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ABSTRACT 
 

In the Namibian Otjihase underground mine, water is pumped from natural underground 

reservoirs to the surface using mild steel pumps that have cast iron valves and shaft 

sleeves coated with a Ni-Cr-Fe alloy. As these components failed very frequently in the 

highly corrosive mine water environment, it became necessary to provide 

recommendations for alternative pump materials. 

 

The Ni-Cr-Fe coated, carbon steel shaft sleeves were mechanically worn by abrasion in 

contact with debris trapped in packing glands. The highly corrosive mine water contained 

solid soil particles, which contributed to internal erosion-corrosion of the pump 

components. Once the protective coating was breached, the exposed steel corroded 

rapidly when reacting with the corrosive mine water, resulting in leakages.  

 

The main objective of this work was therefore to characterise the steel and cast iron 

components used in the pump system, determine methods to improve the tribocorrosion 

resistance of the pump components and recommend a hardfacing material with 

improved performance in the tribocorrosive mine environment. 

 

To simulate and study the synergistic effect of electrochemical and mechanical 

interaction between the pump components and highly corrosive mine water, the 

hardness and electrochemical response in synthetic mine water of the following proposed 

bulk materials were tested: Hastelloy G30, ULTIMET, Stellite 6B and ToughMet 3. 

Hastelloy G30 demonstrated good corrosion resistance, but had low hardness and poor 

abrasion resistance. ToughMet 3 had high hardness, but low corrosion resistance. As 

ULTIMET and Stellite 6B both had high hardness and good corrosion resistance, they were 

selected for further investigation to assess sliding abrasive wear and tribocorrosion 

behaviour in synthetic mine water. 

 

The possibility of enhancing the corrosion resistance of ULTIMET and Stellite 6 (not 6B) 

alloys as protective coatings by adding minor amounts of ruthenium was investigated. 

ULTIMET and Stellite 6 powders were each mixed with nominal 0.3 wt% Ru and nominal 

0.6 wt% Ru additions. The powders with no Ru, nominal 0.3 wt% Ru and nominal 0.6 

wt% Ru were then thermally sprayed by the high velocity oxy-fuel flame (HVOF) process 

onto a carbon steel substrate, and compared to a Cr2O3 coated steel as a benchmark. The 

powders and the coatings were characterised using optical and scanning electron 

microscopy with energy dispersive X-ray spectroscopy, and X-ray diffraction.  
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Hardness, sliding abrasive wear, and corrosion and tribocorrosion behaviour of the 

coatings and the substrate in synthetic mine water were then determined.  

 

Comparison of the hardness showed that the nominal 0.3 wt% Ru ULTIMET coating had 

higher hardness than the same coatings with no Ru and nominal 0.6 wt% Ru, the nominal 

0.6 wt% Ru Stellite 6 coating had the highest hardness and overall, the Stellite 6 coatings 

had higher hardness values than both ULTIMET and Cr2O3 coatings.  

 

At pH 6, the ULTIMET and Stellite 6 coatings with and without Ru additions had low 

corrosion current densities and consequently low corrosion rates in synthetic mine water. 

For the ULTIMET coatings, the corrosion rates decreased as the Ru content increased. The 

Stellite 6 coating had slightly lower corrosion current densities and corrosion rates than 

ULTIMET under all tested conditions.  

 

Stellite 6 coatings had lower abrasive wear rates at the tested loads than the other 

materials. The lowest abrasive wear rates were recorded with additions of nominal 

0.3 wt% Ru (5 N), and nominal 0.6 wt% Ru (10 N). 

 

As expected, tribocorrosive wear rates increased with increasing load for all alloys. 

Ruthenium additions to ULTIMET and Stellite 6 coatings decreased the tribocorrosive 

wear rate. The best tribocorrosion resistance was achieved by the Stellite 6 coatings. 

 

Stellite 6B bulk samples and Stellite 6 coatings with Ru had higher hardnesses, lower 

corrosion rates, lower wear rates and lower tribocorrosion rates than the carbon steel 

substrate, Cr2O3 coating, and ULTIMET bulk material and coatings. Stellite 6 coating with 

nominal 0.6 wt% Ru exhibited lower corrosion rates at pH 6 and 3 than the ULTIMET 

coating. Therefore, the Stellite 6 coating were recommended for use in pump shaft 

sleeves and the Stellite 6B bulk alloy in valves at Otjihase Underground Mine.  

 

The cost saving for using the proposed alternative materials was calculated as US$ 8 

546.68 (R 128 200.20) per year. This is a major economic incentive for Otjihase 

Underground Mine. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Orientation 

 

Steel shaft sleeves, valves and casings are used in water pump systems at copper mines 

such as Otjihase Underground Mine in Namibia, which continually pump water from 

underground reservoirs to the surface to prevent flooding of the mine. These 

components experience very high degradation rates due to the synergic effects of 

electrochemical corrosion from the highly corrosive mine water and erosion due to the 

mechanical interaction between the pump components and solid particles in the mine 

water. As a result, the pumping systems regularly break down, leading to unacceptably 

frequent maintenance, down-time and replacement of parts.  

 

Otjihase Mine is a copper underground mine with a massive sulphide deposit. The ore 

that is mined has a high concentration of copper (~1.6 wt%) with zinc, lead, silver and 

gold as by-products.1, 2 The mine is situated 18 km north-east of the Namibian capital, 

Windhoek, and operated by Weatherly International plc., which took over from the 

Ongopolo Mining and Processing Limited in 2008, and was renamed Weatherly Mining 

Namibia Limited. The mining activities are currently taking place at a depth of 800 m from 

the surface. 

 

During mining and ore processing activities at Otjihase Mine, stream sediments, sumps 

and surface water are usually contaminated by waste rocks and tailings.1 The main source 

of contamination of mine water is tailings dump.1 The seepage from the tailings dump 

consists of pyrite (FeS2), which forms acid mine water when it comes in contact with 

oxygen, making the mine water acidic and corrosive. 

 

All metallic materials in the mine are subjected to a corrosive environment. Some 

materials are directly in contact with the aqueous environment, while others are only in 

contact with the mine atmosphere. The mine water that is pumped out contains copper 

ions, alkaline earth elements, rare earth elements, sulphates, nitrates and an acidic pH, 

which varies seasonally, as well as a high electrical conductivity and high total dissolved 

solids (TDS). The atmosphere contains nitrogen, oxygen, water vapour, chlorine, and 

other gases. 

 

During mine operation, diesel engines running underground release sulphur dioxide (SO2), 

oxygen, water vapour, chlorine among others. In the presence of air, SO2 reacts with 
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oxygen to form SO3 (Equation 1.1 3), which dissolves in water to form H2SO4 (Equation 1.2 
4). Chlorine and hydrogen ions react to form HCl (Equation 1.3 5): 

Ὓὕ Ὣ  ὕ Ὣ O  Ὓὕ Ὣ                                      Equation 1.1 

Ὓὕ Ὣ  Ὄὕ ὰ O  ὌὛὕ ὥή                               Equation 1.2 

Ὄ Ὣ  ὅὰὫ O ςὌὅὰ ὥή                                  Equation 1.3 

 

These acids (Equations 1.2 and 1.3) may cause the mine water (dilute slurry) to be acidic 

and highly corrosive to mine hardware, affecting the performance of pump systems in the 

mine. 

 

During the corrosion process, iron is oxidised to iron (II) ions (Fe2+), and oxygen from the 

air in the mine is reduced to hydroxide ions (OH-). This is best described by oxidation-

reduction half-reactions (Equations 1.4 and 1.5 5): 

 

Oxidation half-reaction:      ὊὩί  O  ὊὩ ὥή ςὩ   Equation 1.4 

Reduction half-reaction:     ὕ Ὣ ςὌὕ ὰ  τὩ  O  τὕὌ ὥή     Equation 1.5 

 

Combination of Equations 1.5 and 1.6 gives the overall reaction of iron, oxygen, and 

water (Equation 1.6 6, 7): 

 

ςὊὩ ί  ὕ Ὣ ςὌὕ ὰ O ςὊὩ ὥή  τὕὌ ὥή Equation 1.6 

 

Fe2+ and OH- ions in Equation 1.6 6, 7 may combine to form solid iron(II) hydroxide, Fe(OH)2 

(Equation 1.7 5), which further reacts with oxygen and water to form iron(III) hydroxide 

known as rust (Equation 1.8 6): 

 

ὊὩ ὥή  ςὕὌ ὥή  O ὊὩὕὌ Ó   Equation 1.7 

τὊὩὕὌ Ó  ὕ Ὣ ςὌὕ ὰ  O τὊὩὕὌ Ó     Equation 1.8 

 

Under static, purely corrosive conditions, a surface oxide layer/film will form as 

protection against corrosion on steel components. However, pump components at 

Otjihase Underground Mine operate in a tribocorrosive environment at the following 

water pump stations: Kuruma, North, Satellite, 22 BOOC and Conveyor 6. With added 

abrasion or erosion, the oxide layer is removed from the wear track area, exposing fresh 

surfaces to the aqueous environment.8, 9 The exposed surface undergoes anodic 
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dissolution and forms a passive oxide film on the surface (Equations 1.9 and 1.10 3), 

generating electrons which are consumed by the cathodic reaction (Equation 1.11 3). 

 

ὓᴼ ὓ  ὲὩ Equation 1.9 

άὓ  ὲὌὕ O ὓ ὕ Ὄ ὼὩ          Equation 1.10 

ὕ ςὌὕ τὩ ᴼτὌὕ       Equation 1.11 

 

When the pump operates, its shaft sleeve, made of coated steel, often experiences wear 

by debris trapped in the packing gland, and once the coating is removed, corrosion from 

slurry further accelerates tribocorrosion. The passive film regrows, and partial anodic 

current flows from the worn area which modifies the electrochemical state of the 

sample.10 

 

This research focussed on the tribocorrosion of the steel pump systems at the Otjihase 

Mine. Shaft sleeves and valves were identified for study, since they experience 

degradation at a very high rate. The degradation causes reduction in the component 

thicknesses, leading to reduced mechanical strength and structural failure, mechanical 

damage to sleeves and valves, and leakage of pipes due to tribocorrosion.11, 12 Due to the 

mining conditions, these components experience tribocorrosion, and fail more often than 

the rest of the pump components, and this affects the mining activities. Due to the high 

corrosion rate, the mine spends much money on the maintenance and replacement of 

these pump systems. The cost of a pump at Otjihase Mine is ~US$ 700 (~R 10 500), and 

components such as the coated shafts and shaft sleeves cost ~US$ 290 (~R4 350) each. As 

the replacement of these components may be done every 6 weeks, the cost of the shafts 

and shaft sleeves amount to US$ 4 100 (~R 61 500) per 6 weeks, excluding labour, 

maintenance and down-time, or ~US$ 210 000 (~R 3.2 million) per annum.  

 

The aim of this research was to address this specific corrosion problem in this type of 

mining environment. This work included: 

¶ Determining the suitable alloys from which to manufacture the pumps.  

¶ Identifying other materials to be used as coatings of the pump components.  

¶ Determining whether these materials are available in bulk, are cost- effective, have 

reasonable production processes, and are readily available in Southern Africa. 
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1.2 Problem statement 

No previous field study had been done on corrosion of pump systems in Otjihase Mine, 

despite the large deleterious effects of this major problem. Many researchers have 

worked on the effect of corrosion on copper-containing steels13-18, but not on the 

corrosion behaviour of steels in a solution of dissolved copper and mine water. Thus, in 

this work, the effect of this aqueous solution on steel shaft sleeves and valves at the mine 

was examined. Alternative materials which may withstand exposure to very corrosive 

conditions, combined with frictional wear, were explored. 

As a solution to this industrial problem, coating of the pump components, such as shaft 

sleeves and valves, was suggested. Coatings have been developed to protect the base 

material against corrosion and wear due to the chemical and mechanical interactions with 

the aggressive environment. 

 

This work may provide solutions in terms of tribocorrosion protection in the mine 

environment. It also adds knowledge to the tribocorrosion mechanisms of the steels used 

in the shaft sleeves and valves, in a specific mining environment. It further advises on 

possible preventative methods, which may benefit other industries with similar 

tribocorrosion problems. 

 

 

1.3 Objectives 

The main objective of this study was to understand why so much corrosion was occurring 

in the Otjihase Mine, and then attempt to mitigate it by the identification of suitable 

materials to substitute those currently in use. This was achieved through the following 

specific objectives: 

 

1. To conduct a systematic investigation of the corrosion behaviour of mild steel and 

cast iron components used in the pumps operating in highly corrosive mine water at 

Otjihase Underground Mine. 

2. To determine the compositions and structure of the steel and cast iron pump 

components currently being used at Otjihase Underground Mine, Namibia. 

3. To identify suitable replacement materials for the pump components, and test them 

in bulk form initially to ascertain whether they would be suitable. 

4. To investigate the corrosion behaviour in synthetic mine water of hardfacing alloys 

(once they had shown that they would be suitable), coated onto steels. 

5. To investigate the abrasive wear behaviour of hardfacing alloys, coated onto steels. 
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6. To investigate the combined corrosive-abrasive wear performance in synthetic mine 

water of hardfacing alloys, coated onto steels. 

7. To determine methods to improve the tribocorrosion resistance of steel pump 

components, and recommend a hardfacing material with improved performance in 

the tribocorrosive mine environment. 

8. To establish the cost savings arising from the use of the recommended new material 

for the pump systems at the mine. 
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CHAPTER 2: LITERATURE REVIEW 

 

2.1 Introduction 

This chapter is a survey of the literature, and gives the necessary background on the 

corrosion of metallic alloys in environments with different pH values, including aggressive 

mine water, as well as the possible corrosion preventative methods. It gives a brief 

account of the corrosion mechanisms of steels, cobalt-based coatings and chromium 

oxide coatings. The chapter also gives a background on friction and wear mechanisms, 

and describes the wear resistance of cobalt-based and chromium oxide coatings, as well 

as the effect of ruthenium additions to the cobalt-based coatings and their reaction in 

tribocorrosive environments. 

 

2.2 Common forms of corrosion 

Corrosion is the progressive surface wastage that occurs when metals are exposed to 

reactive environments.7, 19 It is one of the most serious engineering problems and its 

study has increased in recent years. Corrosion is a major cause of material failure in 

buildings, mines, power plants, as well as in transport locomotives. The corrosion of steels 

in aggressive media is a common problem and much research has been carried out.7, 20 

Corrosion may appear in the form of uniform, galvanic, crevice, pitting, intergranular, 

erosion, stress corrosion cracking or tribocorrosion.7, 11 

 

General or uniform corrosion is the name given to the corrosion process dominated by 

uniform thinning, which proceeds without appreciable localised attack.21 Two theoretical 

basic stages of the uniform corrosion mechanism are: (a) the initial stage, in which the 

primary surface of the metal is attacked by chemical solutions, (b) corrosion nucleates 

and propagates on the surface area of the metal, causing uniform corrosion. After 

uniform corrosion, the repassivation of the protective film cannot take place, therefore 

anodic and cathodic sites become virtually indistinguishable. 

 

Galvanic corrosion is caused by dissimilar metals when electrically connected in an 

electrolyte. This can be used for protection where one metal (the less noble) is sacrificed 

to protect the other (the more noble).5, 22 The less resistant metal corrodes (becomes 

anodic), and the more resistant becomes cathodic, where less or negligible corrosion 

occurs. 

 

Kruger and Rhyme23 defined pitting corrosion as a form of localised attack which 

produces penetration into a metal object at sites called pits. Initiation of pitting corrosion 
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involves the chemical breakdown of a protective or passive film on a metal or alloy 

surface by aggressive species such as chlorides or sulphates.6, 5 

 

Crevice corrosion is a localised type of corrosion occurring within or adjacent to narrow 

gaps or openings formed by two metals or a metal and non-metallic material contact, 

where a small volume of a stagnant solution is present.6, 5 The parts that may experience 

crevice corrosion include gaskets, valve seats, rivet- and bolt-heads. 

 

Schweitzer5 defined intergranular corrosion as a specialized type of attack that occurs at 

the grain boundaries in a metal, with only little or no attack observed on the main body of 

the grain. In stainless steels, the mechanism is explained by the chromium depletion 

theory,24-26 in which carbon diffuses to grain boundaries and reacts with chromium to 

form chromium carbides. If this has occurred, the regions near grain boundaries become 

less resistant to corrosion, because the chromium has been tied up in the carbides. 

 

Erosion-corrosion occurs when deterioration is due to the combined action of chemical 

attack and mechanical abrasion or wear as a result of aqueous or gaseous corrodent 

flowing over the metal surface.24, 26 Pipes, valves, casings and shaft sleeves commonly 

experience this form of corrosion.  

 

Stress corrosion, often called stress corrosion cracking (SCC), is the failure of components 

subjected to aggressive environments in the presence of a static tensile stress.26, 27 It 

usually initiates at points of stress concentration, and the cracks are often branched. 

 

Major effects of corrosion are being reported every year and can cause social or 

economic effects.28 Detrimental effects of corrosion on society involve safety, for 

example, sudden failure can cause fire, explosion, release of toxic products, and 

construction collapse; health issues, from pollution due to escaping product from 

corroded equipment or due to a corrosion product itself; depletion of natural resources, 

including metals and the fuels used to manufacture them and degradation of 

appearance.28 

 

Economic consequences of corrosion may cause or require:5, 26, 28 

¶ Replacement of corroded equipment 

¶ Overdesign to allow for corrosion 

¶ Preventive maintenance, for example, painting 

¶ Shutdown of equipment due to corrosion failure 

¶ Contamination of a product 
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¶ Loss of efficiency, e.g. overdesign and corrosion products decrease the heat-transfer 

rate in heat exchangers 

¶ Loss of valuable products, e.g. from a container that has perforated due to corrosion. 

 

All of these factors increase costs: in Southern Africa, the direct cost of metal corrosion is 

~US$ 11 billion (~R154 billion) per annum, while in the U.S.A., the cost is ~US$300 billion 

per year.11, 29 Approximately one-third of these costs could be reduced by broader 

application of corrosion-resistant materials and the application of best corrosion-related 

technical practices.32 

 

2.3 Corrosion reactions 

Corrosion of metals and alloys in aqueous solutions or in any conducting medium, occurs 

by an electrochemical mechanism, whereby the electrochemical corrosion reaction 

requires four parts as shown in Figure 2.16: anode (A), cathode (C), metallic conductor (M) 

and electrolytic conductor (E).  

 

 
Figure 2.1. Elements of an electrochemical corrosion process. 6 

 

For electrochemical corrosion to occur, all four processes should take place 

simultaneously. At the anode (A), metallic ions leave the metal surface and go into 

solution, leaving electrons on the metal surface. In this way, the metal is oxidised (losing 

electrons) at the anode. There are two electrochemical corrosion reactions: anodic and 

cathodic. The anodic, or oxidation, reaction is a process where the anode metal M 

corrodes and goes into solution in the electrolyte as metal ions, Equation 2.1: 7 

 

ὓᴼ ὓ  ὲὩ                                                      Equation 2.1 

where n = the number of electrons (eҍ) released by the metal.  
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Electrons migrate through the electrolytic conductor to the cathode, and the electrons 

left by the metal ions at the anode site are carried to the cathodic site by the metallic 

conductor (M). 

 

The reaction that consumes the electrons produced at the anode is called the cathodic, or 

reduction reaction. The most commonly-occurring reduction reactions at the cathode are: 

hydrogen ion reduction (Equation 2.2) or oxygen reduction (Equation 2.3): 6 

 

ςὌ  ςὩ ᴼὌ                                           Equation 2.2 

ὕ ςὌὕ τὩ ᴼτὌὕ                                     Equation 2.3 

 

When the metal is in contact with an aqueous or corrosive medium, the metal 

experiences a corrosion potential (Ecorr), where both anodic and cathodic currents 

present on its surface.5, 30 These currents are equal in magnitude, therefore there is no 

nett current to be measured at this potential. The rate of the anodic reaction at the 

corrosion potential defines the corrosion current density (icorr) which gives the corrosion 

rate of a metal. The interaction between anodic and cathodic reactions is defined by 

polarisation behaviour and determines the corrosion rate. 

 

2.4 Corrosion measurements 

2.4.1 Potentiodynamic polarisation 

Potentiodynamic polarisation is a technique where the potential of the electrode is varied 

at a selected rate by application of a current through the electrolyte.31 It is a measure of 

polarisation characteristics by plotting the current response as a function of the applied 

potential.15 Usually, the log current function is plotted against potential on a semi-log 

graph. This plot is termed a potentiodynamic polarisation plot, and its curve shows the 

corrosion behaviours of the working electrode in the test solution (electrolyte). These 

behaviours include information on corrosion rates, passivity, films, and pitting tendencies.  

 

There are two scans during potentiodynamic polarisation: anodic and cathodic 

polarisation scans as illustrated in Figures 2.2 (a) and (b) respectively. 32, 33 In the anodic 

polarisation curve (Figure 2.2 a), the scan starts from Point 1 and progresses in the 

positive (potential) direction until termination at Point 2. The open circuit or rest 

potential is located at Point A. As the applied potential increases, the scan moves to 

Region B, which is the active region where metal oxidation is mainly taking place. Point C 

is known as the passivation potential. The current density decreases in Region D until a 

low, passive current density is achieved (Passive Region E). Once the potential reaches a 
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sufficiently positive value at Point F, called breakaway (i.e. the potential at which the 

surface film breaks down), the potential and the applied current increases in Region G. 

 

In the schematic cathodic polarisation scan (Figure 2.2 b)33, the potential is varied from 

Point 1 in the negative direction to Point 2. The open circuit potential is located at Point 

A. Depending on the pH and dissolved oxygen concentration in the solution, Region B may 

represent the oxygen reduction reaction. The potential applied decreases further, 

resulting in no change in the rate of reaction, and hence the constant current at Region C. 

At Point D, the applied potential becomes sufficiently negative for another cathodic 

reaction to take place. As the potential increases, this cathodic reaction becomes 

dominant at Region E. 

                       
Figure 2.2. Theoretical potentiodynamic polarisation plots of an active-passive metal: 
a) cathodic, and b) anodic polarisation plots. 33 

 

The most useful electrochemical technique for localised corrosion susceptibility is cyclic 

potentiodynamic polarisation.34, 35 The technique involves polarising the sample from its 

open circuit potential (or slightly below) anodically, until a predetermined current density 

is achieved. This current density is called the vertex current density. At this point, the 

potential is scanned back until the current reverses polarity. There are notable potentials 

on the curve, such as the transpassive or pitting (Etrans or Epit) potential, at which pits 

initiate, breakdown potential (Ebd), at which the surface film breaks down, and 

repassivation potential (Erp), potential at with the reverse scan crosses the forward scan. 

This potential is also called protection potential (Eprot). The values of Etrans and Erp are 

important for engineering materials if they are accurately measured. A material will not 

undergo pitting if its potential is below Etrans, and a material will not experience localised 

corrosion if the potential is maintained below Erp. The occurrence of hysteresis between 

the forward and reverse scans is an indication of pitting. If the hysteresis is very large, the 

a) b) 
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protection potential may be very close to the open circuit potential, indicating a high 

probability of pitting in that particular environment.35  

 

A hysteresis loop is positive when the current density during the reverse scan is higher 

than that for the forward scan at any given potential. The area under this loop indicates 

the amount of localised corrosion incurred by the material.36 A hysteresis loop is a 

negative loop or if there is no hysteresis when the current density during the reverse scan 

is lower than for the forward scan at any given potential, and the forward and reverse 

scans overlap. This indicates high resistance to localised corrosion, and very few small 

shallow pits have occurred.36, 37 A schematic diagram of cyclic potentiodynamic 

polarisation curves, showing several types of behaviour is given in Figure 2.3. 35 

 

Although cyclic potentiodynamic polarisation is a good technique which gives useful 

parameters, often mass loss experiments are needed as well, especially in a case where 

long time data are needed. 

 

 

Figure 2.3. Schematic diagram of typical cyclic potentiodynamic polarisation curve.35 

 

2.4.2 Polarisation resistance and corrosion rate 

Polarisation resistance (Rp), also called linear polarisation resistance, is the slope at the 

corrosion potential of a potentialςcurrent density curve (Figure 2.4).38 It is the slope ( ) 

obtained by scanning through a potential range of ± 25 mV that is very close to the 
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corrosion potential (Ecorr). Rp is inversely proportional to icorr according to the SternςGeary 

approximation in Equation 2.4: 38 

Ὑ
Ў

Ў Ў ᴼ
                                   Equation 2.4 

where Rp = polarisation resistance, icorr = corrosion current density, B = polarisation 

resistance constant that can be related to the anodic Tafel slope (ɓa) and cathodic Tafel 

slope (ɓc) in Equation 2.5: 38 

ὄ
ȿ ȿ

Ȣ ȿ ȿ
                                            Equation 2.5 

 

Equation 2.4 can be written in terms of icorr as in Equation 2.6: 38 

Ὥ
Ȣ

ȿ ȿ

ȿ ȿ
                                   Equation 2.6 

 

The corrosion rate (CR) in mm.y-1 is calculated using Equation 2.7: 38 

ὅέὶὶέίὭέὲ ὶὥὸὩ ὅὙ
Ȣ

Ὥ            Equation 2.7 

 

where Ew = equivalent weight of alloy (g) (Equation 2.8), ˊ = density of alloy (g.cm-3) 

(Equation 2.9), and icorr = corrosion current density (µA.cm-2). 38 

Ὁ
В В

                                           Equation 2.8 

where ὗ = electron equivalent of the i th element in the alloy (g), Ὢ = mass fraction of the 

i
th element in the alloy (g), ὡ  = atomic weight of the i th element in the alloy, and ὲ = 

valence of the i th element of the alloy. 

 ”
В

                                                Equation 2.9 

where ” = actual density of the ith element in the alloy and ὡ  = the weight of the ith 

element. 

 

 
Figure 2.4. Hypothetical linear polarisation plot.38 
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2.5 Corrosion behaviour of mild steel and cast iron 

Mild steel is the most useful steel for many engineering applications, due to their low 

cost, good strength, hardness and machinability.39 It can be welded into a limitless variety 

of shapes for use in cars, ships, pump systems and building materials. This steel is used in 

various service environments containing acids, alkalis and salt solutions, and so 

experience degradation.40, 41 Cast iron is also a widely used material, especially for car 

parts, seawater-handling components, pumps for desalination and power plants and 

hydraulic machinery. Therefore, it is important to know the corrosion mechanisms of mild 

steel and cast iron and the preventative methods in different environments. 

 

A review by Ibrahim et al.42 on corrosion of carbon steel pipes and tanks by concentrated 

sulphuric acid (5, 6.5 and 9 mol.L-1) showed that when carbon steel came into contact 

with the sulphuric acid, the former was reduced to form H2 and the iron oxidised with the 

formation of ferrous sulphate (FeSO4). The FeSO4 adhered to the steel surface and formed 

a protective layer, which protected the metal from further attack by concentrated 

sulphuric acid. 

 

Andijani and Turgoose43 used polarisation resistance measurements to study the 

corrosion behaviour of carbon steel in deaerated 1M NaCl solution and artificial seawater. 

At low temperature (25°C) and neutral pH, corrosion rates were very low, and increased 

with decreased pH, and corrosion potential increased with a decreased in pH. Noor and 

Al-Moubaraki44 also found similar behaviour in their study of the corrosion of mild steel in 

HCl solutions. After immersion in different concentrations of HCl (0.25-2.50 M), the mild 

steel showed general and pitting corrosion, especially at higher HCl concentrations. 

 

Zhang et al.12 performed fretting corrosion tests on steel wires in alkaline corrosion media 

on a fretting wear rig. They derived the interactive damage mechanisms of fretting wear 

and corrosion at different periods by studying the material loss and wear morphologies. 

The electrochemical results showed that a thin passive film was formed, and the 

corrosion rate was lowest after an immersion of 14 minutes. The corrosion products 

deposited on the wire surface were observed after 12 and 46 hours immersion, and the 

corrosion rates formed a plateau after fretting. The film was damaged by increased 

fretting cycles. These results showed that the interactive damage mechanism of steel 

wires was due to the combination of plastic deformation, abrasive wear and 

electrochemical corrosion. 

 

Mennucci et al.45 evaluated the effect of benzotriazole (BTAH), a well-known corrosion 
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inhibitor for copper, as a possible corrosion inhibitor for a carbon steel (CA-50), which is 

used as reinforcement in concrete. The improvement of the corrosion resistance due to 

BTAH addition was superior to that of nitrite of similar concentration, suggesting that 

BTAH is a potentially attractive alternative to nitrites for inhibiting corrosion of 

reinforcement steel in concrete. 

 

Mobin et al.20, 46 employed free corrosion potential and potentiodynamic polarisation 

measurements to study the effect of heavy metal ions, Cu and Ni, on the localised 

corrosion behaviour of a carbon steel (Fe-1.30Mn-0.14C0-0.2Si, with 0.01 wt% of Cr, Ni, 

Cu, P and S each) under different conditions. In the aqueous medium containing high 

concentrations of Cu and Ni, a stable protective barrier was more likely to be formed, 

which lowered the corrosion rate, while in the presence of lower concentrations of the 

metal ions, the observed increase in corrosion rate was due to the occurrence of cathodic 

reactions and absence of a stable protective barrier. The corrosion potentials of carbon 

steel in distilled water and seawater were in the range of ς650 to ς750 mV and ς700 to ς

800 mV vs SCE, respectively. However, no evidence of localised attack on carbon steel in 

the presence of different concentrations of heavy metal ions was shown, which could be 

a drawback of this research. 

 

Corrosion mechanisms of cast iron involve thinning, pitting, and graphitic corrosion. 47 

Corrosion of cast iron occurs in the same way as in steel where the metal lost to the 

solution, with graphitic and selective leaching of iron components from the iron-graphite 

matrix, and leave out graphite flakes. 48 This lowers the strength of a material, and leads 

to a material failure. However, the graphite flakes and the matrix are kept together by 

iron oxide corrosion products within the region called graphitised zone. Under low 

pressure, these iron oxide corrosion products are static, and under minor stresses, impact 

loads, or vibrations from auto traffic, they fracture and cause catastrophes or failure of 

materials if not a rehabilitation, repair or replacement of parts.49 Sherif et al.41 reported 

that corrosion of cast iron depends mainly on the percent of silicon in the alloy; the 

higher the silicon content, the higher the corrosion resistance. However, silicon additions 

are limited, and so the improvement from this method is also limited. 

 

Cast iron experienced minor general corrosion and localised corrosion in aerated static, 

aerated water and 3.5% NaCl environment.50, 51 The localised corrosion was more around 

the graphite flakes and it is more severe, which was due to the differences in the 

morphology of the graphite flakes and the microstructure of the samples. The 

electrochemical responses of cast iron in these environment showed that open circuit 

potential (OCP) in aerated tap water test became more positive, i.e. less anodic, while in 
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static test, it became less positive, i.e. more anodic. No OCP trends were noticed in the 

samples tested in 3.5% NaCl, and much iron dissolution was detected in the solution, 

which was promoted by chlorine in the solution. The iron ions in NaCl solution reacted 

with the oxygen and increased the corrosion process. 

 

2.6 Corrosion behaviour of cobalt and cobalt alloys 

Pure cobalt exists in two allotropes, a high temperature allotrope alpha (Ŭ) or gamma 

austenite () with an fcc crystal structure, and a low-ǘŜƳǇŜǊŀǘǳǊŜ ŀƭƭƻǘǊƻǇŜ ŜǇǎƛƭƻƴ όʶύ 

with a hcp crystal structure.52, 53 The fcc is usually a light contrast phase which etches with 

difficulty, while the hcp structure etches more easily, and is darker.54 The particular 

crystal structure affects the corrosion resistance in acidic and alkaline solutions:55, 56 hcp 

cobalt oxidised at a faster rate than fcc cobalt at high temperatures. The structure would 

be stabilised by alloying elements, which would also affect the corrosion resistance. 

Cobalt corrodes actively in acid media and forms Co2+ and Co3+ oxides in alkaline media. 

 

Frenk and Kurz57 reported that if the carbon content was lower than ~2 wt%, the alloys 

were hypo-eutectic with primary fcc (Co) dendrites surrounded by a network of eutectic 

carbides (M7C3, where M = metal, usually Cr or Mo). For higher carbon contents of 

~2.5 wt% C, alloys were hyper-eutectic and consisted of primary M7C3 carbides in an 

interdendritic eutectic matrix. Obviously, the proportions and distribution of the different 

phases would affect the corrosion resistance. 

 

Unlike iron- and nickel-based alloys, corrosion behaviour of cobalt and its alloys has been 

less well researched, because they are more specialised alloys and less used in industry. 

Corrosion behaviour of CoCrMo was studied by Contu et al.58 in biomedical applications 

such as dental skeletal structures and orthopaedic implants in acidic, neutral and alkaline 

in serum and inorganic buũered environments. A corrosion-resistant film formed on the 

surface of the alloy, mainly consisting of a mixture of cobalt, chromium and molybdenum 

oxides in neutral and alkaline pH environments. When the alloy was subjected to 

mechanical loading, this film experienced wear and fracture, with scratches, dents and 

fretting due to friction between the alloy and the parts where it operated, resulting in 

exposure of the base alloy to the corrosive environment.58, 59 Obviously, these solutions 

would be much less aggressive than in the Otjihase mine. 

 

Badawy et al.60 investigated the corrosion and passivation behaviour of cobalt in aqueous 

solutions at pH values of 1-13, and found that cobalt had an unstable native passive film 

consisting of CoO or CoO.H2O in acidic solutions. In neutral solutions, stabilisation of CoO 
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took place, while in basic solutions, the CoO.H2O passive film further oxidised to Co(III) 

compounds such as CoOOH and/or Co3O4. The formation of either CoOOH or Co3O4 

increases the stability of the passive film and they can be present as a second layer on the 

top of the native CoO passive film. This work is relevant to the current study for the acidic 

conditions only. 

 

The study of corrosion of palladium-containing cobalt-chromium dental alloys (45Co-

25Pd-20Cr-10Mo and 40Co-25Pd-21.4Cr-12.7Mo) in phosphate-buffered saline solutions 

by Sarantopoulos et al.61 showed that an increase in open circuit potential resulted in 

increased nobility. However, the corrosion resistance of these alloys were poorer with a 

decrease in polarisation resistance and increase in corrosion current density. These alloys 

exhibited an increased susceptibility to pitting corrosion. 

 

2.7 Corrosion behaviour of chromium oxide  

Chromium oxide coatings have shown very good chemical inertness, mechanical strength 

and hardness characteristics.62, 63 These coatings are used in applications for corrosion 

protection and wear resistance.64, 65 However, there are problems with poor adhesion of 

the coatings on metal substrates, due to the differences in the coefficients of thermal 

expansion.63, 66 Apart from this, coatings frequently exhibit pores or micro-cracks, which 

form paths between the corrosive environment and the substrate, leading to localised 

galvanic attack and corrosion of the base material. 

 

Liu et al.62 studied the corrosion and tribological behaviour of chromium oxide coatings 

(prepared by the glow-discharge plasma technique) and AISI 316L stainless steel substrate 

in 3.5% NaCl solution. They found that Cr2O3 coatings exhibited better corrosion 

resistance than AISI 316L stainless steel, and mechanical properties test results showed 

that the Cr2O3 coatings had high hardness, and adhered well to the steel substrates. The 

coating also displayed excellent wear resistance and low coefficient of friction under dry 

sliding wear test conditions. 

In their studies on the corrosion behaviour of various Cr2O3-based ceramics in 

supercritical water-cooled reactor (SCWR) environments, Dong et al.67 found that the 

coatings suffered degradation due to their porous morphologies, which increased the 

grain boundary attack and the oxygen concentration, causing the dissolution of Cr2O3. 
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2.8 Corrosion in mine environments  

In underground mines, SO4
ς, Na+, Ca+, Mg2+ and Clς ions in the water with different pH 

values, and CH4, CO, CO2, H2S and SO2 in the air as emissions from mine equipment, 

create corrosive environments.68-70 The effect of these in the corrosive mine water may 

lead to leakage in pump components, high replacement rates and costly maintenance. 

Aggressive mine water often leads to corrosion of pipes, well screens, ponds, bridges, 

water intakes and pumps.71 Corrosion attack on pump systems is a critical issue in mining, 

as well as in mineral processing industries. The most common forms of corrosion on mine 

pump systems are uniform attack, caused by sulphuric acid, and pitting and crevice 

corrosion, caused by the presence of chlorides. 

 

Information on piping and pumping systems and the history of their performance were 

surveyed by Carter72, revealing the extent of the problems due to erosion and corrosion 

experienced within the mining industry. The survey was restricted to material-handling 

systems, which include pumps, valves, piping, bends, and other pipe fittings, and showed 

that failure was due to erosion and abrasion at bends and T-pieces. The erosive nature of 

the fast-flowing corrosive solutions greatly accelerated the rate of metal loss, and led to 

the formation of undercut pits. Incorrect material selection, poor maintenance, poor 

installation, faulty design and manufacture had exacerbated the premature failure of 

these systems. The summary of the survey is given in Table 2.1. 72  

 

From Table 2.1, the components which caused failures of pumps were the bearings, 

shafts, seals and balancing discs among others, followed by failure due to abrasion, 

incorrect operation and materials selection of pump components. The components with 

manufacturing defects and ingress of mud into clear water systems could also cause 

failure of pump components. The pump had only failed twice due to corrosion. 

 

Ash et al.73 reported the corrosive and erosive effect of acid mine waters on metals and 

alloys for pumping equipment and drainage facilities. The mine water was highly 

corrosive, and attacked pumping equipment and drainage facilities used to remove and 

control the water in underground mines. As shown in Table 2.2 73, the mine water caused 

severe erosion corrosion at 25°C, and contained acidic components of SO4
2- and SO4

3-, 

with CO3
2-,and CO3

3- as alkaline components. Elements such as Fe, Cl, Al, Ca, Mg and Mn, 

and silica were dissolved solids, and the mine water had a specific resistance of 390-1040 

ʍΦƳ. The specific resistance, a measure of the ability of the mine water to resist the flow 

of current, is important because it measures the transfer of charge through ions i.e. 

conductivity in a solution, which is necessary for corrosion to occur.7, 11, 74 The 
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conductivity is often related to the potential for corrosion, and depends on the species in 

the solution.  

 

Higher levels of carbonates tend to decrease the corrosion rate, while higher 

concentrations of the aggressive ions and sulphates to increase corrosion. 
73 The pumping 

equipment and drainage facilities were protected from corrosion by lining them with 

wood staves, glass, and later with cement. Test coupons were suspended in sumps, pump 

discharges and flumes at four USA anthracite mines. Using immersion tests, stainless 

steels (Series 302, 303, 304, 316, 410, 416, 430, 446, 304L, Armco 17-4 PH and Armco 17-

7 PH) were compared, and had adequate corrosion resistance to severely corrosive acid 

mine water as shown in Tables 2.2-2.4. 73 

 

Despite the corrosiveness of the environments, steels did not corrode apart from the 416 

and 304L stainless steel, which had about 0.0025-0.0127 mm·y-1 (Table 2.3). There were 

some pits and cracks observed on surfaces of the samples after exposure in the corrosive 

sumps (Table 2.4). Pits and cracks were also observed on the wrought and cast stainless 

steels, which also showed corrosion resistance in the acid mine water. Only 1020 and 502 

with 5 wt% Cr steels showed high corrosion rates, and they dissolved in the solution 

during the first day of exposure. 

 

 

 

Table 2.1. Summary of the survey on failure of pump components in material-handling systems in 
the mining and mineral-processing industry, July 1986. 72 

 

Cause of failure Number of times 

Manufacturing defects 3 

Ingress of mud into clear-water systems 3 

Incorrect operation 5 

Incorrect choice of material 5 

Failure of bearings, shafts, seals, balancing discs, etc. 11 

Abrasive attack 6 

Corrosive attack 2 
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Table 2.2. Analysis of acid mine water from 4 anthracite mines in Pennsylvania, USA, January 1953-January 1954. 73 

 

Component 

Mine 

Marvine Loree Wamanie Storrs 

Sump 1 Sump 2 Sump 3 Sump 4 Sump 5 Sump 6 Sump 7 Sump 8 Sump 9 

pH 5.9 3.4 3.5 3 3 2.9 2.9 3 3.1 

  
 (p

p
m

) 

Acid: SO4
2- 0 196 147 450 397 33 335 274 225 

Acid: SO4
3- 7 389 308 1 032 1 029 680 865 477 556 

Alkaline: CO3
2- 18 - - - - - - - - 

Total solids 955 2 000 1 830 2 066 2 580 2 684 2 820 1 971 1 830 

Suspended solids  52 14 13 0 0 79 83 11 10 

Dissolved solids 903 1 986 1 817 2 066 2 580 2 605 2 737 1 960 1 820 

F
ilt

e
re

d
 w

a
te

r 
(p

p
m

) 

Total iron 5.6 46 68 68 40 84 83 85 82 

Ferrous iron 1.5 0 0.5 0.5 0 0 0.5 0.5 0 

Sulphate 550 1 192 1 540 1 540 1 510 1 595 1 683 990 978 

Chloride 8 14 14 14 18 15 16 12 16 

Aluminium 2 50 58 58 83 28 35 6 38 

Calcium 131 200 155 155 166 168 195 126 120 

Magnesium 42 125 159 159 160 189 210 90 68 

Manganese 0.8 10 18 18 20 174 17 8 8 

Silica 5 23 31 31 30 15 18 24 21 

 Specific resistance, ʍƳ 1 040 530 565 440 444 410 390 600 560 
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Table 2.3. Corrosion rates (mm·y-1) of specimens in acid mine water from different anthracite mines in Pennsylvania, USA, January 1953-January 1954. 
73 

 

Mine Item 
Stainless steels 

410 416 430 304L Armco17-4PH Armco17-7PH 

M
a
rv

in
e 

S
u

m
p 

Mass loss (mg) 0 2.5 0 0.5 3.5 1.5 

Exposure (h) 816 816 816 816 816 816 

Corrosion rate 0 0 0 0 0 0 

Appearance at 7.5x magn. No attack No attack Two small pits Incipient pits in weld Few small pits Incipient pits 

D
is

ch
a
rg

e Mass loss (mg) 0 3.5 0 0.5 3.5 0 

Exposure (h) 1 452 1 452 1 452 1 452 1 452 1 452 

Corrosion rate  0 0 0 0 0 0 

Appearance at 7.5x magn. 2 small etched areas Incipient pits One small pit Small pits in weld Edge cracked Rust stain 

F
lu

m
e 

Mass loss (mg) 0 11.5 0 0 4.5 2 

Exposure (h) 1 593 159 1 593 1 593 1 593 1 593 

Corrosion rate  0 0.0025 0 0 0 0 

Appearance at 7.5x magn. 2 small etched areas No attack No attack Scratched Incipient pits No attack 
 



21 

Table 2.3Φ /ƻƴǘƛƴǳŜǎΧ 

 

Mine Item 
Stainless steels 

410 416 430 304L 
Armco17-

4PH 
Armco17-7PH 

L
o

re
e 

S
u

m
p 

Mass loss (mg) 0 32.5 0 0 8.5 0 

Exposure (h) 2 184 2 184 2 184 2 184 2 184 2 184 

Corrosion rate 0 0.0025 0 0 0 0 

Appearance at 7.5x magn. Many scratches Small pits Small pits Incipient pits 

1 small 
etched area 
+incipient 

pitting 

One pit. Edge 
cracked 

D
is

ch
a
rg

e 

Mass loss (mg) 1 5 0 0.5 2.5 1 

Exposure (h) 1 866 1 866 1 866 1 866 2 184 1 866 

Corrosion rate 0 0 0 0 0 0 

Appearance at 7.5x magn. Few incipient pits 
One small 

pit 
No attack 

Long pit in weld. 
Pits in base metal 

Edge 
cracked. 

Incipient pits 

Edge crack. 4 
small pits 

S
to

rr
s 

S
u

m
p 

Mass loss (mg) 0 11.5 0 95 3 2.5 

Exposure (h) 1 485 1 485 1 485 1 485 1 485 1 485 

Corrosion rate 0 0.0025 0 0.0127 0 0 

Appearance at 7.5x magn. Few incipient pits No attack No attack 
Small pits in weld. 
Incipient pits in 

base metal 
No attack Few small pits 
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Table 2.3Φ /ƻƴǘƛƴǳŜǎΧ 

 

Mine Item 
Stainless steels 

410 416 430 304L 
Armco17-

4PH 
Armco17-7PH 

W
a
n

a
m

ie
 D

is
ch

a
rg

e 

Weight loss (mg) 0 4 0 0.5 2 1 

Exposure (h) 212 212 212 212 212 212 

Corrosion rate 0 0.0025 0 0 0 0 

Appearance at 7.5x 
magn. 

One rusted area. 
Several pits 

No attack No attack One pit in weld 
Edge 

cracked. 
Incipient pits 

One long pit. 
Several on 

back 

F
lu

m
e 

Mass loss (mg) 0 3.5 0 0 1.5 2 

Exposure (h) 212 22 212 212 212 212 

Corrosion rate 0 0.0025 0 0 0 0 

Appearance at 7.5x 
magn. 

Incipient pitting 
Incipient 
pitting 

Few small pits 
Incipient pitting in 

weld 
Cracked edge 
Incipient pits 

One area 
incipient 

pitting. Few 
small pits 
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Table 2.4. Summary of immersion tests in acid mine water of stainless steel specimens and their surface appearances.73 

 

Material 
Exposure 

(h) 
Mass loss 

(mg) 
Corrosion rate 

(mm·y-1) 
Appearance at 7.5x magnification 

W
ro

u
g

h
t 

s
ta

in
le

ss
 s

te
e
ls 

302 3 710 0.1 0 Some etching in small localised areas near outer edge; many small shallow pits 

303 7 968 3.6 0 bƛƴŜ ǎǇƛƴŘƭŜǎ ƘŀŘ ƴƻ ŀǇǇŀǊŜƴǘ ŀǘǘŀŎƪ ŘǳǊƛƴƎ мм ƳƻƴǘƘǎΩ ǘŜǎǘƛƴƎ 

304 504 0 0 Many small shallow pits underneath 

316 840 0 0 Few small, shallow pits 

410 3 834 0.1 0 Crevice corrosion more severe; fewer small shallow pits; machining marks - so no attack 

430 4 012 0 0 No crevice attack; fewer small shallow pits 

446 1 008 0 0 One side smoother; showed more shallow pits; no crevice corrosion 

Armco 17-4 
PH 

7 968 0 0 
Three spindles had no apparent attack during 11 ƳƻƴǘƘǎΩ ǘŜǎǘƛƴƎ 

Armco 17-7 
PH 

840 0 0 
No attack, except for very few, small shallow pits and no crevice corrosion 

C
a
s
t 
s
ta

in
le

s
s
 

s
te

e
ls
 

CE30 720 0 0 Very few small shallow pits; concentric abrasion circles apparent; no crevice attack 

CF8M 888 0 0 Very few small shallow pits; no crevice attack 

HC 3 666 0 0 Very few small shallow pits; no crevice attack 

HC Special 720 0 0 Very few small shallow pits; no crevice attack  

Steel (1020 casting) 432 508.3 45.2 Samples dissolved during first day of testing 

5wt% Cr steel (502) 432 170.4 18.35 Samples dissolved during first day of testing; smoother surface  
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2.9 Corrosion protection methods used in mines 

There have been many studies on, and possible protection methods against, corrosion in 

various mining environments. Lalvani et al.69 analysed water in underground mines and 

coal preparation plants. Due to recycling of water with very high concentrations of 

chlorides, sulphates and low pH, costly corrosive attack on metals used in boilers, 

combustion devices, piping, and other hardware occurred. In contrast, high calcium and 

magnesium carbonate, and bicarbonate contents inhibit corrosion by forming a 

protective film on metallic surfaces. Several approaches had been identified which could 

alleviate this corrosion:69  

¶ Changing the construction materials 

¶ Cathodic protection 

¶ Redesign of processes and equipment and 

¶ Dechlorination of coal. 

 

Zinc-doped composite silane films formed by one-step electrochemical deposition for 

corrosion protection of mild steel were studied by Wu et al.75. The cross-linked network 

of organosilane films provided the desired barrier and the doped zinc gave cathodic 

protection to the steel substrate by its sacrificial dissolution. The increase of the zinc ion 

concentration in the silane precursor resulted in a constant decrease in potential. Thus, 

the composite films exhibit improved corrosion performance in NaCl and H2SO4 corrosive 

solutions and in the atmospheric environment.  

 

Stainless steel (316L SS) was protected from near neutral and alkaline corrosive solutions 

containing molybdate and nitrate by electrodeposition of polypyrrole, which is resistant 

to pitting corrosion in these solutions76. The corrosion behaviour of the coated electrodes 

was investigated in NaCl solutions by electrochemical techniques and scanning electron 

microscopy. The results showed that coating significantly reduced the pitting corrosion of 

the substrate. 

 

Romero et al.77 studied different inorganic oxide thin films of MgO, NiO and ZrO2 as 

barrier coatings against the corrosion of galvanised steel. The chemical spray pyrolysis 

technique was used to deposit these thin films. The corrosion behaviour of the coatings 

was studied using potentiodynamic polarisation and amperometry. Good corrosion 

protection was found for the NiO coating on aluminised steel in both saline and acidic 

conditions, whereas the MgO coating only protected against corrosion in acidic 

conditions. 
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Austenite stainless steel coatings were deposited by high-velocity air-fuel (HVAF) thermal 

spray technology.78 The HVAF system combusts a mixture of compressed air and fuel gas 

in the combustion chamber. These coatings are widely used for improving corrosion 

resistance on the surface of steels due to their low cost and high efficiency compared to 

atmospheric plasma sprayed (APS) and wire-arc sprayed (WAS) austenitic stainless steel 

coatings. The latter have relatively high amounts of porosity and oxides, since the high 

temperature particles readily react with oxygen in the atmosphere. The corrosion 

resistance of coatings formed by HVAF spraying, with and without sealing, was evaluated 

by salt spray tests for up to 500 h. No corrosion was observed on the sealed coatings.  

 

Laser cladding is the melting and welding of a corrosion-resistant material onto the 

surface of the machine parts by applying a laser as the heat source,68 and is a suitable 

technique to apply an erosion-corrosion resistant coating for many mining machine parts. 

Wang et al..68 investigated laser clad nickel-based FZNCr-60A (wt%: 0.84 C-3.62 B-15.57 

Cr-4.33 Si-4.27 Fe-71.37 Ni) alloy layers on 1045 steel and 420 stainless steel, and found 

an exponential relationship between the H2SO4 concentration and the erosion rate of the 

slurry (Figure 2.5).68 Higher erosion-corrosion wear resistance were observed for the laser 

clad nickel-based FZNCr-60A than 420 stainless steel at all erosion rates of slurry and 

H2SO4 concentrations, making it reasonable to use high performance cladded coatings on 

plain carbon steel, instead of the high alloy steels used in underground mines.68 This 

could be a good material and process to mitigate the corrosion problem at the Otjihase 

Underground Mine, but laser cladding is expensive, and thus unlikely to be used, although 

FZNCr-60A would have similar costs to Ni-Cr-Fe, because the compositions are similar. 

 

A system of solςgel coatings and hybrid organicςinorganic coatings together with cerium 

molybdate nanocontainers loaded with corrosion inhibitor Mercapto-benzothiazole 

(MBT) was developed for the corrosion protection of hot dip galvanised (HDG) steel.79 

Thin oxide films were deposited on a substrate at lower temperatures than traditional 

ceramic methods, and provided protection against corrosion by creating an inert barrier 

between the metal surface and its environment.79 The corrosion resistance of the 

coatings was studied using electrochemical impedance spectroscopy (EIS) in 0.5 M NaCl 

solution for 744 h (31 days). The coatings improved the corrosion protection, and the 

addition of nanocontainers with corrosion inhibitor improved the anticorrosive properties 

of the coatings compared to the coatings which had empty nanocontainers, or the 

coatings which had only the inhibitor. 
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Figure 2.5. Relationship between erosion-corrosion wear rate and H2SO4 concentration 

for: a) laser clad coating, and b) 420 stainless steel.68 

 

Phalaborwa Copper Mine, on the western border of the Kruger National Park, RSA, has 

had corrosion problems in its facilities.80 Its environmental conditions are dry, dusty and 

appeared to be a typical Cl environment. The aggressiveness is caused by the acid and 

zirconia plants, which produce corrosive chemicals, including sulphuric acid. The mine 

uses the hot dip galvanising (HDG) method to stop corrosion by applying a hot dip 

galvanised powder coating duplex system, and then overcoating with an epoxy polyester 

powder. 

 

Díaz et al.81 used chemical vapour deposition (CVD) and physical vapour deposition (PVD) 

techniques, by low temperature atomic layer deposition (ALD) and filtered cathodic arc 

deposition (FCAD) to produce a 50 nm thick tantalum oxide nanocoating on a low alloy 

steel substrate. The film offered excellent mechanical properties and suitable corrosion 

protection of steels in corrosive sodium chloride aqueous solutions. The immersion tests 

in a neutral pH solution did not reveal significant coating degradation, except minor 

coating breakdown and/or pit growth for the ALD sample. However, in the more 

aggressive acid solution (pH 2), the resistance to localised corrosion was lower and pitting 

occurred faster in the ALD coating. 

 

Using electrochemical polarisation neutral salt spray (NSS) measurements, Fang82 

investigated the growth process of the phosphate coating on a 30CrMnMoTi alloy steel 

(composition given in Table 2.5), fabricated by high temperature manganese phosphating. 

The corrosion potentials of the phosphated steel shifted positively about 480 mV from 

the uncoated steel in 3.5 wt% NaCl solution, and phosphating for 24 h improved the 

corrosion resistance of the 30CrMnMoTi alloy steel.  

b) a) 

http://www.sciencedirect.com/science/article/pii/S0013468612019640
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Peng et al.83 used rare earth lanthanum salt and trimethoxy (vinyl) silane as chromate 

substitute for galvanised steel passivation, and compared it with zinc coated samples 

treated with chromate. The galvanised steel sample was immersed in a 0.1 mol.L-1 

La(NO3)3 to form a rare earth film and 4 vol.% trimethoxy (vinyl) silane making a complex 

passive film. Another galvanised steel was immersed in 0.05 mol.L-1 CrO3 for comparison. 

The rare earth and silane gave excellent corrosion protection on the galvanised steel, 

which was more effective than Cr alone. This was due to the formation of a rare earth 

film on the zinc surface, which formed a surface barrier, blocking the cathodic sites and 

hindering the cathodic reactions. 

 

Molybdates have been used as alternatives to hexavalent chromates in pitting corrosion 

prevention on mild steel, where molybdate ions adsorbed on the surface and formed a 

complex with the ferrous (Fe+2) ions. 84 In the presence of dissolved oxygen, the ferrous 

ions oxidised to ferric (Fe+3) ions, which formed an insoluble corrosion protective barrier 

of ferric molybdate, and protected the steels against chlorides and acid attack. 

 

Kalendová et al.85 studied the properties of organic coatings containing polyaniline (PANI), 

in combination with other anti-corrosive pigments such as zinc phosphate dihydrate 

(Zn3(PO4)2·2H2O), calcium metaborate (Ca3(BO3)2) and strontium chromate (SrCrO4), and 

PANI with zinc dust (>97% Zn). Epoxy coatings, an acidic aqueous Zn3(PO4)2·2H2O extract, 

a basic aqueous Ca3(BO3)2 extract and a neutral aqueous SrCrO4 extract were used in an 

atmosphere of 5 vol.% SO2 and 10 vol.% NaCl. The accelerated corrosion test results 

revealed that PANI + Zn3(PO4)2·2H2O increased the corrosion resistance of the organic 

coatings. Both pigments had the same acidic pH of the aqueous extract, which may have 

led to very high corrosion resistance. However, excellent corrosion protection was 

provided by the PANIPVC=5% + Zn-dust in a SO2 environment and in NCl. 

 

Table 2.5. Composition of 30CrMnMoTi alloy (wt%).82 

 

Mo Ti Ni Cr Cu S P Mn Si C Fe 

0.27 0.08 0.06 1.16 0.060 0.02 0.02 0.77 0.33 0.33 Bal. 

 

Epoxy varnish coatings were applied on cold rolled steel plate substrates, and exposed to 

an artificial weathering environment produced by fluorescent UV/condensation 

weathering equipment for different times.86 The degradation of the epoxy varnish coating 

was studied by electrochemical impedance spectroscopy (EIS), scanning electron 

microscopy (SEM) and adhesion tests. The electrochemical behaviour of weathered 
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coatings was closely related to the formation and development of blisters on the surface, 

due to coating degradation.  

 

The coating resistance decreased after 28 days of exposure, which indicated significant 

deterioration of the barrier properties. The soluble degradation products penetrated into 

the coating, along with water, to form osmotic cells, leading to the formation of blisters 

on the coating surface under the alternating wet and UV irradiation conditions. Small 

blisters were observed on coating surface after 21 days exposure. With increasing ageing 

time, blisters grew and subsequently ruptured. The spread of degraded areas caused the 

growth and development of blisters. With the loss of coating material and embrittlement 

of the coating, cracks appeared on the surface and the blisters broke, which resulted in 

significant deterioration of the coatings. 

 

2.10 Ruthenium as an alloying element 

Ruthenium is a noble metal of the platinum group metals (PGMs).87 It is a hard, lustrous, 

white metal. Its melting point is ~2334 °C, with a density of 2.45 g.cm-3. Other PGMs are 

platinum, palladium, rhodium, iridium, and osmium. They occur together in nature and 

are produced from the same ore.88 They are mined mainly in South Africa, Russia, and 

North America. PGMs are highly resistant to wear, tarnish and chemical attack and resist 

corrosion in aggressive environments. 

 

Due to the above mentioned properties, PGMs are sometimes added to alloys, e.g. to Co-

based alloys, to give improved mechanical and chemical properties. Ruthenium is used 

more than other PGMs, since it is the least expensive metal of the group, and it is readily 

available in South Africa89, 90, and may also be used as an effective hardener, producing 

alloys that are extremely corrosion- and wear- resistant.87 

 

However, from a metallurgical point of view, in order to improve the corrosion resistance 

of CoςCr alloys, the PGM additions should be uniformly distributed in the CoςCr matrix.91 

The binary phase diagrams shows Au (a precious metal with similar solubility properties 

to the PGMs in Co) is not really soluble in Cr, but is slightly soluble in Co, while platinum is 

very soluble in Co, and but has limited solubility in Cr.91 Ruthenium has a good solubility 

in the CoςCr matrix compared to other PGMs and precious metals.92 Thus, it is sometimes 

added to alloys to improve the corrosion resistance. This modification of an alloy by 

adding a small amount of a corrosion resistant PGM to it is known as cathodic 

modification.92 
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Potgieter et al.92 studied the effect of additions of small quantities of Ru on the 

electrochemical behaviour of austenitic stainless steel in organic acids. They found that 

the corrosion potential of the samples alloyed with Ru moved to more positive potentials 

with increasing Ru, i.e. corrosion resistance of these samples increased with Ru additions.  

 

Banda et al.90 found that small additions of ruthenium up to 0.66 wt% Ru significantly 

improved the pitting potentials of the LDX2101 duplex stainless steel in aerated 3.56% 

NaCl aqueous solution. There was also no detrimental effect to the microstructure of the 

steel. In addition, Ru also lowered the current required to maintain the passive state of 

the steel. Ruthenium also increased the passive range of LDX2101 duplex stainless steel. 

Sherif et al.89 also found similar results when they studied the effects of minor additions 

of ruthenium (up to 0.28 wt% Ru) on the passivation of duplex stainless steel in 2 M HCl 

solution. The presence of Ru in the steel showed a significant positive shift in the 

corrosion potential towards more noble values, and so the steel was protected from 

general and pitting corrosion in the solution tested.89 This addition of Ru also caused a 

reduction in the corrosion rate of the steel.  

Olaseinde93 cathodically modified 2101 duplex stainless steel with Ru additions (up to 10 

wt% Ru), and studied the modification effects in 0.5 M HCl, 0.5 M H2SO4, 1 M H2SO4, 3.5 

M NaCl and 1 M H2SO4 + 1% NaCl solutions. The results agreed with those of Potgieter et 

al.87, 92, 94, 95, Pirso et al.93, YŀǊŀƳƛǒ et al.94 and Sheriff et al..115 Ruthenium additions 

increased the corrosion potential to more noble values in all the solutions. Spontaneous 

passivation was also observed with a wide range of passivity. The critical current density, 

the passive current density and the corrosion rate decreased with increasing ruthenium 

content. The hysteresis loops showed more resistance behaviour to pitting corrosion in 1 

M H2SO4 acid than in 3.5 M NaCl, although no pits were observed on the microstructures 

after corrosion.  

 

2.11 Friction and wear 

2.11.1 Mechanism of friction 

Friction is the tangential resistance to motion, or impending motion, between two 

contacting solid bodies,96 and is not a material property but rather a system response. 97 

The resistive tangential force is called the friction force, and acts in the opposite direction 

to the direction of the motion. Friction can be understood using a ratio known as the 

coefficient of friction, ˃ , a dimensionless quantity given by the ratio of two forces acting 

perpendicularly: the frictional force experienced, F (N), and the normal load on the 
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object, W (N) to the interface between the two bodies under relative motion or 

impending relative motion.98 Thus: 

‘       Equation 2.10 

 

There are two types of friction coefficients, the static coefficient of friction representing 

the friction opposing the onset of relative motion (impending motion), and the kinetic 

coefficient of friction representing the friction opposing the continuation of relative 

motion once that motion has started.98 These coefficient of friction are defined in 

Equations 2.11 and 2.12: 98 

‘       Equation 2.11 

‘       Equation 2.12 

 

where: Fs = frictional force just sufficient to prevent the relative motion between two 

bodies, Fk = frictional force needed to maintain relative motion between two bodies, and 

W = force normal to the interface between the sliding bodies. The values for µs and µk for 

some materials are known and readily available. 

 

2.11.2 Mechanisms of wear 

Williams99 defined wear as the progressive damage, involving material loss, which occurs 

on the surface of a component as a result of its motion relative to the advancement 

working parts. A wear mechanism was described by Petrica et al.100 as scratching and 

grooving, combined with multiple indentations due to rolling or sliding hard particles. 

Wear arises from the friction forces created by the resultant interaction of the working 

ǇŀǊǘΩǎ ǎǳǊŦŀŎŜ ǊƻǳƎƘƴŜǎǎ ŦŜŀǘǳǊŜǎΦ96 The consequences of wear include the cost of 

replacement of parts and loss of production. 

 

The definition of wear is generally based on loss of material, but it should be emphasised 

that damage due to material displacement on a given body, with no net change in weight 

or volume, may also constitute wear.97 Wear is not a material property, it is a system 

response and is influenced by the operating conditions. The five main types of wear are: 

abrasive, adhesive, tribocorrosion (corrosive wear), sliding and erosion wear.56, 101, 102 

 

Adhesion wear occurs when the interaction of asperities (i.e. the small peaks due to the 

roughness of the surfaces), after sticking together at only a few raised places on two 

opposed surfaces in motion, result in their fracture.74, 120  
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According to Gee101, abrasion wear occurs when hard particles from, or within, the 

worked material (rock, metal, ceramic) are dragged across the surface of the tool or wear 

part. Corrosive wear is the synergistic effect between chemical reaction at a surface and 

mechanical wear processes.74, 120  Sliding wear (delamination wear) occurs when two solid 

surfaces slide over each other, with or without lubricant resulting in material transfer or 

loss from either surface, and erosive wear involves the removal of material from the 

surface of a component by the high-speed impact of a liquid or of a stream of hard 

ǇŀǊǘƛŎƭŜǎ ŎŀǊǊƛŜŘ ƛƴ ŀ ŦƭƻǿƛƴƎ ƅǳƛŘΦ56, 101 

 

Abrasive wear is a removal of materials due to scratching between two surfaces in 

relative motion, resulting in development of furrows or grooves on the soft material.56, 103 

Abrasion wear is categorised into two basic modes, namely, two-body abrasion wear, 

which occurs when a hard body slides over a soft surface, producing grooves due to 

ploughing and micro cutting of the softer material, and three-body abrasion wear, which 

occurs when a third body (an abrasive particle) enters the space between two parts in 

relative motion. 94, 104, 105 

 

The three terms used to describe the various types of abrasive wear in mining industry 

are 106-108:  

¶ Scratching abrasion: occurs by repeated scratching or scouring action of hard, sharp 

and small particles moving over the solid surface at varying velocities. 

¶ Grinding abrasion: occurs when small abrasive particles are forced against a metal 

surface with enough force to fracture and be crushed generating sharp cutting edges.  

¶ Gouging abrasion: occurs where abrasion is combined with strong impacts induced by 

large and heavy objects, which are forced with pressure against a solid surface, leaving 

prominent gouges and grooves. 

 

These types of abrasive wear depend on hardness, microstructure and the work 

hardening properties of the material being abraded. Abrasive wear resistance of certain 

alloys often depends on carbide content; as the latter is increased, the wear rate is 

reduced.106, 109 

 

Tribocorrosion (corrosive wear) involves mechanical and chemical or electrochemical 

interaction between bodies in relative motion110, so that corrosive wear occurs when two 

rubbing surfaces interact within a corrosive environment.56 A metallic surface within a 

corrosive environment is often covered with a thick protective film which depends on its 

adherence to the substrate and ability to deform without cracking, and when locally 

worn, the exposed areas oxidise and reform the film.111 This wear mode is confined to the 
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formation and removal of oxide films and is referred to as tribocorrosion or oxidative 

wear. However, not all coatings are protective in all environments. A schematic diagram 

of the process of tribocorrosion mechanisms is shown in Figure 2.6.110 

 

2.11.3 Wear resistance of cobalt-based hardfacing and chromium oxide coatings 

Cobalt-based alloys such as Co-Cr-Mo and Co-Cr-W possess good wear resistance due to 

high carbon contents, similar to WC-Co based alloys.94, 112 These wear-resistant cobalt-

based alloys consist of Cr7C3 hard particles dispersed in cobalt-chromium solid solution 

matrix113, e.g. Co-Cr-W/Mo. These carbides provide resistance to low-stress (or two-body) 

abrasion, which is encountered when surfaces are in relative motion with packed 

abrasives. Higher carbon content means higher resistance to low-stress abrasion, 

although carbide particle size also has a strong influence. In addition, cobalt alloys resist 

wear due to their ability to absorb energy through the fcc to hcp transformation and 

through twinning.114 

 

Levy and Crook115 investigated the erosion properties of various alloys for the chemical 

processing industries. They concluded that cobalt-based (Co-Cr-W-C and Co-Cr-W) alloys 

exhibited lower erosion rates than the austenitic stainless steels and Ni-Cr-Mo alloys. 

They suggested that this was due to low stacking fault energy, a fcc structure and or the 

tendency of the structure to transform from fcc to hcp under the action of mechanical 

stress. 

 

The evaluation of the sliding wear resistance of cobalt-based and iron-based super alloys 

in a molten zinc bath was done by Zhang and Battiston116, using a submerged bearing test 

rig. Journal bearings with similar materials running against each other suffered severe 

wear and experienced heavy oscillation in coefficient of friction. However, this oscillation 

was from experimental anomalous behaviour. The coefficient of friction for all the 

materials tested was within the range 0.1-0.25, and there was no correlation between the 

coefficient of friction and the amount of wear a material experienced.  

 

Cobalt-based and Cr2O3 coatings are used in mining and other industries, due their unique 

properties, such as corrosion resistance, self-lubrication, wear resistance, good adhesion, 

strength and machinability.63, 95, 117, 118 They are among the hardest engineering and 

industrial materials.63, 119 

 

It would be expected that friction is independent of hardness as the coefficients of 

friction of all clean metals vary by less than a factor of two.120 However, it is well known 
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that the coefficient of friction of hard substances, such as tungsten carbide, hard 

chromium, and hard steels, is less than that of softer metals.96, 120, 121 

 

Cetinel et al.64 studied the tribological behaviour of Cr2O3 (as bearing materials) flame 

spray coated onto a AISI 304L steel substrate. The study was conducted under dry and 

acid environments (1% H2SO4) using a pin-on-plate tribometer configuration against the 

AISI 303 counter material for different loads. They found that in 1% H2SO4, the wear loss 

was less than in the dry condition, and the applied load level was more effective in the 

dry condition. The wear mechanisms revealed by SEM were generally characterised by 

local plastic deformation, cracks, pits, wear debris grooves, scratches and wear tracks. 

 

Similar wear mechanisms to those identified by Cetinel et al.64 were also found by Ahn 

and Kwon122 in their study of tribological behaviour of plasma-sprayed chromium oxide 

coatings on SS41 steel. The study was conducted using oscillating friction and wear tester 

in dry and lubricated conditions. 

 

2.12 Fundamentals of tribocorrosion 

2.12.1 Mechanism of tribocorrosion 

Tribocorrosion can be defined as a process of simultaneous corrosion and wear taking 

place at contacting surfaces in relative motion with a synergy between wear and 

corrosion.9 A schematic diagram of the progress of tribocorrosion is shown in Figure 

2.6.110 Tribocorrosion is also one of the major problems affecting the performance of 

equipment in many engineering fields.9 Wear occurs on an area subjected to sliding, while 

corrosion occurs on the whole metal surface exposed to the corrosive environment. In 

mining components or medical implants, tribocorrosion often reduces the life-times of 

parts in contact.  

 

Tribocorrosion may occur under a variety of conditions, such as sliding, fretting, rolling, 

impingement) in a corrosive medium.9 Sliding is a reciprocating movement of two 

surfaces in contact. The surfaces contact may be two-body ς when the surfaces of those 

contacting parts directly slide one over the other, or three-body contact when the sliding 

surfaces are separated by particles which are usually the wear debris. When a passive 

material is subjected to sliding conditions, worn surfaces are formed where the passive 

layer is removed, while the unworn areas remain passive.123 
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An oxide film protects the substrate from corrosion 

ŘŜƎǊŀŘŀǘƛƻƴΦ ˅0 ς thickness of the substrate before 

tribocorrosion. 

 

 

 

Wear removes the film, inducing an accelerated 

corrosion process.  

 

 

Tribocorrosion products enhance the wear.  

 

 

 

Materials loss due to tribocorrosion synergy.  

xt: thickness of the substrate after tribocorrosion. 

Figure 2.6. Schematic diagram of the progress of tribocorrosion.110 

 

 

The tribocorrosion mechanism is based on a repetitive tearing off of the surface oxide 

after each contact, and eventually a removal of some of the underlying material.124 

During this action, oxide particles, the debris, are released from the contacting materials. 

Tribocorrosion products include grooves parallel to the direction of the sliding direction, 

smeared layers and severe delamination from the subsurface and crack growth.9 

 

2.12.2 Measurement of tribocorrosion 

The interaction between mechanical and chemical factors leading to tribocorrosion is best 

understood using corrosion techniques. These are in situ tribological experiments that are 

carried out in aqueous ionic electrolytes under controlled electrochemical conditions.125 

 

Open circuit potential (OCP) is a technique which records the potential of the working 

electrode relative to a reference electrode when no current is flowing in a tribocorrosion 

cell. This measurement of the potential of the metal (sample) in the test solution can be 

generated as a function of time. 124, 125 The measurement is performed with a 

potentiostat during the tribological test. Other techniques include the evaluation of 

galvanic cells, but the most relevant techniques for this study were the OCP and 

potentiodynamic measurements. 
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Ponthiaux et al. 124 used an OCP technique to study tribocorrosion processes of an AISI 

316 stainless steel in aerated 0.5 M H2SO4, sliding against a corundum ball. The OCP was 

measured against a saturated calomel electrode during and after applying a 10 N load 

(Figure 2.7). 124 

 

Before starting the test, the sample was immersed in the solution, and OCP increased, 

indicating a stable passive surface state was achieved (Areas 1 and 2 in Figure 2.7). During 

loading, a sudden decrease of OCP took place (Area 3), and was close to the OCP at 

immersion. During unloading, the OCP increased back to the initial value (Area 4). This 

indicates that a passive state on the surface of the stainless steel was re-established in 

the wear track area. 

 

Tribocorrosion wear mechanisms of a plasma carburised Stellite® 21 CoςCr alloys were 

studied by Chen and Dong126 using a reciprocating wear tests in 3.5% NaCl solution. The 

corrosion potentials of these materials were between 21.6 mV and 277 mV, and the 

materials exhibited strong passive behaviour. The transpassive region started around 600 

mV and oxidation of Cr3+ to Cr6+ probably occurred under these conditions. Their EDX 

results indicated oxygen, sodium and chlorine in the wear track, as well as much 

ploughing, while BSE imaging showed worn carbides and the ploughed areas crossed 

through them, with cracks formed in the interface of the carbide/matrix. This work is 

relevant to the current study, which aims to solve corrosion and wear problems at the 

Otjihase Underground Mine. 

 

 

Figure 2.7. Variation of OCP of an AISI 316 stainless steel sample in 0.5M H2SO4 before 
(Areas 1 and 2), during (Area 3), and after loading (Area 4) against a corundum 
ball at 10 N load.124 
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2.13 Basics of thermal spray coating 

2.13.1 Thermal spray coating techniques 

Various technologies are used to deposit a coating on base materials include: 

electroplating, electroless plating and hot-dip galvanising, vapour deposition, thermal 

spray techniques, weld overlays.127-130 The current research used coatings deposited by 

thermal spraying. The American Welding Society defined thermal spraying as a group of 

processes in which finely divided metallic or non-metallic materials are deposited in a 

molten or semi-molten condition on a prepared substrate to form a spray deposit 

(coating).128 This includes processes that use the thermal energy generated by chemical 

(combustion) or electrical (plasma or arc) methods to melt, or soften, and accelerate fine 

particles or droplets to a substrate at a high speed.130  

 

Thermal spraying processes include  the techniques: 129, 130 

¶ Beam e.g. laser spraying 

¶ Thermal spraying by liquid e.g. molten bath spraying 

¶ Thermal spraying by gas e.g. flame, detonation, high velocity flame and cold gas 

spraying 

¶ Thermal spraying by electric gas discharge e.g. arc and plasma spraying 

 

Thermal spray coating is used to protect pump components against wear and corrosion 

due to its excellent erosion and abrasion resistance, high hardness and toughness.131 

Since the current research project needed coatings, thermal spraying was targeted, 

because it is an easy technique to coat pump components and other materials that may 

be subjected to wear operations and is widely used commercially. 

 

The most widely used thermal spray coating technique is high velocity oxy-fuel flame 

(HVOF) and plasma spraying. The HVOF method produces good microstructures 

compared to other spraying methods.132, 133 These methods use powders with sizes 

ranging from negative to positive mesh size. The negative particle size means the particles 

pass through the sieve, and a positive particle size means particles are retained by the 

sieve. 

 

HVOF spray coating has major applications in industries where protection against wear, 

friction and corrosion is needed102. In the mining industry, it is used for protection of 

slurry pump components.134 The HVOF-sprayed coatings may have bond strengths of ~90 

MPa, porosity lower than 1 %, and the coating thicknesses in the range 100ς300 µm.135 
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Plasma spraying is also used to spray materials such as hardfacing coatings in mining and 

other industries, where a synergy of corrosion and wear is observed.131 It offers a more 

economical alternative to high velocity oxygen fuel (HVOF) spraying.136 Plasma-sprayed 

ceramics coatings may have bond strengths from 15-25 MPa, porosity from 1-7 %, and 

the coating thicknesses in the range 300 to 1500 µm.145 Prior to spray coating of ceramics, 

a bond coat is usually sprayed on the substrate. The most-used bond coat is NiCrAlY, 

which produces a dense, adherent bond between the substrate and the top coating.145 

 

2.13.2 The HVOF thermal spray process 

The HVOF process consists of fuel gas or liquid introduced into the combustion chamber, 

together with oxygen; the gas ignites at a high temperature and pressure,130, 135 powder is 

introduced into the jet, and the exhaust gas is formed by a nozzle. The molten or semi-

molten particles pass through the nozzle, and emerge at a high speed into the open 

atmosphere moving towards the substrate. The combustion chamber and nozzle are 

cooled by water. A schematic diagram of a HVOF set-up is shown Figure 2.8. 137 

 

 
Figure 2.8. Schematic diagram of a HVOF combustion chamber.137 

 

2.13.3 Plasma spray process 

Plasma spraying is carried out in an open atmosphere.98, 105 A high-powered jet of ionized 

argon, helium and hydrogen (plasma) melt ceramic powders. The molten powder 

particles are then sprayed on to the substrate, cooled down rapidly and solidified, 

forming a very strong thermal spray coating on a substrate surface. A schematic diagram 

of a plasma spray is shown Figure 2.9. 137 
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Figure 2.9. Schematic diagram of a plasma spraying chamber.137 

 

 

2.14 Study approach 

The literature review showed that different materials had been used in various 

environments, with various degrees of success. Some of the materials were too expensive 

to be used in the mine, e.g. the alloys with palladium. Information on the materials used 

in the mine was limited, and no reports were found on the target materials being used in 

the mine. Thus, studies of the corrosion and wear behaviour will fill a knowledge gap, and 

help to identify the best alloys for use in the mine. The potential of adding ruthenium to 

any targeted replacement material was identified, especially if the source was powder. 

 

Some coating methods were also discussed, and because of the good properties 

chromium oxide was identified to be used as a benchmark.  

 

Some of the experimental techniques used were described, and the relevant standards 

were identified.  
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CHAPTER 3: EXPERIMENTAL PROCEDURE 
 

3.1 Introduction 

This chapter describes the materials, experimental procedures and equipment which 

were employed to investigate the corrosion behaviour of the materials of the pump 

components at Otjihase Underground Mine, and the corrosion and wear properties of 

candidate alloys which are being considered as replacements for the materials currently 

being used for the pump components (shaft sleeve and valve). These procedures include: 

¶ Characterisation of the failed pump components, including corrosion tests,  

¶ Corrosion, wear and tribocorrosion testing of the materials for replacement of the 

currently failed pump components at Otjihase Underground Mine, in bulk form, to 

ascertain their suitability. 

¶ Thermal spray deposition of coatings on mild steel substrate, including with 

different ruthenium contents, and 

¶ Corrosion, wear and tribocorrosion testing of the coated samples for replacement 

of the currently failed pump components at Otjihase Underground Mine.  

 

The components collected from the mine were tested for corrosion. The shaft sleeve 

samples were cylindrical, making it hard to cut standard pieces for wear and 

tribocorrosion testing. Thus, wear and triboroccorion tests were not performed for 

comparison with the proposed materials. 

 

 

3.2 Materials 

3.2.1 Materials for bulk studies 

The materials used for preliminary study were as-cast ULTIMET®, ToughMet®3, 

Hastelloy®G30 (supplied by Multi Alloys South Africa and HAYNES Int. USA) and 

Stellite®6B (supplied by Multi Alloys South Africa and Kennametal Stellite, Koblenz, 

Germany). The chemical compositions of these alloys are given in Table 3.1. Samples from 

Otjihase Underground Mine pump systems, such as: a mild steel shaft sleeve with a 

nickel-chromium coating (INCONEL Alloy 600) and a cast iron valve were also collected for 

optical emission spectrometry (OES) characterisation ŀǘ {ŎǊƻƻōȅΩǎ [ŀōƻǊŀǘƻǊȅ {ŜǊǾƛŎŜ cc., 

Johannesburg, and for failure analysis. Samples were photographed using a Nikon 

COOLPIX L310 camera, and a Nikon SMZ 745T stereo microscope. 
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A516 G70 mild steel substrate for all the coatings was supplied by MACSTEEL Service 

Centres (Pty) Ltd, SA, and 99.9% Ruthenium powder with mesh size of -100 was supplied 

by Johnson Matthey (Pty) Ltd, SA. All the powders, except ruthenium, are standard for 

use in commercial thermal spray coatings. 

 

Table 3.1. Typical chemical compositions of the test materials (wt%).121, 138, 139 

 

Element 
Composition (wt%) 

Hastelloy G30 117 ULTIMET141 Stellite 6B140 ToughMet 3 117 

Ni Balance 9.00 2.60 15.00 

Co 5.00 Balance Balance - 

Cr 28.00ς31.50 25.00 28.80 - 

Mo 4.00ς6.00 5 1.50 - 

W 1.50ς4.00 2 4.50 - 

Mn 1.50 0.80 1.00 - 

Fe 13.00ς17.00 3.00 2.50 - 

Si 0.80 0.30 1.30 - 

Sn - - - 8 

C 0.03 0.05 1.20 - 

Cu 1.00ς2.40 - - Balance 

Nb - 0.01 - - 

N - 0.08 - - 

P 0.04 - - - 

S 0.02 - - - 

Nb+Ta 0.30ς1.50 - - - 

 

 

3.2.2 Materials for spray-coating studies 

ULTIMET and Stellite 6 alloy powders were supplied by WEARTECH (Pty) Ltd and FE 

Powder Supplies (Pty) Ltd, SA, and Cr2O3 powders were supplied by Thermal Spray (Pty) 

Ltd, Olifantsfontein, SA. Thermal spraying was chosen as the method of depositing the 

coating, because the technique was easily accessible, and although the quality of the 

coatings might not be optimal, at least some results for comparisons would be obtained. 

 

The particle sizes and distribution of the powders were determined by a MS 200 Malvern 

Mastersizer® analyser, using laser diffraction to measure the size of particles with water 

as dispersant. The technique measures the intensity of light scattered when a laser beam 

passes through the dispersed particulate samples.140 This intensity was then analysed 

using Malvern Mastersizer® software to calculate the size of the particles that created the 

scattering pattern. The powders were also placed on to aluminium sample holders using 
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conductive double-sided carbon tape to examine their sizes and morphologies using SEM-

EDX analysis. 

 

The ULTIMET and Stellite 6 powders were each mixed with Ru additions at Wits University 

using a TURBULA® T2F Shaker Mixer. The quantity of 1.5 g of Ru was added to 498.5 g of 

ULTIMET or Stellite 6 powders to provide 0.3 wt% Ru addition to the ULTIMET or Stellite 

6, while 3 g Ru was added to 497 g of ULTIMET or Stellite 6 powders to provide 0.6 wt% 

Ru. The 0.3 and 0.6 wt% Ru compositions were chosen for comparison with no Ru 

composition, and ensure that there was no deleterious effect by Ru on the 

electrochemical and mechanical properties. These amounts were deliberately kept small, 

because ruthenium is expensive, although effective in small amounts. The higher addition 

was double that of the smaller one, and the gap was thought to be sufficient to 

distinguish between their different effects. A mass of 500 g for each coating were placed 

in a 500 mL closed plastic container, and mixed at 97 rpm in a cylindrical mixing chamber 

subjected to translational and rotational motion. The container was held in place by 

twisted rubber rings. Alumina balls with diameters of 6-12 mm were used to homogenise 

mixing. 

 

Prior to coating, the substrates were pre-treated by removing any rust or corrosion 

products using acetone before being grit-blasted with 20 grit abrasive to ensure good 

adhesion of the coating layer to the substrate.  

 

The surfaces of the substrates were pre-heated before coating. Samples of 12 mm thick 

ASTM A516 Grade 70 steel were high velocity oxygen fuel (HVOF) spray coated with a 

commercial alloy of CoCrNiW (ULTIMET), CoCrNiMo (Stellite 6), and plasma sprayed with 

chromium oxide (Cr2O3) powders at Thermal Spray (Pty) Ltd, Olifantsfontein, SA. The 

spraying was done using a FANUC® System R-J3iB connected to a FANUC robot R-200 iA 

16SF for ULTIMET and Stellite 6, and a SULZER METCO 9MC Plasma Control Unit for Cr2O3 

connected to a FANUC System R-J robot S-700. A NiCrAlY powder (22.0 Ni, 10.0 Cr, 1.0 Al, 

Y in wt%) was used as an undercoat (bond coat) on the substrate prior to Cr2O3 plasma 

coating. The powder and steel compositions, and the operation parameters used are 

given in Tables 3.2 and 3.3. 

 

Chromium oxide was used as a benchmark because it exhibits very good chemical 

inertness and hardness57, 67, and is widely used in corrosion protection and wear 

resistance applications. As Cr2O3 is difficult to corrode, plastically deform or be ploughed 

during both wet and dry sliding wear processes57, it was used as a benchmark for this 

study. 
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3.3 Metallographic preparation 

Samples from the pump components were collected from Otjihase Underground Mine, 

and cut at Wits using an ATM® Brillant 200 cutting machine for metallographic 

characterisation. All other samples used in this study were also cut by this method. 

 

To study the microstructures, and for smooth surfaces for hardness testing, XRD analysis, 

electrochemical, tribocorrosion and abrasive wear measurements, the pump 

components, as-cast and as-sprayed coating samples were hot mounted in 

PolyFast®/MultiFast® resin and successively wet ground using 80, 120, 220, 1200 papers 

and 9 µm diamond suspension. Finally, the wet ground samples were polished on 

polishing cloths using 6, 3 and 1 µm diamond suspension for optical microscopy and SEM-

EDX analysis. 

 

Table 3.2. Chemical composition of ULTIMET, Stellite 6 and Cr2O3 commercial alloy powders and 
ASTM A516 Grade 70 mild steel substrate. 121, 138, 139  

 

Sample 
Element (wt%) 

Co C Cr Si W Fe Ni Mn Mo B P S N O 

ULTIMET Bal. 0.1 25.6 0.4 2.1 3.2 9.5 0.7 5.2 <0.1 <0.1 <0.1 0.1 0.1 

Stellite 6  Bal. 1.1 30.3 1.3 4.8 2.3 2.5 0.4 0.2 0.4 0.1 0.1 - - 

Cr2O3 - 98.2 - 1.8 

Mild steel  - 0.2 - 0.3 - Bal. - 1.1 - - - - - - 

 

Table 3.3. Operating parameters of the HVOF and plasma spraying processes. 

 

Parameter HVOF Plasma spray 

Spraying distance (mm) 380 100 

N2 flow rate, as powder carrier (m3.h-1) 52 0.8-0.9 

H2: NiCrAlY; Cr2O3 (m
3.h-1) - 11, 15 

Ar: NiCrAlY; Cr2O3 (m
3.h-1) - 40, 50 

O2 flow rate (m3.h-1) 56.6 - 

Mesh size (µm) ς66.23 to +22 ς35 to +15 

Powder feed rate (g.s-1) 2.5 3.2 

Substrate preheating temperature (°C) 47 138 

 

The Hastelloy G30, ULTIMET and Stellite 6 specimens were etched electrolytically in 

100 mL HCl and 5 mL H2O2 (30%). Each sample was immersed and a 10 V DC was applied 

on its surface for 5 seconds. INCONEL Alloy 600 was etched in equal parts of HCl, HNO3 

and acetic acid, swabbing for 1 minute at room temperature. For ToughMet 3, a mixture 

of 5 g Fe(NO3)3, 25 mL HCl and 70 mL water etchant was used, swabbing for 3 minutes at 
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room temperature. The microstructure for Cr2O3 coating was sufficiently revealed 

without etching. 

 

3.4 Microscopy and hardness tests 

To examine the microstructures of the samples, a Zeiss Sigma field emission scanning 

electron microscope with EDX, using secondary electron (SE) and backscattered electron 

(BSE) modes, and optical microscope, Leica CTR6000, were used. The grain sizes of the 

bulk samples, the globular particle sizes of the coatings, and the carbide proportions were 

measured by the line intercept method, with at least 20 placements done on each141. Five 

EDX spot analyses were taken per phase, and the average was recorded. 

 

Hardness tests were performed using a Vickers FM-700 microhardness tester, with 2 kg 

and 3 kg loads (on two different machines while one was broken). For statistical 

reproducibility, the tests were carried out 5 times, and the average and standard 

deviation were recorded. 

3.5 XRD analysis 

The powder samples were loaded using the back loading technique for X-ray diffraction 

analysis before thermal spraying ǳǎƛƴƎ ŀ tŀƴŀƭȅǘƛŎŀƭ ·ΩǇŜǊǘ tǊƻ 5ƛŦŦǊŀŎǘƻƳŜǘŜǊΣ ŜƳǇƭƻȅƛƴƎ 

Fe filtered Co-Yʰ ǊŀŘƛŀǘƛƻƴΣ at angles 2ɗ = 0ς120°. Data interpretation was performed by 

means of Panalytical Highscore Plus analytical software, together with the PanICSD 

database. 

 

Samples were prepared metallographically for X-ray diffraction analysis before and after 

corrosion measurements, one pair condition, as is normal practice. A BRUKER® D8 

ADVANCE diffractometer was used at 40 kV and 40 mA, using molybdenum radiation with 

a wavelength of 0.7 Å. Diffractograms were recorded in a non-spinning regime for 5 

hours, at angles 2ɗ = 15ς100°. Phase identification was done using Eva 3.2 software with 

an in-built database. The crystalline characteristics of the samples were determined by 

Rietveld refinement, to quantify the amounts of the phases. 

 

3.6 Analysis of synthetic and Otjihase mine water 

The Otjihase Mine water was collected from three sumps (Kuruma, Satellite and Conveyor 

No. 6) and tested at the Chemistry Department, University of Namibia for sulphate, nitrite 

and chloride by ion chromatography, and conductivity and TDS using an EUTECH Cyber 

Scan Con1103K Con 11 meter, turbidity by EUTECH TN100 meter, trace elements by 

inductively coupled plasma optical emission spectroscopy (ICP-OES) and the pH was 

instantly measured at sumps by EUTECH Cyber Scan pH300 meter. These sumps were 
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chosen because the pump components at the sumps experience more degradation than 

at other sumps, e.g. the North and the 22 BOOC pumps.  

 

Synthetic mine water (a manufactured solution representing the most aggressive water 

found in gold mines in South Africa142), after electrochemical tests, was tested for 

conductivity using an ORION STAR A212 conductivity meter; TDS, salinity, resistivity, pH 

using an ORION STAR A211 pH meter; cations (Na+, Ca2+ and Mg2+) and anions (SO4
- and 

Cl-) using atomic absorption spectroscopy (AAS), and inductively coupled plasma optical 

emission spectroscopy (ICP-OES) at Mintek, Randburg, South Africa, and inductively 

coupled plasma mass spectrometry (ICP-MS) at the Department of Chemistry, Wits 

University.  

 

3.7 Corrosion measurements 

The Ni-Cr-Fe coating, mild steel substrate and cast iron from the Otjihase Mine, and the 

ULTIMET, Stellite 6B, ToughMet 3 and Hatelloy G30 bulk alloys, as well as ULTIMET, 

Stellite 6 and Cr2O3 coatings were tested for cyclic potentiodynamic polarisation, 

tribocorrosion (coatings only) testing in synthetic mine water solution of composition 

given in Table 3.4. 142 This was prepared by dissolving masses of salts in de-ionised water 

(pH 6), and acidified with 32% HCl to pH 3 and 1, which is comparable to the pH of the 

sumps in the Otjihase Underground Mine. 

 

3.7.1 Cyclic potentiodynamic polarisation measurements 

Cyclic polarisation measurements were performed to assess the passivity, pitting, and 

repassivation behaviours of the alloys in synthetic and acidified synthetic mine water. 

Every sample was ground to 9 µm and connected to a copper wire by an aluminium tape 

before being cold-mounted in epoxy resin for 12 hours at room temperature. The 

exposed areas of the samples to the corrosive environment were measured, and each 

was aimed to be 1 cm2.  

 

The electrochemical measurements were carried out in a corrosion cell with three 

electrodes (Figure 3.1): working electrode (sample), auxiliary (counter) electrode and 

reference electrode in accordance with ASTM Standards G5-94 143 and G102-89 144. A 

graphite counter electrode and saturated calomel electrode (SCE) as reference were 

used. A Luggin capillary with a salt-bridge filled with a KCl solution was used to connect 

the reference electrode to the cell. To minimise errors due to ohmic drop, the end tip of 

the capillary tube was placed at about 2-3 mm from the working electrode.143, 145 
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Prior to each test, each sample was degreased and cleaned in ethanol. The counter 

electrode and the Luggin capillary were cleaned with de-ionised water before any test. 

 

The tests were carried out in synthetic mine water (pH 6) (Table 3.4), and acidified 

synthetic mine water (pH 3 and 1 (except Hastelloy G30, due to insufficient samples for 

testing)) at ambient temperature (22.3 ± 1.0°C). Cyclic potentiodynamic polarisation 

(CPDP) measurements using an Auto Tafel Potentiostat with Auto Tafel V1.79 and Auto 

LPR V2.7h software were performed at a scan rate of 0.2 mV.s-1 ŦǊƻƳ ҍнрл Ƴ± ŀƴŘ 

reversed at 1500 mV versus the reference electrode potential after a 60 minute open 

circuit potential (OCP) scan, to stabilise at the potential applied at which a material may 

corrode. Linear polarisation resistance (Rp), measured ± 25 mV relative to the corrosion 

potential (Ecorr), was used to calculate the corrosion rates of the samples. The corrosion 

current densities were calculated from values obtained from the polarisation resistance 

measurements. After polarisation, each sample was taken for optical and scanning 

electron microscopy to study the surface morphologies and films on the surface. 

 

 

 
Figure 3.1. Electrochemical corrosion cell, showing the electrode and the Luggin capillary. 

 

Table 3.4. Composition of synthetic mine water solution used in the tests.142 

Salt Concentration (mg.L-1) 

MgSO4  198 

Na2SO4  1215 

CaCl2  1038 

NaCl  1379 

Counter electrode 

Reference electrode  

Luggin capillary 
Working electrode 
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3.7.2 Tribocorrosion tests 

The tribocorrosion behaviour of two chromium-rich cobalt coatings with no Ru, 0.3 and 

0.6 wt% Ru additions, Cr2O3 coatings and a mild steel substrates as a function of load 

using a reciprocating ball-on-disk configuration in a synthetic mine water (pH 6) at 5 N 

and 10 N loads, was assessed. 

 

Samples were cut into sizes of 20 x 20 x 3 mm, and wet ground to 9 µm, followed by 

cleaning with running water and then ethanol to prevent any oxidation on the surface. 

The exposed area of each sample to the test solutions was 1.54 cm2. The tribocorrosion 

behaviour of samples in synthetic mine water (pH 6) solutions were studied by open 

circuit potential (OCP) and potentiodynamic techniques, using a ball-on-disk reciprocating 

CETR UMT-2 Micro Tribometer and a three electrode electrochemical cell: working 

(sample), platinum wire auxiliary (counter) and silver-silver chloride (Ag/AgCl) reference 

electrodes. The potential of each sample was controlled using an UMT-2, Center for 

Tribology Inc. (CETR) potentiostat equipped with UMT software, and a 4 mm diameter 

zirconia oxide (ZrO2) ball was used as the counterpart. Figure 3.2 shows a schematic 

diagram of the experimental set-up. 

 
Figure 3.2. Schematic diagram of tribocorrosion cell and test set-up. 

 

Reciprocating sliding wear tests were carried out with 5 N and 10 N (maximum) normal 

loads, 1 Hz sliding frequency and 2 mm stroke length. The PVC test cell was filled with 

~200 ml of the test solution for each test, and fresh solution was used for every test. All 

the tests were performed at room temperature (22.0 ± 0.2°C), open to the air, and the 

scan rate was 1 mV.s-1. 

 

First, each sample was immersed in a solution for 1 h in order to reach a stable potential. 

Next, potentiodynamic polarisation was performed (from -1 to 1.5 V) to characterise the 

electrochemical behaviour of the surface before undertaking the sliding wear test. Later, 

the ZrO2 ball was loaded on the sample surface and the sliding test was initiated. During 

and after each sliding wear test, the OCP was continuously monitored. Finally, 
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potentiodynamic polarisation was performed to characterise the electrochemical 

behaviour of the surface after sliding. Coefficients of friction (µ) during OCP (µOCP) and 

potentiodynamic polarisation (µP) measurements were also obtained. After the test, the 

wear tracks were examined using a Leica CTR6000 optical microscope, and SEM with EDX, 

using secondary electron (SE) and back scattered electron (BSE) modes. The 

tribocorrosion rates were calculated from tribocorrosion current density as described in 

Section 2.4.2. 

 

3.8 Abrasive wear measurements 

Bulk ULTIMET and Stellite 6B commercial alloys, and as-sprayed coatings of ULTIMET, 

Stellite 6 and Cr2O3 on mild steel substrates were tested for tribological responses at 

room temperature (23.2 ± 0.1°C) under unlubricated conditions, and humidity of 54.0 ± 

0.0%. The mild steel substrate was also tested. The samples were ultrasonically cleaned in 

ethanol and dried before each test. The tests were performed using a CSM tribometer, 

using 6 mm diameter 100Cr steel balls. The test parameters were 0.21 m.s-1 linear speed, 

200 m sliding distance, and 5N and 10N applied loads were set in the CSM TriboX 

software for in situ measurement beforehand. 

 

The wear tracks on the samples were measured, to obtain the worn volume of the 

samples and hence calculate the wear rate of samples. It was assumed that the wear 

track followed an elliptical path due to the elliptical Hertzian pressure profile that the ball 

exerts onto the sample133. The value of worn volume of the sample (Vs) was obtained 

from the area of the wear track, by measuring five outer and inner diameters of the wear 

track per sample (an example is given in Figure 3.3) to obtain the outer and inner radii (R2 

and R1), and the maximum penetration depth of the ball into the sample surface, Pdmax. Vs 

was calculated using Equation 3.1 133: 

ὠ “ Ὑ Ὑ ὖὨ                         Equation 3.1 

 

From Equation 3.1, the wear rate was calculated as: 

Ὧ                                          Equation 3.2 

where: k = wear rate (mm3(N.m)-1), Vs = volume of material lost (mm3), W = normal 

applied load (N), and S = sliding distance (m). 
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Figure 3.3. Examples of measurements of the diameters of the wear tracks on the samples. 
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CHAPTER 4: EXAMINATION OF CORRODED PUMP 
COMPONENTS AND THE CORROSION MEDIUM 
TAKEN FROM OTJIHASE UNDERGROUND MINE 

 

 

4.1 Introduction 

Pump systems operating in highly corrosive mine water at Otjihase Mine experience a 

high rate of replacement and high maintenance due to corrosion and wear of the pump 

components. When the pump operates (Figure 4.1), its shaft often experiences corrosion 

from slurry and wear from debris trapped in the packing gland (Figure 4.2), which further 

accelerates corrosion. 
146 The pump components removed from the mine for investigation 

were the coated shaft sleeves, and cast iron valves. Their compositions were analysed by 

optical emission spectrometry (OES) to be mild steel substrates (AISI 1526 grade) with 

nickel-chromium-iron (Ni-Cr-Fe) coatings (INCONEL Alloy 600, UNS N06600 grade) for the 

shaft sleeves, and valves made from cast iron (UNS F32800, A536). 

 

The surface morphology of the samples was studied using optical and scanning electron 

microscopy. Vickers hardness tests were performed to determine the hardnesses of the 

samples. The Otjihase Mine water was analysed for composition, as well as for turbidity, 

conductivity and total dissolved solids, and pH tests were also done. The results were 

used to suggest candidate alloys to substitute the alloys currently being used. 

 

These samples were tested for corrosion resistance in synthetic mine water by cyclic 

potentiodynamic polarisation technique. The results were be used to ascertain properties 

of the alternative alloys needed for replacement of the currently being used samples. 

Their surface morphologies after testing were also studied using SEM/EDX analysis. Due 

to their good chemical and mechanical properties, ULTIMET, Stellite 6B, ToughMet 3 and 

Hastelloy G30 bulk alloys were selected in order to mitigation the tribocorrosion 

problems at the Otjihase Underground Mine. 

 

4.2 Surface morphology of samples 

The shaft sleeve was partitioned into six sections (Figure 4.3.), and the valve into three, to 

examine the corrosion products across the samples. An extra sample was cut from 

Section 4 of the sleeve (equivalent to Section 2) and ultrasonically cleaned in ethanol. 

Sections 1 and 6 were mostly not affected by corrosion, while Section 5 showed slight 

attack. Macrographs were taken in Sections 3 and 4, moving from unaffected to the 

corroded regions. 
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As shown in Figure 4.3, Sections 2 and 4 were similarly corroded, and Section 3 was 

heavily affected. The Ni-Cr-Fe shaft sleeve coating (INCONEL Alloy 600) of ~1000 µm thick 

(measured by optical microscopy) was worn by debris trapped in packing gland and 

pitting (Figure 4.4 a)). Once the coating was damaged, the underlying mild steel of the 

shaft sleeve corroded quickly (Figure 4.4 b)). Figure 4.5 a) shows an optical micrograph of 

the shaft sleeve sample, showing the thickness of the coating on the substrate. 

Discontinuities at the interface and cross-section of the substrate after the coating was 

removed by wear and corrosion are shown in Figure 4.5 b). Figure 4.6 shows a cast iron 

valve which experienced severe uniform corrosion at Otjihase Underground Mine, 

Namibia. 
 

 

 

Figure 4.1. Pump components at Otjihase Underground Mine, showing: a) corroded pump 
and little leakage of mine water, and b) leakage from the stuffing box. 

Shaft sleeve 
with shaft inside 

Stuffing box with 
packing glands 
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