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Abstract 
 
 

Effects of phosphoric acid based rust converter on stainless steels for anti-

corrosion applications 

 
 

Jeong Seok Park 

Interdisciplinary School of Green Energy 
      The Graduate School 

Ulsan National Institute of Science and Technology 
 
The performance of rust converter based on the phosphoric acid was investigated on 
type stainless steel 304 and duplex stainless steel 2205 in terms of corrosion inhibition 
and scale removal effects.  
 
The degree of corrosion inhibition was measured by potentiodynamic polarization and 
electrochemical impedance spectroscopy in a 3.5% NaCl solution. In order to make 
comparative study, inhibition efficiencies of as-received and pre-oxidized steels were 
measured in the presence and absence of rust converter. Additionally, electrochemical 
quartz crystal microbalance (EQCM) analysis was performed to monitor formation of 
rust conversion layer in real time. Surface analyses including EPMA and XPS were 
also carried out to establish the mechanism of corrosion inhibition. 
 
For the formation of pre-oxidized layer, high temperature oxidation was treated at 
500°C oxygenated atmosphere for 48hr. The nature and morphologies of oxide layers 
were characterized by SEM, XRD and XPS depth profiles.  
 
From the electrochemical studies, inhibition effect of rust converter generally depends 
on the condition of specimens. Rust converter applied on as-received steels was 
observed to play a role of anodic type inhibitor. Cathodic type inhibition effect was 
observed in the pre-oxidized steels with effective scale removal effect. 
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                      I. Introduction 

1.1 Background 

In order to improve the fuel efficiency of cars and reduce green house gas emission, automotive 
industry is under extreme pressures to minimize vehicle’s weight. Austenitic stainless steel is one 
promising alternative to achieve weight reduction. It is widely used in automotive application found in 
the exhaust system, structural system and sundry small parts. Stainless steels are now a candidate for 
structural applications. Offering weight savings, enhanced crashworthiness and corrosion resistance, it 
can also be recycled. Austenitic stainless steels blend tough mechanical and fire-resistant properties 
with excellent plasticity. [1-2].  

One of the promising materials able to reduce car’s weight keeping the crash absorption and hence is 
austenitic stainless steels. Austenitic stainless steels are used in crash relevant parts of cars. Moreover, 
designers can use their very good corrosion resistance and their well known surface aspect for 
structural visible parts like wheels, cross members, roof panels or tailgates [3-4].  

Acid wash process is widely used in many industries for descaling of metallic materials. Phosphoric 
acid, hydrochloric acid and sulfuric acid are regular aggressive solutions for acid pickling, acid 
cleaning and acid descaling due to their special chemical properties. Nevertheless, it is not always to 
get it because of inaccessibility of structures or of to economical considerations. In these 
circumstances, a possible alternative is the use of rust converter on partially cleaned surfaces [5-6].  

Most of rust converters commercially used is based on phosphoric acids, which are environmentally 
friendly in contrast to toxic inhibitors such as red lead or zinc chromates. However, there is a great 
controversy about their efficiency. The protection mechanism is unclear, although it is assumed that 
rust converter reacts with iron oxides not removed from metallic surface to form conversion layer. 
Some reasons can be explained that the different nature of the iron oxide to be converted and the pH 
of rust converter seem to important factor [7-12]. However, there is certain agreement that the rust 
converter reacts with crystalline iron oxides leading to an amorphous layer [13] and the rust 
conversion is accompanied by rust sealing which is the responsible of the protection efficiency [14]. 

 

1.2 Objectives 

High corrosion resistance of austenitic stainless steels is primarily attributed to passive layer formed 
on its surface that, exposed to an aqueous solution, is a mixture of iron and chromium oxides, with 
hydroxide and water-containing compounds located in the outermost region of the film, and 
chromium oxide enrichment at the metal-film interface [15].  

However, the resistance of this passive layer is determined by the environmental conditions which the 
stainless steel is exposed to. It is well known that under the action of aggressive ions such as chloride 
anion, local breakdown of passivity occurs mainly at sites of local heterogeneities causing pitting 
corrosion. Pits are often quite small at the surface and easily hidden by apparently inoffensive 
corrosion products [16-17]. 

Austenitic stainless steels are generally continuously casted, reheated, hot rolled and annealed in a 
modern operating process and the alloys are subjected to elevated processing temperatures throughout 
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the process. Under such conditions, a continuous oxide scale is formed covering the metal and a 
chromium depleted layer grows between the oxide scale and the base material. The elimination of 
surface defects by forming an oxide scale is required to improve the corrosion resistance [18-19]. 

Although there are several types of nuclear power plants (NPPs), pressurized water reactors (PWRs) 
and boiling water reactor are most common. In a PWR (shown in Fig 1.1), heat is generated by fission 
in the core and transmitted to the steam generators by pressurized water that is forced through the 
reactor cooling system (RCS) by reactor cooling pumps (RCPs). A pressurizer (PZR) prevents the 
water from boiling by keeping the pressure high enough. The steam generated in the SGs drives the 
main turbine, which is connected to the electric generator; it is then condensed and the cold water 
returns to the SGs through feed-water pumps [20]. 

The secondary system of PWRs is a loop composed of steam generator, steam transport piping, steam 
turbine, condenser and optional component. The materials of these components are mainly carbon 
steel, different grades of stainless steels, high nickel alloys and copper alloys. Among these materials, 
austenitic stainless steels are widely used in tubing for large condenser exposed to seawater as coolant 
of steam condenser. Metallic materials exposed to untreated seawater suffer the well-known 
phenomenon of fouling consisting of the formation of an untreated deposit that can cause pitting 
corrosion [21].  

Additionally, transport and deposition of corrosion products lead to the accumulation of metallic 
oxides in steam generator and condenser which decreases the thermal performance of the plant and 
favor local corrosion [22]. In PWR plants, oxide films formed on stainless steel surfaces have a 
double-layered structure with an internal adherent and compact layer enriched in chromium, and an 
external porous layer, discontinuous and mainly composed of crystals rich in iron, with random 
distribution [23].  

In order to improve the thermal performance of the plants and reduce the undesirable corrosion 
product, many research works have been performed. Among them, crystal habit modifiers (CHMs) 
program is one of the promising alternatives. The purpose of CHMs is to produce with desirable 
crystalline structure, morphology, density, particle size and surface areas by using some chemical 
addictives (Table 1.1) [24].   

The principal goal of this thesis is to evaluate the effectiveness of rust converter on austenitic stainless 
steels in terms of inhibition efficiency for pitting and scale removal from pre-oxidized oxide layer. 
Further, the ultimate goal of this thesis is to apply the use of chemical addictives such as rust 
converter on austenitic stainless steels in aggressive and elevated temperature environment.  
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Fig. 1.1 Schematic view of (a) PWR power plant and (b) recirculating-type steam generator [20] 
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Table 1.1 Candidate crystal habit modifiers (CHMs) [24]  

  
Primary-side CHMs  

tested: 

 
Secondary-side CHMs 
tested at low 
temperatures(90°C): 
 

 
Secondary-side CHMs 
tested at high 
temperatures(90°C): 

 
Secondary-side CHMs 
tested under boiling 
conditions (120°C, 2atm): 

Ammonium acetic 

Boric acid 

Chromium acetate 

Chromium nitrate 

Lithium hydroxide 

Oxalic acid 

Silicate 

Zinc acetate 

Boric acid 

EDTA-TMAH 

EDTP 

Formic acid 

HEDP 

Sodium aluminate 

Sodium oxalate 

Sodium salicylate 

TMAH 

EDTA-TMAH 

EDTP 

Formic acid 

Polyacrylic acid (PAA) 

Sodium aluminate 

Sodium oxalate 

Sodium salicylate 

Sodium sulfate 

Titanium acetate 

Zinc acetate 

Formic acid 

Polyacrylic acid (PAA) 
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II. Literature Review 

2.1 General characteristics of stainless steels  

2.1.1 The origins of stainless and general classification of stainless steels 

It is without a doubt that stainless steels are an important class of alloys. Their importance is 
manifested in the abundance of applications that rely on their use. From low-end applications, like 
cooking utensils and furniture, to very sophisticated ones, such as space vehicles [1], the use of 
stainless steels is in indispensable. In fact, the omnipresence of stainless steels in our daily life makes 
it impossible to enumerate their applications. 

The word ‘steel’ means that iron constitutes the bulk of the material, while the use of the adjective 
‘stainless’ implies absence of staining, rusting or corroding in environments where normal steels are 
susceptible in relatively pure and dry air. In order to impart stainlessness to steels, the chromium must 
be added to at least about 11 wt%. At this Cr level, an adherent and self-healing chromium oxide can 
form on the steel surface in relatively benign environments. However, to guard against pitting and 
rusting in more hostile environments such moist atmospheres or polluted environments or in the 
presence of elements like carbon, higher Cr contents must be added. 

While the Fe-Cr system forms the basis, modern stainless steels, besides Cr, also contain a host of 
other alloying elements whose presence enhances specific properties. For instance, Mo is added for 
enhancing resistance against pitting and Ni for obtaining austenite. It is not uncommon for some 
grades such the super-ferritic and super-austenitic to contain very generous amounts of these alloying 
elements. When the contents of Cr and Ni are added in substantial amounts, the resulting alloy is 
called heat-resisting alloy. Although a jumble of alloying elements may be present in stainless steels, 
their total content is usually kept below the iron content for the sake of maintaining the resulting alloy 
to be steels.  

Three main types of microstructures exist in stainless steels ferritic, austenitic and martensitic. These 
microstructures may be obtained by properly adjusting steel chemistry. Out of these three main 
microstructures, stainless steels may be categorized into several classes [1, 2]. These are (1) ferritic 
stainless steels, (2) austenitic stainless steels, (3) martensitic stainless steels, (4) duplex stainless steels, 
(5) precipitating hardening stainless steels and (6) Mn-N substituted austenitic stainless steels. The 
different classes of stainless steels possess different properties. For instance, fully austenitic stainless 
steels are non-magnetic, but their martensitic and ferritic counterparts possess ferromagnetism. The 
different properties of the various stainless steels have been studied extensively for a very long period 
and thus are very well documented in the literature. An early handbook on stainless steels, which 
contains a series of informative articles, is a very good source on this topic [3]. 

2.1.2 Status of global production and consumption of stainless steels 

The use of stainless steels is central to a lot of applications. The importance of stainless steels may be 
appreciated by looking at tonnages of their production and consumption in some of the major 
economics (Table 2.1) [4]. 

The figures show an upward trend on a yearly basis in the 1990s. While Table 2.1 shows the trend in 
the last century, Table 2.2 gives more up-to date figures of major continents since the year 200. Table 
2.2 clearly shows that the tonnages of production of stainless steels and heat resisting steels are 
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constantly on the rise. Table 2.2 shows that Asia, whose economy is fast expanding, accounts for a 
large portion of stainless steels produced worldwide. Among Asian countries, the tonnage produced in 
China is particularly high [5]. China for example, has overtaken Japan as the world’s leading producer 
of stainless steels, with per capita consumption reaching over 4.6 kg in 2006 [6]. 

2.1.3 Precipitates of stainless steels 

Inevitably, a lot of stainless steel components are used at elevated temperatures used at elevated 
temperatures. Upon high-temperature exposure, a myriad of phases may precipitate in the various 
classes of stainless steels and their precipitation has profound repercussions on the properties. Some 
of these phases, like M23C6 carbide, may be common to all classes, but some of them are not. For 
instance, the Cr-rich, bcc ferrite (usually denoted as α’Cr) pertains to the ferritic and martensitic 
classes only (and the ferrite phase of the duplex class). The Hagg carbide, M5C2, usually forms only 
when the carbon content reaches very high levels (as encountered in carburization). In as much as 
stainless steels are so extensively studied, the various phases that may form in them are well 
characterized. Many phases that are commonly encountered in stainless steels are listed in Table 2.3 
[7-11]. 

Precipitation of the various phases results in across-the-board property changes [12]. These changes 
almost invariably affect adversely the performance of stainless steels. Formation of grain boundary 
carbides, with and attendant decrease in Cr content in their neighborhoods, degrades corrosion 
resistance and is known to be the main culprit for causing sensitization. Formation of the α’Cr 

embrittlement the steel and the phenomenon is notoriously known as 475°C-embrittlement. 

Precipitation of intermetallics, such as the sigma phase and the chi phase, detracts from toughness and 
corrosion resistance. Therefore, it is not surprising that these high-temperature precipitates are almost 
invariably regarded as being deleterious. 

Nevertheless, it has been found that some of these precipitates, such as the sigma phase, may also be 
put to good use. Some author have shown that the formation of α’Cr in duplex stainless steels may be 
utilized for temperature measurement below roughly 550°C [13-18]. This technique, named the 
Feroplugs, was patented in the UK and the USA and was introduced in details.  

2.1.4 Applications of stainless steels 

This section introduces some of the applications that involve the use of stainless steels. It is no 
exaggeration to say that the list of applications using stainless steels is virtually endless. Hence, this 
section attempts to introduce those that have recently been reported in popular scholarly journals. The 
novel use of duplex stainless steels as temperature sensors and their intermetallics sigma phase as hot-
spot indicator, as suggested by the present group of authors, is included in this section, too. 

2.1.4.1 Transportation 

Use of ferritic stainless steels in the automotive industry has had a long history and is pretty well 
known. Besides vehicles moving on the land, stainless steels have also found their niche in the 
making of those surfing the sea. The 15-5 precipitate hardening stainless steel has been confirmed to 
be a suitable candidate for use as the hydrofoil for high-speed passenger craft [19]. Super austenitic 
stainless steels, which raised N and Mo level, are also suitable for applications involving contracting 
with seawater [19]. 
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2.1.4.2 Construction 

Stainless steels have long been used as roofing materials and facades by the construction industry and 
the Chrysler building in New York is an epitome. One of the main reasons for the use of stainless 
steels for construction purposes is that their corrosion resistance in atmospheric condition is 
substantially higher compared to with zinc and copper [20]. The main merit of using stainless steels in 
the construction industry is that they are cost-saving in the long haul. When corrosion of steel 
reinforcements of concrete structures occurs, the costs of repair can be very prohibitively high. For 
steel reinforcements, galvanizing may provide short-term protection only [21, 22]. Coating the 
reinforcement with epoxy may be an option, but this may degrade the adhesion between the 
reinforcements and the concrete [23]. To avoid this problem, use of stainless steels as concrete 
reinforcements may be a promising option. It has to be noted that even though stainless steel 
reinforcements may cut cost in the long run, the high initial cost, which is mainly incurred by the use 
of Ni, may be prohibitive in some cases. Besides, reinforcements, stainless steels have also been 
suggested for use as loading-sustaining structural components. A concrete bridge built by the Oregon 
Department of Transportation is a good illustration. The rebar of this bridge are made of duplex 
stainless steels and this bridge is designed to last 120 years with ‘literally no maintenance’ whatsoever, 
in spite of the salty atmosphere and seismic activity in Oregon [24] 

2.1.4.3 Medical uses 

Medically, coronary stents may be made of stainless steels like 316L, although their high Fe contents 
render them non-compatible with magnetic resonance imaging (MRI) and to be poor fluoroscopic 
materials [25]. In spite of their limitations and a myriad of materials have been chosen as stent 
materials, stainless steels are still favoured, as evidenced by the fact that seven out of the eight 
coronary stents approved by the US Food and Drug Administration are made of stainless steels [25]. 
Compared with other competitive materials like Ti, stainless steels may be better in terms of 
formability, weldability and affordability 

2.1.4.4 Nuclear and chemical industries 

Stainless steels are used in the petroleum industry where they will be subjected to pitting and stress 
corrosion cracking in the presence of Cl-. Besides chemicals, stainless steels are also used for storing 
radioactive wastes. It has recently been demonstrated that containers for medium-level radioactive 
waste made of AISI304L may last for 30 years [26].  

Austenitic stainless steels like AISI304, AISI316, etc., have already been used by the nuclear industry 
in light water reactors or fast breeder reactors. Besides fission, these stainless steels are also regarded 
as being potentially suitable for fusion systems. It is worth mentioning that austenitic stainless steels 
have been suggested to be usable for ITER [27]. Very recently, it has been proposed by researchers at 
Oak Ridge National Laboratory, USA that the shield module used in the ITER fusion device can be 
fabricated using a new cast stainless steel. This new cast stainless steel is 50–70% stronger than other 
cast stainless steels in the as-cast state [28]. 

 

2.2 Major issues of stainless steels in industrial application 

Although possessing superior properties, stainless steels are still afflicted by a host of problems, 
especially when they are exposed to elevated temperatures and seawater environment. These problems 
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will be introduced in the following sections. 

2.2. 1 Hydrogen embrittlement (HE) 

2.2.1.1 HE of austenitic stainless steels 

Austenitic stainless steels have higher resistance to hydrogen embrittlement than nickel and α-iron 
because of their high activation enthalpy for hydrogen migration [29]. However, in atmospheres 
where the pressure of gaseous hydrogen is high or in cathodic charging, austenitic stainless steels will 
suffer from brittle fracture.  

2.2.1.2 HE of ferritic and duplex stainless steels 

Ferritic-austenitic duplex stainless steels are vulnerable to HE because of the presence of the ferrite 
phase, which possesses higher rates of diffusivity and permeation for H than does the austenite phase 
[30-32]. As a result, the ferrite phase is believed to be more susceptible to hydrogen-induced 
embrittlement and crack formation [33, 34]. For duplex stainless steels that are cathodically charged, 
hydrogen promotes transgranular fracture of the ferrite phase, which then induces microcracks in the 
austenite phase [35].  

2.2.2 Sensitization  

Sensitization is an age-old problem for stainless steels. Besides degradation in corrosion resistance, 
sensitization has been found to correlate well with stress corrosion cracking [35, 36]. The most 
accepted theory on the root cause of sensitization in stainless steels is the Cr-depletion theory [30, 31]. 
When the Cr contents in the vicinity of grain boundaries drop below the requisite level for ‘stainless 
steels’ and the fractions of such Cr-deficient boundaries reach the critical value, the material becomes 
brittle [36-38].    

2.2.3 Metal dusting 

Metal dusting is a high-temperature (between about 400 and 900°C) corrosion process in which 

metals are saturated with carbon and then disintegrate into metal particles and graphite. This corrosion 
process usually occurs when hydrocarbons or a strong carburizing atmosphere is present. The exact 
mechanisms of metal dusting are still not well understood and are material-dependent. The reviews on 
the subject of metal dusting are available in the literature [39-41]. 

2.2.4 Pitting 

Pitting corrosion is a very common problem for stainless steels and the sense is defined as the form of 
corrosion in which craterlike, surface-hollowing cavities occur (see Fig. 2-1) [42]. Outside the pitted 
areas practically no surface corrosion observed. The depth of the pitted area is generally equal to or 
greater than its diameter. Pitting always arises when the material surface is covered with a corrosion-
resistant coating that has pores or defects, the latter being there initially or arising through a local 
reaction with the corrosive medium. The following are regarded as being protective layer [42]: 

1) A natural oxide scale or rolling scale in unalloyed or low-alloy steels      
2) Protective films (e.g., paint, bitumen coatings and oil films) 
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3) Metallic coatings (e.g., zinc) 
4) Salt layers formed under operating conditions such as the lead sulfate layer that form on in sulfuric 
acid or the copper oxide or malachite layer formed on copper in drinking water 
5) A film produced by the adsorption of inhibitor (e.g., chromates) 
6) The passive film, usually consisting of only few molecular layers, such as found in iron, nickel, 
chromium, and iron-and nickel-based alloys with passivity capacity  

2.2.4.1 Pitting corrosion in stainless steels 

The conditions that lead to chloride-induced pitting corrosion in stainless steels in chemical plants are 
well-known and have been extensively examined for this group of materials. The susceptibility to 
pitting decreases with increasing surface finishing. A ground surface is more susceptible to pitting 
than a pickled one, which in turn is more susceptible than a polished surface. A further decisive point 
is structural uniformity. Rolled surfaces (i.e., surfaces parallel to the rolling direction) are less prone to 
pitting than short-transverse-cut sections exhibiting open microsegregations. Oxide and sulfide 
inclusions, carbide precipitates, and intermetallics phases also increase susceptibility to pitting. Cold 
forming can also cause a marked increase in the incidence of pitting, although the influence of cold 
forming has not yet been finally established and contrary results have also been found. 

For a standard chromium – nickel steel with 17.0 – 19.0 wt% chromium and 9.0 – 11.5 wt % nickel, 
the resistance to pitting can be improved by increasing the contents of chromium and molybdenum, 
but is not affected by higher nickel concentrations. In stainless steels, 3 % chromium is equivalent 
to1% molybdenum. This finding led to the formulation of a pitting resistance equivalent (PRE), which 
is defined as 

% 3 %PRE wt chromium wt molybdenum= +  

Some investigations have suggested a factor of 3.3 for molybdenum Fig 2.2 shows that UP is directly 
proportional to the PRE. Therefore, austenitic steels with the highest possible chromium and 
molybdenum contents exhibit extremely high pitting resistance [42]. 

The positive effect of nitrogen on the resistance to pitting corrosion of austenitic stainless steels has 
recently been studied in greater detail. Examinations of austenitic materials with different Cr, Mo and 
N contents indicated a PRE factor of ca. 13 for nitrogen [43]; other authors give values of 20 or even 
30 [44]. However, the effectiveness of nitrogen is clearly linked to specific Cr and Mo percentages. 
Factors affecting pitting corrosion in austenitic chromium-nickel-molybdenum steels are listed in 
Table 2.4 [42]. 

2.3 Mechanisms of corrosion inhibition 

2.3.1 Basic concept of corrosion 

For corrosion to take place, the formation of a corrosion cell is essential. A corrosion cell is essentially 
comprised of the following four components and their schematic view is shown in Fig 2.3 [42]. 

1) Anode 
2) Cathode 
3) Electrolyte 
4) Metallic path 
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Anode: One of the two dissimilar metal electrodes in an electrolytic cell represented as the negative 
terminal of a cell. Electrons are released at the anode, which is the more reactive metal. Electrons are 
insoluble in aqueous solutions and they only move, through the wire connection into the cathode. For 
example, in a battery, zinc casing acts as the anode. Also in a Daniel cell, zinc is the anode as 
oxidation occurs on it and electrons are released (Fig 2.4) [42]. Corrosion nomenclature is the 
opposite of electroplating nomenclature, where an anode is positive and the cathode is negative. 

Cathode: One of the two electrodes in and electrolytic cell represented as a positive terminal of a cell. 
Reduction takes place at the cathode and electrons are consumed example, carbon electrode in a 
battery and copper electrode in a Daniel cell. Fig 2.5 [42] shows the reduction of hydrogen ion. The 
electron is always a reducing agent. 

Electrolyte: It is the electrically conductive solution that must be present for corrosion to occur. Note 
that pure water is a bad conductor of electricity. Positive electricity passes from anode to cathode 
through the electrolyte through the electrolyte as cations. 

Metallic path: The two electrodes are connected externally by a metallic conductor. In the metallic 
conductor, ‘conventional’ current flows from (+) to (-) which is really electrons flowing from (-) to 
(+). Metals provide a path for the flow of conventional current which is actually passage of electrons 
in the opposite direction. 

The process of oxidation in most metal and alloys represents corrosion. Cathodic reactions are 
reduction reactions which occur at the cathode. Electrons released by the anodic reactions are 
consumed at the cathode surface. Unlike and anodic process, there is a decrease in the valence state. 
The most common cathodic reaction in terms of electrons transfer are given below:                                                                                                            

1) 2H+ + 2e → H2 ↑(in acid solution) 
2) O2 + 4H + 4e → 2H2O (in acid solution) 
3) 2H2O + O2 + 4e →OH- (in neutral and alkaline solutions) 
4) Fe3+ + e → Fe2+ (metal ion reduction in ferric salt solutions) 
5) Metal deposition: M2+ + 2e → M 
6) Bacterial reduction of sulfate: SO4

2- + 8H+ + 8e → S- +4H2O 

2.3.2 Mechanisms of corrosion inhibition  

2.3.2.1 Use of corrosion inhibitor 

Corrosion phenomena are well known in the petroleum industry and cause a maximum damage to 
oilfield equipment. Significant corrosion protection efforts have been made by petrochemical 
industries to prevent corrosion damage. The practice of corrosion prevention by adding substances 
which can significantly retard corrosion when added in small amounts is called inhibition. Inhibition 
is used to internally with carbon steel pipes and vessels as an economic control alternative to stainless 
steels and alloys, and to coatings on non-metallic components. One unique advantage is that adding 
inhibitor can be implemented without disruption of a process. The addition of an inhibitor results in 
significant suppression of corrosion. Corrosion inhibitors are selected on the basis solubility or 
dispersibility in the fluids which are to be inhibited. For instance, in a hydrocarbon system, a 
corrosion inhibitor soluble in hydrocarbon system is used to. Two phase systems composed of both 
hydrocarbons and water, utilize oil soluble water-dispersible inhibitors. Corrosion inhibitors are used 
in oil and gas exploration and production, petroleum refineries, chemical manufacturing, heavy 
manufacturing, water treatment and product additive industries. The total consumption of inhibitors in 
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USA alone costs over one billion dollars annually [45]. 

2.3.2.2 Type of corrosion inhibitors and their action mechanism 

The corrosion of reinforcement is electrochemical reactions, and anodic reaction and cathodic reaction 
progress simultaneously. So, it is possible to suppress the corrosion of the reinforcement, if one side 
or both of the reaction are stopped. The type of the corrosion inhibitor can be classified into three [46]. 
The polarization of the reinforcement in the use of using various corrosion inhibitors is shown in Fig. 
2.6 [45]. 

Anodic type corrosion inhibitor: The anodic reaction is suppressed by passivating the metal by 
forming dense film in the surface oxidizing the metal. Therefore, it is general to use oxidizing agents 
such as chromates and nitrites as a component. 

Cathodic type corrosion inhibitor: The cathodic reaction is suppressed by reacting with the ion of 
liquid phase, forming a film of salts with poor solubility in water, on the negative electrode. Such 
chemical compounds as carbonate, phosphates, silicate, polyphosphates, etc. are included in the 
cathode type of corrosion inhibitor. The dosage of them tends to increase because the depression 
effect is inferior to the anode type corrosion inhibitor. 

Mixed type corrosion inhibitor: In this agent, the corrosion reactions are suppressed by adsorbing 
on metal surfaces and inhibiting the reaction with the corrosive substance. The material with the 
hydrophobic group that has polar groups such as N, S, OH is effective. Organic polymer compounds 
such as amine and surface activity actions are used. 

2.4 Acid pickling process of austenitic stainless steels 

Stainless steels, especially austenitic stainless steels, are used increasingly for their excellent 
mechanical properties and high corrosion resistance. Austenitic stainless steels are generally 
continuously casted, reheated, hot rolled and annealed in a modern operating process and the alloys 
are subjected to elevated processing temperatures throughout the process. Under such conditions, a 
continuous oxide scale film is formed covering the metal and a chromium depleted layer grows 
between the oxide scale and the base material. The two layers eliminate undesirable inclusions and 
defects form the surface, but it is undoubted that a subsequent pickling operation should follow to 
expose the substrate metal, to improve the surface finishing and thus, to enhance the corrosion 
resistance. A correct pickling process is a complex operation that includes annealing, scale removal, 
complete dissolution of the chromium depleted layer and the recovery of highest surface passivity 
[47].   

Pickling in a modern operating route consists of several processes. A scale breaking at stresses loosen 
the scale layer, disrupt it and results in some cracks inside the remaining oxide scale so that the 
electrolyte can easily penetrate into the oxide scales can be removed mechanically. Electrochemical 
neutral pickling consists of polarizing the metal surface alternately anodically and cathodically to 
condition the oxide scales that can dissolve in the pickling process electrolytes. The last step is a 
chemical pickling that oxidized and dissolves the surface metal so that the remaining oxide scale is 
undercut and disrupted. The major task of this operation is to completely remove the chromium-
depleted layer in such a way that the base metal is dissolved as little as possible [47].  

2.4.1 Descaling, pickling and passivation 
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The pickling of stainless steels is often performed in 4 successive steps: mechanical descaling, 
preliminary pickling, final pickling and passivation. 

Mechanical descaling: Mechanical descaling is usually carried out by scale breaking and/or shot 
blasting. Both processes modify the scale film and make the subsequent pickling more effective. Shot 
blasting is one of the fasted descaling techniques for hot rolled products [48]. Hardened carbon steel 
or silica shots are dropped or directed at a rate between 40 and 90 m/s on to the scaled surface [49]. 
The shape of the shots is irregular or spherical in diameters ranging from 0.15 to 0.60 mm. Some 
oxide scales are broken and disrupted during shot blasting. However, some surface defects can be 
induced and a work hardening can take place. 

Preliminary and final pickling process: Preliminary and final pickling processes are applied to 
remove contaminants from the stainless steel surface. This results in a metallically clean surface on 
which a protective passive layer can form. These processes also remove the outer surface layer 
containing mechanically induced tensile stresses and thus, lower the risk of stress corrosion cracking 
[50]. The different metal oxides obtained at the surface of austenitic stainless steels after a short 
period of annealing and their removal operations are schematically illustrated in Fig 2.7 [47]. 
Mechanical descaling and preliminary pickling contribute mainly to the removal of the oxide scale 
and the final pickling removes the chromium-depleted layer. 

Passivation: The pickled surface can subsequently be passivated in a mild oxidizing solution to 
increase its corrosion resistance. Such solutions are warm dilute nitric acid, ammonium persulfate, 
dilute hydrogen peroxide or a citric acid-sodium nitrate mixture [51]. The resulting transparent 
passive film is composed of oxides and hydroxides plus adsorbed oxygen. Its thickness is about 0.1 
um and that thickness can be increased by either exposing the material to oxidizing solutions or by 
anodic passivation using electrochemical techniques. However, this passivation stage is not required 
in many applications because stainless steels are self-passivating in air due to their high chromium 
content. 

2.4.2 Effect of hot and cold rolling on pickling 

Hot and cold rolling operations are used to decrease the gauge of a product to a certain extent at 
temperatures above the recrystallization temperature of the material and at room temperature, 
respectively, to meet microstructural and mechanical requirements. 

Hot rolling significantly alters the grain size of metals. The degree of deformation determines the 
energy stored in the material that is the driving force for recrystallization to occur. The number and 
frequency of deformation steps and the initial and final temperatures determine the rate of 
recrystallization and the occurrence and rate of grain growth. Lower deformation temperature and 
larger amounts of deformation produce a smaller ultimate grain size and thus, induce and oxide scale 
during annealing with a smaller grain size and higher chromium oxide content. These parameters will 
further affect the composition of a chromium-depleted layer [49].  

Cold rolling also increases the stored energy. When coupled to an annealing step, cold rolling changes 
grain size in a way that is similar to hot rolling changes grain size in a way that is similar hot rolling. 
However, deformation induced segregation or a phase transformation occurs, cold rolling has no 
specific effect on the pickling behavior [52]. 

2.4.3 Effect of annealing on picking 
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During annealing, austenitic stainless steels are heated up to about 1150°C and are kept at this 
temperature for some time to soften the metal in order to release the work hardening induced by hot 
and cold rolling. A uniform grain structure is obtained depending on the annealing temperature. The 
elimination of surface defects by forming an oxide scale is required to improve the corrosion 
resistance [53]. On the other hand, processes are required to remove that oxide scale and the 
chromium-depleted layer to obtain technological products. 

2.4.4 Effect of the oxide scale on pickling 

Various compositions and structures of the oxide scale have been reported and most researcher state 
that the oxide scale on austenitic stainless steels is composed of Cr2O3, Fe2O3, and (Fe, Cr)3O4 spinel. 
The composition and the structure of the oxide scale are determined by the annealing parameters and 
they affect the pickling. The time required for the dissolution of the oxide scale decreases with 
increasing annealing temperatures [54]. Pickling is claimed to be more effective at a higher content of 
manganese and chromium oxides and a low content of silicon oxide in the scale film [55]. Such an 
oxide scale can be obtained by annealing at a lower preheating rate below 400°C, a rapid heating rate 
from 400 to 700°C and an annealing for more than 10 seconds when the temperature is above 
1000°C.Such processing results in a thin scale thickness, high Cr/Fe and Mn/Fe ratios, a low Si/Fe 
ratio in the scale and a scale dissolution that is significantly increased during pickling.  

2.5 Corrosion test 

2.5.1 Metal passivity & Anodic polarization 

Passivity is the state of a metal or an alloy in aqueous solution where the surface is covered by a thin 
or oxyhydroxide film which protects the metal or alloy against corrosion. Passivity is of direct 
relevance to materials science and engineering, as the presence of a passive film on the surface of the 
metallic material gives it a natural protection against corrosion. The design of highly corrosion-
resistant alloys must include detailed considerations of the passivation of the alloy in given 
environments. As an example, stainless steels are widely used, essentially because stable passive films 
are formed on their surfaces. However, passive films may suffer from local breakdown under the 
effects of chemically aggressive environments, and the passivity breakdown may lead to various 
forms of localized corrosion (e.g. pitting corrosion, crevice corrosion, stress corrosion cracking). The 
understanding and the control of passivity and passivity breakdown are key factors for the protection 
of materials against corrosion [56].    

The electrochemical behavior of metals and alloys which are passivated can be conveniently 
described by the schematic current-potential curve shown in Fig 2.8. Such a curve is also referred to 
as an anodic polarization curve. Three regions can be distinguished on this curve. The fist region 
corresponds to the active state of the metal, where anodic dissolution takes place according to the 
following reaction 

                                   M → Mn+ + ne- 

, Where M denotes the metal atoms on the surface passing to the aqueous solution in the form of 
cations. A number, n, of electrons is exchanged in this electrochemical reaction. In this region, the 
current density is an exponential function of the potential. It is important to note that this is a half 
reaction, a cathodic one, must take place simultaneously. This cathodic reaction may be the reduction 
of protons from the solution 
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                                 2 H+ + e- → H2 

or the reduction of oxygen dissolved in the aqueous solution 

                              1/2 O2 + 2H+ + 2e- → H2O 

Electrochemical instruments (Potentiostat) allow separation of the anodic and the cathodic reactions, 
the anodic reaction occurring on the studied metal surface and the cathodic on a counter electrode, the 
potential being set with a reference electrode. In practical situations, both the anodic and the cathodic 
reactions take place on the material surface. This is an important point because it can be immediately 
understood that although the fundamental reaction of corrosion is anodic dissolution, it involves 
necessarily a cathodic reaction. 

The second region which is observed in Fig 2.8 corresponds to the passive state of the metal. It starts 
with a transition from the active to the passive state, which is responsible for the peak appearing in the 
current-potential curve. Above the critical passivation potential corresponding to the maximum in the 
active peak, an oxide (or oxyhydroxide) film grows on the surface and the dissolution current drops to 
a value which is typically 102-104 times lower than the anodic dissolution current at the maximum of 
the active peak. It is said that the metal surface is passivated, or that the material is in the passive state. 
The anodic reaction of oxidation is 

                        nM + mH2O → MnOm + 2mH+ + 2me- 

The passive region usually extends over a significant range of potentials (several hundred millivolts).  

The third region in the polarization curve is the trans-passive region in which, when the potential is 
further increased, the current density begins to rise. In this region, increased dissolution of the 
material (under conditions where electrochemical polishing can be performed) and oxygen evolution 
take place. 

                             2H2O → O2+ 4H+ + 4e- 

This reaction requires semiconducting properties of the passive films. In the case of aluminum and 
other valve metals, the surface oxide films are insulating and they become thicker with increasing 
potential. In this case, the passive region extends over several volts before dielectric breakdown of the 
oxide film occurs. 

The polarization curve is a kinetic approach to anodic dissolution, passivation and transpassivity. 
Obviously, the associated chemical reactions only take place if they are permitted by thermodynamics. 
As regards passive films, two can be distinguished, depending on whether the oxide film on the 
surface is or is not in equilibrium with the aqueous solution at a given potential and pH. In the case of 
many metals showing the ability to be passive, and of importance for engineering alloys such as iron, 
nickel and chromium, the passive films, in acidic solution, does not result from thermodynamic 
equilibrium, but from the fact that the dissolution rate of the oxide in the acidic solution is slow. Fig 
2.9 shows a schematic potential-pH diagram for metal-water system. A passive film, not equilibrium, 
but dissolving slowly, may exist in the region of the E-pH diagram denoted corrosion. The region 
denoted immunity corresponds to conditions in which the metal is stable (not corrosion). The more or 
less protective character of the passive film cannot be derived directly from such diagrams. 
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The chemical nature of passive films is an important issue, which has stimulated numerous studies by 
various techniques including electrochemical techniques (e.g. galvanostatic cathodic reduction, which 
can be coupled with analytical chemical measurements of the composition of the solution in which the 
reduction was carried out), ellipsometry, electron diffraction, Mossbauer spectroscopy, electron 
spectroscopy [Auger electron spectroscopy (AES) and electron spectroscopy for chemical analysis 
(ESCA or XPS)], secondary ion mass spectrometry (SIMS), ion scattering spectroscopy (ISS) and 
techniques using synchrotron radiation [X-ray absorption near edge spectroscopy (XANES) and 
extended X-ray absorption fine structure spectroscopy (EXAFS)]. It is now well accepted that the 
passive film is not a single layer but rather has a stratified structure. According to the bi-layer model, 
the passive film consists of an inner layer of oxide and an outer layer of hydroxide or oxi-hydroxide. 
This model of the passive film is shown schematically in Fig 2.10. The inner oxide layer plays the 
role of a barrier layer against corrosion. The outer layer plays the role of an exchange layer. The 
chemical composition and thickness of the inner and outer layers obviously depend on the nature of 
the metal, but also on the pH of the electrolyte in which the metal is passivated and on the 
electrochemical potential. 

It was shown that passive films formed on metal surfaces are composed of oxides and hydroxides (or 
oxi-hydroxides). Therefore they are not conductors, but rather semiconductors or insulators. The 
oxide films formed on iron, nickel, chromium and copper are semiconductors. As such, their 
electronic structure can be conveniently described by the band model, with a band gap of several 
electron-Volts between the valence band level and the conduction band level. This is shown in a 
schematic manner in Fig 2.12 for an n-type semiconductor (Fermi level close to the conduction band 
level). The electrochemical potential at which the bands are flat is called the flat band potential (see 
Fig 2.11a). Deviation from this potential causes the appearance of a space charge region with the 
associated band bending (see Fig 2.11b). According to the classical theory of semiconductors [58], the 
thickness of the space charge region depends on the density of charge carriers in the semiconductor 
(of the order of 1020 cm-3). For thin passive films such as those that have been considered here, the 
thickness of the space charge region is of the same order of magnitude as the film thickness (i.e. band 
bending extends over a major part of the oxide film). The electronic structures of the passive films can 
be investigated by photoelectron-chemical measurements [59]. The method, schematically illustrated 
in Fig 2.12 uses a light beam to form electron-hole pairs. 

2.5.2 Electrochemical impedance spectroscopy 

The response of corroding electrodes to small-amplitude alternating potential signals of widely 
varying frequency has been analyzed by electrochemical impedance spectroscopy (EIS). EIS can 
determine in principle a number of fundamental parameters relating to electrochemical kinetics and 
has been the subject of vigorous research. The time dependant current response I(t) of an electrode 
surface to a sinusoidal alternating potential signal V(t) has been expressed as an angular frequency (ω) 
dependant impedance Z(ω), where 

Z(ω) = V(t)/ I(t), t: time, V(t) = V0 sin ωt, I(t) = I0 sin(ωt + θ), θ: phase angle between V(t) and I(t). 

Various processes at the surface absorb electrical energy at discrete frequencies, causing a time lag 
and a measurable phase angle, θ, between the time-dependent excitation and response signals. These 
processes have been simulated by resistive capacitive networks. For example, the current response to 
a sinusoidal potential signal across a capacitor, shown in Fig 2.13 [60], illustrates current lag behind 
the potential. The impedance, Z(ω), may be expressed in terms of real, Z’(ω), and imaginary, Z’’(ω), 
components. 

Z(ω) = Z’(ω) + Z’’(ω) 
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The impedance behavior of an electrode may be expressed in Nyquist plots of Z’’(ω) as a function of 
Z’(ω) or in Bode plots of log ızı and log θ versus frequency ƒ in cycles per sec (hertz), where ω = 2 πƒ. 
These plots for a simple parallel-connected resistance-capacitance circuit are shown schematically in 
Fig 2.14 [60]. This circuit is often an adequate representation of a simple corroding surface under 
activation control. The Nyquist plot shows a semicircle, with increasing frequency in a 
counterclockwise direction. At very high frequency, the imaginary component, Z’’, disappears, 
leaving only the solution resistance, RΩ. At very low frequency, Z’’ again disappears, leaving a sum of 
RΩ and the faradaic reaction resistance or polarization resistance, Rp. The Bode plot gives analogous 
results. At intermediate frequencies, the capacitance plots linear with a slope of -1 and maximum 
phase angle, θ. The faradaic reaction resistance, or polarization resistance, Rp, in Fig 2.14, is inversely 
proportional to the corrosion rate.  

In the frequency case of control by diffusion in the electrolyte (concentration polarization) or in a 
surface film or coating, an additional resistive element called the Warburg impedance, W, must be 
included in the circuit. W is evidenced at low frequencies on the Niquist plot by a straight line 
superimposed at 45° to both axes, as shown schematically in Fig 2.15 [60]. 

2.5.3 Electrochemical quartz crystal microbalance 

The last 10-15 years have seen electrochemist a applying more and more sophisticated instrumental 
techniques to studies of electrode surfaces, both because of the increased availability of powerful new 
tools for interfacial characterization and because of an increased emphasis in modern electrochemical 
research on detailed characterization of the structure and composition of the interface. Many methods 
have been newly applied to the study of electrochemical interfaces' during this time. One of these 
methods is based on quartz crystal microbalance (QCM) technology. The QCM comprises a thin 
quartz crystal sandwiched between two metal electrodes that establish an alternating electric field 
across the crystal, causing vibrational motion of the crystal at its resonant frequency. This resonant 
frequency is sensitive to mass changes (and other factors) of the crystal and its electrodes. The ability 
to employ one side of the EQCM as a working electrode in an electrochemical cell while 
simultaneously measuring minute mass changes has provided a powerful approach to examining 
electrochemical processes involving thin films, including monolayer and sub-monolayer films. These 
studies have revealed detailed mechanistic information about film deposition and dissolution, surface 
morphology changes, and mass changes in thin films caused by redox or other chemical processes 
[61].  

In order to understand the operation of the EQCM a fundamental understanding of the piezoelectric 
effect is required. In 1880, Jacques and Pierre Curie discovered that a mechanical stress applied to the 
surfaces of various crystals, including quartz, rochelle salt (NaKC4H4O6∙4H2O), and tourmaline, 
resulted in an electrical potential across the crystal whose magnitude was proportional to the applied 
stress [62]. This behavior is referred to as the piezoelectric effect which is derived from the Greek 
word piezein meaning ‘‘to press.’’ This property only exists in materials that are acentric, that is, 
those that crystallize into non-centrosymmetric space groups. A single crystal of an acentric material 
will possess a polar axis due to dipoles associated with the arrangement of atoms in the crystalline 
lattice. The charge generated in a quartz crystal under mechanical stress is a manifestation of a change 
in the net dipole moment because of the physical displacement of the atoms and a corresponding 
change in the net dipole moment. This results in a net change in electrical charge on the crystal faces, 
the magnitude and direction of which depends upon the relative orientation of the dipoles and the 
crystal faces. Following their initial discovery, the Curies discovered the converse piezoelectric effect, 
in which the application of a potential across these crystals resulted in a corresponding mechanical 
strain. It is this effect that is the operational basis of the EQCM [63]. 
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The EQCM is actually the electrochemical version of the QCM, which has long been used for 
frequency control and mass sensing in vacuum and air. The QCM consists of a thin, AT-cut quartz 
crystal with very thin metal electrode ‘‘pads’’ on opposite sides of the crystal. The terminology 
‘‘AT’’ simply refers to the orientation of the crystal with respect to its large faces; this particular 
crystal is fabricated by slicing through a quartz rod at an angle of approximately 35° with respect to 
the crystallographic x axis. The electrode pads overlap in the center of the crystal with tabs extending 
from each to the edge of the crystal where electrical contact is made. When an electrical potential is 
applied across the crystal using these electrodes, the AT-cut quartz crystal experiences a mechanical 
strain in the shear direction. Crystal symmetry dictates that the strain induced in a piezoelectric 
material by an applied potential of one polarity will be equal and opposite in direction to that resulting 
from the opposite polarity (Fig 2.16). Therefore, an alternating potential across the crystal causes 
vibrational motion of the quartz crystal with the vibrational amplitude parallel to the crystal surface 
and in the x-direction. This oscillatory behavior and the electromechanical ‘‘motor generator’’ 
properties are the basis of numerous applications, including the QCM, sonar transducers, speakers, 
microphones, phonograph pickups, and quartz digital watches. It is important to note that the direction 
of the crystal vibration is critical for liquid-phase applications. An AT-cut crystal vibrates in the shear 
mode, parallel to the crystal–liquid interface. Consequently, damping of the crystal vibration by a 
contacting fluid is minimized [63]. 

The shear vibrational motion of the quartz crystal results in a transverse acoustic wave that propagates 
back and forth across the thickness of the crystal between the crystal faces. Accordingly, a standing 
wave condition is established in the quartz resonator when the acoustic wavelength is equal to twice 
the combined thickness of the crystal and electrodes. An assumption is commonly made that the 
velocity of sound in quartz and the electrodes is identical. While this is not rigorously true, for small 
electrode thicknesses the error introduced by this approximation is negligible. The acoustic velocity is 
dependent upon the modulus and density of the crystal. The quartz crystal surface is at an antinode of 
the acoustic wave, and therefore the acoustic wave propagates across the interface between the crystal 
and a foreign layer on its surface. If it is assumed that the acoustic velocity in the foreign layer, and its 
density, are identical to those for quartz (cf. the assumption for the metal electrodes), a change in 
thickness of the foreign layer is tantamount to a change in the thickness of the quartz crystal. Under 
these conditions, a fractional change in thickness results in a fractional change in the resonant 
frequency; appropriate substitutions yield the well-known Sauerbrey equation, where Δf is the 
measured frequency change, f0 the frequency of the quartz resonator prior to a mass change, Δm the 
mass change, A the piezoelectrically active area, rQ the density of quartz (2.648 g cm-3) and μQ the 

shear modulus of AT-cut quartz (2.947 ⅹ 1011 dyn cm-2) (1dyn = 10-5 N).  

2 1/ 2
0 / ( )q qf f m A m rD = - D  

This equation is the primary basis of most QCM and EQCM measurements wherein mass changes 
occurring at the electrode interface are evaluated directly from the frequency changes of the quartz 
resonator. It is generally considered to be accurate as long as the thickness of the film added to the 
QCM is less than 2% of the quartz crystal thickness. With this constraint, the errors resulting from the 
discrepancy between the acoustic propagation characteristics in quartz and the film are minimal. 
Deviations from Equation (2) due to higher mass loadings may be compensated, however, by use of 
the ‘‘Z-match’’ method..5/ While this method has been used for vacuum applications, it has yet to be 
employed in EQCM applications. Typical operating frequencies of the EQCM of the EQCM lie 
within the range 5–10MHz, although recently the operation of 30MHz quartz crystals in EQCM 
applications has been achieved. These operating frequencies provide for mass detection limits 
approaching 1 ng cm-2 [63]. 
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Table 2.1 Production and consumption of stainless steels in some of the major economics 
(production/consumption) [4] 

  
Year 

 
1990       1991      1992       1993      1994       1995      1996 
 

China 

France 

Germany 

Japan 

UK 

USA 

240/185 

797/380 

1146/900 

3130/1836 

388/300 

1851/1537 

260/325 

772/400 

1154/935 

3357/1985 

374/255 

1708/1479 

250/470 

814/408 

1163/975 

3148/1760 

388/308 

1808/1612 

319/649 

768/340 

1194/915 

3213/1750 

433/302 

1774/1742 

325/631 

919/440 

1419/960 

3449/18737 

531/330 

1835/1960 

380/717 

980/518 

1490/1093 

3925/2045 

548/310 

2055/2015 

270/941 

972/413 

1280/1061 

3891/2105 

557/291 

1870/2088 
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Table 2.2 Tonnages of stainless and heat resisting crude steel produced in major continents from 2001 
to 2007 (in 000 metric tonnes) [4] 

  
Year 

 
2001      2002      2003       2004        2005       2006       2007 
 

Western Europe/ 
Africa 

Central and Eastern 
Europe 

The Americas 

Asia 

World 

8,210 

285 

2,289 

8,403 

19,187 

 8,628 

 279 

 2,735 

 9,048 

 20,690 

9,043 

322 

2,830 

10,645 

22,840 

9,422 

318 

2,933 

11,897 

24,570 

8,823 

310 

2,688 

12,498 

24,319 

9,972 

363 

2,951 

15,074 

28,359 

9,700 

400 

2,850 

16,850 

29,800 
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Table 2.3 Details of some of the various phases and precipitates of stainless steels [4] 

Phase Chemical 
formular 

Structure 

 
 
Temperature Range of 
formation  (°C) 

Space group Lattice parameter 
(nm) 

 
α 
 
α’Cr 
 
γ 
 
σ 
 
 
χ 
 
R 
 
 
Π 
 
τ 
 
 
 
G 
 
Cr2N 
 
 
CrN 
 
M23C6 
 

 
 
 
 
 
 
 
Fe-Cr-Mo 
 
 
Fe36Cr12Mo10 
 
Fe-Cr-Mo 
 
 
Fe7Cr13N4 
 
 
 
 
 
Ti6Ni12Si10 
 
Cr2N 
 
 
CrN 
 

 
Bcc 
 
Bcc 
 
Fcc 
 
Tetragonal 
 
 
Bcc 
 
Trigonal 
 
 
Cubic 
 
Orthorhombic 
 
 
 
Fcc 
 
 
 
 
Cubic 
 
Fcc 

 
 
 
300-525 

 
 
 
600-1000 
 
 
700-900 
 
550-650 
 
 
550-600 
 
550-650 
 
 
 
<500 
 
700-900 

 
 
 
 
600-950 

  
Lm3m 
 

Lm3m 
 
Fm3m 
 
P42/mnm 
 
 
143m 
 
R3 
 
 
P4132 
 
Fmmm 
 

 
 
 
 
P31m 
 
 
Fm3m 
 
Fm3m 

 
0.286-0.288 
 
0.286-0.288 
 
0.358-0.362 
 
a=0.879 
c=0.454 
 
0.892 
 
a=1.0903 
c=1.934 
 
0.647 
 
a=0.405 
b=0.484 
c=0.286 
 
1.14 
 
a=0.4795 
c=0.4469 
 
0.413-0.447 
 
1.056-1.065 
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Table 2.4 Parameters affecting the pitting corrosion of austenitic chromium-nickel steels [42] 

Favoring pitting Hindering pitting 

 
Material parameters 

             Rough surface 
             Inhomogeneous structure 
             Cold forming 
 
            Corrodent parameters 
             High chloride ion concentration 
             High temperature 
             Low pH value 
             Stationary attacking agent 
 
            Alloying parameters 
             Low chromium contents 
             Low molybdenum contents 
 

 
        
         Polished surface 
         Homogeneous structure 
 
 
 
         Low chloride ion concentration 
         Low temperature 
         High pH value 
         Higher flow rate 
 
 
         High chromium contents 
         High molybdenum contents 
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Fig. 2.1 shapes of pits in pitting corrosion [42] 
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Fig 2.2 Pitting potential UP of austenitic chromium-nickel-molybdenum steels in a NaCl solution as a 
function of the pitting resistance equivalent (PRE) [42] 
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Fig 2.3 Schematic view of corrosion cell in action [42] 
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Fig 2.4 A galvanic cell (Daniel cell) [42] 
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Fig 2.5 The reduction of hydrogen in an acid electrolyte [42] 
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Fig 2.6 Action of the corrosion inhibitor [45] 
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Fig. 2.7 Schematic illustration of different surface layers after annealing and their removal methods 
[47]  
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Fig. 2.8 Anodic polarization curve of a metallic materials exhibiting passivity [57] 
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Fig 2.9 Schematic potential-pH diagram showing the regions of immunity, corrosion and passivation 
[57] 
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Fig. 2.10 Bilayer model of the composition of passive films showing the stratification of the various 
compounds. Hydroxyl groups are concentrated in the outer part of the film, forming hydroxides or 
oxi-hydroxides with the metallic cations. The inner part consists of anhydrous oxides [57]  
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Fig 2.11 Schematic representation of the bands of an n-type semiconducting passive film a) at the flat 
band potential, and b) under anodic polarization with respect to the flat band potential [57] 
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Fig 2.12 Schematic representation of the principle of photo-electrochemical measurements for an n-
type semiconducting passive film under anodic polarization [57]  
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Fig 2.13 Current response, I, to a sinusoidal potential signal, V, for a capacitor [60] 
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Fig 2.14 Data display for electrochemical impedance spectroscopy for a corroding electrode simulated 
by parallel-connected resistance Rp and capacitance C; (a) Nyquist plot (b) Bode plot [60] 
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Fig 2.15 Schematic Nyquist plot showing effects of partial diffusion control with Warburg impedance 
W [60] 
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Fig 2.16 (a) Schematic representation of the shear vibration of an AT-cut quartz resonator. The time at 
which the crystal achieves maximum strain during oscillation is indicated. The crystal has maximum 
kinetic energy at x = 0, but maximum potential energy at x = xmax, similar to classical oscillators. (b) 
Schematic representation of the transverse shear wave in a quartz crystal with excitation electrodes 
and a composite resonator comprising the quartz crystal, electrodes, and a thin layer of a foreign 
material. The acoustic wavelength is longer in the composite resonator because of the greater 
thickness, resulting in a lower frequency compared to the quartz crystal [63] 
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III. Rational and approach 

3.1 Problem definition 

Among the surface cleaning techniques, abrasive blasting offers the best level of oxide removal and 
leaves the surface with roughness suitable for subsequent surface treatment to improve the corrosion 
resistance. Nevertheless, abrasive blasting cannot be always applied due to location of the equipment 
to be treated and its geometry.  

As an alternative to overcome these difficulties, rust converters are commercially available. The main 
function of a rust converter is to react with iron oxides that cannot be completely removed from the 
surface, leading to a layer where painting systems can be applied on. Among the rust converters, 
special attention can be driven to ones based on tannic and phosphoric acid which are environmentally 
safe, in contrast to toxic inhibitors such as red lead or zinc chromates. 

The research on protection efficiency of rust converters is controversial depending on the condition 
which can explain the different nature of the iron oxide layer to be converted. Although there are 
certain agreements that the rust converter reacts with iron oxides leading to phosphate conversion 
layer and high concentration of phosphoric acid solution lead to higher protection efficiency of rust 
converter, many researches are contributed to the carbon steels and low alloy steels not stainless steels 

Austenitic and duplex stainless steels are widely used in various industries as structural materials due 
to the excellent mechanical properties and high corrosion resistance. Despite their excellent 
mechanical properties and high corrosion resistance, these stainless steels are suffered from 
atmospheric corrosion caused by marine environment and variation of humidity and elevated high 
temperature. 

3.2 Goal & Approach 

The principal goal of this thesis is to confirm the performance of the phosphoric acid based rust 
converter on the surface of SS 304 and DSS 2205 for anti-corrosion application 

Detailed objective of this thesis work are defined as follows: 

For the formation of uniform oxide layer of stainless steels, high temperature oxidation was 
performed at 500°C oxygenated atmosphere for 48 hr and to make comparative studies, inhibition 
efficiency of rust converter was evaluated by using electrochemical tests in the following condition 

1. Inhibition efficiency for pitting resistance  
- As-received SS 304 and DSS 2205 
- As-received SS 304 and DSS 2205 with rust converter 

 
2. Evaluation for scale removal effect of rust converter 

- Pre-oxidized SS 304 and DSS 2205 
- Pre-oxidized SS 304 and DSS 2205 with rust converter 

For the chemical state determination of conversion layer, Quantitative (Electron probe micro-
analyzer: EPMA) and qualitative (X-ray photoelectron spectroscopy: XPS) analyses was carried out 
in the same condition  
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IV. Experimental method & materials 

4.1 Surface analysis of oxide layers 

4.1.1 Experimental preparation 

The experiments were performed with Type SS 304 of plates and DSS 2205 of bars. Chemical 
compositions are given in Table 4.1 and optical images are shown in Fig. 4.1 and 2. SS 304 contain 
homogeneous and equiaxed austenite grains with occasional twinning, while duplex stainless steel 
2205 consists of flattened and elongated grains of ferrite (dark region) and austenite (white region) in 
equal proportion approximately. SS 304 and DSS 2205 for oxidation experiment with dimensions of 
approximately 20ⅹ 20 ⅹ 2 mm3 were cut by high pressure water jet (SS 304) and wire cutting 
(DSS 2205) process to avoid thermal stress. Prior to oxidation experiment, all specimens were 
mechanically ground with SiC abrasive papers and polished with diamond paste 6μm, 3μm, and 1μm 
and ultrasonically cleaned with distilled water for 30min before placed in the box furnace. Each 
specimen was put into alumina crucible for avoiding precipitate from container. The oxidation of type 
SS 304 and DSS 2205 were carried out at 500°C atmospheric environment (20% volume fraction of 
oxygen and 80% argon bal.) which gave a pressure of 1 bar for 48hr. The morphologies of the 
oxidation films formed on specimens were investigated by scanning electron microscope (SEM). 

4.1.2 XRD and XPS depth profile 

The crystalline nature identification of oxide layer with type SS 304 and DSS 2205 was carried out 
using X-ray diffraction analysis. The XRD conditions were Cu Kα radiation source. The scanning 
region from 30° to 100°, and the scanning speed was 0.034.For determination of the thickness and 
composition of the oxide between the oxide layer and the matrix, XPS depth profiling was performed. 
XPS depth profiling measurements Al Kα radiation at 1486.6 eV with anode voltage ⅹ emission 
current = 1200 eV ⅹ6mA = 72 W power was used. The Ar+ energy of 3keV for a 1- μA ion current 
over a 2mmⅹ2mm area was the ion beam parameters. The peaks were acquired using the Avantage 
4.16 v data acquisition & analysis software supplied by the manufacturer. The thickness of the oxide 
layer was estimated by argon-ion sputtering for 4 second intervals. The reference sputtering rate was 
0.05nm/s, and the relative to Ta2O5. Ar-ion sputtering and peaks were obtained over a 0.4 mm spot 
using a focusing X-ray monochromator. 

 

4.2 Analysis of oxide conversion layer 

4.2.1 Electrochemical tests: Polarization, EIS and EQCM 

The electrochemical behavior was evaluated by potentiodynamic polarization technique using EG&G 
273A potentiostat-galvanostat. All polarization measurements were taken at an open circuit potential 
after 60 min immersion with a sweep rate of 1mV/sec and repeated at least three times to check the 
reproducibility. The percentage of the inhibition efficiency (% IE) of the rust converter was calculated 
according to following equation 

                           
( )

(%) 100
corr corr rust

corr

I I
IE

I

-
= ´

                               

Icorr and Icorr(rust) represent the corrosion current density values with and without rust converter. Three-
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electrode arrangement was employed in a flat-type corrosion cell: Counter electrode was a platinum 
sheet, the saturated calomel electrode (SCE) was used as the reference electrode and the working 
electrode was the SS 304 and DSS 2205 with 1cm2 active surface. Electrolyte was 3.5% NaCl 
solution purged using N2 gas.  

In order to form the conversion layer, pre-oxidized steels were immersed in 50ml of the commercial 
rust converter (RUST CLEAN-N®) based on phosphoric acid with pH 0.4, according to the technical 
information supplied by the producer. Pre-oxidized steels were aged for 12 hr keeping the container 
with magnetic stirrer. Prior to electrochemical testing, all the specimens were cleaned with distilled 
water before putting into the corrosion cell  

Impedance measurements were made by using a Solartron SI 1260 HF frequency response analyzer 
along with the EG&G 273A potentiostat-galvanostat. All experiments were controlled by the ZPlot 
software program between 100 kHz and 0.01 Hz with ± 5 mV peak-to-peak overlaid on a DC bias 
potential, and the impedance data was obtained at a rate of 10 points per decade change in frequency.  
All impedance measurements were carried out at an open circuit potential (OCP) after 60 min 
immersion of the test specimens in the test electrolyte.   

The EQCM method for mass change monitoring is based on the inverse piezoelectric effect in which a 
voltage applied to a SS 304 coated with quartz crystal producing physical distortion. This means that 
the addition of mass to an oscillator would change its frequency. An equation developed in 1959 by 
Sauerbrey shows that a linear relation can be obtained between the shifts in resonant frequency and 
deposited mass [1]. For AT cut quartz crystal vibrating in a thickness shear mode the equation is 
followed as: 

2 1/ 2
0 / ( )q qf f m A m rD = - D                                 

Where f0 is base resonance frequency of the crystal, A is Area, μ is shear modulus of quartz and ρ is 
density of quartz. 

In this study, AT cut quartz crystal covered with a deposit of SS 304 supplied by SEIKO EG & G from 
Japan was employed to three electrode cylinder-type corrosion cell. Counter electrode was a graphite 
rods, the saturated calomel electrode was used to as the reference electrode. 3.5% NaCl solution with 
and without 500ppm of rust converter was agitated by a magnetic stirrer. The experiments were 
performed with three steps, 1) Open circuit potential (OCP), 2) Polarization (from -0.5 to 1.8 VSCE), 3) 
Open circuit potential, by using EG&G 273A potentiostat-galvanostat coupled with SEIKO EG & G 
QCM922 for frequency acquisition.  

4.2.2 EPMA & XPS analysis 

Electron Prove Micro Analysis (EPMA) was performed to confirm the chemical composition of 
conversion layer and for the chemical state determination of conversion layer, X-ray Photoelectron 
Spectroscopy (XPS) was performed. The specimen for XPS was excited by X-rays over a 400μm2 
spot area with a standard Al Kα radiation at 1486.6 eV. The energy resolution was 0.1 eV. Survey scan 
peaks were made at pass energy of 50.0 eV. XPSPEAK41 software was used to process the data. The 
XPS peaks were separated into contributions from the different species, which were quantified 
separately 
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Table 4.1 Chemical composition of stainless steels 

Elements SS 304 DSS 2205 

Fe Balance Balance 

Cr 18.12 22.46 

Ni 8.03 5.56 

Mo - 2.83 

Mn 1.12 2.00 

Si 0.44 0.34 

    C     0.057 0.03 

    P 

    S 

    0.025 

     0.06 

0.043 

0.001 
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Fig. 4.1 Optical microstructure of stainless steel 304 (Etchant: Acetic glyceregia) 
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Fig. 4.2 Optical microstructure of duplex stainless steel 2205 (Etchant: Acetic glyceregia) 
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V. Results 

5.1 Surface analysis of oxide layer 

5.1.1 SEM morphology 

The SEM morphologies of the oxide layers formed on type SS 304 and DSS 2205 oxidized at 500°C 
in air for 48hr are presented in Fig. 5.1 and 2. The uniform and regular surface oxide layers are 
observed in both stainless steels. In the case of DSS 2205, the outer layer grew up to certain size and 
the oxide layer seemed to become more compact and large compared to SS 304. Note that oxide 
particles of both stainless steels are irregularly polygonal-shaped. The oxide particles of SS 304 are in 
homogeneous and seemingly ceased to develop. The large ones are dispersed on the surface with a 
maximum diameter of about 150nm and the small ones seem to be subsurface. On the contrary to type 
SS 304, two different surface regions corresponding to different oxide morphology are observed. The 
main basic oxide with maximum diameter of about 200nm is very rough and on this main oxide, 
islands with large oxide particles are observed. 

5.1.2 XRD analysis  

Fig. 5.3 and 5.4 show the XRD patterns of the oxide layers formed on SS 304 and DSS 2205 
respectively. Except for the peaks corresponding to the alloy structure, two different oxide elements 
were identified on pre-oxidized steels. In the SS 304, the positions of characteristic peaks mainly 
consist of γ-austenite, hemitite (α-Fe2O3) and chromia (Cr2O3) with weak intensity of α-ferrite peak. 
In the case of DSS 2205, it is found that the oxide layers are mainly composed of α-ferrite, γ-austenite, 
hemitite (α-Fe2O3) and chromia (Cr2O3). 

5.1.3 XPS depth profile 

XPS core level peaks and depth profiles of type SS 304 and DSS 2205 specimens oxidized at 500°C 
air for 48hr are shown in Fig. 5.5-7 and 5.8-9 respectively. The surface of pre-oxidized steels consists 
of a native oxide layer with thickness of few nm. After high temperature oxidation, an oxide rich with 
iron is formed. The data acquired after 10s sputtering time is not considered due to the surface 
contamination. It should be noted that sputtering time of saturation is 130s with SS 304 and 110s with 
DSS 2205. From outer to inner layer, Fe content on gradually increase to the level similar to base 
metal, while Cr content gradually decrease to the level similar to the base metal. In the case of Ni 
content in the oxide layer is very low and keeps almost constant. The total sputtering time was 156 s. 
It is assumed that the thicknesses of oxide layer on type SS 304 and DSS 2205 are 7nm and 5nm 
respectively. 

5.2 Analysis of oxide conversion layer 

5.2.1 Polarization tests 

Polarization experiments were carried out potentiondynamically in the deaerated 3.5% NaCl solution 
for as-received and pre-oxidized steels. Polarization curves of as-received steels with and without rust 
converter are shown in Fig. 5.10 and 5.11. Similar curves shown in Fig. 5.12 and 5.13 were obtained 
for pre-oxidized steels. The electrochemical parameters obtained for respective conditions are shown 
in Table 5.1 and 5.2 
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5.2.1.1 Polarization tests for as-received steels with and without rust converter 

The results show that the anodic and cathodic polarization curves for as-received steels represent the 
Tafel behavior. Additionally, the curve was quite similar between cathodic and anodic part which 
indicate the oxidation of stainless steel and the reduction of water molecules. The remarkable 
difference between SS 304 and DSS 2205 was observed in passive region. This difference is caused 
by the molybdenum content in DSS 2205. It has been reported that molybdenum enhances the 
stability of the passive layers limiting the dissolution rate of iron and chromium by forming 
molybdates in surface defects of metal substrate [1-3]. The presence of rust converter with as-received 
steels causes decrease in the corrosion rate. Anodic and cathodic curves shift to more positive 
potentials. This shift is a result of anodic inhibition effect. The values of corrosion current density 
(Icorr), corrosion potential (Ecorr), anodic (βa) and cathodic Tafel (βc) slopes obtained from Fig. 10 and 
11 are listed in Table 5.1. It can be seen that corrosion current density of as-received steels decrease, 
while anodic and cathodic Tafel slopes increase in the presence of rust converter. The inhibition 
efficiencies (IE %) of the rust converter for the corrosion of as-received steels are 64% (SS 304) and 
69% (DSS 2205) by using Equation 1. The polarization curves with rust converter indicate a greater 
tendency to form passive layer. Moreover, the cathodic part shows a decrease in the limiting current 
for reduction of water molecules. Nevertheless, the rust converter have tendency to anodic inhibition 
since the rust converter inhibits the anodic reaction more strongly.  

5.2.1.2 Polarization tests for pre-oxidized steels with and without rust converter 

Anodic and cathodic polarization curves for pre-oxidized steels were obtained with and without t rust 
converter. The electrochemical parameters obtained from Fig 5.12 and 13 are given in Table 5.2. 
Compared to as-received steels, polarization curves of pre-oxidized steels do not show the passive 
region. However, it can be seen that the pre-oxidized steels have more noble potential and the lower 
values of corrosion current density. This is attributed to forming adhesive and protective oxide layer 
over the active corroded surface. The addition of rust converter with pre-oxidized steels did not 
decrease corrosion current density (Icorr), which is responsible for the formation of oxide conversion 
layers. It is assumed that oxide conversion layers less protective than oxide layers. However, it is seen 
from Table 5.2 that rust converter had the effect of lowering the anodic current which is indicated in 
the greater values of the anodic Tafel slope (βa) compared to pre-oxidized steels without rust converter. 
This observation is consistent with the results obtained from the polarization curves of as-received 
steels. From the electrochemical parameters and polarization curves of pre-oxidized steels, it is 
concluded that rust converter has the ability to retard anodic metal dissolution process by forming the 
iron phosphates [4-6]. 

5.2.2 EIS for as-received steels with and without rust converter 

Typical Nyquist plots obtained for the as-received steels with and without rust converter at an open 
circuit potential after 60 min immersion in deaerated 3.5% NaCl solution in the SS 304 and DSS 2205 
are shown Fig 2.14 and Fig 2.15 respectively. The EIS plots only consisted of a single capacitance 
loop in as-received steels with an without rust converter; the equivalent circuit is shown in Fig 2.16.  

The impedance plots shown in Fig 2.14 and 15 for rust converter applied steels (black line) indicate 
high corrosion resistance compared to as-received steels. Table 5.3 illustrates the impedance 
parameters obtained for as-received steels with and without rust converter by fitting the data to 
Randles circuit shown in Fig 2.16. The constant phase elements (CPE) with their n values close to 1.0 
represent double-layer capacitors with some pores. The CPEs decrease with addition of rust converter 
which is expected to cover the charged surfaces reducing the capacitive effects. It has been reported 
that the semicircles at high frequencies are generally related to the relaxation of electrical double layer 
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capacitors, and the diameters of high frequency capacitive loops can be considered as the as the 
charge transfer resistance [7].  

Consistent values of solution resistance (RS) are observed for all test condition. The high RP value is 
an indication of the working electrode strongly resisting a change from its equilibrium state and 
corresponds to a low rate of ionic release and oxide growth. From Table 5.3 it can also be seen that all 
the surfaces applied in rust converter result in high values of RP compared to as-received without rust 
converter which implies excellent corrosion resistance of as-received stainless steels after surface 
modification. The high corrosion resistance attributed to the protective passive layer on the metal 
surface (discussed in polarization results) indicated in the high values of polarization resistance (RP) 
obtained for the as-received with rust converter. 

5.2.1.3 EQCM for quartz crystal coated with stainless steel 304 with and without rust converter 

The EQCM was also used to characterize the corrosion layer formed on the SS 304 in the presence of 
rust converter. According to Sauerbery’s law [8], the frequency variation of the quartz is inversely 
proportional to the weight of the deposit on its surface.  

It is noted that during the polarization (-0.5 VSCE to 1.8VSCE) with 500ppm of rust converter, the quartz 
frequency decreased from 1.54VSCE shown in Fig. 5.18 while the frequency changes of the quartz 
crystal increased at 1.42VSCE shown in Fig. 5.17 in absence of rust converter. It is considered that at 
the pitting potential, rust converter is strongly absorbed into the metal surface. Main elements which 
contribute to the formation of passive layer can be defined as the contents of iron and chromium. This 
weight increase showed that the iron ions were conductive to the formation of the protective layer [9]. 

 

5.2.2 EPMA analysis 

Surface morphology of the phosphate conversion layers formed on pre-oxidized steels are represented 
on Fig. 5.19 (optical images) and 5.20 (backscattered images). It is shown that oxide layers formed on 
SS 304 and DSS 2205 were removed in external appearance and the effectively removed regions were 
also observed. In the case of SS 304, two main areas were found in dark gray doted by 1, 2, 3 and 
black dotted by 4, 5, 6. It is considered that black point is effectively removed regions of oxide layer. 
Similarly, the phosphate conversion layer of DSS 2205 is observed in two different regions, which are 
white gray (1, 2, 3) and dark gray (4, 5, 6) representing effectively removed oxide layer. EPMA was 
performed to analyze the composition shown in Table 5.4 of the phosphate conversion layer. EPMA 
shows the presence of phosphorus and oxygen. It should be noted that the contents of P and O were 
increased in the effectively removed regions. 

5.2.3 XPS analysis 

Electrochemical results revealed that anodic type inhibition was observed in as-received steels while, 
cathodic inhibition effect was in pre-oxidized steels. Hence, XPS was also performed to provide 
information about the nature and chemical composition of the conversion layer on as-received and 
pre-oxidized steels with and without rust converter. XPS studies showed that the conversion layer is 
mainly composed of oxides, hydroxides. It is also revealed that the major element contribute to the 
formation of conversion layer is Fe and Cr. In order to confirm the elements controlling the chemical 
states and the stability of these conversion layers, it is fundamental to discuss the roles of these 
elements. Analysis of the conversion layer by XPS, gives detailed information about composition of 
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the reaction products formed on the metal surfaces. Figs. 4.21-28 show XPS spectrums of the major 
elements for as-received and pre-oxidized steels with and without rust converter.  

5.2.3.1 Fe 2p peaks 

Fig 5.21-22 (SS 304) and 5.23-24 (DSS 2205) show the XPS peaks for Fe 2p of as-received steels and 
as-received steels with rust converter recorded in the binding energy range 700-720 eV. The metallic 
state of the iron was detected with Fe2p3/2 peak at 706.9 eV. Iron is also present in its divalent and 
trivalent states with Fe2p3/2 peak at binding energy values of 709.4 eV and 711.3 eV respectively. The 
prominent peaks observed at 706.9 eV for both as-received steels and as-received steels with rust 
converter. However, prominent peaks of pre-oxidized steels shown in Fig. 5.25 (SS 304) and 5.27 
(DSS 2205) and pre-oxidized steels with rust converter shown in Fig. 5.26 (SS 304) and 5.28 (DSS 
2205) observed at 709.4 eV and 711.3 eV corresponding to iron divalent and trivalent states [10-12]. 
It can be deduced that the states of iron contribute to formation of the conversion layer were identified 
with oxide, hydroxide and oxyhydroxides.  

5.2.3.2 Cr 2p peaks 

XPS peaks for Cr 2p energy level recorded in the binding energy range 574-580 eV for as-received 
and pre-oxidized steels with and without rust converter are shown through the Fig. 5.21-28. 
Deconvolution of Cr 2p energy level yielded three main peaks for as-received steels and two peaks for 
pre-oxidized steels. In as-received steels, predominant peaks were responsible for metallic and 
trivalent state of the chromium. The Cr2p3/2 peak at binding energy value of 574.2 eV corresponds to 
metallic state of chromium and the trivalent state of Cr3+ can be separated into oxide and hydroxides 
with Cr2p3/2 peak at 577.0 eV and 577.8 eV [13]. The predominant peak at 574.2 eV and 577.0eV 
corresponding to metallic and oxide contribution is relatively strong compared to as-received steels 
with rust converter. The strong peaks of Cr3+ with emitted from chromium hydroxides Cr(OH)3, 
chromium phosphate CrPO4 and chromium oxide Cr2O3 are observed in the as-received steels with 
rust converter. Fig. 5.23-26 show the Cr 2p peaks for in pre-oxidized steels with and without of rust 
converter. Metal peak at binding energy value of 574.2 eV is almost negligible compared to as-
received steels. In pre-oxidized steels with rust converter, signal of Cr3+ corresponding to chromium 
hydroxide Cr(OH)3, chromium phosphate CrPO4 is more stronger than that of chromium oxide 
(Cr2O3) in pre-oxidized steels without rust converter.  

5.2.3.3 O 1s peaks 

O 1s peaks shown through the Fig. 5.21-28 were recorded for as-received and pre-oxidized steels with 
and without rust converter in the binding energy range 528-547 eV. Deconvolution of O 1p energy 
level yielded two main peaks for as-received and pre-oxidized steels and three peaks for as-received 
and pre-oxidized steels with rust converter. The oxygen signal fitted into elements corresponding 
oxygen bound in oxide, hydroxide, phosphate and water. The chemical states of oxygen for as-
received and pre-oxidized steels fitted into two major elements corresponding to oxygen and 
hydroxide bond with binding energy at 530.4 eV, 531.9 eV. The strong peak of O2- is observed in as-
received and pre-oxidized steels. In as-received and pre-oxidized steels with rust converter, chemical 
states of oxygen were identified by three major elements corresponding OH-, O2- and H2O. The peak 
at 533.0 eV is related to be due to the presence of absorbed water molecules. 

5.2.3.4 P 2p peaks 
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P 2p peaks recorded for as-received and pre-oxidized steels with and without rust converter in the 
binding energy range 132-136 eV are shown through the Figs 5.21-28. The phosphorous 2p peaks 
show a singlet at 133.8eV corresponding to 2p3/2 of phosphate in as-received and pre-oxidized steels 
with rust converter. Whereas, the XPS peaks did not show the P 2p peaks in as-received and pre-
oxidized steels without rust converter [14]. 
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Table 5.1 Electrochemical parameters of as-received SS 304 and DSS 2205 

Test condition Ecorr(V)  Icorr(A∙cm2) 

 a   c  

IE(%)  

As-received SS 304 -0.709 4.94ⅹ10-7 443 198       - 

    Rust converter applied  

SS 304 

-0.347     1.76ⅹ10-7 459 276  64 

As-received SS 2205 -0.730 3.69ⅹ10-7 304 190 -     

Rust converter applied  

DSS 2205 

  -0.332     1.88ⅹ10-7      537      318      69 
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Table 5.2 Electrochemical parameters of pre-oxidized SS 304 and DSS 2205 

Test condition Ecorr(V) Icorr(A∙cm-2) 

      a  c 

IE(%) 

Pre-oxidized SS 304  -0.349   1.17ⅹ10-7     123      244  - 

 Rust converter applied 
SS 304 

 -0.750   6.89ⅹ10-7 92 136  - 

Pre-oxidized SS 2205  -0.362   1.46ⅹ10-7     123       193  - 

Rust converter applied 
DSS 2205 

-0.494 4.53ⅹ10-7 99 133  - 
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Table 5.3 Parameters obtained by fitting the Nyquist plots shown in Fig 2.14 and 15 with equivalent 
circuit shown in Fig 2.16 

Q  
Test condition 

 
RS(Ω) YQ(μF/cm-2)      n 

 

RP(kΩ) 

As-received SS 304 15.05 127.62 0.85        67 

 Rust converter applied 
SS 304 

15.02   117.37 0.84           84 

As-received SS 2205 13.6   171.92 0.81        53 

Rust converter applied 
DSS 2205 

13.86   81.151 0.87          134 
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Table 5.4 EPMA composition in at% of rust conversion layer with Pre-oxidized steel exposed 

in 50 ml of rust converter for 12 hr 

Points Fe Cr Ni P O 

1 (SS304) 71.30 17.21 8.48 0.05 0.52 

2 (SS304) 70.64 18.23 8.54 0.04 0.40 

3 (SS304) 70.92 17.04 8.46 0.04 0.61 

4 (SS304) 67.03 19.38 8.22 0.50 2.25 

5 (SS304) 67.53 19.84 8.11 0.42 1.60 

6 (SS304) 67.12 20.65 8.40 0.39 1.67 

1(DSS2205) 65.51 22.63 4.17 0.08 0.76 

2(DSS2205) 

3(DSS2205) 

65.69 

62.97 

23.08 

22.90 

4.12 

4.15 

0.07 

0.68 

0.39 

0.68 

4(DSS2205) 67.75 20.53 6.79 0.34 2.66 
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5(DSS2205) 63.0 23.89 4.00 0.78 5.49 

6(DSS2205) 63.06 23.76 4.00 0.61 3.71 

 

 

 

 

 

 

 

 

 

 

Fig. 5.1 SEM image of the oxide layer firmed at 500°C in air for 48hr: Type SS 304. 
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Fig. 5.2 SEM image of the oxide layer firmed at 500°C in air for 48hr: Type DSS 2205. 
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Fig. 5.3 XRD patterns of oxide layer formed at 500°C in air for 48hr: Type SS 304 
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Fig. 5.4 XRD patterns of oxide layer formed at 500°C in air for 48hr: Type DSS 2205. 
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Fig. 5.5 Fe2p3/2 core level peaks after 160s sputtering time for oxide layer formed on type SS 304 and 
DSS 2205 at 500°C in air for 48hr. 
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Fig. 5.6 Cr2p3/2 core level peaks after 160s sputtering time for oxide layer formed on type SS 304 and 
DSS 2205 at 500°C in air for 48hr. 
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Fig. 5.7 Ni2p3/2 core level peaks after 160s sputtering time for oxide layer formed on type SS 304 and 
DSS 2205 at 500°C in air for 48hr. 
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Fig. 5.8 XPS depth profile for oxide layer formed at 500°C in air for 48hr: Type SS 304 
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Fig. 5.9 XPS depth profile for oxide layer formed at 500°C in air for 48hr: Type DSS 2205 
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Fig. 5.10 Potentiodynamic polarization curves recorded for as-received SS 304 in 3.5% NaCl with and 
without rust converter  
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Fig. 5.11 Potentiodynamic polarization curves recorded for as-received DSS 2205 in 3.5% NaCl with 
and without rust converter  
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Fig. 5.12 Potentiodynamic polarization curves recorded for pre-oxidized SS 304 in 3.5% NaCl with 
and without rust converter  
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Fig. 5.13 Potentiodynamic polarization curves recorded for pre-oxidized DSS 2205 in 3.5% NaCl 
with and without rust converter  
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Fig 2.14 The Nyquist plots for as-received SS 304 in 3.5% NaCl with and without rust converter  
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Fig 2.15 The Nyquist plots for as-received DSS 2205 in 3.5% NaCl with and without rust converter  

 

 



75 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2.16 The equivalent circuit for the EIS plots in as-received SS 
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Fig. 5.17 Frequency difference of SS 304 deposited quartz crystal polarized between -0.5 VSCE and 
1.8 VSCE at 1 mV/sec in 3.5% NaCl solution 

 

 



77 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.18 Frequency difference of SS 304 deposited quartz crystal polarized between -0.5 VSCE and 
1.8 VSCE at 1 mV/sec in 3.5% NaCl solution with 500ppm of rust converter. 
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Fig. 5.19 Optical images of phosphate conversion layer formed on pre-oxidized steels 
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Fig. 5.20 Backscattered images of phosphate conversion layer formed on pre-oxidized steels 
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Fig. 5.21 XPS Peaks of the Fe 2p, Cr 2p, O 1s, P 2p for as-received SS 304 
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Fig. 5.22 XPS Peaks of the Fe 2p, Cr 2p, O 1s, P 2p for as-received SS 304 with rust converter 
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Fig. 5.23 XPS Peaks of the Fe 2p, Cr 2p, O 1s, P 2p for as-received DSS 2205 
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Fig. 5.24 XPS Peaks of the Fe 2p, Cr 2p, O 1s, P 2p for as-received DSS 2205 with rust converter 
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Fig. 5.25 XPS Peaks of the Fe 2p, Cr 2p, O 1s, P 2p for pre-oxidized SS 304 
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Fig. 5.26 XPS Peaks of the Fe 2p, Cr 2p, O 1s, P 2p for pre-oxidized SS 304 with rust converter 
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Fig. 5.27 XPS Peaks of the Fe 2p, Cr 2p, O 1s, P 2p for pre-oxidized DSS 2205 
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Fig. 5.28 XPS Peaks of the Fe 2p, Cr 2p, O 1s, P 2p for pre-oxidized DSS 2205 with rust converter 

REFERENCES 

1. Claes-Olof A, 1994, ‘An AES and XPS study of the high alloy austenitic stainless steel 254 SMO 
tested in a ferric chloride solution’ , Corrosion Science, vol. 36, 141-151 

2. Y. C. Lu, 1993, ‘Synergism of alloying elements and pitting corrosion resistance of stainless steels’, 
Corrosion Science, vol. 35, 89-96 

3. K. Asami, 1976, ‘ESCA study of the passive film on an extremely corrosion-resistant amorphous 
iron alloy’, Corrosion Science, vol. 25, 909–914 

4. L.M. Ocampo, 2004, ‘Performance of rust converter based in phosphoric and tannic acids’, 
Corrosion Science, vol. 46, 1515–1525  

5. C.A. Barrero, 2001, ‘Possible improvements in the action of some rust converters’, Corrosion 
Science, vol. 43, 1003–1018 

6. A. Collazo, 2008, ‘EIS study of rust converter effectiveness under different conditions’, 
Electrochimica Acta, vol. 53, 7565-7574 

7. H. Ma, 2002, ‘Inhibition of copper corrosion by several Schiff based in aerated halide solution’, 
Journal of Applied Electrochemistry, vol. 32, 65-72 

8. G. Sauerbrey, 1959, Z. Physics, vol. 155, 206 

9. T.G Gooch, July 1968, ‘Corrosion of AISI type 304 austenitic stainless steel’, British Welding 
Journal, 345-357 

10. N. S. McIntyre, 1975, ‘X-ray photoelectron spectroscopic studies of iron oxides’, Analytical 
Chemistry, vol. 49, 1977-1521 

11. Toru Yamashita, 2007, ‘Analysis of XPS spectra of Fe2+ and Fe3+ ions in oxide materials’, Applied 



89 

 

Surface Science, vol. 254, 2441-2449  

12. J. Zemek, 2004, ‘Photoelectron escape from iron oxide’, Surface Science, vol. 572, 93-102 

13. M. Lakatos-Varsanyi, 1998, ‘The influence of phosphate on repassivation of 304 stainless steel in 
neutral chloride solution’, Electrochimica Acta, vol. 43, 187-197 

14. K. Prabakaram, 2009, ‘Electrochemical, SEM and XPS investigations on phosphoric acid treated 
surgical grade type 316L SS for biomedical applications’, Journal of Applied Electrochemistry, vol. 
39. 887-897 

 

 

VI. Discussion 

The analysis of conversion layers formed on as-received and pre-oxidized steels with rust converter 
revealed that the major elements of conversion layer were mainly metal oxides, hydroxides and metal 
phosphate. The exact role played by these elements in aiding the stability of conversion layer can be 
discussed as follows. 

The results from electrochemical tests suggest that the conversion layers in as-received and pre-
oxidized stainless steel are accommodated in two types. Conversion layer in as-received steels is the 
compact and protective layers whereas conversion layer formed in pre-oxidized steels is less compact 
and protective than the original oxide layer. 

In the polarization curves of as-received steels with rust converter, there is a considerable shift in the 
Ecorr value for rust converter applied steels compared to that of as-received steels. The rust converter 
treated surface recorded Ecorr values of -0.347 (SS 304) and -0.332V (DSS 2205) compared to the Ecorr 
values of -0.709 (SS 304) and -0.730V (DSS 2205).  

It is generally accepted that the passive layers on stainless steels are actually hydrated oxides [1]. The 
passive layers contain various oxidative species. Among them, with regard to alloy stability, the 
chromium oxide layer species play an important role [2]. It is well known that the acid treatments 
enhance the protective passive layer. The selective dissolution leads to a change in composition of 
passive layers. Several studies have suggested that improvement in the corrosion resistance of 
stainless steel is the result of chromium enrichment in the passive layers during acid treatments [3, 4]. 
Guenbour et al. [5, 6] have studied the composition of passive layers formed on H3PO4 treated 
stainless steels. They have reported that the passive layers contain Fe, Cr, P, H and O under various 
oxidation states such as Fe2+, Fe3+, Cr3+, OH- and O2-. The high concentration of oxygen in surface of 
stainless steels is generally the result of the formation of metallic oxides [7]. It can be deduced that 
chromium oxide (Cr2O3), strongly affects the corrosion resistance of as-received steels. Studies of 
Olefjord and Marcus [8] also suggested that chromium oxide is the main passivity compound. 
According to their theory, the presence of Cr2O3 and Cr(OH)3 in phosphoric acid indicated that there is 
an enrichment of chromium at the metal-film interface. The presence of the chromium rich phase 
suggests the direct reaction of chromium with water to form Cr2O3 and some CrO3 followed by 
formation of Cr(OH)3 at the oxide-solution interface.  
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Additionally, the results of electrochemical quartz crystal microbalance (EQCM) in as-received steels 
with rust converter can also be considered as the adsorption of phosphate ions on the surface. Lakatos-
Varsa’nyi et al. [9] have also reported the formation of CrPO4 and Cr hydroxide during immersion of 
stainless steels to phosphate containing solution.  

The results of electrochemical impedance spectroscopy (EIS) show that the double layer capacitance 
(Cdl) obtained from the Nyquist plots fitting the EIS data. The layer capacitance corresponds to the 
stability of the passive layer formed as-received steels. For phosphoric acid treated as-received steels, 
the values of Cdl were determined by the 117.37 (SS 304) and 82.15 (DSS 2205) μF cm-2. Ionipa et al. 
[10] reported that the lower values of Cdl correspond to a slow growth of the oxide layer indicating 
long term stability of the passive layer. Hence, possible reason for high RP and low Cdl can be 
considered by the enrichment of passive layer with Cr, P and O on surface treated as-received steels 
which inhibit the chloride attack. EQCM and EIS results are in good agreement with the results 
achieved from polarization studies 

On the other hand, in pre-oxidized steels with rust converter predominant peak was ferric compounds. 
During the high temperature oxidation of stainless steel, the structures of the oxide layer are mainly 
composed of protective outer layer of Fe2O3, inner layer of Cr2O3, Fe3O4 [11]. It is considered that rust 
converter mainly react with Fe2O3. It is known that once the corrosion reaction of iron oxide starts, 
small quantities of oxygen and water initiate the formation of FeOOH, which in turn allows oxidative 
hydrolysis to start at the cathodic sites [5]. Additionally, oxyhydroxides are also produced by the 
oxidation of iron oxide and reduction of water on pre-oxidized steel surfaces. The main redox process 
in the system can be written as follow: 

Fe2O3 + 3 H2O → 6 FeOOH                              (2)  

The phosphoric acids dissolve the iron oxyhydroxides and the following precipitation of iron 
phosphates can be produced [12-14]:  

H3PO4 + FeOOH → FePO4 + 2 H2O                         (3) 

In the case of pre-oxidized steels, it is concluded that corrosion inhibition of stainless steels is mainly 
enhanced by the formation of the iron complex. However, it is assumed that the iron complex weakly 
perform the corrosion inhibition than protective iron oxide layer. 

The schematic representation for corrosion inhibition mechanisms of rust converter on as-received 
and pre-oxidized steels is shown Fig. 6.1 
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Fig. 6.1 Schematic representation for corrosion inhibition mechanisms of rust converter on as-
received and pre-oxidized steels 
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VII. Summary and conclusion 

The corrosion inhibition of rust converter based phosphoric acid on SS 304 and DSS 2205 in as-
received and pre-oxidized condition has been studied. The rust converter efficiency was different 
depending on the test conditions. The experimental results reported in this thesis work can be 
summarized as follows: 

Conversion layer in as-received steels 

1. The main passive layers on stainless steels are mainly chromium oxide and minor chromium 
hydroxide layer. The influence of rust converter based phosphoric acid with pH 0.4 on as-received 
stainless steels results in the enhancement of the main passive layer in the formation of a mixture of 
Cr2O3, Cr(OH)3 and CrPO4. This product exhibits a relatively high stability compared to that of as-
received stainless steels without rust converter.    

2. The electrochemical tests including potentiodynamic polarization, EIS and EQCM revealed that the 
rust converter is an anodic-type inhibitor decreasing the anodic currents (Icorr), as well as increasing 
the polarization resistance (RP) shifting the potential to more positive values. EIS and EQCM 
measurements are in good agreement with those obtained by potentiodynamic polarization. 

3. The corrosion inhibition of rust converter increases in order of DSS 2205 and SS 304. Their 
inhibition efficiencies of DSS 2205 and SS 304 were 69 and 64% respectively. Better corrosion 
resistance was observed in DSS 2205. 

Conversion layer in pre-oxidized steels 

1. The structures of the oxide layer are mainly composed of outer protective layer of Fe2O3 and inner 
layers of Cr2O3, Fe3O4. From the surface analyses including EPMA and XPS, rust converter mainly 
reacts at the outermost Fe2O3 and modifies protective iron oxide layer. Rust converter transforms the 
protective iron oxide layer into iron oxyhydroxides (FeOOH) and ferric phosphates (FePO4). However, 
conversion layer obtained by reaction between the iron oxides and the rust converter was superficial 
and did not improve the corrosion protection properties. 
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2. From the potentiodynamic polarization tests, pre-oxidized steels without rust converter (Table 5.2) 
have better corrosion resistance than that of as-received steels (Table 5.1). This is attributed to 
forming adhesive and protective oxide layer.  

3. The rust converter seems to be a cathodic-type inhibitor due to decreasing corrosion potential (Ecorr). 
However, corrosion current (Icorr) somewhat increased suggesting that the conversion layer was not 
able to form a compact layer. Nevertheless, rust converter has the effect of lowering the anodic 
current which indicated in the greater values of βa compared to that of pre-oxidized stainless steels 
without rust converter.  

For future work, 

Although the experiments described above gave clear quantitative and qualitative results, they give no 
detailed information on the inhibition mechanism of conversion layer in pre-oxidized stainless steels 
with and without rust converter to confirm major elements of conversion layer. The XPS spectra of 
this rust conversion layer showed the presence of a mixture of FeOOH and FePO4. It is assumed that 
the Fe2O3 is stable against phosphatization. An open question is, whether what corrosion product 
influences corrosion inhibition properties in pre-oxidized condition. This is of practical interest and 
the subject of further investigations. Detailed and intensive studies are necessary.  
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