low corrosion 

activity. The time records depicted passivation process in all conditions studied except 

for the sensitized specimen at elevated temperature of 4M acid which showed 

localized attack, as also evidenced by post experimental microstructures. The high 
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noise  resistance  for  these  systems  could  be  attributed  to  passive  state  which  the  

system exhibited throughout the monitoring period, nevertheless, the variations in the 

noise resistance in the environments are because of variations in the dissolution rates 

from the passive film surface. Hence, noise resistance which is applicable to delineate 

uniform corrosion  rates  was  established  to  reflect  the  corrosion  activity  of  304L SS 

undergoing passivation process in reprocessing and waste storage medium. An 

inverse relationship was established between noise resistance and corrosion activity.  

3. Corrosion studies on three nitrogen containing stainless steels (under forged and 

rolled conditions) in nitric acid and simulated HLW medium inferred superior 

resistance of the rolled steels compared to the forged steel in acid and chloride media, 

but no inferior influence of nitrogen on the corrosion property was noticed from 

potentiodynamic anodic polarization studies in acid medium. 

It  was  possible  to  establish  the  three  identical  electrode  noise  probe  to  monitor  the  

surface activity of the nitrogen containing 304L SS in nitric acid and simulated HLW 

medium. The positive effect of nitrogen in acid medium was evidenced by 

electrochemical noise analysis. Electrochemical noise-time record reflected 

passivation process for these steels in these environments, which was substantiated by 

statistical, spectral, wavelet and shot noise analysis. Noise resistance and spectral 

noise resistance increased while the frequency of events decreased with increase in 

nitrogen content.  The energy distribution plots from wavelet  analysis were useful in 

determining the corrosion mechanism. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

 
The chapter presents a brief introduction on the three stages of Indian nuclear programme 

and the backend of nuclear fuel cycle. The materials for nuclear reprocessing and high 

level liquid waste storage are discussed. A brief discussion on corrosion monitoring and 

international experience in corrosion monitoring in nuclear waste storage tanks is 

presented in the subsequent section. The chapter describes the electrochemical noise 

technique, measurement procedures and the different analysis methods. The introduction 

follows a brief literature review of electrochemical noise starting from the time of its 

inception till the current scenario, and the need for the current study presented in the 

thesis. 

 

 
1.1 Indian Nuclear Energy Programme: The three stage 

To secure  the  energy  demands  of  the  growing  Indian  economy,  Department  of  Atomic  

Energy (DAE) in India has evolved a three-stage nuclear power program based on closed 

fuel cycle [1]. The path to India’s nuclear energy self-sufficiency was outlined by Drs. H. 

J. Bhabha with a three stage plan for a sustainable nuclear energy program considering 

India’s limited uranium, but abundant thorium natural resources. The first stage envisages 

the use of natural uranium to fuel pressurized heavy water moderated reactors and to 

generate plutonium for fueling the second stage of fast breeder reactors for power 

production.  In  the  second  stage,  plutonium  reprocessed  from  the  spent  fuel  of  the  first  

stage is fueled in fast breeder reactors that would contain thorium blankets for breeding 
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uranium-233. The objective of the second stage is to breed uranium-233 as well as 

additional plutonium for second and third stage reactors and to produce power to support 

India’s future economic expansion. The fissile content of the natural uranium reserves 

will be depleted by the first stage pressurized heavy water reactors (PHWR). Hence, it is 

necessary for India to close the nuclear fuel cycle – that is, to reprocess the spent PHWR 

fuel and recycle the fissile and fertile materials in the fast breeder reactors. These reactors 

will increase the fissile material inventory of both plutonium and U-233 and also expand 

India’s nuclear power capacity.  The objective of stage three is to achieve a sustainable 

nuclear fuel cycle by developing Th–U-233 based systems that utilize India’s vast 

thorium reserves to provide long-term energy security with nuclear power. A summary of 

the three stage Indian nuclear energy programme is presented in Figure.1.1. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.1 Indian nuclear energy programme: The three stage 
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Thus,  Thorium  utilization  is  the  long  term  core  objective  of  India’s  nuclear  power  

program. Kalpakkam, India, is the unique nuclear site in the world housing all three 

Stages and closed fuel cycle facilities.  

 
1.2 Backend of the nuclear fuel cycle 

While  mining  of  uranium, its fabrication into nuclear fuel and its subsequent utilization 

in  a  nuclear  reactor  for  the  extraction  of  electrical  power, constitute  the  front-end 

of the nuclear fuel cycle, fuel reprocessing and high level waste management are the two 

major back-end activities [2,3,4,5]  (Figure 1.2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 The backend comprises of reprocessing and waste management 
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Fuel  reprocessing aims at recovering the reusable fissile and fertile component of the 

spent fuel, while  high  level  waste  management consists of treatment and safe disposal 

of those components of spent fuel that have no immediate and ready  use  and  which also 

contain high levels of radioactivity. Reprocessing forms an integral part of the Indian 

Nuclear  Energy  Programme  which  is  based  on  the  optimum  resource  utilization.  India  

has chosen to follow a closed fuel cycle policy to ensure long term energy security. This 

calls for adopting reprocessing, conditioning and recycle option. Having low reserves of 

uranium and high reserves of thorium, this strategy of reprocessing and recycle of 

uranium and plutonium would lead to optimum resource utilization. Thus, in the Indian 

context, spent fuel is a vital resource material and not a waste to be disposed off. 

Currently, India has three operating reprocessing plants based on Plutonium Uranium 

Extraction (PUREX) technology [6, 7] one each at Trombay, Tarapur and Kalpakkam . 

While the Trombay facility reprocesses spent fuel from research reactors, the plants at 

Tarapur and Kalpakkam processes the oxide fuels from PHWRs. As compared to the 

reprocessing of spent fuel from PHWR's containing low Pu content, the reprocessing of 

FBR fuels with high Pu content poses tough challenges. The ions of Pu, fission products 

and transuranics increases the solution potential and oxidizing power of the nitric acid 

process medium and enhance the corrosion rate and failure probability of the vessels and 

equipment  [3]  made  mostly  of  austenitic  stainless  steels.  Based  on  the  country’s  

experience on thermal reactor fuel reprocessing, a compact reprocessing facility for 

advanced fuels in lead shielded cells (CORAL) [2] has been commissioned in Kalpakkam 

for reprocessing of fast reactor carbide fuels. The facility has now successfully 

reprocessed the 2.5-years cooled 165 GWd/t burnup MC fuel with 70% Pu discharged 
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from fast breeder test reactor. The PUREX would be the workhorse of fast reactor fuel 

reprocessing for the forthcoming decades [2, 8]. With  total  protection  of  the  

environment  as  an  overriding consideration, management of the radioactive waste 

generated in the  fuel  cycle  has  received high  priority  in  India’s  nuclear  programme  

right  from its inception and it covers the entire range of activities from handling, 

treatment, conditioning, transport, storage and finally disposal [4]. Based on indigenous 

materials and capabilities, technology has been developed and  is  in routine  application  

for  the  management  of low and intermediate level wastes meeting  the  stringent  

regulatory requirements and standards.  

Treatments of reprocessed wastes have received considerable attention because they 

contain nearly 99% of the activity generated in the nuclear fuel cycle. Indian waste 

management facilities are co-located with waste generating facilities, i.e., nuclear reactor, 

reprocessing plant and fuel fabrication facility, so as to avoid any undue radiation 

exposure during transportation of waste from one place to another. Effective management 

involves segregation, characterization, handling, treatment, conditioning and monitoring, 

prior to final disposal. The long term action plan formulated for the management of these 

wastes consists of solidification of the medium level wastes in a suitable matrix in 

reliable containers and burying them in totally water-proof concrete tile holes with 

protective barriers. High level waste includes uranium, plutonium, and other highly 

radioactive elements formed during fission. Most of the radioactive isotopes in high level 

waste emit large amounts of radiation and have extremely long half-lives (some longer 

than 100,000 years) creating long time periods before the waste will settle to safe levels 

of radioactivity. High-level liquid waste (HLW) generated during reprocessing of spent 
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nuclear fuels is concentrated by evaporation and stored in stainless steel tanks. These 

storage tanks require cooling and continuous surveillance. Liquid storage [4] in stainless 

steel tanks is at best an interim step and a three-step strategy for management of HLW 

has  been  adopted  in  India.  This  involves:  (i)  Immobilization  of  waste  oxides  

by vitrification in glass matrix and doubly encapsulating the solidified mass in corrosion 

resistant containers called canisters.  (ii) Interim retrievable storage of the sealed 

waste canisters under continuous cooling and surveillance in an engineered storage 

facility  for  20  to  30  years;  (iii)  Ultimate  disposal  of  the  cooled  solidified  waste  in  deep  

geological formations with added protection barriers. The first Indian vitrification facility 

for high level waste was commissioned at WIP, (Tarapur interim storage facility at Solid 

Storage and Surveillance Facility (SSSF), Tarapur. The second vitrification facility has 

been commissioned at BARC, Trombay to manage HLW generated during reprocessing 

of spent nuclear fuel from research reactors at site [4, 9]. The third vitrification facility is 

commissioned at Kalpakkam. 

 
1.3 Materials for reprocessing 

In Indian reprocessing plants, the various operations involving aqueous reprocessing 

employs nitric acid as the main process medium, which is used from room temperature to 

boiling point, and from dilute to concentrated solutions (up to 12M) [10,11]. Among the 

materials for reprocessing plant equipment, type 304L stainless steels (SS) and some 

valve metals like titanium, zirconium, etc are being used depending on the concentration 

and temperature of nitric acid employed [11, 12]. Apart from dissolvers and evaporators 

where high concentration (8-12M) of nitric acid at temperatures up to 400 K are used, 

austenitic stainless steels of AISI (American Iron and Steel Institute) type 304L SS are 
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extensively used for all other unit processes in the plant. The most widely used grades for 

nitric acid type are the low carbon type 304L or stabilized austenite grades – type 321 and 

type 347 [11]. These alloys resist corrosion up to a temperature of 353 K and 

concentrations up to 60% HNO3. Stainless steels with higher levels of carbon, such as 

type 304 SS that are not stabilized with titanium or niobium, are subjected to 

intergranular attack in nitric acid at the heat-affected zone of the welds. This is a result of 

sensitization process, which is due to the precipitation of chromium carbides at the grain 

boundaries. The molybdenum grades (type 316, 316L, 317, 317L) are not preferred for 

nitric acid applications because molybdenum tends to promote the formation of sigma 

phase, which is less resistant to nitric acid. AISI type 304L SS is found to be a 

satisfactory material of construction for application in nuclear fuel reprocessing plant 

components such as pipelines, vessels and tanks [10-12]. At higher concentration than 

8M nitric acid, at higher temperatures, and in the presence of oxidizing ions, the 

chromium oxide passive film becomes unstable leading to transpassive dissolution thus 

exposing the material to the corrosive acid [13, 14]. Under these circumstances, 304LSS 

is susceptible to uniform corrosion, intergranular corrosion, end grain attack, and 

galvanic corrosion. Such conducive conditions for corrosion are found in equipments 

such as acid dissolver, acid recovery evaporator, intercycle U+Pu evaporator, final 

plutonium nitrate concentrator, oxalic acid mother liquor evaporator, vitrification off gas 

treatment. The advanced nitric acid grade (NAG) SS with controlled chemical 

composition  of  impurities  like  S,  B,  P  etc.,  and  with  higher  Si,  Cr  etc.  have  also  been  

found to undergo IGC under such aggressive nitric acid conditions [1,3]. Valve metals 

such as Ti, Zr, Hf, Nb, Ta and their alloys such as Ti –5%Ta, Ti–5%Ta–1.8%Nb etc have 
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been found to be alternative materials in such critical applications. The formation of Ti4+ 

in nitric acid medium facilitates the formation of a highly stable TiO2 which imparts a 

superior corrosion resistance to titanium. The presence of oxidizing species (Fe3+, Cr6+, 

Ti4+, Si 4+, etc) and fission products do not affect the corrosion performance of titanium 

as Ti4+ formed is highly inhibitive making Ti suitable in recycled nitric acid streams and 

reboiler loops. Despite these credentials, failures in acid condensers and evaporators have 

been reported due to the formation of semi protective oxide film. In these arenas, Ti-5% 

Ta-1.8%Nb and Zr have been found to be highly resistant. Zirconium extends an 

outstanding corrosion resistance due to the formation of dense, self healing and strongly 

adherent protective stable ZrO2 film and it does not form non-adherent oxide with poor 

corrosion resistance under condensing conditions as in the case of titanium [3]. However, 

zirconium is more expensive than titanium and has been reported to be susceptible to 

stress corrosion cracking in concentrated acidic conditions, particularly above 30% at 

boiling point. 

 
1.4 Materials for storage of high level liquid waste 

In India, the high-level liquid waste generated from the reprocessing of reactor fuels are 

kept in the acidic condition in high-integrity stainless steel tanks. Neutralizing the acidic 

waste with caustic and storing it in carbon steel tanks increases the volume considerably 

and also forms precipitates and sludge which limits the flexibility in subsequent treatment 

of the waste. The waste tanks are in thick-walled concrete cells or underground vaults for 

appropriate shielding and are either double-walled or have a steel-lined vault to retain any 

leakage from the primary holding containers. The capacity of this outer container should 

be capable of retaining the entire contents of a holding tank. Stainless steel tanks in use 
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range from 70 to as much as 1000 m3capacity. Cooling systems (water) are provided to 

remove decay heat, to keep the temperature of the solution below 65°C in order to reduce 

the corrosion of the stainless steel. Storage tank systems should also provide for in-tank 

agitation, ventilation, monitoring, solution transfer from both inner and outer containers, 

vapor condensation, removal of gases produced by radiolysis, and off-gas filtration. 

Austenitic stainless steel of type 304L SS are being used as major construction material 

for these storage tanks and 304 SS is being used as underground vaults. Though stainless 

steels exhibit excellent corrosion resistance in nitric acid medium, the presence of 

oxidizing ions in combination with the radioactive heat elevates the corrosion potential to 

transpassive region rendering the steel to corrosive attack during long term storage.  

 
1.4.1 Development of materials for high level liquid waste storage 

Toward development of materials for high level waste storage tanks, nitrogen containing 

austenitic stainless steels [15, 16, 17] and nickel based superalloys [18-20] are being 

explored as candidate materials. Nickel based super alloys have been found to possess 

good corrosion resistance in studies carried out in simulated high level waste medium 

[18-20], nevertheless, they are almost comparable to 304L SS in this medium [21]. 

Nitrogen containing, high nitrogen stainless steels are drawing attention as structural 

materials because of the well balanced combination of good mechanical properties and 

corrosion resistance [22]. The term “high nitrogen” steels (HNS) is used, if the steels 

contain more than 0.08 wt % nitrogen in a martensitic matrix or more than 0.4 wt % 

nitrogen with an austenitic matrix [23]. For austenitic stainless steels, even nitrogen 

levels higher than 0.06 wt% give significant improvement in corrosion properties. 

Nitrogen represents an economically and environmentally versatile alloying element [24]. 
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The combination of a wide spectrum of properties of HNS has offered innumerable 

applications today in many industries. High nitrogen stainless steels containing nitrogen 

around 0.4 wt % are preferred for applications in chemical industry, marine 

environments, desalination plants, pulp and paper and for specific applications in nuclear 

industry. The beneficial effect of nitrogen on the mechanical property was first studied by 

Andrew  [25]  and  the  positive  effect  of  nitrogen  on  the  corrosion  resistance  was  first  

reported by Uhlig [26]. Nitrogen dissolves interstitially in austenitic structures in 

relatively high quantities and produce significant solution hardening. Low nitrogen 

content can lead to the formation of sigma phase thus reducing corrosion resistance and 

high  nitrogen  content  may  lead  to  precipitation  of  Cr2N, hence deteriorating localized 

corrosion resistance. Therefore, nitrogen content should be optimum to obtain a 

homogeneous microstructure. The credentials of nitrogen as an alloying element in 

austenitic stainless steels have been dealt with by many investigators [27, 28, 29]. 

Nitrogen is reported to enhance resistance to pitting corrosion, intergranular corrosion 

and stress corrosion cracking in certain environment [30, 31]. Nitrogen imparts grain size 

strengthening and is a better solid solution strengthener than carbon. Nitrogen being an 

austenite stabilizer reduces the amount of nickel required for stabilization. The role of 

nitrogen in enhancing passivity and pitting corrosion resistance is a well discussed 

subject [32]. 

Addition of nitrogen to 304L SS to improve the corrosion properties in nitric acid 

medium was considered for developing such materials for nitric acid applications (both 

reprocessing and high level liquid waste storage). In collaboration with Bulgarian 

Academy of Sciences, Bulgaria, type 304L SS with known amounts of alloying elements 
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like V, S, P, Si, Mn and different amounts of nitrogen ( 0.132%, 0.193%, 0.406%N) were 

manufactured in Bulgaria and tested in India for its corrosion property by ASTM A262 

practice A, E, C, potentiodynamic polarization in nitric acid medium and chloride 

medium [33,34] and the cumulative results have shown improved corrosion resistance of 

the stainless steel alloys, with nitrogen addition. Nitrogen addition also showed enhanced 

mechanical properties with significant increase in yield strength with very good 

elongation [22]. Nitrogen addition has been reported to improve the sliding wear 

resistance and cavitation erosion resistance of austenitic stainless steels [22]. Based on 

the studies, the nitrogen added stainless steels have been found to be suitable for nitric 

acid applications where combined corrosion and wear resistances with improved 

mechanical properties are necessary.   

 
1.5 Corrosion monitoring 

Corrosion is one of the most important ageing mechanisms impacting the assets of plant 

component and equipments. Uncontrolled corrosion can cause leaks and component 

failures, bringing about a reduction in both the performance and reliability of important 

equipments, unplanned shutdowns, environmental contamination, contamination of 

products and loss of consumer confidence and not the last to mention is the potential 

harm to humans and costly in terms of repair. For this reason considerable effort must be 

made in corrosion control at all stages of a system's life, from the design table to the last 

stage of operation. Current corrosion inspection and monitoring typically requires 

planned periodic shutdowns to inspect the equipment. Scheduled shutdowns are costly in 

terms of productivity losses, restart energy and material costs. Unscheduled shutdowns 

are disruptive and often quite expensive. Inspection refers to short-term “one-off” 
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measurements taken in accordance with maintenance and inspection schedules. Corrosion 

monitoring describes the measurement of corrosion damage over a longer time period and 

often involves an attempt to gain a deeper understanding of how and why the corrosion 

rate fluctuates over time. Corrosion inspection and monitoring are most beneficial and 

cost-effective when they are utilized in an integrated manner. They are complementary 

and  should  not  be  viewed  as  substitutes  for  each  other.  In  its  simplest  form,  corrosion  

monitoring may be described as acquiring data on the rate of material degradation. The 

data need to be converted to information for effective decision making in the 

management of corrosion. This requirement has led to the expansion of corrosion 

monitoring into the domains of real-time data acquisition, process control, knowledge-

based systems, smart structures, and condition-based maintenance. The desire for 

excellence in plant operation and safety demands for effective implementation of 

corrosion monitoring which helps mitigate corrosion: 

 by providing an early warning of the damaging process conditions which may result in 

a corrosion-induced failure.  

 by studying the correlation of changes in process parameters and their  effect on 

system corrosivity.  

 by diagnosing a particular corrosion problem, identifying its cause and the rate 

controlling parameters, such as pressure, temperature, pH, flow rate. 

 by evaluating the effectiveness of a corrosion control/prevention technique such as 

chemical inhibition and the determination of optimal applications.  

 by providing management information relating to the maintenance requirements and 

ongoing condition of plant.  
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Corrosion  monitoring  is  the  practice  of  measuring  the  corrosivity  of  process  stream  

conditions by the use of “probes” which are inserted into the process stream and which 

are continuously exposed to the process stream condition. Corrosion monitoring “probes” 

can be mechanical, electrical, or electrochemical devices [35, 36]. Corrosion monitoring 

techniques could be direct or indirect. Direct techniques measure parameters that are 

directly associated with corrosion processes and indirect techniques measure parameters 

that are only indirectly related to corrosion damage. A second categorization scheme is 

into intrusive and nonintrusive forms. Intrusive techniques require direct access to the 

corrosive environment through a structure. Sensors and test specimens typify this 

approach. Nonintrusive methods require no additional hardware to perform a corrosion 

measurement. A further distinction is possible between on-line and off-line techniques. 

On-line techniques are those with continuous monitoring capabilities during operation, 

whereas off-line methods require periodic sampling and separate analysis. Based on the  

classifications, there are various corrosion monitoring techniques [37].  

 
Direct Techniques 

1. Corrosion Coupons (intrusive) 2.Electrical resistance(ER) (intrusive) 3.Linear 

Polarisation Resistance (LPR) (intrusive) 4. Electrochemical Impedance Spectroscopy 

(EIS)  (intrusive)  5.  Electrochemical  Noise  (EN)  (intrusive)  5.  Zero  Resistance  Ammetry  

(ZRA) (intrusive) 6. Potentiodynamic Polarisation (intrusive) 7. Thin Layer Activation 

and Gamma Radiography (intrusive / non-intrusive) 8. Electrical Field Signature Method 

(EFSM) (non-intrusive) 9. Acoustic Emission (AE) (intrusive) 
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Indirect Techniques 

1.Corrosion Potential (non-intrusive) 2. Hydrogen Monitoring (non-intrusive)  

3. Chemical Analyses 

The most commonly used or the core of the industrial monitoring techniques range from 

non electrochemical methods such as coupon testing and electrical resistance 

measurements, to electrochemical techniques such as linear polarization resistance, 

electrochemical potential measurements, electrochemical impedance measurements [38, 

39].  

Coupon tests are the most widely used for corrosion monitoring. In these tests, rakes of 

coupons are immersed in the process fluid and are removed after planned intervals to 

measure  the  weight  change  and  the  corresponding  corrosion  rates  are  calculated.   They  

may  be  used  to  quantify  the  severity  of  the  corrosion  attack  and  can  be  employed  to  

identify some forms of localized corrosion. However, they provide only cumulative and 

retrospective information. Also, this method uses large number of coupons over a period. 

Electrical resistance methods are based on the gradual increase in the resistance of a 

conductor as it’s cross sectional area is reduced by corrosion. This technique can give 

reasonable indication of cumulative corrosion rate. However, it is incapable of recording 

instantaneous or short term changes in corrosion rate and it is not appropriate for use in 

systems, which are susceptible to localized corrosion. This method is sensitive to 

conductive deposits of corrosion products and it is also difficult or impossible to 

compensate adequately for temperature fluctuations typical of operating process streams. 

Polarization resistance measurement,  also  known  as  linear  polarization  resistance  is  a  

direct current (DC) electrochemical method of corrosion rate estimation. It is primarily 
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useful in moderate or high conductivity systems where it can provide an excellent 

indication of uniform corrosion rate. This method is not useful where the conductivity of 

the solution is low and also in inhibited systems where absorbed layer of inhibitors 

interfere with the measurements.  

Electrochemical impedance spectroscopy (EIS) involves applying frequencies and low 

amplitude sinusoidal voltage wave to produce perturbation signals on the working 

electrode. The corrosion state can be predicted by analyzing the current response of the 

voltage or the frequencies. An important advantage of EIS is the possibility of using very 

small amplitude signals without disturbing the property being measured. The equivalent 

resistance and capacitance values are interpreted in terms of interfacial phenomena. 

Equivalent electrical circuits can be developed from this and used to provide information 

regarding the corrosion mechanism. Many researchers have established the application of 

EIS [40-42] in corrosion over the last 20 years, the most important application of EIS is in 

the coating area and for evaluating corrosion inhibitors.  

 
1.5.1 Limitations of conventional techniques 

The greatest limitation of the conventional methods is the assumption that corrosion 

attack is predominantly uniform. In the majority of the situations, this assumption is not 

justified adequately. Most corrosion damage is due to localized corrosion such as pitting, 

crevice and stress corrosion cracking, and cavitation damage (erosion corrosion). 

Conventional technology, as well known techniques, in many cases is unable to provide a 

reliable indication for the estimation of corrosion rate. These limitations have severely 

constrained the use of corrosion monitoring technology for process control, in the past. 

The  real  corrosion  monitoring  or  surveillance  system  should  have  a  real  time  sensitive  
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indication and a link to the operating parameters. The former is achieved by modern 

electrochemical methods and the latter by having sensors to record the operating 

conditions. 

Electrochemical noise [43-50] has gained popularity in the current scenario as a 

potentially corrosion monitoring tool because of the unique credentials the technique has 

over other conventional techniques. 

 
1.5.2 Advantage of electrochemical noise technique  

 Among the techniques reported for studying the corrosion processes, it has been 

said that only electrochemical noise measurement method gives an instantaneous 

on-line indication of the corrosion events as these occur, and robust methodology 

to detect onset of a corrosion process like pitting, crevice corrosion, stress 

corrosion cracking etc.  

 The technique is unique in that the ‘signatures’ from electrochemical noise 

sensors can be used to derive not only corrosion rates, but also mechanistic 

information about the corrosion type (general or localized).  

 Localized corrosion processes which are difficult to monitor by other techniques, 

give particularly strong electrochemical noise signals, and hence electrochemical 

noise can detect and discern localized corrosion. 

 The most attractive credential of this technique is that it does not polarize the 

corroding specimen and hence can be applied to real structures and is also not 

affected by conductive deposits. Whereas, most electrochemical methods for 

corrosion analysis use an external current or voltage source, and therefore the 

very corrosion signals, which need to be investigated, are disturbed.  
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 Because of the simplicity of the testing appliances, electrochemical noise method 

has attracted much attention in the field of electrochemistry. The instrument 

needed to make the measurements is simple, particularly with modern computer 

based data acquisition techniques.  

 Electrochemical noise can be measured in potentiostatically-polarized conditions 

and in freely corroding systems. The first technique is suitable for the study of 

corrosion processes while the second technique is more appropriate for corrosion 

monitoring.   

 Of particular interest is the fact that the electrochemical noise technique has 

application in low conductivity environment (solution resistance > 100,000 

ohms), where other electrochemical techniques fail to function, in such 

environments.  

However, due to the non-stationary nature of electrochemical noise signal, the data 

analysis  has  been  an  active  area  of  research  for  its  wide  applications.  Some  of  the  

limitation is also while dealing with electrochemical noise when many redox reactions 

are involved, such as stainless steel in alkaline permanganate solution. Another limitation 

is that electrochemical noise over-estimates very low corrosion rates. The data generated 

is enormous making data handling a tedious process, and variance still persists on the 

interpretations of electrochemical noise data. 

 
1.6 Electrochemical noise monitoring in nuclear waste storage tanks - International 

experience 

The Department of Energy (DOE) sites,  USA, uses underground storage tanks made of 

carbon or stainless steel to store radioactive liquid waste generated from weapon 
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production and nuclear fuel reprocessing sites [51-53]. Historically, corrosion monitoring 

and  control  in  nuclear  waste  tanks  of  DOE’s  site  were  accomplished  through  waste  

chemistry sampling and analysis, coupon measurement, linear polarization and electrical 

resistance, but with limited degrees of success. These techniques were highly expensive, 

time consuming and lacked real time corrosion information. In addition, these techniques 

indicated uniform corrosion occurring in the plant, but provided no indication of 

localized corrosion, though pitting and stress corrosion cracking were the primary modes 

of degradation in these materials. In 1995, the development and deployment of 

electrochemical noise probes in carbon and stainless steel waste tanks of Hanford, 

Savannah River Site (SRS), Oak ridge Reservation (ORR), Idaho National Engineering 

and Environmental Laboratory (INEEL) resulted in monitoring of corrosion in caustic 

and acidic waste produced from their nuclear installations. A brief summary of the 

development and deployment of the probes is described in the forthcoming sections. 

 
1.6.1 Hanford Site 

The Lockheed-Martin Hanford Site has 177 underground carbon steel, single shelled and 

double shelled waste tanks that store caustic radioactive waste of variable composition, 

but generally containing nitrite/nitrate/hydroxide of sodium [51, 54]. Leaks were detected 

in one of the single shelled tanks in the 1950’s and in many more single shelled tanks at 

later  instances.  The  probable  mode  of  failure  was  reported  to  be  as  a  result  of  nitrate  

stress corrosion cracking and pitting. Based on several studies carried by the DOE sites 

toward development of EN probes, a prototype system was constructed and deployed in 

Hanford site in 1996. Subsequently, five additional systems were deployed in successive 

years, with improved design based on the experiences in the previous system, and the 
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fifth probe was installed in August 2001.  The electrochemical noise probe comprised of 

three  identical  electrodes  made  of  stainless  steel  immersed  in  the  waste  and  automated  

data collection system. Eight channels of electrodes were used, of which four channels 

comprised of C-ring (stressed, notched, pre-cracked) and four bullet electrodes for 

detecting SCC and pitting / uniform corrosion respectively. Individual radiation-resistant 

insulated conductors are attached to each electrode and lead up through the stainless steel 

probe body to the probe top, from where cables are used to transmit signal from the probe 

electrodes to the data collection hardware. Most of the data showed that the tanks 

primarily underwent uniform corrosion at very low rates and few EN transients indicative 

of unknown electrochemical events also were recorded. 

 
1.6.2 Savanah river site (SRS) 

The alkaline waste generated from Savanah river site in Aiken, South Carolina, is being 

stored and handled in fifty-one underground carbon steel tanks for the last few decades. 

SRS initiated development of a remote, real time monitoring probe integrating laser 

Raman spectroscopy for chemical analysis and electrochemical noise for corrosion 

monitoring [51]. A height adjustable probe was designed to make measurements at 

various heights due to the dynamic waste composition resulting from frequent additions 

and removal. A moveable probe head mounted on a flexible cable deployed from a reel 

mechanism housed in a confinement chamber has EN electrodes attached to the exterior 

while the Raman laser probe is housed inside. The sample for Raman chemical analysis is 

drawn into a sample chamber through a filter. The probe head is attached to stainless steel 

cable that houses and protects the cables and tubes associated with each of the 

technologies.  Laboratory  testing,  which  was  performed with  electrodes  similar  to  those  
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for  the  actual  probe,  showed  that  the  cable  type  and  length  and  the  use  of  an  intrinsic  

safety barrier did not alter or affect the acquired signal.  

 
1.6.3 Oak Ridge National Laboratory (ORNL) 

Low level liquid waste produced at ORNL is stored in waste tanks fabricated from 304L 

stainless  steel  pipes  with  a  capacity  to  store  50,000  gallons  of  waste  [51].  Prior  to  the  

deployment of the system in 2001, laboratory testing were carried to characterize the 

behavior of 304L SS in simulated waste to support field data interpretation. The system 

for ORNL was deployed in 2001 and has been successfully collecting data on a full time 

basis and produced EN data for uniform and pitting corrosion. 

 
1.6.4 Idaho National Engineering & Environmental Laboratory (INEEL) 

High level acidic waste containing high concentration of chloride and fluorides produced 

from reprocessing of spent nuclear at INEEL was stored in 347 and 304L stainless steel 

tanks [51, 52]. Corrosion monitoring in these tanks consisted of remote visual inspection 

using video cameras and coupon measurements. At INEEL, a preliminary programme 

was initiated to show the applicability of EN on 304L in nitric acid and simulated waste 

solution [51, 52]. These testing demonstrate that EN measurements can be made with 

austenitic stainless steel used in construction of INEEL HLW tanks with the ultimate goal 

of implementing the deployment of the probes in the HLW tanks. 

 
1.7 Types of Noise 

Noise is generally understood as any unwanted disturbance that interferes with a desired 

signal. They are also called interferences. To name a few of the noises, 
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Fluctuations in fluid flow (Hydrodynamic noise) (ii) meteorological variations 

(scintillation noise) (iii) errors in computation (round off noise) (iv) quantization noise in 

analog to digital conversion (v) interference in the outer space (cosmic noise)  

(vi)  vibrations form the earth ground (seismic noise) (vii) background noise are the 

environmental noise, mechanical noise from refrigerators, air conditioning, motors etc., 

(viii) The variability in gene activity between cells in genetically identical populations 

(Transcriptional noise). etc. 

(ix) Since electric current is considered to originate from procession of electrons or 

particles  which  have  thermal  kinetic  energies  and  random  components  of  velocity,  the  

procession is not perfectly regular, rather random producing noise which necessarily 

appears in electrical communications as fundamental noise which are the thermal, shot 

and flicker noise. 

Thermal noise (Johnson - Nyquist noise) is caused by random movement of charge 

carriers by virtue of its thermal energy and causes random variation of current or voltage. 

This noise can be reduced by reducing temperature of the circuit. It was first observed by 

Johnson of Bell telephone Laboratories in 1927, and a theoretical analysis was given by 

H.Nyquist in 1928 and hence this noise is also called the Johnson noise or Nyquist noise. 

Shot noise occurs due to discrete nature of charge carriers in any device by virtue of their 

kinetic energy. It occurs in the emission current of thermionic valves, semiconductor 

junction  devices.  In  many ways,  shot  noise  and  thermal  noise  are  similar  as  they  occur  

due to random fluctuations of a large number of electrons and the power spectral density 

of shot noise and thermal noise is uniform. 
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Flicker noise (or 1/f noise, pink noise, semiconductor noise) is associated with conduction 

process in semiconductor devices and occurs in transistors, diodes, resistors etc.. The 

power spectral density of flicker noise increases as frequency decreases. 

In general, noise is a random signal consisting of frequency components that are random 

in both amplitude and phase. 

  

1.8 Electrochemical noise :  defenitions  & literature review 

 

1.8.1 Random process 

 

 

 

 

 

 

 

 

 

 

 

 

 

 All physical processes are classified into deterministic or non deterministic [44, 55] 

(random or stochastic). Deterministic processes may be periodic or non periodic 

Figure 1.3 The classification of physical process 
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(transient) and can be mathematically defined by time varying functions. Sawtooth and 

step functions used in polarization and sinusoidal and pseudorandom perturbations used 

in electrochemical impedance studies belong to the deterministic processes. Fluctuations 

of corrosion potential are random and are thus non deterministic and should be analysed 

by statistics or probability rather than algebraic equations. Electrochemical noise (EN) is 

a random low frequency process which can be stationary or nonstationary. They are 

described by probability density functions or statistical terms. For a stationary process, 

the first  moments or mean and the statistical  properties are invariant with time, such as 

those with low rates of uniform corrosion. Whereas, a non stationary random process 

have time varying functions that are determined by obtaining instantaneous averages over 

the set of time records forming the process. EN produced during passivity breakdown and 

pitting initiation is an example of a deterministic process [56] and thermal noise that 

results from electron vibration is classified as non-deterministic.  

 
1.8.2 Electrochemical noise - Definition 

The term electrochemical noise [43-50, 57, 58] is a generic term used to describe the low 

level, low frequency spontaneous fluctuations of potentials or current that occurs during 

an electrochemical process. It manifests itself in two guises, as potential noise or current 

noise, depending on the mode of measurement.  

 
1.8.2.1 Electrochemical potential noise 

Electrochemical potential noise describes time dependant fluctuations in corrosion 

potential, and is usually in the range of mV. Electrochemical potential noise is measured 

between a working electrode or between two working electrodes coupled through a ZRA 
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and a noise free reference electrode or a pseudoreference electrode. Pseudoreference 

electrode is made from the same material as that of the working electrode. 

 

1.8.2.2 Electrochemical current noise 

Electrochemical current noise describes the time dependant fluctuations in corrosion 

current, usually in the range of µA. Electrochemical current noise is measured between a 

pair of identical working electrodes, with the current being measured using a zero 

resistance ammeter (ZRA) to ensure that the two electrodes are at the same electrode 

potential. Electrochemical current noise may also be measured as the current from a 

single electrode that is held at a fixed potential.  

 
1.8.3 How potential and current noises emerge? 

The reason cited, for the change in potential is a minute transient change in the electrical 

charges on the electrode produced as a result of cathodic and anodic reactions during the 

corrosion processes [43, 44, 49]. These spontaneous fluctuations in the electrical 

quantities manifest in the form of potential noise and current noise signals during 

different corrosion processes such as uniform corrosion, localized corrosion and 

passivation of electrochemical system. The electrochemical noise fluctuations appear to 

be connected to local variations in the rates of anodic and cathodic reactions as a 

consequence of both stochastic processes (breakdown and repassivation of the passive 

film) and deterministic processes (film formation and pit propagation). The frequency of 

current and potential fluctuations is in the range of 1Hz or less. Since the electrochemical 

noise of a freely corroding system is a low frequency signal, it usually has maximum 

amplitude at frequencies < 10-5 Hz.  
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1.8.4 Sources of electrochemical noise 

The sources of electrochemical noise may be classified into three categories [44, 46, 49] 

Charge transfer effects contribute to noise, whose spectral density, the amount of noise 

present in a given bandwidth, is essentially constant over a wide range of frequencies and 

is of low amplitude. This category covers noise originating from thermal agitation of 

charge carriers; noise caused by charge being transferred in discrete amounts and by 

other such phenomena. 

A second source of noise relates to surface processes occurring on the electrode and 

specifically to their inhomogeneties. These give rise to fluctuations at frequencies of 

approximately 1Hz and below. The observed spectral density of these fluctuations in 

general varies with frequency and the amplitude can be much higher than that caused by 

charge carrier effects. 

At very low frequencies, environmental changes, such as variations of physical and 

chemical parameters of the observed system, result in low fluctuations of the electrode 

potential or current. These often have the appearance of drift of the electrode potential 

and can sometimes be accounted for by existing theories of electrode thermodynamics 

and kinetics.  

The other sources of electrochemical noise are as listed below: 

 
(i) Uniform Corrosion: Uniform corrosion might be expected to be free of noise, with    

atoms leaving the metal surface at a uniform rate. However, even a perfectly 

homogeneous dissolution process gives rise to some fluctuations in rate akin to Brownian 

motion. Furthermore, there are a number of mechanisms by which it is expected that even 

a uniform dissolution process will occur as a series of bursts.  
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ii) Pitting Corrosion: The pitting process is often found to result in metastable pit 

nucleation and propagation, giving rise to current transients lasting for a time of the order 

of one second, and involving a charge of the order of 10-6 C (corresponding to around 

1012 atoms). Thus, the noise associated with pitting corrosion is much larger than that 

observed for uniform corrosion. 

 
iii) Mass Transport fluctuations: Fluctuations in the boundary layer thickness for a mass 

transport will give rise to fluctuations in the current. This will be observed most strongly 

in turbulent conditions, although even in nominally laminar conditions, it is expected that 

some fluctuations will occur. 

 
iv) Bubble nucleation, growth and detachment: When hydrogen evolution is the 

predominant cathodic reaction, it is clear that the growth and detachment of hydrogen 

bubbles gives rise to fluctuations in the flowing current. 

(v) Corrosion processes such as crevice corrosion, stress corrosion cracking, 

intergranular corrosion, erosion corrosion, microbially induced corrosion and corrosion 

fatigue also generate electrochemical noise, which are characteristic of these processes. 

 
1.8.5 Cell Configuration 

American Standard for Testing and Materials (ASTM) [44] has recommended a three 

electrode configuration for electrochemical noise measurements. Two types of 

configurations are described.  

 
Configuration 1: The configuration involves two of the three electrodes as working 

electrodes prepared from the same alloy, so as to be nominally identical. These two 

electrodes are referred to as the working electrode pair (WE). The third electrode may be 
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either  a  low  impedance,  low  noise  reference  electrode  or  identical  to  the  other  two  

electrodes (pseudoreference electrode). The use of identical working electrodes ensures 

that any observed fluctuations originate from the test electrodes. Also environmental 

changes tend to affect both electrodes equally, reducing the amplitude of the resultant 

drifts. A low impedance, low noise reference electrode is recommended, as high 

impedance reference electrode tends to be more susceptible to electrostatic pickup. It is 

desirable to minimize the bias caused by such environmental noise. Hladky and Dawson 

[59] used platinum reference electrode as compared to a calomel electrode, to study the 

localized corrosion of mild steel in chloride solution inhibited by nitrate. The authors 

opined that Pt electrode with low impedance is ideally suitable for the measurements 

despite lacking a well-defined half-cell potential. A saturated silver/silver chloride 

electrode with a low rate of leakage has also been found to be suitable.  To the contrary, 

calomel reference electrodes are unsuitable for low-level signal measurements because of 

their extreme susceptibility to electromagnetic and acoustic pick up. A pseudoreference 

electrode may be used instead of a conventional reference electrode to measure 

electrochemical potential noise. It is best to use a material identical to the electrode pair 

that has either the same area of one working electrode or the sum of the two areas of the 

working electrodes. When an identical material is not used, it is recommended that the 

pseudoreference electrode have noise signal characteristics, such that, their amplitudes 

are not greater than the magnitude of the potential noise signal to be measured. The 

characteristic potential noise of the pseudoelectrode in the electrolyte should be measured 

and subtracted as background noise from the noise measured from the working electrode 



28 
 

pair, or alternatively correction factors [44] could be applied to negate the noise 

contribution from the pseudoreference electrode. 

 

Configuration 2: The configuration involves a conventional three-electrode arrangement 

similar to that described in the ASTM Test Method G5 [60] to conduct the experiment.  

The configuration comprises of a working electrode, two counter electrodes, and a luggin 

capillary with salt bridge connection to the reference electrode. The luggin-probe salt 

bridge separates the bulk solution from the saturated calomel reference electrode. The 

potential of the working electrode is measured relative to the reference electrode and the 

current is measured between the working electrode and counter electrode. 

 
1.8.6 Measurement of Electrochemical Noise  

There are two related, but distinctly different approaches to the measurement of 

electrochemical noise.  

 
1.8.6.1 Individual measurement of current or potential noise 

Electrochemical noise measurements can be done by individually measuring the 

electrochemical potential noise or electrochemical current noise. These measurements are 

made at open circuit potentials or by potentiostatic and galvanostatic [44, 46, 49] 

methods to measure electrochemical current and potential noise respectively. Under 

galvanostatic/potentiostatic control, the cell configuration 2 is followed. Here, the current 

is measured between the working electrode and an inert counter electrode, whereas the 

potential of the working electrode is measured against a reference electrode. Most 

commercial potentiostats/galvanostats measure current more accurately than potential, 
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making the potentiostatic electrochemical noise measurement the more accurate of the 

two options. 

 

1.8.6.2 Simultaneous measurement of potential and current noise 

For analysis it is of great value to measure both current and potential noise 

simultaneously.  The  measurement  of  current  noise  essentially  requires  a  short  circuit  

condition, whereas potential noise must be measured with a high impedance load. A 

common experimental arrangement uses three identical electrodes, where one pair acts as 

a current noise source under short – circuit conditions, the second as a potential noise 

source under open circuit condition. One electrode acts as a common electrode.  

All the measurements based on simultaneous acquisition of potential and current noise, 

can be made on a system at open circuit potential using the cell configuration1 for 

arrangements. 

 
1.8.7 Data Collection 

Data collection involves sampling of the measured parameter, potential or current, at 

predetermined intervals for a required number of samples.  

 
1.8.7.1 Sampling and aliasing: The frequency resolution that is obtained when the data is 

processed depends on the sampling interval chosen to record the data. Thus the potential 

and current should be recorded in a systematic way. If the sampling interval‘ t’ were 

chosen too close, then the result would be an increase in computation time. On the other 

hand, if the interval is chosen too far, the problem of aliasing will occur. If we take 

regular samples of a signal above the Nyquist frequency (If the sample period is t, the 

frequency of ½ t is known as Nyquist frequency), the results are exactly the same as if 
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we had taken samples from a signal of the same amplitude, but at frequencies below 

Nyquist frequency. This phenomenon is called aliasing [46, 49]. It is essential to avoid 

aliasing by filtering out frequencies above the Nyquist limit before sampling. The power 

values of the high frequency and low frequency components will overlap resulting in 

flattening of the high end of spectrum. Thus the sampling interval is decided by the 

frequency resolution required. 

From the sampling theorems, for a time interval t, the maximum frequency definition 

that can be obtained without aliasing is Fc, and both are related by 

Fc = 1/2 t                                                                                          (1.1) 

and minimum frequency resolution that can be obtained is 

Fmin = 1/N t               (1.2)  

Where N = Total number of samples in the data record. 

 
1.8.7.2 Antialiasing Filtering 

To avoid aliasing, components of frequency greater than Nyquist frequency (fs / 2),  has 

to be eliminated before analog to digital (A/D) conversion, using low pass filter [46, 49, 

61, 62].  The cut off frequency (fc)  of  the  low  pass  filter  has  to  be  fixed  at  a  value  

marginally lower than fmax, about 0.7 to 0.8 fmax (0.35 to 0.4 fs) depending on the slope of 

the filter roll off, where fmax is  the  upper  limit  of  Nyquist  interval  that  can  be  correctly  

analyzed. The frequency range that is analyzed is limited to [0, fc].  As  fc is related to 

sampling rate fs,  EN measurements in a large frequency range requires the use of low 

pass filters also varying in a large frequency range. As these filters are highly expensive, 

some manufacturers of EN acquisition have adopted filtering technique based on digital 

processing which has been discussed by Bastos et al [62]. One method involves data 
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sampling at a fixed high frequency and using low pass filter at a fixed cut off frequency, 

and the average over ‘n’ points is retained,  where n = (fhfs/ fs) and fhfs represents the fixed 

high frequency sampling and fs is the desired sampling frequency. 

 
1.8.8 Data treatment  : Trend removal 

The  potential  and  current  noise  raw  data  contains  noise  component  superimposed  on  a  

Direct Current (DC) trend. The DC drift or trend is defined as the variation of the mean 

current or potential divided by time and is not useful for the corrosion phenomenon. 

Since the noise signals are measured between two nominally identical electrodes, the 

mean value of the difference of potential and current flowing between them is expected to 

be zero. The electrochemical noise signals should appear as quasi-random fluctuations 

around zero. Since the calculation of the power spectral density (PSD) and the standard 

deviation presupposes a stationary process, it is necessary to apply some procedure to the 

incoming signal in order to eliminate its drift. The reasons for this behavior may be 

diverse and difficult to understand. The signal though may be stationary, it may yet 

contain frequency components lower than l/T (where T is the sampling period), or there 

may be some slow alteration of the system under study that causes the drift. In corrosion 

studies, progressive deterioration of the electrodes can occur resulting in lack of 

stationarity. Many of the natural processes could be non stationary and non linear. The 

former may introduce a DC drift since its statistical parameters change over time. The 

effects of drift in the noise data on the analysis is well discussed in literature. Any DC 

drift can introduce new, false frequency components. The presence of drift implies that 

the signal is non stationary and all standard analysis procedures become invalid. Bertocci 

et al [63, 64] have shown that a linear drift in the potential/current noise produces 1/f2 
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slopes in the power spectral density plots at low frequencies and affects the standard 

deviations of current and potential noise used for computation of noise resistance. The 

choice of the method is again one of the most difficult problems in electrochemical noise 

measurements. The procedure must be simple and straightforward, must effectively 

attenuate the low frequency components without eliminating useful information or create 

artifacts. To effectively remove the trend leaving a valid signal is yet a challenging task. 

Some of the procedures [65] include moving average removal (MAR), linear detrending, 

polynomial fitting, analog or digital high-pass filtering. Wavelets [66, 67] and artificial 

neural networks [68] have also been used for trend removal. As it is beyond the purview 

of  this  thesis  to  elaborate  on  all  the  methods,  some of  the  frequently  used  methods  are  

briefed. Polynomial fitting [69] is performed using squares regression, and then noise is 

obtained as the difference between experimental and predicted data. MAR [70]   uses 

moving average to compute noise.   Butterworth [71], uses analogical filters and is a part 

of the Matlab Signal Processing Toolbox©. Mansfeld et al [72] have pointed out 

considerable drawbacks on the recently proposed moving average removal method and 

hence has not recommended this method for trend removal. However, Ashassi et al [73] 

obtained good correlation between noise resistance and polarization resistance using the 

MAR method for detrending, in their studies on inhibition effect of new Fuchsin dye on 

the corrosion of mild steel in 1 M HCl. An increased order of polynomial results in more 

trend  removal  and  also  leading  to  loss  of  valuable  data. Literature study reveals varied 

opinions on the credentials and limitations of the various trend removal methods. Among 

these methods for trend removal, the linear fit was found to be most commonly used by 

researchers [46, 65, 74-76, 77]. This method is based on the assumption that the drift 
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follows a linear relationship. In this method, the experimental raw data is fit by linear 

method and the linear regression functions generated for the potential-time and current-

time records are subtracted from the raw data. 

 
1.8.9 Data Analysis 

1.8.9.1 Visual examination of the time record 

The time records present the instantaneous potential or current fluctuations as a function 

of time and are considered to be a standard method to record and view data. EN data can 

be interpreted by investigating and analysing the shape, size and distributions of potential 

or current transients observed during the corrosion processes. The potential–time record 

or current-time record gives typical fingerprints for various corrosion processes like 

pitting, crevice and stress corrosion cracking (SCC) [43, 46, 57, 59, 78-81]. This is a very 

effective method of detecting specific transients such as those generated during pit 

initiation or SCC. It is also possible to see clear-cut signals, which may be generated 

during crevice or pitting corrosion and the standard deviation of the signal can be 

estimated simply by observing the ‘width’ of the signal trace. It is recommended that a 

visual  examination  of  the  time record  should  always  be  the  first  part  of  a  data  analysis  

procedure. With experience, it should be possible to identify different corrosion 

mechanisms from raw noise data. 

Neverthless, the time records cannot be considered as conclusive evidence of the 

processes and hence, the acquired electrochemical noise time records should be further 

analysed in the time domain (statistical) or alternatively, data is converted to the 

frequency domain (spectral) using mathematical algorithms such as FFT or maximum 

entropy method (MEM).  
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1.8.9.2 Data analysis in the time domain (statistical analysis) 

In the time domain, the voltage or current noise signal is plotted as a function of time. A 

number of statistical parameters can be derived from the noise-time record. 

 
 
i) Mean 

The mean [46, 48, 49] is not a part of the noise measurement, especially for measurement 

made between two nominally identical electrodes, where expected value of the mean is 

zero. However, the actual value of the mean has been of significance in some of the 

parameters used to detect localized corrosion and it clearly does not contain information 

about the behavior of the electrodes. 

 
ii) Standard deviation or variance 

 

This is described as the root mean square (rms) voltage after having subtracted the DC 

component  and  is  a  measure  of  the  AC power  of  the  signal.  The  standard  deviation  of  

current ( i ) and voltage ( v)  can represent the corrosion status of the metal  and permit 

the identification of the nature of the attack.  

The standard deviation can be evaluated as 

2

1
n

xx
n

i
ii                                                                                                 (1.3) 
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iii) Localized corrosion parameter 

 
a) Coefficient of Variation of Current (CVC) 

This is defined as standard deviation divided by mean. A large CVC of the current is 

associated with large events and hence with localized corrosion [46, 49]. However, 

this parameter might not be useful in cases where coupling of two nominally identical 

electrodes would give mean current to be almost zero. 

 
b) Localization Index (LI) or Pitting Index (PI) 

 
It is defined as the rms current divided by the standard deviation. 

 

PI =  irms/ i                                                                                                                                                        (1.4) 
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 , n being the number of data points.  

Where, ix  = Mean of the detrended noise data,  

i  = standard deviation of current noise 

and rmsi = root mean square current noise  

A  range  of  values  of  (pitting  index)  PI  has  been  reported  for  different  corrosion  

mechanism under the name-pitting index (PI) [82]. 
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Table 1 shows the correlation between pitting index (PI) and type of corrosion. 

 
 

iv) Charge in transient (CIT) 

CIT  has  been  shown  to  give  a  reasonable  estimate  of  the magnitude of pitting                            

events. Charge in the elementary transients making up noise signals can be estimated 

from a combination of the current and potential noise as,  

Bb
IE

q nn
a 2

)()( 22

                   (1.5) 

  Where, qa is the charge in transient, 2
nE  is the potential noise power, 2

nI    is the current 

noise power,   B is the Stern-Geary coefficient, and b is the bandwidth. 

 
(v) Noise resistance (Rn) 

Electrochemical noise resistance (Rn), a parameter first proposed by Eden [83] is 

obtained  by  statistical  evaluation  of  time  records  and  is  defined  as  the  ratio  of  the  

Type of corrosion pitting index 

Uniform 0.001< P.I.< 0.01 

Mixed 0.01<P.I.< 0.1 

Localized 0.1<P.I.<1 

Table 1.1 Range of PI for various corrosion processes [82] 
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standard deviations of potential noise ( v) to the standard deviation of current noise ( i) 

[83, 84]. Noise resistance is represented in equation (1) as: 

i

v
nR                                  (1.6)             

Several researchers claim noise resistance to be equivalent to polarization resistance (Rp) 

[85-90]. This allows the potential noise to be modeled as the action of the current noise 

on the metal solution impedance, with the latter usually treated as Rp .  

Enormous efforts have been made by researchers to find the physical meaning of Rn and 

its  similarities  with  Rp. Kelly et al [91] have studied electrochemical noise in stainless 

steel and mild steel in solutions ranging from pH 1 to pH 7 and concluded that Rn 

generally tracks Rp.  

 

(vi) Skewness and Kurtosis 

Skewness and kurtosis indicate the shape character of distribution of the noise data [46, 

92, 93]. The skew is a dimensionless description of the extent to which the distributions 

of values are skewed about the mean, or in simple terms skewness characterizes the 

asymmetry of distribution of the data set around the mean value of the data set. Kurtosis 

gives a measure if the data is peaked or flat compared to Gaussian distribution. Kurtosis 

of a normal (Gaussian) distribution is 3 and higher values indicate more sharply peaked 

distribution than a normal distribution and kurtosis less than 3 indicates flat topped 

distribution. Skewness and kurtosis of electrochemical noise is defined using the second, 

third and fourth moments, by the following equations [92]. 

Kurtosis = 2
2

4
m

m                            (1.7)  
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Skewness =  3/2
2

3
m

m                    (1.8)   

Where m2 , m3 , m4 are second third and fourth moments respectively 
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4 /1 and i represents potential 

or current noise.  

Skewness and kurtosis have been used by several investigators [46, 50, 94] to identify 

corrosion mechanism. Reid and Eden [95] have patented values of kurtosis and skewness 

parameters derived from statistical evaluation of time records to identify corrosion 

mechanism.  

 

 

 

 

  
1.8.9.3   Data analysis in the frequency domain (spectral analysis)  

Noise spectra in the frequency domain are represented either as 

Mechanism Potential Current 

skewness kurtosis skewness kurtosis 

General 

Pitting 

Transgranular SCC 

Intergranular SCC 1 

Intergranular SCC 2 

< ±1 

< -2 

+ 4 

- 6.6 

- 2 to -6 

< 3 

>> 3 

20 

18 to 114 

5 to 45 

< ± 1 

> ± 2 

- 4 

1.5 to 3.2 

3 to 6 

< 3 

>> 3 

20 

6.4 to 15.6 

10 to 60 

Table 1.2 Reid and Eden’s table of skewness and kurtosis values for various 
 corrosion processes [95] 
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(i) amplitude (decibel, dB) plots  

(ii) noise power  or PSD plots  

In both cases, log of frequency (Hz) is plotted against log spectral power density (V2/Hz 

or A2/Hz) or against the amplitude (V/ Hz  or A/ Hz ). Noise amplitude is square root of 

noise power, given by dB = 20 log (voltage ratio) [44, 49].  

A common feature of the PSD plot is that the white noise (which is independent of 

frequency) for uniform corrosion appears in the lower frequency region, and the 1/fn 

noise for localized corrosion appears in the higher frequency range. Several parameters 

can be evaluated from the power spectral plots which are related to corrosion mechanism 

and the extent of corrosion. The slope of the 1/fn noise is called the roll off slope which 

is  related  to  the  type  of  corrosion.  The  frequency  at  the  cross  point  between the  white  

noise and the 1/f n noise is defined as the roll off   frequency. The area under the power 

spectrum curve contains the total power in the signal, and is identical to the standard 

deviation calculated from the time record. Thus as the frequency spectrum moves to 

higher power spectral densities, the rate of reaction may be expected to increase. 

Periodic signals will clearly give rise to a peak in the power spectrum, and these may be 

related to crevice or pitting corrosion. Hladky and Dawson [96] have studied the crevice 

attack  of  ‘shape  memory’  alloy  (Ti-Ni)  in  0.3M  HCl.  Different  types  of  corrosion  

generate different shapes of electrochemical voltage and current signals, which is 

reflected in the PSD values. Since the noise signals in certain time interval can be 

expressed by only one PSD curve in the frequency domain, there exist some argument 

on how the shapes of PSD plots, the roll off slope and roll off frequency are related to 

the corrosion processes. Bertocci and Yang-Xiang [97] believed that the roll off 
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frequency of PSD is related to the time constant of repassivation and reflects the degree 

of aggressiveness of the local environment inside the pits. Fakuda and Mizuno [98] have 

studied the current transients for pure iron and stainless steel and have shown that, in the 

passive state, the roll off slope is zero, which meant ‘white’ noise in both low and high 

frequency ranges, while the slope value steeply decreased to below –1 before pit 

generation.  There  are  many  controversial  points  about  the  experimental  results  and  

explanations about the noise spectrum. Pujar et al [99] in their studies on pitting 

corrosion of 316 SS in chloride medium, have found that roll off slope are not true 

indicators of corrosion mechanism. Bagley [100] found that different corrosion types 

cannot be distinguished reliably on roll off slope values. Mansfeld and Xiao [101] 

opined that the conclusion made by Searson and Dawson [102] that a slop of 20 dB is 

characteristic of localized corrosion was not always true. The physical meaning of roll 

off slope and the type of corrosion is still a subject under debate. 

Analysis by Gabrielli et al [79] has indicated that when the current transient shows a 

sudden death, the high frequency limit of PSD varies like f-2 whatever the shape of the 

transient.  A  slow  rise  followed  by  a  slow  death  gave  rise  to  an  f-4 trend. Therefore, it 

seems probable, a definite relationship can be established between the noise transient and 

the noise spectrum. 

Shi et al [94]  from their studies on pitting corrosion of stainless steels and pure 

aluminum in sodium chloride medium proposed new indices, SE and  SG to  evaluate  

pitting corrosion by dimensional analysis of three parameters of PSD,  

kfS cE .2       and    
kf

wS
c

G .
           (1.9) 
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Where, k is the roll off slope, fc is the critical frequency or roll off frequency, and w is the 

low-frequency plateau level. SE was found to be proportional to the rapid potential 

oscillations and higher amplitude fluctuation and can be used as an index to characterize 

pitting corrosion. SE depicts the distribution behavior of electrochemical noise, while SG 

could be used to depict the slower corrosion processes (adsorption, desorption, diffusion 

etc). 

Legat and Dolecek [103] in their investigation on corrosion of various metal solution 

combinations have established a correlation between corrosion current density obtained 

from Tafel extrapolation and the PSD values. It was established that the average PSD of 

measured current noise, PSD [I] at higher frequency intervals (10 mHz to 250 mHz) 

correlates with the corrosion current density as: 

 
2

1

2

12
12 )(

)(
1)()( FIPSD        (1.10) 

Where 12  is the frequency interval on a log scale, )( 2F  is the PSD value of the 

electrochemical current in decibels, and  is the frequency step on a log scale. 

The  authors  opined  that  a  good  correlation  between  the  PSD  (I)  and  corrosion  current  

density confirms that, PSD (I) at higher frequencies could be used as an exact measure of 

general corrosion. Although some investigators argued that features of the PSD curves 

such as the slope of the decaying power with frequencies, can be related to corrosion 

rates, it remained that much useful information is lost when real time data is converted 

into frequency domain [104]. Since PSD is based on a signal averaging method (such as 

FFT), it represents an average of system behavior during the selected data acquisition 

period rather than discrete or localized events. For this reason, PSD is not particularly 
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useful for corrosion monitoring in comparison to electrochemical noise measurement-

time plot. However, PSD plot is useful for determining and visualizing how the 

amplitude of an electrochemical noise measurement varied as a function of frequency.  

(i) Fast Fourier Transform 

The most commonly used mathematical function for converting signals in a time domain 

to frequency domain is the Fast Fourier Transform (FFT) and Maximum Entropy Method 

(MEM).  

FFT performs a spectral analysis of the random transient of the electrochemical noise 

signal in a frequency range dependent upon the sampling time and the length of the data 

recording. It provides an exact description of the frequency content of the signal 

analyzed, if it is assumed that the signal is one cycle of a periodic waveform with all the 

cycles before and after the measurement period being exactly the same. This assumption 

leads to a number of complications. Firstly, if the mean value of a signal is drifting with 

time, this is interpreted as a saw-tooth waveform, and creates frequency components. 

Second, the implied ‘joining-up’ of the start and the end of the time record is liable to 

create sharp transitions, which are not representative of the signal. These two problems 

are overcome by pre-processing (drift removal and windowing) of the signal before 

undertaking the Fourier transformation. The FFT produces noisy spectra and is 

appropriate  for  repetitive  signals  and  the  data  sets  with  a  reasonable  number  of  sample  

points [44] (> 1040, 2080 S .. so on). 

 
(ii) Windowing 

It is a common practice to perform a trend removal before analyzing electrochemical 

noise signals. This also serves to set the signal mean to zero. This may still leave sharp 
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transitions at the end of the signal, and these are eliminated by multiplying the signal by a 

windowing function, which are zero at the ends of the time record and one in the center. 

It is important to conduct trend removal before windowing. If the windowing is done 

first,  the  subsequent  trend  removal  will  destroy  the  benefits  of  the  windowing  process.  

The modified time record is transformed to the frequency domain, usually using the Fast 

Fourier Transform (FFT). The resultant frequency spectrum must then be normalized to 

relate the power present in the spectrum to that present in the signal.  

 
(iii) Maximum Entropy Method (MEM) 

MEM was developed by Burg [105] to analyze a limited number of sample points in 

geophysical studies. While Fourier transform directly calculates the frequencies actually 

present in the time record being analyzed, the maximum entropy method (also known as 

the all-poles or autoregressive model) calculates the coefficients of a series of filters that 

would have to be applied to white noise to obtain the observed time record [44, 46, 49]. 

An advantage of MEM is that it gives continuous and smooth curves and hence roll – off 

slopes and frequency cut off can be easily evaluated. MEM is preferable in many respects 

when  the  time  data  is  only  weakly  stationary.  MEM  gives  a  set  of  coefficients,  to  

calculate the power spectral density for any frequency. As FFT and MEM produces 

identical spectra from electrochemical noise except that the former is noisy, the selection 

of the method and display as either PSD or amplitude would be a choice left to the 

investigator [44]. 

 
(iv) Spectral noise resistance (Rsn)  

Mansfeld and co-workers [106] introduced a parameter called the spectral noise response, 

Rsn(f), which has the unit of resistance and allows evaluation of the frequency 
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dependence of electrochemical noise data similar to the analysis of power spectral density 

plots.  
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Where VPSD(f),  IPSD(f) are the power spectrum density functions of voltage and current 

signals.  This  ratio  of  the  PSD  of  the  potential  to  that  of  the  current  is  termed  as  the  

electrochemical noise impedance. 

At very low frequencies, the spectral noise resistance o
snR is determined as the DC limit of 

these plots as, 
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A good agreement between 0
snR , Rn, pR has been observed for various systems 

[50,107,108].  

 
(iv) Relationship between PSD and variance 

If narrow range of frequencies is selected by suitable filtering, the variance observed 

would be the PSD multiplied by the bandwidth of the filter. The variance observed for a 

given signal is the integral divided by frequency of the PSD. PSD and variance divided 

by bandwidth may be interchanged in many of the theoretical results, such as the shot 

noise formula [46], provided the frequency range included in the measurement of the 

variance is taken into account. Some parameters, such as the Rn, are ideally measured at a 

low frequency. These will typically be estimated better by taking the PSD at a suitable 

frequency than by using the variance or standard deviation measured over an arbitrary 
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range of frequencies. If the PSD attains a valid low-frequency limit, then this is usually 

an appropriate value to use.  

 

1.8.9.4 Autocorrelation function (ACF)  

The ACF is the expected value of the product of the time series at one time and at certain 

later times [46, 49]. Consequently, the ACF is a function of the lag time, the time 

difference between two samples. For Gaussian white noise, where each sample in the 

time record is an independent sample from a normal distribution, the ACF is zero for all 

lags except zero. This method has generally been superseded by power spectra, which 

presents the same information in a more intuitive way. 

 

1.8.9.5 Chaos methods  

Chaos analysis attempts to characterize behavior that is deterministic but highly unstable 

[46]. The analysis of electrochemical noise by mathematical tools from the theory of 

Chaos has been confirmed as a rich source of information about corrosion processes. It 

has been ascertained that different types of electrochemical noise have different 

attractors. The Chaotic analysis of the electrochemical noise has indicated that the 

correlation dimension increases from passivation to localized, mixed, and uniform 

corrosion. The results of chaotic analysis indicated that localized corrosion is a low-

dimensional chaotic process, whereas uniform corrosion is a random process. The 

Lyapunov exponent (LE) that describes the approach rate of trajectory of dynamic 

systems is considered the most useful dynamical diagnostic for chaotic systems. A 

positive value of LE indicates that there is at least one direction in phase space along 
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which an attractor exhibits unstable behavior. A system with positive LE is considered 

chaotic. Spectral analysis enables the indication of corrosion rate, whereas chaotic 

analysis provides more data about the type of corrosion. Hence, spectral and chaotic 

treatments are, in some way, complimentary methods for the study of electrochemical 

noise.  

 

1.8.9.6 Shot noise analysis 

Shot noise theory for electrochemical noise [46,109-111] has gained popularity in the 

recent years for providing mechanistic information about the nature of corrosion process 

and the extent as well. According to shot noise theory, signals are composed of packets of 

data departing from the base line. In corrosion systems, current noise signals could be 

considered as a series of statistically independent packets of charge having a short 

duration and  shot noise is produced by current being carried by discrete charge carriers. 

The theory assumes some restrictions [46, 74, 75, 111, 112] on the noise generating 

process when applied to electrochemical noise analysis:  

The current is generated by pulses of the same charge and shape, although both positive -

going and negative-going pulses may occur  

 These pulses are statistically independent (this is a necessary condition for the 

analysis). 

 The cathodic reaction is considered to be noiseless, so only the anodic reactions are 

treated as a noise source (this is not a necessary condition, but simplifies the analysis, 

and is necessary to invert the analysis). 
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 The two working electrodes have equal corrosion rate (this is not a necessary 

condition, but simplifies the analysis, and is necessary to invert the analysis). 

 The solution resistance is assumed to be zero (this is not a necessary condition for the 

calculation of the expected behavior, but it is necessary to invert the analysis). 

Based on these assumptions of shot noise described by Cottis [109, 111] it is possible to 

determine the charge in each event (q), the frequency of appearance of each event (fn) 

which could be related to corrosion mechanism.  

B
PSDPSDq iv

                 (1.13)
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Where, PSDv and PSDi  are the power spectral density values at low frequency, B is the 

Stearn-Geary coefficient. To accommodate systems where the assumptions may not be 

valid, the term characteristic charge and characteristic frequency has been proposed for q 

and fn respectively. The characteristic charge, q is the charge in individual transient and is 

related to the mass of metal lost in the corrosion events and fn gives information about the 

rate at which these events are happening or frequency of the events. As the characteristic 

frequency is believed to be proportional to the specimen area for a shot noise process, it 

is presented as frequency per unit area [109, 111].  

The cumulative probability, F(fn), at each fn is derived from the set of fn values for a 

particular experiment. The fn values are initially arranged in the ascending order for N 

data sets. The cumulative probability is evaluated as M / (N+1), where M is the rank in 

the data set.  
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1.8.9.7 Wavelets to study electrochemical noise transients 

The main disadvantage of the statistical and spectral method is that they analyze signals 

by averaging the features across the whole time record. These methods are devised for 

stationary signals (all its statistical properties such as mean and variance do not change 

with time) that do not show distinctive transients. Wavelet transforms avoid these 

limitations. Wavelet transform has been proposed to study both stationary and non-

stationary electrochemical noise time record [113, 114]. Since electrochemical noise 

signals are frequently nonstationary, the wavelet analysis is an attractive tool. The 

technique of wavelet analysis may be regarded as a variant of Fourier analysis in which 

the continuous sine waves used in the Fourier transform are replaced by transients with a 

finite duration, known as wavelets [46, 113-117]. Unlike FFT, the wavelet analysis can 

retain time domain information and can analyze non-stationary time series without the 

requirement for detrending and windowing [118]. The wavelets are small waves that 

grow and decay in a limited time period and have an average value of zero. A set of 

wavelets of varying amplitude, duration, and location can then be constructed such that 

their  sum reproduces the signal of interest.   There are two types of wavelet  transforms, 

the continuous wavelet transform (CWT) and the discrete wavelet transform (DWT). 

In DWT [115, 116] , an electrochemical noise  signal (time record ), Xn (n = 1….N) can 

be represented as a linear combination of basis functions   j,k  and    j,k  which are 

formed from the mother wavelet (t)  and father wavelet  (t) by translating in time and 

dilating in scale [46, 113-117] . 

ktt jj
kj 22)( 2/

,                                      (1.15) 
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, ktt jj
kj                         (1.16)      
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 j,   k    Z  where k = 1,2 …N/2,  N is the number of data record, Z is set of integers, j = 

1,2,…,j, j is a small natural number that depends on N. For full decomposition of a finite 

length signal, 2j = N.  

The time record x(t)  can be represented as 

)(....)()()()( ,1,1,1,1,,,, tdtdtdtstx k
k

kkj
k

kjkj
k

kjkj
k

kj     (1.17)  

Where sj,k , dj,k, ….d l,k are the wavelet coefficients, j is a small natural number which 

depends on N and the basis function,  k takes a value from 1 to the number of coefficient 

in  the  specified  component,  s  and  d  are  the  approximation  or  smooth  coefficient  and  

detailed coefficient respectively.  

There are three operations involved in the FWT algorithm, which includes a low pass 

filter,  a high pass filter  and a down sampler.  Each filter  has a down sampler after it.  At 

the  first  stage,  the  low  frequencies  of  the  signal  passes  through  the  low  pass  filter  and  

high frequencies passes through high pass filter producing the smooth coefficient set S1 = 

(s 1,1,  s1,2…s1,N/2)  and detailed  coefficients, D1(d 1,1,  d1,2…d1,N/2) . The detail is kept 

aside for analysis and the smooth signal is further filtered in the second stage to produce 

S2 and D2. This process is iterated successively j times to decompose the signal into D1, 

D2….Dj and Sj coefficients. A typical schematic the FWT algorithm [115, 119]  is shown 

in  Figure  1.4.  Each  set  of  coefficients,  D1,  D2,…Dj  is  called  a  crystal.  The  set  of  

approximation coefficients, S carries information about the general trend of the signal. 

The set of detailed coefficients, D, carries information about the local fluctuations in the 

signal. Each new set of crystal has half the resolution and contains half the number of 

coefficients and is designated with a successive higher number.  

The scale range [117, 120] and frequency range of each crystal is given by 
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ttcc jjjj 1

21 2,2,           (1.18) 

(f1, f2) = ( 2-j fs, 21-j, fs)           (1.19) 

Where, t is the sampling interval. fs is the sampling frequency and j is the number of the 

crystal. Each of the j+1 signals is called the partial signal which resembles the 

fluctuations of the original signal at a particular interval of frequency. The unit of the 

partial  signal is  same as that of the EN signal.  The plot of standard deviation of partial  

signal (SDPS) as a function of crystal name (SDPS plots) [117] could be used to indicate 

the  extent  of  corrosion  and  the  plot  of  the  energy  of  the  partial  signals  against  crystal  

numbers (EDP) [113-117] gives information about the corrosion mechanism. 

 

 

 

 

 

 

 

   

  

  

 

 

 

 

Figure 1.4 General scheme of FWT algorithm [115, 119] 
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It has been reported [121] that among different families of wavelets such as Daubechies, 

Haar, Coiflets, Symlet etc., the Daubechies 4 or "db4" is highly localized in time and is 

useful EN studies. Figure 1.5 represents the Daubechies wavelets [122]. 

 
1.9 Electrochemical noise  investigations – a brief review 

Tyagi et al [123-125], Barker [126, 127] and Fleischmann and Oldham [128] defined 

electrochemical noise as fluctuations of current or that of potential passing through an 

interface, under potentiostatic or galvanostatic control. The authors used electrochemical 

noise measurements to study the equilibrium properties of redox reactions and 

homogeneous  processes  in  solution.   It  was  pointed  out  by  Barker  that  electrochemical  

noise in redox systems is small, and there is no particular advantage of noise 

Figure 1.5 Daubechies wavelets 
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measurements compared to deterministic methods such as impedance measurements for 

these systems. The measurement of electrochemical noise for corrosion studies was first 

described by Iverson in 1968 [43]. Iversion found that the frequency and amplitude of 

potential noise emerging from corroding magnesium, aluminium, aluminium alloys, iron 

and mild steel depended on the metal being studied. The study of passivity and its 

breakdown using electrochemical noise measurements was reported by Japanese 

researchers Okama et al [129] in the mid 1970’s. Initial studies by researchers on 

electrochemical noise were based on potential fluctuations [59, 130, 131]. Work 

sponsered at UMIST by United Kingdom Ministry of Defence and ICI between 1979 and 

1985 was focused at using potential noise measurements for monitoring and detecting 

localized corrosion [132]. The significance of current fluctuations [133-135] was 

subsequently understood. Later, it was realized that the combination of electrochemical 

potential and current noise was more powerful than the individual measurements and 

Eden [83] first introduced, electrochemical noise resistance method, and then, the 

electrochemical noise impedance in a patent, based on simultaneous acquisition, which 

was later adopted by many researchers. Since then, electrochemical noise technique has 

been practically applied to study a wide variety of corrosion processes from the 1980’s. 

These include corrosion monitoring, investigating various types of corrosion like uniform 

and localized corrosion, monitoring crack propagation in stress corrosion cracking, 

evaluation of corrosion inhibitors, monitoring microbiologically induced corrosion in 

buried pipelines, acid dew point corrosion in exhaust systems, on-line monitoring of raw 

water corrosiveness, biocide efficacy, and many others. In 1991, a task force was formed 

by members of ASTM Committee G-1, to develop standards that describe instruments 
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and methods for making and analyzing electrochemical noise measurements. The task 

force organized the first international symposium on Electrochemical Noise 

Measurements for Corrosion Applications which was held in Montreal, Quebec, Canada, 

1994 and the approved papers were compiled into ASTM Special Technical Publication 

[45] (STP) which provides a snapshot portrait of the state of the art for electrochemical 

noise measurements in the early 1990s.  

Though extensive research has since then progressed in the field of electrochemical 

noise, a brief review of the literature on the research works is at the best presented in the 

forthcoming section. 

Hladky and Dawson [59] obtained distinct noise signatures for pitting and crevice 

corrosion of mild steel in chloride medium inhibited by sodium nitrate. The change from 

pitting to crevice attack was first observed as a change in the pattern of the electrode 

potential behavior. The cyclic movement of the DC potential was replaced by a general 

random drift interspersed with short periods of the cyclic activity, which became less 

frequent and the noise output of the electrode undergoing crevice corrosion appeared to 

be characterized by relatively long bursts of regular peaks occurring at regular interval. 

The authors also established an inverse relation between slope of high frequency roll off 

slope and nature of corrosion attack by using 1/f noise form corrosion of copper, 

aluminum and mild steel [96]. Montesperelli et al [136] reported that electrochemical 

noise from crevice corrosion of AISI 430 stainless steel in 3% sodium chloride medium 

could detect the four stage mechanism of crevice corrosion. The electrochemical noise 

resistance parameter correlated well with polarization resistance from impedance 

measurements in reflecting the initiation and propagation of the attack. The roll off slopes 
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from power spectral evaluation indicated the mode of attack. Girija et al [137] reported 

that the crevice noise time record for 304L SS in 0.05M FeCl3 medium comprised of 

large events with the potential and current noise rising and falling in cycles resulting in 

humps and wells and the onset of crevice was indicated by a rapid fall of potential noise 

corresponding to an increase in current noise and a large drop in noise resistance.  

Cheng and Rairdan [138] investigated the features of electrochemical noise generated 

during pitting of A516-70 carbon steel in chloride solutions containing Na2CrO4. The 

critical concentration of chloride to initiate pitting was determined from the current noise 

time record. The PSD roll off slope was monitored to observe the mechanism changing 

from pitting to passivity.  

Legat  and  Dolecek  [139]  studied  the  mechanism  of  different  types  of  corrosion  of  

stainless steel (SS) in different electrolytes. The stainless steel in the chosen environment 

corroded uniformly or locally, or not at all. The electrochemical noise time records 

generated by localized corrosion and uniform corrosion showed distinct patterns. Further, 

they reported that the PSD values of voltage and current noise generated by uniform 

corrosion appeared nearly constant over the whole frequency domain, while the PSD 

values of voltage and current noise of localized corrosion showed 1/f variation in the 

higher frequency range.  

Stewart et al [140] reported that the potential and current transients generated during the 

stress corrosion cracking (SCC) of steel in dilute thiosulphate solution were associated 

with nucleation, temporary growth and arrest of short microcracks and further showed 

that correlation existed between the number of transients and the number of microcracks 

seen. Anita et al [141] have obtained widely spaced and high amplitude current transients 
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during SCC of 316 in boiling acidified NaCl solution. Cottis and Loto [61] have studied 

the electrochemical noise generated during SCC of high strength carbon steel freely 

corroding in deaerated, acidified NaCl solution, and the noise emitted correlated with the 

progress of the stress corrosion test. They showed that the average noise power, measured 

over a time comparable to the duration of a typical transient, is an effective method for 

the detection of transients associated with crack propagation. The authors used FFT and 

MEM method to analyse EN during SCC of alpha brass, high strength aluminum alloy 

and austenitic stainless steel [61,141,142]. In general, the results showed that SCC was 

characterized by increase in standard deviation of power spectrum. The cracking failure 

was indicated by highest standard deviation peak and the power spectra indicated 1/f 

noise. 

Gusmano et al [143] studied the corrosion rate of AISI 1040 ‘C’ steel using Linear 

Polarization Resistance (LPR) method and electrochemical noise (EN) techniques in  

Na3PO4 (passivating solution) and NaCl containing solutions. A good agreement was 

seen between Rn by electrochemical technique and Rp by LPR. 

Metikis-Hukovic et al [144] studied the protective qualities of phenol-formaldehyde 

based and coumarone-indene resin based coatings on low alloy steel under stimulated 

conditions of marine atmospheric environment using potential noise measurements. The 

power spectral slopes indicated onset of pitting in Coumarone-indene polymer coated 

steel and unprotected steel surface after 6 h of exposure, whereas, pitting occurred in 

phenol formaldehyde coated steel only after 30 h of exposure, as determined from the 

power spectral slopes. 
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Bertocci et al [47] have studied the breakdown of passive film by electrochemical noise 

measurements. The study of random fluctuations in the passive current of electrodes 

under potentiostatic conditions have shown different noise levels in amorphous and 

crystalline Fe-Cr-Ni alloy indicating that the breakdown of the passive film differs in two 

conditions. 

Iverson and Heverly [145] exploited the noise produced by anaerobic bacterial corrosion, 

probably due to breaking of iron-sulfide films, to locate and detect microbial corrosion in 

underground pipeline structures.  

Shinichi Magaino and Ryuichi Yamazaki [146] have recorded the rest potential noise 

during chemical etching of mild steel in sulphuric acid. They have observed the rest 

potential noise characteristic of pitting corrosion, when pitting corrosion was proceeding 

and very smooth noise at a frequency lower than 1 Hz, while uniform dissolution was 

proceeding.  

Mansfeld and Xiao [85] have used the power spectra of potential and current noise for the 

investigation of the corrosion of pure iron and Al/SiC composites in NaCl solution. 

Monticelli and coworkers [147, 148] examined the corrosion of aluminum and aluminum 

composites by the power spectrum of potential noise. The authors illustrated the use of 

electrochemical noise method to evaluate corrosion inhibitors by studying the corrosion 

potential fluctuations of aluminum alloy in chloride solutions in presence and absence of 

inhibitors.  

Martinet et al [149] have reported the use of electrochemical noise for different types of 

batteries under galvanic corrosion. The authors illustrated that the noise level was found 

to give an estimate of the state of charge of small capacity sealed Ni-MH batteries. 
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Several tests on Ni-Cd and Ni-MH electric vehicle modules demonstrated the 

applicability of this technique for overcharge detection. 

Intergranular corrosion may be expected to give electrochemical noise characteristics 

similar to stress corrosion occurring by a continuous process [150]. As with stress 

corrosion cracking, the shielding of the growing tip of the corrosion penetration by the 

passive walls may be expected to cause a reduction in the measured electrochemical 

noise as the depth of penetration increases and this has been observed by Stephenson 

[151]. This technique has been used to monitor the intergranular corrosion of lead acid 

battery electrodes.     

Cappeln et al [152] analyzed the electrochemical noise obtained from AISI 347, 

10CrMo910, X20CrMoV21 steels in molten NaCl-K2SO4 at 630oC. Different types of 

current noise were identified for pitting, intergranular and peeling corrosion. A 

distinction between general and intergranular corrosion was made using kurtosis from 

statistical analysis, and an average value above 6 was inferred to indicate intergranular 

corrosion and a value below 6 was associated with general corrosion. 

Hladky et al [153] have demonstrated feasibility of a multielement probe based on 

impedance, galvanic coupling and electrochemical noise to monitor corrosion of stainless 

steel under condensing nitric acid and found good correlation from the three techniques 

in the indication of uniform and localized corrosion during different periods of 

monitoring. 

Wang et al [154] and Van Nieuwenhove [155] have demonstrated feasibility of 

electrochemical noise measurements in nuclear fission reactors. Boiling Water Reactor 

(BWR) core components generally suffer from irradiation assisted stress corrosion 



58 
 

cracking (IASCC). The authors studied the effect of irradiation induced segregation (RIS) 

on IASCC through a series of stress corrosion tests in simulated BWR environment using 

an electrochemical noise set up with three electrodes. The coupling current increased in 

irradiated sensitized type 304SS, only during the initial test period and subsequently 

leveled off at a later stage. The current rise was attributed to the dissolution current 

generated by IASCC at the crack tip. For the SEN 304 SS (not irradiated), the level of 

current increase was significantly lower, suggesting the absence of cracking. After test, 

hairline cracks were observed on the notch surface of the irradiated sensitized type 304 

SS and no cracking occurred on the 304 SS specimen.  

Reid et al [156] have described a computer controlled corrosion surveillance system 

using electrochemical noise technique to identify localized corrosion in a plant. The 

electrochemical noise technique was successfully employed on a real-time basis in 

several sour gas plants to get very reliable information about localized corrosion attack.   

Wood et al [157] reported electrochemical noise measurements during erosion- corrosion 

of austenitic stainless steels and thermally sprayed coatings. Passive, general, localized 

corrosion (metastable and propagating pitting) events were identified in various flow 

conditions  of  sodium  chloride.  EN  measurements  showed  responses  to  electrolyte  

permeation of the coating erosion penetration and substrate activity under erosion-

corrosion conditions.  

Eden et al [158] has presented the state of the art review of electrochemical noise sensors, 

where, EN sensor configurations for applications in uniform and pitting corrosion 

detection, for coating and linings applications, and those used in flowing condition, and 

in low conductivity environments are discussed. Sensors for filed applications such as 
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that for hydrocarbon pipelines, sour gas processing plant, nuclear waste storage tanks, 

fresh water cooled heat exchangers are also discussed. 

In recent years, shot noise and wavelet analysis have gained popularity in electrochemical 

noise analysis. Al-Mazeedi and Cottis et al [110] have presented parameter maps 

distinguishing regions of uniform, localized corrosion and inhibition using standard 

deviation pair and EN resistance-frequency of events pair. Sanchez - Amaya et al [159] 

used noise resistance and shot noise parameters to study the degree of intergranular 

corrosion in aluminum alloys. Kyung-Hwan [160] reported the susceptibility of 

aluminum alloys to pitting corrosion in neutral sodium chloride medium by shot noise 

method using Weibull distribution function. Frequency of events from shot noise analysis 

was used to distinguish uniform corrosion and pitting corrosion.  

Pujar et al [161] have evaluated the degree of sensitization from standard deviation of 

current noise and shot noise parameters for 316(N) SS aged at 923 K for different time 

durations and a good correlation was obtained with DOS from DLEPR studies. Pujar et al 

[162] applied the shot noise analysis to monitor the progress of microbiologically 

influenced corrosion (MIC) on 316 stainless steel in natural reservoir water containing 

biofilm forming microbes and sodium chloride. The initiation and propagation of MIC 

was detected by significant changes in the shot noise parameters Weibull distribution 

function from shot noise theory is one of the widely used cumulative probability 

functions for predicting life time in reliability test [163].  

Kyung-Hwan Na et al [164] analysed electrochemical noise obtained from pure 

aluminum during breakdown of the oxide film in aqueous neutral chloride medium and 

hydrogen evolution in alkaline medium. According to them, the Weibull probability plot 
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could clearly distinguish between uniform corrosion and break down of oxide film and 

hydrogen evolution. 

Sung-Woo Kim et al [165] investigated the electrochemical noise from stress corrosion 

cracking of Alloy 600 material in a simulated environment of a steam generator sludge 

pile at high temperatures. They found that the shape parameter of the Weibull distribution 

of the mean time-to-failure for the initiation of SCC is clearly distinguishable from that 

parameter for the propagation of SCC as well as for the general corrosion. 

Tao Zhang et al in their study on pit corrosion susceptibilities of magnesium alloys found 

that the Weibull distribution function from stochastic analysis or shot noise theory was 

useful to indicate pit initiation process, while pit growth probability could be determined 

from Gumbel distribution function from extreme value statistics [166]. 

Wharton et al [113] used wavelet variance exponent to discriminate various corrosion 

processes of stainless steels in sodium chloride medium. Kim et al [167]  in their studies 

on potentiostatic critical pitting temperature test for superduplex stainless steel, used 

wavelet analysis based on fractional energy contribution of smoothed crystals and the 

lowest frequency detail crystal, to provide information on the type and onset of corrosion 

(general corrosion, metastable pitting, stable pitting). Muniandy et al [168] found that the 

multifractal spectra obtained from electrochemical current and potential noise analysis of 

corrosion of carbon steel in distilled water, were found to be qualitatively different for 

different temporal stages of the corrosion process. 

 Chao et al [169] in their study on pitting corrosion of pure aluminium in sodium chloride 

solution  showed  that  energy  distribution  plots  from  wavelet  analysis  can  be  used  as  

“fingerprints” of EN signals. Zhao et al [170] demonstrated the use of wavelets to study 
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the corrosion processes of reinforcing steel in concrete. The energy distribution plots 

from wavelet  analysis  have  been  used  as  a  powerful  tool  to  provide  useful  information  

about the dominant process and mechanism during different stages of corrosion [113-

117]. Lafront et al [120] used energy distribution plots from wavelet analysis to study 

copper anode passivation in sulphuric acid industrial electrolyte. Legat et al [171] have 

reported that chaotic analysis of electrochemical noise from various corrosion process 

such as metastable pitting, initiation/ repassivation for carbon steel in calcium hydroxide 

containing additions of chloride and organic inhibitors can be used to determine the 

different  types  of  corrosion.  The  correlation  dimension  and  the  largest  Lyapunov  

exponent from chaotic analysis confirmed that the unstable corrosion process is driven by 

low dimensional chaos. Other researchers [172-176] too found that chaotic analysis of 

EN is useful in determining corrosion types. D.Bahena et al [177] have demonstrated that 

a positive value of Lyapunov exponent during localized corrosion of NiCoAg alloy in 

Hank solution indicated that the fluctuations during localized process are chaotic in 

nature. Chen et al [178] used chaotic analysis to study the metastable pitting of mild steel 

under wet-dry cycles in NaCl and Na2SO4. The positive fraction of the largest Lyapunov 

exponent was found to represent the number and isolation degree of pits in the two 

environments. Leban and co-workers [179] applied  spectral  and  chaos  analysis  

methods  to  ECN  data from stress corrosion cracking of 304 SS ,  they  concluded  that  

it   was  impossible   to   distinguish   between   the   non-active   and   active   cracking   

periods. 

The artificial neural network (ANN) based on Back Propagation and Support Vector 

Machine is a recent development in the analysis methods for electrochemical noise. ANN 
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is a mathematical model of simulating human neurons to process information. Though 

ANN has been established for pattern recognition, forecasting etc. since many years, the 

application in electrochemical noise has been initiated in the recent past to differentiate 

corrosion types by using multiple parameters [67]. 

Literature review shows that extensive work has gone in the field of electrochemical 

noise in the past three decades. However, except for a couple of reports such as that of 

Hladky et al [153], DOE sites, Cottis et al [110], electrochemical noise applications for 

corrosion monitoring of austenitic stainless steels in general, or in specific, about 304L 

SS in nitric acid and nuclear high level liquid waste environment is not reported. 
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CHAPTER 2 

MATERIALS AND EXPERIMENTAL DETAILS 

 

This chapter presents the chemical composition of the materials used for the various 

studies presented in the thesis. The specimen preparation, heat treatments, electrolyte 

preparation, etching procedure and microstructural evaluation and laser Raman 

spectroscopy for passive film analysis are described. The electrochemical experimental 

techniques including potentiodynamic anodic polarization and electrochemical noise 

measurements and the analysis methods associated with these studies are also explained 

in detail. 

 

2.1 Chemical composition of the materials used 

Austenitic stainless steel of AISI (American Iron and Steel Institute) type 304L SS and 

three nitrogen containing 304L SS were used for the studies presented in this thesis. 

Under Indo-Bulgarian collaboration programme, stainless steels containing  nitrogen 

content of 0.132 wt % , 0.193 wt % , and 0.406 wt %  was manufactured at Institute of 

Metal Science, Bulgarian Academy of Science and was received in as forged and  rolled 

conditions.   For convenience, the three nitrogen containing stainless steels have been 

designated as 304LN1, 304LN2, 304LN3 representing nitrogen contents of 0.132%, 

0.193% and 0.406% respectively. The suffix F and R are included in the designation to 

represent forged and rolled specimens. For instance, 304LN1F and 304LN1R represents 

304L SS containing 0.132%N under forged and rolled conditions, respectively.  
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The chemical compositions of AISI type 304L SS and the nitrogen containing 304L SS 

are given in Table 2.1.and Table 2.2. 

 

 

 

 

 

2.2 Solution preparation 

(i) Electrolyte for etching:  American  Society  for  Testing  and  Materials  (ASTM) A262 

Practice A [180] was used for studying the microstructure of specimens. For this purpose, 

10 % oxalic acid was prepared for etching of specimen for microstructural investigations. 

(ii) Elelctrolyte for electrochemical investigations by potentiodynamic anodic 

polarization and electrochemical noise: 

a) Nitric acid: 1  M,  4  M,  6  M,  8  M,  12  M concentrations  of  nitric  acid  were  prepared  

using AR grade nitric acid in double distilled water. The concentrations of nitric acid 

were chosen according to the experiment.  

Element   C         Si     Mn       Cr     Ni       Mo       S         P         Fe 

Wt % 0.029   0.41   1.66    17.45   8.97   0.46    0.028   0.031   bal 

Material C Mn Si Cr Mo Ni V N S P Al Fe 

304LN1 0.03 1.5 0.45 19 0.18 10.7 0.15 0.132 0.005 0.022 0.007 Bal 

304LN2 0.032 1.5 0.42 19 0.18 10.3 0.216 0.193 0.004 0.012 0.008 Bal 

304LN3 0.033 1.4 0.45 19   0.17 10.8 0.147 0.406 0.004 0.018 0.006 Bal 

Table 2.1 Chemical composition of 304L SS (in wt %) used for the studies 

Table 2.2 Chemical composition (in wt %) of the three nitrogen containing 304L SS 

used for the studies 
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Electrochemical noise investigations of 304L SS under solution annealed and sensitized 

microstructural conditions in nitric acid were carried out in 1 M, 4 M , 8 M, 12 M nitric 

acid medium at 298 K and in 1 M, 4 M, 8 M at 323 K. EN investigations in 12 M nitric 

acid (323 K) were not carried out owing to severe release of acid fumes. 

Potentiodynamic anodic polarization experiments using the three nitrogen containing 

stainless steels (304LN1, 304LN2, 304LN3) under forged and rolled microstructural 

conditions were carried out in 1 M, 4 M, 6 M nitric acid. As the aim of the investigation 

was to study the effect of nitrogen content on corrosion behavior of the materials in nitric 

acid medium, only three concentrations of acid was used. As the mechanism of reduction 

of nitric acid changes above 6 M concentration, potentiodynamic polarization 

experiments were not carried out above 6 M acid concentration. 

Electrochemical noise investigations of the nitrogen containing stainless steel were 

carried out at two lower concentrations (1 M, 4 M) of nitric acid and one higher 

concentration (8 M) of nitric acid. Apart from investigating the effect of nitrogen on the 

corrosion behavior of the alloys in nitric acid medium, the objective was also to 

demonstrate the three identical electrode probe in reprocessing medium, hence a higher 

concentration of nitric acid (8 M) was used instead of 6M nitric acid. 

 
b) Simulated high level waste:  The composition of simulated high level waste solution 

used for the studies is given in Table 2.3. This composition represents one of the stored 

nuclear waste solutions of natural uranium oxide (UO2) fuel used in pressurized heavy 

water reactors in India. Nitrates of the corresponding ions represented in Table 2.3 were 

taken in the required stoichiometric ratio and were dissolved in 3 M HNO3. The 
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dissolution process in nitric acid was carried out in a laboratory fume hood for safe 

handling of chemicals and nitric acid fumes.  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

c) Electrolyte for pitting corrosion studies by potentiodynamic anodic polarization:  

0.5 M NaCl was used for pitting corrosion studies of the nitrogen containing 304L SS 

(forged and hot rolled) using potentiodynamic polarization technique. Kalpakkam being a 

Elements Concentration of 

elements (g/L) 

Corresponding 

Salts  taken 

Fe 0.72 Fe(NO3)3 

Cr 0.119 CrO3 

Ni 0.107 Ni(NO3)3 

Na 5.5 NaNO2 

K 0.224 KNO3 

U 6.34 UO2  (natural U) 

Sr 0.031 Sr(NO3)3 

Zr 0.004 ZrO(NO3)2 

Ba 0.064 Ba(NO3)2 

La 0.18 La2O3 

Ce 0.06 Ce(NO3)2 

Pr 0.09 Pr6O11 

Nd 0.12 Nd2O3 

Sm 0.0855 Sm2O3 

Y 0.06 Y2O3 

Cs 0.315 CsNO3 

Table 2.3 Composition of simulated high level waste solution prepared in 3 M nitric acid 
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coastal  area,  stainless  steels  are  prone  to  pitting  corrosion  during  storage,  as  a  result  of  

salt deposition on stainless steel surface by condensation and atmospheric evaporation, 

that can lead to more corrosion. As sea water contains approximately 28 g/l of NaCl (~ 

0.5 M), investigations on pitting corrosion of the alloys in 0.5 M NaCl is of significance 

to understand the corrosion property. Hence pitting corrosion studies of the alloys were 

carried out in 0.5 M NaCl medium. 

d) Electrolyte for pitting corrosion studies by electrochemical noise: 

 A low concentration of ferric chloride solution (0.05 M FeCl3) was used for pitting 

corrosion studies of 304L SS by electrochemical noise measurements. As electrochemical 

noise experiments were carried out at open circuit conditions, austenitic stainless steels 

would necessarily remain resistant in aqueous sodium chloride solutions even for long 

exposure period. In order to accelerate the pitting process for measurement that could be 

plausible in shorter time period, the chemical potential of the electrolyte was ennobled 

using Fe3+ ions and hence ferric chloride was preferred for electrochemical noise 

investigations at open circuit potentials.  

2.3 Heat treatments  

2.3.1 Solution annealing and sensitization 

In the studies presented in the thesis, AISI type 304L SS was used under solution 

annealed and sensitized conditions for various electrochemical noise investigations in 

nitric acid and simulated HLW medium. Solution annealing was carried out at 1373 K for 

one hour, in order to obtain a homogenized microstructure. After this, the material was 

quickly cooled in water to prevent any carbide precipitate. For preparation of sensitized 

specimens, the solution annealed specimens were subjected to sensitization heat 
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treatment at 948 K for one hour, followed by air cooling, as described in ASTM practice 

A 262 [180]. 

2.3.2 Forging and rolling heat treatment 

The forged and rolled nitrogen containing 304L SS were used under as received 

condition from the Institute of Metal Science, Bulgarian Academy of Science. The 

process of forging was carried out with two transitions warming, a) 1473 K at the 

beginning of forging and b) 1243 K – 1273 K at the end of forging. Cooling was carried 

out in air. The temperatures at the beginning and end of rolling were 1423 K and 1173 K 

respectively, following which air cooling was done. Consequently, solutionising 

annealing of the alloys were carried out at 1323 K for 1 h and subsequently water 

quenched. 

2.4    Specimen preparation 

2.4.1 Specimen preparation for electrochemical potentiodynamic polarization studies 

The 304L SS and the nitrogen containing 304 L SS alloys were cut into 10 mm x 10mm x 

10mm size, and mounted in an araldite resin, mechanically ground till 1200 grit SiC 

emery paper and polished till diamond finish. After this, the samples were cleaned in 

soap solution, acetone, and distilled water. 

 

 

 

 

 Figure 2.1   Photos of mounted Specimen for polarization studies 
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Care was taken during mounting to avoid gaps between specimen and mount in order to 

prevent crevice attack during experiments. Figure 2.1 shows the specimen configuration 

used for polarization studies. These specimens were used for potentiodynamic anodic 

polarization experiments. 

2.4.2 Specimen preparation for electrochemical noise studies in nitric acid and 

simulated high level waste medium 

 The photographs of the three electrode probe used for electrochemical noise studies in 

nitric acid and simulated high level waste medium are shown in Figure 2.2.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Photos of teflon mounted three electrode probe 
for EN studies in nitric acid and simulated high level waste 
medium 
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The stainless steel alloys were lathe finished into a cylindrical shape with diameter 8mm 

and length 15 mm-25 mm. The specimens were shrink fit into a teflon mount to avoid 

gaps between mount and specimen, exposing a surface area of 0.5 cm2. The specimens 

were then mechanically ground till 1200 grit emery and further diamond polished. The 

prepared specimens were subsequently used for electrochemical noise studies in nitric 

acid, simulated HLW. 

2.4.3 Specimen preparation for electrochemical noise studies in chloride medium 

Electrochemical noise studies in chloride medium were carried out using bare electrodes, 

typical photograph is shown in Figure 2.3. The dimensions of the cylindrical specimens 

were maintained as mentioned above. The specimens were mechanically ground till 1200 

grit SiC emery papers and further polished till diamond finish on the flat surface and up 

to a height of 8 mm on the circumference. 

 

 

 

 

 

 

Since bare specimens were used, the surfaces above a certain height of the immersed area 

were sealed using teflon tape to prevent exposure to the fumes from the solution.  

Figure 2.3 photos of bare electrodes for EN studies in chloride 
medium 
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 2.5 Oxalic acid etching and microstructural evaluation 

Etching involves subjecting the surface of a metal to preferential chemical or electrolytic 

attack in order to reveal microstructural details. The austenitic stainless steel alloys used 

for various studies presented in the thesis were electrolytically etched in oxalic acid as 

per ASTM A262 [180]. Etching was carried out by immersing the specimen in 10 % 

oxalic acid under an impressed current of (1A / cm2) for 90 seconds. The specimens were 

subsequently investigated for microstructure using optical and scanning electron 

microscopy (SEM). SEM analysis was carried out using XL30 ESEM, Philips, Holland 

and elemental analysis was carried out using energy-dispersive spectroscopy (EDS) 

attached to it. Energy dispersive spectra were taken for elemental analysis on the matrix 

using selected area of 50µm x 50µm and spot analysis on the precipitate.  

2.6 Potentiodynamic anodic polarization experiments 

Electrochemical polarization techniques provide a relatively rapid means to 

experimentally determine the corrosion behavior of a metal in a given environment. 

Polarization [39,181,182] is the variation in electrode potential from the steady-state 

potential which the electrode exhibits in the absence of an external current. In 

potentiodynamic anodic polarization, the potential is changed in the anodic (or more 

positive direction) causing the working electrode to become the anode. For 

potentiodynamic experiments, the applied potential is increased with time while the 

current is constantly monitored. The current (or current density) is plotted verses the 

potential.  In the active region, the current increase with applied potential until icrit is 

reached with the maximum critical current. Following the primary passive potential 

where anodic current is minimum, corrosion current density drops to ipass and the material 
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is in the passive state. After passive region, transpassive region is reached where the 

protective  anodic  film is  damaged and  may break  down completely.  In  the  presence  of  

chloride ions, the breakdown occurs at a lower potential called the pitting potential. For 

spontaneously passivating systems such as for austenitic stainless steels in nitric acid 

medium, the active-passive transition region doesn’t appear as the material corrosion 

potential being in the passive region. A typical potentiodynamic anodic polarization 

diagram depicting various regions for austenitic stainless steels, and, in particular for 

AISI type 304L SS in various conditions of nitric acid medium in a reprocessing plant, is 

given in Figure 2.4. 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Potentiodynamic anodic polarization curve in nitric acid 
medium depicting various conditions in reprocessing plant 
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In the present study, potentiodynamic anodic polarization experiments were carried out 

according to the procedure described in ASTM G5 [60].   

 

 

 

 

 

 

 

 

 

 

The   polarization  cell  is  a  standard  round  bottom  borosilicate  flask  which  holds  the  

electrolyte solution, and  is provided with necks that can be used to insert a reference 

electrode, two platinum auxillary (or counter electrodes), and the specimen (or working 

electrode) of interest, gas inlet and outlet, thermometer. A representation of the cell is 

shown in Figure 2.5. Autolab PGSTAT 30 (Ecochemie make, The Netherlands) was used 

to carry out the potentiodynamic anodic polarization studies. For the measurements, the 

working electrode was connected to the working electrode cable of Autolab PGSTAT 30, 

two platinum auxillary electrodes were shorted and connected to the counter electrode 

Figure 2.5   Schematic representation of polarization cell (ASTM G5) [ 60] 
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cable of the potentiostat. A calomel reference electrode was connected to the reference 

electrode of the potentiostat. A luggin probe and salt bridge was used to connect the 

reference electrode to the electrochemical cell. The luggin probe-salt bridge separates the 

bulk solution from the saturated calomel reference electrode, and the probe tip can be 

easily adjusted to bring it in close proximity with the working electrode.  

2.6.1 Potentiodynamic anodic polarization in nitric acid medium and simulated HLW 

The prepared specimens were immersed in the appropriate electrolyte for 30 minutes at 

open circuit potential (OCP) and subsequently subjected to potentiodynamic anodic 

polarization from a potential of 250 mV(SCE) below OCP, at ambient temperature 

(298K) and elevated temperatures (323K), where required. The potential was measured 

with  respect  to  saturated  calomel  electrode  (SCE)  and  applied  at  a  scan  rate  of  10  

mV/min. The anodic polarization was carried out until the transpassive potential was 

reached. The experiments were repeated three times to check for reproducibility. From 

the polarization curves, electrochemical parameters such as corrosion potential (E corr), 

passivation current density (ipas), passive range, transpassive potential were determined. 

The passive range was taken from a potential noble to OCP, till transpassive potential. 

The potential at which current monotonically increased beyond passive range was 

inferred as transpassive potential [39]. 

2.6.2 Pitting corrosion studies in 0.5 M NaCl 

For pitting corrosion studies, the specimens were immersed in 0.5 M NaCl, which was 

continuously purged with purified Argon gas for 30 minutes. Subsequently, 

potentiodynamic anodic polarization experiments was conducted under continuous argon 

gas purging from a potential of  250 mV(SCE) below open circuit potential at a scan rate 
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of 10 mV/min. The anodic polarization was carried out until the potential was reached, 

where monotonic increase in current beyond 25 A was attained, after a stable passive 

region. Potential at which the anodic current monotonically increased beyond the passive 

region was inferred as pitting potential [28, 39, 181, 182]. 

 
2.6.3 Double loop electrochemical potentiokinetic reactivation (DL-EPR) test  

Double loop electrochemical potentiokinetic reactivation [30, 183,184,185,186] (DL-

EPR) tests were conducted to measure the degree of sensitization (DOS) in 304L SS 

which was given sensitization heat treatment. DL-EPR test was conducted in 0.5M 

H2SO4 + 0.01M KSCN, and solution temperature was maintained at 30o C. Dry, oxygen 

free argon gas was purged for one hour. The mounted specimen was immersed in the 

solution and the OCP was observed for 1h of immersion. Subsequently, the 

electrochemical potential was varied from open circuit potential to +300 mV (SCE) and 

then  back  to  the  open  circuit  potential  at  a  scan  rate  of  1.67  mV/s.  The  degree  of  

sensitization (DOS) was calculated as  

100%
a

r

i
iDOS                                                                                                 (1)  

where    ir  is the reactivation current and ia is the activation current. 

 
2.7 Passive film analysis by Laser Raman Spectroscopy 

2.7.1 Potentiostatic anodic polarization 

Potentiostatic anodic polarization experiments were carried out on the three nitrogen 

containing stainless steels in 1M, 4M, 8M nitric acid and simulated HLW for one hour of 

immersion, at passivation potentials derived from the potentiodynamic anodic 
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polarization curves, in order to grow the passive film. The specimens were used for 

passive film analysis by laser Raman spectroscopy [187]. 

2.7.2 Laser Raman Spectroscopy (LRS) 

LRS experiments were performed on the passive films formed on the surface of the three 

nitrogen containing type 304L SS specimens using a HR 800 (Jobin Yvon) Raman 

spectrometer equipped with 1800 grooves/mm holographic grating. For all the Raman 

measurements at room temperature, the specimens were placed under an Olympus 

BXFM-ILHS optical microscope mounted at the entrance of the Raman spectrograph. 

Ar+ laser of 488 nm was used as an excitation source. The laser spot size of 3 m 

diameter was focused tightly on the sample surface using a diffraction limited 10x (NA = 

0.25)  long  distance  objective.  The  laser  power  at  the  sample  was    10  mW.  The  slit  

width  of  the  monochromator  was  400  m.  The  back  scattered  Raman  spectra  were  

recorded using super cooled (<-110 C) 1024 x 256 pixels charge-coupled device (CCD) 

detector, over the range 80 cm-1 to 2000 cm-1 with  5s exposure time and 20 CCD 

accumulations. All the spectra were baseline corrected and normalized.  

2.8 Electrochemical noise measurements 

The electrochemical noise measurements were carried out using three nominally identical 

electrode (identical in composition, dimension, surface finish, microstructure) 

configurations made of the material under investigation and designed as mentioned in the 

specimen preparation section 2.4.2 and 2.4.3, for carrying out studies in nitric acid, 

simulated HLW and ferric chloride medium . Figure 2.6 represents the three identical 

electrode configuration used for EN measurements. A multichannel electrochemical noise 

system, Autolab PGSTAT 30 custom built with a low noise module and a data 
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management system (Ecochemie make, The Netherlands), was used for carrying out the 

experiments. The three identical electrodes, two of them that served as working 

electrodes (WE1 and WE2) and one as reference electrode (RE), were immersed in the 

electrolyte of interest.  

 

 

 

 

 

 

 

 

The cell assembly was placed in a Faraday cage to minimize any external influences such 

as electromagnetic and instrumental noise. The connections from the electrodes of the 

cell to the Autolab instrument were made as given in Figure 2.7. The Autolab instrument 

measurement circuit measures the current noise between two identical working electrodes 

which are coupled through a zero resistance ammeter (ZRA) that keeps the working 

electrodes at the same corrosion potential. The potential noise of the coupled working 

electrodes is measured against the reference electrode (RE). As the reference electrode 

Figure 2.6 Schematic representation of the EN cell using three identical 

electrode configuration 
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used  is  made  of  the  same  material  as  that  of  the  working  electrodes,  it  is  called  a  

pseudoreference electrode [49].  

 

 

 

 

 

 

 

 

 

Simultaneous  acquisition  of  current  and  potential  noise  was  carried  out  with  respect  to  

time, under freely corroding condition. A sampling interval of 0.5s was chosen over 8192 

consecutive data points. The frequency domain corresponding to the sampling conditions 

(0.5s) was evaluated to be between 1Hz (fmax) and 0.2 mHz (fmin),  from  fmax = 1/2 t 

where t is the sampling interval and fmin = 1/N t where N is the total number of data 

points. To avoid aliasing [46], Autolab PGSTAT 30 (built in with a noise module) uses a 

low pass filter with a cut off of 1 kHz at the input stage. Further, the ADC module 

samples the signals with the highest possible sampling rate, which is typically about 50 

kHz. 

Figure 2.7 Schematic of the connections between EN cell and instrument 

WE-1 : working electrode 1  WE-2 : working electrode 2 

WE-1 WE-2 

Pseudo-RE 

EN Cell electrolyte 

Autolab 

PGSTAT 30 

GND 
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While the data is being acquired, the A/D values obtained are averaged and an average 

value is provided in the data at each time interval. As frequencies above Nyquist 

frequency is cut off before the A/D conversion, aliasing is avoided. Similar procedure has 

been explained by Bastos et al [62] as an effective method to avoid aliasing. Figure 2.8 

shows the photograph of the experimental set up used for the electrochemical studies. 

2.8.1 Data treatment and analysis 

In the various studies presented in the thesis, the acquired current and potential noises 

were detrended by linear fit method [46, 65, 74, 110] in order to remove the DC drift. 

Figure 2.8 Photograph of the experimental set up 
for the electrochemical studies  

Faraday cage 
EN cell 

Polarization cell 

Autolab PGSTAT 30 

Data analysis and 
management PC system 
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Typical plots of potential noise before and after trend removal is represented in Figure 

2.9.  

 

 

 

 

 

 

 

 

 

Trend removal was carried out for every time record of the potential and current noise. It 

was found that the data after trend removal had the mean of potential and current noise 

around zero. Detrended EN data was subsequently used for all analysis. 

2.8.1.1 Correction for potential noise from pseudoreference electrode 

Since the reference electrode used is also identical to the working electrodes (WE1 and 

WE2, maintained at the same corrosion potential), there are two sources contributing to 

the  potential  noise  signal,  say  v1 and  v2, where v1 is the potential noise signal from the 

working electrode pair and v2 is the potential noise signal from the reference electrode. 

Since they are identical electrodes in the same environment, the measured potential noise 

Figure 2.9 Typical plots of potential noise before and after trend removal 
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signal was divided by 2  to correct for the noise generated by the pseudoreference 

electrode. The corrected potential noise was used for all analysis.  

2
2

2
1)( vvmeasuredV     

and as v1 = v2,   

2
12)( vmeasuredV  

21 measuredvV
 

The correction factor is applied based on the assumption that the noise contribution from 

the reference electrode is similar to the coupled electrodes, for identical electrodes in 

identical environment. This method has been discussed by Dawson [44] and Reichert 

[188] for potential noise corrections for three identical electrode systems. However, in 

practical situations, microscopic differences in the electrodes (microstructure, surface 

finish etc) may result in variations in the noise contributions. This aspect has not been 

considered in the studies presented in the thesis. In recent literature, Bertocci et al [189] 

have introduced correction for potential noise taking into consideration the variation in 

the noise generated by the reference electrode. Such variations in potential noise 

contributions from the pseudo-reference electrode will be considered in future studies. 

 
 
2.8.1.2 Data Analysis 

A scheme of the data analysis methods used in the various studies presented in the thesis 

is summarized in Figure 2.10. The corrected EN time records after trend removal and 

potential noise corrections were visually examined to look for distinct signatures of 
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various corrosion processes. Further, the corrected data was analysed by statistical [49, 

46], spectral [49, 44, 96], wavelet [113-117] and shot noise [109-111] methods to derive 

parameters  which  were  used  to  correlate  corrosion  mechanism  and  the  extent  of  

corrosion. 

 

 

 

 

 

 

 

 

 

 

 

 Statistical evaluation of the time records were carried out to derive parameters such 

as (i) standard deviation, (ii)  localization index, (iii) skewness, (iv) kurtosis, which were 

used to derive information on the corrosion mechanism while (v) noise resistance was 

used to obtain the extent of corrosion or corrosion activity.  

Figure 2.10 A scheme of the data analysis methods used for the 
various electrochemical noise studies 
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 Power spectral density plots The EN time records were converted into power spectral 

plots by using FFT method, prior to which a hanning widowing function was used. 

Power spectral density plots (PSD) were obtained from the detrended time records by 

initially applying a Hann window and subsequently performing an FFT.  Since the 

quantity of interest is the noise content, the mean of the data was subtracted from all the 

data points. The mean-subtracted data were subjected to windowing.  For the windowing 

purpose, Hann function has been used. The smooth variation of the window function 

ensures that there are no abrupt spikes in the frequency domain after performing the FFT 

of the windowed data.    The FFT of the resultant data was used to construct the PSD. 

The  power  spectral  density  of  the  data  was  obtained  as  the  absolute  square  of  the  

amplitudes in the frequency-representation given by the FFT.  

The following parameters were evaluated from the power spectral density plots. 

i. Roll off slopes for deriving mechanistic information. 

The power spectral density (PSD) plots show the following frequency dependency  

log PSD = m + n log f, where m is the magnitude of PSD expressed as log V2Hz-1 and log 

A2Hz-1 for the potential and current noise respectively, it is the intercept of potential or 

current PSD plot at frequency = 1Hz, and n is the slope of the PSD plot called the roll  - 

off slope.                                                  

ii. Power spectral density values of current and potential noise were used for computing 

spectral noise impedance data. The low frequency values were used for computing 

spectral noise resistance, which were used to derive information on the corrosion 

activity. 
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 Parameters such as characteristic frequency, cumulative probability were derived from 

the shot noise theory for deriving mechanistic information. 

 Energy distribution plots [113-117] (EDP) were obtained from wavelet analysis to 

understand the various processes occurring on the material surface as corrosion 

progressed. In the studies presented in the thesis, orthogonal wavelet transform (OWT) 

which is a classical version of DWT, was used to analyze current noise. In this work, the 

decomposition of the signal was carried out at level eight by orthogonal Daubechies 

wavelet  of  the  fourth  order  (db4).  The  results  of  the  wavelet  transform  can  be  

represented using the energy distribution (ED) of the crystals. 

 
The energy E of a signal (time record), xn, containing N number of data points, is given      

by  
N

n
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The fraction of energy of each crystal is given by 
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The property of the orthogonal is that the energy of the analyzed signal Xn is equal to the 

sum of the energies of all the components obtained by the wavelet transform. As the 

wavelet chosen is orthogonal, the following equation is satisfied. 
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ED is a function of the energy of the crystal and does not have unit. The plot of ED Vs 

corresponding crystal name is called energy distribution plots or EDP. It gives the 

contribution of every crystal to the original signal. 
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CHAPTER 3 

 ELECTROCHEMICAL NOISE MONITORING DURING PITTING CORROSION OF 304L SS 

 

The chapter presents the results of the investigations carried out on the electrochemical 

noise monitoring during pitting corrosion of 304L SS in 0.05 M FeCl3. Electrochemical 

current and potential noise was simultaneously acquired from 304L SS in 0.05 M FeCl3 

using a three electrode configuration. Power spectral, statistical and wavelet analysis have 

been used to know the uniqueness of the parameters proposed for the identification of 

various types of corrosion process. The results indicated that the roll off slopes derived 

from power spectral analysis and statistical parameters such as standard deviation, 

localization index and kurtosis corroborated with pitting as the corrosion mechanism. 

Energy distribution plots (EDP) obtained from wavelet analysis of current noise was 

found to be useful to derive mechanistic information on the progress of corrosion. 

Discrete wavelet transform was used to decompose the signals into D1,  D2,  D3…D8,  S8 

set  of  coefficients.  The  EDP  showed  that  the  contribution  from  the  medium  time  scale  

crystal,  D5 prevailed over the smaller time scale crystals and larger time scale crystals 

during the initial stages of immersion. With increase in time of immersion, the energy 

deposition on the larger time scale crystals increased and the maximum energy was 

concentrated on the D8 crystals indicating that the dominant process occurring on the 

specimen  surface  was  stable  pitting.  The  results  of  the  investigation  are  detailed  in  the  

chapter. 
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3.1 Introduction 

Pitting is a form of localized attack that results in cavities or holes in the metal surface 

with  diameter  about  the  same  or  less  than  the  depth.  It  is  one  of  the  most  destructive  

forms of corrosion and causes equipment failure because of perforation, with only a small 

percent weight loss of the entire structure, and failures occur with extreme suddenness. 

The detection and quantitative estimation of pitting is difficult and sometimes it may take 

several months or years to show up in actual service.  Conventional corrosion monitoring 

techniques has been successfully applied to monitor uniform corrosion, but, localized 

corrosion detection remains a challenge. Electrochemical noise signals emerging from 

corrosion process gives instantaneous response to localized attacks and hence could be 

exploited to detect and map the event. The time dependant fluctuation of current and 

potential during corrosion process have been used to indicate the type of attack and the 

rate. For uniform corrosion, the methods of noise analysis using noise resistance and 

impedance are quite well established, however their application is limited for localized 

corrosion. Electrochemical noise parameters have been deduced by various investigators 

to understand localized corrosion [49]. Some of the methods that are proposed in 

literature for monitoring pitting corrosion utilize power spectrum [44, 49, 50, 74, 96, 148] 

statistical parameters such as skewness, kurtosis [190, 191, 192]  localization index [49, 

82] estimation of the intensity of characteristic transient occurrence in voltage or current 

records [193] , shot noise parameters [109] , wavelet [113, 115,116,194]  and chaotic 

analysis. 

The presence of chloride ions in reprocessing medium or high level waste, by ingress of 

chloride from the water or acid used for the preparation of the process medium, is 
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detrimental. This is mainly because the adsorption and penetration of these ions through 

the protective passive film on the surface of 304L SS, could lead to local breakdown of 

passive film, promoting the formation of pits, the propagation and growth of which is 

catastrophic. The objective of the study is to obtain electrochemical noise data using the 

three identical electrode probe made of 304L SS, and derive mechanistic information of 

the processes occurring on the material surface exposed to environments, conducive for 

pitting to occur. Three identical cylindrical 304L SS bare electrodes were immersed in 

0.05 M FeCl3 under ambient conditions and electrochemical current and potential noise 

were acquired under freely corroding conditions for 25 h of immersion. The acquired 

current and potential noise time records were analyzed by visual examination, statistical, 

spectral and wavelet methods to derive parameters that could be correlated to corrosion 

mechanism. The chapter presents the results of electrochemical noise monitoring of 304L 

SS during pitting corrosion in 0.05 M FeCl3 medium, under freely corroding conditions. 

 

 
3.2 Electrochemical noise monitoring during pitting corrosion of 304L stainless steel 

3.2.1 Time domain and power spectra 

The electrochemical current and potential noise – time records for AISI type 304L SS in 

0.05 M FeCl3 is given in Figure 3.1 (a-e). It was observed that during the initial stages of 

immersion, the current and potential noise showed random high amplitude fluctuations 

which are generally indicative of localized corrosion [110, 195]. With further immersion 

time, the random potential and current fluctuations started becoming more distinct. After 

25 h of immersion, distinct current and potential fluctuation appeared in the time record. 

For almost every potential drop, a corresponding current spike was observed.  
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Figure 3.1 Electrochemical current and potential noise-time records taken 
after a) 1 h b) 10 h c) 14 h d) 23 h e) 25 h of immersion 

a) b) 

c) d) 

e) 
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The potential fluctuations were characterized by a sudden fall and a sudden exponential 

rise  and  the  current  transients  showed  a  sudden  rise  and  fall.  The  current  rise  was  

accompanied by a drop in potential till a local minimum was attained, which corresponds 

to the repassivation point, after which the potential recovery occurred. The potential 

recovery does not result from repassivation, as no current flows to the pitted surface 

during potential recovery. The exponential recovery could be attributed to recharging of 

double layer [44, 196, 197, 198]. During initiation and propagation of pitting corrosion, 

metal dissolution and hence electron flow occurs from the pit site to the external metal 

surface, and these electrons get charged within the passive film and double layer. 

Subsequently, cathodic consumption of these electrons occurs over the entire surface 

giving rise to the exponential recovery [198]. These transients showed typical features of 

pitting attack. It has been reported that potential noise associated with pitting corrosion 

initiation is characterized by a series of sharp decrease of the electrode potential followed 

by potential recovery [59, 199].  

Typical power spectral density (PSD) plots of potential and current noise taken after 1 h, 

25 h of immersion of 304L SS in 0.05 M FeCl3 are represented in Figure 3.2 (a-d). The 

PSD of potential and current noise is found to exhibit 1/f n variation. The power spectral 

density decreased with increase in frequency, which could be attributed to localized 

corrosion. Many investigators have fitted PSD of electrochemical noise during localized 

corrosion on a logarithmic scale by a 1/f n function, and used PSD roll-off slope to 

determine the type of corrosion [56, 57, 102, 103, 200]. Roll off slopes in the range of -2 

to -4 has been associated with pitting corrosion [108, 138, 201].  However, discrepancy 

exists among some researchers on the use of roll of slope for deriving corrosion 
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mechanism. Dawson et al. [56, 202] have reported small roll-off slope for pitting (-2 and 

less) and steep slopes of - 4 for general corrosion.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 PSD of potential and current noise with time of 
immersion a & c) 1 h, b & d) 25 h 

a) 

c) d) 

b) 
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The PSD roll off slope derived from these plots, as the slope of the 1 / f n noise, is given 

in Table 3.1.   

 

 

 

 

 

 

 

 

 

 

 

The PSD roll off slopes of potential noise was found to be around -4, and that for current 

noise was around -2, which could be attributed to pitting as the mode of attack, 

throughout the immersion period. Optical micrograph as represented in Figure 3.3 which 

was taken after electrochemical noise experiment, showed pitting attack. 

 

 

 

 

 

 

 

 

S No 
Number of hours of 

immersion of 304L SS 
in 0.05 M FeCl3 

Roll of slope of 
PSD of potential 

noise 

Roll off slope of 
PSD of current 

noise 
1 1 -3.6 -1.8 

2 6 -4 -2.0 

3 10 -4 -2.2 

4 14 -4 -2.7 

5 23 -4 -2.1 

6 25 -4 -2 

 
Table 3.1 PSD roll off slopes derived from power spectral density plots 

Figure 3.3 Optical micrograph of 304L SS 
after electrochemical noise experiment 
showing pitting attack (after 25 h of 
immersion) 
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3.2.2 Statistical analysis 

The standard deviation of potential noise was evaluated from the electrochemical noise – 

time record using Equation (1.3). Figure 3.4 shows the standard deviation of potential 

noise as a function of time of immersion. The standard deviation of potential noise was 

found to be increasing with time of immersion showing increase in the rate of pitting 

attack as corrosion progressed. The localization index (LI) for 304L SS in 0.05 M FeCl3 

was evaluated from the acquired electrochemical noise data (without detrending) using 

Equation (1.4) and was found to be in the range of 0.7 and 1 throughout the course of 

immersion. Localization index of 0.1 to 1 has been attributed to pitting corrosion [108] 

and hence the mechanism of corrosion of 304L SS in 0.05 M FeCl3 could be attributed to 

pitting attack. A graph of LI vs time of immersion is shown in Figure 3.5. LI has been 

used by several investigators for determining corrosion types [82, 21, 203, 204, 205, 

206].  These investigators have used raw noise data to determine LI and arrived at 

corrosion mechanisms. However, discrepancy exists between various investigators on the 

data treatment and interpretations using LI. Since the mean of the detrended noise data 

( ix ), would be negligible, the standard deviation ( i  )  and  root  mean  square  current  

noise ( rmsi ) would converge to the same value and hence, mathematically, the 

localization index evaluated from detrended data would be unity, irrespective of the 

corrosion type. Cottis [46] opined that LI for identification of localization of corrosion is 

unduly influenced by the mean current and hence less reliable. Mansfeld [72] obtained 

extreme values of LI of 0 and 1 for uniform corrosion of mild steel and passive behavior 

of titanium respectively. The author demonstrated that LI = 0 for systems for which the 

individual data shows only small deviation from the mean and LI=1 for large deviations 
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and concluded that LI should be used to define the distribution of data around mean and 

not as an indicator of corrosion mechanism. The author further demonstrated that for 

trend removed data, LI is unity.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Localization index for 304L SS in 0.05 M FeCl3 as a function 
of time of immersion 

Figure 3.4 Standard deviation of potential noise as a function of time 
of immersion, for 304L SS in 0.05 M FeCl3  
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Statistical parameters such as kurtosis and skewness have also been reported to indicate 

corrosion mechanism [46, 92, 95, 195, 207]. Skewness of a Gaussian distribution is zero. 

A positive value of skewness indicates a tail in the positive direction and negative value 

indicates a tail in the negative direction. Kurtosis gives a measure if the data is peaked or 

flat compared to Gaussian distribution. Kurtosis of a Gaussian or normal distribution is 3 

and higher values indicate more sharply peaked distribution than a normal distribution 

and kurtosis less than 3 indicates flat topped distribution. Noise generated from uniform 

corrosion follows a Gaussian or normal distribution and localized corrosion leads to 

deviation from a normal distribution and can be determined from kurtosis and skewness. 

Eden and Reid et al [92, 95, 192] have  reported  skewness  and  kurtosis  analysis  of  

potential and current signals for identifying corrosion mechanism and values have been 

tabulated for general and localized (pitting, stress corrosion cracking) corrosion. Values 

of kurtosis greater than 3 have been associated with pitting corrosion. In the present 

investigation, the kurtosis and skewness of the acquired current and potential noise were 

computed over 8192 samples. The standard errors of kurtosis for 8192 samples is (24/N) 

= 0.054 and that for skewness is (6/N) = 0.027. The kurtosis of potential noise for 304L 

SS in 0.05 M FeCl3, computed from Equation (1.7), was evaluated to be ranging from 3 

to 4, and that for current noise was between 2 to 8. Hence, it could be attributed to pitting 

as the mode of corrosion attack. The kurtosis of potential and current noise is found to be 

significantly larger than the standard error and is clearly positive and depicts a peaked 

distribution.  A graph  of  kurtosis  of  potential  and  current  noise  as  a  function  of  time of  

immersion is shown in Figure 3.6. From the kurtosis values, it has been observed that the 

material surface is undergoing pitting attack throughout the immersion period. 
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The skewness of current and potential noise evaluated from Equation (1.8) was found to 

be close to zero. The skewness values are not significant to derive useful information 

about the mode of localized attack. It is reported that unidirectional transients will  

Figure 3.6 Kurtosis of potential and current noise for 304L SS in 0.05 M FeCl3  
with time of immersion 
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produce a skewed distribution, together with a positive kurtosis and bidirectional 

transients, tend to give zero skew, but the kurtosis will remain positive [117]. In addition, 

the distribution of current and potential values will tend toward a normal distribution for 

larger number of transients in which case skew and normalized kurtosis will tend toward 

zero. Figure 3.7 represents graph of skewness of the noise data as a function of time of 

immersion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 Skewness of potential and current noise for 304L SS in 
0.05 M FeCl3 with time of immersion 
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3.2.3  Wavelet analysis 

A typical  representation  of  an  eight  level  decomposition  of  the  electrochemical  current  

noise - time record taken 14 h after immersion using orthogonal wavelet transform is 

shown in Figure 3.8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Typical representation of coefficients obtained by wavelet 
transform of the current noise time record taken 14 h after immersion. 

Time, s 



99 
 

The scale range calculated using Equation (1.18) for an eight level decomposition is 

given in Table 3.2.  

 
 

 

  

 

 

The energy distribution plots (EDP) are shown in Figure 3.9 (a-e). According to literature 

reports [115, 116, 194] the position of the maximum relative energy distribution of a 

crystal corresponds to dominant process contributing to the signal. The time scale of 

crystal is ranked as D1< D2 < D3< D4< D5 < D6 < D7 < D8 (as shown in Table 3.2). For 

an eight level decomposition, EDP can be divided into three zones. The relative energy 

distribution concentrated on smaller time scale crystals, D1-D3, gives information about 

rapid events such as metastable pitting, D3-D6 of medium time scale is associated with 

repassivation  /  propagation  of  pits  and  the  large  time  scale  D6-D8  crystal,  gives  

information on diffusion or growth of pits [170, 208, 209, 210, 211, 212]. Using Equation 

1.18, the scale range corresponding to D1-D3 was found to be ranging from 0.5-4 s, and 

that for D3-D6 and D6-D8 was found to be ranging from 4s-32s and 16s-128s 

respectively. ED plot for the initial one hour immersion is shown in Figure 3.9 a. From 

the figure, it is observed that the relative energy is defined on crystals D2, D3, D4, D5, 

D6, D7, D8 and the maximum contribution is on D5. The figure shows that the energy 

Crystal 

name 
D1 D2 D3 D4 D5 D6 D7 D8 

Scale 

range(s) 
0.5-1 1-2 2-4 4-8 8-16 16-32 32-64 64-128 

Table 3.2 Scale range for j=8, t = 0.5 
s 
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contribution on D2, D3, D4 are 4%, 8%, 14% and that on D6, D7, D8 are 16%,14%,12% 

respectively. The maximum energy is deposited on D5 crystal which is around 19% of 

the total energy.  

 

 

 

 

 

 

 

 

 

 

It could be inferred that during the initial immersion period three processes are occurring 

on the specimen surface, 1) small time scale process attributed to metastable pitting, 2) 

medium time scale process attributed to propagation and repassivation of pits and 3) large 

time scale process attributed to growth and stable pitting. Since the maximum energy is 

concentrated on D5 crystal it could be inferred that the predominant process occurring on 

the specimen surface is propagation/repassivation of pits.  

The ED plots after 10 h and 14 h immersion shows energy distribution concentrated on 

D4, D5, D6, D7, D8 with the contribution of Dj increasing with j, from D4 to D8. The 

energy  distribution  on  the  small  time scale  crystals,  D1-D3,  ranging  from 0.5s  to  4s,  is  

negligible showing the absence of metastable pitting.  It is observed that the energy 

Figure 3.9 a) EDP of current noise after 1h of immersion 

Stable pitting 

Predominant process: Propagation 
and repassivation of pits 

Metastable pitting 
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distribution on the larger time scale crystals, D6-D8, has prevailed over the medium time 

scale crystals (D4, D5).  The scale range for D6-D8 varies from 16s-128s, which is 

associated  with  diffusion  or  growth  of  pits  (stable  pitting).  Among  the  two  processes  

occurring on the specimen surface which could be attributed to propagation/repassivation 

of pits and stable pitting, the dominant process is stable pitting.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 c) EDP of current noise after 14h of immersion 

Predominant process: stable pitting 

Propagation and repassivation of pits 

No metastable pitting 

Figure 3.9 b) EDP of current noise after 10h of immersion 

Predominant process: stable pitting 

Propagation and repassivation of pits 

No metastable pitting 
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With further immersion, it is found that the energy concentration on D1-D3 is negligible, 

and that on D4, D5 has decreased. Most of the energy is concentrated on D6-D8 with 

maximum deposition on D8 crystal. It could be concluded that, during initial stages of 

immersion of the specimen in ferric chloride medium, the surface was undergoing 

metastable pitting, propagation/repassivation of pits and stable pitting. With time of 

immersion, it is seen that the relative energy on the small time scale (D1 – D3) continues 

to  be  negligible  in  the  absence  of  metastable  pitting  and  the  energy  contribution  on  

medium time scale crystal (D4-D5) too is diminishing indicating that the 

propagation/repassivation events have got suppressed. Most of the energy is accumulated 

on the large time scale crystals, D6-D8, the contribution increasing with j and maximum 

concentration is in the D8 crystal which indicates that the dominant process occurring on 

the specimen surface is stable pitting.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 d) EDP of current noise after 23 h of immersion 

Predominant process: stable pitting 

Propagation and repassivation of pits 

No metastable pitting 
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Time domain and power spectral analysis provided information on the corrosion 

phenomenon as a whole and the corrosion process was deduced to be pitting. From 

wavelet analysis, it was possible to infer mechanistic information about the various 

contributing  corrosion  processes  occurring  at  every  stage  of  corrosion  of  the  specimen.  

The evolution of pitting process from metastable and propagation/repassivation to stable 

pitting could be well depicted by wavelet analysis. 

 
3.3 Conclusions 

The following conclusions were arrived from the electrochemical noise monitoring of 

304L SS in 0.05 M FeCl3:  

The potential and current time record showed high amplitude fluctuations during the 

initial stages of immersion which is indicative of pitting attack. The random high 

amplitude fluctuations became more defined as corrosion progressed, and distinct 

potential and current spikes were obtained, which were indicative of pitting corrosion. 

Figure 3.9 e) EDP of current noise after 25h of immersion 

Predominant process: stable pitting 

Propagation and repassivation of pits 

No metastable pitting 
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The corresponding power spectral plots exhibited 1/fn variation and the roll off slope 

corroborated with pitting attack. Statistical evaluation of the time record was carried out 

and parameters such as localization index, standard deviation of potential noise as well as 

the kurtosis of potential and current noise corroborated with pitting corrosion. However, 

useful information on the corrosion mechanism could not be obtained from the skewness. 

Energy distribution plots obtained from wavelet analysis was found to provide useful 

information on the mode of pitting attack. During initial stages of immersion, metastable 

pitting, propagation and repassivation of pits and stable pitting occurred on the specimen 

surface, the dominant process being propagation and repassivation of pits. With time of 

immersion, metastable pitting was completely absent and propagation/repassivation of 

pits got suppressed and the corrosion mechanism comprised of stable pitting as most 

predominantly occurring on the specimen surface. Although EN time domain and power 

spectral analysis provided an insight on the corrosion mechanism as a whole, wavelet 

analysis provided intrinsic details on the processes occurring on the specimen surface as 

corrosion progressed. 
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CHAPTER 4 
 

                                                    ELECTROCHEMICAL NOISE MONITORING OF 304L SS IN NITRIC ACID  

                                                                                 AND SIMULATED NUCLEAR HIGH LEVEL WASTE MEDIUM 
 

The chapter demonstrates the application of electrochemical noise resistance (a parameter 

derived from the EN-time records) as a monitoring tool to reflect the corrosion activity of 

304L SS in various environments, simulating reprocessing and waste storage conditions 

during the monitoring period. Electrochemical noise signals were acquired from AISI 

type 304L SS under solution annealed and sensitized microstructural conditions, in nitric 

acid medium of varying concentration (4 M, 8 M, 12 M) and temperature (298 K, 323 K) 

and in simulated HLW,  under naturally corroding conditions, with respect to time of 

immersion. Double loop electrochemical potentiokinetic reactivation test was conducted 

to assess the degree of sensitization. EN records revealed passivation process during the 

monitoring period, under all conditions studied, except for the sensitized specimen in 4 M 

nitric acid (323 K) which showed localized attack. The results showed an inverse relation 

between EN resistance and corrosion activity. An increase in nitric acid concentration 

and temperature resulted in increase in corrosion activity. A profound increase in 

corrosion activity occurred for the sensitized specimen in nitric acid when compared to 

the solution annealed specimen, but the increase was marginal in simulated HLW. The 

results are detailed in the chapter. 
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4.1 Introduction 

 
In the interest to develop electrochemical noise probes for corrosion monitoring in 

nuclear reprocessing and waste storage applications, laboratory scale EN monitoring 

experiments were carried out on AISI type 304L SS in nitric acid and simulated high 

level waste (HLW) environments by simulating plant conditions. Type 304L SS exhibits 

excellent corrosion resistance in nitric acid medium owing to the spontaneous formation 

of protective Cr2O3 passive film. But at nitric acid concentrations above 8 M and elevated 

temperatures, the corrosion potential of 304L SS approaches the transpassive region, 

where the stable and insoluble Cr2O3 passive film transforms to soluble Cr2O7
2- rendering 

the steel to the external environment [13]. The concentration of nitric acid in HLW 

ranges from 1 M - 5 M acid, which maintains the corrosion potential of the steel in the 

passive region and hence passivates and protects 304L SS. However, the dynamic and 

complex chemistry combined with the radioactive heat generated in HLW can ennoble 

the corrosion potential, leading to corrosion initiation during long term storage. In nuclear 

waste tank infrastructure, problems of sensitization can occur in the heat affected zones 

near welds of thick components, at the time of fabrication. This could lead to corrosion 

problems in the sensitized zones, during long term exposure to nitric acid and HLW 

medium and hence requires corrosion monitoring. The corrosion property of 304L SS in 

nitric acid medium has been studied by various electrochemical investigations, but 

literature reports on electrochemical noise (EN) studies of such system is scanty. Except 

for the reports from the DOE sites [51-53] (explained in chapter 1), EN monitoring of 

304L SS in nuclear waste medium is not reported. Among the various techniques 
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implemented  in  the  waste  tanks  of  the  DOE  sites,  EN  was  found  to  give  real  time  

indication of the localized corrosion (pitting and SCC) in these tanks.  

The need for corrosion monitoring in nuclear reprocessing and waste storage plants 

entails the implementation of suitable corrosion monitoring technique to give real time 

indication of the changes occurring in the plant conditions. The objective of the present 

work is to acquire electrochemical noise signals from the three identical electrode EN 

probe made of AISI type 304L SS under various microstructural conditions (solution 

annealed and sensitized). The electrolyte was nitric acid medium of varying concentration 

(4 M, 8 M, 12 M) and temperature (298 K, 323 K), and in simulated HLW,  under 

naturally corroding conditions, with respect to time of immersion. Information on the 

corrosion processes as well as on the corrosion activity was derived, so as to understand 

similar phenomenon occurring in reprocessing and waste storage plants during 

monitoring. The current chapter demonstrates the usefulness of electrochemical noise-

time records to depict the corrosion mechanism and the application of electrochemical 

noise resistance (a parameter derived from statistical evaluation of the EN time records) 

as a monitoring tool to reflect the corrosion activity of 304L SS in various environments, 

simulating nuclear reprocessing and waste storage conditions during the monitoring 

period. 

 
 
4.2 Microstructure evaluation and DL-EPR test 

The optical micrographs of the specimens used for electrochemical noise investigation 

are shown in Figure 4.1, These are classified as step microstructure for the solution 
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annealed 304L SS specimen and ditch microstructure for the sensitized 304L SS 

specimen, as per ASTM A 262 [180].  

 
 

 

 

 

 

 

 

 
 

 
The DL-EPR test plot for the sensitized 304L SS is given in Figure 4.2. For the solution 

annealed specimen, the %  DOS was found to be 0.02% and that for the sensitized 

specimen was found to be 11.74 %. 

 

 

 

 

 

 

 

 

 

Figure 4.1 Optical micrograph of 304 L SS used for EN measurements 

after oxalic acid etching a) solution annealed b) sensitized 

a) b) 

Figure 4.2   DL-EPR test plots for 304L SS: a) solution annealed,  
b) sensitized 

a) b) 
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4.3 Electrochemical noise monitoring of 304L SS in nitric acid medium 

Visual examination of EN time records has been found to be useful in predicting the 

processes taking place on a metal surface. Distinct features of current and potential 

fluctuations have been associated with various types of corrosion (uniform, pitting, 

crevice corrosion etc) [46, 57, 59, 78, 79, 80, 81]. Nevertheless, statistical and spectral 

evaluation of the time record is required for complete mechanistic information and rate 

determinations. 

 
4.3.1 Electrochemical noise-time record  

Electrochemical current and potential noise-time record for solution annealed 304L SS in  

4 M, 8 M and 12 M nitric acid at electrolyte temperature of 298 K, is shown in Figure 4.3 

(a-c). In these concentrations, the electrochemical current noise-time record was 

characterized by low amplitude and highly repetitive current fluctuations in the range of 

0.001 to 0.03 µA, with the variations being marginal as concentration was increased. The 

potential fluctuations were low in 4 M nitric acid and some fluctuations occurred at 

higher concentrations.  

 

 

 

 

 

 

 

 

b) a) 
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These features could be attributed to passivation process of the surface. Many 

investigators have reported very frequent current transients with amplitudes less than 2 

nA, without detectable noise fluctuations, for passivated steels [57, 59, 138]. Cheng et al 

[138], obtained similar current transients, in the range of 4 nA for carbon steel passivated 

in chromate solution containing chloride ions until pitting occurred, where current time 

record showed stochastic, sharp fluctuations. For stainless steels in 0.1% NaOH, the 

highly repetitive and low amplitude current transients of the order of 0.01 – 0.02 µA   

were associated with passivation process [81, 139].   

A typical representation of EN potential and current noise - time record for the solution 

annealed 304L SS in 4 M and 8 M nitric acid, at electrolyte temperatures of 323 K, taken 

after 150 h of immersion is shown in Figure 4.4 (a & b). It is observed that the current-

time records for the solution annealed 304L SS in 4 M and 8 M nitric acid, at electrolyte 

Figure 4.3   EN-time records taken after 150 h of immersion of solution 

annealed 304L SS in a) 4 M nitric acid (298 K) b) 8 M nitric acid (298 K) 

c) 12 M nitric acid (298 K) 

c) 
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temperatures of 323 K, are characterized by low amplitude, highly repetitive current 

fluctuations (0.02- 0.05 µA), depicting passivation process.  

 

 

 

For the sensitized 304L SS, the current and potential noise time-record at 298 K and 323 

K electrolyte temperature, showed features of passivation process throughout the 
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immersion period for all the concentrations studied except for 4 M nitric acid at 323 K 

electrolyte temperature. Typical plots are depicted in Figure 4.5 (a-d).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b) 

Figure 4.5 EN-time records taken after 150 h of immersion of sensitized 
304L SS in a) 4 M nitric acid (298 K), b) 8 M nitric acid (298 K), c) 4 M 
nitric acid (323 K), d) 8 M nitric acid (323 K) 
 

a) 

c) d) 
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As temperature increased, the passive film stability decreases, aiding slow dissolutions 

from the passive film which increases the corrosion activity, yet a defined passive range 

is maintained [13]. At concentrations greater than 8 M nitric acid and higher temperatures 

the corrosion potential shifts closer to transpassive region and corrosion rate increases.  

The  results  show  that  in  4  M  nitric  acid,  at  electrolyte  temperature  of  323  K,  the  

electrochemical  current  and  potential  noise-time  record  for  sensitized  304L  SS  showed  

distinct current and potential spikes (Figure 4.5c), which could be attributed to localized 

attack. It is observed that current spikes are accompanied by potential drops. EN time 

records acquired from localized corrosion has been reported to be associated with distinct 

current and potential transients [81, 108]. The EN time record and the post experimental 

microstructure of the sensitized 304L SS in 4 M nitric acid (323 K) corroborated well 

with localized corrosion of the specimen. The passive film formed would be weak over 

sensitized zones depleted of chromium, where the chromium content is less than 11 %, 

and in addition, the passive film stability further decreases at elevated temperatures, 

making these zones less resistant to corrosion. Any local breakdown of the passive film at 

these zones exposes them to nitric acid attack. However, the attack has not completely 

propagated through the grain boundaries, and is confined to some regions of the grain 

boundary, as revealed by the post experimental microstructure, implying that there is a 

competition between passivation process and local breakdown and attack. This is 

expected, as 304L stainless steels exhibits excellent spontaneous passivation behavior in 

nitric acid medium, especially in the range of 1-6 M concentration. The breakdown has 

not led to complete dissolution of the passive film, in which case, the grain boundaries 

would have got attacked and also uniform corrosion too would have occurred. No such 
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evidence is observed in the EN-time record and the microstructure. This is because the 

measurements were made at open circuit conditions and the period of exposure was not 

sufficient to cause such effects. If measurements were carried out at ennobled potentials, 

the attack would have propagated through the grain boundaries. To the contrary, the 

annealed 304L SS, by virtue of its homogenous microstructure exhibited good 

passivation behavior in 4 M nitric acid (298 K and 323 K). This was well depicted in the 

EN-time record and post experimental microstructure. Nevertheless, the same localized 

breakdown did not occur in 8 M nitric acid at 323 K. 

 
 4.3.2 Electrochemical noise resistance 

Stainless steels showing passivation behaviour too, when continuously exposed to the 

medium can undergo dissolution from the film surface and on long term exposure, local 

or complete breakdown can occur leading to corrosion attack.  A sensitive technique is 

thus required to monitor the changes happening at the material surface. Type 304L SS 

exhibits good passivation properties in nitric acid though, uniform dissolution from the 

film surface could contribute to low corrosion activity. An attempt is made to use 

electrochemical  noise  resistance  to  evaluate  the  corrosion  activity  during  monitoring  of  

304L SS exposed to nitric acid medium of varying concentration and temperature, as 

mentioned above. Electrochemical noise resistance obtained from the statistical 

evaluation of the time record has been reported to be useful in determining the corrosion 

rates. Several investigators [75, 86, 87, 88, 89, 90, 101] have found that noise resistance 

(Rn) from electrochemical noise analysis is equivalent to polarization resistance (Rp) from 

linear polarization resistance method and hence Rn can replace Rp in Stearn - Geary 

equation to determine the corrosion rates. It has also been emphasized to remove the DC 
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components in potential and current noise record in the calculation of noise resistance. 

Riechert [188] found that the corrosion rates calculated from Rn are effective for systems 

exhibiting general corrosion rates below 1.3 mm/y and a good agreement between Rn and 

Rp was found for carbon steels and stainless steels in different environments. Zhang et al 

[214], Chen et al [88] also reported an inverse relationship between noise resistance and 

corrosion rate. However, Lumsden et al [215] found poor agreement between Rn from 

electrochemical noise analysis and Rp from electrochemical impedance spectroscopy in 

Fe / NaCl system.  Though noise resistance is applied to systems that undergo uniform 

corrosion, low noise resistance have been obtained for systems with high corrosion 

activity and high noise resistance is reported for low active systems [74, 111]. Hence for 

systems that exhibit low corrosion rates, the term corrosion activity is more appropriately 

used in place of corrosion rate, by noise investigators [74,111]. In the present study, noise 

resistance was used to compare the corrosion activity during electrochemical noise 

monitoring of 304L SS (under solution annealed and sensitized conditions) in nitric acid 

at 298 K and 323 K electrolyte temperature and simulated HLW. The acquired time 

records were detrended by linear fit method to remove the DC component and 

subsequently noise resistance was determined from the detrended time record. Figure 4.6 

shows electrochemical noise resistance versus time of immersion plots for 304L SS in the 

solution annealed and sensitized condition in nitric acid medium at 298 K and 323 K. The 

average noise resistance for 250 h of immersion is shown in Table 4.1. It is observed that 

at 298 K, the average noise resistance for the solution annealed 304L SS in 4 M, 8 M and 

12 M nitric acid was 8.4 x 105 Ohm cm2, 6.1 x 10 4 Ohm  cm2, 3.8 x 103 Ohm cm2 
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respectively. The corrosion potential of 304L SS in nitric acid medium was found to be in 

the passive region and hence the material is in the passive state.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Electrochemical noise resistance Vs Time plots for a) solution 

annealed 304L SS at 298 K , b) sensitized 304L SS at 298 K , c) solution 

annealed 304L SS at 323 K , d) sensitized 304L SS at 323 K . 
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However, low rates of uniform dissolution from the passive film surface can occur which 

could differ depending on the passive film stability at different concentrations and 

temperatures and microstructure, which can be measured by electrochemical noise 

resistance. The results of the present investigation showed a decrease in noise resistance 

with increase in concentration which implies increase in corrosion activity with increase 

in concentration. The increase in corrosion activity could be attributed to increased 

uniform dissolution rate of passive film surface with increase in concentration. At 323 K, 

the average noise resistance of the solution annealed 304L SS in 4 M and 8 M nitric acid 

was found to be 4.21 x 105 Ohm cm2and 4.5 x 104 Ohm  cm2 respectively. Monitoring 

Heat  treatment 

condition of 304 LSS 

Electrolyte 

temperature 
Electrolyte 

Average noise          

resistance (ohm cm2 ) 

Solution annealed 

298K 

4M  HNO3 8.35 x 105 

8M  HNO3 6.1 x 104 

12M HNO3 3.8 x 103 

323K 
4M  HNO3 4.21x105 

8M  HNO3 4.5x104 

Sensitized 

 

298K 

4M  HNO3 9.1x 103 

8M  HNO3 4.3 x 103 

12M HNO3 3.6x103 

323K 

 

4M  HNO3 1.1x104 

8M  HNO3 1.2x103 

Table 4.1 Average electrochemical noise resistance of 304L SS in 

nitric acid medium for 250 h of immersion   



118 
 

results show that an increase in corrosion activity has occurred with increasing 

concentration. Increase in temperature has resulted in marginal increase in corrosion 

activity. For the sensitized 304L SS, the average noise resistance values at 298 K in 4 M, 

8 M and 12 M nitric acid was found to be 9.1 x 103, 4.3 x 103, and 3.6 x 103 Ohm cm2 

respectively. With increase in concentration, the noise resistance of 304L SS (sensitized) 

was found to be decreasing indicating increase in corrosion activity during the monitoring 

period. At 323 K, noise resistance showed increase in corrosion activity for the sensitized 

304L SS as concentration was increased from 4 M to 8 M nitric acid. In 4 M nitric acid, 

the  corrosion  activity  of  the  sensitized  specimen  was  comparable  to  that  at  298  K.  

Although the sensitized specimen in 4 M (323 K) showed localized attack and no such 

attack occurred in 8 M (323 K), the higher corrosion activity exhibited by the latter could 

be attributed to higher uniform dissolution rate from the passive film surface. The 

corrosion potential of 304L SS in 8 M nitric acid at 323 K is very close to the 

transpassive region and in addition, the passive film stability at higher concentrations and 

temperature of nitric acid such as that at 8 M (323 K) decreases, providing increased 

dissolution and increasing corrosion activity. This has been well reflected in the lower 

noise resistance values in 8 M nitric acid (323 K). Whereas, in 4 M (323 K), 304L SS has 

a lower corrosion potential and a wider passive range and hence the dissolution rates are 

lower resulting in higher noise resistance than in 8 M ( 323 K). Further the post 

experimental morphology shows that the localized attack in 4 M (323 K) was not severe 

enough to contribute to higher rates. However, when compared to solution annealed 

specimen, the sensitized specimen showed higher corrosion activity in all the 

concentrations and temperatures, as inferred from the noise resistance values. 
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4.4 Electrochemical noise monitoring of 304L SS in simulated high level nuclear waste 

4.4.1 Electrochemical noise-time record 

Electrochemical noise monitoring was carried out for 304L SS under solution annealed 

condition in simulated HLW (prepared in 3 M nitric acid) and in the plain acid (3 M 

nitric acid) to see the effect of the ions (fission products, uranium, iron, chromium, nickel 

etc) present in simulated HLW on the passive film stability. Typical representation of the 

electrochemical noise-time records measured for AISI type 304L SS in the plain acid (3 

M HNO3) at ambient conditions (298 K) is shown in Figure 4.7. For 304L SS in 3 M 

HNO3, the current fluctuations were of very low amplitude, in the range of about 0.015 

µA, appearing at high repetition rates and almost white type of noise throughout the 

measurement period was observed. The potential noise was very low, about 0.1 mV. 

These features are typical of passivation phenomenon. The noise monitoring for the 

entire  period  of  measurement  revealed  the  presence  of  a  stable  passive  film  on  the  

surface. Figure 4.8 shows representations of electrochemical noise-time records taken 

after 85 h and 125 h of immersion of AISI type 304L SS in simulated HLW (prepared in 

3 M nitric acid) at 298 K solution temperature. The electrochemical noise time record for 

304L SS in simulated HLW solution showed low-level current and potential fluctuations 

with an amplitude of 0.01 A in the current noise. 
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Figure 4.7 EN -time record for 304L SS in 3 M nitric acid (298 K) taken after  

a) 85 h, b) 125 h of immersion 
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A white noise feature was observed similar to that observed in 3 M HNO3, which depicts 

passivation process. At certain immersion times, the current noise time record for 304L 

SS in simulated HLW solution depicted low amplitude fluctuations followed by a sudden 

burst of current noise with the amplitude being almost ten times that during the 

passivation process. This could be attributed to two competent phenomenon.  Nitric acid 

Figure 4.8 EN-time record for 304L SS in simulated HLW (in 3 M nitric 
acid) (298 K) taken after a) 85 h b) 125 h of immersion 



122 
 

concentration of 3 M is a spontaneously passivating medium for stainless steels and 

therefore passivation of 304L SS has resulted in white noise feature in the current noise- 

time record. Sudden burst of current noise could be attributed to decrease in passive film 

stability by the cations present in simulated HLW. The instability of passive film 

observed in simulated HLW could be attributed to (i) presence of oxidizing ions in 

simulated HLW, (ii) possible adsorption of cations present in simulated HLW on the 

passive film surface.  

(i) Instability of passive film of stainless steels in nitric acid containing oxidizing ions is 

well discussed in literature [14, 216, 217, 218, 219]. In nitric acid medium, the redox 

potential is imposed by the global reduction of nitric acid [216] which is given by      

NO3
-  + 3H+ + 2e-  =  HNO2 + H2O            E25 o = 934 mV /SHE 

Nitrous acid generated doesn’t accumulate, rather gets reduced to NO which combines 

with nitric acid to regenerate nitrous acid. The mechanism of reduction of nitric acid is 

detailed in chapter 5 (section 5.2.4). In nitric acid containing oxidizing ions, the redox 

potential is imposed by the reduction of the oxidizing ions present in the solution by 

metallic elements of the stainless steel [216]. 

Ox + ne- = Red 

The oxidizing ions in nitric acid medium undergo reduction at the stainless steel surface, 

enhancing the oxidation of the metal ions from the surface, which dissolves into the 

solution.  The  presence  of  oxidizing  ions  such  as  Fe(III)  ,  Cr(VI)  ,  Ce(IV)  ,  Pr(IV)  in  

simulated HLW enhances metal ion oxidation, thus destabilizing the passive film and 

increases the corrosion activity. In addition, the corrosion potential of the material is 

ennobled due to the redox couples formed from Fe(III)/Fe(II), Cr(VI)/Cr(III), 
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Ce(IV)/Ce(III), Pr(IV)/Pr(III), which increases the corrosion activity. Since the EN-time 

record in simulated HLW shows only passivation/depassivation signals and the post 

experimental micrographs showed no attack of the stainless steel surface, it is evident that 

the dissolution occured from the passive film  surface. A schematic of the mechanism of 

reduction in plain nitric acid and in simulated HLW containing oxidizing ions, showing 

passivation in 3M nitric acid and depassivation by oxidizing ions in simulated HLW is 

represented in Figure 4.9 and Figure 4.10 respectively. 

 
 
 
 
 
  
 
  
   
  
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Figure 4.9 Passivation in 3M nitric acid 

SS 
Passive 
film 3M HNO3 

Cr Cr(III) 

e- (HNO2) 

(NO) (HNO3) 

Figure 4.10 Passivation by 3 M nitric acid and decrease in passive 
film stability by oxidizing ions present in simulated HLW 

Simulated HLW SS 
Passive 
film 

Red 

Ox ne- 

Cr Cr(III) 

e- (HNO2) 

(NO) (HNO3) 

Cr(VI) Cr(III) 



124 
 

(ii) Another contribution to the decrease in passive film stability is the adsorption of the 

cations present in simulated HLW (Table 2.3) into the passive film. The passive film 

contains three layers at the metal-solution interface. The first layer is the thin oxide film 

that contains charged oxide groups. A monolayer of hydroxides, strongly bound cations 

and adhered water molecules formed over the oxide is the inner Helmholtz layer.  This  is  

followed  by  the  "Stern  layer"  or outer Helmholtz layer which  contains  hydrated ions. 

The third layer above the outer Helmholtz layer is the diffuse layer that contains adsorbed 

species and water. Ions in the diffuse layer act as countercharge to the other layers. 

Cations from the solution get attracted to the surface potential of the oxide layer by weak 

electrostatic forces or Vanderwaals forces and get adsorbed at the outer Helmholtz layer 

by physisorption. Cations also diffuses into the inner Helmholtz layer where they are 

chemisorbed, i:e form a chemical bond with the metal oxide. A schematic representation 

[220] of cation adsorption in the inner and outer Helmholtz layer of the passive film is 

shown in Figure 4.11. The presence of several cations in simulated HLW (Table 2.3) 

makes  it  a  complex  subject  to  discuss  the  adsorption  mechanism.  Kadar   et   al   [221]  

suggested  that  cation  adsorption  would  occur  in weakly acidic solutions . Ajlouni et al 

[222] reported the adsorption of cesium and strontium ions on stainless steel surface in 

reprocessing environments. Cations such as strontium and cesium can replace the H+ ion 

of the hydroxyl group by ion exchange [222, 223]. Takeuchi et al [224] have reported 

that the adhesive property of radionuclide on stainless steel surface in high level liquid 

waste occurs by (i) adhesion (ii) adsorption and ion exchange of ions and (iii) diffusion 

and penetration. The adsorption of the ions in the passive layer induces strain in the film 

which leads to the decrease in the stability. 
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Electrochemical noise monitoring experiments were carried out for 304L SS under 

solution annealed and sensitized conditions at 323 K, in simulating nuclear waste storage 

plant conditions where the high level waste solutions are at elevated temperatures, around 

323 K due to radioactive decay heat. The EN-time records for 304L SS in simulated 

HLW (323 K) is shown in Figure 4.12. The figure depicts passivation process for the 

Figure 4.11 Schematic representation of cation adsorption into passive film [220] 

Metal  
Oxide 

Negatively charged surface 
Inner Helmholtz plane 1 

Inner Helmholtz plane 2 
Outer Helmholtz Plane 

Chemisorbed cation in the 
inner Helmholtz plane 

Physisorbed cation in the 
outer Helmholtz plane 

Solvated anion 
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solution annealed and sensitized specimen throughout the monitoring period. No features 

of depassivation were observed in the time records taken at 323 K. The probable reason 

could be that, at elevated temperatures, the kinetics of breakdown and repair of passive 

film is faster and hence the EN-time record doesn’t distinguish regions of stability and 

instability of the passive film. The results show that EN-time record has been useful in 

depicting the corrosion mechanism of 304L SS in simulated high level waste medium. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12 EN time record taken 150 h of immersion of 304L 

SS in simulated HLW (323 K) a) solution annealed, b) sensitized. 

a) 

b) 
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4.4.2  Electrochemical noise resistance  

A plot of electrochemical noise resistance of 304L SS in 3 M nitric acid and simulated 

HLW (prepared in 3 M HNO3) at 298 K electrolyte temperature is represented in Figure 

4.13. The experiment was carried out in plain acid and simulated high level waste 

medium in order to investigate the effect of the presence of ions present in high level 

waste medium on the corrosion resistance. It was observed that in 3 M HNO3, the 

average noise resistance for 304L SS for 150 h of immersion was in the range of 7.4x104 

Ohm cm2. The high noise resistance could be attributed to good passive behavior, which 

existed throughout the measurement period. Since noise resistance is inversely 

proportional to the corrosion activity, it could be noted that the corrosion resistance of 

304L SS in 3 M HNO3 remained high throughout the measurement time. For 304L SS in 

simulated HLW, the average noise resistance for 150 h of immersion was found to be in 

the range of 2.7x103 Ohm  cm2. A drop in noise resistance was observed for 304L in 

simulated HLW when compared to 304L in 3 M HNO3, which implies that corrosion 

activity of the material in simulated HLW is increased. Hence, it could be concluded that 

the presence of the ions in high level waste medium has a role in reducing the corrosion 

resistance of 304L SS. Further, the experiments were carried out in simulated HLW at 

323 K in order to investigate the effect of radioactive heat on the corrosion resistance of 

304L SS. The average noise resistance was found to be 1.6 x 104 Ohm cm2 (Table 4.2). 

As at higher temperature the kinetics is faster, the breakdown and repair of the passive 

film is faster. Hence, the EN response doesn’t show the breakdown process in the time 

record at 323 K, whereas the time record at 298 K shows regions of depassivation caused 
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by the ions present in the waste medium, which has also reflected in the noise resistance 

values. 

A plot of electrochemical noise resistance for sensitized 304L SS in simulated HLW at 

323 K is given in Figure 4.14. The average noise resistance for 250 h of immersion was  

found to be 9.7 x 10 3 Ohm cm2 . When compared to the solution annealed 304L SS, the  

 

 

 

 
sensitized 304L SS showed higher corrosion activity during the period of monitoring. 

From the  results,  it  was  found that  noise  resistance  was  useful  to  monitor  variations  in  

corrosion activity in low active systems like simulated high level waste medium.  

 

 

 

 

 

 

Heat Treatment condition Electrolyte 

temperature 

Electrolyte Average noise resistance 

Ohm cm2 

Solution annealed 304L SS 298 K 3 M HNO3 7.4x104 (150 h immersion) 

Solution annealed 304L SS 298 K Simulated HLW 2.7x103 (150 h immersion) 

Solution annealed 304L SS 323 K Simulated HLW 1.6x104  (250 h immersion) 
Sensitized 304L SS 323 K Simulated HLW 9.7x103  (250 h immersion) 

Table 4.2 Average electrochemical noise resistance of 304L SS in simulated HLW 
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Figure 4.13 Electrochemical noise resistance Vs time plots for solution 

annealed 304L SS in 3 M nitric acid and simulated HLW at 298 K  

Figure 4.14 Electrochemical noise resistance Vs time plots for solution 

annealed and sensitized 304L SS in simulated HLW at 323 K   
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4.5  Post experimental optical microstructures 

Optical micrographs taken after electrochemical noise investigation showed no corrosion 

attack in 304L SS (solution annealed and sensitized) under all the experimental 

conditions, except for the sensitized material that underwent localized attack in 4 M nitric 

acid (323 K).  The sensitized specimen in 12 M nitric acid showed some perforations in 

the microstructure. One probable reason could be that the measurements were made at 

open circuit potentials, where the corrosion potential of the stainless steel is in the passive 

region and the material is in the passive state. Surface attack would happen, subject to 

either a localized breakdown or passive film dissolution, which will expose the material 

surface. But the microstructures show no such evidences. Post experimental 

microstructures are shown in Figure 4.15 and Figure 4.16. The variations in the corrosion 

activities as inferred from variations in the noise resistance is attributed to variations in 

the dissolution rates from passive film surface in the different environmental conditions 

studied, but the exposure period was not sufficient enough to cause dissolution of the film 

for a surface attack to occur. During this exposure time period the stainless steel has 

exhibited good corrosion resistance.  
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Figure 4.15 Typical micrographs taken after EN experiments for 304 L SS at 298 K 

electrolyte temperature, showing no corrosion attack for a) solution annealed 

specimen  in  4  M  HNO3,  b)  solution  annealed  specimen  in  8  M  HNO3, c) solution 

annealed specimen in 12 M HNO3, d) sensitized specimen in 4 M HNO3, e) sensitized 

specimen in 8 M HNO3, f) sensitized specimen in 12 M HNO3 

a) b) 

c) d) 

e) 
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4.6 Conclusions 
 
EN-time record of 304L SS (solution annealed and sensitized) showed passivation 

process in nitric acid at electrolyte temperature of 298 K and 323 K and in simulated 

HLW (323 K). Only in 4 M nitric acid (323 K), the sensitized specimen showed distinct 

potential and current spikes which could be attributed to localized attack. Optical 

micrograph confirmed localized attack for sensitized 304L SS in 4 M nitric acid at 323 K 

Figure 4.16 Typical micrographs taken after EN experiments for 304 L SS at 323 K 

electrolyte temperature, showing no corrosion attack for a) solution annealed 

specimen  in  4 M HNO3, b) solution annealed specimen  in 8 M HNO3 , c) sensitized 

specimen in 8 M HNO3, d) Localized attack seen in sensitized 304L SS in 4 M HNO3  

a) 

c) 

b) 

d) 
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electrolyte temperature. No surface attack was observed in other specimens. An attempt 

was made to apply EN resistance to monitor the corrosion activity of 304L SS in nitric 

acid medium. EN resistance decreased with increase in concentration of nitric acid for 

solution annealed 304L SS at 298 K and 323 K implying higher corrosion activity at 

higher concentration. For the same concentration of the acid, increase in temperature 

resulted in increase in the corrosion activity of 304L SS. For the sensitized 304L SS, the 

corrosion activity was found to increase with increase in concentration of nitric acid from 

4 M to 8 M and 12 M nitric acid, at 298 K. An appreciable increase in corrosion activity 

occurred in 8 M nitric acid when the electrolyte temperature was increased to 323 K. The 

corrosion activity was found to be higher for sensitized specimen when compared to 

solution annealed 304L SS. From the EN-time record and noise resistance evaluation, it 

was found that the corrosion activity of 304L SS in simulated HLW (in 3 M nitric acid) 

was greater than that in the plain 3 M nitric acid at 298 K, indicating that the ions (fission 

products, uranium, iron, chromium etc) present in the waste medium facilitates increased 

dissolution from the passive film surface of the material. The time record showed regions 

of passivation and depassivation in simulated HLW medium at 298 K.  Further, the effect 

of radioactive heat on the corrosion activity was studied by increasing the temperature of 

simulated HLW to 323 K. At this temperature, EN-time record did not show regions of 

depassivation. This could be because the kinetics of breakdown and repair of passive film 

is faster at elevated temperature. The EN resistance for the sensitized specimen in 

simulated HLW (323 K) decreased when compared to that of the solution annealed 

specimen implying higher corrosion activity for the sensitized specimen compared to the 

solution annealed specimen during the period of measurement. EN resistance was found 
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to  be  useful  in  discerning  the  variations  in  the  corrosion  activity  even  for  systems  that  

exhibited low corrosion activity. The high EN resistance for these systems could be 

attributed to passive state which the system exhibited throughout the monitoring period, 

nevertheless the variations in the EN resistance in the environments is because of 

variations in the dissolution rates form the passive film surface. However, it could be 

stated that more insight into the system behavior could be achieved if the exposure period 

is further increased to longer durations.  
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CHAPTER 5 

EFFECT OF NITROGEN ON THE CORROSION BEHAVIOR OF NITROGEN  

CONTAINING 304L SS IN NITRIC ACID AND SIMULATED HIGH LEVEL WASTE MEDIUM 

 

Under Indo-Bulgarian collaboration programme, three nitrogen containing 304L SS 

(0.132 % N, 0.193 % N, 0.406 % N) were prepared at Bulgarian Academy of sciences, 

in the forged and rolled conditions. They were assessed for their application in nuclear 

reprocessing and waste storage plants by assessing their corrosion behavior using 

potentiodynamic anodic polarization and electrochemical noise investigations. The 

objective of the research work was to investigate the effect of nitrogen on the corrosion 

property of 304 L SS in nitric acid and simulated high level waste medium. The chapter 

comprises of two parts. The first part presents the results from the potentiodynamic 

anodic polarization investigations and the second part presents the results from the 

electrochemical noise studies. Potentiodynamic anodic polarization investigations were 

carried out in 1 M, 4 M, 6 M nitric acid and simulated HLW, using forged and rolled 

nitrogen containing 304L SS. Since nitric acid reduction mechanism below and above 6 

M concentration are different, concentrations below 6M nitric acid was used for the 

polarization studies. The pitting corrosion resistance of the three nitrogen containing 

304L SS under forged and rolled conditions in 0.5 M NaCl is also discussed. Scanning 

electron micrographs, optical micrographs and energy dispersive spectra were used for 

microstructural evaluation. In the second part of the work, an attempt was made to 

establish the electrochemical noise probe made of the nitrogen containing 304L SS to 

monitor the corrosion activity in nuclear reprocessing and waste storage medium. For 
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this purpose, electrochemical current and potential noise was acquired from the three 

nitrogen containing 304L SS in 1 M, 4 M, 8 M nitric acid and simulated high level waste 

under ambient conditions. For design convenience, rod specimens were used for 

electrochemical noise studies. The acquired signals were analyzed by statistical, spectral, 

shot noise and wavelet methods to derive electrochemical noise parameters which were 

used to obtain mechanistic information as well as the extent of corrosion activity.  

 

5.1 Introduction 

Towards developing materials for nuclear reprocessing and high level liquid waste 

storage plants, nitrogen containing austenitic stainless steels have drawn considerable 

attention, due to its well balanced combination of excellent mechanical and corrosion 

properties. The role of nitrogen in improving the corrosion resistance of stainless steels 

is well documented in literature [22, 28, 225, 226, 227, 228, 229], nevertheless, most 

studies focus on localized corrosion and fewer reports are available in acidic medium. In 

certain specific environments such as hydrochloric acid, the effect of nitrogen content in 

the steel has been found to have no influence on the polarization behavior of steels 

[230]. Janik-Czachor et al [231] proposed that nitrogen bearing stainless steels, without 

Mo,  do  not  show any  influence  on  the  polarization  behavior  of  the  austenitic  stainless  

steels. It has also been reported that nitrogen does not have an influence on the anodic 

dissolution and passivation of highly alloyed stainless steels [230]. Padhy et al [16] 

reported an ennoblement in the corrosion potential, decrease in corrosion current density 

and passive current density for nitrogen implanted 304L SS in HNO3 medium using 

potentiodynamic polarization technique. Sadough Vanini, et al. [232], in their study on 
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the role of nitrogen on the passivity of austenitic stainless steel in sulphuric acid medium 

using the potentiodynamic polarization technique, found no influence of nitrogen on the 

general corrosion and passivation behavior of the alloy. Olefjord and Wegrelius [31] 

noted that the addition of nitrogen had no influence on the passivation behavior of the 

Fe-Cr-Ni-Mo-based alloys in acid – chloride medium. Park et al [233] studied the 

repassivation behaviour of 304L and 304LN in NaCl medium using polarization 

technique. They found that the electrochemical parameters were not affected by the 

addition of nitrogen in the stainless steel.   Similar observations were reported by some 

other researchers [234, 235]. Since literature reports on corrosion property of nitrogen 

containing 304L SS in nitric acid and simulated HLW is seldom reported, an attempt 

was made to investigate the same using potentiodynamic anodic polarization and 

electrochemical noise techniques.

 
 

5.2 Effect of nitrogen on corrosion behavior of nitrogen containing 304L SS in nitric 

acid and chloride medium by potentiodynamic anodic polarization 

 

5.2.1 Microstructure  

Optical and scanning electron micrographs (SEM) of the three nitrogen containing 304L 

stainless steels under forged conditions (namely 304LN1F, 304LN2F and 304LN3F) and 

hot rolled condition (namely 304LN1R, 304LN2R and 304LN3R are given in Figure 5.1 

to 5.4.  
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Figure 5.1 Optical micrographs of the 
as forged a) 304LN1F SS, b) 304LN2F 
SS c) 304LN3F SS 

  Figure 5.2 SEM of the as forged 
a) 304LN1F SS, b) 304LN2F SS 
c) 304LN3F SS  

c) 

b) 

a) a) 

c) 

b) 
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Figure 5.3 Optical micrographs of 
the rolled a) 304LN1R SS b) 
304LN2R SS c) 304LN3R SS  

  Figure 5.4 SEM of the rolled 
a) 304LN1R SS b) 304LN2R SS 
c) 304LN3R SS  

a) 

b) 

c) 

a) 

b) 

c) 
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The microstructures showed mainly homogenized distribution of austenite grains 

containing twin structures. An increase in twin structures with increase in nitrogen 

content  is  observed  for  both  forged  as  well  as  rolled  conditions.  The  microstructure  in  

Figure 5.2 reveals continuous precipitation along grain boundaries in 304LN3F stainless 

steel, whereas in 304LN1F and 304LN2F stainless steels, precipitation is discontinuous. 

The microstructures of the hot rolled stainless steels show more intragranular precipitates 

and only a few intergranular precipitates in all the three nitrogen containing stainless 

steels. The continuous network of precipitates observed in the forged 304LN3F stainless 

steel is not observed in the rolled (304LN3R) stainless steel. 

5.2.2 Energy dispersive spectra of the nitrogen containing 304L SS 

Energy dispersive spectra (EDS)  of  the  etched  stainless  steel  alloys  for  the  matrix  and  

precipitate is depicted in Figures (5.5 to 5.7). Only iron, chromium, nickel, and 

manganese, which show the pronounced peaks, were identified. The EDS spectra were 

found to be identical for both forged and rolled nitrogen containing stainless steels. 

Hence, only a single representation of the EDS spectra is given in the figures depicting 

the elemental composition of both forged and rolled nitrogen containing stainless steels. 

In 304LN1F(R) stainless steel, the precipitate consisted of chromium, iron, and 

manganese. Chromium and manganese enrichment has occurred in the precipitate, 

compared to the matrix. In 304LN2F(R) stainless steel, the precipitate contained 

chromium, iron, and manganese. Chromium and manganese enrichment and reduction in 

iron content was noticed in the precipitate, compared to the matrix. Also, 304LN3F(R) 

stainless steel contained chromium- and manganese-rich precipitate and iron is almost 

negligible in the precipitate when compared to the matrix.  
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Manganese enrichment is more in 304LN3F(R) SS compared to 304LN2F(R) SS. 

 

  

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 5.5 EDS of the matrix and precipitate of the forged and rolled 
nitrogen containing 304LN1 stainless steel, showing chromium and 
manganese enrichment in the precipitate compared to matrix. 

304LN1F(R) matrix 

Figure 5.6 EDS of the matrix and precipitate of the forged and rolled nitrogen 
containing 304LN2 stainless steel, showing chromium and manganese 
enrichment in the precipitate compared to matrix, and a decline in Fe content 
in the precipitate compared to matrix. 

304LN2F (R) matrix 
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5.2.3 Potentiodynamic anodic polarization behavior of as-forged and rolled nitrogen 

containing 304L SS in nitric acid medium 

 
Figures (5.8 and 5.9) represent potentiodynamic anodic polarization curves of the forged 

and rolled nitrogen containing stainless steels in 1 M, 4 M, and 6 M HNO3 at  298  K  

electrolyte temperature. Similarly, Figures (5.10 and 5.11) represent the corresponding 

potentiodynamic anodic polarization curves at elevated temperature (323 K) of nitric 

acid, for the forged as well as rolled steels. 

 

 

 

 

 

Figure 5.7 EDS of the matrix and precipitate of the forged and rolled, nitrogen 
containing 304LN3 stainless steel, showing chromium and maximum 
manganese enrichment in the precipitate compared to matrix, and a substantial 
decline in Fe content in the precipitate compared to matrix. 
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Figure 5.8 Potentiodynamic anodic polarization curves in 1 M, 4 M, and 6 M 
HNO3 (298 K) for the forged nitrogen containing stainless steels 
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Figure 5.9 Potentiodynamic anodic polarization curves in 1 M, 4 M, and 
6 M HNO3 (298 K) for the rolled nitrogen containing stainless steels  
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Figure 5.10 Potentiodynamic anodic polarization curves in 1 M, 4 M, 
and 6 M HNO3 (323 K) for the as forged nitrogen containing stainless 
steels  
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The electrochemical parameters are collectively presented in Table 5.1 and Table 5.2. 

From the results, it was observed that the polarization curves of the alloys, both in forged 

and rolled conditions showed spontaneous passivation in 1 M, 4 M and 6 M nitric acid. 

Figure 5.11 Potentiodynamic anodic polarization curves in 1 M, 4 M, 
and 6 M HNO3 (323 K) for the rolled nitrogen containing stainless steels  
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The passive range varied depending on the concentration of the HNO3 used for the study. 

The potential at which the anodic current density monotonically increased beyond the 

passive range was inferred as transpassive potential. From the polarization curve, it is 

clear that the anodic current density increased after minor potential increase beyond the 

Ecorr. For further increase in potential in the noble direction, the current remained constant 

until transpassive potential. The passive region begins at the potential noble to the Ecorr, 

till the transpassive potential. The stainless steel alloys under forged and rolled conditions 

exhibited high transpassive potentials, wide passive range, and low passive current 

densities.  It is observed that the corrosion potential, Ecorr, increased with increase in 

concentration of nitric acid and the passive range decreased. All the hot rolled nitrogen 

containing stainless steel alloys exhibited a marginal increase in transpassive potentials 

and passive range, at ambient conditions. At higher temperature (323 K), the rolled steel 

exhibited a nobler corrosion potential compared to the forged steel, thereby, causing a 

marginal reduction in the passive range. However, the transpassive potentials were 

almost similar for both conditions. In general, both the forged and rolled conditions 

exhibited good corrosion resistance in nitric acid medium, however, the rolled steel 

showed a marginal improvement in corrosion resistance when compared to the forged 

alloy of the same composition under ambient conditions.   

 

 

 

 



148 
 

 

Material 
 
 
 

Conc. 
of 

HNO3 

Corrosion 
potential,  
mV(SCE) 

Passivation 
current 
density, 

A/cm2 

Transpassive 
Potential,  
mV(SCE) 

Passive range 
mV(SCE) 

  298K 323K 298K 323K 298K 323K 298K 323K 
          
304LN1F 1 M -130 -133 0.9 5.8 839 820 873 882 
 4 M 46 198 1 11 853 849 700 542 
 6 M 398 425.6 2 9.6 890 876 390 361 

 
 

304LN2F 1 M -116 -95 1.9 3.2 871 846 897 877 
 4 M 194 259 2.3 6.7 890 877 609 521 
 6 M 405 442 1.5 7.2 888 871 411 332 

 
 

304LN3F 1 M -122 -120 1.2 5 861 804 873 807 
 4 M 209 376 2.3 8.5 890 868 574 379 
 6 M 472 342 2.6 39 938 910 403 464 
          

Material Conc. 
of 

HNO3 

Corrosion 
Potential 
mV(SCE) 

Passivation 
current  
density 

A/cm2 

Transpassive 
Potential 
mV(SCE) 

 

Passive range 
mV(SCE) 

298K 323K 298K 323K 298K 323K 298K 323K 

304LN1R 1M -116 -77 2.5 4.5 869 861 854 872 

4M 96 371 2.5 6.6 918 892 730 467 

6M 439 480 3.3 6.4 917 888 401 334 

304LN2R 1M -120 -112 1.92 1.85 862 809 902 860 

4M 338.9 430 1.52 2.78 925 858 517 357 

6M 501 461 1.8 4 963 884 396 373 

304LN3R 1M -106 -35 2.2 3.3 888 855 929 326 

4M 322 385 5 6.4 900 841 504 372 

6M 421 469 3.4 11.6 937 855 463 326 

Table 5.1 Electrochemical parameters for the forged nitrogen containing 
stainless steels in nitric acid medium 

Table 5.2 Electrochemical parameters for the rolled nitrogen containing 
stainless steels in nitric acid medium 
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5.2.4 Effect of concentration and temperature of nitric acid on corrosion behavior of 

the stainless steels 

The potentiodynamic polarization curves of the nitrogen-containing stainless steels in 

HNO3 showed spontaneous passivation in 1 M, 4 M and 6 M nitric acid under forged and 

rolled conditions, which could be attributed to the formation of stable chromium (III) 

oxide (Cr2O3) passive film. From the polarization curves of forged and rolled nitrogen 

containing  stainless  steels,  it  is  evident  that,  as  the  HNO3 concentration was increased 

from 1 M to 4 M to 6 M, the corrosion potential (Ecorr) increased. 

The increase in corrosion potential with an increase in HNO3 concentration could be 

attributed to the reduction of nitrate, which could be represented as [216, 218, 219, 236, 

237, 238, 239, 240 ] :  

NO3
– + 2H + + 2e– = HNO2 + H2O ( E 25

o
 C )         »   934 mVSHE                                     (1) 

From the above equation, it is understood that the redox potential increases with an 

increase in NO3 – and  H+ concentration and temperature. The cathodic reduction 

generates nitrous acid (HNO2), and at concentrations below 6 M nitric acid, HNO2 does 

not accumulate, but rather gets reduced to nitric oxide (NO). Electrochemical studies 

carried out on the reduction of HNO3 [219], revealed that the final reduction product of 

the reduction is NO, at concentrations below 6 M HNO3. The reduction is autocatalytic, a 

mechanism well established by many investigators [216, 218, 219, 236, 237, 238, 239, 

240]. According to Balbaud et al [27, 216], the reduction of nitric acid occurs indirectly 

through an autocatalytic mechanism where the final reduction product is NO at nitric acid 

concentrations below 6M. The generalized mechanism operative at all concentrations 

could be summarized as follows. Here, the electroactive species is nitrous acid, which is 
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reduced to nitric oxide. Nitrous acid is then regenerated at the electrode by a chemical 

reaction between nitric acid and nitric oxide. A third reaction occurs between nitrous acid 

and nitric acid.   

(HNO2) + H+  + e- + s = (NO) ads  + H2O              ………….  1,  s is a site on the electrode. 

HNO3 + (NO) ads =   (HNO2) el + (NO2) ads           …………..  2 

HNO3 + (HNO2) el + 2s = 2(NO2) ads  + H2O      .…………   3 

At the concentrations below 6M, regeneration of HNO2 is slow as a result of which nitric 

oxide accumulates and as NO2 is unstable at low concentrations, the third reaction 

favours backward reaction. Therefore, the reduction mechanism could be explained as   

(HNO2) + H+  + e- + s = (NO) ads  + H2O              …….….   4     

HNO3 + 2 (NO) ads  +  H2O  =  3(HNO2) el + 2s     .…….…  5         

2 (NO2) ads + H2O = HNO3 + (HNO2) el + 2s       ……..….  6 

Where, (HNO2) el and (HNO2) sol represent the nitrous acid concentration at the electrode 

and solution, respectively, “s” represents a free adsorption site at the electrode surface. 

From a thermodynamic point of view, the redox potential of the medium increases with 

an increase in concentration of HNO3 and hence increases the Ecorr. From a kinetic point 

of view, the reduction is catalyzed by the reduction products, increasing the reduction 

rate. Hence, the cathodic part of the current-potential curve shifts toward higher 

potentials; consequently, the Ecorr of the steel increases. The corresponding oxidation 

reaction is that of metal dissolution (Fe = Fe [III] + 3 e–, Cr = Cr [III] + 3 e–, Ni = Ni [II] 

+ 2 e–) [238].  
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As the equilibrium potential shifts to higher values, the cathodic curve will meet the 

anodic curve of the stainless steel in the passive region and hence the steel spontaneously 

passivates in nitric acid medium. Temperature has been found to have a deleterious effect 

on the corrosion resistance of the nitrogen containing stainless steel. An increase in 

solution temperature was found to result in an increase in Ecorr and  ipass and a marginal 

decrease in transpassive potential. Increase in Ecorr with an increase in temperature could 

be attributed to the increase in the redox potential of the HNO2/HNO3 system. Increase in 

temperature increases the oxidizing power of HNO3 [181].  The effect of temperature is to 

increase both the current from HNO3 reduction and the currents from 

passive/transpassive metal dissolution. Another contribution of temperature is that it aids 

the  dissolution  of  ions  from  the  passive  film  surface  as  evident  from  an  increase  in  

passive current density. Studies of earlier research have shown that the corrosion rate of 

type 304 stainless steel increases with both temperature and HNO3 concentrations, 

particularly at higher temperature solution [235]. In addition, it is observed that the rolled 

alloy exhibited a marginal increase in corrosion resistance in nitric acid medium. 

 

5.2.5 Effect of nitrogen on corrosion behavior of the nitrogen-containing stainless steel 

alloys in nitric acid 

 
Nitrogen as an alloying element in steels and stainless steels is known to enhance 

passivity in chloride-containing environments. From the present study, it was observed 

that the nitrogen-containing stainless steel alloys in forged as well as rolled conditions 

have exhibited similar corrosion resistance for a given concentration of HNO3 and 

temperature, irrespective of the nitrogen content. A wide passive region in all three alloys 
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was observed; however, an increase in nitrogen content in the stainless steel did not show 

any discernible difference in the passive range. The present investigation reveals that 

increasing nitrogen content of the stainless steel, though, has led to precipitation of 

chromium nitride along the grain boundaries,  it did not show any deleterious effect on 

the  corrosion  resistance  of  the  alloy.  Though precipitation  of  chromium nitride  leads  to  

Cr depleted zones which are prone to nitric acid attack, no such evidences were found. 

This could be attributed to the spontaneous passivation property of stainless steels in 

nitric acid medium by the formation of stable Cr2O3 passive film, particularly in the 

concentration range of 1-6 M nitric acid. 

 
 
5.2.6 Effect of nitrogen on pitting corrosion of high-nitrogen stainless steel alloys in 

0.5 M NaCl 

 
The potentiodynamic polarization curves for the forged and rolled nitrogen containing 

stainless steels in 0.5 M NaCl is represented in Figure 5.12 (a and b) respectively. The 

pitting potentials obtained from the polarization curves are given in Table 5.3. Pitting 

corrosion experiments were repeated three times. As a deviation of ±10 mV was observed 

in each set of experiments, the average was taken to represent the pitting potential. From 

the polarization curves, the pitting potentials for 304LN1F, 304LN2F, and 304LN3F 

stainless steels in 0.5 M NaCl were found to be 435 mV(SCE), 530  mV(SCE), and 275 

mV(SCE),  respectively  and  that  for  the  rolled  stainless  steels  were  found  to  be  550  

mV(SCE) for 304LN1R and 304LN2R, and 710 mV (SCE) for 304LN3R respectively . 

All the three nitrogen containing rolled stainless steels showed superior pitting resistance 

than the forged stainless steels with the same nitrogen content. 
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Figure 5.12 Potentiodynamic anodic polarization curves for the a) forged 
and b) rolled nitrogen containing stainless steels containing three different 
nitrogen contents in 0.5 M NaCl 

a) 

b) 
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From the results of the investigation of the pitting corrosion resistance of the three alloys 

in 0.5 M NaCl, it was observed that as the nitrogen content is increased from 0.132 wt% 

N (304LN1F SS) to 0.193 wt% N (304LN2F SS), the pitting potential increased, 

implying an increase in pitting corrosion resistance. However, the pitting potential of 

304LN3F stainless steel was found to be lower than 304LN1F and 304LN2F stainless 

steels. An increase in nitrogen content of upto 0.193% was beneficial in enhancing the 

pitting resistance in the forged stainless steel. Further increase in nitrogen caused the 

decrease in pitting resistance. This could be attributed to the presence of continuous 

network of chromium rich precipitate and manganese-rich precipitates along the grain 

boundary of the 304LN3F steel. EDS analysis of 304LN3F stainless steel showed 

significant enrichment in chromium when compared to 304LN1F and 304LN2F stainless 

steels.  Chromium  enrichment  in  the  precipitate  could  have  led  to  the  depletion  of  

Material  N Content 

(wt%) 

Pitting Potential   

mV(SCE) 

As Forged  Rolled 

304LN1  0.132 435 550 

304LN2  0.193 530 550 

304LN3  0.406 275 710 

Table 5.3 Pitting Potential of the as-forged and hot rolled 
nitrogen containing stainless steel alloy in 0.5 M NaCl 
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chromium in the adjacent zones where the passive film formation would be weak, thus 

forming sites for pitting attack.  

The pitting potentials for 304LN1R and 304LN2R stainless steel were found to be similar 

while 304LN3R alloy exhibited a profound increase in the pitting potential. An increase 

of nitrogen upto 0.406% was found to be beneficial in enhancing the pitting resistance of 

the rolled stainless steels. From the present investigation, it was found that the hot rolled 

stainless steel alloys exhibited superior pitting resistance when compared to the forged 

alloys [19]. A significant improvement in the pitting resistance was observed in the 

forged alloy [19] when the nitrogen content was increased from 0.132 wt% to 0.193 wt%, 

but the hot rolled alloys containing these compositions of nitrogen were found to be 

exhibiting similar pitting resistance. A beneficial effect of nitrogen in enhancing the 

pitting resistance was found in the hot rolled 304LN3R alloy, which exhibited a 

substantial improvement in the pitting resistance, in comparison to the inferior pitting 

resistance exhibited by the forged 304LN3F alloy [19]. The improvement in the pitting 

resistance of the hot rolled high nitrogen stainless steel could be attributed to various 

aspects. One aspect is that the continuous network of precipitates found along the grain 

boundary in the forged specimens are absent in the rolled steels. Hot rolling and 

annealing has resulted in partial dissolution of  precipitates leading to a more 

homogeneous matrix, as observed in the optical and SEM micrographs, consequently 

reducing the number of pit initiation sites. In addition, dissolution of chromium nitride 

precipitates results in enrichment of the stainless steel matrix with nitrogen. Nitrogen in 

solid solution is known to enhance corrosion property of stainless steel, in particular 

pitting corrosion resistance. The susceptibility of stainless steel to pitting corrosion is 
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represented by their chemical composition as PREN = % Cr + 3.3 × % Mo + 16 × % N, 

where PREN represents the pitting resistance equivalent number [181]. The measure of 

alloying for resistance to corrosion (MARC) relates the alloy content of austenitic 

stainless steels to their localized corrosion resistance in chloride solutions (MARC = % 

Cr + 3.3% Mo + 20 C + 20 N – 0.5 Mn – 0.25 Ni) [244]. Since the chromium, nickel, 

molybdenum, and carbon contents of 304LN1F and 304LN2F stainless steels are similar, 

PREN  and  MARC  for  the  alloy  are  governed  by  the  nitrogen  content.  Hence,  nitrogen  

content of the alloys plays an important role in influencing the pitting corrosion 

resistance. The beneficial role of nitrogen to pitting corrosion resistance has been well 

established by many investigators. According to Newman, et al [245], Clayton and 

Martin [228], during active dissolution, nitrogen gets enriched at the metal-film interface 

which then provides an inactive surface to the attack by chloride ion during film 

breakdown. According to Osozawa, et al [246], the nitrogen at the pit surfaces dissolves 

to form ammonium ions, which, according to Mudali, et al [28] later transforms to nitrate 

and nitrite ions to develop a stable and protective repassivation layer at the pit site by 

“local inhibition effect”. The increase in the pH at the pit site retards the pit growth 

kinetics. NH4 
+ ions further get hydrolyzed to form nitrite and nitrate film, which favors 

repassivation. The entire process could be represented by the following set of equations: 

 [N] + 4 H+ + 3 e  NH4
+ 

NH4
+ + H2O  NH4OH + H +  

NH4OH + H2O  NO2
- +7H+ + 6 e-  

NO2
- + H2O  NO3

- + 2H+ +2e- 
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5.3 Effect of nitrogen on corrosion behavior of nitrogen containing 304L SS in nitric 

acid and simulated HLW by electrochemical noise 

 

5.3.1  Evaluation of Stern - Geary coefficient 

Potentiodynamic anodic polarization experiments were carried out for the three nitrogen 

containing alloys (as received hot rolled specimens) in 1M, 4M, 8M and simulated HLW 

medium in order to obtain the Stern Geary coefficient (B). A typical representation of the 

polarization graphs in 1M and 8M nitric acid are shown in Figure 5.13.  
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From the polarization graphs, the anodic ( a )  and  cathodic  ( c) Tafel slopes were 

extracted and used in the well known Stern Geary equation (17) to deduce the Stern 

Geary coefficients for the stainless steels in the respective medium. 

)(303.2
)(

ca

caB                                                                                                         (17) 

These values were further used for the shot noise analysis. The values of B are listed in 

Table 5.4. 

 

 

Figure 5.13 Typical Polarization curves for the nitrogen containing 
stainless steels in 1 M, 4 M and 8 M HNO3  



159 
 

 

 

 

 

 

 

 

 

 

 

5.3.2 Time record and noise resistance 

The potential and current noise-time record for the three nitrogen containing 304L SS 

depicted passivation process [21,81,143]  in 1M, 4M, 8M and simulated HLW solution. 

The current noise- time record was characterized by low amplitude rapid transients 

typical of white noise and the potential noise comprised of slow rise and slow fall of 

potential. Typical representation of the current noise and potential noise – time record for 

the stainless steel containing 0.132 % N is shown in Figure 5.14.  

 

 

 

 

Nitrogen 

content 

1 M  HNO3 4 M   HNO3 8 M HNO3 Simulated 

HLW (in 

3M HNO3) 

0.132% N 0.02 0.03 0.063 0.03 

0.193% N 0.02 0.03 0.059 0.028 

0.406% N 0.023 0.032 0.05 0.033 

Table 5.4 Stern Geary coefficients in V/decade, for the nitrogen 
containing stainless steels  
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Electrochemical  noise  resistance  was  evaluated  from the  time record  as  the  ratio  of  the  

standard deviation of potential noise to that of the current noise. Electrochemical noise 

resistance has been well established by several investigators, to be inversely related to 

Figure 5.14 Typical representation of electrochemical current and potential 
noise time record for 304L SS containing a) 0.132% N b) 0.193% N in 4 M 
HNO3 taken after 8 h of immersion 

a) 

b) 
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corrosion  rates,  under  conditions  when  both  working  electrodes  have  the  same  activity  

and the corrosion process is uniform under activation control [74, 111]. However, even 

for systems that do not undergo uniform corrosion, high noise resistance has been 

obtained for systems that show low corrosion activity and vice versa [21, 81, 111]. It 

could thus be accepted that even for low active systems such as that for a passivation 

process, a comparatively high noise resistance implies low corrosion activity and low 

noise resistance implies high corrosion activity and hence corrosion activity would be 

more  appropriately  used  than  corrosion  rates.  The  plot  of  noise  resistance  with  time of  

immersion for the three nitrogen containing 304L SS in 1 M, 4 M, 8 M HNO3 and 

simulated HLW is represented in Figure 5.15 and the average noise resistance for 24 h of 

immersion is given in Table 5.5. It was observed that the nitrogen containing stainless 

steels in the environments studied, exhibited high noise resistance which is generally 

known to be associated with passive systems [21, 108, 110]. Further, a profound increase 

was observed in the noise resistance with increase in nitrogen content of the stainless 

steel. It is evident from the results that nitrogen has a major role to play in decreasing the 

corrosion activity with its increase in the alloy. From the noise resistance plots it is found 

that with increase in time of immersion, there is an increase in passive film stability in 

1M acid, a decrease in 8M acid and almost a constant stability in 4M acid. The reasons 

for the mentioned observations could be explained as follows. In 1M HNO3, the 

corrosion  potential  of  304L  SS  is  in  the  passive  region  closer  to  the  active  region  and  

hence the stability increases with time of immersion [34].  
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Figure 5.15 Electrochemical noise resistance of the three nitrogen 
containing 304L SS in 1 M, 4 M, 8 M HNO3 and simulated HLW medium. 
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In  8  M  HNO3, the corrosion potential of the steel is in the passive region closer to 

transpassive potentials and hence a decrease in stability is reflected with time of 

immersion and in 4 M acid, the corrosion potential is in the passive region between active 

region  and  transpassive  potentials  and  hence  the  steel  exhibits  almost  constant  passive  

film stability with time of immersion [34]. In simulated HLW solution containing 3 M 

HNO3, the noise resistance was found to be in close range, with marginal increase in the 

higher nitrogen stainless steels. This result could be attributed to the complex chemistry 

of  simulated  HLW  which  contains  3  M  HNO3, a well known passivating medium for 

stainless steels and the presence of cations, which could get adsorbed on the passive film. 

The competition between passivation by 3 M HNO3 and the instability of the film caused 

by adsorption of cations appears to have subdued the effect of nitrogen and hence only a 

marginal increase in the resistance was observed with increase in nitrogen content of the 

stainless steels. The fluctuations in the noise resistance with time of immersion reflect a 

disturbed passive film in simulated high level waste medium. 

 

Nitrogen 

content 

1M HNO3 4M HNO3 8M HNO3 Simulated HLW 

(in 3M HNO3) 

0.132% N 5667 13132 7435 40111 

0.193% N 46717 72351 14248 77325 

0.406% N 182872 37616 42299 58728 

Table 5.5 The average noise resistance for 24 h of immersion 



164 
 

5.3.3 Spectral noise resistance 

Spectral noise resistance was evaluated as the ratio of the square root of power spectral 

density  of  potential  noise  to  that  of  the  current  noise  at  each  frequency.  Mansfeld  et  al  

[106] introduced the parameter called “the spectral noise impedance” Rsn (f) in their 

studies on coating systems by EN method. The spectral noise plots have been 

extrapolated to the dc limit to obtain the spectral noise resistance, Rsn
o which has the unit 

of resistance and has been compared with Rn.   A  plot  of  Rsn
o as  a  function  of  time  of  

immersion is shown in Figure 5.16.  Rsn
o for the nitrogen containing steels in HNO3 and 

simulated HLW has been found to be high, which could be attributed to passivation 

process, as observed in our earlier investigations also [21, 108]. In recent literature, Cottis 

et al [109, 111] have associated high noise impedance for passive systems and low noise 

impedance for uniform and localized corrosion of carbon steel [109] and aluminum alloys 

[111]. In the present work, Rsn
o in 1 M, 4 M and 8 M HNO3 was found to increase with 

increase in nitrogen content, after 8 h of immersion. Rsn
o plots also indicated better 

passive film stability in 4 M HNO3 when compared to 1 M and 8 M acid.  In simulated 

HLW, Rsn
o was high for all the three alloys with nitrogen which could be attributed to 

passivation process. Rsn
o increased as the nitrogen content of the steel increased from 

0.132% to 0.193%. For further increase in nitrogen, Rsn
o was comparable to the lower 

nitrogen steels. The fluctuations in the spectral noise resistance reflect an unstable 

passive film in simulated high level waste medium. 
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In Figure 5.17, Rsn
o and Rn have been plotted for the nitrogen containing stainless steels 

in order to check the validity of the correlations between the two parameters for systems 

exhibiting low corrosion activity. It has been reported in literature [106,107,50,46] that 

Rsn
o obtained from power spectral density plots compares well with Rn from statistical  

Figure 5.16 Spectral noise resistance of the three nitrogen containing 
304L SS in 1 M, 4 M, 8 M HNO3 and simulated HLW medium. 
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analysis and polarization resistance (Rp) obtained from linear polarization technique. 

Cottis et al [111] has reported equivalence between Rsn
o and  Rn for corrosion of 

aluminum in various environments. In  several  other  studies,  the  above  relationship  was  

not  found  to  be  satisfied  [143].  In  the  present  investigation,  it  was  found  that  Rsn
o 

followed Rn in  HNO3 as well as simulated HLW medium.  A good equivalence existed 

between the two parameters. It could be well appreciated that even for passive systems 

where the corrosion activity is low, noise resistance and spectral noise resistance could 

discern the variations in the corrosion activity. 
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5.3.4 Shot noise analysis 

5.3.4.1 Characteristic frequency plots 

Characteristic frequency is the frequency of events divided by the area of the specimen 

exposed to the medium. The characteristic frequency (fn) and charge (q) have been 

established to provide information about the nature of the corrosion process [74, 46, 75, 

112].  The characteristic charge gives information about the amount of metal lost in each 

event occurring in the corrosion process and characteristic frequency is associated with 

the rate at which these events occur [109, 111]. For a uniform corrosion process which is 

associated with high frequency of corrosion at the surface, fn and q are high. In localized 

corrosion such as pitting and intergranular corrosion, where transients are large and the 

number of events or frequency of events is small, fn is small and q is large. For passive 

systems, q is expected to be low and fn may be low or high depending on the processes 

Figure 5.17 Plots showing correlations between noise resistance and 
spectral noise resistance for the nitrogen containing stainless steels in 
HNO3 and simulated HLW medium.  Rsn

o is found to follow Rn 
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occurring on the passive film [109]. The shot noise theory is based on the assumption that 

the power spectrum of an individual transient is constant at low frequencies and it is 

expected that the PSD should show a plateau at the low frequency range and the lowest 

possible frequency is taken for analysis. In cases where the low frequency plateau is 

absent, the PSD values corresponding to lowest frequency is used to estimate fn, and Rsn
o 

[75, 109]. In the present investigation, the PSD was taken corresponding to the lowest 

frequency of 5x10-4 Hz. The nitrogen containing stainless steels showed low 

characteristics frequency, which remained almost steady with time of immersion. The 

low characteristic frequency which implies low rate of events or low corrosion activity 

could be attributed to good passivation behaviour of stainless steels in HNO3 medium. 

Cottis et al [109, 111] reported high fn for inhibited and passive systems of carbon steels 

109 and variable values of fn for aluminum alloys [111]. Further, it was observed that fn 

decreased with increase in nitrogen content implying low corrosion activity with increase 

in nitrogen content. A plot of characteristics frequency or the frequency of events per unit 

area as a function of time is shown in Figure 5.18. The characteristic frequency plots also 

reflect better passive film stability in 4 M HNO3 when compared to 1 M and 8 M HNO3. 

The characteristic charge associated with these events were found to increase with 

increase in nitrogen content, the reasons being absurd and hence is not further discussed. 
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Figure 5.18 Characteristic frequency as a function of time of immersion for 
the three nitrogen containing stainless steels in HNO3 and simulated HLW 
medium. 
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One probable cause could be that these low frequency occurrences could be arising from 

dissolution near the vicinity of chromium nitride precipitates where there would be 

chromium depleted zones, contributing to higher charge in the higher nitrogen content 

stainless steel. 

5.3.4.2 Cumulative probability plots 

The cumulative probability F(fn) is plotted against the frequency of events, fn , in Figure 

5.19, for the nitrogen containing 304L SS in 1 M, 4 M, 8 M, and simulated HLW. The 

frequency of distribution was found to shift towards lower frequency with increase in 

nitrogen  content  of  the  steels  in  1  M,  4  M  and  8  M  HNO3, implying a decrease in the 

corrosion activity with increase in nitrogen content. This could be attributed to improved 

passivation behavior of the steels as the nitrogen content is increased. In 1 M HNO3, the 

frequency of events was found to range between 0.02 Hz/cm2 to 1.2 Hz/cm2 for 0.132 % 

N , 7 x 10-4 Hz/cm2 – 8 Hz/cm2 for 0.193 % N and 1.9 x10-4 Hz/cm2 – 4 x 10-2 Hz/cm2 

0.406  %  N.  In  addition,  it  was  observed  that  as  the  nitrogen  content  is  increased  from  

0.132 % to 0.193 % to 0.406 %, there is a corresponding decrease in the frequency of 

events in the cumulative probability range of 0.2 to 0.6.  Similar correspondence in the 

frequency of events and nitrogen content was observed in 8 M HNO3 for the cumulative 

probability range above 0.9. A direct correlation between nitrogen content and corrosion 

activity has been observed in 1 M and 8 M HNO3. In 4 M HNO3 too, a direct correlation 

exist between nitrogen content and corrosion activity in the cumulative probability 

regime of 0.35-0.6 as there is a decrease in the frequency of events with increase in 

nitrogen content. In the lower and higher cumulative probability region, the steel 

containing  0.193  %  N  showed  least  corrosion  activity.  The  cumulative  probability  –  
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frequency of events plots also confirmed an increase in corrosion activity with increase in 

concentration of HNO3 as it was observed that the cumulative probability shifted towards 

higher frequency of events with increase in nitrogen content.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.19 Cumulative probability plots representing the distribution of 
frequencies for the three nitrogen containing stainless steels in HNO3 and 
simulated HLW medium. 
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The frequency of distribution was found to range from 0.09 - 93 Hz/cm2 , 0.0009  – 9.5 

Hz/cm2 and 0.0016  – 48 Hz/cm2  for 0.132 % N, 0.193% N and 0.406 % N in 4M HNO3 

respectively and from 2-366 Hz/cm2, 0.12 Hz-342 Hz/cm2  and 0.02-1 Hz/cm2 in 8M 

HNO3. In simulated HLW solution, the frequency of events and hence the corrosion 

activity were found to decrease with increase in nitrogen content, in the lower cumulative 

probability region, until a value of 0.5. In the intermediate cumulative probability regime 

(0.5-0.7), the frequency of events showed lowest corrosion activity for the stainless steel 

with highest nitrogen content, while the two lower nitrogen stainless steels show similar 

corrosion activity. In the higher cumulative probability regime of 0.7 and above, the 

corrosion activity was found to decrease as nitrogen content increased from 0.132 % to 

0.406  %  ,  nevertheless  the  corrosion  activity  of  the  stainless  steel  with  0.193  %N  was  

found to be the least. From the results of the shot noise analysis, it can be appreciated that 

except for minimal discrepancies, a direct correlation could be explained between 

nitrogen content and corrosion activity. Although noise resistance and noise impedance 

well explained the decrease in corrosion activity with increase in nitrogen content, a 

direct correlation between nitrogen content and corrosion activity was obtained from shot 

noise analysis. 

5.3.5 Wavelet analysis 

Wavelet analysis was used to derive mechanistic information about the processes 

occurring on the surfaces of the nitrogen containing stainless steels. Figure 5.20 

represents a typical representation of the decomposition of the current – time record of 

the stainless steel containing 0.406% N into the details (or crystals, D1 to D8) and 

smoothed signal (A8), using Daubechies (db4) wavelet. The position of the maximum 
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Figure 5.20 Typical representation of eight level decomposition using 
Daubechies 4 wavelet, of the current noise-time record of the stainless steel 
containing 0.406% N in 1 M HNO3, 20 h after immersion. 

relative energy distribution of a crystal has been associated with dominant process 

contributing to the signal. The energy distribution plots for an eight level decomposition 

can be described by three regions [115, 117, 169].  
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D1-D3 are the smaller time scale crystals, D3-D6 are the medium time scales and D6-D8 

crystal are the large time scale crystals. Processes such as metastable pitting have the 

energy depositied on D1-D3, while repassivation/growth of pits are associated with D3-

D6 and stable pitting have the energy on D7-D8. Lafront et al [120] in their study on 

copper anode passivation in sulphuric acid medium by EN measurements have 

demonstrated that the electrode passivation is dominated by short time scale process and 

the energy accumulated mainly on D3 crystals. Li Jian et al [67] have reported maximum 

energy deposition on D3-D5 crystal, for passivation process. The energy distribution 

plots of the current noise for the nitrogen containing stainless steels in HNO3 and 

simulated HLW were found to have the energy accumulated on crystals D1, D2, D3, D4 

and the maximum contribution is located on D1 crystal, which is the shortest time scale 

crystal.  This  is  in  agreement  with  the  time  record  of  current  transients  obtained  during  

passivation of austenitic stainless steels [21, 108, 81, 143] as also explained in section 

5.3.2. A typical representation of the EDP of current noise for the three nitrogen 

containing 304L SS in 1M HNO3 is represented in Figure 5.21. Similar plots were 

obtained for the nitrogen containing stainless steels in all concentrations of the acid and 

in simulated HLW medium. The wavelet analysis indicated that the process occurring on 

the surface of the investigated nitrogen containing 304L SS in HNO3 and simulated HLW 

throughout the immersion period was predominantly passivation.  
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Figure 5.21  Typical representation of energy distribution plots of 
current  noise  for  the  nitrogen  containing  stainless  steel  in  1  M  HNO3, 
showing maximum deposition of energy at D1 crystal, which is attributed 
to rapid current transients during passivation. 
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5.4 Passive film analysis by laser Raman spectroscopy 

The Raman spectra of passive films formed on different nitrogen containing 304L SS in 1 

M, 4 M, 8 M and simulated HLW are shown in Figure 5.22.  
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Figure 5.22 Laser Raman spectra of passive films formed on the 
three nitrogen containing 304L SS in 1 M, 4 M, 8 M HNO3 and 
simulated HLW. excitation wavelength = 488 nm, laser power = 10 
mw, laser exposure time = 5s, Acquisitions = 20. 
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Laser Raman spectroscopic studies confirmed that the passive film mainly consisted of 

mixed oxides of iron and chromium. Frequencies were identified based on the literature 

[14,187]. The Raman assignments of the various peaks are shown in the Table 5.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The composition of passive film should consists of oxides, hydroxides, oxy hydroxides of 

Fe, Cr. All the Raman spectrum showed the presence of iron oxides, hydroxides, Fe-Cr 

spinel and chromium (VI) oxides. However, distinct peaks around 750-850 cm-1 were 

obtained due to the formation of stable spinel oxides irrespective of their passivation in 

Band (cm-1) Assignments 

Around 250-310 Fe-O stretching 

Around 350 Cr2O3 

450-490 Fe(OH)2 

665-680 Fe3O4  or -Fe2O3 

750-840 Fe –Cr Spinel 

860-870 Cr (III) and Cr(VI) mixed 

oxides 

900-970 CrO3 

Around 1030-1050 Surface mono and poly 

chromates 

Table 5.6 Raman assignments corresponding to the various peeks 
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different concentrations of HNO3 medium. Shifts in spectral positions were observed due 

to surface stresses and heterogeneities. The film contained mainly Fe-Cr spinel oxides. In 

4 M HNO3 passivated specimens, Fe-O stretching and Fe (OH)2 were observed. From the 

Raman  analysis,  it  was  observed  that  the  oxide  film  formed  on  4  M  HNO3 passivated 

specimen  was  stable  when  compared  to  other  specimens.  The  films  of  1  M  HNO3 

passivated samples were found to be amorphous and the spectra obtained were broad due 

to the overlapping of various frequencies and intensities were also lesser than that of 4M 

HNO3 passivated  specimens.  The  intensity  of  the  Raman  features  of  8  M  HNO3 

passivated samples was lesser in their magnitude when compared to 4 M HNO3 

passivated  samples.  One  common  aspect  in  1  M,  4  M  and  8  M  HNO3 passivated 

specimens is the presence of spinel oxide phase around 750-840 cm-1. This phase was 

completely disturbed in HLW samples. However, dominant Fe-O stretching due to -

Fe2O3, Fe3O4 and Fe(OH)2 were obtained.  Also, the intensities of those peaks were 

remarkably lesser than those obtained in 1 M, 4 M and 8 M HNO3 concentrations. This 

was probably due to the destruction of passive film and formation of iron corrosion 

products. The presence of aggressive ions in HLW might have stimulated the corrosion 

process and damaged the passive film structure.    

5.5 Conclusions 

Potentiodynamic anodic polarization experiments carried out on forged and rolled 

nitrogen containing stainless steels in nitric acid medium showed that the steels possessed 

good corrosion resistance (1 M, 4 M, 6 M) under ambient and elevated temperatures of 

the acid. All the hot rolled nitrogen containing stainless steel alloys exhibited a marginal 

improvement in corrosion resistance in nitric acid medium when compared to the forged 
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stainless steel alloys of the same composition.  Increase in nitrogen content of the alloys 

showed no discernable difference in the corrosion property in nitric acid medium owing 

to the spontaneous formation of chromium oxide passive film in nitric acid medium.  

Increasing the nitrogen content upto 0.193% was found to beneficial in enhancing the 

pitting resistance of the forged stainless steels, beyond which the pitting resistance 

deteriorated. To the contrary, an increase of nitrogen content till 0.406% substantially 

improved  the  pitting  resistance  of  the  rolled  stainless  steels.  Hot  rolling  and  annealing  

resulted in partial dissolution of the primary precipitates such as manganese rich and 

chromium nitride precipitates, thereby, reducing the number of pit initiation sites, as well 

as, enriching the stainless steel matrix with nitrogen. 

As the influence of nitrogen on the corrosion property of the three stainless steels in nitric 

acid medium could not be evidenced by potentiodynamic polarization technique, an 

attempt was made to derive information on the same aspect by electrochemical noise 

technique. From the results of the investigations carried out on the nitrogen containing 

stainless steels in nitric acid and simulated high level waste medium, the following 

inferences could be derived. The stainless steels were found to exhibit good corrosion 

resistance in HNO3 and simulated HLW medium, as evidenced by the high noise 

resistance and spectral noise resistance. In addition, the two parameters were found to 

show an inverse relation with corrosion activity and an increase in nitrogen content of the 

stainless steels was found to decrease the corrosion activity in HNO3 and simulated HLW 

medium as well. It was further found that Rsn
o obtained from spectral analysis tracked Rn 

obtained from statistical analysis. From shot noise analysis, it was found that the 

characteristic frequency decreased with increase in nitrogen content and the frequency of 
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distribution shifted towards lower frequency as nitrogen content increased. Except for a 

couple of disagreements, a direct correlation between nitrogen content and corrosion 

activity was established by shot noise analysis. In addition, the frequency of distribution 

was found to shift towards higher frequency with increase in concentration implying 

higher corrosion activity at higher concentration. EN analysis indicated better passive 

film  stability  in  4  M  HNO3 compared  to  1  M  and  8  M  HNO3. The energy distribution 

plots of current noise were found to be useful in deriving mechanistic information about 

the processes happening on the electrode surface. LRS results inferred a stable passive 

film in 4 M HNO3 when compared to 1 M and 8 M HNO3 and an unstable structure in 

simulated HLW. LRS results were found to be in agreement with EN results.  From the 

results of the investigation, it could be inferred that the three identical electrode 

configuration electrochemical noise probe could monitor the corrosion activity of the 

nitrogen containing stainless steels in reprocessing and waste storage conditions. The 

effect of nitrogen on the corrosion property of the nitrogen containing stainless steels in 

reprocessing and waste storage medium could be established by the three electrode probe. 

Increase in nitrogen content of the steel resulted in improved passivation behavior of 

304L SS in these environments as inferred from an increase in the noise resistance and 

spectral noise resistance and decrease in the characteristics frequency. 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS  

 

Austenitic stainless steel of type 304L SS is the major structural material for nuclear 

reprocessing and waste storage plants. Type 304L SS is continuously exposed to the 

process medium under operational conditions. During long term service, the process 

medium containing nitric acid, corrosion products, fission products together with 

radioactive heat, can elevate the corrosion potential of the most resistant 304L SS material 

towards transpassive region, where the highly tenacious and protective chromium oxide 

passive film ruptures, subjecting the material to corrosive environment leading to corrosion 

degradation. In this regard, towards developing electrochemical noise as useful corrosion 

monitoring technique for Indian nuclear reprocessing and high level waste storage plant 

applications, a three identical electrochemical noise monitoring probe fabricated from the 

structural material was designed. The implementations of online monitoring for applications 

in these areas require establishing the technique offline. Hence, laboratory scale experiments 

were carried out using the electrochemical noise probe to monitor the corrosion activity of 

304L SS in environments simulating reprocessing and waste storage plant conditions. The 

forthcoming section presents the summary and conclusions of the investigations carried 

towards meeting the theme of the work. 

 

6.1 Electrochemical noise monitoring during pitting corrosion of 304L SS 

The study comprised of electrochemical noise monitoring of 304L SS during pitting 

corrosion using the three identical electrode configuration. The presence of chloride ions 

in reprocessing medium or high level waste, by ingress of chloride from the water or 

acid, is detrimental, as adsorption and penetration of these ions through the protective 
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passive film could lead to local breakdown of passive film, promoting the formation of 

pits, the propagation and growth of which is catastrophic. The objective of the study was 

to obtain electrochemical noise data using the three identical electrode probe made of 

304L SS, and derive mechanistic information of the processes occurring on the material 

surface exposed to environments conducive for pitting to occur. The three identical 

electrochemical noise probe made of 304L SS was immersed in 0.05M FeCl3 for 24h of 

immersion and electrochemical current and potential noise was monitored. The acquired 

data was visually examined and then analyzed by statistical, spectral and wavelet 

analysis.  

The following conclusions were derived from the study: The random high amplitude 

fluctuations observed during initial immersion period became more defined as corrosion 

progressed, and distinct potential and current spikes indicative of pitting attack were 

obtained.  The roll off slope evaluated form the corresponding power spectral plots 

corroborated with pitting attack. Statistical evaluation of the time record was carried out 

and parameters such as localization index, standard deviation of potential noise as well as 

the kurtosis of potential and current noise corroborated with pitting attack. Energy 

distribution plot (EDP) obtained from wavelet analysis was found to provide useful 

information on the progress of corrosion. From the EDP, it was observed that metastable 

pitting, propagation and repassivation of pits and stable pitting occurred on the specimen 

surface, during initial stages of immersion and the dominant process was propagation and 

repassivation of pits. With time of immersion, metastable pitting was suppressed. The 

corrosion mechanism comprised of propagation / repassivation of pits and stable pitting, 

the latter being most predominant and the former becoming insignificant with time. 
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Although electrochemical noise time domain and power spectral analysis provided an 

insight on the corrosion mechanism as a whole, wavelet analysis provided intrinsic 

details on the processes occurring on the specimen surface as corrosion progressed. The 

three electrode EN probe was established to monitor the progress of pitting corrosion of 

304L SS. 

6.2  Electrochemical noise monitoring of 304L SS in nitric acid and simulated nuclear  

high level waste medium : 

The objective of the study is to establish electrochemical noise resistance (a parameter 

derived from the EN-time records) as a monitoring tool to reflect the corrosion activity of 

304L SS in various environments simulating reprocessing and waste storage conditions. 

For this purpose, electrochemical noise signals were acquired from 304L SS under 

various microstructural conditions (solution annealed and sensitized) in nitric acid 

medium of varying concentration ( 4 M, 8 M, 12 M ) and temperature (298 K, 323 K), 

and in simulated HLW,  under naturally corroding conditions, for 250 h of immersion.. 

The EN records were visually examined for mechanistic information and statistically 

evaluated to obtain noise resistance which was used to determine the corrosion activity.  

The following conclusions were derived from the study: EN-time records of 304L SS in 

nitric acid medium revealed passivation process during the monitoring period, under all 

conditions studied, except for the sensitized specimen in 4M nitric acid (323 K) that 

showed localized attack. The observations were confirmed by post experimental optical 

micrographs. The noise resistance showed an increase with increase in concentration of 

nitric acid for solution annealed 304L SS at 298 K and 323 K electrolyte temperature 

implying higher corrosion activity at higher concentration. Increase in temperature did 
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not appreciably increase the corrosion activity. For the sensitized 304L SS, the corrosion 

activity was found to be comparable in 4 M, 8 M and 12 M nitric acid at 298 K. An 

appreciable increase in corrosion activity occurred in 8M nitric acid when the electrolyte 

temperature was increased to 323 K. The corrosion activity was found to be higher for 

sensitized  specimen  when  compared  to  solution  annealed  304L  SS.  In  simulated  HLW  

under ambient conditions, the EN time records of the solution annealed 304L SS showed 

regions of depassivation by the ions present in the waste solution. The decrease in noise 

resistance for the sensitized specimen in simulated HLW (323K) was found to be 

marginal when compared to that of the solution annealed specimen implying comparable 

corrosion activity for the solution annealed and sensitized specimen during the period of 

measurement. The high noise resistance for these systems could be attributed to passive 

state which the system exhibited throughout the monitoring period, nevertheless the 

variations in the noise resistance in the  environments is because of variations in the 

dissolution rates form the passive film surface. Electrochemical noise resistance was 

found to be useful in discerning the variations in the corrosion activity even for systems 

that exhibited low corrosion activity. From the results of the present study, it was found 

that an inverse relationship between EN resistance and corrosion activity could be 

established for 304L SS in nitric acid and simulated high level waste. 

6.3 Effect of nitrogen on corrosion behaviour of nitrogen containing 304L SS in nitric 

acid medium: 

Towards developing materials for nuclear reprocessing and waste storage applications, 

nitrogen containing austenitic stainless steels stand as candidate materials by virtue of 

their high mechanical property and corrosion resistance. Three 304L SS containing 
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0.132% N, 0.193% N , 0.406% N received form Bulgarian Academy of Science under the 

Indo-Bulgarian collaboration programme were tested for its corrosion resistance in nitric 

acid and simulated high level waste medium by potentiodynamic anodic polarization and 

electrochemical noise technique. The objective was also to establish the three electrode 

electrochemical noise probe made of these materials to monitor the corrosion activity in 

reprocessing  and  waste  storage  medium and also  to  obtain  information  on  the  effect  of  

nitrogen on the corrosion property by electrochemical noise. The following are the 

conclusions derived from the study: Corrosion studies on three nitrogen containing 

stainless steels (under forged and rolled conditions) in nitric acid and simulated HLW 

medium inferred superior resistance for the rolled steels compared to the forged steel in 

acid and chloride medium, but no inferior influence of nitrogen on the corrosion property 

was noticed from potentiodynamic anodic polarization studies in acid medium. 

It was possible to establish the three identical electrode noise probe to monitor the surface 

activity of the nitrogen containing 304L SS in nitric acid and simulated HLW medium. 

The positive effect of nitrogen in acid medium was evidenced by electrochemical noise 

analysis. Electrochemical noise time record reflected passivation process for these steels 

in these environments, which was substantiated by statistical, spectral, wavelet and shot 

noise analysis. Noise resistance, spectral noise resistance increased while the frequency 

of events decreased with increase in nitrogen content. The energy distribution plots from 

wavelet analysis were useful in determining the corrosion mechanism. 
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6.4 Scope for future work 

1. The EN probe has been established in reprocessing and simulated HLW medium 

under static conditions, the implementation of the same under plant operating 

conditions would be one of the scope for future studies. 

2. To establish electrochemical noise monitoring of 304L SS welds in reprocessing 

and waste storage medium. Type 304L SS welds are subjected to sensitization in 

the heat affected zone, during fabrication. During long term exposure in 

reprocessing and waste storage medium, the sensitized regions are prone to 

intergranular corrosion. Electrochemical noise technique could be used to monitor 

intergranular corrosion of 304L SS welds. It would be of interest to establish 

correlation between various degree of sensitization using electrochemical noise 

measurements (in nitric acid medium) and electrochemical potentiokinetic 

reactivation studies.  

3. To  establish  the  role  of  various  inclusions  like  MnS  and  Al2O3 on the 

electrochemical noise behavior to understand the tunnel corrosion effect. 

4. To establish electrochemical noise measurements to study the variations of 

porosity and other defects of coated 304L SS. 

5. To study the effect of different compositions of HLW generated for different burn 

up, under prolonged storage conditions. 
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