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Localized Corrosion ofStainless Steels in High Temperature Potash Brine

ABSTRACT

Potash brines are highly corrosive at the elevated temperatures found in potash

processing. Cyclic potentiodynamic polarization and exposure tests have been carried

outwith a wide range of stainless steels used in the potash industry.

Hastelloy C276 (a nickel alloy) showed excellent resistance to localized corrosion

in high chloride concentration solutions over wide range of temperatures. A wide range

of lower cost alloys with less resistance to localized corrosion have been investigated to

determine their corrosion behavior at 22 and 90°C in saturated potash brine. The alloys

studied included: austenitic, duplex and cast stainless steel alloys.

The results of the electrochemical polarization and exposure tests are compared

to the predictions of Localized Corrosion Resistance Index [LCRIwt... = %Cr + 3.3

(%Mo) + 16 (%N)]. The electrochemical polarization results show that LCRI can

roughly predict the resistance of stainless steel alloys (in the same group i.e. austenitic,

duplex) to initiation of localized corrosion. The average pit depth and the five deepest

pits have been measured and compared to LCRI for the tested alloys. The deepest pits

(the cause ofmetal failure) found in the exposure tests show that the LCRI cannot predict

the propagation of the pits.
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Austenitic stainless steels are very sensitive to initiation of pits at the edges. The

pits on the edges are deep and wide. Residual stresses adjacent to the edges produce

stress corrosion cracking at the bottom of each pit which accelerates corrosion.

Comparing austenitic and duplex stainless steels to identical LCRIs shows a better

resistance of duplex stainless steels to localized corrosion. Duplex stainless steels consist

of ferrite-austenite phases with more chromium and molybdenum in the ferrite than in the

austenite phase. It was found that the austenite-ferrite interface is prone to the initiation

of localized attack, but the attack propagates preferentially in the ferrite phase. The

immunity of the austenite phase is related to the higher nitrogen concentration in that

phase.
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1. Introduction

Potash was first discovered in Saskatchewan in 1943 during oil exploration.

Potash is primarily used as a source of potassium in fertilizers. It is estimated that potash

resources in Saskatchewan are large enough to supply the world fertilizer demand for

thousands of years. Saskatchewan potash mines are capable of producing more than 16

million tons annually',

One of the major problems in potash production processes is localized corrosion

of the equipment and pipelines. In this type of attack, metals are perforated without any

significant uniform corrosion. This is caused primarily by the presence of chloride in

potash, which initiates and propagates the localized corrosion. The presence of solid

crystals, high temperature and oxygen makes the corrosion mechanism more complex.

Typically, chemical composition and mechanical properties are the main characteristics

which are used in material selection.

The most popular stainless steels (i.e. 304L, 316L) are susceptible to localized

corrosion at elevated temperatures and high chloride ion concentrations. The new duplex

stainless steels containing high chromium and molybdenum show better resistance to

localized corrosion. The resistance of stainless steels is increased by passivation in

moderate to highly corrosive media. However, the passive film will be destroyed at high

temperatures, high oxygen contents and high concentrations of chloride and solid

1
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particles in the process. Therefore, when selecting construction materials, there needs to

be a balance between resistance to localized corrosion along with favorable mechanical

properties and affordable cost

1.1. Potash and Potash Chemistry

Potash is composed of potassium chloride, any soluble potassium salt or the

potassium oxide (K20) equivalent of any potassium compound", Potassium, in

combination with nitrogen and phosphorus, has no substitute in agricultural applications.

Table 1.1 lists the water soluble potassium minerals which are abundant in the earth's

crust and are convertible to fertilizers2• Sylvinite, which is a mechanical mixture of

sylvite and halite, is the source of over 90% of the world's potash and potassium

compounds', Analysis of typical ores from Saskatchewan are shown in Table 1.24. The

physical properties of some chloride salts which are present in potash ore are shown in

Table 1.1 Water soluble potash brine on earth"

Potash (K20) wt%
63.2

Niter

17.0
18.9
22.6

15.5
46.5

Potassium wt%

52.5
Varies Varies

2



3

Table 1.2 Analysis of typical potash ore in Saskatchewan"

Chemical analysis wt% Mlneraloeical analvsis wt%

KCI 37.724 Sylvinite 96-99

NaCI 59.18 Lanzbelnite nil

Me:O 0.58 Kainite O-trace

SO..
l- 0.10 Carnallite 1.0-1.5

Combined H2O 1.61 Polvhall te O-trace

Free H20 0.30 Others trace-O.l
Water insoluble 0.50 Water insoluble 0.7-1.0

Table 1.3 Physical properties of chloride salts2

Property NaCI KCI Me:Ch CaCh
Specific e:ravity at 20°C 2.163 1.988 2.325250 2.152

Meltine: point. "C 804 790 712 772

Bellina point. °c 1413 1500 1412 >1600

Solubilitv. parts/lOO H20 at O°C 35.7 27.6 52.8 59.3

Specific heat, Cal/ermole °c 10.79 10.93 17.3 16.9

Heat of formation, KcaU zrmole -98.32 -104.35 153.22 -190.6
Heat of solution. Kcal/zrmole

.

1.16 4.40 -35.95 -18.52

1.2. Objective

The objective of this study is to determine the localized corrosion behavior of

commercial stainless steels in potash brine at both the room temperature and 90°C. The

highest temperature for the potash brine to achieve in the process is about 90°C in which

localized corrosion is a major problem for the equipment and pipelines in this condition.

Electrochemical polarization techniques, exposure tests and metallography were used to

examine the selected alloys and compare their resistance to localized corrosion.
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2. Literature Review

2.1. Passivity

Passivity is defmed as a state of a metal surface characterized by low corrosion

rates in a potential region that is strongly oxidizing for the metals. The resistance of a

passive metal to localized corrosion is closely related to the quality of the passive film on

the metal surface. Therefore, the chemical composition of the passive film, its chemical

and physical properties, structure, coherence and thickness are significant in the localized

corrosion resistance of the metal.

The concept of passivity can be seen in the schematic polarization curve for a

passive metal in chloride solution, shown in Fig. 2.1. The passive potential range is

defined by the low current density regime between the active-passive transition

(passivation potential) and the breakdown potential. The polarization curve is produced

by potentiodynamic techniques' (see also 2.3).

Films are classified into two categories; (i) non-continuous films, which partially

insulate the metal from the electrolytic solution; and (ii) continuous films, which totally

cover the metal surface. Non-continuous films slow down the corrosion of the metal by

producing a non-protective oxide film which provides a barrier to oxygen diffusion to the

metal surface. These types of films are porous and can be as thick as 1 mm. The red

4
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rusty film often found on iron is an example of non-continuous film. Continuous films

completely cover the metal surface. The films are invisible and the thickness of these

films. varies from 1 to 10 nanometer. Examples of these films are the passive films

formed on aluminum, zirconium and stainless steels6.7.

Potential

Breakdown potentlal Transpassive zone
.................................�.------

The continuous oxide films can be semiconducting or insulating. Stainless steels

Passive zone

are examples of the first group. The growth of the passive film in this group depends on
.

assivation potentla�
·····························1·"",·----------..

the applied anodic potential to the metal surface, but the thickness of the film is limited by

Active zone

the oxygen evolution or any other anodic reaction (see also Fig. 2.4). In the second

Passive current density Active-passive current density

Lo current densi

Fig. 2.1 Anodic polarization curve of a passive metal

5



group, passive film on aluminum has a low electronic conductivity, therefore, the oxygen

evolution is hindered at high potentials and the passive film thickens.

Increasing the potential in the passive region thickens the passive film. This

phenomenon is known as anodizing and is widely used to make a thick oxide film on

aluminum by applying an external voltage', The required driving force (potential) under

corrosion conditions is provided by cathodic reactions. In aqueous systems, the cathodic

reaction is oxygen reduction or hydrogen evolution, as in equations (2.1) and (2.2):

02 + 2H20 + 4e- -+ 40H

2Ir + 2e- -+ H2

While the anodic reaction is metal dissolution, as in equation (2.3):

M -+M'+ + ne'

...2.1

...2.2

...2.3

Other reduction reactions can be involved in the passivation process. For

example, chromate in aqueous solutions not only accelerates cathodic reactions but also

reinforces the passive film by depositing chromium oxide [Cr2�] into it

The effect of chromate oxidizing agents on the passivity of metals is shown in Fig.

2.2. Corrosion is an electrochemical phenomenon and the rates of anodic and cathodic

reactions must be equal rates at the corrosion potential. Therefore, in the polarization

curve, the intersection point of these two kinetic lines indicates the corrosion potential.

This potential should be compared to the passive region.

Different cathodic reactions are shown in Fig. 2.2. The solid line is the anodic

reaction. Open circuit potential is determined by the intersection between the anodic and

6



cathodic reaction rates. The oxidizing power of cathodic reactions increases from (a) to

(c). The cathodic reaction (b), intersects the anodic reaction at three points, indicating

that the metal may actively corrode or passivate, but the passivity may be unstable.. The

cathodic reaction (c), provides a stable passivity, which can also be achieved by higher

oxidizing agent concentrations.

Potential

c
•
•
•
•

b

•
•
•
•
•
.
•
•
•
•
•
•
•
•
•
•
.
•
•
•
•
•
•
•
•
•
•
•

•
•
•
•
•
•

Log current density

Fig. 2.2 Effect of oxidizing agent on the cathodic reaction
(a): active corrosion (b): unstable passivation (c): stable passivation

Other passivating agents do not passivate metals with increasing cathodic reaction

and do not have an oxidizing action. Instead, they produce insoluble salts which act the

same as a passive film. Phosphate inhibitors are among the agents in this group. The

effect of these inhibitors on polarization curves is shown in Fig. 2.3. A decrease in the

passive current density combined with a decrease in passivation potential is observed in

7



this case. The agent fonn a compound with the corroded ions present in the solution

forming an insoluble salt deposit on the active site'.

Potential

(icorr).

Log current density

Fig. 2.3 Effect of insoluble salt on the passivity of a metal
(a): without the passivating agent
(b): with passivating agent and insoluble film formation

Formation of the passive :film has been explained by various theories. According

to the first theory, formation of the passive :film (which separates the metal from its

surrounding) is due to the thin oxide layer on the metal surface. The passive :film has a

low ionic conductivity and separates the metal ions movement from the metal and the

solution, thus reducing the rate of the oxidation reaction. This theory is called oxide-film

theory. The second theory proposes that the passive metal is covered by a chemisorbed

:film of oxygen or passivating ions. The:film adsorbs the water molecules and slows the

rate of anodic dissolution involving hydration of the metal ions. In other words, the

exchange current density of the metal dissolution is decreased by the adsorbed species.

8



The :film consists of a mono-layer on the metal surface and it cannot be considered as a

diffusion barrier layer. The theory is called adsorption theory of passivity. Formation of

a passive :film on the transition metals is confmned by this theory. Transition metals with

uncoupled electrons in the d orbital of the atoms can make a strong bond with oxygen

which also contains uncoupled electrons",

2.1.1. Polarization Curves

At potentials higher than those in the passivity range, the metal may exhibit a

transpassive state and is corroded. The potential range for active, passive and

transpassive regions is the characteristic of the metal/environment system, and the

available cathodic reaction.

The presence of highly aggressive ions, such as chlorides, impacts the passivity of

metals. Chlorides or other halides produce anodic reactions at potentials lower than the

transpassive potentials for passive metals, by nucleation of pits on the metal surface (line

de in Fig. 2.4). In the absence of halides, this passive film may be oxidized itself at point

f and produce a soluble anion. This can alter the passive state of the metal. For example,

chromium oxide [Cr2�] can be oxidized to chromate [Cr042-]7. At higher potentials, the

aqueous solution itself begins to be oxidized. The reaction is the oxidation of water to

oxygen, as in equation (2.4):

...2.4

The rise in current density with the increase in potential is shown by line hi which

indicates the oxygen evolution rate. This reaction occurs only if the passive film is an

9
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electron conductor, since the oxidation of water requires the passing of electrons from

the water to the metal surface. When the passive film is a poor electron conductor, the

electrons cannot pass through the oxide film. In this situation, the oxide film is thickened

by the increase in potential and the metal remains passive. This process is widely used in

industries for anodizing aluminum7•

Potential j
Anodizing

Oxygen evolution

h i
Passive fllm oxidizing

f g

d e

c

a

Log current density

Fig. 2.4 Typical anodic polarization curve with different passivation behaviors

2.1.2. . Passivity ofAlloys

Passive alloys, such as stainless steels, owe their passivity to their chemistry. It

has been shown that chromium-iron alloys with more than 12% chromium have a stable

potential range (passive potential) in 4% sodium chloride solution", The effect of

10
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chromium on anodic polarization of iron is shown in Fig. 2.5. Chromium shifts the

corrosion potential to more noble potentials. It also reduces the active-passive and

passivation current density. Advanced surface analytical techniques, such as AES (Auger

Electron Spectroscopy) and XPS (X-ray Photoelectron Spectroscopy) have shown

enrichment of chromium in the passive film on stainless steels. The main reason for this

enrichment is the dissolution of iron during passivation,·10. At higher passive potentials,

the cf3+ in the oxide film is oxidized to other Cr6f. and the passive state of the alloy gives

way to the transpassive zone (line fg in Fig. 2.4). If the chromium concentration in the

passive film is depleted locally and the chromium concentration drops below 12%, this

region is no longer passive and is prone to localized attack. Such a depletion is very

common in heat affected zones after welding of stainless steels. In this . case, chromium

carbide precipitates at the grain boundaries during welding and the enrichment of

chromium at the grain boundaries causes depletion of chromium around the carbides.

This phenomenon is known as sensitization",

Potential

b a

(icur)"
Log current density

Fig 2.S Effect of chromium on anodic polarization of iron
(a) Fe, (b) Fe + 12% Cr

•
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2.1.3. Chemistry of Passive Film

Passive films are very thin and it is very difficult to determine their exact

composition and structure. New advanced surface analysis techniques are both ex-situ

(e.g. AES and XPS) and in-situ (e.g. ellipsometry and STM) tests, and developments of

these methods are in progressl2,13.

While the composition of passive film depends on metal composition and

environment, the film thickness is determined by the potential attained. It has been

shown that the passive film consists of two layers, an outer hydroxide and an inner oxide

layerI4,15. The contact of passive film with aqueous solution may explain hydroxide

formation on th� outer layer', In Pe-Cr-Ni-Mo stainless steels, the presence of iron,

chromium and molybdenum in the oxide film has been proven. However, there is no

agreement on the presence ofnickel oxide in the passive film7,10.

2.1.4. Passivity Breakdown

The passive film is a very thin layer and its stability depends on the composition

of the solution and the electric field it carries7• � thin film may be removed due to

impact of particles on the metal surface in slurry pipelines, or due to gas bubbling

(cavitation) in pump casings. Lowering the extent of the cathodic reaction such as

oxygen reduction (which supports the passivity) may also destroy the passive film at

oxygen depleted areas resulting in crevice corrosion. Depletion of the passive element at

a point in the alloy matrix can also cause localized corrosion. Segregation of other



elements can induce localized corrosion. Precipitation of sulfides at grain boundaries of

stainless steels can retard oxide formation and provide sites for pit nucleation6,16,17.

The most common reason for the breakdown of the passive film is the presence of

an aggressive anion such as chloride in solution. Localized corrosion in the form of

pitting usually takes place in passive regions at high potentials. The potential at which

pits initiate in the chloride solutions is called the pitting or breakdown potential. It has

been shown that small, unstable pits can initiate at lower potentials than the pitting

potential in chloride solutions", The small pits repassivate spontaneously and do not

cause problems. Only those pits which initiate at potentials higher than the pitting

potential are stable and propagate7.

The presence of non-aggressive cations such as sulfate [S042-] can reduce the

ability of pits to propagate on the metal. This is attribute to the fact that its migration to

the pits can postpone the achievement of the critical chloride concentration (60-70%

saturation ofmetal chloride) inside the pits 15
•

The breakdown of a passive film in a chloride solutions can be explained by the

adsorption theory. This theory describes the formation of pits as a result of the

competitive adsorption between chloride ions in the solution and the oxygen mono-layer

on the surface. According to this theory, passive alloys have a greater affmity for oxygen

than chloride ions. At high potentials, the adsorbed oxygen on the surface is displaced by

chloride ions. Therefore, it can be expected that the initiation of pits requires an

induction period. The decrease of induction period in the solutions with high chloride

concentration can be described by this theory7.8.

13
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The failure of the passive film has also been described by considering the

breakdown of the passive film as an equilibrium state between the metal salt of aggressive

ion (i.e, aluminum chloride [AlCl3]), and the passive film (i.e. aluminum oxide [Al2DJ]).

According to this theory, at potentials higher than the pitting potential, metal dissolution

is accelerated due to the strong electric field across the passive film and a tendency to

form metal salts instead ofmetal oxides'',

2.2. LocalizedCorrosion

The mechanisms of pitting and crevice corrosion are described in the following

sections. It is shown that these mechanisms are similar to one another. In this study, our

premise is that localized corrosion refers to crevice and pitting corrosion.

2.2.1. Crevice Corrosion

Crevice corrosion is characterized by a geometrical configuration in which the

anodic reaction takes place within the crevice, while the cathodic reaction occurs on the

bold surfaces (the area surrounding a crevice). The formation of the crevice may be due

to the contact of metal/metal, metal/nonmetal or the area under deposits on the surface.

The cathodic reaction on the bold surface is usually oxygen reduction. The oxygen is

supplied to the metal surface by convection and diffusion. The oxygen inside the crevice

is supplied only by diffusion and the stagnant condition of the solution inside the crevice

is a barrier to the supply of more oxygen to this area. Therefore, after a while all the

oxygen within the crevice is depleted. This differential aeration on the bold surface and



within the crevice makes a differential aeration cell The high ratio of cathode to anode

areas intensifies the attack inside the crevice.

To describe the mechanism of crevice corrosion, first consider the crevice

corrosion of a mild steel without a passive film in an aerated solution of sodium chloride

(Fig. 2.6). Initially, the whole surface is in contact with the aerated solution. The

similarity in solution inside and outside the crevice causes identical electrochemical

reactions to occur on the bold surfaces and inside the crevice. This means that metal

dissolution (anodic reaction) and oxygen reduction (cathodic reaction) have the same rate

on the both surfaces. After a while the oxygen inside the crevice is consumed. The

oxygen transfer tate to the bold surface is much greater than that inside the crevice and
I

oxygen reduction ceases within the crevice. This creates two different areas; (i) the area

around the crevice where oxygen reduction occurs, and (ii) the area inside the crevice

where metal dissolution takes place.

. .. 2.5

...2.1

Fi+ + 20H � Fe(OH),s) ...2.6

...2.7

FeCl2 + 2H20 � Fe(OH)2(s) + 2HCl ...2.8

15



(a) (b)

Fig. 2.6 Crevice corrosion mechanism"
(a) Initiation (b) Propagation

To balance the positive charges resulting from metal dissolution inside the

crevice, chloride and hydroxide anions migrate into the crevice. Despite the migration of

the hydroxide ions towards the crevice, the pH value of the solution will not change

significantly because of the low concentration of hydroxide ion in the solution. On the

other hand, chloride ions and metal ions combine to produce metal chlorides. Hydrolysis .

of these metal chlorides yields ferrous hydroxide [Fe(OH)2] which is not a protective

film. Instead, an acid solution is formed within the crevice. High concentrations of

chloride and hydrogen ions prevent the formation of a passive film and facilitate anodic

16



dissolution. The potential within the crevice becomes more negative and the rate of the

anodic reaction become faster. This sequence of reactions gives rise to an autocatalytic

process which intensifies localized attack

In the case of passive metals like stainless steels, the rapid oxygen reduction

reaction on bold surfaces increases the current density until its value exceeds the critical

current density, and subsequently the metal surface becomes passive. Low current

density due to passivation on the large bold surfaces balances with the high current

density of the small anodic area of metal in the active zone inside the pit. Increasing

hydrogen ions inside the pit shift to the passivation potential to a more noble potential

and the active zone extends. In such a situation the dominant cations inside the pit are

both ferrous [Pe21 and chromium [er+] ions'.

2.2.2. Pitting Corrosion

Pitting corrosion can be defmed as an intensive localized attack on the metal

surface yielding small pits that penetrate into the metal and lead to perforation. Pitting

corrosion may be divided into two steps, pit initiation and pit propagation. Pit initiation

is the rupturing of the passive film without the film reforming. The propagation step is a

rapid metal dissolution process in the absence of the passive film. While pit initiation

depends on the characteristics of the passive film, pit propagation depends on the metal

composition and structure'.

Any discontinuity in the passive film which is caused by mechanical, geometrical

or compositional non-homogenities can be the initiation site for pits on the metal surface.

17
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Therefore, pitting is less likely on smooth, polished surfaces than on rough or ground

surfaces. In other words, the more homogeneous the metal surface is, the better is the

resistance of passive film to localized corrosion.

The potential of the metal during pitting is in the passive region so that the major

part of the surface remains passive. On the other hand, the redox potential of the

solution has to be higher than a critical value for the pits to initiate. This redox potential

can be affected by oxygen reduction on the metal surface around the pits. This redox

potential is higher for some oxidizing metal cations like ferric chloride [FeCI3] and cupric

chloride [CuCh], and that is why ferric chloride is widely used in testing alloys for their

resistance to pitting.

Almost all the factors which are considered for crevice corrosion act the same as

in pitting corrosion. Some of these factors are anode/cathode area ratio, autocatalytic

reaction during the propagation step, and differential aeration between pits and the metal

surface.

The most important parameter in the pitting of passive alloys is the breakdown

potential. This is the most negative potential to cause initiation of pits on the metal

surface along with distortion of the passive film. The breakdown potential for a given
.

alloy depends on the nature of the solution. It also depends on many other parameters

such as the surface condition, and the duration of the test The breakdown potential is

not a precise value, but provides a good comparison for the resistance of different metals

to pitting corrosion in identical conditions.
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2.3. pH Changes During Localized Corrosion

It has been shown that in an aerated solution of sodium chloride, localized
.

corrosion may begin. The cathodic reactions are oxygen reduction and hydrogen

evolution.

O2 + 2H20 + 4e- --+ 40H

2W + 2e- --+ H2

___2_1

.._2.2

Both reactions result in an increase in the pH value in the cathodic area around the pit or

crevice, On the other hand, the hydrolysis of metal ions within the pit or crevice

increases the Ir" concentration which decreases the pH value.

M2+ + 2H20 --+M(OH)2 .+. 2W

Consider iron hydrolysis inside the pits during the pitting corrosion of iron.

___2.9

Fe3+ + 3H20 --+ Fe(OH)J (s) + 3W

The equilibrium constant for the above reaction is:

...2.10

K= [wt /[Fe3+J

log K = 3 log [WJ-log [Fe3+J

pH = -log [WJ

pH = 1/3 ( -log K -log [Fe3+J )

...2.11

...2.12

...2.13

...2.14

The values in the brackets indicate the activity of the species. The K value can be found

in thermodynamic tables. The pH values, based on the hydrolysis reaction of most

common stainless steel elements, are given in Table 2.119•
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Table 2.1 Hydrolysis reactions and equilibrium pHs formetal ions in localized
corrosion of stainless steels"

EO = -0.2 V (vs. Standard Calomel Electrode).

It is shown that the pH value decrease in the anodic area for molybdenum is

greater than that for chromium, and the pH value decrease is for chromium is greater

than that for iron. This conclusion cannot be made in the case of Fe-Cr-Mo stainless

steels because of the presence of cations and the effect of these cations on the

thermodynamic equilibrium between species. Therefore, the pH value is lower than the

expected value. The pH values and chloride concentrations for three types of austenitic

stainless steels in O.SN sodium chloride at 70°C by creating an artificial pit are shown in

Table 2.22°. The pH values for Cr, Fe, Ni and Mo inside the artificial pits are shown in

Table 2.32°. The results show that the real pHs for pure metals are lower than the pH

values estimated by the equilibrium constants in Table 2.1. A disagreement is observed

between the results of Table 2.1 and Table 2.3 if it is assumed that the concentration of

the metal ion inside the pit is 10-6 M. This disagreement is related to the high

concentration of a chloride and the formation of hydroxy-chloro complex. The results of

pH value measurements for austenitic stainless steels reveal the effect of Cr and Mo in

lowering the pH inside the pit As mentioned before, low pH values move the

20



Metal Fe Cr Ni Mo

passivation potential to higher values. This shifts the potential in the pit to the active

region.

The nature of pitting and crevice corrosion makes the situation for measuring the

pH value and chloride concentration in pits or crevices rather difficult No instrument

can measure the pH inside a deep crevice within a 1 micron gap size. However,

computer programs can simulate electrochemical reactions during localized corrosion and

can be used to estimate the pH and the chloride concentration profiles inside the crevice.

The crevice corrosion simulation for 304 and 316 austenitic stainless steels is consistent

with the results shown in Table 2.221•

Table 2.2 pH, chloride concentration and potential for artificial pits in stainless steeeO

304L* 316L* Fe-18Cr-16Ni-5Mo

pH 0.6 to 0.8 0.06 to 0.17 -0.13 to -0.08

cr cone. (N) 3.87 6.47 6.20

Steady state potential, -0.25 to -0.021 -0.02 to -0.22 -0.18 to -0.20
V (vs. S.C.E)

* See section 3.1 for the chemical composition

Table 2.3 pH of selected metals in the artificial pits
-20

pH 4.71 0.09 2.93 0.020
* The data for 0.5 NaO solution at 70°C

2.4. Stainless Steel

Stainless steels are iron-based alloys containing more than 11% chromium. The

chromium gives the steel its ability to form a protective or passive film that increases

corrosion resistance. The passive film consists of chromium oxide and hydroxide'. Other

21
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elements such as iron, nickel and molybdenum have also been detected in the passive

film7.10. When stainless steel is exposed to an oxidizing environment such as air or

aerated water, its corrosion resistance approaches that of a noble metal. However, when

exposed to a harsher environment that destroys the passive film, its resistance becomes

less than that of iron. The corrosion behavior of stainless steels depends on the type and

percentage of alloying elements. Varying amounts of nickel, copper, molybdenum,

nitrogen, vanadium, titanium, tungsten, silicon, manganese and niobium are used for

different purposes in stainless steels. These elements affect both the mechanical and

physical properties as well as the corrosion resistance of stainless steels. Improving the

corrosion resistance of stainless steels by alloying may adversely influence other desirable

mechanical properties.

Stainless steels have conventionally been classified into several categories (e.g.

martensitic, ferritic, austenitic, precipitation-hardening and duplex) 1.16.22.23.• A simple, but

approximate way to categorize stainless steels is relating metallurgical structure with

composition elements. The most popular diagram which shows the effect of alloying on

structure is the Schaeffler diagram7•16.22,23 (Fig. 2.7). This particular diagram indicates the

structure obtained for stainless steel after being cooled rapidly from a solution heat

treatment temperature of 1050°C to room temperature':",

The alloying elements in stainless steels are usually regarded either as ferrite or

austenite stabilizers. Nickel is considered as an element for austenite stabilizing, and

chromium for ferrite stabilizing. On this basis, nickel and chromium have been defined

and used as the two axes in the Schaeffler diagram. Different coefficients have been
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considered for each alloying element to determine nickel and chromium equivalents10•17.24.

In the Schaeftler diagram (Fig. 2.7) the following equations have been used in calculating
the nickel and chromium equivalents.

%Ni equivalent = %Ni + %Co + 30 (%C) + 25 (%N) + 0.5 (%Mn) + 0.3 (%Cu)

%Crequivalent = %Cr + 2 (%Si) + 1.5 (%Mo) + 5 (%V) + 5.5 (%AI) + 1.75 (%Cb)+

1.5 (%Ti) + 0.75 (%W) ...2.16

Based on the Schaeffler diagram, it can be seen that there are four major areas

according to the structures: martensite, ferrite, austenite and ferrite plus austenite. These

four areas provide a convenient basis for classification of stainless steels.

Austenite (A I�
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>

':;
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� 10
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Ferrite (F)

o 10 20 30

Cr and ecuivct ents (.,.)

Fig. 2.7 Structure of steels as determined by composition;
(A) Austenite, (M) Martensite and (F) Fenite7
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2.4.1. Martensitic Stainless Steels

A plain carbon steel at high temperature has a face centered cubic structure

(austenite). At high carbon content, the steel can be transformed into martensite by rapid

cooling to room temperature instead of ferrite. During this transformation the structure

of the steel changes from face-centered cubic to a distorted body-centered cubic, called

body-centered tetragonal. The resulting steel is hard and consequently more brittle. The

hardness depends on the amount of distortion in the lattice which is related to the carbon

content in the metal. The presence of chromium decreases the minimum cooling rate

required for this transformation making it easier to obtain martensite in steels containing

lower carbon contents. However, a very high chromium content in steels causes the final

structure to be ferritic instead of martensitic. Addition of up to 3 wt% Ni can prevent

ferrite from forming21. Fig. 2.7 shows the limitation of chromium in obtaining the

martensitic phase. Most martensitic stainless steels contain 11.5% to 13.5% chromium'.

Table 2.4 shows the chemical composition and mechanical properties' of some

commercial martensitic stainless steels. To obtain suitable mechanical properties for

engineering applications, the martensitic steels must be tempered (a process in which

martensite partially dissociates into ferrite-plus-carbidef'), The final mechanical

properties depend on the tempering time and temperature. Alloying the martensitic

stainless steel with a carbide forming element like molybdenum, stabilizes the

precipitation of carbides, and extends the tempering to have desirable properties at higher

temperatures (e.g. toughness, weldability). It also prevents chromium carbide

r
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precipitation which decreases corrosion resistance in the vicinity of precipitation areas

due to the depletion of chromium.

Table 2.4 Typical chemical composition and mechanical properties ofmartensitic
stainless steels ·.26

AISI %C %Cr %NI % Yield TensUe Elongation Hardness

type Other strength strength % DB

kpl kpl

410 0.15 11.5-13 - - 35 70 30 150

416 0.15 12-14 - 0.15S· 40 75 30 155

420 0.15 12-14 - - 50 95 20 195

431 0.2 15-17 1.25-2 - 95 125 20 260

* Single values are maximum values unless otherwise noted
• Typical room-temperature properties of annealed plates
• Minimum

The martensitic stainless steels are usually selected for special applications which,

in addition to having moderate resistance in corrosive media, need special mechanical

properties. For example, this material would be useful for a mine ore conveyor where

high abrasion resistance associated with moderate corrosion resistance is needed.

2.4.2. Ferritle Stainless Steels

It can be seen in the Schaeffler diagram (Fig. 2.7) that at lower nickel equivalent

areas, a ferritic structure is formed by increasing the chromium content. The ferritic

alloys have a body-centered cubic structure. They are particularly noted for their stress

corrosion cracking resistance. Increasing the chromium content in ferrite structure

improves corrosion resistance but decreases some other properties like weldability,

strength and hardness.
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Super-ferritic steels with low amounts of interstitial elements (carbon and

nitrogen) of less than 0.02% each contain molybdenum, which increases the corrosion

resistance'", These steels are widely used in chemical industries, because of their

workability, and good corrosion resistance. Table 2.S shows the chemical composition

and mechanical properties of some ferritic stainless steel alloys. A description of ferritic

stainless steels would be incomplete without mentioning their disadvantages, which are:

sigma-phase embrittlement, intergranular corrosion, and ductile to brittle transition.

Detailed descriptions of these problems are available in the literature16.23.

Table 2.5 Typical chemical composition and mechanical properties of ferritic stainless
steels·.26

.

AISI %C %Cr %Mn SI% %Other Yield Tensile Elongation Hardness

type strength strength 'I> BB

kpl kpl

405 0.08 11.5-14 1.0 1.0 P,S,Al 40 65 30 150

409 0.08 10.5-12 1.0 1.0 P, S, Ti 35 65 25 137

430 0.12 16-18 1.0 1.0 P,S 40 75 30 160

441 0.2 18-23 1.0 1.0 P,S 45 80 20 185

* Single values aremaximum values unless otherwise noted

• Typical room-temperature properties of annealed plates

2.4.3. Austenitic Stainless Steels

The high temperature (910-1400°C) form of iron is known as austenite and it can

be retained at room temperature by appropriate alloying. Such a structure has the

advantages of high ductility and toughness. The most common austenitic phase stabilizer

is nickel The traditional and familiar austenitic stainless steel has a composition which

contains sufficient chromium to offer corrosion resistance, together with nickel to ensure
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an austenite fonn at room temperature and below. In fact, many elements to differing

degrees, depress the temperature range for the transition of austenite to martensite.

Alloying also has a significant effect on the corrosion resistance of this group. Addition

of molybdenum and nitrogen increases the localized corrosion resistance7.22. The

austenitic stainless steels are particularly susceptible to stress corrosion cracking in

chloride environments at high temperatures. This fonn of corrosion can be minimized by

increasing the percentage of nickel in the alloys. Decreasing the carbon content can

prevent intergranular corrosion. Titanium or niobium can also stabilize heat affected

zones and reduce the risk of intergranular cracking.

Sulfur is present in austenitic stainless steels as an impurity. The sulfur is usually

available in amounts larger than the saturation amount in the solid solution. Therefore,

the excess sulfur precipitates as metal sulfide, (predominantly manganese sulfide at the

grain boundaries. This inclusion in addition to reducing toughness, is a site for initiation

of pits on the metal surface".

Austenitic stainless steels have been widely used in all industries, due to their

good mechanical properties and corrosion resistance. Table 2.6 shows some commercial

alloys in this group.
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Table 2.6 Typical chemical composition and mechanical properties austenitic
stainless steels" 26

AISI %C %Cr %NI %Mo %Other Yield TensUe EJongatioa Hardness

type strength strength % HB

kpl kpl

304 0.08 18-20 8-10 - Mn,Si 35 82 60 149

316 0.08 16-18 10-14 2-3 Si,Mn 36 82 55 149

316L 0.03 16-18 10-14 2-3 Si,Mn 34 81 55 146

347 0.08 17-19 9-13 - Si,Cb,Ta 35 90 50 160

* Single values aremaximum values unless otherwise noted
• Typical room-temperature properties of annealed plates

2.4.4. Duplex Stainless Steels

Duplex stainless steels are two-phase structures composed of austenitic and

ferrite phases of approximately equivalent volumes. They have good resistance to stress

corrosion cracking, coupled with better resistance to localized corrosion than the

equivalent chromium and molybdenum content austenitic stainless steels. They also have

better mechanical properties",

Generally, the effects of alloying on localized corrosion of duplex stainless steels

are the same as those for austenitic stainless steels. The presence of two phases creates

some difficulties such as galvanic effect between the two-phases, preferential attack in

one phase during localized attack, and weld decai7. Balancing the alloying elements in

each phase can prevent the above problems. High nitrogen content in the austenite phase

balances the corrosion resistance of the two phases, while low carbon content in both

phases decreases intergranular corrosion after welding",
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The chemical compositions and mechanical properties of some duplex stainless

steels are shown in Table 2.7. Duplex stainless steels have been successfully used in the

construction of pulp & paper, oil & gas, food and other chemical processing equipment".

Table 2.7 Typical chemical composition and mechanical properties ofduplex
stainless steels"

AISI %C %Cr %Nl %Mo %Other Yield Tensile ElongaUoo Ferrite

type strength strength 'II 'II

kpl kpl

USO· 0.03· 20-22 5.5-9 2-3 Mn,Si,N, 46-64 86-116 20-25 30-50

p,s,eu

3RE60· 0.03· 18.5 4.7 2.7 Mn,Si,N, 65 102-131 30 50
P, S

220S· 0.03 22 5.5 3 Mn,Si,N, 59-65 99-131 25 .45
P, S

* Trade name ofCreusot-Loire
• Trade name of Sandvik AB
.. Maximum

2.4.5. Precipitation-Hardening Stainless Steels

Precipitation-hardening stainless steels are iron-chromium-nickel alloys

characterized by their high strengths obtained by precipitation hardening a martensitic or

austenitic matrix with one or more of the following elements: copper, aluminum,

titanium, niobium, and molybdenum. The precipitation-hardening stainless steels offer an

alternative means to obtain high strength, relatively good ductility, excellent corrosion

resistance, and ease of fabrication. Most of the applications for precipitation-hardening

stainless steels are in the aerospace and other high-technology. industries. The

precipitation-hardening stainless steels are subdivided into martensitic, semi-austenitic,

and austenitic types 16,23,29,30.
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The first step in the heat treatment of all three types is solution annealing at

temperatures in the single phase austenite region. The following steps are determined by .

the stability of the austenite on cooling from this region". The mechanical properties of

precipitation-hardening stainless steels are highly affected by heat treatments. The

chemical composition of some alloys in this group are shown in Table 2.829•

Table 2.8 Typical chemical composition of precipitation-hardening stainless stee1s29

AHoy Type %C %MD %SI %Cr %NI %Other

15-SPH Martensitic 0.07 1.00 1.00 14-15.5 3.5-5.5 2.5-4.5 Cu

17-4PH Martensitic 0.07 1.00 1.00 15-17.5 3-5 3-5Cu

17-7PH Semi-austenitic 0.09 1.00 1.00 16-18 6.5-7.5 0.75-1.5 AI

A-286 Austenitic 0.08 2.00 1.00 13.5-16 24-27 1.9-2.35 Ti
1-1.5 Mo

2.5. Effects of Cations

Electrolytes in dilute solutions are believed to be present entirely as ions. The

degree of solubility and ionization of salts is larger in liquids, such as water, with a high

dielectric constant These liquids, referred to as polar solutions, contain molecules in

which the geometrical contents of positive and negative charges do not coincide. Thus,

the solvent molecules, attracted by the electrostatic charges, surround the solute ion and

insulate it from other ions.

The mechanism of localized corrosion shows that the chloride ion is the major

parameter in the autocatalytic reaction of this type of corrosion. At higher temperatures

the corrosion rate could be accelerated due to the higher conductivity of the chloride ion.

However, even at identical temperatures, the conductivity of chloride ions for two

30
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different cation chlorides are not the same31 (Fig. 2.8). This phenomena may be related

to the effects of cations. For example, consider sodium chloride and potassium chloride

solutions. Both sodium and potassium are in the [JIst group of the periodic table of the

elements with atomic numbers of 11 and 19, respectively. It means that in aqueous

solutions, Na+ has one atomic layer less than K+, while both of them have the same

positive charge. These positive charges attract the negative side ofwater molecules. The

density of the positive charges around Na+ is more than K+ because of its ionic radii.

Therefore it is expected that the number of water molecules (hydration number) which

surrounds the Na+ ions is more than for K+. It means that in an electrolyte solution with

the same normality of NaCI and KCl, Na+ moves slower than K" and thus the

conductivity ofNa+ is less than K+.

In electrochemical cells, the charged particles move in opposite directions and the

chloride ions in KO move faster than those in NaCI due to the smaller cation atmosphere

and less interference with other charged particles.
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2.6. Effects of Chemical Composition

2.6.1. Chromium

Stainless steels derive their passivity from alloying with chromium. Alloying of

iron with chromium moves the breakdown potential of stainless steels to more noble

potentials in chloride solutions17. It has been reported that the passive film on iron

chromium alloys consists of two layers. The inner layer is mostly oxide and the outer

layer comprised of iro� and chromium hydroxide10• The iron is dissolved selectively

during active corrosion; therefore, the chromium concentration is increased on the inner

oxide film, and the metal becomes passive. The passive films are thickened by increasing

the potential.

The enrichment of chromium in the passive film reduces the chromium

concentration in the metallic phase under the passive film until this value becomes much

lower than the chromium concentration in the bulk of the metal. The chromium depletion

in this area makes the metal more susceptible to localized attack at potentials higher than

the breakdown potential".

The effect of chromium content on breakdown potential for iron chromium alloys

in a O.IN deaerated solution of sodium chloride at 25°C is shown in Fig. 2.916•
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Fig. 2.9 Effect of chromium on pitting potential of Fe-Cr alloys in 0.1 N NaCl at 25°C16

2.6.2. Nickel

Investigating the effect of nickel on the corrosion behavior of stainless steels

reveals two different ideas and mixed interpretations. Alloying with nickel is well known

for increasing the strength and also increasing the resistance of austenitic stainless steels

to stress corrosion cracking. It has been reported by Sedriks that increasing the nickel

content in Fe-15% Cr stainless steels shifts the breakdown potential to more positive

values 16. It was reported that nickel affects the anodic polarization curve by extending

the passivation potential and decreasing both passive potential and current density.

Despite this idea, no positive effect on localized corrosion resistance indices due to the

presence of nickel has been presented'", Nickel does not participate in passive films due

to its higher required oxidation energy compared to the oxidation of chromium, iron and

molybdenum10. Nickel is enriched on the metal/passive film interface where the
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chromium and iron are depleted, due to the selective oxidation in this area. Fig. 2.10

shows the effect of nickel content on the pitting potential of Fe-15 %Cr alloys in a

deaerated solution of 0.1 N sodium chloride at 25°C16•

A few other investigations imply that there is a negative effect of nickel on

localized corrosion resistance of stainless steels as well as on the Localized Corrosion

Resistance Index (see section 2.7i2:J3.
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Fig. 2.10 Effect of nickel on pitting potential of Fe-15 %Cr alloys
in 0.1 N NaCI at 25°C16

2.6.3. Molybdenum

Molybdenum is present in the passive film of stainless steels in the form of oxides

and hydroxides. However, the molybdenum concentration in the passive film is much

less than chromium because of the lower concentration of molybdenum in stainless steels.

While molybdenum concentration in the passive film is less than the metal matrix, its

concentration in the metaVpassive film interface is much higher than that in the metal

matrix'", In the presence of nitrogen, segregation of molybdenum nitride blocks the.

active site on the interfacial area. In austenitic stainless steels, the mixed nitride phase of

34



Ni2Mo3N forms a stable compound with a strong intennetallic bond at the meta1/pass_ive
film interface34• The effect of molybdenum content on the pitting potential of Fe-15

%Cr-13 %Ni alloys in deaerated solution of 0.1 N sodium chloride is shown in Fig.

2.1116•
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Fig.2.11 Effect ofmolybdenum on pitting potential of Fe-15 %Cr-13 %Ni alloys
in 0.1 N NaCI at 25°C16

In molybdenum-nickel stainless steels which contain nitrogen, the intermetallic

phase of NhMo3N segregates under the passive film and blocks the active site during

active dissolution and passivation. Both molybdenum and nickel nitrides can form and

precipitate. However, molybdenum nitride is more stable than nickel nitride. As

mentioned before, selective oxidation of chromium, iron, and molybdenum over nickel

enriches nickel on the metal/passive film interface. Nickel produces an intermetallic

phase both with chromium and molybdenum in the presence of nitrogen. However, it has
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been proposed that the intermetallic bond between molybdenum and nickel is much

stronger than that between chromium and nickeI10.34.

Ives et al showed that the presence of molybdenum in stainless steels does not

have a significant effect on the initiation of pits but segregation ofmolybdenum provides

a barrier inside the pits and slows down the propagation of the pits. It was proposed that

the composition of this segregation layer is mainly�iM004 mixed oxide3!.

2.6.4. Nitrogen

Nitrogen in molybdenum-bearing stainless steels segregates as nitride and blocks

the active dissolution of stainless steels in the absence of a passive film. Molybdenum

nitrogen synergism increases the austenitic stainless steels resistance dramatically due to

the formation of an intennetallic phase of NhM03N during active dissolution and

passivation. Even in the absence of nitrogen and molybdenum, the reaction between

chromium nitride and water can reduce the acid concentration in the attacked location34:

...2.17

It has been reported that the addition of less than 0.25 wt% nitrogen to Fe-Cr-Ni-Mo

stainless steels results in lower passive and active-to-passive current densities. It also

extends the passive potential region in chloride solutions", Nitrogen can be present in

the austenite phase more than in the ferrite phase because of the more interstitial

opportunities in the face-centered cubic structure than in the body-centered cubic

structure. It should be mentioned that the high level of nitrogen in stainless steels needs

relatively high concentrations of manganese to keep the nitrogen in solid solution'",
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However, high levels of manganese increases MnS precipitation at grain boundaries

which are the most susceptible places for initiation of pits. During localized corrosion,

nitrogen (which is present in nitride phase) segregates inside the pits. This leads to the

formation of ammonium ions which increases the pH and slows down the pit growth

kinetics.

2.7. Localized Corrosion Resistance Index (LCRI)

The useful corrosion resistance of a stainless steel is due almost entirely to the

fact that it exhibits passivity in a wide range of environments. In solutions containing

chlorides, however stainless steels are prone to localized corrosion. The resistance of an

alloy to this type of corrosion depends mostly on its chemical composition. The

beneficial effects of chromium, molybdenum and nitrogen, as well as the effects of nickel

were discussed in previous sections. Equations for the localized corrosion resistance of

stainless steels which have been proposed relate the resistance in chloride containing

solutions to the chemical composition7,37,38,39. The most widely used equation in this

regard is7:

LCRIwI." = % Cr + 3.3 (% Mo) + 16 (%N) ...2.19

Another expression for relating the localized corrosion resistance to stainless steel

alloying is the Pitting Resistance Equivalent (PRE). Both LCRI and PRE have been

developed by the multiple linear regression technique. The regressions have been

performed based on the breakdown potential or the Critical Pitting Temperature (CPT).
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Critical pitting temperature is the threshold temperature at which the breakdown

potential of a given alloy drops sharply" (Fig. 2.12). The CPT has been related to PRE

by the following linear equation:

CPT=A + B(PRE) ...2.20

Similar equations can be proposed for predicting the relation between Critical

Crevice Temperature (Ceo and Crevice Resistance Equivalent (CRE)12.6.

CCT=AJ + BJ (CRE) ...2.21

1500.----------------------------- ___

Temperature °C

Fig. 2.12 Determining the critical pitting temperature (CPT) with electrochemical

method"

Some of the proposed equations which indicate the relationship between alloying

elements and resistance to localized corrosion are shown in Table 2.9.
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Table 2.9 Selected equations for relating the localized corrosion resistance to the

alloying elements

Ref Formula" Solution Allovs

40 Cr + 3 Mo + 12.8 N 6% FeCh Mo bearing stainless steels
& Nickel allovs

41 Cr + 3.3 Mo + 13 N %FeCh Mo bearing stainless steels
42 Cr+3.3Mo+ 16N 0.6MNaCI+ Wide range of alloys

0.1 MNaHN03
43 Cr+3Mo+27 N 6% FeCl3 Mo bearing stainless steels

& alloys with up to 42% Ni

33 Cr + 3.3 Mo + 16 N - 0.33 Ni 600ppmCr+ Austenitic and duplex
a� stainless steels

32 Cr + 4.1 Mo + 6 N- 0.14 Ni Potash brine Austenitic and duplex
stainless steels

* The given formulas are based on the weight percentages of the elements

In all the above equations for the evaluation of the metal resistance to localized

39

corrosion, the effect ofmolybdenum is larger than that of chromium and nitrogen is more

effective than each of them. There is a mixed interpretation for predicting the effect of

nickel in localized corrosion. However, the majority of investigators have not considered

any significant effect on localized corrosion for alloying with. nickel in stainless

steels40,41.42.43.

Although LCRI or PRE are a good guide for evaluating and ranking different

types of stainless steels, it should be considered that LCRI or PRE equations estimate

only roughly the localized corrosion resistance ofmost stainless steels.

2.8. Effects of Surface Condition on Localized Corrosion

Breakdown potential for a given alloy/environment system is affected by the

surface condition of the alloy. Grinding, polishing, brushing, sand blasting, degreasing
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and acid washing are some of the mechanical and chemical treatments which are

performed during metal fabrication and all of them affect the surface conditions and,

therefore, the breakdown potential.

Both pitting and crevice corrosion can be affected by different treatments on the

metal surface. One of the most effective methods of chemical surface finishing is

"passivation". It consists of the immersion of an alloy in 20% HN<>J solution. The main

purpose of this process is cleaning the metal surface by dissolving inclusions and

contaminants which are produced during fabrication. This treatment also removes

manganese sulfide from the surface which makes the surface susceptible to initiation of

pining", Passivation treatment is usually followed by an alkali treatment and then rinsing

to neutralize and remove the chemical residual. It has been shown that chemical

treatment improves the pitting potential for austenitic stainless steel 31644• The same

result has been obtained by mechanical polishing of austenitic stainless steel 304, and it

has been concluded that the pitting potential is raised by smoothing the metal surface",

Ogushi (after some AES experiments) found that the chromium level in 304

austenitic stainless steel is reduced as a consequence of the mechanical polishing which

leads to an undesirable loss of corrosion resistance".. To prove the negative effect of

mechanical polishing on passivity and breakdown potential, the chromium concentrations

of passive films have been measured and are shown in Table 2.10. It is shown that

chemical passivation is more effective than mechanical polishing, but no comparison was

made to show the chromium concentration in the passive film at different mechanical

polishing conditions(Le. 400 grit and 600 grit). Higher concentrations of chromium in



wet polishing is related to lower temperature during polishing, and preventing the

depletion of the chromium due to lower diffusion of chromiumf',

Table 2.10 Chromium concentration on the surface after different finishing for 304
stainless steel45

%Cr
12.2 DP: D
13.9

20.0
18.0

15.5

15.4

Most of these works have confmned that both chemical treatment and mechanical

polishing increase the breakdown potential16•44•46• It has also been shown that the

presence of additional chromium on the passive film after chemical treatment rather than

after mechanical polishing, makes chemical treatment a better method to improve the

localized corrosion resistance. The effects of chemical treatment, mechanical polishing

and the combination of both of them on pitting and crevice corrosion are shown in Fig.

2.1347 and Table 2.1048, respectively.
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Fig. 2.13 Pitting potential of 316 stainless steel after various surface treatments"

Table 2.10 Surface chromium content and crevice corrosion initiation potentials after
.

various surface treatments*48

Finish Chemical treatment Surface chromium Pitting potential
(Grit) content % mV(SCE)
36 None 42 125
36 Aqua Rezia" 60°C, 5min 46.5 275
36 20% HN03, 25°C, 20 min 55 550
800 20% HN03, 25°C, 20 min 55.5 750

* Crevice corrosion potential was measured in aerated 0.5 M NaO solution at room temperature
• 1 part HNO, + 3 partsHO

Surface conditioning also affects crevice corrosion in another way. Smoother

surfaces make smaller crevices. Therefore, the oxygen diffusion rate slows down and the

crevice corrosion initiation gets faster. It was predicted that going from rough surfaces

to fine surfaces decreases the crevice corrosion resistance", but the results in Table 2.10

show that the enrichment of the surface can overcome the effect of fast oxygen depletion

due to the fine surface inside the crevice.
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2.9. Effect of Cold Work

Most of the investigations on localized corrosion have been done on corrosion

coupons which have been annealed. However, cold working of alloys during mechanical

processing (i,e, forging, extrusion) may affect the metal resistance to localized corrosion.

It was found that the breakdown potentials of Fe-Cr, Fe-Cr-Ni, and Fe-Cr-Ni-Mo alloys

in chloride solutions are not greatly affected by cold work. For the cold worked

specimens, the number of pits was higher and the pits were smaller. It was reported that

plastic deformation, which does not cause fracture of the passive film, does not affect

pittingso. However, an increase in the passive current density is observed with an

increase in the cold work for iron and nickel50,s1

2.10. Effects of Flow Rate

A previous study by Postlethwaite et al., showed that the flow rate does not have

a significant effect on the breakdown potential of nickel, but in their work, the pits were

much less developed under the flowing conditions52• This suggests that the propagation

step is slower at high flow rates. In this condition, the acidic solution inside the pits is

swept away by the flowing condition. This phenomenon reduces the corrosion attack. In

another work by the same author, it was found that pitting attack is retarded due to the

current density decrease with increasing the flow rate over Zircaloy 253• It was found

that the current density in pits is controlled by mass transfer for 304 stainless steel and

there is a threshold velocity which affects the current density. This means that the

43
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smaller the pit, the higher the threshold velocity which affects the current density inside

the pitsSt•

The beneficial effect of solution flow to pitting corrosion cannot be extended for

crevice corrosion and slurry flow'', In crevice corrosion, when the crevice is formed due

to marine growth or deposits on the metal surface, increasing the flow rate removes the

sedimentation from the surface and prevents crevices from forming. Otherwise the

flowrate increases the crevice corrosion. This could be anticipated by assuming that the

moving solution provides a greater supply of oxygen to the bold surface outside the

2.11. Rotating Cylinder Electrode

Simulating the effect of flow rate on metal corrosion is possible in a laboratory

apparatus. The actual operating conditions including transport effects, were simulated in

the laboratory so that polarization data could be applied to estimate the corrosion rate. A

few equations have been presented which allow rotating cylinder rotation speeds to be

chosen so that the mass transfer coefficients equal those in the pipessS,56. The limiting

current density was used to correspond the mass transfer rate to the corrosion rate by

correlation among Schmidt, Reynolds and Sherwood numbersS6•

These proposals can only be applied to single phase liquid flow and is not suitable

for studying the effect of slurry or cavitation on corrosion of metals. More details about

developing this equation and other equations for other geometries (i.e. annulus and

impinging jet) are available in the literature',5S,56,5'.
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3. Experimental

3.1. Alloys

In this study, mostly austenitic and duplex stainless steels were examined.

However, two other samples from casting stainless steels were tested to compare the

results with previous experiments performed by Blackmore32• The casting stainless steels

may be categorized into two classes: heat-resistant and corrosion-resistant. Both CN7M

and CD4MCu are corrosion-resistant stainless steels. The structure ofmost alloys in this

group is austenitic but the dominant structure in CD4MCu is ferritic. The corrosion

resistance of Hastelloy C-276, a nickel alloy which is one of the most resistant alloys to

chloride solutions, was compared with the corrosion resistance of other alloys in the

electrochemical polarization tests.

The alloys were selected based on their history of use in the potash industry. The

most common alloys which are used in potash production process are 316L, 2304, 2205

and 254SMOS8• The alloy samples were prepared by a materials sample producer",

Each sample was accompanied with its corresponding chemical composition and

mechanical properties. The samples were wet ground to 600 grit by a SiC grinding belt

The actual chemical composition and mechanical properties of the samples are shown in

•

Metal Samples Company, Munford, AL 36268, USA
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Appendix A The nominal and actual chemical compositions of tested alloys are shown

in Table 3.1.

Table 3.1 Chemical composition of the alloys'"

alloy C Cr Mo Ni N Alloy type

0.022 25.50 1.80 5.40 0 Cast Corr.
CD4MCu 0.022 25.52 1.87 5.04 0 Resistant,

0.022 25.52 1.87 5.04 0 Ferritic
0.010 20.20 2.20 29.00 0 Cast Corr.

CN7M 0.056 20.02 2.18 28.79 0 Resistant,
0.01 20.23 2.16 28.86 0 austenitic
0.030 18.20 0.2 8.80 0.080

304L 0.030 18.13 0 8.79 0.050 Austenitic
0.026 18.23 0.24 8.83 0.086
0.020 16.30 2.10 11.00 0.03

316L 0.027 16.30 2.18 10.27 0.04 Austenitic
0.020 16.33 2.12 10.17 0.03
0.020 19.90 4.30 24.00 0.060

904L 0.016 20.27 4.32 24.04 0 Austenitic
0.014 19.90 4.30 24.20 0.064

0.010 20.10 6.20 18.0 0.200
254SMO 0.009 20.10 6.15 18.0 0.200 Duplex

0.010 20.10 6.20 18.0 0.200
0.03 22.5 0.30 4.5 0.12

2304 0.03 22.5 0.37 4.5 0.12 Duplex
- - - - -

0.020 22.30 2.80 5.80 0.120
2205 0.016 22.20 3.00 5.60 0.150 Duplex

0.020 22.33 2.77 5.82 0.117

0.020 25.00 4.00 7.00 0.300

2507 0.019 24.80 3.90 6.80 0.300 Duplex
0.016 24.87 3.81 6.93 0.263
0.003 15.50 15.50 64 0

C-276 0.002 15.48 15.60 Bat. 0 Nickel alloy
0.002 15.41 15.52 Bal. 0

• The values in each row show the nominal chemical composition of samples, the chemical
composition of samples in elec&rochemical polarization and exposure tests, respectively

•

Chemical analysis of the samples were performed by Metal Samples Company
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3.2. Chemical Composition of Potash Brines

Three samples of potash brine from different mills in Saskatchewan were received

and analyzed under saturation conditions(Table 3.2). The samples were analyzed in

chemical laboratory of PCS· pilot plant Experimental results showed that the brines had

almost similar compositions. The chemical composition of the brines depended on the

type of process, the sample point, and the operating conditions. The brine samples were

taken from the recycle line of the crysta1lizers.

In this study, only the potash brine from the Cory mill was used. Higher

potassium and lower sodium concentrations in the Cory brine at the higher temperatures

can be described with the NaCI-KCI-H20 phase system diagramS9 (Fig. 3.1). Point A and

point B show the Cory brine samples at 22°C and 90°C, respectively. Deviation of these

points from saturation lines can be related to the presence of sulfate ions and other

cations in the solution.

Table 3.2 Chemical composition of the saturated potash brines

Concentration, %

Mine source cr sol Na+ K+ Ca2+ Mg2+
Cominco at 22°C 22.38 0.57 9.9 6.25 0.40 0.17

Central Canada at 22°C 22.43 0.56 9.62 6.59 0.38 0.16

Cory at 22°C 21.88 0.57 8.44 8.87 0.35 0.11

Cory at 90°C 23.45 0.20 7.65 12.00 0.41 0.10

•

Potash Corporation of Saskatchewan Inc.
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3.3. Electrochemical Polarization

Electrochemical testing is the most rapid method of determining the possibility of

localized corrosion. The main advantage of electrochemical testing is that a great deal of

information can be gained about the dependence of corrosion on an external variable in a

short time. For example, the determination of breakdown potentials and currents can be

useful in devising accelerated tests to discriminate the alloy corrosion resistance. The

Validity of an accelerated corrosion test depends largely on how well the factors (which

are accelerating the rate of corrosion in the test) simulate what is actually happening in

the service environment

The simple circuit diagram for an electrochemical polarization cell is shown in

Fig. 3.2. The working electrode (WE) is the metal under study. The open circuit

potential (corrosion potential) can be measured versus the reference electrode (RE) when

the power supply is not in circuit By switching the power supply on and changing the

resistance (R), the potential of the working electrode with respect to the reference

electrode sweeps stepwise to higher potentials than the open circuit potential. The

current is measured by the ammeter in each step. The counter electrode (CE) is made of

platinum or graphite and completes the electrical circuit (this is the cathode during anodic

polarization of the working electrode). In practice, a potentiostat which is a proportional

controller, controls the potential of the working electrode with respect to a reference

electrode. The device produces the current between the working electrode and counter

electrode to establish the required set potential.
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RE WE CE

Fig. 3.2 Simple circuit diagram for an electrochemical polarization cell

A rotating electrode with variable rotation speed (an AFMSRX Rotator from the

Pine Instrument Company") was used to compare the effect of velocity on

electrochemical polarization curves of alloys with those in stagnant solutions. More

information about the rotating electrode is available in Appendix B. Under flowing

conditions the speed of the rotating electrode was 1940 rpm.

By far, the most common electrochemical test for localized corrosion is cyclic

polarization. In cyclic polarization, the potential is scanned from open circuit potential

(Ecur) or slightly below it in the anodic direction until localized corrosion is initiated.

This is indicated by a large increase in the applied current (Fig. 3.3). When the current

density reaches 1 mA/cm2, the direction of the scan is reversed, and the current decreases

until the polarity is changed and a hysterisis loop on the Log(i)-E curve is presented. The

breakdown or pitting potential (Bop) is the potential above which pits initiate, while the

repassivation potential (Ep) is the potential below which the pits repassivate.

•

Pine Instrument Company, Grove City, PA 16127, USA

50



0

-0.05

-0.1
-

s
w -0.15
en
>

s -0.2
C;
� -0.25CP

'0
a..

.. -0.3

-0.35

-0.4

-10

Reversing scaning direction

Breakdown potential

-7-9 -8 -6 -5 -4 -3

Log Current Density (Alcm2)

Fig. 3.3 Typical cyclic polarization curve

The breakdown potential is usually defined as the potential at which there is a

large increase in the current density and repassivation potential is defined (on the reverse

scan) as the potential at which the curve intersects the forward curve section. Together,

these potentials make a hysterisis loop. Thus, the higher the value of the breakdown

potential, the more the resistant the alloy is to the initiation of localized attack. The

higher the repassivation potential and smaller the hysterisis loop, the more easily the alloy

can repassivate. At potentials between breakdown and repassivation potentials, sites that

have initiated can propagate. Based upon this argument. one would favor an alloy that

has both a high breakdown potential and a small hysteresis loop. The test procedure was

followed according to ASTM test methods 0-5 ("Standard Reference Test Method for

Making Potentiostatic and Potentiodynamic Anodic Polarization Peasurement") and 0-

51
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61 ("Conducting Cyclic Potentiodynamic Polarization Measurements for Localized

Corrosion Susceptibility of Iron-, Nickel or Cobalt-Based Alloys")!.

A one litre, round bottom flask with various necks is a suitable container in which

to install the electrodes, the input and output gas connections, the salt-bridge, the

thermometer and pH meter. A pH/ATe combination electrode from FISher Scientific"

was used to measure both pH and temperature. The salt-bridge maintained an electrical

connection between the solution in the flask and the reference electrode. The reference

electrode was inserted in a beaker with the same solution but at ambient temperature to

protect it against high temperature solution in the flask. Most importantly, the reference

electrode was maintained at room temperature to keep it at constant potential during the

experiments. The salt-bridge tip was adjustable so that it could be easily adjusted to the

specimen. The schematic of electrochemical polarization cell is shown in Fig. 3.4.

A scanning potentiostatlgalvanostat built into a PC computer was used for the

experiments. The Gamry CMS 100 Corrosion Measurement Systemt was used for all

electrochemical experiments. Software was installed on the computer which was used to

control the test routine for different corrosion experiments. All the parameters during the

experiments such as initial potential, final potential, highest current density, and scanning

rate were controlled. More information about the Gamry CMSlOO system is available in

Appendix B. The cyclic polarization test was used in this study to determine the

breakdown and repassivation potentials for the alloys.

•

pH/ATC combination electrode for Accumet 1000 series meters, Fisher Scientific
t Gamry Instruments, Inc, Langhorne, PA 19047, USA
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Fig. 3.4 Schematic of an electrochemical polarization cell

Alloy samples were cylindrical with a 11.95 mm in diameter and a height of 8

mm, with a 3 cm2 exposed area to the solution. Fig. 3.5 shows the saniple arrangement

on the rotating electrode.

�--
TEFLON 'JASHER

ELECTRODE CYLINDER

-�-F" NUT
---- TEFLON 'JASHER

Fig. 3.5 Rotating electrode

The alloy sample surfaces were prepared and used less than one hour after

preparation for testing. The samples were polished with wet SiC paper, starting from

240-grit and ending with 600-grit Then, the samples were washed with alcohol and

distilled water and dried. Meanwhile, the temperature of the brine solution was
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controlled by a heater equipped with a thermostat. High purity nitrogen (99.999%) at a

minimum rate of 200 cm3/min was purged through the solution. The nitrogen source was

a nitrogen cylinder which was under pressure and the gas temperature decreased when it

passed through the throttling valve. The low nitrogen temperature caused plugging of

the pores in the inlet gas port due to the saturation state and high temperature in the

flask. To overcome this problem, the nitrogen line (a copper tube) was passed through a

high temperature bath to increase its temperature before entering the flask. After half an

hour of nitrogen injection, the specimen was put in the cell and left there for an hour for

its potential to stabilize. The salt-bridge tip was adjusted about 2 mm from the specimen.

H the experiment was running under flowing conditions, the rotating electrode was

turned on after the sample was immersed. A rotating speed controller was used to set the

rotation speed at the desirable value. The sample installed on the rotating electrode was

connected to the working electrode probe of the potentiostat. A Fisher Scientific

silver/silver chloride reference electrode with (4M) potassium chloride electrolyte was

used. The potential of the reference electrode in this situation was 0.199 mV versus the

standard hydrogen electrode (SHE). Once in a while, the potential of the reference

electrode was checked with the other standard electrodes to verify that it remained at the

standard potential. A graphite rod completed the electrical circuit as a counter electrode.

First the program monitored the open circuit potential (corrosion potential) in 10 seconds

and then started scanning at a constant rate. After a rapid increase of anodic current at

potentials below the oxygen evolution potential, the current reached 1 mA/cm2• At that

point the scanning direction was reversed. The scanning rate was selected at 0.166
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mY/sec (10 mY/min). The potential and current density were recorded over 9 second

intervals (user defined) and monitored on an X-Y coordination curve on the computer

screen. The data from the test was saved in a :tile which could be analyzed and plotted by

Microsoft Excel. The most popular electrochemical curve is the E-log i curve which

shows the potential versus the logarithm of the current density. Fig. 3.6 shows the

schematic of a experimental set-up.
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3.4. Exposure Tests

("Standard Guide for Crevice Corrosion Testing of Iron-Based and Nickel-Based

Stainless Alloys in Sea Water and Other Chloride Containing Aqueous Environments")!.

Generally, crevices can be categorized into two groups. First, natural crevices

which are created by biofouling, sediments and deposits. Second group, crevices which

are created during the manufacture, fabrication and maintenance of equipment The

second group of crevices utilized in laboratories could represent actual geometric

formations in some service conditions.

An experimental procedure for exposure testing is described by ASTM G78

The materials of interest are typically machined into coupon forms and then measured,

cleaned, weighed, and exposed to the corrosive environment After a period of time, the

coupons are removed, their surfaces carefully cleaned, and then evaluated for attack.

The minimum suggested exposure test period for recognizing the attacked area is 30

days. After the test, one should consider two surface areas: (i) the surface in contact

with the solution without any crevice on the surface, and (ii) the area around the crevice

assembly. The dominant mechanism for corrosion in area (i) is pitting and the mechanism

for area (ii) is crevice corrosion.

The multiple crevice assembly (MeA) consisted of two bolted serrated washers

and a hole drilled in the specimen as shown in Fig. 3.7. The advantage of MCA is that

the crevice geometry can be made very tight by applying greater torque to the bolt and

the multiple small contact points. The contact points on the washer were individually

examined and then statistically analyzed as a group. The MCA consisted of 12 plateaus
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and the bold/crevice (cathode/anode) area ratio in this work was 34. The specimen

dimensions were 2" X 3/4" X 1/8" with a 0.375" diameter hole in the center. The

exposure tests conditions are given in Table 3.3. The samples were held by a torque of

8.5 Nm (75 in.lbr) on the MCA. The nuts, bolts, metallic washers and the flat bar rack

were made of Hastelloy C-276 while the MCAs were made of Teflon. The solution

container was wanned up in a high temperature oil bath by using a heater equipped with

thermostat and circulating pump. All exposure tests were performed in stagnant and

non-deaerated solutions.

__ SpecImen

\ H...."., C-276
boll. _f. _ostlersL......

Oevlce

Fig. 3.7 Typical crevice corrosion test setup and MCA60
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Table 3.3 Exposure test conditions

Test 1 Test 2

Solution Potash Brine from Potash Brine from
the COryMill the COryMill

Temperature. °C 90 90

Exposure Time 30 days 60davs
Solution Condition Aerated, Stagnant Aerated, Stagnant

pH 6.35-6.60 6.35-6.60
Surface Condition 600 grit 600 grit

After the exposure period, the exposed samples were rinsed, dried and weighed.

The specimens were cleaned in a solution of 10% nitric acid at 60°C for 20 min. Mter

each chemical cleaning, they were rinsed, dried and weighed again. Care was taken to

remove the corrosion product only, and not the metal base, with the acid solution.

ASTM G 1 ("Standard Practice for Preparing, Cleaning, and Evaluating Corrosion Test

Specimens") was a good guide in this regard', When the difference between the sample

weight before and after the cleaning cycle approached zero, the samples were assumed to

be cleaned enough and they were ready for metallography.

3.5. Metallography

The approximate size and distribution of pits and attacked areas were determined

by visual examination, followed by a more critical and detailed microscopic examination

through amicroscope to determine the exact size, shape and density of the pits.

It was a tedious and time-consuming job to determine the pit density. The pits

depth is usually a more significant piece of data than the pit density or pit size. A finely

calibrated, fine focusing knob built in the microscope was suitable for measuring the pit



depth. The microscope was equipped with four different objective lenses (2.5x, 5x,

lOX,and 4Ox) and scaled eyepieces lenses (lOx). Therefore the magnification of the .

microscope was x25, XSO, xlOO and x400. The specimens were cut by a low speed

diamond saw to examine the cross section of the corroded area. The specimen parts

were dried after removing grease with acetone and soap, washed with methanol, and

rinsed with water. The sample parts were then mounted in a plastic mold to be ground

and polished to a desirable surface condition and to be kept for further study.

Compression molding techniques were used to produce hard mounts for specimens.

Thermoplastic material (Lucite� was used to produce clear molds. Lucite requires heat

and pressure during the molding cycle. The temperature and pressure during the cycle

were 280-300oP and 3000 psi, respectively. Lueite'" remains fluid at maximummolding

temperature and becomes transparent and dense with a decrease in temperature".

The mounted samples were polished by 660-grit SiC wet paper followed by 6 um

and IJlID diamond paste. Selected samples were electro-etched to investigate the

microstructure of the attacked areas.

A solution of 10% oxalic acid was used in the electrolytic etching method. This

solution is a conventional etchant for a wide range of stainless steels. Direct current

electrolysis is usually used for electrolytic etching. The specimen was the anode and a
.

stainless steel rod (3l6L) was the cathode in these cases. The voltage between electrodes

was 6 V with 0.1 Ncm2 and the total elapsed time was 20 seconds. The current was

controlled by changing the distance between the electrodes.
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Scanning Electron Microscopy (SEM) was used for a more detailed examination

of a few selected specimens. The etched samples were brought out of the molds and

cleaned ultrasonically. After this preparation, they were ready for examination using the

SEM.
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4. Results

4.1. Electrochemical Polarization

The cyclic potentiodynamic polarization method was used to detennine the

susceptibility of alloys to localized corrosion. The breakdown and repassivation

potentials and the passive current density were determined for each alloy based on its

polarization curve. The breakdown potential is usually defmed as the potential at which

the current density increases sharply with a small increase in the potential62• Some other

researchers defme the breakdown potential as the potential at which the current density is

equal to 10 J.1AIcm2 7. In this study, the former defmition was used and in cases where

the increase was not sharp, the breakdown potential was determined at the intersection of

two extrapolated sections of the curve. Also, there are two different defmitions for the

repassivation potential; (i) the potential at which the reversed curve intersects the

ordinate, as it is believed that the formed pit ceases to propagate at potentials below this

value62; and iii) the potential at which the polarity of the curve is changed", In this study

62

the first defmition was used. In some cases it was difficult to determine a precise value

for the above parameters because of the irregular behavior of the polarization curve. Fig.

4.1 shows the polarization curves for 904L, which shows an uncertainty in determining

the breakdown and repassivation potentials and passive current density. The presence of

two transpassive areas in the anodic curve was the main problem in determining the

breakdown potential. This was related to the oxidation of molybdenum at lower

potentials and chromium at higher potentials'",
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Fig. 4.1 Uncertainty in determining the breakdown and repassivation potentials and the
passive current density due to presence of two transpassive zones (904L in the

potash brine)

The uncertainty in determining the repassivation potential is due to the unusual

behavior of alloys during reverse scanning. In this condition, the repassivation potential

determination was based on the selected breakdown potential. The passive current

density was determined in the area preceding the breakdown potential or where the

current density was kept constant when the potential swept to more noble potentials.

Reproducibility of the curves was examined. Although in some cases shifting of

the corrosion potential (open circuit potential) was observed, no significant changes in

the breakdown and repassivation potential were distinguished. Fig. 4.2 shows

reproducibility of the anodic polarization for cast corrosion-resistant CN7M.
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Fig. 4.2 The reproducibility of the electrochemical polarization curves (Cast corrosion
resistant CN7M in potash brine)

The breakdown and repassivation potentials for the tested alloys both in stagnant

and flowing conditions are shown in Tables 4.1 and 4.2. The passivation current

densities for the alloys are shown in Table 4.3. The original curves from the experiments

are attached in Appendix C.

...

In part of this study, two types of austenitic stainless steels (304L and 316L) were

examined to compare the corrosivity of sodium chloride and potassium chloride.

Electrochemical polarization was performed for this purpose. The breakdown potentials

are given in Table 4.4.
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22°C 90°C

Alloy s, (mV) E,(mV) Eop(mV) E,(mV)

304L -106 -280 -242 -430

316L 0 -250 -193 -303

2304 19 -181 -226 -426

CN7M -53 -120 -160 -236

CD4MCu -37 -322 -220 -270

2205 875 580 -129 -236

904L 100 -160 -56 -240

2507 932 932 -90 -245

254SMO 850 765 -38 -155

C-276 976 816 870 648

Table 4.1 The breakdown and repassivation potentials ofalloys in stagnant conditions

22°C 90°C

Alloy Eop(mV) E,(mV) Eop(mV) E,(mV)

304L -128 -255 -288 -380

316L 15 -190 -212 -313

2304 -4 -230 -200 -425

CN7M -43 -120 -161 -300

CD4MCu -40 -290 -245 -288

2205 865 865 -176 -314

904L 85 -140 -120 -280

2507 886 886 -119 -275

254SMO 943 871 69 -261

C·276 927 844 883 728

Table 4.2 The breakdown and repassivation potentials of alloys in flowing
conditions (1940 rpm)
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Table 4.3 Logarithm of passive current density at the electrochemical polarization tests

22°C 90°C

Alloy Stagnant 1940 rpm Stagnant 1940 rpm

304L -5.89 -5.81 -5.70 -5.50

316L -6.07 -6.51 -5.75 -5.71

2304 -6.13 -6.51 -5.83 -5.60

CN7M -6.48 -6.35 -5.93 -5.83

CD4MCu -5.40 -5.41 -4.93 -4.97

2205 -6.13 -6.32 -5.80 -5.79

904L -6.27 -6.25 -5.95 -6.04

2507 -6.23 -6.21 -5.94 -5.72

254SMO -6.24 -6.21 -5.97 -5.92

C·i76 -6.04 -6.14 -5.84 -5.90
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Table 4.4 Breakdown potentials of the austenitic stainless steels in 0.3N KCI and
0.3N NaCI solution at room temperature

Solution EnD (mV), Deaerated EnD (mV) Aerated

304L 316L 304L 316L
KCI 238 253 135 186

NaCI 244 258 200 286

4.1.1. pH Cbanges in the Bulk Solution

The pH changes during anodic polarization were measured in the bulk solution

for 304L stainless steels in 0.3N NaCI solution (in both aerated and deaerated

conditions). The pH values in the bulk of the solution increased during localized

corrosion in both deaerated and aerated conditions (Fig. 4.3 and 4.4).
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4.2. Exposure Tests

The typical features of a specimen after the exposure test are shown in Fig. 4.5

and 4.6. The corrosion products surround the crevices as well as the bare metal surface.

The density, size and depth of pits are given in a typical pitting chart (Fig. 4.7).

The most important parameter in studying localized corrosion is the depth of the deepest

pit In regards to the nature of pitting (which is a random process), sometimes the

deepest pit does not truly show the effect of localized corrosion in an alloy. The ASTM

046 ("Standard Practice for Examination and Evaluation of Pitting Corrosion")

recommends the use of a pitting chart to record the average pit depths. However, in this

study, the average depth of the five deepest pits was used to generate the data presented

here. The average pit depth, the deepest pit depth, and the average depth of the five

deepest pits for the austenitic and duplex stainless steels are shown in Tables 4.5 and 4.6.

It was observed that the edges of the austenitic 304L, 316L and 904L were more

susceptible to localized corrosion. There are two reasons for this susceptibility. Firstly,

there are residual stresses on the edges after cutting and machining of the specimens.

These stress residuals caused stress corrosion cracking on the edges, even though this

type of attack was not expected in these experiments. Secondly, the surface conditions

on the edges were not the same as on the metal surfaces. Therefore, the pits on these

areas were not considered in analyzing the data.
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Fig. 4.5 General features of austenitic 304L and 316L after an exposure test
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Fig. 4.6 General feature of cast corrosion-resistant CN7M after an exposure test
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A B c
Densi!I � Depth

• •

1 0.02mm2 2SJ.UD

7.s*l(j 1m2

2

3

4

• •

•

•

2*1

..

• •

•

• • •

s-io' 1m2

.. ..

• • •

• •

• • •

1*104/m2

•

O.OS mm2 SO flm

•

0.2mm2 100 J.Lm

o
ISO J.UD

304L 18.23 0.24 0.086 20.4 -3 +2 -4 +3 -3 +4

316L 16.33 2.12 0.03 23.8 -3 -2 +3 -3 -3 -4

CN7M 20.23 2.16 0 27.4 +3 +2 -4 -4 +2 +4

CD4MCu 2S.S2 1.87 0 31.7 +3 2 -3 +4 +2 +3

220S 22.33 2.77 0.177 34.3 +2 +1 2 -3 1 +2

904L 19.9 4.3 0.064 3S.1 +1 1 +2 +1 -1 +1

2S07 24.87 3.81 0.263 41.6 2 -2 -1 -2 -2 -2

2S4SMO 20 6.1 0.2 43.3 2 +2 -3 2 -3 +3
* Based on the average of the 5 biggest & deepest pits. The numbers in columns in eacb of three for 30
and 60 days show, density, size and depth, respectively
• The plus andminus sign represent greater and smaller values, respectively
# Localized Corrosion Resistance Index = %Cr + 3.3* %Mo + 16* %N

Fig 4.7 Pitting chart for the exposure tests in the potash brine at 90° C
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Both 2205 and 2507 duplex stainless steels showed better resistance than what

was expected (based on their alloying elements). The deepest pit and the average of the

five deepest pits for these two duplex alloys were shallower than the rest of the alloys in

this study. Despite the optimum combination of alloying elements, the presence of few

deep pits on austenitic alloys 904L and 254SMO lowered their performance rating.

Table 4.5 Pit depth data after exposure tests in Cory potash brine at 90°C for 30 days·

71

Alloys The average pit The average of 5 The deepest pit
depth (microns) deepest pits (microns) (microns)

304L 25 141 220

316L 28 114 145
CN7M 29 148 285

CD4MCu 21 76 102
2205 12 49 60

904L 12 71 215

2507 9 23 60
254SMO 14 86 205

• Data in microns

Table 4.6 Pit depth data after exposure tests in Cory potash brine at 90°C for 60 days·

Alloys The average pit The average of 5 The deepest pit
depth (micron) deepest pits (micron) (micron)

304L 61 154 200
316L 39 143 270
CN7M 47 216 240

CD4MCu 28 122 300
2205 24 52 83

904L 19 83 93
2507 13 42 113

254SMO 17 103 250
• Data in microns
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4.3 Metallography

The alloys were examined after exposure test as described in the Chapter Three. Some

of the photomicrographs of the exposed samples and the results of the SEM study are

shown in Fig. 4.8 to 4.13.
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Fig. 4.8 Edges of 304L (60 days), x100
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Fig. 4.13 Microstructure ofCD4MCu, austenite (light areas), ferrite (dark areas), xlOO
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5. Discussion

5.1. Electrochemical Polarization

Electrochemical polarization is a valuable method for evaluating the corrosion

behavior of alloys. It is fast and reliable for a wide range of alloys. However, there are a

few parameters which affect such experiments and create uncertainties in analyzing the

results.

In electrochemical polarization, crevice formation is undesirable. However, it

inevitably occurs at the Teflon washer located at the working electrode mount (Fig. 3.5).

Increasing the torque on the nut may reduce the crevice size; unfortunately a higher

torque also assists in the initiation of crevice corrosion by limiting the oxygen diffusion

into the crevice. The higher torque also slows down the propagation rate and decreases

the hysterisis loop. Most researchers confirm that the crevice potential is lower than the

pitting potential7,12,64. Therefore, as it is impossible to completely eliminate crevice

formation in the presence of compression washers, it is very difficult to find out whether

the breakdown potential is due to crevice formation or pitting corrosion. Visual

inspection of the specimens after the tests showed different types of attack. For example,

cast corrosion-resistant CN7M and Hastelloy C-276 were less corroded at their interface

with the washer, while these areas were more corroded for 304L, 316L and 2304.
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The other factor which affects the competition between pitting and crevice

corrosion is the torque which is inserted on the nul Although the higher torque moves

the breakdown potential to the more active potentials, it slows the propagation of the

attacked areas. The pits initiate at higher potentials and repassivate at the lower

potentials than the crevices. Thus, the final curve is an altered curve with a lower

breakdown potential (which indicates crevice corrosion) and lower the repassivation

potential (which indicates pit repassivation as in Fig. 5.1). This may be the main reason

for the alteration of the anodic polarization curve, which affects the reproducibility of the

tests.

Despite disagreement on the effect of the surface condition on the pitting

potential, most studies show the presence of higher concentrations of chromium in

passive films on smoother surfaces16,46,6S • One suggestion is that mechanical polishing

covers grain boundaries and inclusions on the metal surface6S• If we accept this theory, it

would be expected that a higher degree of mechanical polishing would have the same

effect on the initiation of pitting and crevice corrosion. Most of the previous works

confnm the positive effects of finer mechanical polishing on both pitting and crevice

corrosion16,46.

-
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Fig. S.1 Effect of crevice formation on cyclic polarization curves I
(a) the curve for pitting corrosion

(b) the curve for crevice corrosion
(c) the curve for localized corrosion while a crevice has been formed
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The effect of chemical treatment was examined by passivating the 904L austenitic

in 10% HN� for 20 minutes. Fig. 5.2 shows the electrochemical polarization behavior

of 904L with and without chemical treatment The chemical treatment improved the

metal resistance with increasing breakdown potential and decreasing passive current

density. Chemical treatment is especially effective in removing the manganese sulfide

which segregates on the grain boundary, making this area prone to the initiation of

localized corrosion16.46.
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The scanning rate has identical effects on pitting and crevice corrosion. As the

scanning rate increases, the breakdown potential shifts into the lower potentials and the

hysterisis loop becomes much smaller6S• The electrochemical polarization of 904L in

aerated 0.3N potassium chloride solution confmned the above statement (Fig. 5.3). The

experiment also showed lower passive current density at higher scanning rates. In

Chapter Two, it was mentioned that increasing the metal potential increases the passive

film thickness until the electrical field across it has the same gradient before changing the

potential. However, the passive film can be destroyed because of high electrical fields at

high potentials. At higher scanning rates, the passive film cannot grow quicldy enough,

causing the breakdown of the passive film at lower potentials.
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The rotating cylinder is a good apparatus for studying the effect of velocity on

corrosion. However, further investigation is required in order to develop its application

in corrosion science. In developing an equation for relating the rotation speed to pipe

velocity, it was assumed that the corrosion mechanism is controlled only by mass

transfer. However, other parameters such as resistance of oxide layer may affect the

corrosion mechanism as well. As well, the rotating cylinder cannot be used for two phase

flow. In these circumstances it is not surprising that the results from service failure do not

correlate with the laboratory tests7•
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5.1.1. Cyclic Polarization

The breakdown and repassivation potentials of the alloys at 22°C and 90°C are

shown in Fig. 5.4 and 5.5. The alloys are ranked based on their LCRIs (see Fig. 5.10 for

LCRIs values). The 2205 and 2507 duplex stainless steels are very sensitive to high

temperatures. This may be the result of two phase interference. 254SMO showed better

resistance than any other stainless steel alloy at 90°C. 904L is not very sensitive to

temperature and can be used for making equipment which will be utilized in a wide range

of operating temperatures. 304L, 316L and CN7M have the same characteristics but

with lower resistance which makes them unreliable in high chloride solutions. Cast

corrosion resistance CD4MCu has the same repassivation potentials at 22°C and 90°C,

but the breakdown potential drops sharply at 90°C. The high breakdown potential for

CD4MCu can be related to 25.52 % Cr in its composition. 2304 duplex with 22-23% Cr

has almost the same resistance as 316L with 16.3% Cr. This is due to the presence of

2.18% molybdenum in 316L. The better performance of 904L over 304L is due to the
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presence of 4.32% molybdenum. The same conclusion can be made by comparing 2304

and 2205 with 0.1-0.64% and 3% molybdenum, respectively. High molybdenum and

nitrogen content in 254SMO than in 904L makes the former alloy a more reliable alloy in

the high chloride content solutions.

In Chapter Two, it was mentioned that the passivity of an alloy depends mostly

on the presence of chromium. Molybdenum slows down the propagation rate of

localized corrosion by blocking the active site under the passive film. Analyzing the

results of the electrochemical polarization tests shows that high molybdenum content

alloys have higher repassivation potential and therefore lower propagation rates during

localized corrosion. The comparison between the repassivation potential for 2304 and

316L at 90°C confmns the above statement (Fig. 5.7), while the breakdown potential for

these alloys are almost the same (Fig. 5.4 and 5.5).

The effect of flow rate on breakdown potential at 22°C and 90°C are shown in

Fig. 5.8 and 5.9. The breakdown potentials in stagnant and flowing conditions are very

close to one another, therefore it can be concluded that flow rate does not have a

significant effect on the breakdown potential. This agrees with a previous work by

Postlethwaite et af2. The effect of flow rate on the repassivation potential is shown in

Fig. 5.6 and 5.7. There is no significant change in the repassivation potential in these two

conditions, but as mentioned before, the flowing condition can slow down the

propagation rate, especially in shallow pits by sweeping away the high concentration of
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hydrogen ions inside the pitsS2• On the other hand, the repassivation potential depends on

the pit depth and its value is higher for shallow pits66• The repassivation potentials under

flowing conditions is higher than under stagnant conditions at 90°C, but at 20°C the

repassivation potential is higher in stagnant conditions. Considering the fact that pits are

deeper at higher temperatures, the opposite results would have been expected. This

observation can be explained by the different transport properties (e.g. viscosity and

diffusion coefficient) at different temperatures and higher solubility of the corrosion

products at higher temperatures. The corrosion products can plug the pit entrance at

lower temperatures.

The passive current density for alloys at different conditions are shown in Fig.

5.10. The passive current density increases for all alloys at higher temperatures, but the

passive current density for alloys with a LCRI higher than 33 are less sensitive to the

temperature and the flow rate. The passive current density of CD4MCu is higher than

other alloys. The non-homogenous casting structure of CD4MCu may be the main

reason for its low passive current density.

Electrochemical polarization of Hastelloy C-276 is shown in Fig. 5.11. After

passivation of the alloy at a potential of about -235 mV, it stays in the passive state until

a potential of about 25 mV where the first transpassive state occurs. The current density

in this state increases sharply with increasing the potential for a while until it reaches a

more noble potential where the rate of current density change slows down. At the higher

potentials the second transpassive zone appears in the potential which is about 875 mY.
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It has been reported that the presence of different transpassive zones is related to the

dissolution of alloying elements in the Hastelloy C-27663• Therefore, the dissolution

process in Hastelloy C-276 in the order of passive-transpassive potentials should be iron,

nickel, molybdenum, and chromium in the chloride solutions", The higher resistance of

Hastelloy C-276 in the chloride solutions is related to dissolution of molylxlenum which

produces molylxlate (MoOl-). Molybdate acts as an inhibitor in localized corrosion of

stainless steels63• Hence, the oxidation reaction of chromium was considered as the

breakdown potential for Hastelloy C-276. The absence of this phenomenon in the anodic

polarization of Hastelloy C-276 at 22°C confmns the inhibiting effect of molylxlate by

omitting the first transpassive zone. A similar behavior is also observed in anodic

polarization of 904L at 22°C (Appendix C). Therefore, the above theory may be

extended for nickel alloys and high nickel austenitic stainless steels.

The presence of two transpassive zones in anodic polarization of CD4MCu may

be related to the dissolution of ferrite and austenite phases at different potentials (Fig.

5.12). The microstructure of the exposed alloy is shown in Fig. 5.13. The austenitic

pools (light phase) spread around the ferrite matrix (dark phase). It was reported that at

lower Corrosion Indices [CI = %Cr + 3.3 (%Mo)], the austenitic stainless steels have

higher pitting potentials", Therefore, it can be concluded that the first transpassive zone

in the anodic polarization of CD4MCu is related to the oxidation of ferrite and the

second transpassive zone to the oxidation of the austenite phase. Fig. 5.13 confmns that

the more susceptible phase in the exposure test of CD4MCu is the ferrite phase (see also

Fig. 4.12). A similar behavior at lower intensity was observed for duplex stainless steel

2304 (Fig. 5.14). The absence of two transpassive zones in 2205 and 2507 is due to the
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relatively homogenous microstructure of these alloys and the higher chromium and

molybdenum concentration of the ferrite phase.

Fig. 5.15 compares the activity of sodium chloride and potassium chloride", The

anodic polarization of 304L and 316L austenitic stainless steels in O.3N sodium chloride

and potassium chloride solutions show that in spite of the higher activity of sodium

chloride, potassium chloride is more corrosive ·in aerated solutions (Fig. 5.16.a and

5.17.a). The more corrosive nature of the potassium chloride solution relates to its

higher conductivity in aqueous solutions (Fig. 2.8). The breakdown potential for alloys

in the aerated KQ solution is lower than that for alloys in the NaCI solution. The

identical anodic polarization behavior of the alloys in the deaerated solutions is unclear

(Fig. 5.16.b and 5. 17.b).

The increased pH value in the bulk chloride solution during localized corrosion

can be explained by the cathodic reaction (Fig. 4.3 and 4.4). In aerated chloride

solutions, the oxygen reduction in the areas around the pits or crevices increases the pH
I

.11
value; while in deaerated solutions the hydrogen evolution reaction reduces the hydrogen

ions concentration and increases the pH value in the bulk solution.

The breakdown potentials of the tested alloys are compared with their LCRI in

91

Fig. 5.18 and 5.19. The LCRI can be used for predicting the resistance of alloys at 90°C,

but at 22°C LCRI is not a reliable index for ranking alloys, mostly because of the

outstanding resistance of duplex 2205 and 2507 and austenitic 254SMO at 22°C.
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5.2. Exposure tests

Localized attack is a random process and any defect on the surface of the alloy

can produce a pit The resistance of an alloy to localized corrosion depends on its

resistance to initiation and propagation of the attack. Therefore, the number of pits

indicates the resistance of alloys to the initiation of pits, while the depth of pits indicates

their resistance to the propagation of attack. The results of exposure tests are shown in

Fig. 5.20 and 5.21. In localized corrosion, the metal failure is caused by the deepest pit

To determine the general resistance of the metal, the average pit depth is used. However,

in this study, in order to account for the random nature of the pitting process, the average

depth of the five deepest pits was used in order to analyze the exposure test results.

The samples were immersed vertically in the solution so that their surfaces on .

both sides were exposed to the environment However, it should be noted that the upper

and lower edges had different locations in the solution. In exposure tests, the specimen

edges are extremely prone to corrosion. Pitting was more severe at the edges for

austenitic stainless steel 304L, than for 316L and 904L, respectively. The pits on the

edges appeared mostly on the upper surface, probably because of the gravity direction in

the pitting process and the accumulation of acidic solution at the end of the pits on the

upper edge. The presence of pits on the edges protected the area around the pits so that

no pits were formed on the metal surface. Thus, it is difficult to determine whether the
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pits on the edges protected the rest of the sample or the surface itself had enough

resistance in the solution. As mentioned in Chapter 4, the other parameters which are

involved in edge pitting are the stress residuals on the edges resulting from machining and

the coarser surface conditions on the edges which make both these areas more

susceptible to localized attack. Extension of the attack at the end of a pit (located on the

edge of 316L) is shown in Fig. 5.22. Such a crack is the result of stress corrosion

cracking in chloride solutions. Stress corrosion cracking was observed in austenitic 304L

and 316L on these areas. When the crack is very deep, it is not possible to relate it to the

stress residual during the specimen cutting. Therefore, the stress may also be produced

during the process ofmetal production. In spite of the pit formation on the edges, stress

corrosion cracking was not observed in austenitic 904L. It can be related to 24% nickel

in austenitic 904L which increases the resistance of the alloy to stress corrosion cracking.

Fig. 5.20 and 5.21 show that the deepest pits on 304L, 316L, and 904L are present at the

edges. The pits at the edges were not considered in the data analysis, but as mentioned

before, the interference of the anodic dissolution of alloys at the edges with cathodic

protection of the areas adjacent to the edges is not clear.

t
I
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Fig. 5.22 Stress corrosion cracking of 316L, xl00

The average of the five deepest pits for the tested alloys show a better resistance

for duplex stainless steels than other alloys. High austenitic stainless steel 904L and

254SMO also had a good resistance in the solution. The presence of few wide and deep

pits around the crevice area signifies that 254SMO has a lower resistance than 904L, but

visual inspection of 254SMO after the tests showed less accumulation of corrosion

products on the surface of 254SMO than the other alloys. The pit distribution

histograms show the details of pit depth distribution of the alloys (Appendix D).

Cast corrosion-resistant CD4MCu showed better performance than CN7M. The

presence of nitrogen in CD4MCu could reinforce the molybdenum effect and increase its

resistance in service conditions.

Duplex stainless steel, with its ideal structure, contains equal austenitic and

ferritic phases and it is free of intennetallic and nonmetallic compounds'f. Fig. 5.23
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shows the microstructure of 2507. The alloying elements are distributed in ferrite and

austenite phases with different ratios; therefore, when studying the corrosion resistance

ofduplex stainless steels the composition of each phase should be individually considered

rather than the overall ratio of the alloying elements. Table 5.1 shows the chemical

composition of each phase and the relative LCRI for 2205 and 250727• There is no

agreement on the more susceptible phase to localized corrosion in duplex stainless steels.

Ujiro et al used [%Cr + 3 (%Mo)] as a corrosion index and compared the austenitic and

ferritic stainless steels with identical indices. It was mentioned that in the region where

the corrosion index exceeds 32, ferritic stainless steels show superior pitting and higher

resistance to crevice corrosion resistance compared to austenitic stainless steels. It was

also believed that chromium and molybdenum are more effective in ferritic structure than

austenitic. Another work refers to preferential attack in the austenitic phase",

Fig. S.23 Microstructure of annealed duplex stainless steel 2507
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Table S.1 Chemical composition of each phase in duplex stainless steels27

Alloy Phase %Cr %Ni %Mo %N LCRI

2507 Ferrite 26.5 5.8 4.5 0.06 42.5
2507 Austenite 23.5 8.2 3.5 0.48 42.5
2205 Ferrite 24.3 4.1 3.8 0.05 37.6
2205 Austenite 20.2 7.1 2.2 0.24 30.6

All previous works confirm the initiation of localized attack on the phase

boundary and propagation of pits in austenitic phase. These investigations were done in

Hank's solution, but with different kinds of alloys (wrought and cast)69.70. Troman et al

confmn the initiation of pits at the boundaries. It was shown that in 1M NaCl solution

the austenite phase is more susceptible in cast duplex stainless steels, whereas ferrite is

more susceptible in wrought stainless steels71. Among the disputes about the preferential

phase in the localized corrosion of duplex stainless steels, Troman's idea seems more

rational. He believes that the behavior of phases in duplex stainless steels differ from

single phase because of the presence of phase interfacial boundaries and solute

partitioning effects like MnS inclusion and nonmetallic precipitation. The susceptibility

of ferrite/austenite interference may be related to phase transformation and segregation

effects, resulting in depleted chromium and molybdenum in this interface71. The

microstructure of austenitic alloys shows precipitation of carbide at grain boundaries.

This precipitation consists of CrxCy and MoxCy• In both cases, the depleted area around

100

the carbides are prone to localized corrosion. Due to higher energy of the grain

boundaries than the grain itself, attack usually initiates at the depleted areas on the grain

boundaries71.



Sharp reductions in breakdown and repassivation potentials of 2205 and 2507 in

electrochemical polarization (Fig. 5.4 & 5.5) may be related to the more susceptible

interfacial defects and the greater segregation of chromium and molybdenum in this area

at higher temperatures. The SEM examination of 2507 duplex stainless after the

exposure test confmned the initiation of pits in the boundary of phases and their

propagation in the ferrite phase as illustrated in Fig. 5.24. The higher resistance of the

austenitic phase, in spite of higher chromium and molybdenum content in the ferrite phase

relates to the higher solubility of nitrogen in austenite than in ferrite7Z• Consistent with

the above statement, it was shown that pitting occurs preferentially in the ferrite phase of

high nitrogen content duplex stainless steels and in the austenite phase of low nitrogen

duplex stainless steels71.

Fig. 5.24 Preferential attack of ferrite phase in localized corrosion of 2507,
austenite (light areas), ferrite (dark areas)
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The production of a passive film on stainless steel surfaces is due to the presence of

chromium, even though chromium, nickel oxide, and iron oxide and hydroxide are

present in the passive filmlO. Molybdenum and nitrogen reinforce the metal base. It has

been reported that the molybdenum content inside pits is greater than in the metal

matrix3S• Also, the nitrogen content of the oxide film sub-layer increases several times

more than its amount in the metal matrix. In the presence of molybdenum, nitrogen

produces an ammonium ion which increases the pH in the absence of a passive film and

decreases the severity of localized corrosion3S,36.

Statistical evaluation of pitting corrosion of stainless steels has not been studied

as much as the other subjects. The statistical study of a specimen after exposure testing

can give some information about the distribution of pits (Appendix D), but it is not

possible to make a conclusion with respect to long term service conditions. Among the

several statistical studies on pitting corrosion, those by Azjz73 and Crews74 are more

valuable. These studies were focused mainly on the deepest pit and estimating the life

time of a pipe in a corrosive media. Unfortunately in the present study it was not possible

to perform such a test due to the lack of time.

The general feature of pits on the surface ofCN7M is shown in Fig. 5.25 to 5.27.

The square small pits are spread around the main pit The microscopic feature of one of

these pits shows its regular geometry. Such a regular shape was observed by the "Edge

Pit Technique". An edge pit is the shaped solution cavity produced by the prolonged

action of a natural or artificial etcbant", Regarding the fact that no etchant was used in

producing the square pits on the CN7M, the presence of these pits may be due to the
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high corrosion potential of the alloy. The regular shape of the square pits (Fig. 5.26) is

related to the intersection of the cleavage planes and an edge dislocation in the alloy

matrix. The high energy level of the area around the edge dislocation is the main reason

for the formation of pits in this area.

Fig. 5.25 Scanning electron micrograph ofCN7M after the exposure test for 60 days
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Fig. 5.26 Scanning electron micrograph of a square pit on CN7M

Fig. 5.27 Scanning electron micrograph of initiated square pits on CN7M



The results of the exposure tests are compared to those of electrochemical

polarization (Fig 5.28 and 5.29) for austenitic and duplex stainless steels. It was

expected that the breakdown potentials increase by increasing LCRI. It was also

expected that the pit size would decrease by increasing LCRI. The average pit depth of

alloys shows a smooth decrease with increasing LCRI. The higher average pit depth of

316L compared to 304L is due to overlooking the pits on the edges in data analysis. The

2507 duplex steel showed better resistance than the 254SMO austenitic steel in exposure

tests. The average depth of the five deepest pits for the 2205 and 2507 duplex shows the

better resistance of duplex than the austenitic stainless steels with almost the same LCRI.

The sample holder in exposure tests was made of Hastelloy C-276 and no pits were

observed on iL

The morphology of pits depends on the metallurgy of the alloy and the chemistry

of the environment, Pits may be shallow, elliptical, undercut, or subsurface. Typical pit

morphologies are sketched in Fig. 5.30. The pit profiles for some of the alloys are

compared with the typical morphologies in Fig. 5.31 to 5.36.

Economics is one of the most important factors in material selection. The

purchase cost for some of the tested alloys is listed in Table 5.2. Here it should be

mentioned that the fabrication costs for various alloys are close to each other and are

independent of the purchase cost,
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Fig. 5.29 Breakdown potentials and average depth of the pits vs. LCRIs
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Fig. 5.31 Cross-section of 304L, x200 (Elliptical)
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Fig. 5.32 Cross-section ofCN7M, x400 (Subsurface)

Fig. 5.33 Cross-section of 316L, x200 (Undercutting)
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Fig. 5.34 Cross-section of 2205, xlOO (Elliptical)
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Fig. 5.35 Cross-section of 254SMO, xlOO (Wide, Shallow)
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Fig. 5.36 Cross-section of 904L, XSO (microstructural orientation, vertical)

Table 5.2 Price list for some commercial stainless steel pipes, Sch 40, seamless"

Alloy 304L 316L 904L 2304 2205 2507

Price. $/ft 60.67 68.54 175.44 95.35 110.40 125.32
* Courtesy Edmonton Tube Sales Ltd., November 1995
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6. Conclusions

1. Hastelloy C-276 showed an outstanding resistance to localized corrosion in

high temperatures and high chloride concentrations. The rest of the alloys show lower

resistance depending on the temperature and chloride concentration.

2. Duplex stainless steels which were used in this study had better resistance than

the austenitic alloys with the same LCRI in exposure tests; while the electrochemical

polarization showed almost identical resistance of austenitic and duplex stainless steels.

3. The effect of alloying elements (chromium, molybdenum and nitrogen) on

localized corrosion of stainless steels confmned the previous studies of other researchers

in this regard. However, only the alloys in the same group (i.e. austenitic, duplex) and

with identical manufacturing process (i.e. wrought, cast) should be compared to each

other based on their alloying elements.

4. LCRI and similar formulas can predict the resistance of alloys in the same

group (e.g. austenitic, duplex) to the initiation of localized corrosion specially at high

temperatures. However, the exposure test results proved that LCRI is not suitable for

predicting the propagation rate of the pits in localized corrosion.

5. Localized attack in high nitrogen content duplex stainless steels initiates on the

austenite/ferrite interface, but the attack preferentially propagates in the ferrite phase.

The higher resistance of the austenite phase compared to the ferrite phase can be related

to the higher solubility of nitrogen in the former,
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6. The edges of austenitic stainless steels (304L, 316L and 904L) are very prone

to localized corrosion. Stress corrosion cracking can intensify the corrosion attack in

these areas in austenitic 304L and 316L. Rough surface conditions are the main cause of

initiation of localized corrosion on the edges followed by stress corrosion cracking due to

the residual stresses in these areas. Care should be taken during equipment fabrication in

this regard.

7. The resistance of cast corrosion-resistant stainless steels is greatly affected by

their microstructures. The ferrite phase is more susceptible to localized attack than the

austenite phase.

8. Flow rate does not have any significant effect on the breakdown potential of

the stainless steels, but it slows down the propagation of the pits by sweeping away the .

high chloride and acidic solutions around the pits confmning previous studies.

9. 2507, 254SMO, 904L and 2205 are respectively recommended for use in high

temperature potash brine. However, the optimum mechanical properties and economical

aspects should be considered before material selection.

10. Despite the higher activity of sodium chloride than potassium chloride, the

corrosivity of potassium chloride is higher than sodium chloride in aerated solutions. The

higher conductivity of potassium chloride is the main reason for this phenomenon. Alloys
.

in deaerated solutions of sodium chloride and potassium chloride have identical anodic

behavior with respect to the breakdown and repassivation potentials.
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7. Recommendations

1. The presence of solid crystals in potash brines produces a harsh environment

for both localized corrosion and erosion-corrosion of stainless steels. Study of erosion

corrosion of stainless steels in potash brines is necessary for material selection.

2. The newly developed electrochemical polarization cell can prevent crevice

formation during the test, and give more accurate data for pitting potentials. Hence, its

use is recommended",

3. The selected alloys in this study were all highly �istant in chloride solutions.

Therefore, long term exposure tests (e.g. two years, five years) is recommended to

evaluate their resistance in actual industrial conditions.

4. Electrochemical polarization tests should be performed in actual flowing

conditions. This gives more accurate results than when performing the test with the

rotating cylinder electrode.

5. Monitoring the current density during the exposure test can show the metal

state (active, passive) and the characteristic of the passive :film in a corrosive

environment
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6. The study of existing coating technologies (metallic, non-metallic, plastic,

rubber, ceramic and enamel) would open a new avenue in minimizing corrosion problems

in potash and other chemical processes.

7. Further study of the resistance of duplex stainless steels to different types of

corrosion is recommended since this type of stainless steels has relatively better

mechanical properties than austenitic stainless steel and is significantly cheaper.

..
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Appendix A

The chemical composition of the samples along with their mechanical properties

and manufacturers are shown in ''Material Test Report" sheets. The Samples used for

electrochemical polarization and exposure tests are marked by • and + .. respectively.
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Appendix B

The general technical information of the electrochemical corrosion measurement

system (Gamry eMS 100) and the rotating electrode are shown in this appendix.
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CMS100
Electrochemical Corrosion Measurement System

The CMS I 00 Corrosion Measurement System uses proven
electrochemrcat rechmques to mvesugare corrusson problems. You
can extract both rnechanisuc iniormation and predicted corrosion
rates irom electrochemical corrosron experiments. Best oi all. the
experiments run in hours, not weeks or months. The CMS 100 is
especially useful when you need to evaluate many samples in a

limlled time.
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The CMS 1 00 offers an u'nprecedented combination of nexibility.
power and ease oj use. Using the Mlcroso(tWindows· environment.
you can run standard experiments at the click of a button. But when
a standard techmque isn't enough. you can modify the technique or
create a new one using our poweriul ExplainlM script language. Data
is automatically transferred into Microsoit Excel' for analysis and
presentation via user accessible routines. From there. you can export
results io your favorite database.

The heart of the CMS 1 00 is a srare-ot-the-an pOlenlloslallgalvanostal contained inside your AT compatible computer. This
instrurnent offers research grade ieatures such as multiple autoranged current scales. current interrupt iR compensanon. 16 bit D.�
and AID conversion. automatic calibration, and extensive filtering and stability compensation. A single laboratory computer can
drive up 10 4 potennosrats penorrmng " different experiments. dramatically raising sample throughput without the cost or addiuor
computers.

Gamry Instruments offers the CMS 1 00 in cost-effective desktop and portable systems. The eMS100 provides the high periormanc
and ilexibilitv that you need to penorm electrochemical corrosion measurements today and in the future.

And finallv. when Simple modificallons won't suffice. our slaff can create custom applicalionslo Iii your specific nee.ds.
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CMS100
Electrochemical Corrosion Measurement System

Features

• Electronics on two plug-In cards ior IS.-' bus. 286;'386/48&
computers -- no bulky external porentiostat

• Cards powered from computer power supply eliminating
extra cables and cluner

• Up to 4 potenuostars in one computer share a smgle
operator mrenace

• 8 decade. autoranglOg current measurement

• Porenuostat electncallv Isolated irom computer ior use
with autoclaves or mechanical stress apparatus

• Currentlnlerrupt IR compensation ror work m resisnve
media

• ,'&'uxlliary I/O -- .2 analog rnputs. I analog output. 4 digital
inputs. 4 digital outpuiS

• Easy to use graphical user interiace based on Mlcroson
Windows

• Standard corrosion experiments preprogrammed for
rouune use

• User modifiable scripts serve as the basis ior new
experiments

• Autoranging real time graphical display for experiment
monitoring

• Data presenranon and calculauons rn custcrmzable
Mlcrosoit Excel

• Presemaucn quality graphical output on most common

output devices

• Numerical treatment includes Ta.el iits. polarization
resrsrance and integration
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Instrument
CDmpany Electrochemical

Research Equipment

AFMSRX
Rotator

Highlights
• Hign performance system: rapid acceleration
• Speed may be modulated from an external source

(square wave. sina wave. etcl
• Bi-polar power supply improves dynamiC performance
• Cnemlcal resistant base
• Use wltn Disk or Ring-Disk type electrodes
• Silver carbon contact brusnes
• Voltage output proportional to rotational speed
• SPeed range to 10.000 RPM
• Ideal for use In nydrodynamlcaUy modulated systems
• Low Cost. Hign Quality

Description
Pine Instrument Company's AFMSRX Rotator is a
solid state controlled servo-system deSigned to

operate in an application which requires the

electrode speed to be modulated by a srne. square or
other type waveform. The outstanding acceleration
characteristics of the system allow electrode speed
10 follow the input signal with little error. This feature
is particularly deSirable for use in hydrodynamically
modulated applications.

The outstanding dynamic performance of the AFMSR
Rotator System is due to the use of a high speed, low
inertia. permanent magnet DC motor and a high
voltage. bi-polar power supply. The positive power
supply voltage is approximately tWice the motor's

rating. A dual protection scheme is employed to

protect the motor from both demagnetization and

overheating: an instantaneous electronic current limit
set at 10 amps. and a thermal type circuit breaker.

The rotational speed of the electrode may be
precisely controlled by a four digit pushbutton pot on
the front panel. or by application of an externally
generated voltage applied to a lack on the front

panel. The rotational speed is adjustable to within 1%

ot the digital pot setting from 50 to 10.000 RPM. A

voltage signal which is proportional to the electrode

speed is available at the output lack. also located on

the front panel.

The body at the rotator may be easily raised or

lowered; a cell shelf is provided whose height is
easily adjusted. These features facilitate introduction
and removal of the cell. The base is made of a

chemically resistant material.

The AFMSRX has been designed to accommodate
both Disk and Ring-Disk type electrodes. Electrical
connections are made to the electrode by silver
carbon brushes - two each for the disk and ring -
to prOVide consistent. reliable contact.

Pine Instrument Company manufactures a wide
,

range of electrode types and produces many custom
units to the customer's specifications. Consult the
factory for details.
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Specifications:
115 VAC or 230 VAC. 50/60 HZ factory connectedPower:

Weight: Electronic Control Unit (ECU) 11.Slbs.
Body - Base Assembly 23 Ibs.

ECU - 11%" W x 10'18" D x 531.' H; Base -11" x 15" x 3/.'

Operation Temperature:

Motor: 1150 HP permanent magnet DC

Dimensions:

Motor Power Supply: +45 VDC. -20 VDC

Speed Control: Closed loop servo-system; temperature compensated tach

generator IS mounted on the motor shaft and provides
rotational speed information

Speed Range:
Better than 1% of digital pot setting

50 to 10.000 RPM

Controls:

Accuracy:

Lighted On-O" SWitch

Digital pot to set speed: four digits
Front Panel Connections: Input jack for controlling speed via external source.

Output jack gives a voltage proponional to the rotational

speed: 1 Vl1000 RPM :1:1%.
Common jack is DC common. isolated from the case.

Ground terminal is connected to the case and the ground
lead of the power cord.

Max Slew Rate of Motor: Approximately 300.000 RPM/sec (no load)

Bandwidth: @1000 RPM peak to peak modulation. 2000 RPM base

speed: >50 HZ.-ldb.

1.5 amp thermal type crrcun breakerMotor Protection:

Hardware Supplied
1 ElectrOnic ContrOl Unit
1 BOdy - Base Assembly (includes motor-tach)

Documentation Supplied
Instruction Manual

Inspection Sheet

Warranty
The AFMSRX manufactured by Pine Instrument

. Company is warranted to be free from defects in

material and workmanship for a 6 month period from
date of shipment to original purchaser and used

under normal conditions. The obligation under this

warranty being limited to replaCing or repairing any
pan or pans which shall upon examination disclose

to Pine Instrument's satisfaction to have been

defective and shall have been returned freight
prepaid and clear of encumbrances to Pine
Instrument Company In Grove City, Pa. within the

warranty period. This warranty being expressly in

lieu of all other warranties. expressed or Implied and
all other ocligatlons or liabilities. All scecrticancns
are subject to cnange Without notice.

Pine Instrument Company
101 Industrial Drive
Grove City, PA 16127 U.S.A.
(412) 458-6391
l!8I Ph .. '" ," uSA
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Appendix C

The polarization curves of the tested alloys are shown in this section.
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Appendix 0

The pit depth distribution of samples after the exposure test are shown in this

appendix.
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Bin FrefJ.uencv Cumulative % Bin: pit depth inmiaons
10 30 29.41%

20 41 69.61% FreqlUncy: Dumber of pits
50 21 90.20%
100 5 95.10%
200 5 100.00%
300 0 100.00%

More 0 100.00%
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Fig. Dl Pit distribution for 304L after 30 days at 90°C
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Bin Freg,uencv Cumulative % Bin: pit depth in miaous
10 0 .00%
20 6 5.08% Frequency: number of pits
SO 64 59.32%
100 39 92.37%
200 9 100.00%

300 0 100.00%
400 0 100.00%

More 0 100.00%

118

70�--------------�'_�'_����100%

�
�%

80%
SO 70%

r 40 �%

= m 50%
r 30 .f.�.�.!.!��. 40%� :;:,:::

20 @ 30%

10 I ::
��t�o +-"':::;�"""�""_�-�"_I--�I--�-__' 0%

#.:-:""""" .j Frequency
-Cumulative %

10 20 50 100 200 300 400

Bin

Fig. D2 The pit distribution for 304L after 60 days at 900e

159



Bin Fre'luencv CumulaJive % Bin: pit depth in miaons
10 34 36.96%

20 19 S7.61% Frequency: number ofpits
SO 21 80.43%
100 16 97.83%
200 2 100.00%
300 0 100.00%

More 0 100.00%
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Fig. D3 Pit distribution for 316L after 30 days at 90°C
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Bin Cumulative % Bin: pit depth inmicronsFrequency
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Bin Freg,uer!!!. Cumulative % Bit&: pit depth in miaons
10 46 65.71%
20 3 70.00% Frequency: number of pits
SO 6 78.57%
100 12 95.71%
200 2 98.57%
300 1 100.00%

More 0 100.00%
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Fig. DS Pit distribution for CN7M after 30 days at 90°C
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Bin Frequency Cumulative % Bin: pit depth in miaons
10· 49

20 0
SO 2
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Fig. D6 The pit distribution for CN7M after 60 days at 90°C
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Bin Frt9.ue� Cumulative % Bin: pit depth in miaons
10 21 52.50%
20 7 70.00% Frequency: number of pits
50 8 90.00%
100 3 97.50%
200 1 100.00%
300 0 100.00%

More 0 100.00%
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Fig. D7 Pit distribution for CD4MCu after 30 days at 90DC
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Bin Fr�!/.ue!!!!. Cumukuive % Bin: pit depth inmiaons
10 0 .00%
20 122 80.26% Freqruncy: number of pits
50 15 90.13%
100 13 98.68%
200 1 99.34%
300 1 100.00%

400 0 100.00%
More O· 100.00%
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Bin FrefJ.uencv Cumulative % Bin: pit depth in microns
10 20 71.43%

20 3 82.14% FreqUl!1JCY: number ofpilS
SO 3 92.86%
100 2 100.00%
200 0 100.00%
300 0 100.00%

More 0 ux).OO%
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Fig. D9 Pit distribution for 2205 after 30 days at 90°C
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Bin FrefJ!!.enev Cumulative % Bin: pit depth in miaons
10 10 15.64%
20 8 46.15% Frequency: Dumber of pits
SO 20 97.44%
100 1 100.00%
200 0 100.00%
300 0 100.00%
400 0 100.00%

More 0 100.00%
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Fig. DIO The pit distribution for 2205 after 60 days at 90°C' .

167

•



Bin FrerJ.ue� Cumukuive % Bin: pit depth in microns
10 SO 80.65%
20 8 93.55% Frequency: number ofpits
SO 3 98.39%
100 0 98.39%
200 0 98.39%
300 1 100.00%

More 0 100.00%

62

SO 100%

4S 90%

40 80%

35 70%

t'30 60%
c r::::::J Frequency= 2S 50% --Cumulative %120 40%

15 30%

10 20%

S 10%

0 0%

10 20 SO 100 200 300

BID

Fig. DII Pit distribution for 904L after 30 days at 90°C
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Fig. D12 The pit distribution for 904L after 60 days at 90°C
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Bin Fr�que1lCY Cumuiaiive % Bin: pit depth in miaons
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Fig. D13 Pit distribution for 2507 after 30 days at 900e
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Bin Freg.ue� Cumulastv« % Bin.: pit depth inmiaons
10 20 80.00%
20 2 88.00% Frequency: number of pits
SO 2 96.00%
100 0 96.00%
200 1 100.00%
300 0 100.00%
400 0 100.00%

More O· 100.00%
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Fig. D14 Pit distribution for 2507 after 60 days at 90°C
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Bin Freg_ut!� Currwlazive % Bin: pit depth in miaons
10 42 75.00%
20 5 83.93% Freqzuncy: Dumber of pits
SO 6 94.64%
100 2 98.21%
200 0 98.21%
300 1 100.00%

More 0 100.00%
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Fig. DIS Pit distribution for 254SMO after 30 days at 90°C
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Bin FrelJ!!.e� Cumulative % Bin: pit depth in mianDS
10 46 71.88%
20 0 71.88% Frequency: Dumber of pits
SO IS 95.31%
100 1 96.88%
200 1 98.44%
300 1 100.00%
400 0 100.00%

More 0 100.00%
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Fig. D16 The pit distribution for 254SMO after 60 days at 90°C
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