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ABSTRACT

The new concept of hydropowser has been found to be technically feasible in
South African gold mines. Chilled mine service water is piped from the
surface to deep level stope:; where the hydrostatic pressure provides power for
stoping machinery. This wa:er varies widely in composition and acidity. High
concentrations of sulphate, chloride and nitrate are present. These ions are
derived from the leaching of oxidised sulphides from the broken rock, the
fissure water and the disso ution of blasting fumes.

In order tc minimise the d:terioration of stoping machinery by corrosion and
synergistic corrosive abre¢sive effects, a compromise between selecting a
suitable corrosion resistant material and treating the mine service water to
an acceptable level of corrosiveness is being sought.

- The potentiodynamic polari:ation technique has been used to determine the
corrosion behaviour of ALl 431 stainless steel in synthetic mine wéter
solutions. The construction of an experimentally determined E-pH diagram
‘showed that AISI 431 is pa' sive in solutions with a pH equal to and greater
than 3.8. As expected “he presence of chloride ions was found to be
responsible  for gitting corrosion during the potentiodynamic polarization
tests. The chloride concen.ration at which the breakdown of passivity changes
from being uniform (transpassivity) to localized (pitting), was defined to be
the critical chloride conceitration, [C1-].pjt. The corrosion potential, the
pitting or breakdown potent al and the protection potential were plotted as a
function of chlcride conceniration for solutions with various combinations of
pH and nitrate concentratior. It was found that increasing pH and nitrate ion
concentration innibited pitting corrosion of AISI 431 by increasing the
[C1=]epit- A limited series of tests showed that sulphate ions inhibit
pitting corrosicon of AISI 431 to a lesser extent than nitrate ions. For the
~limited range of concentrations reported in mine waters, linear relationships
were found to exist between inhibitor ion concentration and [C1~]cpit.

The results have been discussed in terms of their practical application to the
real mine water situation. The increase in corrosion potential in real mine
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waters due to microbial activity, the presence of oxidisers and other factors
is thought to play an important role in the occurrence of pitting corrosion of
mining equipment. It is suggested that careful control of the chemistry of
the mine water will be as important as alloy selection in minimising the

corrosion problems which are 1likely to be encountered in the hydropower
system.



A GLOSSARY OF SYMBOLS AND ABBREVIATIONS

O
]

activity
Tafel constant
[C1=Jcpit - critical chloride concentration

™
I

E - electrode potential
EO - standard electrode potential
Ep - breakdown potential correspondinj to uniform breakdown of
passivity due to transpassive dissolution
Ecorr - corrosion potential
EF - Flade potential
Ep - pitting potential corresponding :o0 localized breakdown of
passivity due to pitting corrosiin
Epp - primary passive potential
Ex - protection potentiail
F - Farraday's constant = 9.64870 x .04 C mo1-1
AG - change in free energy
h.e.r. - hydrogen evoluticn reaction
ig - exchange current density
“icorr - corrosion current density
Ic - critical anodic current density
Ipass - passive current density
o.r.r. - oxygen reduction reacgion
n - number of electrons involved in a reaction
n - overvoltage
pH - Tog 1/ry+g
T - osmotic pressure
ppm - concentration in parts per millicn
r - rate of reaction
R - molar gas constant = 8.3143 J.moi-1lk-1
R.W.R. - relative wear resistance
S.C.E. - saturated calomel electrode
S.H.E. - standard hydrogen electrode
T - induction time for pit initiatior
T.D.S. - total dissolved solids
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CHAPTER 1

INTRODUCTION

The development of mechanised stoping techniques in order to increase the
productivity and profitability of South African gold mines requires the
introduction of machines for the mining and transportation of quartzitic
rock. The two mbst challenging problems facing the mechanization programme

~oare:

i) To devise suitable methods of powering stoping machinery.
ii) To achieve adequate reliability of stoping machinery.

The Timited efficiency, high maintenance costs and other factors associated
with the traditional use of pneumatic and electric power have necessitated the
search for an alternative source of power for underground operaticns. The
high costs of mineral oils and pollution of the working area resulting from
spillage excludes the use of conventional hydraulics. Hydraulically powered
systems, using an emulsion (known as 5:95), which consists of 95 per cent
water and 5 per cent additive, as the hydraulic fluid, have therefore bean
developed for use in the mines. A new concept, known as hydropower, involves
utilizing the energy made available by the hydrostatic pressure in a column of
water leading from the surface to deep Tevel stopes. The high pressure water
will be used in the form of water jets to assist in mechanical rock breaking
and stope cleaning. It is intended that the hydraulic machinery currently
operating on 5:95 emulsions will ultimately be converted for powering by
hydropower water.v A further attraction is that, by cooling the water at the
surface, the hydropower system could contribute to the overall cooling of the
mines. An increase in the corrosivity of the water due to contamination by
the mining environment will necessitate that the water undergoes a treatment
process before it is re-used {Manager MAB, (1983)):

Corrosion and abrasion have been identified as the major causes of materiai
degfédation resulting in the unreliable performance of underground machinery.
In-situ studies and laboratory tests have shown that stainless steels have
superior wear resistance to mild steel and proprietary wear resistant alioys



in a situation where both corrosion and abrasion are encountered. The

relative wear re1stance (R.W.R.):

Volume loss of mild steel
R.W.R., =

Volume Toss of material X

of a series of corrosion resistant steels is compared to mild steel and a
number of proprietary wear resistant alloys in Figure 1.1 (Noél, Allen and
Ball, (1984)).
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FIGURE 1.1 : The relative wear resistance of corrosion resistant steels
compared to mild steel and proprietary wear resistant steels
(after No€l, Allen ind Ball (1984)).

This.work clearly highlighted th2 need for a “stainless" type steel with good
abrasion resistance, however conventional stainless steels are expensive and
do not have - the required machanical properties. Chromium-containing
martensitic steels are therafore regarded as being potential materials for the
manufacture of mining equipment. Chromium provides corrosion resistance while
a martensitic microstructure provides abrasion resistance and the desired

mechanical properties.



The design of machinery to function on treated mine water and the development
of new materials with suitable mechanical properties and corrosion resistance
is vital for the successful implementation of the hydropower concept. By
simultaneous interactive research in the fields of alloy development, wa':er
treatment, corrosion and wear, the Chamber of Mines aims to determine a
practical and ‘cost-effective compromise between alloy composition and
water-quality (Manager MAB, (1983)). ‘



CHAPTER 2

AN OUTLINE OF THE PROBLEM

2.1 THE AIM OF THE CHAMBER OF MINES RESEARCH ORGANISATICN

Ultimately the Chamber of Mines Research Organisation aims to develop
cost-effective "stainless" type materials which wi]i remain passive in
treated mine waters. This is schematically represented in Figure 2.1.
To achieve this aim it is necessary to identify those factors relating to
the quality of mine water and the composition of the steel in order that
appropriate treatment of the water can be undertaken and suitable steels
may be developed.

ANODIC CURVE

- CATHODIC
| CURVE
.

\

POTENTIAL

LOG CURRENT DENSITY

FIGURE 2.1 : A representation of the relative positions of the anodic and
cathodic curves necessary for a material to be passive in a
particular solution

2.2 THE WATER

2.2.1 MWater Quality

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 1in a
particular mine as well as in samples taken from the same point at
different times. Table 2.1 lists the average concentrations of
the predominant ions present as well as the harcness, conductivity
and pH of some selected mine waters. The survey was more
comprehensive than shown in Table 2.1 and included minor species
such as bicarbonate, fluoride, nitrite, potas;ium, cupric and
ferric ions. A complete analysis of a wider range of mine waters
is presented in Appendix A. |

TABLE 2.1 : Mine water compositions (Manager MAE, (1983))

MINE pH |CONDUCTIVITY TOTAL TOTAL Cci- 5042‘ NO3~ ‘Na+
mS/m DISSOLVED|HARDNESS| (ppm) i (ppm) | (ppm){(ppm)

SOLIDS {AS CaCO3

{ppm) {pom) | |

Mine A 6.0 252 1944 753 85 ;1035 158 263
Mine B 6.5 490 3038 635 1203 265 144 790
Mine C 6.1 614 3790 448 1865 153 65 11040
Mine D 6.5 255 2184 518 i 39 | 829 327 290
Mine E [6.3 700 4975 1534 j1812 & 821 228 {1130
Mine F 5.8 1200 10870 3689 2766 12008 {1650 (1520
Mine G 6.3 192 4180 769 1220 l 901 191 900
Mine H 7.6 175 1820 738 103 § 677 188 104
Mine I 6.9 240 2824 152¢ 36 ]1586 10 70
Mine J 6.5 850 6756 1785 11564 J2176 1185 {1480

i

Due to the variability of the concentration f the ions these
figures should only be regarded as an approxinate indication of *
the composition range expected for a particular mine water. Table
2.1, for instance, indicates a pH range of 5 to 8, whereas pH
values as low as 2.1 were recorded during the survey. Reference
to Table 2.1 and the map in Figure 2.2 shcws that the mine waters
of the Orange Free State have higher total dissolved solids
(T.D.S.) contents, and in particular higher chlcride concentration
than those of the Transvaal.
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FIGURE 2.2 : Locations of mines inciuded in the survey (after

Higginson and White, (1933))

The oxygen concentration of ths wat:r was generally found to be
close to saturation level. In the cise of crevices and stagnant
situations however it is probable tha:. the water would be depleted
of oxygen which would result in the hydrogen evolution reaction
being the major cathodic process.

Higginson and White (1983} mweasur:d mine water temperatures
ranging from 10°C to 42°C. Temperalure affects the kinetics of
corrosion reactions and aiso determiies the solubility of oxygen
in water. A temperature of 30°C is considered to be a reasonable
average for mine water.

Microbial activity affects the corrnsivity of mine waters in a
number of ways. The bacteria speci2s Thiobacillus thio-oxydans
and Thiobacillus ferro-oxidans are known to accelerate the
oxidation of pyrites ore which results in sulphuric acid formation
and a corresponding decrease in pH (Rawat, (1976)). Tiller (1982)
has suggested that these and other organisms are able 'to



metabolically utilize cathodic hydrogen and thus influence the

corrosion rate.

Scotto et al (1983) reported that microbial activity on the
surface of stainless steel in natural sea water resulted in an
increase in the corrosion potential as shown in Figure 2.3. They
suggested that this effect was due to the alteration of the
cathodic kinetics by the microbes. It is possible that microbial
activity in areas where stagnant water is encountered in the mines

may result in a similar effect.
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FIGURE 2.3 : Ecopr @s a function of time for a 21 Cr - 3 Mo
stainless steel in natural sea water (after Scotto et

al, (1983))

The complexity anJd variability of mine waters makes it difficult
to determine which constituents are responsible for the corrosive
nature of the water. Subrahmanyam and Hoey (1975) investigated
the corrosion bekaviour of mild steel in synthetic acid mine
waters using both weight 1loss and electrochemical techniques.
They found that the corrosion rate of mild steel was increased by
the presence of ferric and cupric ions which were reduced in a
cathodic process. They also determined that the corrosion rate
was predominantly governed by diffusion control of the cathodic



processes. Rawat (1976) reported that the corrosion rate of mild
steel in Indian coal mines increased with increasing concentration
of chloride and sulphate ions. He could not find any correlation
between the corrosion rate and the saturation index (Appendix B).

Higginson and White (1983) determined the corrosion rate of mild
steel in South African gold mine waters using Tafel plots. They
found that above a pH of 5 deaeration resulted in a decrease in
the corrosion rate, and that the corrosion rate was independent of
pH in this range. Below a pH of 5 they found that the corrosion
rate increased approximately linearly with decreasing pH, and that
the corrosion rate was lower in the deaerated solutions. These
results led to the conclusion that in waters with a pH greater
than 5 the diffusion controlled oxygen reduction reaction was the
predominant cathodic process, while in solutions of pH less than 5
the hydrogen evolution reaction and the oxygen reduction reaction
competed for the cathodic process. In deaerated solutions with
saturation index 1less than negative 3 they found that the
corrosion rate increased with decreasing saturation index. In an
investigation of synthetic waters Higginson (1984) reported that
the corrosion rate of mild steel was essentially independent of
the concentration of nitrate, chloride or sulphate ijons.

2.2.1.1 Summary

This review nas highlighted a number of important factors
which should be taken into consideration when studying
the effect of water quality on the corrosivity of mine
waters. These factors have been summarized in Table 2.2.

TABLE 2.2 : Important factors 1in mine waters and the
levels at which they are present

FACTOR LEVEL/(Concentration in ppm)
Chloride concentration 50 - 2000
Nitrate concentration 50 - 1500
Sulphate concentration 100 - 2000
Dissolved oxygen Generally saturated
Presence of oxidisers Traces of Fe3*+ and Cult
Microbes Suspected to be present
Temperature 30°C average
pH 4 -9




2.2.2 Hydropower Water Cycle and Water Treatment

A cycle of hydropower water through a mine would result in
contamination of the water by the underground mining environment.
The sources of contamination have been identified and -are
illustrated in Figure 2.4 which is a schematic representation of
the hydropow~er water concept. Chemical and bacterial oxidation of
the pyrites ore culminating in the formation of sulphuric acid
leads to a decrease in pH as well as an increase in the sulphate
content of the water. Lime is added to the water to increase the
pH, and thus the T.D.S. is further increased. Blasting fumes and
products d-ssolve in the water thereby increasing the nitrate
concentratinn.  The chloride ion concentration of the water is
increased b the assimilation of fissure water into the system. A
further overall increase in the T.D.S. 1is anticipated due to
evaporation which is estimated at 10 per cent during a cycle. It
is intended that by treating the water after each cycle the total
dissolved :o0lids content and pH will be maintained within an
acceptable »nrescribed range.

A - Nitrata: pick up du to blasting fumes

- uri ) ti idation of iron sulphide in the ore g
B - Sulphuric actd for> tion due to the oxi P HYDRO POWER WATER CONDITIONING PLANT

C - Chiorides pick up ¢ om fissure water T0S - CONSTANT led TOS - REDUCED TO .
PH - NEUTRAL ORIGINAL AMOUN
D - Addition of lime t neutralise the pH PH - NEUTRAL

£ - 10% Evaporation

TO STOPES

T0 STOPES DISTRIBUTION
' r - POINT
i ‘ /
@"__" A / . s - 4 - '(E )
e 105 Vs PH - NEUTRAL
oy |
P .

PUMPING STATION !

- ——

—
Tos -4 4_/_3
@_'__—‘ PH - NEUTRAL ] _/

FIGURE 2.4 : The hydropower water cycle indicating sources of
water contamination
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The following water treatment practices are commonly employed for
the treatment of mine service waters:

i) Biocidal treatment for prevention of biological fouling

ii)  Sterilisation for potability

iii)' Water conditioning for neutralisation and clarification

iv)  Anti-fouling treatment for prevention of scaling

v) Addition of corrosion inhibitors

These procedures are necessitated by the deterioration in the
quality of the water during recycling (White, 1985).

The Chamber of Mines is currently investigating the feasibility of
desalinating mine water using a seeded reverse osmosis technique.
(Harries, (1984)). Osmosis is a natural process whereby pure
water flows through a semi-permeable membrane from a dilute
solution to a more concentrated solution as shown in 'Figure
2.5(a). The membrane is selective in that water can pass through
it whereas dissolved solids cannot.

An equilibrium situation is achieved when the chemical potential
of the solutions are equal on both sides of the membrane. The
difference in heads on either side of the membrane at equilibrium
is equal to the osmotic pressure, . Now, as shown in case (b),
if a pressure greater than st is applied to the solution the:
chemical potential of the solvent in the ‘solution is increased and
the natural flow can be reversed thereby resulting in "reverse
osmosis" (Gooding,(1985)).

MEMBRANE T MEMBRANE
P>
7777 o 7z
%{uno// 77777777

SOLUTION

PURE SOLVENT

Qsis

NI

{a) (b)

FIGURE 2.5 : The principle of (a) osmosis and (b) reverse osmosis
(after Gooding, (1985))
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The Chamber of Mines has overcome the problem of scale formation
on the reverse osmosis membranes when desalinating mine waters'
with high concentrations of calcium sulphate. The scaling has
been solved by introducing calcium sulphate seed crystals, which
provide preferential precipitation sites, into the feed water.
The cellulose acetate membranes are sensitive to temperature and
pH and hence appropriate conditioning of the water prior to
treatment by seeded reverse osmosis is necessary. A pilot seeded
reverse osmcsis plant has been successfully operated and it has
been shown that about 70 per cent of the total dissolved so0lids
can be removed from the mine water. It was found that all ions
are removed in almost equal proportions (Harries, (1984)).

2.3 MATERTALS SELECTION

2.3.1 A 'Stainless' Type Steel

The selection of a material for use 1in the mining industry
requires a careful design of all the material's properties if it
is to perform satisfactorily in the harsh service conditions
encountered underground. Mechanical properties, ease of
fabrication, corrosion resistance and wear resistance have to b
balanced against cost to achieve an economically acceptable
material. It has been proposed by the Chamber of Mines that a
‘stainless' type steel contairing 8 to 12 per cent chromium with a
dual phase microstructure, consisting of 95 per cent martensite
and 5 per cent retained austenite, will be a viable solution. An
intensive research program investigating the metallurgical,
mechanical and corrosion-abrasion resistance properties of such
alloys is in progress (Manager MAB, 1983)). Barker {(1985) has
shown that these alloys have  superior corrosion-abrasion
resistance which infers high hardness, toughness and strength and
good corrosion resistance. As the alloys are generally used in
the quenched and tempered condition it is interesting to note the
effect of tempering time and tempering temperature on the
corrosion resistance of a 13.2 per cent chromium steel as shown in
Figure 2.6 (Truman, (1976)). Determining the ultimate heat
treatment is therefore also of great importance.
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2.6 : The effect of tempering time and temperiag temperature on
the corrosion resistance of a 13.2 per ceat chromium steel
in aerated water (after Truman, (1976))

The Choice of a Standard Material for this Proje:t

As no final alloy selection had been made at the time of
commencement of this project it was necessary to select a suitable
standard material which would be comparable to the experimental

alloys.

The alloying elements present affect the polarization behaviour of
stainless steels as shown in Figure 2.7 (Sedrik:, (1984)). Thus,
it was neccessary to choose a standard material with similar
alloying elements to those being considered for the experimental

alloys.
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FIGURE 2.7 : The effect of alloying elements on the anodic
polarization behaviour of stainless steels (after
Sedriks (1984))

AISI 431 which contains 16.5 per cent Cr, 1.8 per cent Ni and 0.18
per cent C, and has a martensitic microstructure was chosen as the
standard tes3t material. The complete composition, mechanical
properties and microstructure are shown in Appendix C. The
reasons for choosing AISI 431 are as follows:

i) The Ciamber of Mines recommended AISI 431 as an initial
choice for many of the moving components in mining machinery
operating on mine water.

if) AISI 431 has a martensitic microstructure and although it
contains more chromium than the type of alloy which is
1ikely to emerge from the current alloy development program,
it is still reasonably representative of such an a11oy.
Once the experimental alloys do become available the effect
of chromium content on the corrosion resistance may be
determined.
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/

iii) Immersion testing conducted by the Chamber of Mines sﬁowed
that pitting corrosion of AISI 431 occurred in some Orange
Free State mine waters (Manager MAB, (1983)). It is
therefore important to investigate the factors which cause
pitting of a typical martensitic stainless steel in mine
water.

2.4 THE AIM OF THIS PROJECT

The Chamber of Mines has employed a unique approach .in combining alloy
development, corrosion research and water treatment practice to solve a
problem. An economical and practical solution will require constructive
input and a certain degree of compromise from each discipline involved.

The aim of this project is to establish an electrochemical technique to
assess the influence of the composition of synthetic mine water on the

- corrosion behaviour of a martensitic stainless steel. 0Of particular
interest is the identification of which ions are responsible for
localized pitting corrosion, and the determination of the concentration
levels below which these ions may be tolerated. The effect of the
interaction between the various ions present on the corrosivity of the
solutions, will also be studied; It is intended that the results will be
taken into account by water treatment engineers and that the newly
developed alloys will be similarly tested in order that their corrosion
behaviour might be compared to that of AISI 431.

Clearly this project cannot cover the whole range of problems discussed
in the preceding sections, rather it must be seen as a contribution to an
ongoing research program. )
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CHAPTER 3

LITERATURE REVIEW

3.1 THERMODYNAMIC ASPECT5 OF AQUEOUS CORROSION

3.1.1

Basic Electrochemistry and Thermodynamics

Aqueous corro;ion is predominantly an electrochemical process and
hence it is necessary to employ electrochemical thermodynamics to
evaluate the energy changes 1involved 1in these reactions
(Pourbaix, (1973)). ‘

The spontaneors direction of a reaction is indicated by a negative
change 1in f.ee energy, this concept 1is demonstrated by a
mechanical anilogy in Figure 3.1. "The ball 1in position 2 has
lower energy than in position 1 and therefore according to the
principles of thermodynamics is more stable (Fontana and Greene,
{1967)).

\
1
|
i .
I spoNTANEOUS
| DIRECTION
A6’ |
( HANGE ¥
IN
FREE
I'NERGY

FIGURE 3.1 : Mechanical analogy of free energy (after Fontana and
Creene, (1967))

The simple corrosion reaction of zinc with acid, represented in
the following manner:

In + 2H* = Zn2* + Hp
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can be separated into the half-cell reactions:

‘In = In2*t + 2e- oxidation half-cell reaction
2. 2H* + 2e~ = Hp reduction half-cell reaction

Half-cell reaction 1 produces electrons and is known as the
oxidation half-cell reaction while half-cell reaction 2 consumes
electrons and is known as the reduction half-cell reaction. The
potential of many half-cell reactions have been measured with
respect to the standard hydrogen half-cell reaction as illustrated
in Figure 3.2. The inert platinum electrode acts as a substrate
for the hydrogen reaction (Fontana and Greene, (1967)).

0.76 volt~

Zn Pt
o
o
o
A * '\:Hz
Zn*2: l H'=l

UNIT ACTIVITY UNIT ACTIVITY

FIGURE 3.2 : Determination of half-cell reaction potentials (after
Fontana and Greene, (1967))

The electrode potentials are measured in conditions of unit
activity at 25°C and tables of values 1including most
electrochemical half-cell reactions are available. A more
negative half-cell potential indicates that the reaction will be
the oxidation reaction while a more positive half-cell potential
indicates a reduction reaction. In non-standard conditions the
Nernst equation can be used to calculate the potential of the
reaction: -

E=E°+ 2.3 RT/nF log (aoxid/ared)

E® = standard half-cell potential
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half-cell potential

]

gas constant
absolute temperature
number of electrons involved

M 3 4 O m
1]

Farraday's constant
aoxids dred = activity (concentration) of oxidised and reduced
species respectively

The change in free energy, 4G, accompanying a half-cell reaction
is related to the electrode potential by the following equation:

AGy cel7 = -nFE
If the change in free of the total reaction:

AGpeaction = 2Gpred - 2Goxid

is negative, the reaction will proceed. as written (Fontana and
Greene, (1967)). )

3.1.2 E-pH Diagrams

The two predominant reduction reactions involved in aqueous
corrosion, the hydrogen evolution reaction (h.e.r.) and the oxygen
reduction reaction (o.r.r.), may be expressed by the following
equations which relate pH to‘potentja1 at 1 atm and 25°C:
a) hydrogen evolution:

2HT + 2e~ - H2

E® = 0.00 - 0.591 pH
b) oxygen reduction:

0p + 4HY + de= — 2H50

E® = 1.228 - 0.691 pH
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Figure 3.3 is a graphical representation of these two equations
illustrating the domain of thermodynamic stability of water. In
- the region below the 1ine "a" hydrogen evolution occurs, between
Tine "a" and line "b" the reduction of oxygen occurs and above
Tine "b" the evolution of oxygen takes place (Pourbaix and de

Zoubov, (1966)1).

OXYGEN EVOLUTION

THERMODYNAMICALLY

o
=
v
v
>
> 0.4
- STABLE REGION OF WATER
..<J W o AT | atm
o
= _ouf
— .
g -08f .
HYDROGEN EVOLUTION
1.2
MY o

" pH

FIGURE 3.3 : E-pH diagram for Ho0 (Pourbaix and de Zoubov {1966)1)

By applying these principles, in conjunction with solubility data,
Pourbaix and his co-workers constructed E-pH diagrams for many
metal/aqueous systems. These diagrams are used to predict domains
of corrosion, immunity and- passivity for the specific system. A
regior of corrosion represents a stable soluble metal species, .
immunity a stable insoluble metal surface and passivity a stable
insoluble metal oxide, hydroxide or hydride which forms a
protective adherent film on the metal surface thereby restricting
the dissolution of metal (Pourbaix, (1966)).

The simplified E-pH diagram for iron 1in aqueous solution is
depicted in Figure 3.4. In acidic solutions, pH 2, iron may be
oxidised by either the h.e.r. or the o.r.r. Between pH 2 and 9.5
the h.e.r. will oxidise iron while the o.r.r. could result in
either corrosion or passivation. Between pH 9.5 and 12.5
passivation of the metal surface by formation of either Fe203 or
Fe304 will occur. Above pH 12.5 iron could either be oxidised by
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the h.e.r. or alternatively at higher potentials, passivated by
the o.r.r. (Pourbaix and de Zoubov, (1966)2).

20
1.6 [
= 12F~@.
v
i 08}
: Fe4¢ - -
> 0.4 \\\\
- PASSIVA ION ~
-t :\
<_t o ~ Fe O
= CORROSIQN 23
Z -041 oo
E \a:)‘\\'
3.
e -osk . =
2k CORROS 10N
‘ IMMUNITY HFe 0
-6k - " Fe
i ] A ! 1 | ! {
)2 0 2 4 5 8 U 12 14 16
pH

FIGURE 3.4 : Simplified E-pH diagrams of Fe-Hpo0 system (after
Pourbaix and De Zoubov (1936)2)

Pourbaix -(1966) himself has repeatediy drawn attention to the
applications and limitations of E-pH diigrams and has stressed the
necessity for their correct interpretation if they are to be of
any practical significance. E-pH diagrams apply to pure metals
(unless otherwise stated) in aqueous solutions not contdining
substances which may form sclubie comilexes with the metal. The
diagrams are applicable to equilibrium :onditions of potential and
pH measured at the metal-soiution interface. Passivation can be
of varying efficiency depending on the extent of adherence of the
solid film to the metal surface. E-pH diagrams only express
whether a condition is energeticalls possible, they do not
indicate if an energetically favourable reaction wi]i occur, or at
what rate it will occur. These diagrams must therefore be seen
primarily as a gquide to the executon and interpretation of
experimental studies (Pourbaix, (1966)).
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3.2 KINETICS OF CORROSION

3.2.1 Principles of Kinetics

An equilibrium hydrogen electrode existing on a platinum surface
is shown in Figure 3.5. The rate of reduction, rpeq, equals the
rate of oxidation, rgxijq- The rate of interchange of hydrogen
ions and hydrogen molecules 1is known as the exchange current
density, ig, and is related to rgxidq and rpeq by the fo]]dwing
equation:

Toxid = Tred = 10/pF

Therea 1is no nett current flow and the electrode 1is at its
equilibrium potential (Fontana and Greene, (1967)).

\\”«-'-2——.@ &

FIGURE 3.5 : Hydrogen electrode on a platinum surface (after
Fontana and Greene, (1967))

In ¢ corrosion reaction however, the electrons produced by an
oxidation (anodic) reaction are consumed by a reduction (cathodic)
reaction and the participating e1ectrodes will be polarized from
their equilibrium potentials. The amount of polarization is
referred to as the overvoltage, 71. Two types of polarization are
encountered:

1} Activation polarization which is controlled by a slow rate
determining step in the reaction. Activation polarization is
described by the Tafel equation:
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e |
QO
1]

t B log /4

=
Q
n

overvoltage
ﬁ = constant
i = rate of anodic or cathodic reaction

2) Concentration polarization which is controlled by diffusion of
a species to or from the metal surface. Concentration
polarization is described by the following equation:

Me = 2.3 RT/pp Tog (1 - 1/51)
where i is the 1imiting diffusion current density.
Usually both activation and concentration polarization occur at an

electrode which could then be represented as shown in Figure 3.6
(Fontana and Greene, (1967)).

CONCENTRATION
POLARIZATION

'L
log i

FIGURE 3.6 : An  electrode displaying both activation and
concentration polarization (after Fontana and Greene,
(1967)) |

3.2.2 Mixed Electrodes

A plot of E against log i for the corrosion of iron by acid is
represented by Figure 3.7 The hydrogen half-cell reaction is
polarized in a negative direction from its equilibrium potentiai
EH2/H+ and the 1iron half-cell reaction 1is polarized in a
positive direction from its equilibrium potential Epa/Fel+. At
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the point where both half-cell potentials have a potential of

Ecorrs conservation of charge is achieved and the system thus

assumes Eqqpp as its equilibrium corrosion potential -and icqpr as

its corrosion current density (Fontana and Greene, (1967)).

'
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FIGURE 3.7 : E log 1 behaviour of Fe/Fe2* and H/H* (after Fontana

and Greene, (1967))

3.2.3 Kinetics of Cathodic Reactions in Aqueous Systems

3.2.3.1

3.2.3.2

Hydrogen Evolution Reaction

The cathodic hydrogef evolution reaction is an activation
controlled process. A corrosion reactior in which the
h.e.r. is the cathodic component 1is controlled by the
activation overvoltage of charge transfer. The kinetics
of the h.e.r. are therefore affected by t:mperature, pH
(a measure of concentration of the reactant) and exchange
current density of the h.e.r. on the me*al considered
(Shreir, (1979)).

Oxygen Reduction Reaction

Diffusion involving the transport of oxygen to the metal
surface results in the o.r.r. being a predominantly
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concentration polarization controlled process. The
kinetics of the o.r.r. are therefore controlled by
temperature, oxygen concentration in the solution, and
the degree of agitation of the solution. An increase in
temperature results in two contradictory effects: (1)
lower solubility of oxygen in the solution and hence
lower concentration of oxygen and (2) an increase in the
diffusion coefficient of oxygenr in the solution. Figure
3.8 demonstrates the effect of concentration polarization
at increasing solution velocit:y. In each case a limiting
cathodic current (iQ), due to concentration
polarization, 1is reached. The 1L increases with
increasing agitation becausé of enhanced transport of
oxygen to the metal surface (Shreir, (1979)).

m

POTENTIAL

m
=]

LO& CURRENT DENZ'TY

FIGURE*3.8 : Effect of velocity on the oxygen reduction
reaction kinetics (after Shreir, (1979))

3.2.4 The Anodic Kinetics of Stainiess Steel

The anodic behaviour of stainless stenl is characterized by an
active to passive transition, the exceilent corrosion resistance
in the passive state is due mainly to :hromium enrichment of the
oxide layer (El1-Basiouny and Haruyama, (1976)).

Figure 3.9 is a graphical representation of the anodic dissolution
of a typical stainless steel. As the potential 1is increased in
the active region a current maximum, the critical anodic current
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density (Ic.), is reached at a potential referred to as the primary
passive potential (Epp). At potentials greater than Epp the
current density decreases to the passive current density (Ipass)’
which is independent of potential. The passive potential range
reprasents the existence of a stable oxide on the surface of the
stainless steel. The breakdown potential, Eb,'is the potential
abov2 which the oxide layer is transformed to a soluble species
and the current increases due to transpassive corrosion (Greene,
(1962)). ’

3
TRANSPASSIVE
| Eb...r__.____._ ______ ===

]

<L

—

= PASSIVE
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—

Q-
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- Epp=P=—4——-
! ACTIVE
1 1 | lc tl

LOG CURRENT DENSITY

FIGU:E 3.9 : Anodic dissolution of stainless steel (after Greene,
(1962))

The tffect of the Relative Positions of the Cathodic and Anodic

Curves and the Corrosion Behaviour of Stainless Steel

The »20int of intersection of the cathodic and anodic curves
determines the rate of corrosion of' a metal. Figure 3.10
represents three examples of intersection each of which will
result 1in a different type of corrosion. In case "1" the
intersection of the curves is at a point of active dissolution and
the metal will corrode at a rate icqpr. Three points of
intersection b, ¢ and d occur in case "2". Point b falls within
the -ange of active dissolution and point d within the passive
state (Greene, (1962)). Edelnau (1958) has reported that the
potential of a system with its intersection at point ¢ rapidly
decreases and the metal assumes the corrosion rate corresponding
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to point b, the intersection at point ¢ is hence an unstable
state. Case "2", despite the possibility of passivation, is
undesirable as a slight change in the environmental conditions
could result in a transition from passive to active corrosion.
Case "3" would result in a stable passive metal surface, therefore
it is a desirable situation (Greene, {1962)).

POTENTIAL

LOG CURRENT DENSITY

FIGURE 3.10 : Three possible cases of intersection of the anodic
and cathodic curves (after Greene, (1962))

Experimental Polarization Curves

Anodic or cathodic polarization curves can be measured by the
application of an external current using a potentiostat. The
applied current is however equivalent to the difference between
the rate of the anodic and cathodic process and hence the true
polarization behaviour is not determined.

The experimentally determined anodic polarization curves which

would be measured for cases "1", “2" and "3" in Figure 3.10, are
represented in Figure 3.11. Case "1" shows the active-passive
transition with distortion in the region of E.qpr due to the
proximity of the anodic and cathodic curves. Case "2"
demonstrates the stability of both the active and the passive
state. The dashed line, referred to as the "negative loop" by
Edelnau (1958), represents the region where the cathodic current
is greater than the anodic current (due to log scale the negative
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sign of the current is not evident). In case "3" the metal is in
the passive state and the active region of the anodic curve is
completely obscured by the cathodic reaction (Greene, (1962)).

®

CATHODIC
~~~~~ CURRENT

-POTENTIAL

LOG CURRENT DENSITY

FIGURE 3.11 : Experimental polarization curves resulting from the
three possible cases of intersection (after Greene,
- (1962))

Pourbaix (1973) has shown how the determination of polarization
curves can be used in the construction of experimental? E-pH
diagrams. Figure 3.12 shows the regions of immunity, corrosion
and passivation determined for 1iron by measuring polarization
curves at a range of pH's in deaerated solutions.
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FIGURE 3.12 : Experimentally determined E-pH diagram for iron
(after Pourbaix, (1973))
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3.3 PITTING CORROSION OF STAINLESS STEELS

3.3.1

3.3.2

Introduction

The excellent general corrosion resistance of stainless steel 1in
the passive state is largely undermined by the occurrence of
localized pitting corrosion in solutions containing aggressive
anions (Hospadaruk and Petrocelli, (1966)). When evaluiting the
pitting corrosion resistance of a metal the determiration of
conditions under which pitting may occur is far more important
than the determination of corrcsion ratss (Schwenk, (:.964) and
Pessall and Liu, (1971)).

Characteristic Potentials of Pitting Corrosion

3.3.2.1 Pitting Potential

In 1937 Brennert proposed an electrochemical ‘technique
for the determination of the "break-throuah poteitial" of
stainless steel 1in chloride <containing solut-ons. A
simplified representaticn of his apparatius is shown in
Figure 3.13. The technique involvaed increising the
anodic polarization of the specimen by moving th: sliding
contact of the resistance at a rate of 15 V.h-l in the
direction from right to left. A potenticmeter was used
to measure the *potential of the specimen with respect to
a saturated calomel electrode (S.C.E.} and the current
was monitored by an ammeter. At a certzin po:ential a
rapid increase in current was noted and on exam ning the
surface of the specimen localized pitting attack was
observed. The potentia! at which the current first
increased was termed the ‘“break-through potential®
~ (Brennert, (1937)).
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A - stainless steel specimen N - saturated calomel
B - cathode electrode

H - test solution P - resistance

L - milliammeter Q - agar conductor

M - valve potentiometer R - switch

FIGURE 3.13 : Simplified apparatus for determination of
“break-through potential" (after Brennert,
(1937))

In an analysis of electrochemical techniques Szklarska-
Smialowska and Janik-Czachor (1971) 1listed a host of
different terms - break-through potential, breakdown
potential, LochfraBpotential (directly translated to
Eng]ish as "hole-eating potential®) critical potential
and pitting potential - all of which describe the
potential above which pitting can initiate on a passive
metal surface.

For the purpose of this investigation the term pitting
potential, Ep, will be used.

Protection Potential

Pourbaix et al (1963) introduced the concept of the
protection potential, Ey, as being the potential above
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which existing pits could continue to propagate. A
specimen, initially polarized to a potential greater than
its pitting potential, was then polarized in the reverse
direction. The potential at which the resultant
hysteresis loop closed, was identified as the protection
potential. |

The Validity of the Pitting and Protection Potentials

France and Greene (1970) and Wilde (1972) have questioned
the validity of the pitting and protection potentials.
Potentiostatic  exposure  tests (Pourbaix, {1970),
Hospadaruk and Petrocelli,(1$66), and Azzerri et al,
(1982)) have confirmed the applicability of these
potentials. Using specifically chosen conditions and a
variety of redox systems Wilde and Williams (1970)
confirmed the initiation of pits above E and the
possible propagation of pits below Ep, by chemfca1 maans.

3.3.3 Techniques for Determining E, and Ey

3.3.3.1

Potentiostatic Determination of Anodic Polarization

Curves

Three variations of this technique are:-

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

2) Potentiodynamic - changing potential at a constant
rate.

3) Quasi-stationary - stepwise change of potertial at a
certain rate.

Figure 3.14 is a representative potential Tlog current
curve which would be obtained by thesé techniques, the
scanning direction 1is indicated by arrows. Ep is
determined by the sharp inflection of the curve during
anodic polarization and Ey as the potential at which the
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hysteresis 1loop is closed during reverse polarization
(Szklarska-Smialowska and Janik-Czachor, (1971)).

POTENTIAL

m

corr

LO6 CURRENT DENSITY

FIGURE 3.14 : The determination of E, and Ex by anodic
polarization (after Szklarska-umialowska
and Janik-Czachor, (1971))

The Effect of Rate of Potential (fhange on the

Determination of E, and Ey

In his pioneering work on pitting poctentials, Brennert
(1937) noted that an increase in the rate of potential
change resulted in higher values of pitting potential.
Leckie (1970) reported an incrzase of 230 mV in the value
of the pitting potential as the scan rate was increased
from 10 to 10% mV/hour.  As seen in Figure 3.15 his
results indicate that a limiting value cof Ep exists at

low scan rates. Broli et al (1973) and Man and Gabe
(1981) also found Ep to increase with increasing scan
rates. Lizlovs and Bond (1975) measurad th2 pitting
potentials of a range of ferritic stainiess steels at
scanning rates of 0.26Y/hour and 50V/hour. They reported
a gobd correspondence between the values of Ep and in
some cases even noted Tower Ep values at the fast scan

rate.
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FIGURE 3.15 : The effect of scan rate on E, (after
Leckie, (1970))

Other Methods for Determining E, and Eg

Szklarska-Smialowska and Jar k-Czachor (1971) described
the application of curreni/time , curves at constant
potential for the determination of Ep,and Ex. The time
which elapses before a cur-ent increase due to pit
initiation is known as the induction time, T . They also
outlined the use of gaivanostatic measurement of anodic
pclarization curves and poten-.ial/time curves at constant
current density. Pessall ani Liu (1971) developed the
"scratch technique“ which entails the scratching of the
specimen surface at constant potential using a silicon
carbide crystal. The pitting potential is determined by
measuring the repassivatior time/potential and the
induction time/potential data as shown in Figure 3.16. A
statistical estimate of the p’tting potential, indicating
both the mean value and the cumulative probability of the
value obtained, has been suggested by Fratesi (1985) for
the analysis of pitting potentials measured by both the
scratch and potentiodynamic methods.
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FIGURE 3.:6 : Determination of Ep by the scratch method
(Pessall and Liu, (1971))

3.3.4 A Cemparison of th: Electrochemical Methods Discussed

Little agreement 01 which method is most suitable for measuring
the pitting behaviour of stainless steels can be found in the
Titerature. Sz! larska-Smialowska and Janik-Czachor (1971)
favoured the dete'mination of current/time curves at constant
potential for meastring Ep and Ex. Broli et al (1973) found that
the stationary potentiostatic technique with a holding time of 104
minutes at each potential gave the most accurate resuits. The
scratch technique .ind the potentiodynamic technique were compared
by Lizlovs and Ffond (1975) and Fratesi (1985), the former
advocated tha use of the scratch technique while the latter
favoured the potertiodynamic technique with a scan rate of 10
mV/hour. Unanimous agreement 1is evident (Lizlovs and Bond,
(1975), Broli et &1, (1973), Wilde, (1972) and Atrens, (1983))
that the minimization of crevice corrosion at the edge of the
specimen is essential if valid results are to be obtained.

Table 3.1 lists some of the work performed on the pitting of
metals and gives an indication of the variety of techniques and

conditions used.
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TABLE 3.1 : Various methods and conditions used by different
authors for determining E, and Ey
AUTHOR METHOD SCAN RATE/ SPECIMEN ENVIRONMENT
STEP RATE
ASTM G61-78 Potentiodynamic 0.6 V/hr [AISI 304, 3.5% NaCl
(1¢80)1 Hastelloy, Alloy
C-276
Atrens (1983) Potentiodynamic 3.6 V/hr  {12% Cr Marten- (5 x 10-5 to
sitic Stainless |[4N NaCl
Steel
Barbosa & Scully|Scratch AIST 304 HpS0g4+HC1 or
(1¢82) KCl1, pH = 2
Bocaerts et al |Potentiodynamic 0.36V/hr [Fe-Cr-Ni alloys |NaCl, NapSOgq
(1981) KC1, KHCO3
Dayal et al Quasi-stationary |40 mY per |AISI 316 IN HoS0q +
(1%80) 2 minutes 0.5N NaCl
Frence & Greene |Quasi-stationary |50 mV per [AISI 430, IN H2S04, 1IN
(1470) ‘ 5 minutes |Zirconium NaC1

Hospadaruk &
Petrocelli
1(1956)

Leckie and Uhlig
(14956)

Mar and Gabe
(1831)

Stclica (1969)

Szk'larska-
Smialowska
(1971)

Szktarska-
Smialowska

& Janik-Czachor
(1971)

Stationary

Quasi-stationary

Potentiodynamic
Constant Potential
I/t curves
Constant Current

E/t curves

Constant Potential
I/t curves

50 mV per
5 minutes

3.6V/hr

AISI 316, 301,
434

18Cr-8Ni
Stainless steel

AISI 304, 316,
321 and 15-7 PH

Fe-Cr and Fe-Cr-
Ni alloys

Nickel

Pure Iron

NaCl, NaSOg
CaClg

pH = 2-8
NaCl + OH-,
S042-, NO3~
or C104™

NaC1+Nao S04
H2S04 + NaCl

HpSOg4 + NaCl

0.1 N KC1

3.3.5 Factors Influencing the Pitting Corrosion of Stainless Steels

3.3.5.1 The Effect of Chloride Concentration

The notoriety of chloride ions as a cause of pitting
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corrosion is due to their great agressiveness as well as
their widespread presence 1in natural and industrial
waters (Kolotyrkin, 1963).

The decrease 'in pitting potential with increasing.
chloride concentration has often been studied; Brennert
(1937) first reported the effect. Walker and Rowe (1969)
found a similar decrease in pitting potentials when
investigating a range of stainless steels intended for
use as automobile trim materials. Man and Gabe (1981)
reported that increasing chloride concentration caused a
decrease in the pitting potentials of austenitic
 stainless steels in natural waters. A plot of Ep as a
function of the 1logarithm of the chloride concentration
indicated a linear dependence with a slope of 90 mV per
decade for an 18-8 stainless steel (Leckie and Uniig,
(1966)). Verink and Pourbaix (1971) plotted Ep/Ep, Ex,
Ecorr and Epp of a 12% Cr alloy as a function of the
chloride jon concentration at a pH of 8.8. Epp, Ex and
Ecorr did not vary significantly with chloride ion
concentration, while Ep was found to decrease with
increasing chloride ion concentration. In Figure 3.17 it
can be seen that a chloride ion concentration of
approximately 10-2 M was necessary feor pitting corrogsion
to be recorded. .
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FIGURE 3.17 : Potential vs. Log chlori:le jon molarity at
pH = 8.8 ({(after Verink and Pourbaix,
- {1971))

Similar diagrams have been constructed by Atrens (1983),
who assessed the behavicur of a 1:% Cr martensitic
stainless steel 1in solutions tynical of the condensate
formed on low-pressure steam-turbine blades. Figure 3.18
shows one of his diagrams detsrmined at 80°C. Eqopp
values measured in both aerated and dearated solutions -
have been plotted. A decrease of 18 mV/decade for Ep
amd 142 mV/ decade for Eyx was measured. From the
position of the Ecopr lines it can be seen that pit
propagation can only be avoided in d:aerated solutions
with a chloride ion concentration less than about 2 X
10-4 N.

Azzerri et al (1982) have plotted diagrams, which
incorporate the conditions inside an occluded cell (pit),
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for a variety of stainless steels. Their results also
indicate a linear dependence of E, and Ex on the log of
the chloride ion concentration.
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FIGURE 3.18 : Potertial. versus log chloride ion molarity
at 8(°C for a 12% Cr martensitic stainless
steel (after Atrens, (1983))

The Effect of pH

Figure 3.19 illustrates the dependence of the pitting
potentiais of AISI 316, 304 and 430 on the pH of a 3%
NaCl solution (Szklarska-Smialowska, (1971)). Ep remains
fairly constant in the pH range from 1 to about 10, above
pH 10 a sharp inc'ease in Ep occurs. Similar effects
have been reported by Leckie and Uhlig (1966) for an 18-8
stainiess steel in J.1 N NaCl, and by Leckie for AISI 304
in 0.01, 0.1 and 1.0 M NaCl. They found that the sharp
increase in Ep persisted to the point where general
dissoiution occurr2d by the transpassive formation of
chromates. Pourbaix (1970) found that Ep increased with
increasing pH for AISI 410 and AISI 304 in 0.1 M chloride
solutions over a pH range from acidic to alkali. He also
reported that the protection potential remained
independent of pH over this range.
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FIGURE 3.19 : The variation of Ep with pH in 3% NaCl
solutions (after SzkTlarska-Smialowska,
(1971))

The Effect of Secondary Ions

Immersion testing by Uhlig and Gilman (1964) has shown
that chloride induced pitting of a 18-8 stainless steel -
can be effectively inhibited by a sufficiently high
concentration of nitrate ions. A specimen exposed to a
10% Fe C13 + 3% NaNO3 solution showed no pitting over a
period of 25 years, while a specimen exposed to a 10%
FeC13 solution was severly pitted within hours. Leckie
and Uhlig (1966) determined anodic polarization curves to
assess the inhibitive effect of OH-, NO3~, S042- and
C104= on the pitting of an 18-8 stainless steel 1in
chloride solutions. Complete inhibition was determined
by the concentration of inhibitive ion required to
increase Ep to the point where breakdown occurred due to
transpassive dissolution rather than pitting corrosion.
By plotting the logarithm of the minimum activity of the
inhibitive 1ion required for complete inhibition as a
function of the logarithm of the chloride ion activity
they derived the following equations:
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Tog (C17) = 1.62 log (OH-) + 1.84 Equation 3.1
log (C1=) = 1.88 log (NO3~) + 1.18 Equation 3.2
log (C1=) = 0.85 log (S042-) - 0.05 Equation 3.3
log (C1=) = 0.83 log (C104~) - 0.44 Equation 3.4

ngure 3.20 shows the curves obtained for inhibition by

NO3~ and OH~.
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FIGURE 3.20 :

The efficiency of inhibition thus decreased in the order
OH= > NO3~ > S042- > C104-.

Herbsleb (1965) and Man and Gabe (1981) reported the
inhibition of 18-8 stainless steel by N03~ and 3042'.
Bogaerts et al (1981) found that S042-, HCO3~ and OH-
inhibited the pitting of AISI 304 and 316 at temperatures
above and below 100°C.

The Effect of Temperature

Leckie and Uhlig (1966) found a dramatic decrease in Ep
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between 0 and 25°C in a 0.1 N NaCl solution. Above 25°C

a gradual decrease in pitting potential with increased
temperature was noted. Szklarska-Smialowska (1971)
determined the Ep of AISI 304, 316 and 430 over a
temperature range of 30°C to 100°C and reported a change
of about 200 mV in Ep over the 70°. Bogaerts et al
(1981) have shown that Ep of AISI 316L measured at 60°C
are lower than at 25°C in solutions of NaCl and NaSOq.

Metallurgical Variables Affecting Pitting Corrosion

The beneficial effect of chromium, nickel and molybdenum

~content in stainless steels is well known (Szklarska-

Smialowska, (1971)). Chen and Stephens (1979) have
demonstrated the increase in pitting potential with
increasing chromium content, as shown in Figure 3.21. A
similar effect has been recorded by Bond and Lizlovs
(1968) for molybdenum added in a range of 0 - 3 %.
Lunarska et al (1975) found that the pitting potential of
an 18 Cr - 5 Ni alloy decreased sharply when manganese
was added in a content range of O to 10%. Sedriks (1984)

-has reviewed the effects of various alloying elements and

discussed them in terms of their influence and on
microstructural properties.

Baghdasarian and Ravitz (1975) also reported increased
pitting potentials with increasing Mo content in a range
of TRIP (Transformation-Induced Plasticity) steels. An.
interesting observation which emerged from their work was
the fact that cold worked specimens showed greater
resistance to .pitting corrosion. They suggested that
this was not due to the cold work itself but rather to
the transformation of austenite to martensite during cold
working. Mazza et al (1976), however, found that pitting
resistance decreased with increasing degree of
deformation.
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FIGURE 3.21 : The effect of Cr content on Ep in a
mcdified 304 alloy (after Chen and
tephens, (1979))

Scotto et al (:979) and Sedriks (1983) have considered
the effects of dinclusions on the pitting of stainless
steels. Sulphiiles and in particular manganese sulphides
have been show to be the most active sites for pit
nucleation in ccmmerical stainless steels. Manning et al
(1979) explaine: a decrease in Ep with increasing surface
roughness by a:.suming a greater exposure of sulphide
inclusions in th2 higher surface roughness specimens.

1.23.6 Mechanisms of Pitting Corrosion

Pitting corrcsion can be divided into two distinct stages, namely
the initiation stage ind the propagation stage (Szklarska-
Smialowska, (1975)). A number of mechanisms which -attempt to
explain either one or both of these stages, have been suggested.
Mechanisms explaining th2 inhibition of pitting by some anions
have also been postulated.

3.3.6.1 The Initiation Stage

Kolotyrkin (1961) proposed that the activating adsorption
of chloride ions competes with the passivating adsorption
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of oxygen at the metal surface. Pitting corrosion is
initiated when a sufficiently high potential, Ep, and
chloride ion concentration, is attained. He explained
the localized nature of pitting by assuming that a non-
uniform distribution of current carries the chloride ions
to the surface, resulting in higher  chloride
concentration at points of greater current. At these
points the «c¢ritical concentration of chloride ion
necessary for pitting to initiate is achieved first.
Leckie and Uhlig (1966) and Uhlig and Gilman (1964)%
supported this mechanism of competitive adsorption
between chloride and oxygen ions. Hoar (1967) proposed a
modified version of the adsorption theory. His
“mechanical" theory suggests that the build up of
adsorbed chloride ions causes a lowering of the
interfacial tension resulting in cracks in the passive
film at which pits are able to initiate. Janik-Czachor
et al (1975) reported that the existence of islands of
chloride ions at discrete sites on the passive surface
were precursors of pit initiation. |

Galvele (1976) reported that Ep was the minimum potential
required to maintain local acidity inside a pit. Using
simple transport equations he showed that a minimum
product of the pit depth, x, and the current at the
bottom of the pit, i, was necessary to sustain a pit.
Assuming the "crack heal" nature of the passive film and
a current density of 1 A/cm at the bottom of a pit he
calculated that for most metals a crack Tength of 10-6 cm
in the passive film would be sufficient for the
initiation of a pit.

Bearing in mind that the mechanisms discussed can explain
the initiation of pitting corrosion on perfect surfaces,
it must be remembered that a commercial stainless steel
contains inclusions, second phases,  and other
heterogeneities (Sedriks, (1983)). The dissolution of
inclusions, particularly sulphides, resulting in cavities
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and microcrevices have been identified as preferential
initiation sites for pits (Sedriks, (1983), Scotto et al,
(1979)).

In an assessment ofv the processes leading to pit
initiation Janik-Czachor et al (1980) concluded that for
a precise model of pit nucleation to be constructed,
clarification and confirmation of various aspects of the
different proposed mechanisms was necessary.

Propagation

The autocalalytic nature of pit propagation, shown in
Figure 3.22, is a generally accepted model (Fontana and
Greene, (1967)). Consider a pit which has initiated on
the surface of a metal, M, in an aerated solution. Rapid
dissolution of metal ions occurs within the pit while the
area surrounding the pit is protected by the cathodic
oxygen reduction 'reaction occurring there. Now, the
excessive positive charge within the pit, due to the
accumulation of MY jons, is overcome by the influx of Ci-
ions. The subsequent hydrolysis of the metal ion

M*C1= + Hp0 — MOH + H* C1-

results in a decrease in pH (Fontana and Greene,
(1967)).  Mankowski and Szklarska-Smialowska (1975)
measured chloride concentrations as high as 12 N in the
solution within pits formed on an 18 Cr - 12 Ni- 2 Mo- Ti
austenitic stainless steel. Suzuki et al (1973) reported
a chloride concentration range of 3.78 to 6.47 N and a pH
range of 0.13 to 0.80 in the anolyte -of pits studied on
AISI 304L, AISI 316L and an 18Cr-16Ni-5Mo stainless
steel.

Thus the fact that there exists a potehtia] » Ex, (which
is lower than Ep) above which pits can propagate is due
to the Tlocal aggressive environment associated with the
occluded nature of a pit (Jones, (1982)).
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FIGURE 3.22 : The autocatalytic mechanism of pit
propagaticn (after ~ontana and Greene,
(1967})

The Inhibition

Leckie and Unlig (1966} and Uhlig and Gilman (1964)
extended the competitive adsorption mechanism to explain
the inhibition of pitting by ritrate iJons. They
suggested that nitrate ions compei2 with chloride ions
and oxygen for adsorption sites, ard that once adsorbed,
nitrate ions do not attack the surfice. As chloride ions
have to compete with two non-reactive species a higher
chloride fon concentration is requi-~ed to initiate pits.
They found that their data correspcnded tc the following
form of equation which is predictad by the Freundlich
adsorption isotherm:

log (C1) = constant + "/ log (NO3~)
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In this equation n; is the exponent in the Freundlich
adsorption isotherm:

amount adsorbed = k (C1-)1/,

and np 1is the corresponding exponent for nitrate.
Similar inhibitive behaviour was demonstrated for OH-,
S042- and C104~ ions.

Ga]vefe (1976) however proposed that the inhibitive
effect was due to transport »orocesses resulting in a
build up of sulphate within the pit which would result in
inhibition.









1)

3)

Hot Mounting Resin : A 20 mm long cylindrical specimen with an 11.3

mm diameter was prepared with a 4 mm threaded hole in the side. A
screw was inserted into the hole and the specimen was hot mounted in
resin using a mounting press. On completion of mounting the screw
was removed, leaving a thread going through the resin into the
specimen, in which the mounting rod of the working electrode could be
accommodated.

Heat Shrunk Polytetrafluoroethylere (P.T.F.E.) : An 11.1 mm diameter

hole was drilled 20 mm deep into a 30 mm long cylinder of P.T.F.E.
The P.T.F.E. mounting was heated to about 160°C in an oven, causing
the hole to expand. A 20 mm long specimen with an 11.3 mm diameter
was inserted into the enlarged nole; on cooling the hole shrunk
resulting in a tight seal between the specimen and the P.T.F.E.. A
threaded hoie for the mounting rod was made through the P.T.F.E. into
the specimer.

Compression Gasket Specimen Holde-: : Figure 4.3 shows the specimen

holder which was manufactured; it is a slight modificatjon of similar
holders described by France (1967, and Chance, Schreiber and France
(1975). The casing was made frci1 crystalline polyester to provide
rigidity while P.T.F.E. was use: for the compression gasket -and
bolt. On tightening the bolt a seal is created between the gasket
and the specimen.

STAINLESS STEEL r GLASS
CONTACT ROD :NSULATING
TUBE
, Fg“ : SPECIMEN
CIRCULAR PTFE, ; , — COPPER
GASKET N . lPTEE BOLT
l===\-—
' . CRYSTALLINE
POLYESTER HOLDER

FIGURE 4.3 : The specimen holder
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The three mounting techniques, shown in Figure 4.4, have the following in
common:

1) They expose 1 cm?  of specimen for easy determination of current
density.

2) A1l exposed surfaces (excluding the specimen) are inert in the
testing media tsed.

3) The specimen can be re-used simply by grinding and polishing the
exposed surface.

For the first two :echniques it was noted that the integrity of the seal
between the specinen and the mounting material was undermined by the
grinding, polishint an ultrasonic cleaning processes. The deterioration
in the seal was as:umed to be the cause of crevice corrosion encountered
during tests condu:ted in chloride solutions. On the other hand, the
specimen holder allows for removal of the specimen which can then be
polished and cleant¢d independently of the mounting medium. Instances of
crevice corrosion c¢id occur while using the specimen holder but were of a
less serious natur: Often these crevices were associated with a worn
P.T.F.E. gasket wh ch was then replaced. A further advantage was the
facilitation of microscopic examination once the specimen had been
removed from the holder. For the above reasons the specimen holder was
used for specimen mounting during corrosion testing. The Stern-Makrides
gasket recommendéd by the ASTM Standard G5-78 (ASTM, (1980)2) was not
considered due to the difficulty involved in specimen manufacture and
polishing, and tha achievement of a constant surface area for the
determination of current density.
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done by washing all g]asswafe after use and thorough rinsing with

distilled water before making up the solutions. Once a solution was

prepared the pH was determined to an accuracy of 0.1 pH units using a
Schott Gerdte pH meter. The chemicals used for achieving desired ionic

concentrations depended on the composition of the test solution:

1)

2)

3)

4)

5)

Experimental E-pH Diagram

500 ppm of sulphate was added as H»SOg. The pH was varied by
addition of Ca(OH)p. This procedure was followed in an attempt to
reproduce the real situation in the mines.

Chloride Solutions

Chloride was added as NaCl. The desired pH was attained by addition
of a predetermined amount of HC1 for acidic solutions or Ca(OH)p for
alkaline solutions.

Chloride plus Nitrate Solutions

Chloride was added as NaCl and nitrate as Ca(N0)3.4H20. The desired
pH was attained by addition of a predetermined amount of HNO3 for
acidic solutions or Ca(QH)y for alkaline solutions.

Chloride plus Sulphate Solutions

Chloride was added as NaCl and sulphate as HpSOg. The desired pH was
attained by addition of a predetermined amount of Ca(OH)»

The Effect of Cul* and Fedt

The correct pH, chloride concentration and nitrate concentration were
achieved as described previously. Ferric, Fe3*, and cupric, Cult,
ions were introduced into solution as FeClz and CuCl.2H20
respectively. FeC13 could only be added in trace amounts as its
tendency to form hydrated complexes results in a drastic reduction in
the pH of the solution. !
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4.5 TESTING PROCEDURE

4.5.1 Standard Test

POTENTIAL (V vs. S.C.E.)

To ensure that the system was functioning correctly, a test was
performed on AISI 430 in 1IN HpSOap according tc ASTM standard G5-78
(ASTM, (1980)2). Figure 4.5 shows that the potentiodynamic curve
obtained corresponds well to the ASTM standard reference curve.
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FIGURE 4.5 : Potentiodynamic scan of AISI 431 in IN HoS04 compared

to ASTM standard reference test.

Construction of E-pH Diagram

The solution was maintained at a constant temperature of 30°C

using a thermoregulator. Deaeration was achieved by purging the
solution with ultra-high purity nitrogen for two hours before the
test was started. The specimens were polarized to a cathodic
potential of approximately -1.4V vs S.C.E. thirty minutes prior to

10°
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commencement of the test. Potentiodynamic scanning was performed
at a rate of 0.12 mV/second in the positive direction and once the
potential had reached a value greater than the breakdown
potential, Ep, the test was terminated.

The experimental E-pH diagram was constructed by plotting the

corrosion potential, Eqqppr, the breakdown potential, Ey, and , if
present, the Flade potential EF. Figure 4.6 illustrates the

experimental determination of an E-pH diagram.

4.5.3

FIGURE 4.6 : The construction of an expzrimenial E-pH diagram

Pitting Corrosion Tests and Determinaticn of the Critical Chloride
Concentration

The tests were performed in oxygen saturated solutions. This was
achieved by bubbling oxygen through the solufions for thirty
minutes before initiating the anodic scan. Fifteen minutes prior
to initiation of scanning, the specimen was polarized to a
cathodic potential of about 50 mV below its corrosion potential.
The potentiodynamic anodic scan was performed at a rate of

IMMUNE
i | L
PHy  pHy  pH3
pH
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0.12 mV/second. The pitting potential, Ep, or the breakdown
potential, Ep, was identified as the potential at which a rapid
increase in current density occurred. Once the current had
reached a value of about 1 mA, due to either pitting corrosion or
transpassivity, the direction of scanning was reversed. . The test
was terminated in either of the following instances:

i) The reverse scan retraced the forward scan without any
hysteresis

or

ii) once the hysteresis loop, formed during reverse scanning,
intersected the trace of the forward scan at the protection
potential, E,.

The chloride corcentration above which localized breakdown of
passivity occurr:d due to pitting and below which wuniform
breakdown of passivity occurred due to transpassivity was defined
to be the critica! chloride concentration, [C1-].pit. Figure 4.7
illustrates the determination of the [C1-]cpjt using the
potenticdynamic polarization technique. The = schematic
polarization curv: on the left represent a solution in which the
chloride concentration is less than [C1-]cpijt and breakdown of
passivity occurs at the breakdown potential Ep, due to
transpassive dissolution. The schematic polarization curve on the
right represents i solution in which the chloride concentration is
greater than [C1-]cpjt and breakdown of passivity occurs at the
pitting pectential, Ep, due to pitting corrosion. The
determination of the protection potential, Ey, and the corrosion
potential, E¢qgpr, 15 also demonstrated. These characteristic
potentials are determined at increasing chloride ccncentrations in
a series of solutions with constant pH, nitrate concentration and
sulphate concentration. Ecgpps En/Ep and Ex (if any) are plotted
as a function of —:hloride concentration in order to ascertain the
value of the [C1-].pjt @s shown in the centre figure.
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4.5.4 Corrosion Potertial-Time Tests in Real Mine Water

Due to the d 'fficulty in transporting real mine water from
Johannesturg t. Cape Town this experimental work was conducted by
the Research Organisation of the Chamber of Mines in
Johannesburg. The composition of the mine water was determined at
the Chamber of Vines Research Organisation.

A specimen of AISI 431 was immersed in a flask of mine water which
was aerated by bubbling oxygen through the solution. The Ecorr of
the specimen was monitored on a daily basis over a period of
approximately 5 weeks using a saturated calomel reference

electrode.

MICROSCOPIC EXAMINATIGCN

AT specimens were cleaned after testing and their surfaces were examined

using the optical microscope. This examination procedure revealed
whether breakdown of passivity was due to pitting or transpassive
corrosion., Figure 4.8(a) shows a typical pitting surface and Figure
4.8(b) a typical transpassive surface as seen uder the optical

microscope.

log P
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In Figure 5.7 Ecoprs Ex and Ep/Ep have been plotted as a function of the
Togarithm of the chloride concentration. Between chloride concentrations
of 150 and 300 ppm Ep decreases sharply from 0.45 to 0.28 V vs S.C.E.
Above a chloride concentration of 300 ppm, however, Ep decreases
Tinearly, with a slope of 0.186 V/decade, with increasing chloride
concentration. Ex decreases Tlinearly with increasing chloride
concentration and has a slope of 0.093 V.decade. These results can bo
compared to Figure 3.18 which shows a decrease of 0.183 V/decade in E,
and 0.143 V/decade in Ex for a 12% Cr martensitic stainless stee

(Atrens, 1983).

In Figure 5.7 a critical chloride concentration, [C1-].pjt, has bee:
defined to exist at 125 ppm i.e. midway befween 100 and 150 ppm o°
chloride. [C1-Icpjt is the chloride concentration belew which breakdow:
of passivity occurs at Ep due to transpassive corrosicn, and above whic'i
breakdown of passivity occurs at Ep due to pitting corrosion.
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FIGURE 5.7 : Ecopr, Ex and Ep/Ep of AISI 431 versus chloride

concentration - pH 6.2
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Increasing chloride concentration was also found to increase the
magnitude of the passive current, Ipagg. Figure 5.8 shows Ipags as a
function of the logarithm of the chloride concentration at a pH of 6.2.
At chloride concentrations of 200 ppm and less, Ipass approaches the
value of Ipags measured in distilled water. Between a chloride
concentratioh of 200 and 2500 ppm Ipass increases linearly with a slope
of 0.81 uA decade. Above 2500 ppm chloride the passive current density
approaches a 1imiting current density which could be governed by the rate
of an adsorption or transport process involving the interaction between
the passive film and the chlcride ions. The alternative y-axis in Figure
5.8 indicates that these péessive current densities represent very low
corrosion rates.
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FIGURE 6.8 : Ipags of AISI 431 as a function of chloride ion
concentration, pH 6.2
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A decrease of 0.076 V/decade in E.qppr can be measured from Figure 5.7.
In the case of a metal existing in the passive state Ecopp is determined
by the potential at which the cathodic curve intersects the anodic curve
in the passive region. Now as the passive current density increases with
increasing chloride concentration so the potential at the intersection of
the anodic and cathodic curves, and thus Ecqopp, decreases. Figure 5.9
jllustrates this principle. As the chloride concentration is increased
i1 order for curves 1, 2 and 3, there is a corresponding decrease in

E-orr> in the order Ecorrl > Ecorr2 > Ecorr3-

INCREASING
» CHLORIDE

~\\\\‘\5_ CONCENTRATION
Ecorr1 (- — =
E - .
Eo2 «———__-____.h

ECON’3

CATHODIC CURVE

POTENTIAL

®. |@ ©),
DECREASING |

ECD”

ANODIC CURVE

LOG CURRENT DENSITY

FIGURE 5.9 : An explanation for the decrease in Ecgpr with increasing
chloride concentration

5.2.1 The Effect of pH on the Pitting Corrosion Behaviour of AISI 431 in
Ghloride Solutions

The effect of increasing chloride concentration on the
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polarization behaviour of AISI 431 at pH 3.8 and pH 9.4 was
determined and the resultant potential vs. chloride concentration
curves are depicted in Figures 5.10 and 5.11 respectively.
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FIGURE 5.10 : Ecorps Ex and Ep/Ep of AISI 431 versus chloride
concentration, pH 3.8 '

In Figure 5.10 it can be seen that for a pH of 3.8 the [C1-Icpit
lies between 25 and 50 ppm chloride. It is possible that in
solutions of lower pH inclusions on the metal surface become less
stable and tend to dissolve. This would result in the nucleation
and  subsequent propagation of pits at Tower | chloride
concentrations. The lower pH of the bulk solution would also help
to maintain the Tow pH of the Tocalized medium which is present
within a propagating pit (Suzuki, (1973)).

At pH 9;4 the critical chloride concentration was found to be
about 425 ppm chloride as seen in Figure 5.11.
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FIGURE 5.11 : Ecoprrs Ex and Ep/Ep of AISI 431 versus chloride
concentration, pH 9.4

The increase in [C1~Jcprit at pH 9.4 compared to {C1-Jcpi= at pH
6.2 is probably due to the inhibitive effect of OH™ “ons on
pitting corrosion. This effect was reported by Leckie and Uhlig
(1966) who determined the following relationship between the

critical chloride ion activity and the activity of OH~ ioneg for an

18-8 stainless steel:-

Tog (C1-) = 1.62 log (OH") + 1.84 Equation 3.1
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The relationship indicates that the inhibitive effect of OH™ ions
only becomes significant at pH greater than 10, as demonstrated in
Table 5.1 where the critical chloride concentrations have been
calculated for various pH's using equation 3.1 assuming an
activity coefficient of 1.

TABLE 5.1 : Critical chloride concentration at various pH's -
calculated from dati of Leckie and Uhlig (1966)

pH . CRITICAL CHLORIDE
CONCENTRATION (ppm)

8 5x (0-4

9 0.02

10 0.81

11 33.85

12 1411

13 5883

These results were extrapolatad from a Tlimited range of OH~
concentration, 0.Cl6 - 1.0 M [272-17000 ppm), and are therefore
not directly applicable but du serve to highlight the fact that
the inhibitive effect of OH~ icis can only be expected to manifest
itself above a sufficiently hig: pH. Furthermore, the propagation
of a pit 1is associated with an acidic localized environments«
(Suzuki, (1973)), thus a pit initiating in an alkali environment
will tend to repassivate du: to the neutralization of the
localized acidic medium by the hulk solution. Verink and Pourbaix
(1971) measured a [C1~]cpjt of ibout 350 ppm for a 12% Cr alloy at
pH 8.8, this value compares well with the [C1-].pjt of 425 ppm at
pH 9.4 determined in this study

In Figure 5.12 the results of this study have been compared to the
data calculated from equation 2.1 of Leckie and Uhlig (1966) and
the result of Pourbaix (1971). Clearly the extrapolated data of
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Leckie and Uhlig only predicts the inhibitive effect of OH- at
pH's higher than determined in this study. The result of Pourbaix
(1971) for a 12% Cr steel however corresponds well to the results
determined for AISI 431 (16.3% Cr).
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FIGURE 5.12 : [C1-]cpjt as a function of pH

5.3 THE EFFECT JF NITRATES ON THE POLARIZATION BEHAVIQUR OF AISI 431

A series o tests was conducted to determine the effect of increasing
nitrate concentration on the potentiodynamic polarization behaviour of
AISI 431 at pH 6.2.

The results of the tests at various nitrate concentrations are presented
in Table 5.2. Ecoprr and Ep were found to be independent of increasing
nitrate concentration and in no case did pitting corrosion occur. Ipagg
increased with increasing nitrate concentration.
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TABLE 5.2 : Ipasss Ecorrs Ep of AISI 431 for increasing nitrate

concentration
NITRATE Ipass| Ecorr Ep NATURE OF APPEARANCE OF
CONCENTRATION (V vs. (V vs. |REVERSE SCAN | SPECIMEN SURFACE
(uA) | S.C.E.) | S.C.E)
500 0.68 | -0.170 0.525 [No hysteresis Transpassive
1000 0.80 | -0.150 0.550 {No hysteresis Transpassive
1500 0.88 | -0.160 0.530 [No hysteresis Transpassive
2000 0.94 | -0.155 0.542 |No hysteresis Transpassive

In a concentration range of 500 - 2000 ppm, nitrate fons, as in the case
of chloride ions, increase the rate of corrosion in the passive state.
In this concentration range however nitrates did not cause pitting
corrosion and breakdown of the passive state was due to transpassive

corrosion.

5.3.1 The Effect of Nitrate Ions on the Pitting Corrosicn of AISI 431 in
Chloride Solutions

Figure 5.13 shows Ecorr, Ex and Ep/Ep as a function of chioride
concentrat? 1 1in solutions with a pH of 6.2 and a nitrate
concentration of 1000 ppm. The behaviour of Ecqprpr and Ey is
similar to that in Figure 5.7. The effect of adding 1CCO ppm
nitrate to the solution has clearly been to increase the [C17lcpit
from 125 ppm, in the case of nitrate-free solution, to 1275 ppm
chloride. Similar curves, shown in Appendix D, were determined
for 500 and 1500 ppm nitrate where [C1-]cpit was determined to be
625 and 1875 ppm respectively.
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FIGURE 5.13 : Ecorrs Ex and Ey/Ep of AISI 431 versus chloride
concentration in 1000 ppm nitrate solution, pH 6.2

From curve (a) in Figure 5.14 the followiig linear relationship
beweeen [C1-]cpit and nitrate concentration has been determined:

[C1-Jepit = 1.18 [NO3=] + 95 Equation 5.2

Leckie and Uhlig (1966) found the follouing relationship for
inhibition of pitting by nitrates for an 18-8 stainless steel:-

Tog (C17)epijt = 1.88 log (NO3™) + 1.18 Equation 3.2

where (C1-)cpit and (NO3™) are the activity of chloride and

nitrate respectively.
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Their results were converted to concentration (ppm) using an

activity coefficient of 1, and have been plotted in Figure 5.14,

curve (b), for purposes of comparison. It can be seen that for

the concentration range 0 - 1500 ppm nitrate the current results,
indicate more effective inhibition of pitting of AISI 431 than

Leckie and Uhlig found for the pitting of an 18-8 stainless

steel. Calculations srow that above a nitrate concentration of

about 6300 ppm the results of Leckie and Uhlig predict more

effective inhibition of an 18-8 stainless steel than the current

results, if extrapolated, predict for AISI 431.
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FIGURE 5.14 : [C1-1cpjt plotted as a function of nitrate
_ concentration for AISI 431 compared to Leckie and
Uhlig's (1766) results for an 18-8 stainless steel

5.3.2 The Effect of pH on Pitting Inhibition by Nitrates in Chloride
Solutions

Ecorr, Ex and Ep/Ep of AISI 431 were plotted as a function of
chloride concentration in solutions containing 500, 1000 and 1500
ppm nitrate at pH 3.8 and 9.4. From these curves, shown in
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Appendix D, the [C1-].rit was determined at each nitrate
concentration and pH.

In Figure 5.15 [C1~]cprit has been plotted as a function of nitrate
concentration for pH 3.8, 6.2 and 9.4. From these curves the
following linear relationships were formulated: '

pH = 3.8  [C"~lcpit = 1.02 [NO3~] + 74 Equation 5.2
pH = 6.2  [C -Jcpjt = 1.18 [NO3~] + 95 Equation 5.1
pH = 9.4  [C ~Icpjt = 2.32 [NO3~] + 385 Equation 5.3

It can be see1 that nitrates inhibit pitting far more effectively
at pH 9.4 thar at pH 6.4 and 3.8. As discussed in section 5.2.1,
this can be i¢scribed to the additional inhibitive effect of the
OH™ jons at pi' 9.4 as well as the tendency of the bulk solution to
néutralize th: local acidity which exists inside a pit.
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FIGURE 5.15 : [C1-]cpit as a function of nitrate concentration at
pH 3.8, 6.2 and 9.4
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The greater inhibitive effect of the nitrates at higher pH is
further illustrated in Figure 5.16 where the slopes of the lines
determined in Figure 5.15 have been plotted as a function of pH.
These slopes are a measure of the chloride to nitrate ratio above
which pitting corrosion may occur.
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FIGURE 5.16 : [C1-Jcpit to NO3~ ratio as a function of pH

Figure 5.17 shows the [C1-].p.jt is plotted as a function of pH in
solutions without nitrates as well as for solutions containing
1000 ppm nitrate. The superimposed dotted Tline indicates the
[C1-1cpijt values which would be anticipated if the inhibitive
effects of pH and nitrates could be simply added together.
However at a pH of 9.4 it is evident that the inhibitive effect of
nitrates on pitting is greatly enhanced. The shaded area in
Figure 5.17 indicates the extent to which the [C17lcpit fis
increased above the value obtained by simply adding the inhibitive
effect of nitrates and pH. Clearly there 1is a synergistic
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interaction between NO3~ and OH- idons which substantially
increases the inhibition of pitting in alkaline solutions which
contain nitrate ions.
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FIGURE 5.17 : The enhanced inhibition by nitrates of pitting at
higher pH

5.4 THE EFFECT OF SCAN RATE ON [C1-Jcpit

A scan rate of 12 mV/sec was used in a series of tests to determine
[C1-Jcpijt of AISI 431 at pH 6.2 and nitrate concentration of 500, 1000
“and 1500 ppm. In Figure 5.18 [C1-]cpjt determined at the high scan rate
has been plotted as a function of nitrate concentration and is compared
to the results obtained at the slow scan rate. The slope of the curves
is 2.13 and when compared to the slope of 1.18 measured at a scan rate of



- 75 -

0.12 mV/sec it is evident that the high scan rate grossly over-estimates

the inhibition of pitting by nitrates.

This effect could be due to

insufficient being available for the accommodation of an induction time,

T, necessary for pit initiation.

Ipass and Ep/Ep were also found to be

higher at the fast scan rate than at the slow scan rate.
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FIGURE 5.18 :

[C1-]crjt plotted as a fuaction of nitrate concentration

for fast and slow scan rates -

 5.4,1 The Effect of Sulphates on [C1-].,it at Fast Scan Rate

Due to the time involved in performing the slow scan rate tests a

fast scan rate, 12 mV/sec, was ised to determine [C1-Icpjt for
AISI 431 in solutions containing 500, 1000 and 2000 ppm sulphate

at pH 6.2.
concentration in
derived:

By plotting [C1-].rijt as a function of sulphate
Figure 5.19 the

following relationship was
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[C1-Jcpit = 0.27 [S042-] + 120 Equation 5.5

Sulphates thus also inhibit pitting corrosion by increasing
[C1=1cpit, but their inhibitive power is substantially weaker than
determined for nitrates. Figure 5.19 also shows the results of
Leckie and Uhlig (1966) which were calculated from equation 3.3
using an activity coefficient of 1. Their results indicate more
effective pitting inhibition by sulphates for an 18-8 stainless
steel than was determined for AISI 431 in this study. They also,
however, found that sulphates are less effective than nitrates in
the inhibition of pitting corrosion.

To confirm the inhibition of pitting of AISI 431 by sulphates the
[C1-]cpit was determined for 1000 ppm sulphate solutions using the
slow scan rate. The result has been plotted in Figure 5.19 and it
can be seen that the difference in the results between the fast
and slow scan rate tests is not as great as was found for the
nitrate solutions.
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5.5 THE SIGNIFICANCE OF THE RESULTS AND THEIR APPLICATION TO THE REAL MINE
WATER SITUATION

The high cost of stainless steels 1is justified by their low rates of
corrosion in the passive state. When considering the use of stainless
steels it is therefore essential to ensure that the material will indeed
be in the passive state when exposed to its service environment.

The experimental E-pH diagram, shown in Figure 5.3, which was constructei
for AISI 431, underlines the importance of careful control of the pH o°
mine water. To ensure that this steel remains in the passive state i:
would be necessary to maintain a pH greater than 4 in the mine water.
Neutralization of mine waters wusing Ca(OH)2 has been successfull:
practised for many years and hence should not present a problem.

In many cases the minimal contribution which pitting corrosion makes tn
the overall corrosion rate is entirely acceptable. There ars, however

instances where, due to its insidious nature, pitting corrosion is no:
easily detected and this could lead to the unexpected failure o
equipment. Pitting corrosion of pipes and cylinders in hydraulic system
could, for example, lead to eventual perforation and loss of pressure

The presence of pits on components subjected to stress often faciiitate:
the initiation of environment-sensistive c¢racking such as corrosio
fatigue and stress corrosion cracking. The preferential initiatfon o’
such cracking at pits has been reported to be due to both the stress
concentration associated with the pit geometry as well as the localized
change in composition and potential which exists inside a pit (Parkins

(1985)).

To avoid the occurrence of pitting corrosion Ecgpr should be at- &
potential lower than both Ep and Ex. If Ecoppr is greater than Ep, pit:
will be able to initiate and propagate, while if Ecqgpp is less than Ep
but greater than Eyx, any existing pit or similar defect on a meta’
‘surface will be able to propagate (Pourbaix, 1970). In Figure 5.7 it can
be seen that even at a chloride concentration of 10000 ppm, which exceeds
the highest chloride concentrations reported in the survey of mine
waters, pitting corrosion would not be predicted on AISI 431 as Egqpp is
less than Ey.
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In some situations such as crevices or areas where excessive evaporation
occurs a localized accumulation of ions takes place. Consider a water in
which chloride and nitrate ions are present and the chloride
concentration is greater than the [C1~]cpjt for that specific nitrate
concentration and pH. As the chloride and nitrate ions accumulate
proportionally in a build-up situation the chloride ion concentration
will always be greater than the [Z1-]¢pjt and if sufficient build-up
occurs a situation will eventually b2 reached where pitting corrosion may
occur. Now, in the case where the caloride concentration in the water is
lTess than the [C1-]cpjt, the same argument may be applied and “the
chloride concentration will never exceed the [C1-].rijt and hence a
situation where pitting corrosion miy occur will not be reached. This
reasoning depends on the following tiree assumptions:

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

ii) No significant change in pH is saused by the build-up of ions.

i1i) The T1inear relationships which were derived between [C1™]cpijt and
nitrate concentrations may bLe extrapolated to higher nitrate

concentrations.

The value of Ex was always found to e about 0.15 V greater than Ecgpp in
the tests conducted in synthetic mire waters and hence pitting corrosion
was never predicted. In real mine vaters however, Ecqrpr Can be affected
by factors such as micrcbial activity, the presence of strongly oxidising
metallic ions Fe3* -and Cu2*, bimetallic contact, temperature and the flow-
velocity of the solution. Figure £.20 shows a plot of the Ecqpp Of an
AISI 431 specimen immersed in a saiple of water obtained from mine J.
The composition of the water is givey in Table 5.3.

TABLE 5.3 : The composition of mine ] water

PROPERTY LEVEL
pH 4.76
Conductivity ( S/:cm) 20180
T.D.S. (ppm) 5616
Suspended Solids (ppm) 40
Total Hardness (ppm) 3700
Calcium (ppm) 2100
Magnesium (ppm) 1600
Chlorides (ppm) 3704
Sulphates (ppm) 3354
Nitrates 3035
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As can be seen in Figure 5.20 Ecqpr increases with time and reaches a
constant value of about -0.01 V vs. S.C.E. after approximately 30 days.
The values of Ey determined in the synthetic mine waters generally were
in the region of 0.0 V vs. S.C.E.. Such an increase in the E.opp of a
steel in a real mine water which has a chloride concentration greater
than the [C1-].pjt could therefore result in Ecqpe reaching a value
greater than Ey thereby making the propagation of pits possible. If,
liowever, the chloride concentration of the mine water was less than the
|.C1-1cpit for that solution, pitting corrosion would be completely
‘nhibited and an increase in Ecqpp would not be dangerous.
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“IGURE 5.20 : Ecqpp Of AISI 431 as a function of time in mine J water
(Experimental work performed by the Chamber of Mines

Research Organisation)

" To further demonstrate this effect a potentiodynamic polarization test of
AISI 431 was performed in a solution containing 1000 ppm NO3~, 2000 ppm
¢1-, 3 ppm Cul* and 1.7 ppm Fed* at a pH of 6.2. The Ecgpep Measured in
this test has been supérimposed on the potential versus chloride
concentration diagram for 1000 ppm NO3~, pH 6.2 solutions as shown in
Figure 5.21. Reduction of Cu2* and Fe3* has provided an alternative
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cathodic reaction and the resultant change in the cathodic kinetics haé
increased Ecqppr to a value greater than Ey making the propagation of pits
possible. Another test was carried out with 100 ppm Cu2* in solution and
the Ecoppr was increased to a potential of 0.125 V vs. S.C.E. as indicated
in Figure 5.21. Hence, while the presence of oxygen is desirable insofar
as it stabilized the passive state of the steel, the effect of stronger
oxidising agents is deleterious in that they may be the cause of pitting
corrosion.
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FIGURE 5.21 : The effect of oxidisers Fe3* and Cu?* on the Ecorr Of AISI
431 in a solution containing 1000 ppm nitrate and 2000 ppm
chloride, pH = 6.2

The relatively simple compositions of the synthetic solutions in which
the potentiodynamic tests were carried out raised the question of whether
the relationships which were determined between [C1~]cpit and nitrate
concentration could be applied to the real mine water situation. The
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only mine water available for potentiodynamic testing was acquired from
mine J and contained 3704 ppm C1-, 3354 ppm 3042‘ and 3035 ppm NO3~ and
had a pH of 4.76 {further details of the composition are given in Table
5.3). The potentiodynamic test performed in this mine water on AISI 431
did not result in the occurrence of pitting corrosion. A synthetic
solution of mine J water was made up in the 1laboratory and the
pqtentiodynamic test performed on AISI 431 in this solution failed to
indicate the occurrence of pitting corrosion. A further test in a
solution from which the sulphat: jons were excluded also did not produce
pitting corrosion. By applying the vrelationship (equation 5.1)
determined between the [C1-].p.i4 and the nitrate concentration at a pH of
6.2 to the compositon of the mirne J water a [C1-].pjt of 3676 ppm may be
calculated. The chloride concertration in the mine J water (3704 ppm) is
very close to the calculatec [C1-]cpjt and probably represents a
borderline case in which there +s only just sufficient nitrate to inhibit
pitting corrosion.

These tests showed that the inhibition of pitting corrosion of AISI 431
is also apparent irn real mine water. This was, however, only
demonstrated for an isolated case and further tests in real mine waters
are required to confirm the result. Ideally it would be necessary to
perform tests in samples of ‘eal mine water which have a chloride
concentration greater than the [C1-lcpjt, as well as in samples which
have a chloride concentration less than [C1-]cpjt-

This discussion has highlighted the advantages of maintaining the
chloride concentration of a solution at a level Tlower than the [Cl‘]c;jt
of that specific solutien. Th2 potentiodynamic polarization technique
provides a rapid means of deternining the [C1-].pjt of a specific water
composition/alloy combination and could provide useful input to water
treatment engineers in determining the concentration levels to which mine
water needs to be treated. Unfortunately the seeded reverse osmosis
technique removes all ions in -:qual proportions and hence a mine water
"with a chloride concentration greater than [C1-].pjt prior to treatment
will be in the same position after treatment. Consideration should thus
be given to either the possibility of selective removal of chloride ions
or the more feasible solution of adding inhibitive ions (i.e. nitrates
and sulphates) thereby increasing the [C1-].pjt. Either of these options
could then be used in conjunction with the treatment of the water by
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seeded reverse osmosis. The variation in a mine water during a cycle
through a mine and the fact that potentiodynamic testing is a
non-equilibrium situation would require that stringent safety factors be
imposed on the values of [C1~]¢cpjt determined by this technique.

Since commercially produced steels will be used in the mines it is likely
that pits will initiate at inclusion sites as suggested by Sedriks
(1983). Furthermore it has been shown by Pessall and Liu (1971) and
Burstein and Davis (1980) that scratches provide preferential pit
initiation sites. In the mines the abrasive conditions provide an
abundance of scratches for pit. initiation. For these reasons it is
important to create conditions in which the propagation of pits i
completely inhibited. This study has shown that for the inhibition o
pitting corrosion careful control of the parameters associated with the
solution is as important as the consideration given to the choice of the
material. Figure 5.22 summarises those factors which have been found to
be important with respect to pitting corrosion. The most desirable
situation is indicated by the area on the left of Figure 5.22 where
complete inhibition of pitting occurs due to the chloride concentration
of the solution being below the critical chloride concentration. This is
“achieved by maintaining the correct ratio of inhibitor ions (NO3~ and
5042‘) to chloride ions at a specific pH. The area on the right of
Figure 5.22 represents the situation where the chloride concentration of
the solution is greater than the critical chloride concentration and in
this case the value of Ecorr in relation to the value of Eyx 1s
important. Those factors which may cause Ecgopp to increase® to a value
greater than Ey, thereby making the propagation of pits possible, are
indicated.
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-FIGURE 5.22 : A diagram summarising the factors which affect the
possibility of pitting corrosion of a material in mine
water solutions

The experiments conducted were not designed to establish the mechanisms
of pitting and pitting inhibition. In the past a number of different
mechanisms have been proposed (Kolotyrkin, (1961%); Leckie and Uhlig,
(1966); Hoar, (1967); Galvele, (1976)). In the author's opinion the most
acceptable mechanisms are those which suggest that pitting and inhibition
of pitting occurs due to a process of competitive adsorption between the
various ions involved (Kolotyrkin, (1961); Leckie and Unhlig, (1966);
Hoar, (1967)). To either confirm or disprove the validity of these
mechahisms sophisticated techniques such as Auger electron spectrosccpy
would have to be used for studying the changes in the passive film which
occur due to these processes. Such research would provide a greater
degree of understanding of the mechanisms involved and could possibly
reveal further means of manipulating the variables to the advantage of
the mining industry.
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CHAPTER 6

A SUMMARY OF FINDINGS AND CONCLUSIONS

The objectives of this study were:

i)

ii)

To establish an electrochemical technique for determining the influence
of the composition of synthetic mine water on the cerrosion behaviour of
AISI 431 stainless steel.

To determine what effect those ions most commonly encountered in mine
waters have on the corrosion behaviour of AISI 431.

The potentiodynamic polarization technique using a scan rate of 0.12 mV/secend

was found to be suitable for evaluating the corrosion behaviour of AISI 431 in

synthetic mine water solutions. The use of this technique has resulted in the

following findings:

An experimental E-pH diagram was constructed for AISI 431 in deaeratsd
solutions. In solutions with a pH greater than or equal to 3.8, AISI 431
was found to be in the passive state. In solutions with a pH less than
3.8 AISI 431 was found to corrode in the active state. The E-pH diagram
of AISI 431 will serve as a standard when evaluating other alloys.
Chloride ions were found to be responsible for the breakdown of passivity
due to pitting corrosion during potentiodynamic polarization tests.
Pitting corrosion during potentiodynamic scanning only occurred above a
critical chloride concentration, [C1™]cpit-

The effect of pH, nitrate concentration and sulphate concentration on the
[C1-1cpjt of AISI 431 was studied and it was found that:

i) [C1-Jcpit increased with increasing pH, particularly when the pH was
increased from 6.2 to 9.4. This is attributed to the inhibitive
effect which OH™ ions have on pitting corrosion.
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ii) Increasing nitrate concentration resulted in an increase in the
[C1-1cpit of AISI 431 in solutions of a particular pH. The
inhibitive effect of nitrate ions on pitting corrosion was greatly
enhanced in solutions with a pH of 9.4. Nitrate and hydroxy1 ions
are synergistic in their action in inhibiting pitting corrosion.

iii) Increasing the rate of potentiodynamic scanning from 0.12 mV/second
to 12 mV/second resulted in an overestimation of the effectiveness
of pitting inhibition by - nitrate ions. The fast scan rate is
therefore not recommended for the determination of [C1-I.pit.

iv) A series of tests using a scan rate of 12 mV/second showed that
increasing the concentration of sulphate ions also increases the
[C1-1cprijt of AISI 431. Even though the tests were conducted at a
fast scan rate, sulphate ions were found to be less effective than
nitrate fons in the inhibition of pitting corrosion.

Solutions containing up to 10 000 ppm chloride ions were investigated by
the potentiodynamic polarization technique and in no case was the
corrcsion potential, Ecqpp, found to be greater than either the pitting
pote: tial, Ep, or the protection potential, Ex. This indicated that
neit'er . the initiation nor the propagation of pits could occur in
synt' etic mine water solutions containing chloride, sulphate and nitrate
ions.

Immersion tests conducted in actual mine water showed that the corrosion
potertial of AISI 431 dincreased with time before attaining a constant
potertial after 30 days. This increase, which is thought to be due to
micrcbial activity, is sufficient to ennoble the corrosion potenial to a
value gfeater than the protection potential. Microbial activity can
therefore be an important factor in the occurrence of pitting corrosion.

The presence of the strongly oxidising metallic ions, Fe3* and Cu2+, has
been reported in mine waters. Potentiodynamic polarization tests
perfcrmed in synthetic solutions containing Fe3* and Cu2t showed that
these ions ennoble the corrosion potential of AISI 431 to potentials
greater than its protection potential. Therefore, the presence of Fed3+
and Cu2* can increase the probability of pitting corrosion of a stainless

steel.
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In real mine waters it is possible that either microbial activity or the
presence of Fe3t and Cu2* could result in the corrosion potential being
greater than the protection potential. To avoid the possibility of
pitting corrosion the chloride concentration of the water should be kept
below the critical chloride concentration, [C1™]cpit.

The water treatment processes used by the mines remove all ions in ejual
proportions. It is therefore important that the attention of witer
treatment engineers be drawn to the fact that water having a chlo~ide
concentration greater than [C1-]cpit prior to treatment will still havse a
chloride concentration greater than [C1-]cpjt after treatment.  3Such
water treatment will thus not necessarily decrease the susceptibilit;’ of
a steel to pitting corrosion.

The relationships derived between [C1-].pit and the nitrate and sulpiate
ion concentrations successfully predicted the inhibition of pittin: of
AISI 431 during a potentiodynamic polarization test conducted in -eal
mine water.

Mine waters are known to contain a complex variety of ions. This s :udy
has shown that is is important to ascertain the effect of individual ons
before considering what effects interactions between the icns have on the
corrosion behaviour of a steel. The potenticdynamic poelariza:ion
technique provides a rapid means of evaluating the various fac:ors
contributing to the corrosivity of mine water. '
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CHAPTER 7

'RECOMMENDATIONS FOR FUTURE WORK

This project must be seen as a contribution to an ongoing research programme.
It is important that the results of this study and future work may be
translated into practical terms by mining engineers. There is, however, also
the need for fundamental research which will provide a basic understanding of
the mechanisms involved in the processes under investigation.

Besides providing important information relevant to the mining industry this
study has raised a number of questions of academic interest regarding the
mechanisms involved in pi:ting corrosion and the inhibition of pitting
corrosion.

In order to understand th¢ mechanisms further research on the subject is
essential. Time/current re¢lationships could be performed to determine the
existence and duration of it initiation times in solutions where pitting
~inhibition has been predicled. It would also be of interest to establish
whether nitrate and sulpha:e ions are able to inhibit the propagation of
actively corroding pits. Th2 determination of Ex and its position relative to
Ecorr has been suggested to be of great importance, and attention should thus
be given tc the exact nature and validity of this characteristic potential of
pit propagation. '

The influence of corrosion in abrasion-corrosion, corrosion Fatigue and stress
corrosion cracking is important as these processes involve mechanical
breakdown of the passive film to expose virgin metal surfaces to the
environment. The scratch techniques used by Pessall and Liu (1971) and
Burstein and Davies (1980) viould provide valuable input in the study of these
mechanically accelerated corrosion processes.

Fundamental research into passive films and pitted surface using sophisticated
techniques such as Auger electron spectroscopy would have to be undertaken to
determine the exact nature and sequence of those events which occur on a
passive surface during pitting corrosion and the inhibition of pitting

corrosion.
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To provide additional information to mining engineers, future research should
be directed in the area of the effect of solution composition as well as in
the field of alloy development.

A simple means of monitoring mine water compositions should be investigated in
order that the corrosion behaviour of a "stainless" type steel may be
predicted in situ. Higginson and White (1983) reported that the conductance
and tota1'disso]ved solids (T7.D.S.) of mine water are related by the following
equation:

T.D.S. (ppm) = 0.76 x conductance (nS)

If it is possible to relate the [C1-].pjt to the total dissolved solids tnen
by measuring the conductance and chloride concentration of the water it could
be possible to establish whether the chloride concentration was greater than
or less than the [C1=].pjt for a specific alloy. The measurement of
conductance is simple and reliable while chloride concentration could be
determined by using a selective ion electrode.

In order to achieve the above and be able to predict pitting in real mine
water the inhibitive effect of sulphate ijons will have to be further
investigated by the potentiodynamic polarization technique. The effect of
sulphate jon concentration on the [C1-].p.jt should be determined using the
slow scan rate in solutions by various pH. It should also be established
whether the inhibitive effect of sulphate and nitrate ions may be added when
these ions are together in solution. To determine the validity of these
results potentiodynamic polarization tests should be conducted in real mine
waters where the chloride concentration is less than [C1-]cpit as well as in
mine waters where the chloride concentration is greater than [C1-]cpit.

The experimental alloys which are developed should be tested using the
potentiodynamic polarization technique and the results compared to those of
AISI 431.

A recently developed 8 per cent chromium alloy (designated Alloy A) was
subjected to exposure tests in a corrosion loop (described by Capendale,
(1983)) containing a synthetic solution of mine F water. Alloy A was found to
undergo severe crevice corrosion which propagated in the rolling direction'of
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APPENDIX A

Table A.l gives the compositions of various mine waters as determined by a
survey conducted by the Chamber of Mines (shown overleaf).
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APPENDIX B

THE SATURATION (LANGELIER) INDEX

The saturation index (S.I.) is the difference between the measured pH and the
saturation pH, (pHg):

S.I. = pH{measured) - PHs(computed)

If S.I. s positive, water becomes saturated with calcium carbonate which
deposites as a protective film on the metal surface. At negative values of
S.I. protective CaC03 scale can be dissolved thus exposing fresh metal to
- attack.

pHg can be calculated by the following equation:
PHs = (pKo-pKg) + pCalt + pa1x + Tog [1 .+ 2Kp/(H)s] | (1)

where pHg is the saturation pH value
pCAZ* is the logarithm of calcium concentration
Palk is the negative logarithm of alkalinity to methyl orange
pK2 is the negative logarithm of the ionisation constant of HCO3~

that is : Kp = [H*] [C032-]

[HCO03~]
and pKg is the negative logarithm of the solubility product of CaCCj3
that is : K = [Ca2+] [C032-]

When the pH of the solution falls within the range 6.5 to 9.5 the Tast term in
equation(l) becomes very small and the equation reduces to:

pHg = (pKo-pKg) + p Ca2* + payk

Charts and nomographs are available for obtaining the pHg values of waters
with a wide range of compositions (Rawat, (1976)).
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APPENDIX D
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FIGURE D.5 : Ecoprs Ex and Ep/Ep of AISI 431 versus chloride concentration in
1500 ppm nitrate solution, pH 3.{.
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FIGURE D.6 : Ecorr, Ex and Ep/Eb of AISI 431 versus chloride concentration in
500 ppm nitrate solution, pH 9.4.
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FIGURE D.7 : Ecorp, Ex and Ep/Ep of AISI 431 versus chloride concentration in
1000 ppm nitrate solution, pH 9.4.
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FIGURE D.8 : Ecorr, Ex and Ep/Ep of AISI 431 versus chloride concentration in
1500 ppm nitrate solution, pH 9.4. ' ’





