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ABSTRACT

The mechanisation of the working stopes in South African gold mines has required
the introduction of a fundamentally new technology, hydro-power, in which
machines are powered hydraulically using mine water fed from above ground. Mine
water 1is aggressive and has a variable acidity and pH, and contains high
concentrations of sulphate, chloride and nitrate ions.

In order to minimise the pitting corrosion of piping and stoping machinery a
compromise between selecting a suitable corrosion resistant material and
treating the mine water to an acceptable level of corrosiveness is being sought.

A potentiodynamic polarization technique has been used to determine the pitting
corrosion behaviour of the martensitic stainless steel AISI 431. The results
were used to design a shortened testing programme to determine the pitting
corrosion behaviour of the newly developed corrosion resisting steels, Alloy
1210, 3CR12 and Alloy 825. Experimental E-pH diagrams were constructed for
Alloy 1210, 3CR12 and Alloy 825 and compared with an existing E-pH diagram for
AIST 431. Alloy 1210 and 3CR12 showed a larger active range than AISI 431,
" while Alloy 825 was only passive over a small potential range above pH 6.

The presence of chloride ions was found to cause localized breakdown of the
passive layer and result in pitting corrosion in each of the alloys. The
chloride concentration at which the breakdown of passivity changed from being
uniform (transpassivity) to localized (pitting) was defined as the critical
chloride concentration, [C1"]_,,. The corrosion potential, the pitting or
breakdown potential and the protection potential have been plotted as a function
of the chloride concentration for solutions with various ratios of sulphate to
nitrate for each of the alloys and additionally at a range of pH values for AISI
431.

In the case of AISI 431 increasing sulphate and nitrate concentrations inhibited
pitting corrosion by increasing the [Cl1”]_ ..., and nitrate was found to be a more
efficient inhibitor than sulphate. Sulphates and nitrates were found to act
synergistically in inhibiting pitting corrosion and thereby increasing the
[C17)¢rit- In sulphate plus nitrate solutions, increasing the pH increased the
[C17]) i, while decreasing the pH decreased the [Cl"]_,,.

In the case of Alloy 1210 and 3CR12 sulphates plus nitrates inhibited pitting
~corrosion and by increasing the sulphate concentration in nitrate solutions the
[C17] s+ was increased. For 3CR12, increasing the sulphate concentration above
1000 ppm resulted in no further increase of the [C17])_;.. The [C1l7]_ ., was
increased for Alloy 825 with increasing sulphate concentrations in mnitrate
solutions, however the increased sulphate concentration reduced the stability of
the passive layer and increased the rate of general corrosion.

AISI 431 showed the best pitting. corrosion resistance, Alloy 825 showed the
worst and Alloy 1210 and 3CR12 showed a similar pitting corrosion resistance.
The results have been discussed in terms of their practical application to the
real mine water environment. Attention has been drawn to the complexity of the
variables in real mine water and the importance of using the experimentally
determined finding with caution.
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CHAPTER 1

INTRODUGCTION

1.1 ATMS AND OBJECTIVES

Corrosion and abrasion either acting individually or synergistically
constitutes a major component of the cost of plant maintenance and
replacement in the gold mining industry in South Africa. Considerable
effort is currently being made by the Chamber of Mines Research
Organization (C.0.M.R.0.) to deveIop new engineering materials,
resistant to both corrosion and abrasion, which can be universally
utilised for pipe work and in the mechanisation of mining operations.
However, there is 1little quantitative information available: on the
corrosion behaviour of these newly developed stainless type steels in
mine water. This present work is an attempt to assess the pitting
corrosion behaviour of these steels in solutions containing a range of

corrosive and inhibitive ions which are normally found in mine waters.
The specific objectives of this study were

(1) To continue in the evaluation of the effect of ions commonly
encountered in mine water that . Capendale (1985) began, by
establishing the effect of sulphate ions and the interactive
effect of sulphate plus nitrate ions and pH, on the pitting
corrosion behaviour of AISI 431 in chloride solutions.

(2) To develop a shortened testing programme to determine the pitting
corrosion behaviour of other alloys based upon the experimental
results and findings obtained from the extensive testing of AISI
431.

(3) To use the developed testing programme to determine the pitting
corrosion behaviour of three development alloys, namely Alloy 1210,
3CR12 and Alloy 825.

(4) To attempt to elucidate the mechanisms contributing to pitting
behaviour in these alloys.

1.2 THE HYDRO-POWER CONCEPT

The mechanisation of the working stopes has also required the
introduction of a fundamentally new technology in which the machines are
powered hydraulically wusing mine water fed from the surface.
'Hydro-power’ is the term applied to the concept of uéing high pressure
water for a dual purpose in deep level mining, namely, for cooling the



workings and for powering machinery on the stopes. The existing large
quantities of chilled water used to cool the mines are now being used as
a source of energy to drive water-powered hydraulic machinery. This
means that one energy distribution system provides both hydraulic and
cooling power to the mining areas - thus satisfying both needs. The
simplicity of such a system, together with the reduction in energy
losses (inherent in any power system when converting energy from one
state to another) make it an attractive - proposition. A pilot
hydro-power system has been employed at Kloof gold mine and has
demonstrated the feasibility of the hydro-power concept (C.0.M.R.O.
Information leaflet no. 4,(1986)). A schematic diagram of -the pilot
hydro-power system is shown below in figure 1.1.

Chilled water

Shaft2 km

Turbine \c

== Manual shut off vaive
=X~ Pressurecontrol valve
=%_. Pressure refief valve
b
=2%= Hydraulic fuse
= Filter
=@= Flowmeter
=== Rupturedisc

Figure 1.1 : Schematic diagram of the pilot hydro-power system at Kloof gold mine. The system
utilizes the hydrostatic head in an existing 2000 m shaf\t column and distributes pressure at a
pressure of 17 MPa to three production stopes. (after C.O.M.R.0. Information leaflet no. 4, (1986)) -

Figure 1.2 shows the typical water requirements for both cooling and
machine powering for a working panel which is 35 m long. It can be seen
that at a depth of 1500 m, a surplus of hydraulic power is available.

The development of hydraulically powered hand held rockdrills to replace
pneumatic machines used traditionally in stoping is the single most
promising approach to improving productivity in conventional gold
mining. While rockdrills operating on emulsions of 98% water are in an
advanced stage of development, those operating on plain water are still
the subject of much development and are at a prototype form at this
stage. It is necessary to utilize the very latest developments in
materials technology to ensure that 'components have sufficient
resistance to corrosion, impact, cavitation erosion, and sliding wear
when lubricated by water (Brown and Wymer, (1986)).
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Figure 1.2 : The graph shows the typical water requirements for both cooling and machine powering.
(after C.0.M.R.0. Information leaflet no. 4, 1986)

1.3 WATER TREATMENT AND THE HYDRO-POWER WATER CYCLE

The South African gold-mining industry uses 4000 litres of water per
second. The high cost of obtaining water from the surface and the vast
consumption has necessitated the use of fissure water and the recycling
of water wherever possible. The hydro-power concept requires that water
be recycled continuously in order that sufficient water is available to
maintain the system. Unfortunately, recycling leads to contamination of
the water. These sources of contamination are shown in figure 1.3.

For instance oxidation of pyrite ore by chemical and bacterial action
results in the reduction of pH and an increase of the sulphate
concentration. Lime is added to the water to increase the pH, and this
increases the total dissolved solids (T.D.S.) further. The nitrate
concentration is increased by the mixing of blasting fumes and products
with the water. The chloride concentration is increased due to the
mixing of the mine water with fissure water. In addition, the T.D.S. is
further increased due to evaporation, which is estimated at 10 percent

per cycle.

Water treatment practices commonly used for the treatment of mine
service waters include (White, (1985)) :
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(i) Biocidal treatment to avoid biological fouling,

(ii) Sterilisation for potability,

(iii) Water conditioning for neutralisation and clarification,
(iv) Sequestration or anti-fouling for the prevention of scale,
(v) Addition of corrosion inhibitors.-

(vi) Filtration of abrasive solid particles.
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Figure 1.3 : The hydro~power water cycle indicating sources of water contamination (after Capendale,
(1985)) '

The type of water treatment selected is determined by the intended use
for the water after it has been treated. The water treatment required
in a hydro-power system would clearly be dependent on the materials
utilised in the system. It would be necessary, for example, to maintain
aggressive ion/inhibitive ion ratio at a 1level that would avoid
corrosion problems within the system. Likewise, the pH and other
variables would have to be carefully controlled.

1.4 CORROSIVITY OF MINE WATERS

Rawat (1976) summarised the factors affecting the corrosivity of mine

waters as follows :



(a) dissolved gasses (oxygen, nitrogen, carbon dioxide, ammonia,

sulphurous gasses etc.),

(b) mineral constituents, including hardness salts, sodium salts
(chloride, sulphate, nitrate, bicarbonate, etc.), salts of heavy

metals, and silica,
(¢) organic matter of animal and vegetable origin, and

(d) microbiological forms, various types of algae, and slime forming
bacteria.

A survey of the water in gold mines conducted by the Chamber of Mines
indicated that the composition of the waters varied widely from one mine
to another. Furthermore variations were found in the composition of
water sampled at different points in a particular mine as well as in
samples taken from the same point at different times (Capendale,
(1985)). Appendix A gives a complete analysis of a wide range of mine
waters. Table 1.1 lists the average concentrations of the predominant
ions expected to influence the corrosion resistance of stainless steels,
together with the pH, conductivity and total dissolved solids of some
selected mines. All of the mines are in the Orange Free State or the

Transvaal.

Table 1.1 : Mine water compositions (Chamber of Mines Research
Organization, (1983))

MINE pH | cowpucTIviTY | TOTAL cl- S0,2" NO,~ Nat
mS/m DISSOLVED | (ppm) | (ppm) | (ppm) | (ppm)

SOLIDS

(ppm)
Mine A | 6.0 252 1944 85 1035 258 263
Mine B 6.5 490 3038 1203 265 144 790
Mine C 6.1 614 3790 1865 153 65 1040
Mine D 6.5 255 2184 39 82 327 20
Mine E 6.3 700 4975 1812 821 228 1130
Mine F 5.8 1200 10870 2766 2008 1650 1520
Mine G 6.3 192 4180 1220 901 191 900
Mine H 7.6 175 1820 103 677 188 104
Mine I 6.9 240 2824 36 1586 10 70
Mine J 6.5 850 6756 1564 2176 1185 1480




1.4.1 Dissolved Gases

The oxygen reduction reaction is the predominant cathodic reaction
leading to the corrosion of ferrous metals in nearly neutral
solutions. Thus the concentration of oxygen has a strong influence
on the rate of corrosion. Oxygen concentrations were found to be
generally above 5 mg/l in circulating mine water, which is close to
100% saturation. At this level it is assumed that the corrosion
reaction will be controlled by the rate of oxygen diffusion to the
surface of the metal and not the bulk oxygen concentration in the
water (Higginson and White, (1983)). Low concentrations of oxygen
were found in fissure water, which had high sulphide concentrations.
Stagnant water will have low oxygen concentrations.

1.4.2 Aggressive and Inhibitive Ions

Chloride ions are acknowledged to be a major contributor in the
corrosion of mild steel and the localized breakdown of passive layers
on stainless steel. The chloride ion concentration is increased by
the combination of fissure water into the mine water. Higginson and
White (1983).  report that sulphate and nitrate ions increase the
corrosion rate of mild steel, although their synergistic effect
together with chloride ions was not documented. However sulphate and
nitrate ions are widely accepted as having an inhibitive effect on
the localised breakdown of passivity of stainless steel in the

presence of chloride.

1.4.3 Organic Matter

The types of organic matter vary widely, and they may be in
suspension, or in colloidal or true solution. Very rapid rates of
corrosion of mild steel may result when abstracted organic acids are

present in soft water.

1.4.4 Microbial matter

Bacterial action on metals has been classified into the following

types (Moreau and Brison, (1972)) :

(L) Those that inhibit corrosion
(ii) Those that cause limited attack, and

(iii) Those that catalyse corrosion reactions.



Thiobacillus species produce H,S0,, which increases the corrosivity of
the water through the oxidation of sulphur. Ferrobacillus ferro-oxy-
dans are wusually present with thiobacillus and can cause the
accelerated oxidation of pyrite at low pH values. This increases the
corrosivity of the water. '
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CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION !

Stainless steels derive their outstanding corrosion resistance from the
presence of a passive oxide layer on the surface. The passive layer is
chromium rich and generally it is accepted that for the layer to form
more than 12% chromium is required in the alloy. However, the excellent
corrosion resistance of stainless steels is often undermined by the
localised breakdown of the passive layer by pitting corrosion, in
environments that contain aggressive anions such as chloride ions. To
evaluate the wusefulness of a stainless steel in an aggressive
environment, it is therefore very important to establish the conditions
under which pitting occurs.

Electrochemical techniques have been developed that are capable of
defining the conditions under which a given metal/enviromment system is
likely to exhibit pitting (Sedriks, (1979)). Normally, polarization
curves are obtained by changing the potential of the metal from negative
to positive potentials and measuring the current densities that result
from the cathodic and anodic processes. A schematic polarization curve
is shown in figure 2.1. The diagram can be divided into four distinct
regions of potential: the cathodic region, the active region, the
passive region, and the transpassive region. A polarization scan is
described below:

The polarization scan begins in the cathodic region where the specimen
is polarized to a potential more active than the free corrosion
potential, E__.., of the specimen. In this region the predominant
reaction is the reduction of some species in solution such as the
reduction of hydrogen in the hydrogen evolution reaction (HER) or the

oxygen reduction reaction (ORR).

The specimen is polarized in the positive direction and the potential is
plotted against the polarization current density. The current density
approaches zero at the corrosion potential where the cathodic and anodic
reactions occur at the same rate. Above the corrosion potential, active
dissolution of the metal occurs and the current density increases

Py

rapidly until a value, i is reached, which corresponds with the

crit?

primary passivation potential, E_ . The potential range between the

corrosion potential and the primary passivation potential 1is known as
the active region.
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Increasing the potential from the primary passivation potential causes
film forming oxidation reactions to reduce the polarization current
density to a value of i, ., where corrosion occurs at an extremely slow
rate. The potential at which the passive layer becomes stable is known
as the Flade potential, E;. The passive film, in the form of a
protective oxide film is stable until the breakdown potential, E,_, is
reached. The region between the primary passivation potential and the

breakdown potential is the passive potential range.

The breakdown potential is characterised by a sharp increase in the
polarization current density as the passive layer no longer protects the
specimen surface. Corrosion occurs by transpassive dissolution, but in
the presence of aggressive anions may break down at a lower potential,
E;,, by localized corrosion in the form of pitting corrosion. The range
above the breakdown potential is referred to as the transpassive region.

NOBLE
NO CHLORIDE
€ TRANSPASSIVE
CHLORIDE ?
!
“‘f Ep_ T e e — - —_ r —_—
= |
g !
' Z PASSIVE POTENTIAL
S 1l RANGE
a I
s )
Q
a ||
< g ““f il
e Lol __ 2> t}  ACTIVE.PASSIVE
PP ’ -~ T TRANSITION
|
ACTIVE
i
Econnr e —————— -
) | l
! CATHODIC
| |
L !
ACTIVE iDess erin
LOG. CURRENT DENSITY =
Figure 2.1 : A schematic polarization curve for a stainless steel in a sulphuric acid solution

showing the cathodic region, the active region, the passive region, and the transpassive region.

In the event of localized breakdown by pitting corrosion, reversal of
the scan after a specified current density is reached, causes a
hysteresis loop to form. The loop meets the passive region of the
polarization scan at the protection potential, E_ .. The protection
potential is the potential below which pits repassivate, and therefore
will no longer propagate.
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The parameters E_ ., Epp, E;, E,, and E ot are obtained from
experimentally determined polarization scans for particular metal/envi-

ronment combinations.

2.1.1 The Corrosion Potential

The corrosion potential, E_ .., is dependant on the oxidising species’
concentration in solution. Increasing the oxidizer concentration
(oxygen, Fe?*, Cu?*) moves the corrosion potential in the noble
direction. For this reason most polarization scans that are run on
stainless steel in aerated solutions do not show an active to passive
transition since the cathodic curve intersects the anodic curve in

the passive region above the active to passive transition.

2.1.2 The Breakdown Potential

Breakdown of the passive layer of stainless steel may occur
transpassively or locally by pitting corrosion. In the absence of
aggressive ions breakdown occurs transpassively at a potential E,_.
Aggressive ions such as the chloride ion cause breakdown by pitting
corrosion at a potential E,. E; occurs at more active potentials than
E,,, and the value of Ep or E,_ is dependent on the material/environ-
ment combination. Inhibitive anions such as nitrate ions shift E; to .
more noble values until complete inhibition may occur at sufficiently
high inhibitor concentrations resulting in transpassive breakdown at
E,.. The larger the potential range between E, and E_, ., the higher
the resistance of an alloy to pitting corrosion. Therefore if E_,.. is
close to E,, pitting may result due to small increases in the
oxidising power of the solution thereby raising the free corrosion
potential above E,. Since the value of E, . of stainless steel in
oxygenated chloride solutions may not change significantly from alloy
to alloy, it has become customary to equate pitting resistance simply
with the absolute wvalue of Ep, rather than E; - Egorr (Sedriks, (1979)).
A schematic polarization curve showing the relationship between
pitting corrosion and the potential range between E, and E,,. is
presented in figure 2.2. The hysteresis loop and the protection
are also shown.

potential, Eprot s
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Figure 2.2 : Schematic polarization curve illustrating conditions under which pitting may or may
not occur (after Sedriks).

2.1.3 The Protection Potential

‘A hysteresis loop will result if the scan direction is reversed after
pitting corrosion has been initiated at E;,. The potential at which
the loop intersects the passive region of the polarization curve, is

known as the protection potential, E The protection potential 1is

rot *
approximately equal to the potentialpinside the pit (Pourbaix (1970))
which is dependent on the composition of the solution inside the pit
(Szklarska-Smialowska and Janik-Czachor (1971)). Existing pits will
not propagate at potentials below E,, although this concept is
controversial at present since some investigators feel that the value
. for E ot 1s mot a unique property of an alloy since the degree to
which the pits are allowed to propagate will change the: solution
environment within the pits and therefore change the potential at
which pits will repassivate (Syrett (1977)). However, Baboian and
Haynes (1981) regard the protection potential as a better indication
of a material’s localized corrosion resistance than the breakdown
potential, since they found the reproducibility of the reverse scan

to be better than for the forward scan.
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2.2 PITTING CORROSION MECHANISMS

2.2,1 Pit Initiation

In a review paper on pitting and crevice corrosion Kruger and Rhyme
concluded that the following conditions were necessary for the
initiation of localized corrosion by pitting:

(1) A critical potential E,, usually called the pit nucleation or
pitting potential, must be exceeded. There also exists a
critical protection potential E ot Which is more active than

E . Corrosion, once initiated, cannot be stopped at potentials

P

more noble than E_,.

(ii) There must be the presence of an aggressive species,
particularly the chloride ion, in solution.

(iii) There is an induction period separating the initiation of the
breakdown processes, by the introduction of conditions
conducive to breakdown, and the completion of the process when

pitting commences.

(iv) There must be breakdown of the surface film at localized
sites.

Oldfield (1987) 1listed four general models which satisfy the above
requirements:

2.2.1.1 Adsorbed ion displacement models

In these models anionic species such as Cl™ ions are adsorbed on to
the passive film, either singly or in groups, and compete with
oxygen in the passive film. Leckie and Uhlig (1966) proposed that
adsorbed oxygen, rather than metal oxide is considered to make up
the passive film. Whilst oxygen usually has a greater affinity for
adsorption sites than chloride, as the potential of the alloy is
shifted to more positive values, chloride ions are adsorbed into
the double layer. At sufficient concentration, corresponding to
the critical potential, E,, chloride ions destroy the passive layer
at favoured sites by displacing the adsorbed oxygen ions.

The anodic overvoltage for the dissolution of alloy ions is
appreciably reduced at areas where chloride is in contact with the
metal in place of oxygen, and therefore a pit forms by rapid
dissolution of metal ions into solution. The preferred transport
of chloride in ionic form and heavy-metal chlorides to the anodic
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site ensures that the anode remains active. Since competitive
adsorption is a slow process, it results in an incubation time
prior to initiation.

The competitive adsorption theory explains why anions such as OH-,
NO3-, SO0,%2° and Cl0,” inhibit pitting, since they are also adsorbed
onto the passive 1layer displacing chloride. For pitting to
initiate, the anodic overvoltage has to be increased beyond the
value which was required to induce pitting prior to the addition of
the inhibitive anion. The more readily an anion adsorbs onto the
passive surface, and the higher its affinity for the metal surface,
the more effectively it excludes chloride and inhibits pitting.
This model implies that E, should be insensitive to pH changes
below 7, since the H' ion does not competitively adsorb onto the
passive surface. However, the OH- ion has an affinity for the
passive surface and acts as an inhibitor, thus E;, is sensitive to
pH fluctuations in the alkaline region.

Kolotyrkin (1961) showed that the presence of aggressive anions
only was mnot sufficient for pitting corrosion to occur. He
observed that a potential above a certain critical wvalue was
necessary for pitting to initiate at a given concentration of
aggressive ion. It was shown that the critical potential required
for pitting could be obtained by polarization or by the addition of
an oxidising agent to the solution.

Kolotyrkin proposed that the depassivation of the passive layer by
chloride ions was reversible, and that two concurrent processes
take place, namely the passivating adsorption of oxygen (from water
molecules) and the activating adsorption of chloride ions. The
position of the equilibrium depended not only on the electrode
potential but also on the concentration of the halide ion at the
surface of the metal. This indicates that pitting corrosion can
occur in a previously non-aggressive environment if the
concentration of the aggressive anion 1is increased or if the
concentration of oxidising agent in solution is increased.

2.2.1.2 Ton migration or penetration models

These models assume that anions penetrate the passive film causing
breakdown when the anion reaches the metal/film interface. These
models range from those which assume the existence of pores in the
passive film to those which assume penetration by migration through
a pore-free film. Hoar, Mears and Rothwell (1965) and Richardson
and Wood (1970) have proposed models falling into this range.
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Heine, Keir and Pryor (1965) proposed a model for pitting corrosion
by chloride penetration through the passive oxide layer of
aluminium. They cautioned however, that until pertinent supporting
data became available, these results should not be extrapolated to
stainless steel. However this model does allow an explanation of
many experimentally determined results for stainless steel.

In this model chloride ions are adsorbed into ‘the oxide layer of
the stainless steel during the incubation period prior to
initiation. - This creates additional current carriers and/or
additional vacancies in the cation lattice and thus reduces the
ionic resistance of the oxide film. This results in a reduction of
the anodic polarization and allows rapid diffusion of metal ions
into solution. Chloride ions are concentrated at certain selected
areas such as grain boundaries, dislocations, inclusions and other
areas where rapid exchange and substitution 1is expected.
Penetration of chloride ions is expected to reach the oxide-metal
interface. At the areas of highest chloride concentration, the
resistance to the outward passage of metal ions will be lowest, and
the oxide layer will be susceptible to enhanced dissolution. When
metal ions pass through the oxide layer into solution, they will
decrease the pH of the area if they precipitate as hydrated metal
oxides. This can cause the localized attack to become macroscopié

as the process becomes autocatalytic in nature.

2.2.1.3 Breakdown-repair models

Models in this group are based on chemically induced mechanical
disruption of the passive film. Included in this set are the local
acidification models, which propose that breakdown occurs via
mechanical or electrochemical means followed by hydrolysis of metal
ions to give a reduction in pH, and the salt film model, where a
non-protective salt film is formed where the film breaks down.

Hoar (1967) proposed a mechanical mechanism for pitting initiation,
in which anion adsorption replaces water, and the interfacial free
energy of the oxide/solution interface is lowered due to mutually
repulsive forces between charged particles. The interfacial
tension is eventually reduced so far that a kind of "peptization"
by interfacial energy occurs. This results in the adsorbed ions
repelling one another and the oxide to which they are attached
resulting in the formation of cracks. Any crack or area where the
oxide layer has been damaged has additional anions attracted to it
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and they too become adsorbed to its sides. The process is
progressive localized breakdown of the passive layer, resulting in
localized corrosion occurring.

Galvele (1976) proposed a model which relies on the breakdown of
passivity by localised acidification at cracks in the oxide layer
due to hydrolysis of metal ions. A critical pH has to be achieved
for pitting initiation. The pitting potential is regarded as being
the minimum potential at which the critical localized acidity can
be maintained inside a pit. Galvele claims that this model has the
advantage over other models since it can account for the effect of
variables such as pH, 1ionic concentration and inhibitor
concentration on the pitting potential. Support for the 1local
acidification model was obtained by Keitelman and Galvele (1982)
for pure iron in sodium sulphate solutions.

Galvele showed that the concentration of the metal ion, the
hydrated metal ion and H* is related to the product of the depth x
and the current density i of a wunidirectional pit. This 1is
illustrated in the figure 2.3, of species concentration C (mol.l1l"1)
vs xi(A.cm™1)

The necessary acidification can be obtained in pits as small as
10® cm for x.i values of 10® A.cm™l. This means that cracks in
the passive oxide film would provide a diffusion path sufficiently
long to reach the critical pH if the potential applied to the metal
was high enough. The existence of cracks in the passive oxide film
is taken to be well documented by Galvele.

Janik-Czachor (1981) proposed that chloride ions agglomerate in
solution, usually near inhomogeneities such as inclusions. The
chloride ions are adsorbed onto the passive film and cause thinning
of the film. At sufficiently high potentials the passive film is
removed locally and replaced by a chloride salt film.




-16..

102

100F

C (mol-1"")

Ccerion?®

108
Cr=Cr¥+3e *
cr¥ ~H20=Cr(OH)Z’0H
-]
10 - K‘:'lo'L
CCrr
,‘010 -
102 -
100 10® 106 10° 107

Xi{Acm?)
Figure 2.3 : Concentrations of Cr3%, Cr(oH)2t, and Ht as a function of the product of the
depth x and the current density i in a unidirectional pit (after Galvele).

2.2.1.4 Stochastic models

In these stochastic models pit initiation is treated as a random
event which in some cases leads to the establishment of stable
pits.

Williams, Westcott and Fleischmann (1984) used peak counting,
passage time, spectral density, ensemble statistics and slope
distribution analysis to recover parameters for a general
stochastic model and judged their dependence upon experimental
variables. They assumed that pitting corrosion was an unpre-
dictable process with regard to the time of initiation and the
place of attack. Figure 2.4 shows a typical ensemble of current
transients for a stainless steel, illustrating the poor
reproducibility of pitting initiation events.
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Figure 2.4 : Ensemble of current transients : 18Crl3NilNb stainless steel, 5 cmz, 0.028 M
NaCl, deaerated solution, unstirred, +50 mV (SCE), potential transition made by 10 mV/sec
ramp from the rest potential [~200 mV(SCE)] (after Williams et al).

The following assumptions were made:

(i) pits are randomly nucleated in space and time with a
frequency, 1 (s”! cm™2) and that each pit evolves with time

according to a deterministic rule
(ii) events have a probability, « (s71), of dying

(iii) events that survive beyond a critical age r (s) do not die
and are stable pits

(iv) the rate of nucleation of pits 4 (57! cm™2) is:
-ut

A=2hre
(v) all pits evolve according to the deterministic law i = C.u,

where u (s) is the age of the pit.

From these assumptions it is clear that pits are unstable when they
first nucleate and only become stable after they have survived past
the critical age. Birth, propagation and death of unstable pits
will rapidly reach a stationary state, the system will be
non-stationary only during the later phases of pitting.

Williams et al used the stochastic model of pitting corrosion to
analyse an expérimental time series, and to derive parameters which
are interpreted in terms of a microscopic model. They found that
the results supported a simple local acidification model for the
initiation of pitting corrosion. Initiation of pitting corrosion
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requires generation and maintenance of gradients of acidity and
electrode potential on the scale of the surface roughness of the
specimen. Fluctuations in the gradients, leading to the birth and
death of events, arise because of fluctuations in the boundary
layer thickness in the liQuid at the metal surface. A pit is
stable when its depth exceeds the thickness of the boundary layer.
Local acidification could arise due to the hydrolysis of metal ions
in solution, as a result of dissolution of the passive metal.
The parameters from the general model, 2, x, and v can be related to
this model in the following way: V

(1) the nucleation rate is determined by the time required to

establish the critical pH

(ii) the death of an event is as a result of the local reduction
of the hydrodynamic boundary layer thickness

(iii) the observed lifetimes relate to the fluctuations occurring
in the hydrodynamic layer due to convection in the unstirred

condition

Williams et al note that other models (Okada, 1985), for pitting
initiation in which there is a transition between an unstable and
stable state of pitting, also fall into their general stochastic
theory. They emphasize the importance of local transport processes
since this explains the significant effect of stirring, electrolyte
conductivity, buffer capacity and surface roughness on pitting
initiation, and the lack of dependence on the electrode potential
once it has exceeded the pitting potential.

Oldfield (1987) notes that although the stochastic model is able to
explain many observed phenomena, there is no single model which
links the stochastic model to the fundamental modelling above. In
his review paper, Sharland (1987) draws attention to the
controversy as to whether the initiation of localized corrosion is
truly a "rare event", in the statistical sense. He suggests that
the randomness and poor reproducibility of experimental observa-
tions may be due to certain instabilities in the dynamice of the
system. Sharland also draws attention to the fact that there are
many theories regarding the interaction of halide ions with the
passive film of metals and although some of the theories are purely
speculative, many have been developed to explain certain
experimental observations. He also emphasizes that none of the
theories are able to explain all the features of film breakdown

satisfactorily.
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2.2.2 Pit Propagation

In the present study, pitting initiation is regarded as the important
criterion for comparing the pitting corrosion resistance of the
development alloys. Syrett (1977) proposed Pit Propagation Rate
(PPR) curves to determine the propagation rate of pitting corrosion.
Using this method he found a close correlation between experimentally
determined propagation rates and those from 1long term immersion
tests.

The nature of pit propagation is such that theories describing it are
concerned mainly with geometry, mass transfer, and reaction kinetics.
Oldfield (1987) divided propagation models into three groups.

2.2.2.1 Metal dissolution hydrolysis

In this approach the dissolution and hydrolysis of metal ions are
considered as a function of pH and potential, and compared with the
hydrogen evolution reaction.

In Galvele’s (1976) model a potential is defined at which the rate
of production of hydrogen ions via hydrolysis is equal to their
rate of consumption via hydrogen evolution. Below this' potential
passivation is maintained; above it repassivation does not occur.
Galvele proposes that the bulk solution acts as a supporting
electrolyte for the metal ions and the hydrolysis products produced
during pitting initiation. Transport by diffusion is the dominant

mechanism.

2.2.2.2 Salt layer formation

In this approach it is assumed that a highly resistive film,
probably a salt film, exists on a growing pit’'s surface. Vetter
and Strehblow (1970) consider this film to be formed by the cations
of the metal and the aggressive ion. The film is considered dense
and poreless; the rate of pit groﬁth is equivalent to the rate of

salt film dissolution.

As a result of experimental work done on AISI 302 stainless steel
in chloride solutions Frankel et al. (1987) concluded that

metastable pits form at' potentials below E,, but repassivate as a.

result of the pit cover rupturing. At potentials equal to and
higher than E, the pit cover remains intact long enough for a salt
layer to precipitate on the pit surface and stabilize the pit
growth. From experimental work conducted on titanium rods, Beck
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(1973) proposed that there is a highly resistive salt 1ayér on the
titanium surface that accounts for the potential drop in
propagating pits. It was speculated that the salt film comprised
of TiX, or TiOX,. '

Alkire and Cangellari (1983) investigated the effect of different
fluid velocities on the precipitated metal chloride salt covering
the surface of a growing pit. It 1is ' postulated that the
precipitated chloride salt prevents pit repassivation in the early
stages of pit growth. They proposed that at sufficiently high
fluid velocities the chloride salt would be washed away from the
pit surface and allow the metal to repassivate.

2.2.2.3 Mass transfer control

In this group of models the mass transfer of species in and out of
the pit are assumed to be corrosion controlling reactions.
Although mass transfer by migration can occur, the assumption is
usually made that it is by diffusion only.

Alkire, Ernsberger and Damon (1976) were able to estimate the
conductivity variations required for auto-acceleration of dissolu-
tion rates for artificial copper pits. The conductivity variations
arise due to concentration gradients caused by diffusion limited
attack within the occluded region of the pit. Whereas it was
thought that the cathodic processes associated with pits occurred
on the exterior surfaces of the pit, Alkire and Siitari (1979)
found that they can occur within the occluded region of the pit.
The distribution of cathodic reaction was found to depend on the

prevailing transport laws for the system.

In artificial pit studies Beck (1977) found that the observed
current density for pits on iron in concentrated chloride solutions
was limited by the rate of mass transfer of corrosion proddct out
of the pit. By increasing the flow rate of solution at the pit
surface, the current density increased to a limiting ohmic value.
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2.3 FACTORS AFFECTING PITTING CORROSION

In his review on Test Techniques for Pitting and Crevice Corrosion,
Oldfield (1987) cited the following factors as having an important
affect on the pitting behaviour of stainless steel.

2.3.1 Alloy Composition .

Alloy composition effects the stability of. the protective film on the
stainless steel. It also controls the maximum dissolution rate once
propagation has occurred. Additionally, for a given passive current
density the degree to which the pH is reduced in a pit is dependent
on the alloy composition.

2.3.2 Passive Film Characteristics

The passive current and the film stability determine the alloy’s
resistance to pitting corrosion. The resistance to pitting is also
affected by surface finish, surface preparation, heat treatment and
cold working. For this reason caution should be exercised that
laboratory testing is carried out on specimens that are prepared with
the same surface finish and heat treatment as the in-service

components will have.

2.3.3 Electrochemical Reactions

In practice the maximum possible corrosion pfopagation rate is not
often attained, since it 1is modified by the rate of the oxygen
reduction reaction on the area surrounding the corroding metal and
the rate of hydrogen evolution on the corroding area, if the pH of
the solution in this area is not low enough. These rate limiting
reactions can hide large differences in the corrosion resistance
between different alloys. Accordingly great care should be exercised
before the addition of alternative oxidising species, since this can
dramatically alter the given alloy/enviromment state. (

2.3.4 Mass Transport

Mass transport occurs via migration, diffusion and convection, and
all three play a major role in pitting corrosion. All three
mechanisms must be carefully noted, since each may play a role in a

particular situation.
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2.3.5 Bulk Solution Environment

Temperature, flow rate and volume effects are important and must be
recognised. Temperature increases may increase or decrease the rate
of corrosion depending on the particular situation. Flow rate may
effect the rate of oxygen reduction, thereby controlling the rate of

reaction.

2.3.6 Bulk Solution Composition

Bulk solution ingredients such as Cl~ level, pH, pollutants, oxygen
level etc. determine the basic corrosivity of a solution. It 1is
emphasized that great care should be taken in using simulated or
synthetic environments and relating results directly to the "real"

environment.
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2.4 THE INFLUENCE OF METALLURGICAL ASPECTS ON PITTING

Passivity is defined by the American Society for Testing and Materials
as the state of a metal surface characterized by low corrosion rates in
a potential region that is strongly oxidizing for the metal. A
schematic polarization curve for a stainless steel in a sulphuric acid
solution is shown in figure 2.5. The passive potential range is defined
by the low current portion of the curve between the active-passive
transition and the pitting or transpassive potential.

The resistance of an alloy to pitting corrosion in a particular solution
can be related to the size of the passive potential range from a
polarization scan performed in the solution in question.
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Figure 2.5 : A schematic polarizatijon curve for a stainless steel in a sulphuric acid solution.

Sedriks (1984) noted that for commercially produced stainless steels a
large number of metallurgical factors have a significant influence on
passivity as is illustrated in figure 2.6.

Allbying elements in the solid solution, second phases, sigma, .Chi,
manganese sulphides, carbides, and chromium and molybdenum depleted
zones surrounding precipitates can all have a profound influence on both
the maintenance and breakdown of passivity.
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Sedriks suggested that a logical way to handle such a complex array of
metallurgical wvariables is to examine how each +variable affects
passivity. In this way the information can be wused in alloy
development, fabrication, materials selection and heat and surface
treatments.
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Figure 2.6 : Schematic of metallurgical variables affecting the passivation behaviour of stainless
steels (after Sedriks). ’

2.4.1 Effects of Solid Solution Alloying

2.4.1.1 Chromium

Stainless steels derive their passive.behavioﬁr from alloying with
chromium, by the formation of a passive oxide film on the surface
of the steel. Auger Electron Spectroscopy (AES) revealed that
increasing the chromium- content in a Fe-Cr alon leads to a
decrease in the thickness of the passive layer and chromium
enrichment of the layer with respect to the chromium concentration
in the metal (Cieslak and Duquette, (1984)). Burstein and Marshall
(1984) have shown that on freshly generated AISI 304L stainless
steel surfaces in perchloric acid that repassivation occurs by the
dissolution of the iron component of the newly developed passive
{1ayer while the chromium remains. Repassivation is complete when
the outer surface of the oxide film contains no iron ions.
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Pure chromium exhibits a wide passive potential range in
chloride-free sulphuric acid solutions, of the order of 1.5 volts.
Chloride ions reduce the noble extreme of the passive range from
Eb, to E,., as shown in figure 2.1. Walker and Rowe (1969) found
that the pitting potential of chromium still remained at relatively
high noble values, as results from testing in chloride solutions of

chromium plated stainless steels showed.

The addition of chromium moves the primary passivation potential
(Eﬁ, in figure 2.5) in the active direction, thus expanding the
passive potential range, and reducing the passive current density
(ipass in figure 2.5). The effect of chromium content on the anodic’
polarization behaviour Fe-Ni-Cr alloys in chloride solutions 1is

illustrated in figure 2.7.
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Figure 2.7 : Effect of chromium content of Fe-Ni-Cr alloys on their anodic polarization

behaviour in 2N H2S04 at 90°C. Nickel content in the range of 8.3%1 to 9.8%7 (after Osozawa
and Engell).

2.4.1.2 Molybdenum

It is well known that for a giveﬂ chromium content in a stainless
steel the addition of molybdenum has a strong beneficial influence
on passivity (Sedriks, (1984)). Molybdenum moves the pitting
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potential in the noble direction, thereby extending the passive
potential range. The mechanism by which molybdenum extends the
passive potential range is not fully understood.

From AES studies on Fe-Cr and Fe-Cr-Mo stainless steels Cieslak and
Duquette (1984) found that the passive film thickness and
composition was basically unchanged by the addition of molybdenum.
The beneficial effect of molybdenum on pitting corrosion resistance
of stainless steels was attributed to the alteration of those sites
in the film that are most susceptible to breakdown.

Marshall and Burstein (1984) investigated the effect of molybdenum
on repassivation kinetics by comparing the repassivation behaviour
of AISI 316 and 304. They found that the molybdenum aided the
dissolution of the 1iron component of the oxide film during
repassivation, causing the oxide film to become chromium enriched
more rapidly than in the absence of molybdenum. They concluded
that the constructive dissolution process accelerates the onset of
passivity and thus improves the. resistance to chloride induced

pitting corrosion.

2.4.1.3 Nitrogen and Nitrogen-plus-Molybdenum

Sedriks (1984) reported that nitrogen additions to molybdenum-free
austenitic stainless steels are beneficial to the development of
passivity. Nitrogen moves the pitting potential in " the noble
direction thereby increasing the passive potential range.
Additionally, in the presence of molybdenum, the beneficial effect
of nitrogen 'on the pitting potential 1is 1increased. This

synergistic effect is used in some proprietary commercial stainless

steels.

The mechanistic role of nitrogen and molybdenum are still to be
established. Sedricks (1984) noted that recent studies on a
stainless steel containing 24.3Cr-19.9Ni-6.06Mo-0.44N-0.018C using
Auger spectroscopy and XQray photoelectron analyses found no
molybdenum in the passive. layer, and a seven fold enrichment of
nitrogen on the metal side of the metal-film interface.

High levels of nitrogen necessitate high levels of manganese (e.g.
4%) to ensure solid solubility of nitrogen in the chromium-contain-
ing austenite. It 1is generally accepted that the detrimental
effect’® of increased manganese is over ridden by the beneficial
effect of the molybdenum-plus-nitrogen effect on the pitting
potential. »



-27-

2.4.1.4 Other Alloying Elements

Nickel, vanadium, silicon and tungsten have a beneficial effect on

the pitting resistance when
beneficial effect of mnickel
pronounced. The effects of

they are added to an alloy. The
on the pitting potential is not
the various beneficial alloying

elements on a schematic polarization scan can be seen in figure 2.8

below.
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Figure 2.8 : Schematic summary of the effec
anodic polarization curve (after Sedriks).
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2.4.2 Effects of Microstructure

2.4.2.1 Carbides

Anodic polarization curves of the carbides of chromium, niobium and
titanium in relation to the anodic polarization curve for Type 304L
stainless steel in a sulphuric acid solution are shown in figure.

2.9.

Sedriks (1984) notes that in aqueous chloride solutions, where the
breakdown of passivity by pitting is of concern, it is the chromium
depleted region surrounding the chromium carbide that provides the
sites for the initiation of corrosive attack. Sensitised grain
boundaries 1in austenitic and ferritic stainless steels are
preferred sites for passivity breakdown by pitting initiation. The
sensitization also reduces the passive pdtential range and

increases the passive current density.
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Figure 2.9 : Anodic polarization curves for solution annealed Type 304L stainless steel (A),
Crz3Ng (B), NbC (C) and TiC (D) in boiling 3.4 N H3S04 (after Kolotyrkin et al. and Aaltonen

et al.).
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2.4.2.2 Sigma and Chi

Sedriks (1983) reported that the presence of sigma or the similar
intermetallic chi, moves the pitting potential in the active
direction, thereby decreasing the passive potential range. Sedriks
(1984) noted that Herbsleb and Schwaab (1982) found that sigma and
chi generally contain higher chromium and molybdenum contents than
the matrix. Sedriks therefore concludes that the corrosive attack
is directed at the areas within the matrix surrounding the sigma
and chi where chromium and molybdenum depletion has occurred.

2.4.2.3 Manganese Sulphide

Sedriks (1984) notes that it is well established that manganese
sulphide 1inclusions are the most favourable sites for pit
initiation 1in stainless steels. Cieslak (1986) reports that
manganese sulphide inclusions are anodic to the matrix, and that
the pit 1initiation resistance, as measured by the pitting
potential, is controlled by the manganese sulphide geometry rather
than the sulphide concentration. However, increased sulphide
concentration will increase the probability that there will be
inclusions that have the correct geometry for initiation to occur.
Frankenthal and Pickering (1972) suggest that most pits in
stainless ‘steels are initiééed at inclusions, and those that are
not associated with inclusions do not grow to an appreciable size
because the pit cavity is exposed to the bulk solution which

facilitates repassivation.

2.4.2.4 Alpha Prime and Delta Ferrite

Delta ferrite in austenitic stainless steels and alpha prime in a
ferritic stainless steels move the pitting potential in the active
direction, thereby reducing the passive potential range.(Sedriks,
(1984)). Sedriks refers to Dundas and Bond (1975) who proposed
that delta ferrite in austenitic stainless steels may be associated
with the depletion of the chromium and molybdenum from the
surrounding austenitic matrix and that pitting attack may occur in

the depleted austenite.
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2.5 THE EFFECT OF AGGRESSIVE AND INHIBITIVE IONS

In industrial and natural waters chloride ions are the most common cause
of pitting corrosion, however pitting corrosion depends not only on the
concentration of chloride ions, but also on the concentration of
non-aggressive anions, and more precisely on the ratio of aggressive to
non-aggressive anions (Szklarska-Smialowska, (1971)). Leckie and Uhlig
(1966) found that OH-, NO;°, 80,2 and C€10,” inhibited the pitting
corrosion of 18-8 stainless steel in chloride solutions with a
decreasing efficiency as follows : OH™ > NO,” > SO,2” > Cl10,~

2.5.1 Effect of Chloride Ions

The decrease of the pitting potential, E,, with increasing chloride
concentration is well established and has been reported by many
authors. Pourbaix (1965) cites Brennert (1937) as being the first to
report the effect. Pourbaix et al. (1963) showed that the pitting
potential for AISI 410 stainless steel dropped progressively as the
chloride concentration was increased from a 0.005 M to 0.10 M NaCl
solution. Mankowski and Szklarska-Smialowska (1975) found that the
~ chloride concentration within pits was much higher than that in the
. bulk solution. Verink and Pourbaix (1971) plotted E;, E ., E;, and
E_ of a 12% Cr alloy as a function of the log of the chloride ion

PP
concentration at a pH of 8.8. E, ., E, and E, ., did not wvary
appreciably with increased chloride concentration, while E, decreased
very quickly after a certain concentration of chloride had been
exceeded. Figure 2.10 shows that a chloride ion concentration of

approximately 1072 M was required for pitting corrosion to occur.

Leckie and Uhlig (1966) plotted the pitting potential against the log
of the chloride ion concentration for an 18-8 stainless steel in a
neutral solution, and found that there was a linear correlation
between E, and the chloride concentration at concentrations above 0.01
M given by the following equation :

E,= -0.088 log [C1l7] + 0.168 Equation 2.1
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Higginson (1984) found that E; decreased linearly with the logarithm
of increasing chloride concentration for AISI 304 and 316 -in near
neutral solutions. Atrens (1983) investigated the effect of
increasing the chloride concentration on E, and E_, for a 12% Cr
turbine blade material. He found that both E, and E,, decreased
linearly with respect to the log of the chloride ion concentration.
Results obtained at 80°C are shown in figure 2.11, where the slope of
the E, line is 183 mV per decade and the slope for the E_  , line is
143 mV per decade. E_,. . values measured 1 to 5 minutes after
immersion into the solution for air saturated and deaerated solutions
are imposed on the figure. The intersection of the deaerated E_ .
curve with the E,, curve indicates that the specimen will suffer no
pitting corrosion only in deaerated solutions with chloride
concentrations lower than 2 X 107% M. ’
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(1871))
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Palumbo, King and Aust (1987) showed that the overpotentials for pit
nucleation in neutral chloride solutions at 30°C for Alloy 800 varied
linearly with the log of the chloride concentration. Below 0.01 M
concentrations of chloride, they found no evidence of stable pitting
nucleation. They did not find a systematic relationship between Eorot
and the chloride concentration, which they attributed to the
dependence of the protection potential on factors such as pit depth,
pit occlusivity and resistivity of the internal pit solution.

Azzerri, Mancia and Tamba (1982) constructed stability diagrams for
AISI 316, 304, 430 and 410 by plotting E, and E,, against the
chloride concentration at a range of pH values. A logarithmic
dependence between chloride content and E, was found in agreement with
the results obtained by Leckie and Uhlig (1966). E, was pH dependent
while E, ., showed no dependence on pH since the aggressive environment
at the bottom of the pit was the same regardless of the pH of the
bulk solution. This lead Azzerri et al. to propose the existence of
two protection mechanisms : (i) by repassivation and (ii) by
deactivation. By polarizing the metal to potentials more negative
than the working potential, it can be cath-anodically protected i.e.
the passive regions remain passive while the pits and crevices are

deactivated.
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Figure 2.11 : Potential versus log chloride ion molarity at BOC for a 121 Cr martensitic
stainless steel (after Atrens, (1983)). ’

2.5.2 Effect of Nitrate Ions

Uhlig and Gilman (1964) used immersion testing to show that chloride’
induced pitting of an 18-8 stainless steel was inhibited by
sufficiently high nitrate ion concentrations. A specimen exposed to
a 10% FeCl, + 3% NaNO, solution showed no pitting over a period of 25
yezirs whereas a specimen exposed to a 10% FeCl, solution was severely
pitted within hours. Man and Gabe (1981) also reported the:
inhibition of pitting corrosion by nitrate ions.

Leckie and Uhlig (19665 using a potentiostatic step-by-step
polarization technique found that nitrate ions at sufficiently high
éoncentrations inhibited pitting corrosion of 18-8 stainless steel in
chloride solutions. Complete inhibition was determined by the
concentration of nitrate ions required to increase E, to the point
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where breakdown occurred due to transpassive dissolution rather than
pitting corrosion. Leckie and Uhlig found that the logarithm of the
minimum amount of nitrate for inhibition expressed in terms of anion
activity was linear with the logarithm of the corresponding chloride
activity. The relationship is shown in equation 2.2 and the plot of
the relationship is shown in figure 2.12.

log [C17] = 1.88 log [NO;”] + 1.18 Equation 2.2

Potentiodynamic polarization curves were used by Capendale (1985) to
show that nitrate ions inhibited pitting corrosion of AISI 431 in
chloride solutions. The same inhibition criterion was used as by
Leckie and Uhlig, and a linear relationship between critical chloride
concentration and nitrate concentration was found as shown by the

following equation:
[Cl_]crib =1.18 [Nog_] + 95 Equation 2.3

The relationships that Leckie & Uhlig and Capendale found are shown
in figure 2.12 below.
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Figure 2.12 : [Cl Jcrit plotted as a function of nitrate concentration for AISI 431 ((Capendale,
(1985)) and results obtained by Leckie & Uhlig for 18-8 stainless steel (after Capendale).

Newman and Ajjawi (1986) found that nitrate showed no inhibiting
effect on active (film free) dissolution of AISI 304. At potentials
above a critical wvalue the nitrate inhibition involved the abrupt
passivation under the chloride film. A model which involves the
consumption of H* and nucleation of stable passivity by electroreduc-
tion and/or redox reactions of nitrate within the salt film was
proposed. ' ‘
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2.5.3 Effect of Sulphate Jons

Leckie and Uhlig (1966) found that sulphate ions had a similar but
less pronounced effect than nitrate ions on the inhibition of pitting
corrosion in 18-8 stainless steel. The following relationship was

found:
log[Cl™] = 0.85 log[S0,2"] - 0.05 Equation 2.4

Using a fast scan rate of 12 mV/sec in potentiodynamic polarization
scans Capendale (1985) found a linear relationship between the
critical chloride concentration and the sulphate concentration. This

relationship is shown in equation 2.5 and in figure 2.13.

[C17]cpse = 0.27 [SO,27] + 120 Equation 2.5
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Figure 2.13 : [Cl”]l.rit plotted as a function of sulphate concentration (after Capendale).
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Bogaerts et al. (1980) found that sulphate ions inhibited chloride
induced pitting corrosion of AISI 304 and 316 at temperatures less
than 100'C and at temperatures greater than 100°C at elevated
pressures. Sulphates were found to have a deteriorative effect on
the passivation behaviour of nickel based alloys. Man and Gabe
(1981) found that sulphates inhibited pitting corrosion of 18-8
stainless steel.

Contrary to the general beneficial effects of sulphate ions reported
in the literature, Mitrovic-Scepanovic and Brigham (1987) found that
AIST 410 stainless steel suffered pitting and .crevicing in high
purity sulphate solutions as a result of attack by sulphate ions.
The 1localized corrosion was difficult to initiate and slow to
propagate, but it was proposed that the same mechanism as for
chloride ion attack was taking place, but at a slower rate,

2.5.4 Effect of Other Ions

Leckie and Uhlig (1966) found that OH", Cl10,” and acetate” also
inhibited pitting corrosion of 18-8 stainless steel in chloride
solutions. Inhibition efficiencies were in the following order :

. OH™ > NO;” > acetate” > S0,2” > Cl10,”

The relationships obtained were as follows :

log[Cl™] = 1.62 log[Og] + 1.84 Equation 2.6
log[C1l7] = 1.13 logfacetate™] + 0.06 Equation 2.7
log[C1”] = 0.83 log[Cl0,"] - 0.44 Equation 2.8

Bogaerts et al. (1980) found that HCO,~ and OH™ inhibited chloride
induced pitting of AISI 304 and 316. Hospadaruk and Petrocelli
(1966) found that calcium ions caused E, to shift to more noble values
for AISI 201, 301, 316, and 434 in near neutral chloride solutions.
Strehblow and Titze (1977) found that nitrate and perchlorate
inhibited pitting corrosion of iron in chloride solutions, but that
perchlorate induces pitting at sufficiently noble potentials.
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CHAPTER 3

EXPERIMENTAL TECHNIQUES

The experimental techniques chapter begins by describing the rationale
behind selecting the potentiodynamic polarization technique for the test
programme. Thereafter, the preparation of the specimens and test solutions
and the equipment used in the testing is described, and finally the test
technique and the materials used are dealt with. '

3.1 SELECTION OF A TEST METHOD

After comparing current test methods available for determining the
pitting corrosion resistance of stainless steels, O0ldfield (1987)
concluded that

(1) none of the tests examined relate directly to service experience
and therefore they simply provide a ranking order

(2) correlation between techniques, when studying alloys of similar
corrosion resistance, 1is poor and therefore the ranking order
obtained depends to a large extent on the test selected

(3) of the widely used tests, the potentiostatic methods, carried
out in environments relating to service, are probably the best while
ferric chloride tests are the worst.

Degerbeck (1973) used ten different tests to test twenty different
steels and drew similar conclusions to O0ldfield, finding that it was
difficult to relate the tests to one another because of the poor

correlation between tests.

Three variations of obtaining anodic polarization curves by potentio-

static means are listed below :

(1) Stationary - holding the specimen at each potential until a
constant current is attained.

(2) Potentiodynamic - changing potential at a constant rate.

(3) Quasi-stationary - step-wise change of potential at a certain

rate.

After finding little agreement in the literature on which method was
most suitable, Capendale (1985) selected the potentiodynamic method
using a scan rate of 0.12 mV/sec which was sufficiently slow to allow
the near equilibrium conditions to develop during polarization scans.
France and Greene (1970) found the slow scan rate potentiodynamic
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polarization technique to be a conservative estimate of AISI 430
stainless steel’s resistance to pitting because of the migration and
surface accumulation of chloride 1ions during the electrochemical
polarization of the specimen. Manning (1983) found a reasonably good
correlation between the slow scan rate pitting tests and immersion
pitting temperature tests for AISI 317L.

The scratch technique was first used by Pessal and Liu (1971) and
involves scratching the passive surface of the metal with a diamond
stylus and monitoring the current transient at a range of potentials. E,
is established since the scratch should repassivate at potentials below
Ep and dissolve above E,. Barbosa and Scully (1982) examined the rate of
repassivation of AISI 304 at pH 2 as a function of the potential and
concluded that the scratch technique was not a suitable method of
determining E;, for the following reasons : (i) the scratched areas were
not preferentially pitted and (ii) pitting was found to occur at
potentials at which the repassivation rate was high. Lizlovs and Bond
(1975) reported that the slow potential scan, fast potential scan and
the scratch technique pgave pitting potentials of comparable magnitude
for a number of ferritic grade stainless steels. However, for 18Cr-5Mo,
E-Brite 26-1 and 21Cr-3Mo-Ti steels the scratch technique gave
consistently less noble pitting potentials. Burstein and Davies (1981)
examined the anodic behaviour of iron using a rapid scratch technique
and concluded that the scratching of metals under potentiostatic control
has the power to reveal the presence of intermediates in electrode
reactions and elucidate the kinetics of fast -electron transfer
processes. Obviously the scratch technique is very powerful for the
study of repassivation kinetics, but for the purpose of determining the
‘pitting corrosion behaviour of an alloy it was disregarded.

The findings of France & Greene, Manning and Oldfield confirmed that the
slow scan potentiodynamic polarization technique was well suited to the
test programme, and the scratch technique was rejected on the findings
of Barbosa and Scully for AISI 304. Additionally, by selecting the slow
scan potentiodynamic polarization technique a direct comparison of the
results obtained could be made with the work completed by Capendale.
For the above reasons, the slow scan rate potentiodynamic polarization
technique was selected.
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3.2 PREPARATION OF SPECIMENS AND SOLUTIONS

3.2.1 Specimen Mounting

Capendale (1985) tried three techniques of specimen mounting for
potentiodynamic testing. These were:

(1) Hot mounting resin
(2) Heat shrunk polytetrafluoroethylene (P.T.F.E.)
(3) Compression gasket specimen holder

Capendale (1985) concluded that the compression gasket specimen
holder was the most practical since crevice corrosion was least
serious 1in this configuration,since the grinding, polishing and
ultrasonic cleaning processes undermined the integrity of the seal in
cases 1 and 2. The Stern-Makrides gasket recommended by the ASTM
Standard G5-78 (ASTM, (1980) was regarded as being impractical to use
due to the difficulties associated with specimen manufacture,
polishing, and the achievement of a constant surface area for the

determination of current density.

The compression gasket specimen holder was selected for specimen
mounting, since this allowed results obtained in Capendale’s work and
this work to be directly compared, without introducing unnecessary
variables. New specimen holders were manufactured, and these proved
satisfactory in both test systems when the ASTM standard G5-78 (ASTM,
(1980)) test was performed on AISI 430 in 1IN H,SO, During the testing
program other mounting techniques were experimented with, however
none of them were as practical and efficient as the compression

gasket specimen holder.

Figure 3.1 shows the specimen holder that was used. Capendale (1985)
notes that similar holders were described by France (1967) and
. Chance, Schreiber and France (1975). The holder was manufactured
from crystalline polyester, which provided the necessary rigidity,
while the bolt and circular gasket were made from P.T.F.E.. The seal
between the specimen and the teflon gasket is created when the gasket

is tightened.
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Figure 3.1 : The compression gasket specimen holder

The specimen holder has the following features

(1) It &exposes 1 cm® of specimen which facilitates easy
determination of current density.

(2) The surfaces exposed other than the specimen are inert in the
test solutions used.

(3) The specimen can be reused by grinding and polishing the exposed

surface.

3.2.2 Specimen Preparation

Compositional variation was avoided between tests by using a single
source of material for all four alloys. The materials were tested as
received. Prior to testing a 15.7 mm diameter bar was machined.
This was sectioned into 4 mm thick disc-shaped specimens. Three
specimens at a time were mounted onto a brass backing plate in the
shape of a triangle and ground on silicon carbide pads, which ensured
that they were ground parallel to the backing plate. They were
washed and cleaned in an alcohol solution placed in an ultrasonic
bath prior to being polished to a 3 um diamond finish. The diamdnd
polish allowed easier microscopic examination of the corroded
surface. This surface finish was also used by Capendale (1985) and
thus allowed comparative interpretation of his results with "the
present wofk. Specimens were cleaned in alcohol, in an ultrasonic
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bath and wiped with a cotton wool swab saturated with alcohol before
being dried with a hair drier and then mounted in the specimen
holder.

3.2.3 Solution Preparation

Accuracy and consistency were achieved by using analytical reagent
grade chemicals. Caution was taken to avoid contamination of
solutions at all times, and cleaning procedures were thorough. After
all cleaning procedures the equipment was rinsed with distilled
water. To avoid small wvariations in solution concentration, batch
solutions of twenty litres were made prior to starting a series of
tests, and the pH of the decanted solution was adjusted just prior to
the test. The batch solution was  always well shaken prior to the
decanting of solution, although this was only a precaution since all
the salts that were used were readily dissolved into their ionic

form, and were well below saturation levels.

The pH was adjusted just prior to a test with the addition of NaOH,
and the pH was recorded to an accuracy of 0.1 pH units. The quantity
of chemicals used was dependent on the composition required for the
particular batch solution.

3.2.3.1 Experimental E-pH Diagrams

500 ppm of sulphate was added as H,S50, The pH was varied by the
addition of NaOH. NaOH was selected rather than Ca(OH), since the
resulting solution did not suffer from precipitation or pH
variations during the test. It was found that Ca(OH), solutions
were not stable for the duration of the test. The recommendation
by the C.0.M.R.0. that sodium salts were to be used whenever
possible, also prompted the decision to use NaOH.

3.2.3.2 Nitrate plus Chloride Solutions

Nitrate was added as Mg(NO,;),.6H,0 and chloride was added as NaCl.
The pH of the solution was adjusted using NaOH, since the solutions
were below the required pH of 6.2 when the nitrate and chloride had
been added.
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3.2.3.3 Sulphate plus Chloride Solutions

Sulphate was added as H,S0, and chloride was added as NaCl. The pH

‘was adjusted using NaOH.

3.2.3.4 Nitrate plus Sulphate plus Chloride Solutions

Nitrate was added as Mg(NO,),.6H,0, sulphate was added as H,S0, and
chloride was added as NaCl. The pH of the solution was adjusted
using NaOH.

3.3 INSTRUMENTATION

The potentiodynamic polarization technique was wused to obtain
polarization curves for the different metal/environment conditions. Two
self-contained potentiostat testing systems were utilized.

3.3.1 E & G Princeton Applied Research Potentiostat

The existing equipment was an E & G Princeton Applied Research Model
173 potentiostat/galvanostat. Conversion of the current density to
the logarithm of current density was done directly using Model 376
logarithmic current converter. A Saturated Calomel reference
Electrode (S.C.E.) was used and was monitored by a Model 178
electrometer probe. A Model 178/41 noise filter was used to reduce
the pick-up of noise from power lines at the cell. Potentiodynamic
scanning was done using an Eliscint Model ABA-26 external baseline
advance. The potential and logarithm of the current were plotted
using a Houston Omnigraphic §$-200 X-Y plotter. A limit switch was
made and fitted to the system to enable the potentiostat to be
switched off at any selected current density. Figure 3.2 shows a
photograph of Princeton instrumentation.
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3.4.2 Construction of an Experimental E-pH Diagram

Alloy 1210, Alloy 825 and:  3CR12 had experimental E-pH diagrams
constructed for them. The test conditions were the same for each
material, and correspond to the method that Capendale wused to
construct an 'experimental E-pH diagram for AISI 431. This allows
Capendale’'s work to be included in the evaluation of these materials.
The test solution was maintained at a constant 30°C by immersing the
corrosion cell in a thermoregulated water bath. Ultra-high purity
nitrogen was purged through the system for two hours prior to the
test beginning, thereby de-aerating the solution. The specimens were
polarized to a cathodic potential of -1.4V vs S.C.E. half an hour
before the commencement of the test. Potentiodynamic scanning was
performed at a rate of 0.12 mV/second in the noble direction until
the breakdown potential, E, , had been achieved. The test was then
terminated.

The experimental pH diagram was constructed by plotting the corrosion
potential, E..., the breakdown potential, E, and when present the
Flade potential ,E; against the pH. Figure 3.5 shows how this was

done.

IMMUNE

% ot —- - 1 1 1 a .

log i log i log i PH4 PH, pH3

pH1 < sz < | pH3 pH

Figure 3.5 : The construction of an experimental E-pH diagram, (after Capendale (1985)).

3.4.3 Determination of Critical Chloride Concentrations

The tests were performed in oxygen saturated solutions. This was
done by bubbling of oxygen through the test solution for thirty
minutes prior to the test begi_ﬁning. The solution temperature was
maintained at 30°C by placing the corrosion cell in a thermoregulated
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water bath. Twenty minutes prior to the potentiodynamic test
beginning, the specimen was polarized to 100 mV cathodic to its free

corrosion potential.

The potentiodynamic scan was carried out at a rate of 0.12 mV/second
in the anodic direction. The test was continued until the potential
exceeded the breakdown or pitting potential and reached a current
density of approximately 1 mA/cm®. At this point the scanning
direction was reversed.

Two distinct types of return scan were evident. (i) When the passive
film had broken down transpassively, then the return scan followed
the prior scan line. (ii) However, when the passive film had broken
down locally, the return scan resulted in a hysteresis loop. The
point at which this hysteresis loop returned to the passive region of

the scan, was regarded as the protection potential, Epnm.

The chloride concentration above which localized breakdown of
passivity occurred due to pitting and below which uniform corrosion
occurred due to transpassivity was defined to be the critical
chloride concentration, [Cl7}..,.. Figure 3.6 shows vhow [C1 ) e 1is
determined experimentally. The diagram on the left shows a schematic
polarization scan for a solution where the chloride concentration is
below [Cl7].... The values of E_ .. and E_ are plotted on the centre
diagram at the corresponding chloride concentration. The schematic-
polarization curve on the right shows the condition where the
chloride concentration is above [Cl7],.,, and therefore the passive
film has broken down locally by pitting corrosion. This results in a

pitting potential, E , and a protection potential E as well as a

P!
corrosion potential, E

prot ?

corr+ 1Ihese are plotted on the central diagram

at their corresponding chloride concentration. Experimentally, E_ .,

E,, / E;, and E_,, are determined at increasing chloride concentrations
in a solution containing the same pH, and other ionic concentrations.
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Figure 3.6 : The determination of [Cl7)crit (after Capendale (1985))

It can be seen in the central diagram that [C17]_.,, for the material

is between the chloride concentrations of the two tests.

3.4.4 Free Corrosion Potential vs Time Tests

An E, .. vs time test was done over a twelve hour period for each of
the four steels. The solution contained 500 ppm nitrate, 1000 ppm
sulphate, 1000 ppm chloride at a pH of 6.2. The solution was
maintained saturated with oxygen throughout the test, and the
temperature was maintained at 30°C. .The corrosion potential was
monitored on a pen recorder at a scan rate of 2 cm/hour.

3.4.5 Microscopic Examination

 After testing specimens were cleaned and examined using optical

microscopy. This examination was used to determine whether the
passive 1layer broke down by transpassive or pitting corrosion.
Figure 3.7 shows a pitted surface while figure 3.8 shows a surface
that has been transpassively corroded.
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CHAPTER 4

' RESULTS AND DISCUSSION

4.1 CONSTRUCTION OF EXPERIMENTAL E-pH DIAGRAMS FOR THE ALLOYS

Capendale (1985) constructed an experimental E-pH diagram for the
martensitic stainless steel AISI 431 (figure 4.1) by recording
potentiodynamic polarization curves in a series of solutions containing
500 ppm of sulphate ions (added as H,S0,), and increasing amounts of
Ca(OH), to Vary' the pH. The curves were measured in solutions deaerated
by wultra high purity nitrogen, at 30°C wusing a scan rate of
0.12 mV/second. He then compared his diagram with a simplified
theoretically constructed E-pH diagram for chromium. The similar nature
of the two E-pH diagrams lead him to conclude that the corrosion
resistance of AISI 431 could be ascribed to the chromium enriched oxide
layer present on the surface of AISI 431. He proposed that the
experimentally determined E-pH diagram for AISI 431 be regarded as a
standard for other stainless steels which were 1likely to be developed
for the mining industry.

The composition and microstructure of the new development alloys‘Alloy
1210, 3CR12 and Alloy 825 are different from that of AISI 431. This
necessitated the establishment of experimental E-pH diagrams for these .
alloys which were determined under similar experimental conditions as
for AIST 431.
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Figure 4.1 : Experimental E-pH diagram for AISI 431 in 500 ppm SO042~ + xmg Ca(OH)2 solutions (after
Capendale, (1985)) . '
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4.1.1 Alloy 1210

Below a pH of 9.2 active to passive polarization behaviour was
observed, resulting in the specimen being generally corroded on the
exposed surface. Figure 4.2 shows the polarization curve obtained
for a solution with a pH of 2.2. The potentials recorded for the
the Flade potential (E;) and the breakdown
potential (E,,) are shown in the figure.

corrosion potential (E.),
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Figure 4.2 : Potentiodynamic curve for Alloy 1210 in a solution of pH 2.2.  The positions of
Ecorr, EF and Epr are shown on the curve.

Above a pH of 10.2 the corrosion potential of the specimen lies in
the passive region. Figure 4.3 shows the potentiodynamic polariza-
tion curve for a solution of pH 10.2. No active to passive
transition is observed which indicates that the cathodic and anodic
curves intersect in the passive range of the anodic curve.
Transpassive breakdown occurs at 0.18 V (S.C.E.) and results in the
exposed surface of the specimen being transpassively corroded.
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Figure 4.3 : Potentiodynamic curve for Alloy 1210 in a solution of pH 10.2. The positions of
Ecorr and Epr are shown on the curve.

An experimental E-pH diagram was constructed from the values of E_..,

Er and E,  between pH 2.2 and 9.2 and from the values of E_ . and E
above pH 10.2. Figure 4.4 shows the resulting experimental E-pH

diagram indicating the potential with reference to both the saturated.
calomel electrode (S.C.E.) and the standard hydrogen electrode

(S.H.E.).

Line ’'a’ represents the hydrogen evolution reaction (HER) whereas
line ’'b’' represents the oxygen reduction (ORR) reaction. Between pH
2.2 and 9.2, active to passive behaviour is predicted where the HER
is the cathodic reaction. However, the ORR could raise the corrosion
potential above the potential of the active to passive transition
resulting in the passivation of the surface of the steel in this pH
range. Above a pH of 9.2 both cathodic reactions could raise the
corrosion potential above the active to passive transition thereby
resulting in the passivation of the surface.

The pH of mine water is expected to be between 3.8 and 9.4, while
near neutral solutions are most common. Therefore for mine waters
that contain sulphate ions in concentrations of 500 ppm or greater,
Alloy 1210 could be in the active state if the redox potential of the
solution caused the corrosion potential to fall in the active range
as indicated by the experimental E-pH diagram. By comparison AISI
431 showed active to passive behaviour only in mildly acidic
solutions at pH’s below 3.8. Mine water is generally saturated with
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oxygen, and therefore the corrosion potential of Alloy 1210 would be
expected to be in the passive range for solutions containing sulphate
ions at this level. However, in stagnant water which is oxygen
depleted, there is a possibility that the steel will be in an active
state, depending on the level of other oxidising species in solution.
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Figure 4.4 : Experimental E-pH diagram for Alloy 1210 in 500 ppm S042- + xml NaCOH solutions.

For all pH values, polarization of the specimen to sufficiently high
potentials resulted in transpassive breakdown of the passive layer.
A general trend of decreasing breakdown potentials with increasing pH
was observed. There was trebling of the passive corrosion current
density from 2 uA/cm? (pH range = 2.2 - 6.0) to 6yA/cm? (pH range =
9.18 - 11.25), and a high average current density of 30xA/cm? for the
PH range of 8 to 9.18. The exceptionally high current densities at
this pH range could not be explained.

The increased active range of Alloy 1210 compared to AISI 431 is
evident from the experimental E-pH diagrams and can be attributed to
the lower chromium content present in Alloy 1210 (12%) compared to
AIST 431 (16%).
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4.1.2 3CR12

An experimental E-pH diagram was constructed from the values of E_ .,
Er and E,. as described in the previous section. Figure 4.5 shows the
resulting E-pH diagram indicating the potentials with reference “to
‘the S.C.E. and the S.H.E.. Active to passive behaviour was observed
over the whole range of pH values tested (2.0 - 10.0).
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Figure 4.5 : Experimental E-pH diagram for 3CR12 in 500 ppm S042~ + xml NaOH solutions.

At pH values less than 5, the passive region is constricted by the
large active region as shown in the experimental E;pH diagram above.
It is significant that the active to passive behaviour extends
throughout the range of pH values tested. The large potential range
of the active region indicates that in mildly acidic to acidic
sulphate containing mine waters, there is a strong possibility that
3CR12 will be in the active state. As in the case of Alloy 1210,
3CR12 could be in the active state in sulphate containing mine waters
that have a suitable redox potential to cause the corrosion potential
to fall into the active region. The redox potential is dependeﬁt on
the oxidizer concentration in solution, and oxygen and metallic ions
are the most common oxidizers present in mine water. The passive
corrosion current density centred around 6 pA/cm? throughout the pH
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range tested. For all pH values, polarization of the specimen to
sufficiently high potentials resulted in transpassive breakdown of
the passive layer. As was the case for AISI 431 and Alloy 1210, a
general trend of decreasing breakdown potentials with increasing pH

was observed.

3CR12 and Alloy 1210 have similar chromium contents in the region of
12%. Regardless of the effects of microstructure and other alloying
elements, it can be seen that the experimental E-pH diagrams are
similar as a result of the comparative chromium contents. Although
this is a simplification, it is an indication that the ability of an
alloy to passivate in sulphate solutions of varying pH, is strongly
dependent on the chromium alloying content at these levels,

4.1.3 Alloy 825

Below a pH of 6.0 the the potentiodynamic polarization curves for
Alloy 825 exhibited a direct transition from the corrosion potential
to transpassive behaviour. No passive region was evident in this
range. The polarization curve for a solution of pH 2.10 shows this
transition in figure 4.6. '

2
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Figure 4.6 : The potentiodynamic polarization curve for Alloy 825 in a 500 ppm 5042~ solution at
pH 2.10.

Between pH 6.0 and 9.3 active to passive behaviour was present. The
passive region between pH 6.0 and 8.0 was smaller than 50 mV, and
only increased in magnitude at pH values greater than pH 8.0. The
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active to passive transition was no longer present at pH 10. The
resulting values of E._ ., E; (when present) and E, were plotted
against their corresponding pH values to obtain an experimental E-pH

diagram, shown in figure 4.7 below.
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Figure 4.7 : Experimental E-pH diagram for Alloy 825 in 500 ppm 5042' + xml NaOH solutions.

Below pH 6.0 there is no active or passive region and both the HER
and the ORR will result in Alloy 825 corroding transpassively. Alloy
825 has a low chromium content of approximately 8%, which is below
the 11% chromium level that is regarded as being essential for a
stainless steel (Sedriks, (1979)). For this reason it 1is expected
that the passive layer that is formed on Alloy 825 will not be of the
Cr,0, type found on stainless steels and therefore it will not show
passive characteristics like a stainless steel (Proctor, (1988). In
a solution of 500 ppm SO, below a pH of 6.0, Alloy 825 does not have
a stable passive layer. Between pH 6.0 and 9.3 active to passive
behaviour is shown and the passive layer is only stable over a small
potential range as is shown in the E-pH diagram. Above pH 9.3 the
cathodic and anodic curves intersect in the passive range of the
anodic curve, and there is a direct transition from an immune

condition to a passive state.
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It is expected that sulphate ions will decrease the stability of the
passive layer on Alloy 825 by increasing the conductivity in
solution. A similar detrimental effect of sulphate ions on corrosion
rates of mild steel has been shown by Rawat (1976) and Mursalo et al
(1988). The E-pH behaviour of Alloy 825 suggests that it's corrosion
behaviour is similar to that of low alloy steels and mild steel.

4.2 THE PITTING CORROSION BEHAVIOUR OF THE ALIOYS IN
CHLORIDE SOLUTTIONS

The pitting corrosion behaviour of the development alloys was determined
in distilled water and in distilled water plus chlorides to enable a
comparison to be made with the pitting behaviour in solutions which had
sulphate and nitrate ions added to inhibit pitting attack by chloride
ions. Polarization scans were performed for the four alloys in fully
aerated distilled water in the absence of chloride, and with the
addition of 100 ppm of chloride ions. The resulting polarization scans
are shown in the figures below.
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Figure 4.8 : The polarization curves for AISI 431, Alloy 1210, 3CR12 and Alloy 825 in aerated
distilled water.

Figure 4.8 shows the polarization curves for the alloys in distilled
water. All of the alloys show a well defined passive region which
extends until breakdown by transpassive corrosion above 0.5 V (S.C.E.).

\
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All the alloys show the reverse scan following the forward scan closely
with no evidence of a hysteresis loop. Examination by optical
microscopy revealed transpassively corroded specimen surfaces with no
pitting corrosion present. The passive corrosion current density is
highest for Alloy 825 and lowest for AISI 431, which corresponds with
the chromium level in each of the alloys i.e. AISI 431 (16%) > Alloy
1210 and 3CR12 (12%) > Alloy 825. The higher chromium content allows
the formation of a more stable passive layer and therefore reduces the

passive corrosion current density.
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Figure 4.9 : The polarization curves for AISI 431, Alloy 1210, 3CR12 and Alloy 825 in aerated
distilled water plus 100 ppm chloride.

Figure 4.9 shows the polarization curves for the alloys in distilled
water plus 100 ppm chloride. All of the alloys showed a reduced passive
range, and localised breakdown of the passive layer by pitting
corrosion. All four curves show a hysteresis loop as a result of the
reverse scan. In the case of AISI 431, Alloy 1210 and 3CR12 the
hysteresis loob intersects the passive range, whereas the hysteresis
loop for Alloy 825 meets the start of the passive range at the corrosion
potential. Microscopic examination of the specimens showed that all of
the alloys were pitted as a result of the pitting corrosion. AISI 431
showed the highest pit density, while Alloy 1210, 3CR12 showed similar
pitting densities and Alloy 825 showed the lowest pitting density. This
could be attributed to the propagation of pits occurring at a higher
rate for the low chromium alloys due to their reduced chromium content
and therefore céthodically protecting the specimen ‘surface and
preventing additional pits from initiating. Additionally, the propagat-.
ing pits of the lower chromium alloys are less likely to repassivate and
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therefore continue to cathodically protect the specimen surface and
reduce the likelihood of further pits initiating. A similar effect is
caused by the addition of inhibitors to solution.

In the absence of inhibiting anions, all four of the alloys showed poor
resistance to pitting corrosion in chloride solutions. As discussed in
section 2.5, nitrates, sulphates, hydroxyl ions and chlorates inhibit
the pitting corrosion effect of chlorides by 1increasing the
concentration at which chlorides have to be present to cause pitting
corrosion. Capendale (1985) confirmed that nitrate 1ions inhibited
pitting corrosion in AISI 431 and established a linear relationship
between the nitrate concentration and the critical chloride concentra-
tion (The critical chloride concentration was the maximum concentration
of chloride below which pitting corrosion was not found). Using a fast
scan rate he showed that sulphates also inhibited the pitting corrosion
of AISTI 431.

4.3 THE PITTING CORROSION BEHAVIOUR OF THE ALLOYS IN SYNTHETIC
MINE WATER

4.3.1 AIST 431

4.3.1.1 The Effect of Sulphates on the Pitting Corrosion of AISI
431 in Chloride Solutions

A series of tests were conducted to establish the concentration of
chloride required to cause pitting corrosion of AISI 431 in
solutions containing 100, 500, 1000 and 2000 ppm of sulphate at a
pH of 6.2. The polarization scans were run in fully aerated
solutions at a scan rate of 0.12 mV/sec. The method used to
establish the chloride concentration required to cause pitting of
AIST 431 is illustrated below for a 2000 ppm sulphate solution.

Potentiodynamic polarization curves were recorded for a range of
chloride additions. In solutions with a chloride concentration of
less than 500 ppm chloride, a constant breakdown potential of 0.54
V vs S.C.E. was measured due to transpassive breakdown of the
passive film. Reversing the direction of the scan indicated no
hysterisis loop and microscopi¢ examination of the specimen showed
a transpassive surface. Figure 4.10 shows the polarization curve
for 2000 ppm sulphate plus 300 ppm chloride solution. The
breakdown potential of 0.55 V vs S.C.E. and the absence of a
hysterisis loop is shown.
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Figure 4.10 : Potentiodynamic polarization curve for AISI 431 in a 300 ppm chloride + 2000
ppm sulphate solution at pBH 6.2.

In solutions with chloride concentrations equal to or greater than
600 ppm, breakdown of passivity was as a result of pitting
corrosion occurring at specific pitting potentials. Pitting
corrosion was identified by the following factors :

{

(i) Breakdown of the passivity at a value lower than the
constant breakdown potential recorded during transpassive

breakdown of the passive film.

(ii) The hysterisis effect and determination of a protection

potential, E during reverse scanning.

prot?

(iii) Pitting of the exposed surface of the specimen, seen during
‘microscopic examination. Figure 4.11 shows a SEM photo-
graph of a pit on the surface of AISI 431. '
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The establishment of the chloride concentration above which AISI
431 suffers pitting corrosion in this solution is illustrated in
figure 4.13 below. The values of E .., E, Ep and Epnn are plotted
against the chloride concentration. The chloride concentration at
which E . falls sharply in magnitude as a result of the change from
transpassive to pitting corrosion, is defined as the critical
chloride concentration. [Cl7]_,, was confirmed by optical
examination.
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Figure 4.13 : Ecorr, Epr, Ep and Eprot of AISI 431 (in a 2000 ppm sulphate solution at pH
6.2) versus cliloride concentration.

Potentiodynamic polarization scans were recorded for 100, 500 and
1000 ppm sulphate solutions at pH 6.2, each suiphate concentration
having a series of curves recorded for a range of chloride
concentrations. E,,., E, ., E, and E, ., were plotted against the
chloride concentration to obtain critical chloride concentrations
for each series of tests. The resulting figures can be seen in
appendix C. The passive corrosion current densities associated
with each of the tests are recorded in appendix B. The expected
trend of E, .. becoming more active at Thigher chloride
concentrations is not seen on the plots of E,. ., E, , E; and E
chloride concentration because the range of chloride concentration
which was tested was close to the critical chloride concentration.

t VS

For the trend to be seen a wide range of chloride concentrations
have to be used.

The critical chloride concentrations for 100, 500, 1000 and 2000
ppm sulphate solutions were plotted in figure 4.14. On the left
side of the curve the conditions allow pitting to occur if the
potential is raised above the pitting potential. On the left side
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of the curve the sulphates offer complete inhibition and raising
the potential results in transpassive breakdown of the passive
layer of AISI 431. Critical chloride concentrations obtained by
Capendale (1985) at a fast scan rate of 12 mV/sec for AISI 431 in
the same solution are shown on the plot. A curve from work by
Leckie and Uhlig (1966) on an 18-8 stainless steel has been
calculated from equation 2.3 and shown in the figure.
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Figure 4.14 : [Cl7)crit plotted as a function of sulphate concentration

A least squares analysis of the points yields a line with a slope
of 0.26 and an intercept of 32 on the chloride concentration axis.
This results in the following relationship

[C17)¢rse = 0.26[S50,27] + 32 Equation 4.1

Using the a fast scan rate of 12 mV/sec Capendale (1985) found the
following relationship for AISI 431
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[C17] ;4 = 0.27[S0,27] + 120 Equation 4.2

Leckie and Uhlig (1966) found the following relationship for an
18-8 type AISI 304 stainless steel

log[Cl™] = 0.85 log[S0,2"] - 0.05 Equation 4.3

Comparing the results obtained to Capendale’s fast scan rate
results confirms that the slow scan rate gives a more conservative
estimate of the critical chloride concentration. The slow scan
rate is preferred since it permits conditions nearer to a steady
state than the fast scan rate. Leckie and Uhlig's curve for an
18-8 stainless steel shows a non linear dependence of critical
chloride concentration on sulphate concentration and the steel
shows a higher resistance to pitting corrosion in the presence of
chlorides in sulphate solutions than AISI 431.

The increased critical chloride concentration for higher sulphate
concentrations is best explained by the competitive adsorption
theory proposed by Leckie and Uhlig (1966). This theory proposes
that adsorbed oxygen on the metal surface rather than the oxide
layer makes up the passive layer. Chloride and sulphate compete
with oxygen for sites on the surface double layer. Usually oxygen
has a higher affinity for adsorption sites than chloride, but as
the potential of the metal is shifted in the noble direction more
chloride ions move 1into the double 1layer. At sufficient
concentration corresponding to the critical potential (Ep),
chloride ions succeed at favoured sites in displacing the adsorbed
oxygen ions. Sulphate ions are adsorbed onto the passive layer and
exclude chloride ions thereby not allowing oxygen to be displaced
by the chloride ions.

Leckie and Uhlig(1966) assumed that the amount of anion adsorbed
depended on its activity in solution in accordance with the
Freundlich adsorption isotherm and that pitting was inhibited when
a critical ratio of anion to chloride activity was reached. This
resulted the following equation:

log{Cl™] = constant + nl/n2 log[anion] Equation 4.4

where nl corresponds to the exponent in the Freundlich adsorption
isotherm : amount adsorbed = k1l [Cl]¥"1 and n2 is the
corresponding exponent for the inhibitor ion.
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This work and the results obtained by Capendale (1985) show a
linear relationship between sulphate concentration and the critical
chloride concentration as shown by equations 4.1 and 4.2. Although
this is not in agreement with the logarithmic dependence proposed
by Leckie and Uhlig, this could be due to the difficulty associated
with determining trends from testing done over such a narrow range
of sulphate concentrations.

4.3.1.2 The Effect of Sulphates plus Nitrates on the Pitting
Corrosion of AISI 431 in Chloride Solutions

A series of tests were conducted to establish the effect of nitrate
additions to the critical chloride concentrations determined for
AISI 431 in sulphate solutions at pH 6.2. Potentiodynamic
polarization curves were run for a range of chloride concentrations
to determine the critical chloride concentration for each of the
following solutions :

500 ppm NO,4~ at pH 6.2
500 ppm NO,~ + 100 ppm SO,2° at pH 6.
500 ppm NO,”~ + 500 ppm SO,2~ at pH 6.
500 ppm NO,~ + 1000 ppm SO,2° at pH 6.
500 ppm NO;~ + 1500 ppm SO,2~ at pH 6.

NN NN

1000 ppm NO;~ + 200 ppm SO,2” at pH
1000 ppm NO;~ + 500 ppm SO,2” at pH
1000 ppm NO;~ + 1000 ppm SO,2” at pH
1000 ppm NO,~ + 1500 ppm SO,%" at pH

N O O OO
N N NN

The polarization scans were run in fully aerated solutions at a
scan rate of 0.12 mV/sec. The method used to establish . the
critical chloride concentration is the same as was used to
determine the critical chloride concentrations of AISI 431 in
sulphate solutions,

Figures of chloride concentration vs potential used to determine
the critical chloride concentration for the above series of tests
are shown in appendix C. The wvalues for the critical chloride
concentrations are plotted against sulphate concentration as shown
in figure 4.15.
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Figure 4.15 : {Cl7]crjt plotted as a function of sulphate concentration for AISI 431 at pH
6.2. The three curves are marked and show the effect of 0 ppm, 500 ppm and 1000 ppm of
nitrate additions.

The 500 and 1000 ppm nitrate additions shift the critical chloride
concentrations to higher values as shown in the above figure. The
inhibitive effect of nitrate is shown to be larger than that of
sulphate, which is as predicted by work done by Leckie and Uhlig
(1966) and Capendale (1985). The following relationships were
found from the curves

For sulphates:
[C17)p4e = 0.26[S0,2°] + 32 Equation 4.1
For sulphates + 500 ppm nitrates :

[C17])cpye = 0.40[S0,27] + 593 Equation 4.5
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For sulphates plus 1000 ppm nitrates:

[C17) e = 0.57[S0,27] + 1112 Equation 4.6

The critical chloride concentrations predicted by the above
equations in the absence of sulphate ions are 32, 593 and 1112 ppm
chloride respectively. The slope of the curve for 'sulphate in the
absence of nitrate is 0.26. In the case of 500 ppm and 1000 ppm
additions of nitrate, the slope becomes steeper at values of 0.40
and 0.57 respectively. This indicates that there is a synergistic
effect between sulphate and nitrate which causes more effective
inhibition of pitting initiation when they are present together.
The slope is steeper for the case when the nitrate concentration is
1000 ppm, and the combined inhibition by sulphate and nitrate is
thus more effective at high nitrate concentrations. The improved
inhibition of pitting initiation at high concentrations of nitrate
in the presence of sulphate could be explained by the following
hypothesis.

Nitrate jions are more readily adsorbed onto the passive layer and
have a higher affinity for the metal surface than sulphate ions.
The nitrate 3ions are competitively adsorbed onto the passive
surface displacing chloride ions. If sulphate ions are adsorbed
onto sites where nitrates have already displaced chloride ions and
at sites between adsorbed nitrate ions, then fewer favoured sites
may be present for chloride ions to reach concentrations able to
destroy the passive layer. Therefore it may be possible that in
the presence of nitrate ions, sulphate ions will take up pbsitions
on the adsorbed layer which will effectively 1increase the
concentration of nitrate ions available at the interface to
displace chloride ions from the passive layer.

4.3.1.3 The Interactive Effect of pH, Sulphates and Nitrates on the
Pitting Corrosion of AISI 431 in Chloride Solutions

A series of tests were conducted to establish the effect of varying
the pH in a solution containing 1000 ppm sulphate plus 1000 ppm-
nitrate on the critical chloride concentration of AISI 431. Three
pH values, 3.8, 6.2 and 9.4 were selected to correspond with the pH
range present in mine waters. The potentiodynamic polarization
scans were run at 0.12 mV/sec in fully aerated solutions. The
potential vs. chloride concentration curves for the three pH values
are shown in figures 4.16 (a), (b) and (c).
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Figure 4.16 (a) : Egorr, Ebr, Ep and Eprot of AISI 431 in 1000 ppm S042~ + 1000 ppm NO3~
versus chloride concentration at pH 3.8 and (b) : at pH 6.2.

Figure 4.16 (a) shows that the critical chloride concentration of
AISI 431 in 1000 ppm sulphate plus 1000 ppm nitrate at pH 3.8 is
approximately 950 ppm. Upon reversal of the scan direction, the
polarization curves showed hysterisis behaviour but fell below the
passive region of the curve. Figure 4.16 (b) shows the critical
chloride concentration of AISI 431 at pH 6.2 as approximately 1600
ppm. The hysterisis 1loop intersects the passive range of the
polarization curve.

Figure 4.16 (c) shows the critical chloride concentration of AISI
431 at pH 9.4 as approximately 1950 ppm. Again the hysterisis loop
Intersects the polarization curve in the passive range.

The critical chloride concentrations for the above diagrams are
plotted as a function of pH in figure 4.17 below. Pitting is
possible on the 1left side of the curve, while inhibition is
indicated on the right side of the line. The critical chloride
concentration increases in magnitude with increased pH. This can
be explained by the local acidification mechanism which requires a
low critical pH at the initiation site for pitting to occur
(Galvele, (1976)). Low pH values of the bulk solution will help to
maintain the low pH of the pitting site.
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Figure 4.16 (c) : Ecorr, Epr, Ep and Eprot of AISI 431 in 1000 ppm S042~ + 1000 ppm NO3~
versus chloride concentration, pH 9.4

Leckie and Uhlig (1966) showed that hydroxyl ions inhibited pitting
at pH values above 10 according to the follow equation :

log[Cl™) = 1.62 log[OH"] + 1.84 Equation 4.7

The mechanism for the pitting inhibition was regarded to be
~ competitive adsorption as discussed in the previous sections.

The results that Capendale obtained for AISI 431 in 1000 ppm
nitrate are shown on the figure. At pH 3.8 the effect of the added
sulphate 1is to reduce the effectiveness of the inhibition below
that of the pure nitrate. This is contrary to the expected
behaviour since both sulphates and nitrates are inhibitory anions.
The added sulphate shows the expected effect by pushing the
critical chloride concentration above that for pure nitrate at pH
6.2. At pH 9.4 the effect of the sulphate is again to reduce the
critical chloride concentration below that for pure nitrate.

The effect at pH 6.2 corresponds with the findings shown in figure
4.15 at pH 6.2 where a synergistic interaction between sulphate and
nitrate was seen found. At pH 3.8 and 9.4 there is an interaction
between the solution and the passive layer that reduces the
effective inhibition of the sulphate and nitrate.
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Figure 4.17 : [Cl7)crit plotted as a function of the pH for AISI 431 in a 1000 ppm sulphate +
1000 ppm nitrate solution.

4.3.2 Alloy 1210

4.3.2.1 The Effect of Sulphates plus Nitrates on the Pitting
Corrosion of Alloy 1210 in Chloride Solutions

The following three solutions were selected to establish the
interactive effects of sulphate and nitrate on the pitting
corrosion behaviour of Alloy 1210 in chloride solutions.
Subsequently 3CR12 and Alloy 825 were tested in the same range of

solutions.

500 ppm NO;~ + 200 ppm SO,%2” at pH 6.2
500 ppm NO,~ + 1000 ppm SO,2” at pH 6.2
500 ppm NO;~ + 2000 ppm SO,2" at pH 6.2
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The solutions were selected to highlight the effect of variable
sﬁlphate concentrations with constant nitrate concentrations on the
critical chloride concentration for the alloys. The compositions
were chosen as a result of the extensive testing program that had
been completed on AISI 431 to enable comparisons between the
pitting corrosion resistance of the alloys to be made and to gain
data on the pitting corrosion behaviour of the alloys. The
polarization scans were run at 0.12 mV/sec and the solution was
fully aerated.

Figures 4.18 (a), (b) and (c¢) show the chloride concentration
plotted against the E .., By, E, and E . for the above solutions.

CHLORIDE CONCENTRATION [ppm) CHLORIDE CONCENTRATION (ppm)

Figure 4.18 (a) : Ecorr, Epr and Ep of Alloy 1210 in 200 ppm S042~ + 500 ppm NO3~ versus
chloride concentration at pH 6.2 and (b) : Ecorr, Epr, Ep and Eprot of Alloy 1210 in 1000 ppm
S042~ + 500 ppm NO3~ versus chloride concentration at pH 6.2,

In figure 4.18 (a) the critical chloride concentration can be seen
to be 500 ppm since E,  drops suddenly at this concentration. This
was confirmed by optical examination of the specimens. The
hysterisis loop fell below the corrosion potential and therefore
any pits that initiate in this environment/metal combination would
readily propagate at potentials above and including the corrosion
potential. The corrosion current density averaged below 2 micro
amps per square centimetre for all of the chloride concentrations
that were tested. Figure 4.18 (b) shows the critical chloride
concentration to be 525 ppm. This value for [Cl7] ., was estimated
since optical examination showed that the 550 ppm chloride solution
pitted the specimen while the 500 .ppm chloride solution caused
transpassive breakdown. The hysterisis 1loop intersected the
passive range at an average potential of -0.20 V (S.C.E.) and the
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passive corrosion current density was below 1 micro amp per square
centimetre for all the tests. The additional 800 ppm of sulphate
only shifted the critical chloride concentration up by 25 ppm.
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Figure 4.18 (¢) : Ecorr, Ebr, Ep and Eprot of Alloy 1210 in 2000 ppm S042~ + 500 ppm NO3~
versus chloride concentration at pH 6.2.

Figure 4.18 (c) shows the effect of 2000 ppm sulphate on the
[C17 ]y for Alloy 1210. The ({C1l7].,;, shifts to 910 ppm showing the
added inhibition by the additional sulphate ions. The shift in
[C‘l‘]crit is comparable with the effect that sulphate additions had
on the [Cl7]..,, of AISI 431. The reported effect of increasing E,
was not found to be the case with the additional sulphate that was
added. This 1is probably due to the narrow range of chloride
concentrations that were tested once the [Cl™]_.,, had been passed.

A SEM photograph of a typical pit on the surface is shown in figure
4.19 and the transpassively corroded surface in a specimen where no
pitting corrosion occurred is shown in figure 4.20. Probable
reasons for the shape of the pit are discussed in section 1.2.3.
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4.3.3.1 The Effect of Sulphates plus Nitrates on the Pitting
Corrosion of 3CR12 in Chloride Solutions

Critical chloride concentrations were established for the same

solutions as for Alloy 1210.
concentration plots are shown in figures 4.21 (a), (b) and (c).

The resulting potential vs. chloride
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Figure 4.21 (a) : Ecorr, Ebr, Ep and Eprot of 3CR1Z in 200 ppm S042° + 500 ppm NO3~ versus
chloride concentration at pH 6.2 and (b) : Egorr, Ebr, Ep and Eprot of 3CR12 in 1000 ppm
S042- + 500 ppm NO3~ versus chloride concentration at pH 6.2.

In figure 4.21 (a) the critical chloride concentration is shown to
be 700 ppm. Pitting corrosion occurred when the pitting potential
was exceeded at chloride concentrations above 700 ppm. The pitting
density on the surface of the specimen was similar to Alloy 1210
but significantly lower than for AISI 431, in spite of the scan
being reversed at the same current density. The reduction in the
pitting density can be attributed to the lower chromium content of
Alloy 1210 and 3CR12 which allows propagation of pits to occur at a
higher rate than for AISI 431, thereby cathodically protecting the
surface of the specimen and reducing the number of pits that can
initiate. The passive corrosion current density was stable at 2
micro amps per square centimetre over the whole range of chloride
concentrations. The hysterisis loop intersected the passive range
of the polarization curve at a positive value (S.C.E.).
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Figure 4.21 (b) illustrates the effect of an additional 800 ppm of
sulphate on the pitting corrosion behaviour of 3CR12 by shifting
the critical chloride concentration to 760 ppm. The passive
corrosion current density remains the same and the protection
potential is reduced to an average of 0 V (S.C.E.). The
improvement of the pitting corrosion resistance of 3CR12 by the
addition of sulphate ions was confirmed by Mursalo et al (1988) who
found that increased sulphate levels lowered the passive current
- density and caused E _ to shift to more noble values. Whereas
‘Mursalo et al established the beneficial effect of sulphate, they
did not present any quantitative data which would allow sulphate to
chloride ratios to be maintained at levels which would ensure no
pitting corrosion of 3CR12 in mine waters. The beneficial effect
of - sulphate on the passive corrosion current density was
established when the sulphate concentration was increased to 2000

Ppm.
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Figure 4.21 (c¢) : Ecorr, Ebr., Ep and Eprot of 3CR12 in 2000 ppm 5042 + 500 ppm NO3~ versus
chloride concentration at pH 6.2. '

The effect of 2000 ppm of sulphate is to increase the critical
chloride concentration to 765 ppm as shown in figure 4.21 (c). The
protection potential has been shifted to below the corrosion
potential therefore affording no protection against pit propagation
even at the free corrosion potential measured in the non steady
state of the test. The addition of sulphate has increased the
[C17].,. at low concentrations but it has made E ror moOTE active at
higher concentrations thereby reducing the ability of propagating
pits to repassivate. This effect also causes the pitting density
to be reduced since existing pits are less likely to repassivate
and therefore reduce the probability that new pits will initiate
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respectively). A similar decrease in the resistance to pitting
corrosion was found by Chen and Stephens (1979) when they reduced the
chromium content of AISI 304 stainless steel from 18% to 12%. Alloy 825
showed the worst pitting corrosion resistance due to it's very low
chromium level (8%) and high carbon content (0.25%) (tying up some
chromium as chromium carbides), which was insufficient to allow the
formation of a stable passive layer. Alloy 825 cannot be regarded as a
stainless steel, and future studies should compare 1it's corrosion
resistance with that of low alloy steels and mild steel (Proctor,

(1988)).
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Figure 4.26 : [Cl7)crjt as a function of the sulphate concentration in a 500 ppm nitrate sclution at
pH 6.2 for AISI 431, Alloy 1210, 3CR12 and Alloy 825
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4.5 THE PRACTICAL SIGNIFICANCE OF THE EXPERIMENTAL RESULTS

The use of stainless type steels in the mining environment requires that
'they remain in the passive state during service thereby corroding at
very low rates during their service life. This requires the careful
matching of materials selection and water treatment of the mine water.
The four steels that have been tested present valuable information about
the interactive effects of ions present in mine waters. The following
discussion highlights the practical implications of the experimental
results obtained.

The experimental E-pH diagrams determined for Alloy 1210, 3CR12 and
Alloy 825 in 500 ppm sulphate have an active region extending over the’
whole range of pH values commonly encountered in mine water (pH 3.8 -
9.4). The active region of AISI 431 in 500 ppm sulphate (as determined
by Capendale (1985)) extends to pH 4, which allows neutralization of the
mine water by the addition of Ca(OH), to keep it in the passive state.
Regardless of the pH, Alloy 1210, 3CR12 and Alloy 825 can be in the
active state if the corrosion potential falls within the active portion
of the E-pH diagrams determined for them. The active region is between
200 to 300 mV for Alloy 1210 and 3CR12 in near neutral solutions, which
‘allows them to passivate in oxidising environments. For Alloy 825
active/transpassive corrosion is likely to occur throughout the pH range
because the passive layer that forms is not stable (as discussed
earlier). The experimental E-pH diagrams show that the stability of the
passive layer on the alloys varies and depends mainly on the chromium
content of the alloy. A mine water that is adjusted to maintain AISI
431 in the passive state may not passivate Alloy 1210 and 3CR12, and
will be very unlikely to passivate Alloy 825.

Localized corrosion in the form of pitting and crevice corrosion
contributes very 1little to the total volume of material lost by
corrosion. However, the significance of pitting corrosion is that it is
insidious and can be a precursor to environmental sensitive fracture and
to catastrophic failure. Pitting corrosion is particularly serious in
pipes and pressure vessels that are at high pressures since perforation
could lead to a loss of pressure and downtime while the component is
being replaced. It is therefore important to maintain the chloride

concentration below [Cl-] for a particular water/material combination.

crit
When the chloride concentration is above [Cl°] ., then E__. should be
kept below E, to avoid pitting corrosion initiating and below E ot tO
avoid pit propagation or crevice corrosion occurring. Even when pitting
corrosion does not occur, crevice corrosion may occur at potentials

significantly active to E, (Frankenthal and Pickering, (1972)).
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The corrosion potential of an alloy can be increased to more noble
values by microbial activity, strongly oxidising ions such as Cu?* and
Fe3*, and temperature and flow velocity. E_,, measured in potentiodynam-

ic polarization scans is more active than E which is measured 1in

corr
solution after it has allowed to reach equilibrium. Figure 4.27 shows
the E_ .. vs. time plots for each of the four alloys in a 500 ppm nitrate

+ 1000 ppm sulphate solution at pH 6.2. It can be seen that all of the

alloys show E becoming more noble with increasing time from initial

cOorr
immersion. 3CR12 was the quickest to reach equilibrium, and after 12
hours the free corrosion potential had stabilised at 30 mV (S.C.E.).
AISI 431 stabilised after 15 hours at 20 mV (S.C.E.) and Alloy 1210
stabilised after 16 hours at -4 mV. Alloy 825 had not stabilised by 18
hours, and the test was stopped after 36 hours when the corrosion
potential had reached 35 mV (S.C.E.) and still showed signs of
fluctuating between active and noble directions. The implications of

the equilibrium E values are described for each alloy below.

cOorr
For AISI 431, E, ranged between 90 mV and 680 mV (S.C.E.). 1In practice
the presence of microbial activity, oxidising ions, bimetallic contact,
high temperatures or increased fluid velocities may increase the
corrosion potential above the low end values of E, and cause pitting
corrosion. It is well established that as the chloride concentration is
increased, E, is reduced. Although AISI 431 may not suffer pitting
corrosion in solutions which have chloride concentrations higher than
[C1l7] ., there is a possibility that it will occur as a result of E___

being increased to more noble values.

Alloy 1210 has pitting potentials in the range -120 to 460 mV (S.C.E.)
and 3CR12 has pitting potentials in the range 70 to 490 mV (S.C.E.) for
tests performed in chloride concentrations exceeding [Cl.].;,. Both
alloys display pitting potentials established near to the [Cl7]_ ., more
active than those established for AISI 431, showing lower resistance to
pitting corrosion both by lower values for the [Cl”]_,;, and by having a
narrower potential range between the equilibrium E, . and E, than AISI
431. The equilibrium E of Alloy 1210 .-is more noble than E, in a

number of cases which would result in pitting corrosion in the solution

cri

corr

tested in freely corroding conditions. The reason that E, was found to
be lower for Alloy 1210 than that of 3CR12 may be due to the 10%
manganese content. Lunarska et al. (1975) found that for an 18Cr-5Ni
stainless steel, the addition of 5.7 to 15 % Mn diminished their ability
to be passivated and their resistance to pitting. In mine waters Alloy
1210 and 3CR12 are more likely to suffer pitting corrosion than AISI
431, and this is attributed to the higher chromium content of AISI 431
forming a passive layer which is more resistant to chloride attack.
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Alloy 825 has an equilibrium E which is often higher than E; which

corr
could result in pitting corrosion. It should be emphasized that alloy
825 is not a stainless steel and that general corrosion would probably
cathodically protect the steel from pittiﬁg corrosion. In stagnant
water where oxygen becomes deficient and the acidity of the surrounding
solution is decreased by the anodic dissolution of material by general
corrosion, crevice corrosion is 1likely to be a problem. This was
demonstrated by Capendale (1985) in crevice corrosion tests, and the

polarization behaviour indicated a poor resistance to crevice corrosion,
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Figure 4.27 : The corrosion potential vs. time in a 500 ppm NO3~ + 1000 ppm 5042~ for each of the
alloys

Capendale (1985) proposed that the localized accumulation of ions that
takes place due to evaporation and at crevices would not cause pitting

corrosion if the chloride concentration was below ([Cl17] if the

crit
following assumptions are met

i) The build-up of ions occurs in the same proportion as they are
present in bulk solution.

No significant change in pH is caused by the buildup of ions.

e
=
S~

[ ]
=
e
S~

The linear relationship which was derived between [Cl7]_.;, and the
inhibitor concentrations may be extrapolated to higher inhibitor
concentrator.

Capendale found a linear relationship existed between ([C17]_.;,, and
nitrate concentration for AISI 431, and a linear relationship was shown
to exist for AISI 431 between the [Cl7]_.,, and a combination of sulphate
and nitrate ions. Based on Capendale'’s assumptions AISI 431 and Alloy
1210 are not 1likely to suffer pitting corrosion as a result of 1local

concentration of solution if the chloride concentration 1is below
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[C17] 4. However, in the case of 3CR12 and Alloy 825, local
concentration of mine water could cause pitting corrosion even if the
chloride concentration is below the [Cl7].,,, which is shown by the slope
of the [C1l7]., line reducing to low values after a concentration of 500
ppm sulphate (see figure 4.26). This finding again emphasizes the
importance of being cautious of judging an alloys’ pitting corrosion
resistance upon that of a similar alloy.

Figure 4.28 is a schematic showing the factors that affect the pitting
corrosion behaviour of an alloy. It can be seen that the best region
for E ., to be kept to avoid pitting corrosion is in the complete
inhibition region. By increasing the chloride concentration above
[CI_]cnn the corrosion behaviour of the alloy depends upon the E __ of
the alloy. At potentials below E,, the allow will be in the passive
state. If E,, , becomes more noble and falls between E,, and E; then
existing pits may propagate but new pit may not initiate. E, .. may
become more active as a result of oxidizers, microbes, temperature,
bimetallic-contact and fluid-velocity. If E_ , becomes more noble than
E, then pitting will initiate after an incubation period. The diagram
shows that the increasing [N03"], [S0,2"] and the pH will increase the
value of [Cl°]_,,. Increasing the sulphate concentration above 500 ppm

has no positive effect on the [Cl7]_.,, for 3CR12 and Alloy 825.
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Figure 4.28 : A diagram summarising the factors which affect the possibility of pitting corrosion of
- a material in mine water solutions (after Capendale, (1985)).

Although sulphate ions seem to improve the pitting corrosion resistance
of stainless steels, there is a danger that the action of sulphate
reducing bacteria could reduce sulphate ions to highly corrosive species
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such as sulphides. 1In addition sulphate has been found to increase the
rate of corrosion of mild steel, and it could therefore increase the
rate of corrosion of low alloy alloys. The beneficial effects that
sulphate offers in inhibiting the pitting corrosion of stainless steels
would have to be carefully evaluated by corrosion enginéers due to the
detrimental effects that could be suffered as a result of it. The
complexity of corrosion phenomena require caution to be exercised prior
to any major change in the water treatment system of a mine.

The relationships established between [Cl7].;, and inhibiting ions for
the alloys tested need to be checked in real mine water solutions which
have chloride concentrations above and below [Cl7] ;. This will allow
corrosion engineers to use the quantitative relationships that have been
derived for AISI 431, and to qualitatively use the relationships that
have been established for Alloy 1210 and 3CR12. As has been discussed,
Alloy 825 is not a stainless type steel, and it is unlikely that pitting
corrosion will be a problem for it in service.
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CHAPTER 5

FINDINGS AND CONGCLUSIONS

The potentiodynamic polarization technique was used at a scan rate of
0.12 mV/second in fully aerated solutions, and the following findings and
conclusions were made from the experimental results

1. Increasing the sulphate concentration resulted in an increase of the
[C17] ¢ of AISI 431 in solutions at pH 6.2. The inhibitive effect of
sulphates was less than that of nitrates (Capendale, (1985)) and the
[C1l7]) 4y Values were lower than those established by Capendale (1985)
using a fast scan rate. A linear relationship between the {Cl”] ., and
the [S0,2"] was found.

2. Increasing the sulphate concentration in solutions containing 500 and
1000 ppm nitrate at pH 6.2 resulted in an increase of the [Cl7]_,, of
AISI 431. The [Cl7].,, increased linearly with increased sulphate
concentration and the slope of the resulting relationship increased
with increasing nitrate concentration, indicating a synergistic
interaction by sulphate and nitrate in inhibiting pitting corrosion.

3. Reducing the pH to 3.8 in a solution containing 1000 ppm sulphate plus
1000 ppm nitrate resulted in the [Cl7]_,  of AISI 431 being reduced
from [C17].,,, obtained at pH 6.2. Increasing the pH to 9.4 for the
same solution resulted in an increase of [Cl7]_,, to a value greater
than for pH 6.2. The resulting [Cl7]_.;, values were lower than those
established by Capendale the same solution minus the 1000 ppm
sulphate. The addition of sulphate was found to reduce the efficiency
of nitrate as an inhibitor at low and high pH values, and increase the
efficiency of nitrate as an inhibitor at neutral pH's.

4. An experimental E-pH diagram was constructed for Alloy 1210 in a
deaerated 500 ppm sulphate solution. It was found that at a pH less
than 9, Alloy 1210 could corrode in the active state. At a pH greater
than 9 it was found to be in the passive state. The active state
extended over a greater range than that of AISI 431 (Capendale,
(1985)) which extended from low pH values to pH 3.8.

5. Increasing the sulphate concentration in solutions containing 500 ppm
nitrate at pH 6.2 resulted in the increase of [Cl7]_;, for Alloy 1210.
The ([Cl7].. ;. values established for Alloy 1210 were lower than those
established for the same solutions for AISI 431, A linear
relationship was established between [Cl7]_.,, and the sulphate
concentration.

)
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An experimental E-pH diagram was established for 3CR12 in a deaerated
500 pbm sulphate solution. The active range extended over the whole
PH range from 2 to 10. The active range was extended over a larger
range than for AISI 431 or Alloy 1210. |

Increasing the sulphate concentration up to 500 ppm in solutions
containing 500 ppm nitrate at pH 6.2 resulted in the ([Cl17]_,;, being
increased for 3CR12. Increasing the sulphate concentration above 500
ppr had 1little effect on the {Cl-]mﬂt‘ The [C17]_,, at 200 ppm
sulphate was higher than for AISI 431 and Alloy 1210. At 500 ppm
sulphate the [Cl7]_,, was below that of AISI 431 but above that for
Alloy 1210. At 200 ppm sulphate the [Cl7].., was lower than both AISI
431 and Alloy 1210.

An experimental E-pH diagram was constructed for Alloy 825 in a
deaerated 500 ppm sulphate solution. Active corrosion occurred
without the development of a passive layer up to pH 6. The passive
layer that developed was unstable and was not expected to be a
chromium oxide layer such as expected for AISI 431, Alloy 1210 and
3CR12. Alloy 825 showed similar corrosion behaviour to 1low alloy
steels and mild steel.

Increasing the sulphate concentration reduced the stability of the
passive layer on Alloy.825 in a 500 ppm nitrate solution at pH 6.2.
The addition of low concentrations of chloride ions stabilised the
layer, but the addition of further chlorides quickly resulted in a
combination of general and pitting corrosion of Alloy 825.

The results obtained show that the interactive effect of different
ions on the pitting corrosion behaviour varies for different alloys.
For this reason results obtained for a particular alloy should not be
used to predict the pitting corrosion behaviour of another alloy
without doing some experimental test work first.
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CHAPTER 6

FUTURE_WORK

The results obtained for this work should form part of the ongoing research
programme being carried out by the Chamber of Mines Research Organisation.
The shortened test programme should be used to determine the pitting
corrosion resistance of further development alloys that COMRO needs
evaluating. This will enable the results obtained to be directly compared
with those of AISI 431, Alloy 1210, 3CR12 and Alloy 825. This will allow a
database of pitting corrosion information to be collected for materials

selection and water treatment purposes.

Future alloys that have chromium levels of less than or equal to 10% should
not have their pitting corrosion resistance evaluated using the shortened
pitting corrosion test programme. Techniques should be employed which
evaluate the general corrosion rates of the materials since the passive
layer that develops on their surface is not stable, and therefore general
corrosion is 1likely to be the predominant corrosion mechanism and not

pitting corrosion.
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" APFENDIX - B -105-
AISI 431 TEST PROGRAM COMPLETED

CRITICAL CHLORIDE TESTING : 100 ppm S0,2° at pH 6.2

ppm Cl- Ecorr (V) E'br/p V) Eprot V) j'p‘ass (uh/cm?)
0 -0.14 0.38 40
20 -0.14 0.40 40
50 -0.15 0.12 -0.10 40
100 -0.14 0.11 -0.08 20
150 -0.13 0.11 -3

CRITICAL CHLORIDE TESTING : 500 ppm SO,2” at pH 6.2

ppm Cl- Eorr (V) Eperp (V) Epror (V) i, (vA/cm?)
50 - .0.21 0.40 4
100 -0.21 0.42 5
125 -0.20 0.41 6
150 -0.18 0.38 5
200 -0.17 0.36 -0.12 6
300 -0.15 0.09 -0.12 8

CRITICAL CHLORIDE TESTING : 1000 ppm SO,2” at pH 6.2
(data corrected for XY recorder calibration error)

- ppm Cl- Ecorr V) Eb::/p (V) Eprot. V) j'pass (”A/cmz)

300 -0.26 0.40 7

330 -0.20 0.50 20

340 -0.18 0.46 40

350 -0.22 0.30 - 10

360 -0.15 0.30 +0.10 20

380 -0.18 0.18 +0.13 20
0.12 -0.07 o 8

400 -0.20

CRITICAL CHLORIDE TESTING : 2000 ppm SO,2” at pH 6.2

ppm Cl- E.orr (V) Eprsp (V) Epror (V) 1.0 (uA/cm?)
300 -0.26 0.56 10
400 -0.24 0.50 30
500 +0.16 _ 0.54 _ 40
600 -0.25 0.26 ) +0.08 40

700 -0.24 0.35 +0.02 10

Pitting

-

Pitting

<222

Pitting

L

Pitting

w422



APPENDIX - B

AIST 431 TEST PROGRAM GCOMPLETED

CRITICAL CHLORIDE TESTING :

ppm Cl- E.orr (V)
300 -0.15
400 -0.16
500 -0.17
600 -0.14
700 -0.13

800 -0.12

CRITICAL CHLORIDE TESTING :

ppm Cl1- Ecorr V)
400 -0.24
500 -0.27
600 -0.28
700 -0.25
800 ‘ -0.23
900 -0.21

CRITICAL CHLORIDE TESTING :

ppm Cl- Eorr (WD
600 -0.15
700 -0.14
800 -0.15
900 -0.14
1000 -0.15

CRITICAL CHLORIDE TESTING :

ppn Cl- E.orr )
900 -0.14
1000 -0.13
1100 -0.14
1200 -0.14

1300 -0.13

CRITICAL CHLORIDE TESTING :

ppm Cl- Ecorr (V)

0 -0.26
1100 -0.31
1125 -0.28
1150 -0.28
1200 -0.30
1250 -0.28
1300 -0.31

1400 --0.29

-106-

500 ppm NO,~ at pH 6.2
Ebr/p (V)

0.50
0.70
0.48

0.34 .

0.37
0.24

500 ppm

NO,” +

El:u:/p V)

0.48
0.45
0.46
0.31
0.38
0.31

500 ppm

Ebr/p

0.50
0.52
0.50
0.40
0.40

500 ppm

Ebr/p

0.58
0.59
0.58
0.48
0.40

500 ppm

Ebx:/p

.35
.54
.45
.52
.50
.43
.48
.41

OO0O0OOOO0OO0O0OO

NO,” +
V)

NO,” +

"

NO,~ + 1500 ppm SO,%" at pH 6.2
(uA/cm?)

V)

Eprot (V) ipass

-0.07
+0.00
+0.04

100 ppm SO,%2” at pH 6.2
(uA/cm?)

Eprot (V) ipass

-0.03
-0.01
+0.05

500 ppm SO,%" at pH 6.2
(vA/cm?)

Eprot (V) ipass

-0.05
+0.05

1000 ppm SO,%2 at pH 6.2
(uh/cm?)

Eprot (V) ipass

+0.11
+0.06
+0.04

Eprot (V) ipass

+0.13
+0.00
+0.07
-0.03
+0.07
-0.13

(vA/cm?)

HEREROOOO
OO~

= e HHHHOO
OO0 Om™®

WRNNNN

= e e e e S
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APPENDIX - B

AIST 431 TEST PROGRAM COMPLETED

CRITICAL CHLORIDE TESTING :

Ecorr (V)

-0.
-0.
-0.
-0.
-0.
-0.
-0.
.27

ppm Cl-

500

700

900
1100
1200
1250
1300
1350
1400
1500
1700

CRITICAL CHLORIDE TESTING :

ppm Cl-

1200
1300
1400
1450
1500
1550
1600
1600
1700

CRITICAL CHLORIDE TESTING :
ECOI: (V)

-0.
.32

ppm Cl-

1400
1500
1550
1600
1650
1700
1800

CRITICAL CHLORIDE TESTING :

ECOII (V)

-0.
-0.
.28

ppm Cl-

0
1000
1500
2000
2025
2050
2100
2500

-0

-0.
-0.
-0.

ECOII (V)

-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.

-0

-0.
-0.
-0.
-0.
-0.

-0

-0.
-0.
-0.
-0.
-0.

32
31
36
35
31
27
27

32
34
34

31
30
29
28
31
30
32
34
30

36

38
35
36
32
32

29
29

29
30
28

29

28

-107-

1000 ppm NO,~ + 200 ppm SO,2" at pH 6.2
Epror (V) 1o, (uA/cm?)

[elefoloJolofoRoToXe o)

Ebz:/p (V)

.51
.57
.52
.46
.46
.21
.16
.15
.25
.30
.31

-0

-0.
-0.
.05

-0

-0.
-0.

.05

15
06

15
07

HFHRENHENHE e

1000 ppm NO,” + 500 ppm S0,2” at pH 6.2
(data corrected for XY recorder calibration error)

Eprot. ) ipass (kA /cm?)

OOO0OOOO0O0O

1000 ppm NO,~ + 1000 ppm SO,2" at pH 6.2

oooocooo

1000 ppm NO,~ + 1500 ppm SO,2" at pH 6.2

COO0OOO0O0O0

Ebz:/p (V)

.60
.56
.43
.22
.09
.17
.13
.12
11

E1:)::/p (V)

.65
.60
.65
.68
.12
.38
.45

Eprp (V)

.54
.50
.48
.51
.21
.31
.28
.32

-0

+0.
+0.
-0.
-0.
-0.

Epro

-0.
-0.

.04

03
02
05
01
10

L (V) 1

14
05

pass

1 s

(uA/cm?)

e

Erot (V) i, (eA/cm?)

-0.
-0.
+0.
+0.

12
16
06
03

= S e

KM 2 2

Pitting

Pitting

KGR G 2 2

Pitting

W

Pitting

K222
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AIST 431 TEST PROGRAM COMPLETED

CRITICAL CHLORIDE TESTING :
ECOII (V)

-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.

| ppm Cl-

0
500
600
900
1000
1100
1200
1400
1500

CRITICAL CHLORIDE TESTING :
ECOII (V)

-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.

-0.

ppm Cl-

0
500
~1000
1800
1900
2000
2000
2100
2200
3000
4000
5000

28
30
23
28
30
34
29
29
27

21
16
25
20
18
23
23
27
24
24
22
21

OCOO0OOOOOO0O

Ebr/p (V) Eprot (V) ipasx
0.65 1
0.65 1
0.59 1
0.56 1
0.46 -0.06 1
0.21 -0.10 1
0.27 -0.07 1
0.20 -0.01 1
0.24 -0.11 1
0.18 -0.10 1
0.21 +0.02 0.5
0.09 -0.07 1

E'l:sr/p (V)

.60
.66
.64
.64
.58
.56
.55
.50
.24

-0.

18

i

pass

(vA/cm?)

e e el e e

1000 ppm NO;~ + 1000 ppm SO,%” at pH 3.8

Epror (V)

1000 ppm NO,~ + 1000 ppm SO,2” at pH 9.4
(vA/cm?)

Pitting

B -3~

Pitting

el il 1l vl 2 2
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ALIOY 1210 TEST PROGRAM COMPLETED

E - pH TESTING : 500 ppm SULPHATE
PH Ecorr (V) E. (V) E, (V) i.ss (WA/cm?)  Pitting

2.20 -0.68 +0.00 0.74 2 N
3.00 -0.70 +0.00 0.58 1 N
5.00 -0.88 -0.70 0.54 1 N
6.00 -0.88 -0.70 0.42 1 N
7.15 -1.00 -0.46 0.34 40 N
'8.00 -0.92 -0.60 0.38 20 N
9.18 -0.86 -0.74 0.28 6 N
10.20 -0.88 0.18 5 N
11.25 -0.94 0.08 7 N

CRITICAL CHLORIDE TESTING : 200 ppm SO,2” + 500 ppm NO,~ at pH 6.2

ppm Cl- Eorr (V) Borsp (V) Egppge (V) 1., (uA/cm?) Pitting
0 -0.24 +0.75 1 N
200 -0.35 +0.74 2 N
500 ~0.23 +0.76 1 N
525 -0.20 +0.05 1 Y
600 -0.13 +0.05 4 Y
- 700 -0.28 +0.00 - 2 Y
. 800 -0.34 -0.09 ’ 1 Y
1000 -0.40 +0.07 1 Y

CRITICAL CHLORIDE TESTING : 1000 ppm SO,2" + 500 ppm NO;~ at pH 6.2

ppm Cl- Eeore (V) Epesp (V) Epror (V) 1. (uA/cm?) Pitting

0 -0.34 +0.76 0.8 N
500 -0.32 +0.74 1 N
550 -0.32 +0.24 -0.26 1 Y
650 -0.32 +0.08 +0.03 1 Y
700 -0.30 +0.25 1 Y
800 -0.36 - -0.10 -0.17 1 Y
900 -0.33 -0.11 -0.17 1 Y

1 Y

1000 -0.33 -0.10 -0.17

CRITICAL CHLORIDE TESTING : 2000 ppm SO,2” + 500 ppm NO,~ at pH 6.2

ppm Cl- Eorr (V) Eprp (V) Epge (V) Lo, (vA/cm?) Pitting
0 -0.18 +0.74 3 N
500 -0.20 +0.70 2 N
900 -0.23 +0.76 3 N
925 -0.21 +0.46 1 Y
950 -0.27 -0.12 2 Y
1000 -0.25 +0.08 -0.17 1 Y
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3CR12 TEST PROGRAM COMPLETED

E - pH TESTING : 500 ppm SULPHATE

pH

.00
.00
.00
.80
.50
.70
.70
.00
0.00

oo LN

=

Ecorr (V)

-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.

42
60
64
89
91
88
88
90
92

Ep

+0.
+0.
+0.
-0.
-0.
-0.
-0.
-0.
.68

-0

)

32
04
06
43
58
62
68
74

-110-

OCOOOCOOOOO

B, (V)

.68
.64
.56
.38
.44
.50
.48
.40
.38

i'pass

(#A/cm?)
10

NonoIuULn

CRITICAL CHLORIDE TESTING : 200 ppm SO,2° + 500 ppm NO,” at pH 6.2
Ebr/p V)

ppm Cl-

0
500
650
700
700
725
750

CRITICAL CHLORIDE TESTING :
Eeore (V)

-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.

ppm Cl-

0
700
700
750
800
800
9300
1000
1100

CRITICAL CHLORIDE TESTING :

ECOII (v)

-0.
-0.
-0.
-0.
-0.
-0.
-0.

Ppm Cl-

0
500
600
700
750
800
900

ECO!! (v)

-0.
-0.
-0.
-0.
-0.
-0.
-0.

29
31
36
26
30
29
29

32
29
30
30
28
36
31
28
29

29
32
30
30
30

25

29

COO0OOCOOO

.75
.73
.68
.77
.29
.28
.64

Eprot, V)

+0.03
+0.10

i

pass

(kA /cm?)

NN W

1000 ppm S0,2- + 500 ppm NO,~ at pH 6.2

COO0COOCOOOO

.74
.54
.70
.72
.49
42
.36
.46
.28

Eprot (V)

-0.01
-0.04
+0.00
+0.01
-0.04

i

pass

(vA/cm?)

RN WRNWRN W

2000 ppm S0,2" + 500 ppm NO;~ at pH 6.2
Ebx:/p (V)

OCOO0OO0OO0

.72
.76
.74
.76

74

.07
.08

Epror (V)

i

pass

(vA/cm?)

el el el

Pitting

ZZzZA22AA=RA

Pitting

K 222

Pitting

K el G 22

Pitting

-4
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ALLOY 825 TEST PROGRAM COMPLETED

E-pH TESTING :

o
=]

.10
.00
.00
.00
.00
.00
.00
.30
.40

'C‘;\ooo\xo\wbww

" CRITICAL CHLORIDE TESTING :
ECOII (V)

-0.
-0.
-0.
-0.
-0.
-0.

ppm Cl-

0
100
125
150
200
500

CRITICAL CHLORIDE TESTING :
Ecorr (V)

-0.
-0.
-0.
-0.
-0.
-0.

ppm Cl1-

0
50
100
200
300
700

CRITICAL CHLORIDE TESTING :
ECOI! (V)

-0.
-0.
-0.
-0.
-0.
-0.

ppm Cl-

0
100
/200
300
500
700

500 ppm SULPHATE

ECOI! (v)

-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.

64
62
65
80
80
84
88
88
92

25
35
24
30
31
25

31
28
28
25
28
47

39
30
35
38
40
43

Ee ()

-0.72
-0.72
-0.72
-0.74

-111-

E,. (V) 1 oass (vA/cm?)

-0.68
-0.56
-0.60
+0.32
+0.34

200 ppm SO,2” + 500 ppm NO,~ at pH 6.2
Eprp (V)

+0.75 .

+0.75
+0.32
+0.12
+0.20
+0.13

Eor (V) 1 (vA/cm?)

pass

2
2
8
10
6
5

1000 ppm 80,2 + 500 ppm NO,~ at pH 6.2

Ebr/p (

-0.22
+0.31
-0.20
+0.22
+0.07
-0.47

V)

Eprot'. (V) ‘Vipass (”A/cmz)

= On

2000 ppm SO,%" + 500 ppm NO;~ at pH 6.2

Eprsp (

-0.39
-0.30
+0.75
-0.30
-0.40
-0.43

)

Epror (V) 1, (vA/cm?)

Pitting

ZZZ2Z 2222

Pitting

1

Pitting

K22

Pitting

<
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Figure C.1 : Egoer and Epr of AISI 431 in 100 ppm 5042~ versus chloride concentration at pH 6.2.
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Figure C.2 : Ecorr and Epy of AISI 431 in 500 ppm. S042” versus chloride concentration at pH 6.2.
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Figure C.3 : Ecory and Epr of AISI 431 in 1000 ppm SO42~ versus chloride concentration at pH 6.2.
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Figure C.4 : Ecory and Epy of AISI 431 in 500 ppm NO3~ versus chloride concentration at pH 6.2,
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Figure C.5 : Egporr and Epy of AISI 431 in 100 ppm SO42 + 500 ppm NO3~ versus chloride concentration at
pB 6.2.
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Figure C.6 : Egory and Epy of AISI 431 in 500 p]:m 5042~ + 500 ppm NO3~ versus chloride concentration at
pH 6.2, ’
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Figure C.7 : Egorr and Epy of AISI 431 in 1000 ppm S042- + 500 ppm NO3~ versus chloride concentration at
pH 6.2,
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Figure C.8 : Egorr and Epyr of AISI 431 in 1500 ppm 5042~ + 500 ppm NO3~ versus chloride concentration at
PH 6.2.
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Figure C.9 : Ecorr and Epyr of AISI 431 in 200 ppm SO42~ + 1000 ppm NO3~ versus chloride concentration at
pH 6.2.
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Figure C.10 : Egopy and Epy of AISI 431 in 500 ppm SO42° + 1000 ppm NO3~ versus chloride concentration
at pH 6.2, :
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Figure C.11 : Ecorr and Epr of AISI 431 in 1500 ppm S042~ + 1000 ppm NO3~ - versus chloride concentration
at pH 6.2, : : ’
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