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ABSTRACT 

Potash plants handle very corrosive raw materials and several corrosive intermediates 

and by-products. Several corrosion problems are encountered during potash production 

due to the prevalent conditions of high pressures and temperatures, high fluid velocities, 

abrasion, erosion, and the presence of very corrosive chemicals and by-products. The 

corrosion wear of mate~als results in severe corrosion damage and other forms of 

degradation. 

Corrosion wear is defined as the degradation of materials in which corrosion and wear 

mechanisms persist together and often interact. The wear action may remove the 

corroded surface layers to leave fresh metal surfaces exposed to corrosive environments 

so that total materials losses are much greater than that of each process taken alone. 

Erosion-corrosion is a conjoint action involving corrosion and erosion in the presence of 

a moving corrosive fluid, leading to the accelerated loss of material. 

In the present study, the corrosion wear and erosion-corrosion resistance of select 

commercially available metallic alloys, ceramics, polymers, and glass fiber reinforced 

polymer composites (GFRP) in hot potash brine environments were determined using a 

modified slurry tester and a reciprocating test apparatus, respectively. Experiments were 

conducted at room temperature and 85°C. The evaluation methods employed included 

weight loss analysis, optical microscopy, and scanning electron microscopy (SEM). 

Although all the polymer-based materials gained weight by absorbing potash brine 

during the early stages of the experiment, the overall results show that GFRP (A-series 

and P-series), high density polyethylene (HDPE), and Ferralium 255 have excellent 

erosion-corrosion and corrosion wear resistance in potash brine. 
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1. Introduction 

Corrosion is known as the destruction of materials due to interaction with their 

environment. The destruction by corrosion has become a serious problem in the world 

economy. By application of corrosion engineering, selection of corrosion resistant 

materials and application of the best corrosion techniques, the cost due to corrosion 

could be decreased by approximately one-third [1]. 

Canada exported its first cargo of potash to Europe in 1766 [2]. With the increasing 

world fertilizer demand, Canada has become an important exporter of potash. The 

Saskatchewan potash industry has become one of the most important industries in the 

country. Corrosion of metals, resulting in plant maintenance and equipment 

replacement, costs the potash industry approximately $2.4 million per potash mill 

annually[3]. 

The combined actions of corrosion, eros1on, stress, wear, and vibration are often 

encountered in potash industries [3]. In potash production, there are many types of 

operating equipment; boilers, pipelines, pumps, dryers, rod and cage mills, dry screens, 

compactors, fans, valves, conveyors, scrubbers, crystallizers, and centrifuges [3]. To 

minimize the high cost of maintenance and replacement of equipment, the resistance of 

metallic alloys, polymers, ceramics, and other engineering materials in potash brine is 

being evaluated. Damage due to the conjoint action of corrosion and mechanical wear 

plays an important role in potash processing; in potash processing vessels, pumps, and 

transport systems are used in contact with coarse particle slurries. Solution temperatures 

vary from -20°C to 275°C and can range in composition from fresh water to co

saturated NaCl-KCl brines. The material-environment interaction results in severe 

corrosion damage and other forms of attack. Erosion-corrosion and corrosion wear are 
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two common problems encountered in potash industry. Erosion-corrosion is a conjoint 

action involving corrosion and erosion in the presence of a corrosive substance [1, 4]. 

Corrosion wear is defined as the degradation of materials in which corrosion and wear 

mechanisms persist together and often interact [5-8]. Materials selection is a 

fundamental consideration in engineering design. The final selection is a compromise 

between technical performance and economic factors. 

According to the results of a study of materials-related to maintenance for Saskatchewan 

Potash Producers, corrosion and wear cause severe problems in such components as 

boilers, pipelines, scrubbers, crystallizers, pumps, and valves [3]. The maintenance of 

pumps that circulate slurries and brines costs about 25% of the overall maintenance 

budget and the repair or replacement of pipes and valves totals more than 15%. 

1.1 Conditions of Exposure in Potash Processing 

The environment is the most important factor in any corrosion situation and in potash 

processing there are a wide range of conditions [1]. Table 1.1 [3] shows the range of 

exposure conditions for materials in potash processing. Temperatures vary from -20°C 

(winter temperatures) to 275°C (in potash dryers). The solutions range in composition 

from fresh water to co-saturated NaCl-KCl brine. The brine velocity varies from 0.7 to 

2.5m/s [3]. 

1.2 Potash Chemistry 

An analysis of typical potash ores from Saskatchewan is shown in Table 1.2 [9]. Potash 

is mainly composed of potassium chloride, soluble potassium salts, and other potassium 

oxide compounds. Chlorine is a harmful constituent in potash brine because it causes 

rather costly corrosive attack on metals used in boilers, pipelines, pumps, and other 

hardware. 
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Table 1.1. Range of exposure conditions for materials in potash processing [3]. 

Aqueous solution types: Na-K-Mg-Ca-S04 brines 
Concentration: Zero to co-saturation by NaCl and KCl 
Brine velocity: 0. 7 to 2.5m/s 
Slurry types: Potash ore, NaC1, KCl, or slimes 
Slurry solids densities: 10 to 55 weight% 
Slurry velocity: 1.2 to 4.0 mls 
Temperature: Minus 20 to 1 05°C for aerated brines ambient to 275°C 

for dry solids in air 
Process pressure: Zero to 300Kpa 
Other contaminants: Dissolved oxygen, fatty amines, hydrocarbons 

Table 1.2. Analysis of typical potash ore in Saskatchewan [9]. 

Chemical analysis Wt% Mineralogical analysis Wt% 
KCl 37.724 Sylvinite 96-99 
NaCl 59.18 Langbeinite Nil 
MgO 0.58 Kainite 0-trace 
so/- 0.10 Carnallite 1.0-1.5 

Combined H20 1.61 Polyhalite 0-trace 
Free H20 0.30 Others Trace-0.1 

Water insoluble 0.50 Water insoluble 0.7-1.0 
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1.3 Objectives 

The research objectives of this thesis are summarized as follows: 

(1) To perform materials selection for potash brine environments. 

(2) To evaluate the erosion-corrosion and corrosion wear resistance of selected 

materials in saturated potash brine solution at room temperature and at 85°C. 

1.4 Thesis Outline 

This thesis is divided into five chapters. Chapter 1 is an introduction. In Chapter 2, the 

technology of materials selection, a comprehensive literature review on the mechanisms 

of corrosion and wear, and the performance of various materials in resisting corrosion 

and wear are presented. Chapter 3 outlines the experimental facilities, procedure, and 

materials used in this project. The experimental results obtained are presented and 

discussed in Chapter 4. In Chapter 5, the conclusions and recommendations for future 

work are advanced. 

4 



2. Literature Review 

This chapter deals with a review of the literature related to this work. There are three 

parts to this chapter. In the first part, a review of methods of corrosion prevention and 

control is initially described. In the second part, a review of mechanical wear, corrosion 

wear, and erosion-corrosion are presented. Finally, the materials used in potash brine or 

in the presence of chloride environments are reviewed. 

2.1 Methods of Corrosion Prevention and Control 

To reduce the high cost of maintenance and replacement of equipment due to the attack 

of corrosion and wear, several approaches have been suggested. These include [ 1 0]: 

(a) Engineering design, 

(b) Materials evaluation and selection, 

(c) Planned engineering and preventive maintenance. 

In many cases, materials selection is a fundamental consideration and also an 

economical alternative compared with other corrosion control methods. 

2.1.1 Materials Selection 

In selecting materials, many properties have to be considered such as mechanical 

properties, fabricability, availability, structural strength, corrosion, and wear resistance. 

Material selection is very important in the chemical process industries [ 1]. 

When selecting materials the function of the requirement and operating condition, such 

as temperature, pressure, pH, heat transfer, velocity, and chemical composition, have to 

be considered [ 11]. 
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In making a selection, economic factors have to be taken into account. The final 

selection usually requires the following stages [ 1]: 

( 1) Listing the requirements, 

(2) Selecting and evaluating the candidate materials, 

(3) Choosing the most economical alternative. 

Materials evaluation is an important part in materials selection. In the materials selection 

process, the reliability of the information is the highest when using service tests [ 10, 

12]; however, service tests have high cost. The laboratory test is an economical 

alternative to other tests; however, the reliability of the information is less than that of 

service tests. The reason is that all of the operating conditions are not quite the same as 

in service tests [10, 12]. To successfully evaluate materials, it is important that the 

exposure condition should be as close as possible to the actual service environments and 

sufficient tests need to be conducted to increase confidence [ 10, 11]. 

2.2 Review of Corrosion 

There are many important forms of corrosion in the potash industry including: 

(a) Crevice Corrosion, 

(b) Pitting Corrosion, 

(c) Erosion-Corrosion, 

(d) Corrosion Fatigue, 

One of the major problems in the potash production process is pitting corrosion of the 

equipment and pipelines. In this type of attack, perforation of metals may occur with 

very little weight loss and it is difficult to detect because the corrosion pits, which are 

often covered with corrosion products, are small. The presence of chlorides, high 

temperatures, and oxygen make the corrosion and wear mechanisms more complex. 
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2.2.1 Crevice Corrosion 

Crevice corrosion is an intense localized attack associated with small volumes of 

stagnant solutions such as is caused by bolts, rivet heads, gasket surfaces, and surface 

deposits. Crevice corrosion is particularly a problem with passive metals. To describe 

the mechanism of crevice corrosion, a sketch of the crevice corrosion mechanism on 

carbon steel is shown in Figure 2.1 [13]. 

The overall reactions at the cathodes and anodes are: 

Cathode: 02 + 2H20 +4e ~ 40H

Anode: Fe2+ + 2H20 ~Fe (OH) 2 + 2H+ 

(2.1) 

(2.2) 

Many studies have shown that anodic and cathodic reactions occur uniformly over the 

entire crevice. Because oxygen access is poor and a stagnant electrolyte solution is 

present, the cathodic oxygen reduction reaction can't be sustained in the crevice area. As 

a result of a slow initial rate of corrosion, the pH of the crevice environment becomes 

more acidic. The passive film is destroyed, resulting in further metal dissolution. The 

actual mechanism, however, is much more complex and not fully understood. 

Figure 2.2 shows an example of the crevice corrosion on a 316 stainless steel pipe 

flange in hot salt solution [14]. In this case, the attack takes the form of broad areas 

underneath the seal. The reason for the attack taking this form is a loss of passivity 

within the gasket crevice, rapidly destroying the integrity of the mechanical joint. 
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Figure 2.1. A schematic illustration of the mechanism of crevice corrosion [ 13]. 

Figure 2.2. Crevice corrosion on a 316 stainless steel pipe flange [14]. 
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2.2.2 Pitting Corrosion 

Pitting corrosion is a very localized attack that results in the development of pits or 

holes that penetrate into the metal and leads to perforation. This kind of ·damage is one 

of the most destructive and insidious forms of corrosion because it is more difficult to 

detect (often covered with corrosion products), predict, and design against. Perforation 

with very small amount of metal loss can lead to the failure of an entire structure. 

Therefore the equipment failures often occur with extreme suddenness [ 15]. 

The initiation of a pit is associated with the breakdown of the protective film on the 

metal surface at a critical pitting potential, Ep, which is used as a measure of resistance 

to pitting corrosion. The localized nature of pitting attack can be initiated by a 

momentary attack due to a random variation in fluid concentration or imperfections in 

the material itself such as a tiny surface scratch or defect [ 5]. 

Most pits develop and grow downward from horizontal surfaces to ultimately perforate 

the wall. Pitting corrosion is a very common type of corrosion of stainless steel in 

solutions containing chlorides. Figure 2.3 indicates how a pit grows through self

stimulation [13]. 

When a piece of metal is immersed in an aerated sodium chloride solution, chloride ions 

can disrupt passive film on metal surface. Since chloride stimulates metal dissolution, 

this change produces local pH reduction at the initiation site. An insoluble gelatinous 

cap of corrosion products covers the pit mouth, which restricts oxygen into the pit [13]. 

The result further accelerates anodic dissolution. 

Pitting can be prevented or reduced by the wise selection of material. Increasing fluid 

velocity may also decrease pitting corrosion attack because pitting is usually associated 

with stagnant conditions. 

Figure 2.4 shows an example of the pitting corrosion of a 316L stainless steel vessel 

containing terephthalic acid [14]. In this case, the small holes at scratches and other sites 
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causing wall penetration and leakage are formed by a local breakdown of the film at 

isolated sites. 

2.2.3 Erosion-Corrosion 

Erosion-corrosion is a conjoint action involving corrosion and erosion in the presence of 

a corrosive substance [1, 4]. This form of damage is influenced by the velocity of the 

flowing corrosive fluid and mechanical properties of both the target material and the 

solid particles [ 4, 16, and 1 7]. Impingement and cavitation are often encountered forms 

of damage materials in erosion-corrosion. In the former, the particles are often 

transported in a moving liquid and the movement is quite rapid so that corrosion 

products are tom away from the metal surface, again exposing the reactive metal 

beneath. In the latter, cavitation is the collapse of cavities of bubbles that contain vapor 

or gas or both within a liquid, which has sufficient force to destroy protective film from 

the surface, causing local loss of protection and increasing the corrosion rate [ 1, 4]. 

Figure 2.5 shows schematically a sharp-edged solid particle impinging on a surface [4]. 

The erosive wear rates depend on not only the impingement angle (a) between the target 

surface and direction of particle velocity but also the mechanical properties of both the 

solid particle and the target material [ 4]. 

The effect of the attack angle by solid particles on erosion rate is shown schematically in 

Figure 2.6 [4]. For ductile materials, the maximum erosive wear rates occur at low 

impact angles (a ;:::::: 20°). For hardened materials the erosive wear rates occur at high 

impact angles (a ;:::::: 90°). 
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Figure 2.3. A schematk illustration of the mechanism of pitting corrosion [13]. 

Figure 2.4. Pitting corrosion of 316L stainless steel by slurry containing 
terephthalic Acid [14]. 
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Figure 2.5. Schematic diagram of a particle impinging on a surface [ 4]. 
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Figure 2.6. Influence of impingement angle on erosion wear between ductile and 
brittle materials [ 4]. 
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Erosion-corrosion often leads to failure of pumps, valves, piping, blowers, turbines, tube 

constrictions and so on, especially in the regions of bends and elbows. Erosion

corrosion is characterized in appearance by grooves, waves, gullies, teardrop-shaped 

pits, and horseshoe-shaped depressions in the surface [15]. Figure 2.7 [14] shows a 

typical horseshoe-shaped depression appearance of an erosion-corrosion failure. This 

carbon steel pipe bend was taken out of service after three months from a soda transport 

system. 

In many cases, failures of erosion-corrosion occur because of localized turbulence, 

which is caused by erosion-corrosion pits or flow irregularity [4, 13]. Figure 2.8 

schematically describes the turbulent eddy mechanism for growth of erosion-corrosion 

pits [ 15]. The localized turbulence results in greater agitation of the liquid at the metal 

surface and has sufficient force to destroy product film from the surface, exposing the 

reactive metal beneath again to increase corrosion rate. The repetition of this process 

further enlarges the pits into a cavity finally resulting in deep holes. Therefore the 

localized turbulence damage is the result of both mechanical and chemical action. 

2.3 Mechanical and Corrosive Wear 

2.3.1 Adhesive Wear 

Adhesive wear is defined as the interaction of asperities which cause metal to be 

transferred between two sliding surfaces [5]. The phenomenon of adhesive wear arises 

when the two contacting surfaces are loaded against each other and the pressure at the 

tips of the asperities is very high, leading to the detachment of loose particles. Fractures 

will occur in the weaker of the two materials. Adhesive wear is the most fundamental 

wear mechanism among all wear mechanisms. 
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Figure 2.7. Erosion-corrosion of carbon steel on pipe bend [14] . 

.. o-

~ 
(a) 

(c) 

Figure 2.8. Schematic representation of steps in turbulent eddy mechanism for 

growth of erosion-corrosion pit [ 15]. 
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The phenomenon of adhesive wear may be best understood through the following stages 

(Fig. 2.9) [5, 6]. When two surfaces are in contact and loaded against each other, the real 

contact area is very small and thought to be about 1 o-5 of the apparent area of contact. 

Therefore the pressure is very high between these asperities so that they would weld 

together as shown in the Figure 2.9 (a, b). If the two surfaces move relative to each 

other, the adhesive junction between these asperities will break in turn as shown in 

Figure 2.9 ( c, d). 

Once asperity adhesion and junction fractures occur in the wear process, other forms of 

wear can be conjoint with adhesive wear. For example, when debris is generated from 

junction fractures, abrasion can take over as the predominating wear mode. Therefore 

adhesion plays a part in almost all wear processes. 

(a) (b) 

-
(c) (d) 

Figure 2.9. The adhesive wear mechanism: (a) Unloaded surface (b) Applied load 
causes cold welding (c) Localized load produces strain hardening (d) Rupture of 

asperity below weld junction causes particles transferred [ 6]. 
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2.3.1.1 Factors affecting adhesive wear 

Several factors may affect the adhesive wear rate. These factors include not only 

mechanical aspects and the contacting surfaces' properties, but also ambient conditions 

[6, 18, and 19]. 

The adhesive wear rate m~y be expressed as [ 19]: 

W=KLP 
H 

(2.3) 

Where W is wear rate (volume per unit time or distance), K is dimensionless wear 

coefficient for the system, L is sliding distance, P is normal force on the sliding 

member, and H is penetration hardness of the softer member in the couple. It can be 

seen that wear rate can be increased by increasing the sliding distance or the surface 

contact load, assuming that H and K remain constant. 

Adhesive wear arises when the junctions form, plastically deform, transfer, and 

eventually fracture; therefore, lubrication can reduce wear rate by several orders of 

magnitude by preventing cold weld formation [7, 17, 20, and 21]. 

The type of crystal structure (for example hexagonal or cubic) is an important factor that 

affects the adhesive wear resistance. During sliding, forces required for the shearing of 

localized bonding between contacting solid surfaces depend upon the plane along which 

shearing takes place. When sliding happens, the shear force required in hexagonal 

crystals is less than the corresponding shear force in cubic crystals. This is because there 

are relatively easy slip plans in hexagonal crystals. Another reason is that during sliding 

cubic crystals work-harden at a greater rate compared with the hexagonal crystals [7]. 

The adhesive wear resistance of a material is also affected by its carbon content because 

an increase in carbon content increases the hardness which in turn decreases the 

adhesive wear rate [22, 23]. 
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2.3.1.2 Adhesive Wear Pattern 

Under constant load and speed, the wear behavior may be represented by two patterns as 

shown in Figure 2.10 [7]. As shown in Figure 2.10 (a), the wear behavior is a direct 

proportionality line. Figure 2.10 (b) shows that the wear behavior is composed of two 

lines with different slopes. The initial wear rate is higher and referred to as "running-in" 

wear and changes to a lower constant rate called "equilibrium" wear. 

2.3.2 Abrasive Wear 

Abrasive wear is defined as displacement of surface material caused by hard particles 

between the rubbing surfaces [5, 7]. Under this type of wear situation, the wear surface 

is composed of grooves and scratches due to hard particles trapped between sliding 

surfaces and/or due to a harder asperity which ploughs or cuts through a softer surface. 

Abrasive wear includes two general situations which are two-body wear and three-body 

wear [5-7]. If hard surface asperities wear away material from the softer of two 

contacting materials, it is referred to as two-body wear mode as shown in Figure 2.1 0 (a) 

[ 6]. If free grit from an external source or loose debris is trapped between sliding 

surfaces, the process can occur as a three-body wear mode because the free grit is 

broken down into a smaller size and the stress is very high as shown in Figure 2.11 (b) 

[6]. 
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Figure 2.10. The behavior of wear and sliding repetition: (a) Direct proportionality 
line (b) Two different slope lines [7] . 
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Figure 2.11. The abrasive wear mechanism: (a) two-body wear (b) three-body wear 
[6]. 
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2.3.2.1 Factors affecting abrasive wear 

Some of the important factors that influence abrasive wear include material properties, 

particle properties, and mechanical properties. Material properties, such as hardness, 

composition, and microstructure, are important factors in influencing abrasive wear. 

Hardness significantly affects abrasive wear resistance which rises linearly with 

hardness for pure metals and some annealed alloys [21, 22, and 24]. Abrasive wear 

resistance of steel increases with the carbon content [24]. This is attributed to the 

increased rate of work hardening as the interlamellar spacing of the ferrite is reduced. In 

addition, the small cementite particles increase abrasive wear resistance of steels, 

because they cause bending of dislocation segments. The· alloying element chromium 

can form carbides in oxidative environments and these carbides effectively improve 

abrasive wear resistance [25]. Abrasive .wear resistance of steels also varies with 

microstructure for a given carbon content [22, 26]. It has been found that martensitic 

structures provide the greatest resistance to abrasion, and steels that contain a large 

amount of austenite are more abrasion resistant than ferrite and pearlite. The reason is 

that the surface becomes martensitic under conditions of severe abrasion, and therefore 

resists material removal much better than expected from the bulk hardness alone. 

In three-body abrasive situations the properties of the abrasive particles such as 

hardness, shape, and size are important to the rate of abrasion of the subject material 

[21, 26]. 

It has been found that when the hardness of particles is more than twice the hardness of 

the abraded material, abrasion rates significantly increase in low-stress abrasion [21, 22, 

and 26]. The particle hardness also determines whether they are able to embed in and 

move material. When the abrasive particle hardness exceeds the surface hardness of the 

contacting material, the particle is able to cut this material and produces material 

removal. 
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The shape and size of the particles have an obvious effect on the depth .and cross section 

of the groove, and therefore on the amount of material removed. Sharp particles produce 

greater abrasive wear than rounded ones. Coarse particles cause rougher surfaces and 

generally more abrasive wear than fine ones [22, 26]. 

Load and speed are the most important factors that control the rate of abrasive wear 

among mechanical properties [21, 22, and 27]. The abrasive wear rate is almost always 

directly proportional to load. If the force is high enough to crush the abrasive particles 

and cause plastic deformation of surfaces, this form of abrasion is known as high-stress 

abrasion. Another form is referred to as low-stress abrasion, in which material is 

removed by intact particles plowing material out in grooves. The damage caused by 

high-stress abrasion is almost always more severe than in low-stress abrasion. 

The abrasive wear rate can change considerably with a change in speed. It has been 

found that the rate of abrasive wear increases with increasing speed in the range from 0 

to 2.5 m/s due to frictional heating [11]. 

2.3.3 Corrosion Wear 

Corrosion wear is defined as the degradation of materials in which corrosion and wear 

mechanisms persist together and often interact [5-8]. The wear action may remove the 

corroded surface layer to expose fresh metal surfaces to corrosive environments so that 

total material losses are much greater than that of each process taken alone. 

2.4 Materials selection 

The selection of a material is not a simple process but the result of several compromises 

which normally occur between corrosion and/or wear resistance and some other 

properties such as (1) mechanical properties, (2) fabricability, (3) availability, and (4) 

cost [1]. To make a final selection, technical properties and economic factors must be 

considered. 
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In general, materials are divided into the two major categories; metallic and non

metallic materials. The performance of various alloys in the potash industry has been 

studied by several investigators [2-4, 1 0]. These alloys are (a) plain carbon steel, (b) 

stainless steel, and (c) high strength alloy steels. The application of non-metallic 

materials in the potash industry also has been investigated by several researchers. They 

are (a) polymers, (b) ceramics, and (c) composites. 

2.4.1 Metallic Materials 

2.4.1.1 Stainless Steels 

Stainless steels are iron-base alloys which contain at least 10.5% chromium with 0 to 

22% nickel and minor amounts of carbon, columbium, niobium, copper, molybdenum, 

selenium, tantalum, and titanium [1, 15]. 

Experience has shown that stainless steels can provide very high corrosion resistance in 

many environments and at elevated temperatures. However, many types are susceptible 

to localized corrosion. The localized corrosion resistance index (LCRI), proposed by 

Nadezhdin and Wensley, quantifies the resistance of stainless steels to localized 

corrosion [28]. The equation is shown as follows: 

LCRI = (Cr %) + 3.3 (Mo %) + 16 (N %) - 0.33 (Ni %) (2.4) 

In electrochemical corrosion tests, the results show that there is a linear relationship 

between the pitting potential and the LCRI of austenitic stainless steels [29]; however, 

the LCRI does not apply well to ferritic stainless steels. 

Generally, stainless steels are classified as six basic groups [1]. They include (1) 

Austenitic, (2) Martenstic, (3) Ferritic, (4) Precipitation-hardening, (5) Duplex, and (6) 

Cast. Each of them has its special physical and corrosion resistant properties. 
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2.4.1.1.1 Austenitic Stainless Steels 

Austenitic stainless steels possess an austenitic microstructure (face centered cubic) at 

room temperature and can't be hardened by heat treatment [1, 15]. These stainless steels 

are widely used in chemical industries because they possess the best corrosion resistance 

under oxidizing conditions; the resistance is due to the formation of an oxide film on the 

surface of the alloy. These materials are characterized as nonmagnetic, and are relatively 

low in yield strength, but have high ductility; these materials also have rapid 

workhardening rates and excellent toughness [ 1, 11, and 15]. 

Many references show that the major types of corrosion of stainless steels in potash 

brine environments are pitting corrosion, crevice corrosion, and stress corrosion 

cracking (SCC). Table 2.1 shows several stainless steels and their levels of corrosion 

resistance to these types of corrosion [30],. The results show that 254SMO has the best 

resistance to pitting corrosion, crevice corrosion, and stress corrosion cracking among 

the alloys tested. 

The mechanism of corrosion resistance for stainless steels in high-temperature oxidation 

is the formation of a barrier of true oxide that separates the metal from the surrounding 

environments [31]. The properties of the oxide layer, such as thickness, continuity, 

coherence, and adhesion to the metal, mainly contribute to corrosion resistance. The 

mechanism of corrosion protection is similar to those of carbon steels, alloy steels, and 

other metals; however, stainless steels have different protective mechanisms at low 

temperatures in which a passive film of hydrated oxide is formed on the metal [31 ]. 

Some austenitic stainless steels, such as 304L, 304LN, 316L, 316LN, 904L, and 

254SMO, were measured to determine the pitting resistance in potash brine solution [9]. 

The results show that 254SMO has the best pitting resistance and 304L steel the lowest 

one among alloys tested. 

The type 347 austenitic stainless steels have been tested by Ninham to determine the 

erosion-corrosion resistance in solutions containing fluidized alumina particles [32]. 
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Table 2.1. Comparison of the resistance of some common stainless steels to 
localized corrosion in potash brine [30]. 

Common Type Resistance to Crevice Resistance to 

Name and Pitting Corrosion sec 
Initiation Propagation 

410 M 1 1 8 

430 F 2 2 10 

17-4PH M 2 2 8 

304L A 3 4 1 

316L A 5 6 3 

2304 D 5 5 8 

2205 D 8 7 9 

904L A 8 9 8 

254SMO A 10 10 9 

Ratings: 1=Worst (of alloys shown) 10=Best (of alloys shown) 
Types: F=Ferritic, M=Martensitic, A=Austenitic, D=Duplex (austenitic/ferritic) 
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The results show that the maximum wastage rate of type 34 7 increases with 

temperatures calculated up to 450 °C, as well as increasing velocity. At 90°C a 

discernible oxide layer was not found on the specimen. The mechanical effects mainly 

caused the wear rate. 

A test by Hong on type 304-L austenitic stainless steel has been conducted to investigate 

the corrosive wear behavior in IN H2S04 solution contained chloride ions [33]. The 

results of the electrochemical test show that the corrosive wear rate of stainless steel 

considerably increased when chloride ions were present in the H2S04 solution. The 

reason for this increase is the effect of chloride ions on the formation on the passive film 

in structure and rate. 

It has also been reported that the chloride concentration in NaCl solution affects the 

corrosion wear rate of 304 austenitic stainless steels [34]. The corrosion wear resistance 

of 304 stainless steels is decreased because the wear action removes the passive film 

from the metal surface, leaving the bare metal surface for corrosion. 

Some investigators have conducted a series of erosion-corrosion tests on 24Cr-25Ni-

4Mo and 18Cr-12Ni-2Mo austenitic stainless steels using a rotating disc apparatus [35]. 

Table 2.2 shows the test parameters including two temperatures ( 40° and 80°C) and 

three impingement angles (0°, 30°, and 90°), which were used with different linear 

velocities. This test was carried out in aqueous slurries which were a mixture of wet 

phosphoric acid and gypsum (CaS04-2H20). From the test, the erosion-corrosion wear 

rate of 24Cr-25Ni-4Mo is better than that of 18Cr-12Ni-2Mo. The results of the test 

show that the corrosion and wear of stainless steels interact with and are promoted by 

each other. 

2.4.1.1.2 Duplex Stainless Steels 

Duplex stainless steels have favorably mixed microstructures of austenite and ferrite [ 1, 

11, 13, and 15]. To improve the pitting and crevice corrosion resistance of the austenite, 
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duplex stainless steels have 0.15o/o to 0.25% nitrogen added to their composition. To 

provide resistance in oxidizing environments it is very important that the duplex 

stainless steels contain high chromium and molybdenum. Duplex stainless steels have

especially good pitting and crevice corrosion resistance when they are used in chloride

environments; however, when duplex stainless steels are used in severe conditions, such 

as boiling magnesium chloride, they will crack. 

Shirazi [9] found that the 2507 duplex alloy has the best localized corrosion resistance 

of 2304 and 2205. As shown in Table 2.3 [9], compared with ferritic and austenitic 

stainless steels, duplex alloys have better localized corrosion resistance in potash brine 

solutions. In Sevaraj's papers [36-38], the duplex alloys 2205 and 2304 show very low 

erosion-corrosion rates. These tests were conducted in 30wt% potash brine at 90°C 

using two different impingement angles by using a slurry tester. With a high nickel 

content, alloys have high toughness, abrasion, and corrosion resistance. 

The results of a number of electrochemical and exposure tests on duplex stainless steel 

(DSS) show that chloride ions embrittled the worn surface of the metal [39]. These tests 

were carried out in sulfuric acid (H2S04) or H2S04 with sodium chloride (NaCl), and 

with a speed range of 10 rpm to 750 rpm and a load range of 1.0 N to 50 N. Table 2.4 

shows the composition of the DSS specimen [39]. The duplex stainless steel contains a 

large amount of chromium which can provide resistance in oxidizing environments. 

Figure 2.12 shows the results for the duplex stainless steel in 1 N H2S04 solution with 

and without 3.5% NaCl under a passive potential (+ 650 mV) at a sliding velocity of 

0.03 m/s [39]. It can be seen that chloride ions increased the corrosion wear rate because 

the passive film was destroyed. The ratio between the wear-induced corrosion and the 

corrosion-induced wear was 4% and 70% of the total damage. 
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Table 2.2. Rotating disk test parameters [35]. 

Linear velocity V (ms-1
) 15.0 12.0 9.0 6.0 

Impingement angle a (de g) 

Temperature T ec) 

0 

40 

30 

80 

90 

Table 2.3. The breakdown and repassivation potentials of alloys in stagnant conditions 
[9]. 

22°C 90°C 

Alloy Enp(mV) Ep(mV) Enp(mV) Ep(mV) 

304L -128 -255 -288 -380 

316L 15 -190 -212 -313 

2304 -4 -230 -200 -425 

CN7M -43 -120 -161 -300 

CD4MCu -40 -290 -245 -288 

2205 865 865 -176 -314 

904L 85 -140 -120 -280 

2507 886 886 -119 -275 

254SMO 943 871 69 -261 

C276 927 844 883 728 
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Table 2.4. Composition of the a+ y DSS specimen [39]. 

·Major Alloying Element (wt. o/o) 

c Cr Ni Mo Cu Si Mn N Nb Fe 

<0.08 25-28 5-7 2-3 2-3 0.5-1.5 <1.0 <0.2 trace balance 

- 40 .c. 
C\1 

E -C> -(J) 30 -co 
a: ... 
ca 
(J) 20 ;: 
c 
0 

"(j) 

e 10 ... 
0 
(.) 

0 
-1.0 -0.5 0 0.5 1.0 1.5 

E(VscE) 

Figure 2.12. Corrosion wear rate-vs-applied potential curves in: (1) 1 N H2S04, at 3N, 
0.03 m!s, lh; and (2) IN H2S04 + 3.5%NaCl, at 3N, 0.03 m/s, lh [39]. 
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A few erosion-corrosion resistance studies were carried out on a duplex 22Cr-8Ni-3Mo 

alloy and five other materials [ 40]. The duplex stainless steel used was tested in the 

quenched and annealed condition (236HV) and in the embrittled condition (360HV), by . 

using a fluidized-bed rig at temperatures of 250, 450, and 560°C for 5h. The solution 

contained angular alumina particles of 1 00 J.lm average size. The flow velocity of the 

specimens relative to the particles was 5.8 rnls. The results indicated that the correlation 

between the weight loss and substrate hardness were not obvious at 250°C at which 

temperature, erosion-dominated conditions occur; however, the weight loss increased 

with increasing substrate hardness and corrosion-dominated conditions occur at both 

450°C and 560°C. 

It was reported that the cavitation erosion tests were carried out on super duplex 

stainless steel UNS 832760, duplex stainless steel UN8 831803, austenitic stainless 

steels UN8 830400, and uN8 831603 in 3.5% NaCl solution at 23°C [41]. Table 2.5 

[ 41] and Table 2.6 [ 41] show the chemical composition and the mechanical properties of 

materials tested. As can be seen, 832760 contains the most chromium and has the 

highest hardness, tensile strength, and strain hardening rate. 

Each cavitation erosion test was completed by using an ultrasonic induced cavitation 

facility, and regulated to the vibratory frequency of 20KHZ and a peak-to-peak 

vibratory amplitude of 50J.1m. The results of the tests were ranked as follows: 

832760>830400>831803>831603 [ 41 ]; 832760 has the most resistance to cavitation 

erosion among the four materials tested. 
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Table 2.5. Nominal chemical compositions of various stainless steels [41]. 

8 tainless steels Fe Cr Ni Mo Mn Cu Zn cc Nc p 8 8i w 
831603 bal. 17.6 11.2 2.5 1.4 1.4 0.4 0.03 - 0.4 

830400 bal. 18.4 8.7 1.6 2.1 1.7 0.08 - 0.1 0.1 0.3 

831803 bal. 22.3 5.6 2.9 1.5 1 .6 0.03 - 0.4 0.2 

832760 bal. 25.6 7.2 4 0.6 0.7 0.5 0.03 0.2 - 0.1 0.3 0.8 

c maximum values 

Table 2.6. Measured and calculated mechanical properties of various alloys [41]. 

Stainless steels Hardness Tensile 0.2% Yield Elongation Strain 
(HRB) strength strength (%) hardening rate 

(N/mmz) (Nimmz) (Nimmz) 

831603 70 619 550 45 147 

830400 94 619 587 46 151 

831803 96 754 547 44 40 

832760 103 768 645 39 358 
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2.4.1~2 Nickel Alloys 

Nickel alloys exhibit more resistance in more severe environments because their face

centered cubic crystal structure has much higher solid solubility for alloying elements 

than that of body-centered cubic iron [11, 15]. These alloys are widely used in chemical 

processes as corrosion and high temperature corrosion resistant alloys. 

The alloying elements of chromium and molybdenum create different effects in 

improving the corrosion resistance of nickel alloys. In reducing solutions, molybdenum 

additions make nickel alloys exhibit excellent corrosion resistance, such as to pitting, 

crevice corrosion, sec, and especially chloride attack. In contrast, chromium provides 

significant corrosion resistance in oxidizing environments [ 11]. 

The major alloys of the nickel-chromium-molybdenum alloys, such as Hastelloy C276 

and Inconel 625, perform very well to resist pitting corrosion in oxidizing chloride 

environments. It has been concluded that C276 shows excellent resistance to localized 

corrosion at high temperatures and in high chloride concentrations [9, 29]. 

A series of erosion-corrosion tests using a condenser tube test rig have been reported on 

copper-and nickel-based alloys in polluted seawater [42]. In the laboratory tests, 

seawater from an unpolluted Persian Gulf .area was maintained at a pH of 8.2. The 

nozzles provided a flow velocity of 8m/s. The tests were carried out on seawater at both 

45°C and room temperature, and in each case with and without 1 ppm sulfide (82
-). Table 

2. 7 [ 42] shows the composition of alloys used, indicating that UNSN06030 shows the 

best erosion-corrosion resistance among the alloys tested, and it contains the most 

chromium of the tested alloys. 
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Table 2.7. Composition of alloys in erosion corrosion testing (wt. %) [42]. 

UNS UNS UNS UNS UNS UNS 
Element C70600 C71500 N04400 S32550 N06022 N06030 
Iron 1.4 0.7 1.28 balance 3.0 1.46 
Nickel 10.1 29.6 balance 5.5 balance balance 
Chromium 26.0 22.0 29.8 
Copper 88.1 69.1 32.3 1.7 1.8 
Molybdenum 3.1 13.0 5.1 
Manganese 0.3 0.5 1.0 0.8 1.0 
Tungsten 3.0 3.1 
Zinc 0.12 0.1 
Carbon 0.9 0.02 0.01 0.01 
Nitrogen 0.17 
Silicon 0.45 <0.02 0.32 
Titanium 
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The results of the reported [ 42] erosion-corrosion tests show that Ni-based alloys 

possess excellent erosion-corrosion resistance among the materials tested; however, the 

UNSN04400 sample displayed shallow pits and some crevice attack in low-flow areas. 

The alloys have been ranked in a descending order from the best to the worst as follows: 

UNSN06030, N06022 > 832550 > N04400 > 70%Cu-30%Ni > 90%Cu-10%Ni. 

Corrosion and wear of nickel alloys was also reported in corrostve acidic liquid 

environments [43, 44]. The test was conducted in derated sulfuric acid and hydrochloric 

acid. K. Miyoshi et al showed that the concentration of acid has a significant effect on 

wear-corrosion rates in sulfuric acid and in hydrochloric acid. At acid concentrations 

(below 10-1N), no corrosion products were observed on nickel, so mechanical wear 

caused metal loss rather than corrosion. The metal loss increased as the acid 

concentration increased above 10-1N. Under this saturation, it has been proposed that the 

corrosion rates inside of the wear area are much more than those outside due to the wear 

motions' removal of a protective surface film produced on the nickel and to a galvanic 

cell in which the wear scar was the anode and the surrounding area was the cathode. 

2.4.1.3 Titanium Alloys 

The four primary titanium alloys used for corrosion resistance are Ti-2, Ti-5, Ti-7, and 

Ti-12 [11]. Ti-7 is a titanium-palladium alloy and it is produced particularly to improve 

corrosion resistance. Ti-12 is a titanium-nickel-molybdenum alloy and it is made for 

some applications to reduce the high cost ofTi-7 [11]. 

Titanium is highly reactive and has excellent corrosion resistance which results from the 

forming of a very stable, continuous, highly adherent and protective oxide film on the 

metal surface in moisture and the presence or absence of oxygen. The highly resistant 

passive film is stable over a wide range of pH and redox potentials in aqueous 

environments [11, 13, 15, 31, and 45], as shown in a Pourbaix diagram (Figure 2.13) 

[15]. 
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Figure 2.13. Potential-pH equilibrium diagram for the titanium-water system [15]. 
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Although the oxide film of titanium is very thin, less than 1 Onm thick, ~d is not easy to 

detect by the eye, the film contributes to excellent erosion-corrosion resistance. The 

fluid velocity resulting in erosion-corrosion is as low as 2-3 feet/s for some metals but in 

excess of90 feet/s for titanium alloys [11]. 

One of the most important reasons for excellent corrosion resistance of titanium alloys is 

that a damaged oxide film can reheal itself almost instantly in any environment of 

oxygen or water (moisture). 

In terms of mechanical properties, titanium has excellent fatigue properties [ 11]; 

however, titanium shows poor wear resistance which is caused by its hexagonal close

packed metal crystal structure. The shear strength required for wear actions depends on 

the sliding plane in a crystal structure. During sliding, lower shear force and higher 

coefficient of friction occur in hexagonal crystals compared with that in cubic crystals. 

The first reason is that cubic crystals show work-hardening more rapidly. The second 

reason is the titanium's hexagonal close-packed (hcp) structure with a low c/a (a, the 

dimension of bottom edge, c, the cell height) ratio has a high dislocation cross slip rate 

and tends more to galling [ 46]. 

The wear-induced corrosion and corrosion-induced wear on titanium alloys and how 

they affect each other in phosphate buffered saline (PBS) at 37°C were studied by 

Kwok [41]. The tests of conjoint action of corrosion and wear were conducted by using 

cyclic polarization techniques to obtain the difference between the breakdown potential 

(Eb) and the passivation potential (Ep). For wear in a corrosive environment, Ti-13Nb-

13Zr shows the best corrosion and wear resistance, whereas Ti-6Al-4V shows the least 

among Ti-6Al-4V, Ti-6Al-7Nb, and Ti-13Nb-13Zr alloys. 

A test was conducted by Yang and Swisher by using an erosion-corrosion test apparatus 

(Figure 2.14) in a 3.5% NaCl aqueous solution at 25°C [47]. The erosion-corrosion test 

apparatus consisted of a covered tank, stirring impellers, and a variable-speed motor to 

circulate the fluid. 
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The impingement was 90° between the surfaces of the specimens and the fluid flow 

direction. The .results obtained show that cathodic protection was not effective in 

reducing metal loss rates on titanium alloy Ti-6Al-4V, and that the corrosion rate of Ti-

6Al-4V is much lower than that of C4340 and silicon bronze. 

2.4.1.4 Zirconium Alloys 

Zirconium has a lower density than that of iron- or nickel-based stainless steels, and has 

properties similar to titanium. The redox potential of zirconium is - 1.53 V; therefore, it 

is a reactive metal. As a result, zirconium has a high affinity for oxygen so that an 

adherent, protective, oxide film forms on its surface at ambient temperature and below. 

Zirconium has a high corrosion resistance because the protective oxide film can 

generally reheal itself instantaneously and resist chemical and mechanical attack at 

temperatures as high as 3 50°C [ 11]. When halides are present, however, zirconium will 

be attacked by oxidizing media. 

A test by Farina on zirconium ha.S been conducted to investigate the stress corrosion 

cracking (SCC) behavior in 1 M NaCl, 1 M KBr, and 1 M KI aqueous solutions [48]. 

The results of the electrochemical test show that zirconium was susceptible to sec only 

at potentials above the pitting potential. The mechanism that causes the sec of 

zirconium in halide aqueous solutions is mainly intergranular cracking due to anodic 

dissolution assisted by stresses. 

The friction and wear of a Zr41.2 Cu12.5Ni10.0Be22.5 bulk metallic glass has been tested by 

Fu under vacuum and air conditions [ 49]. In the tests (pin-on-disk), the material of disk 

was cut from bulk metallic glass alloy Zr41.2 Cu12.5Ni10.oBe22.S· The SEM examination 

reveals that flake-like and plate-like debris on worn surface, which is a mixed layer 

generated by transfer and plastic deformation processes. The worn surface is typical of 

ductile material. 
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Figure 2.14. Erosion-corrosion test apparatus with an impingement angle 90° between 

the flat surfaces of the specimens and the fluid flow direction [ 4 7]. 

36 



2.4.1.5 Carbon Steels 

Carbon steels are alloys of iron with about 0.05 to 1% carbon and other small alloying 

elements such as manganese and silicon for improved mechanical properties [ 1, 10, and 

15]. Carbon steels primarily possess a body-centered cubic structure. 

Carbon steels readily corrode in many media such as alkaline chloride solutions, 

atmospheric exposures, potash brine environments, and circulating slurries of coarse 

chloride salts and so on [1, 3, 10, and 15]. Although they show poor corrosion resistance 

and are subject to chemical attack, the life of equipment can be estimated using simple 

uniform corrosion tests. 

Coatings are often required to protect tanks, pipelines and other equipment for long-term 

service. Many electrochemical and immersion tests have been conducted on low carbon 

steels in various environments [50-57]. Some slurry tests have been reported on 1018 

carbon steel in potash brine environments [36-38]. The tests were carried out at 85°C at 

different impingement angles and an impact velocity of 3-4m/sin potash brine (30% 

wt. % solid). The results indicated that the metal wastage of the erosion-corrosion 

specimens was very high. Corrosion wear tests at the University of Saskatchewan on 

1045 steel have been conducted in a 3% NaCl aqueous solution saturated with COz gas, 

using a reciprocating sliding wear apparatus [50]. As seen in the Figure 2.15, there were 

four separate poly chambers which made it possible to perform four simultaneous tests 

with varying loads. Loads were applied on the tops of specimens by levers. The 

reciprocating sliding motion was conducted by bottom specimens which were connected 

with steel rods. Each steel rod moved back and forth along two guide rods. Two 

microswitches reversed the direction of air flow in the pneumatic piston. Thereby, the 

pneumatic piston reversed the direction of bottom specimens through steel rods. The 

reciprocating frequency of the motion was regularized to 40 strokes/min with different 

contact pressures. As Figure 2.16 shows, the metal loss rate was greater as contact 

pressure increased [50]. 
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Figure 2.15. Schematic diagram of the mechanical wear and corrosion apparatus: (1) chamber; 
(2) bottom specimen holder; (3) top specimen holder; (4) steel plate; (5) steel rod; (6) steel 

collar; (7) connecting rod; (8) connecting plate; (9) guide rod; (1 0) load cell; (11) pneumatic 
piston; (12) air inlet/outlet valve; (13) linear motion position transducer; and (14) microswitch 

[50]. 
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Figure 2.16. Effect of normal pressure on the metal loss rates of the top and bottom 

specimens in a 3% NaCl solution [50]. 
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2.4.2 Non-metallic Materials 

2.4.2.1 Polymers 

Polymeric materials have had successful application in large amounts in various 

industries. For example, high density polyethylene (HDPE) has become popular in 

sewers and chemical pipelines. The use of these polymers will increase in the next 

decade because of their excellent chemical and abrasion resistant properties compared 

with those of steel [1]. Polymers resist wear more effectively than metals because they 

have better elastic deformation properties under load, resulting in distributing and 

thereby lowering the contact pressure [58, 59]. They perform well in potash brine 

environments [3 7]. Materials of this type do not corrode electrochemically. The major 

disadvantages of their physical properties, such as low working temperature and 

strength, limit their use [3]. · 

2.4.2.2 Ceramics 

Several studies have shown that ceramics, such as Ah03, SbN4, and SiC, have excellent 

corrosion and wear properties [3, 11, and 36-38]. A series of wear tests have been 

conducted on ShN4 and SiC in various contact situations [60, 61]. The results indicated 

that wear of ceramics was reduced by tribochemical reaction products because water is 

active enough to form silicon oxide or hydrated silicon oxide under repeated sliding 

motion. These oxides were soft, embedded in the voids on the surface, and the resultant 

wear surface became very smooth. In potash brine environments, ceramics are used as 

coatings of vessels and transfer chutes contacted with coarse particles in slurry [3]; 

however, the physical properties of ceramics, such as brittleness and very low tensile 

strength, limit their use to the severe wear state. 
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2.4.2.3 Composites 

These materials are defined as some combination of two or more material components 

and have been successfully applied in various industries [11]. Glass fiber reinforced 

polymer composites (GFRP) have many excellent mechanical properties due to the high 

strength and modulus of glass fibers. Three kinds of fiber glass composites ABCO-H, 

ABCO-A, and ABCO-P have been investigated for erosion-corrosion resistance in 

potash brine [36-38]. The results show that they have poor erosion-corrosion 

performance at high impingement angles. 
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3. Experimental Procedure and Material 

This chapter comprises ~ee parts. Firstly, both the corroston wear and erosion

corrosion apparatuses are described. Secondly, the experimental procedure with test 

conditions is presented. Finally, the materials selected and potash brine solution are 

described. 

3.1 Introduction 

In this work, two aspects were studied -- erosion-corrosion and corrosion wear of 

various materials in potash brine solution. The erosion-corrosion experiments were 

carried out at Potash Corporation of Saskatchewan (PCS) pilot plant. The corrosion 

wear experiments were carried out in the laboratory of Mechanical Engineering 

Department at University of Saskatchewan. 

3.2 Test Apparatus 

In this section, both the corrosion wear and erosion-corrosion test apparatuses are 

described. 

3.2.1 Corrosion Wear Test Apparatus 

As described in section 2.4.1.1.6 (Fig. 2.15), the previously used corrosion wear 

apparatus was modified to test different materials under same conditions. 

The corrosion wear apparatus was constructed to perform the reciprocating sliding 

motion in supersaturated potash brine medium as shown in Figure 3 .1. The apparatus 
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consists of seven parts: weights, test chamber, push rod, limit switch, pneumatic piston, 

solenoid valve, heater, and counter. A schematic diagram of the test chamber is shown 

in Figure 3.2. In the test chamber, there were four specimen holders, and four specimens 

(38x38x6mm) were fitted individually into them. In order to monitor the occurrence of 

any abnormal corrosion and wear, a reference material of AISI 1018 carbon steel was 

used during each run. Each weight was 890 grams. As a result, a load which was 40N 

was applied on each specimen by using a carbon chromium steel ball fixed in a copper 

collar, resulting in an initial maximum stress of 1GPa* [62] between the ball and the 

surface of the specimen (AISI 1018). Therefore, it is possible to induce enough weight 

loss to make a comparison between each of the materials. The hardness of the carbon 

chromium steel ball (indenter) was 920 VHN. Then each specimen holder, which was 

connected with a moveable stainless steel rod, was reciprocated in motion along a 

single, horizontal axis through a pneumatic piston. There was a microswitch at the end 

of the guide rod. To achieve reversible motion, the microswitch was contacted with the 

connecting plate. The microswitch reversed the direction of airflow to the pneumatic 

piston. 

* The initial maximum stress between the ball and surface of specimen can be 

calculated by the following equation [ 62]. 

1 

=(6WE*
2 

J3 Pmax R2n3 (3.1) 

Where, 

1 1-v~ 1-v~ * 
-* =--+--=>E =115GPa, W=LoadN. 
E E1 E2 

(3.2) 

1 1 1 
-=-+-,R1 =9.5mm,R2 =oo:::>R=9.5mm. 
R R1 R2 

(3.3) 

1 1 

p =(6WE*z J3 ={ 6 x 40x (115 x 109)2 }3 = 1.04 x 109 ~ 1GPa. 
max R 2n 3 (9.5x10-3

)
2 x(3.14) 3 

(3.4) 
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Figure 3 .1. A photograph of corrosion wear apparatus. 
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Specimen holder 

Figure 3.2. Schematic diagram of the corrosion wear apparatus. 
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In this study, the stroke length was fixed by setting the microswiches 20mm apart. To 

simulate a typical operation conditions in a process line, the frequency produced by the 

airflow through the pneumatic piston was regulated to 105 cycles per minute. Tests were 

conducted at room temperature and at 85°C in supersaturated potash brine. Temperature 

measurement in the test chamber was accomplished by means of two sets of 

thermocouples connected to the heater's autotransformer. In order to attain an accurate 

measurement with the l~ast amount of errors, the heater's autotransformer was 

calibrated to make an accurate temperature of 85± 1 °C. 

3.2.2 Erosion-Corrosion Test Apparatus 

The erosion-corrosion apparatus was constructed to simulate a typical operation 

condition in a process line. Figure 3.3 shows a photograph of the erosion-corrosion 

apparatus [36], which consisted of a slurry tank pump, motor, and test jig. The tank 

pump circulated potash brine through a main pipe and the test jig, which was then drawn 

back to the tank. The test jig could hold 10 samples (38x38x6mm) during each run as 

shown in Figure 3.4. To keep the slurry solution at 85±5°C, the slurry tank was heated 

by steam. New potash was added periodically into the tank in order to keep the slurry 

solids density to a level of 30wt%. 

In this study, ten samples were set into the test jig for each run, which made it possible 

to compare the performance of different materials under the same conditions. A 

reference material of AISI 1018 carbon steel was used during each run in order to 

monitor the occurrence of any abnormal erosion and corrosion. The flow rate of the 

slurry flow was adjusted to 1.5 Us. The test jig provided a speed of 115rpm. The 

resultant average velocity of the slurry was 1.47m/s. The impingement angle was 33°. 

The slurry solids were potash ore sand with a size distribution as shown in Table 3 .1. 

Table 3 .1. Potash ore size distribution for erosion-corrosion tests at 85°C. 

Size (mm) 3.4 2.4 1.7 1.2 0.9 0.6 0.4 0.3 0.2 0.15 0.1 

Mass (o/o) 2.4 9.5 15.7 18.6 14.2 12.9 10.6 7.7 4.1 3.4 0.8 
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Figure 3.3. A photograph of erosion-corrosion apparatus [36]. 
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Figure 3 .4. Erosion-corrosion test jig. 
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The test conditions of erosion-corrosion and corrosion wear tests are summarized as 

followings: 

1. Corrosion Wear Test Conditions: 

• In supersaturated potash brine, 

• Temperature: room temperature and 85°C, 

• Speed: 105 cycles/min, 

• Load: 40N on each sample, 

• Stroke length: 20 mm, 

• Radius of ball: 9.5 mm, 

• Hardness ofball: 920 VHN, 

• Time of cyclic exposure: 360 hours. 

2. Erosion-Corrosion Test Environment: 

• Temperature: 85°C, 

• Slurry solids densities: 30 wt%, 

• Slurry velocity: 1.47m/s, 

• Impingement angle: 3 3 °, 

• In saturated potash brine, 

• Exposure time: 960 hours. 

3.3 Material 

The materials selected in this study are shown in Table 3.2 and 3.3 with their elemental 

composition and mechanical properties. The materials include stainless steels (F255, 

AL6XN, and 254SMO), titanium (Ti-7 and Ti-12), zirconium (Zr-702 and Zr-705), 

nickel Alloys (C276 and 1625), super alloy (A286), carbon steel (AISI 1018 as a 

reference), polymers (polyurethane rubber and high density polyethylene (HDPE)), 

brushable ceramic, and glass fiber reinforced polymer composites (Type A and Type P). 
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Table 3 .2. Mechanical properties of candidate materials. 

Material Tensile Strength Yield Strength 
(MPa) (MPa) 

Ferralium 255 910 758 
AL-6XN 772 389 
254SMO 702 374 

A286 1100 834 
C276 768 384 

Zr-705 538 442 
Zr-702 468 387 
I 625 935 488 
Ti-12 544 ·379 
Ti-7 464 323 

AISI 1018 (reference) 438 324 
Brushable Ceramic 

*Polyurethane 
GFRP1 (Type P) 
GFRP1 (Type A) 

*HDPE2 

GFRP: Glass fiber reinforced polymer composite 
2 HDPE: High density polyethylene 
* Shore A Durometer Hardness 

0/o Elongation 

22.0 
51.0 
51.2 
22.0 
60.4 
24.0 
26.0 
42.5 
20.0 
29.0 
37.2 

Hardness 
(VHN) 

488 
468 
451 
479 
431 
248 
284 
454 
270 
260 
218 
234 

91(SADH) 
18 
26 

96(SADH) I 



.,J::.. 
00 

Material 

Ferralium 
255 

AL-6XN 
254SMO 

A286 
C276 

Zr-705 
Zr-702 
I 625 

Ti-12 
Ti-7 

AISI 1018 
(reference) 

Fe c 
bal 0.04 

bal 0.03 
bal 0.02 
bal 0.08 
4-7 0.02 
0.08 0.01 
0.14 0.008 
3.84 0.051 

0.15 0.018 
0.06 0.012 
bal 0.18±0.02 

Table 3.3. Materials composition data of used in the tests. 

Major Alloying Elements ~t. 0/o) 
Cr Ni Mo Co N Ti Zr Others 

24-27 4.5-6.5 2.9-3.9 1.5-2.5 0.1-0.25 S, Mn, Si, P 

20-22 23.5-25 6-7 0.75 0.18-0.25 S, Mn, Si, P 
19.5-20.5 17.5-18.5 6-6.5 0.5-1 0.18-0.22 Mn, Si, S, P 

14-16 24.5-27 1-1.6 1.5-2.5 AI, B, V 
14.5-16.5 bal 15-17 V, W, Co 

0.005 99.5 H, 0, Hf, Nb 
0.006 99.3 H, 0, Hf, Cr 

21.94 60.29 9.25 0.01 0.016 0.17 AI, Cu, S, Nb, 
Si, Mn, P, Co 

0.85 0.29 0.003 98.55 H,O 
0.008 99.63 Pd, 0, H 

S, Mn,P : 
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3.4 Solution 

In this study, the potash ore used comes from the Cory mill in Saskatchewan, Canada. 

The chemical composition of the saturated potash brine is shown in the Table 3.4 [9]. As 

seen, potash brine is mainly composed of sodium chloride and potassium chloride. 

Table 3.4. Chemical composition of the saturated potash brines [9]. 

Mine Source Concentration wto/o 
cr S042

- Na+ K+ CaL+ Mgz+ 

Cory at 22°C 21.88 0.57 8.44 8.87 0.35 0.11 
Cory at 85°C 23.45 0.20 7.65 12.00 0.41 0.10 

3.5 Experimental Procedure 

3.5.1 Corrosion Wear Test (at room Temperature and at 85°C) 

Before the experiment began, the metallic specimens were thoroughly cleaned using a 

low concentration hydrochloric acid; subsequently, all specimens were cleaned with 

detergent, water, and alcohol in order to remove any contaminants. This same cleaning 

process was repeated during each stopover. The specimens were removed from the test 

chamber with six stopovers for measuring the weight loss to the nearest 0.0001 grams, 

measuring dimensions of the wear mark including depth, and taking pictures of the wear 

surface by camera. The exposure times after each stop were 48, 120, 168, 240, 288, and 

360 hours which corresponded to about 300,000; 750,000; 1,050,000; 1,500,000; 

1,800,000; and 2,250,000 cycles. This offers the possibility of measuring accurately 

various wear scar areas and depths with increasing times of cyclic exposure. To 

minimize contamination of the specimens, latex laboratory gloves were used during 

each procedure. 
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For the test at 85°C, the heater which was set in the test chamber increased the 

temperature until 85±1 oc was reached, at which point, the manipulation of the heater's 

autotransformer stabilized the temperature. 

3.5.2 Erosion-Corrosion Test 

The specimens were thoroughly cleaned by the same process used in the corrosion wear 

test. The specimens were removed from the test jig with four stopovers for measuring 

the weight loss to the nearest 0.0001 grams and taking pictures of the wear surface with 

an optical camera. The test times for each stop were 240, 480, 720, and 960 hours at 

85°C. Therefore, it is possible to perform enough weight loss and damage by erosion

corrosion tests on the various materials. 
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4. Results and Discussion 

In this chapter, the results obtained from the reciprocating corrosion wear experiments 

and erosion-corrosion experiments are described and discussed. The overall results show 

that GFRP (A-series and P-series), high density polyethylene (HDPE), and Ferralium 

255 have excellent erosion-corrosion and corrosion wear resistance in potash brine. The 

experimental details are described in section 3. 

4.1 Corrosion Wear Test 

The following sections deal with the discussion of the results obtained from the 

reciprocating corrosion wear tests. The weight loss, scar area, and depth of reciprocating 

corrosion wear as well as the optical and scanning electron microscopy (SEM) results 

are described and discussed. The experimental details are included in section 3.2.1. 

4.1.1 Weight Loss Measurement 

In this section, the results of weight loss for reciprocating corrosion wear experiments in 

potash brine environments are described and discussed. 

4.1.1.1 Weight Loss Measurement at Room Temperature 

The relationship between accumulated weight loss and exposed time are shown in Table 

4.1 and Figures 4.1, 4.2. Weight loss measurements were carried out after 48, 120, 168, 

240, 288, and 360 hours. It should be noted that several materials displayed significantly 

lower weight loss, such as F255, A286, GFRP {Type A), GFRP {Type P), and HDPE, 

than other materials; however, the results also revealed high weight loss in materials 
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such as Ti-12, Ti-7, Zr-705, and Zr-702. As the exposed time increases from 0 to 360 

hours, the weight loss of materials tested increased which corresponds to other weight 

loss studies performed with various metallic materials in the presence and absence of 

chlorides [24, 26, 27, and 33-39]; however, HDPE, GFRP (Type A), and GFRP (Type 

P) absorbed solution during the test, resulting in lower weight losses decreasing. The 

materials tested are ranked in an ascending order of their weight loss: 

HDPE < GFRP (Type A) < F255 <GFRP (Type P) < A286 < AL6XN < AISI1018 

(reference)< 254SMO < C276 < Zr-702 < Ti-12 < 1625 < Ti-7 < Zr-705. 

From the results obtained, the F255, A286, and AL6XN alloys show the best wear 

resistance among the metallic materials; on the contrary, Ti-7, Ti-12, Zr-702, and Zr-

705 display the worst resistance in terms of weight loss. This is attributed to material 

hardness, tensile strength, and microstructure. Firstly, the hardness of F255, A286, and 

AL6XN alloys is the highest among the materials tested {Table 3.1). According to the 

wear equation W = KLP IH, the wear rate is inverse! y proportional to the hardness. As a 

result, wear resistance tends to increase with hardness. However, wear resistance 

decreases as toughness increases. Secondly, F255, A286, and AL6XN have relatively 

high tensile strength among materials tested. Higher tensile strength allows relatively 

difficult material to be transferred on to the counterface in adhesive wear. Thirdly, F255, 

A286, and AL6XN alloys possess an austenitic microstructure, which is more abrasion 

resistant than ferrite, pearlite, or martensite. This is because of the higher strain

hardening capacity and ductility of austenite [1, 11, 15, and 22]. 

F255 shows the best wear resistance among the metallic materials tested. There are 

several reasons why. Firstly, the hardness of F255 is the highest among the materials 

tested. Secondly, F255 has relatively high tensile strength among these materials. In 

addition, F255 contains the most chromium. This chromium can form carbides which 

improve abrasive wear resistance and offer excellent corrosion resistance [9]. This result 

corresponds to other corrosion wear studies performed with various metallic materials in 

the presence or absence of chlorides [9, 39, 41, and 42]. 
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Table 4.1. Weight loss during corrosion wear test in supersaturated potash brine at room temperature. 

Material Weight Loss (g)* 
After 48h After 120h After 168h After 240h 

HDPE +0.0023 +0.0049 +0.0107 +0.0060 
After baking** 0.0002 +0.0024 +0.0082 +0.0035 
GFRP(Type A) +0.0049 +0.0092 +0.0095 +0.0133 
After baking** 0.0130 0.0087 0.0084. 0.0046 

F255 0.0039 0.0049 0.0112 0.0143 
GFRP (Type P) 0.0643 0.0710 0.0809 0.0837 
After bakin2** 0.0839 0.0906 0.1005 0.1033 

A286 0.0678 0.1130 0.1454 0.1649 
AL6XN 0.1348 0.1707 0.1935 0.2016 

AISI 1018 0.0596 0.1676 0.2462 0.3442 
(reference) 
254SMO 0.0963 0.1624 0.2607 0.3477 

C276 0.7428 1.0499 1.3308 1.7299 
Zr-702 2.9773 3.1761 3.3550 3.7864 
Ti-12 1.3061 2.8430 3.6327 4.3191 
1625 1.5843 2.8820 4.2952 5.8502 
Ti-7 1.4530 3.6728 5.3769 6.9761 

Zr-705 1.9911 5.2018 6.6236 7.8064 
*Measurement accuracy= ±0.0001g. 
**Soaking in water for 48 hours at 50°C, then baking for 48 hours at 50°C. 
+ Weight gain. 

After 288h After 360h 
+0.0107 +0.0150 
+0.0082 +0.0125 
+0.0082 +0.0158 
0.0097 0.0021 
0.0174 0.0165 
0.0915 0.1003 
0.1111 0.1199 
0.1843 0.2161 
0.2282 0.2472 
0.4232 0.5244 

0.4305 0.5413 
1.7630 1.8389 
4.1349 4.5077 
4.9006 5.4585 
5.9586 7.8330 
7.9072 8.7914 
8.7721 10.1523 
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Figure 4.1. Weight loss during corrosion wear test in supersaturated potash brine at 

room temperature. 
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Figure 4.2. Weight loss during corrosion wear test in supersaturated potash brine at 

room temperature. 
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It can be seen that the weight loss of AL6XN was more than that of F255 but less than 

that of 254SMO. This is because AL6XN has a greater hardness and tensile strength 

than 254SMO but less than F255. Although 254SMO also possesses an austenitic

microstructure, it shows worse corrosion wear resistance than F255, A286, AL6XN, and

A1S1 1018 carbon steel. This is because of the lower tensile strength and hardness of

alloy 254SMO. 

The A1S1 1018 (reference) performs better in corrosion wear than the other metallic 

materials tested, except for F255, A286, and AL6XN alloys. This demonstrates that 

abrasive. wear resistance of steel increases with the carbon content. The reason is that 

increases in carbon content increase the hardness and the amount of various carbides, 

thereby, in turn decreases the wear rates. A1S1 1018 carbon steel contains 0.18% carbon 

which is greater than in of all other materials tested. Carbon can also form various 

simple and complex carbides to improve abrasive wear resistance [22, 23]. 

C276 and 1625 are nickel-chromium-molybdenum alloys. These two alloys have a poor 

corrosion wear resistance than F255, A286, AL6XN, and A1SI 1018 carbon steel, but 

are better than Ti-12, Ti-7, Zr-702, and Zr-705 materials. On one hand, C276 and 1625 

alloys are not like F255, A286, and AL6XN alloys which possess an austenitic 

microstructure, showing lower strain-hardening capacity. On the other hand, C276 and 

1625 alloys have relatively lower hardness. Although 1625 possesses a greater corrosion 

resistance to a variety of oxidizing environments, it is subject to attack from chloride 

ions [11]. In addition, 1625 shows intergranular corrosion (IGC) and general corrosion 

in solutions containing 0 2 and chloride ions from room temperature up to 130°C [63]. 

General corrosion results in dissolution of the protective chromium oxide layer. The 

beneficial effect of chromium for 1625 is lost. Therefore, although 1625 alloy has higher 

tensile strength, it has bad corrosion wear resistance. 

The type of crystal structure, whether hexagonal or cubic for example, influences 

friction and wear [7]. As hexagonal close-packed metals, Ti-12 and Ti-7 titanium 

metals, and Zr-702 and Zr-705 zirconium metals have low c/a ratios. The poor wear 
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resistance of titanium and zirconium is caused by the slip systems producing a relatively 

low shear force and a higher coefficient of friction; furthermore, their lower tensile 

strength and hardness make them show high corrosion wear rates. These results verify 

previous corrosion wear studies [ 1, 22, and 46] which state that the tribological 

properties of titanium and zirconium are extremely poor. 

Among all the materials tested, HDPE (high density polyethylene), GFRP (type A, glass 

fiber reinforced polymer composite), and GFRP (type P, glass fiber reinforced polymer 

composite) show the best corrosion wear resistance because they do not corrode 

electrochemically with chloride [ 4, 36-38]. They do, however, distribute the load, 

resulting in more effective wear resistance than metals because of better elastic 

deformation properties under contact pressure. These non-metals absorb solution during 

tests due to the pores between layers of composites, and the surface nature of HDPE. As 

such, after testing the specimens were soaked in water maintained at 50°C for 48 hours 

to dissolve the engrained salt and subsequently dried in an air furnace at 50°C for 48 

hours. Therefore, weight decreases were observed. As shown in Figure 4.3, 

polyurethane and ceramic failed both erosion-corrosion and corrosion wear tests 

because of severe coating debonding failure that occurred within the first 48 hours of 

testing. The polyurethane and ceramic simple separated from the substrate carbon steel 

due to accelerated stress-induced corrosion. The highly stressed interfaces were 

preferentially attack by potash brine. 

From these corrosion wear experimental results and studies, it is further concluded that 

good resistance against corrosion wear may only be achieved by a suitable combination 

of the hardness, strength, ductility, corrosion, and high cold work capacity of the 

material. 

57 



Figure 43. Photographs ofbrushable ceramic (a) and polyurethane (b) in corrosion wear 
experiment after 48 hours and brushable ceramic (c) and polyurethane (d) in erosion

corrosion experiment after 120 hours in supersaturated potash brine. 
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4.1.1.2 Weight Loss Measurement at 85°C 

Most of the time in potash processing, equipment is exposed to temperatures close to 

85°C, especially in the crystallizers whose working temperature is 85°C. Therefore, to 

further determine corrosion wear resistance of all the candidate materials, after all the 

materials were tested at room temperature, a series of corrosion wear tests were 

conducted under the same conditions, but at 85°C. 

Measurement of the total weight loss was carried out after 48, 120, 168, 240, 288, and 

360 hours. Figures 4.4-4.5 and Table 4.2 present the relationship between the weight 

loss and exposure time. At 85°C, the conjoint action of sliding wear and corrosion was 

more destructive than that at room temperature. It should be noted, however, that three 

materials, Ti-12, Ti-7, and 1625, show higher wear resistance compared with the weight 

loss at room temperature. The temperature influenced the amount of metal loss in potash 

brine medium. The materials tested are ranked in the ascending order of their weight 

loss: 

HDPE < GFRP (Type P) < GFRP (Type A) < F255 < A286 < AISI1018 (reference) 

<AL6XN < C276 < 254SMO < Ti-12 < 1625 < Ti-7 < Zr-702 < Zr-705. 

As shown, the weight loss of metallic materials increased with increasing time exposed. 

Their behavior at 85°C was very similar to that at room temperature; however, the 

weight loss among metallic materials, except for Ti-12, Ti-7, and I-625 materials, is 

greater than that at room temperature. The changes in weight loss are all quite marked 

and significant. All the metallic materials tested do corrode electrochemically when 

chloride is present. Damage showed a corrosion wear pattern, in which the combination 

of abrasive and adhesive wear, and corrosion occurred. 

In general, all chemical reactions take place more rapidly at higher temperatures. For a 

1 0°C rise in temperature, chemical reaction rates approximately double. The wear 

actions created fresh surfaces that more rapidly corroded at 85°C, increasing more 

corrosion wear products that were capable for abrasive wear. 
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Table 4.2. Weight loss during corrosion wear test in supersaturated potash brine at 85°C. 

Material Weight Loss (g)* 
After48h After120h After168h After240h After288h 

HDPE +0.0034 +0.0042 +0.0064 +0.0113 +0.0113 
After baking** +0.0002 +0.0010 +0.0032 +0.0081 +0.0081 
GFRP (Type P) +0.0221 +0.0249 +0.0292 +0.0265 +0.0268 
After baking** 0.0075 0.0047 0.0004 0.0031 0.0028 
GFRP (Type A) +0.0167 +0.0092 +0.0078 +0.0024 +0.0013 
After baking** 0.0087 0.0162 0.0176 0.0230 0.0241 

F255 0.1338 0.2532 0.3449 0.3730 0.5879 
A286 0.0487 0.0960 0.1930 0.3876 0.6197 

AISI 1018 (reference) 0.1156 0.3210 0.4751 0.7209 0.9355 
AL6XN 0.9481 1.1000 1.2530 1.4198 1.4518 

C276 0.1912 1.3000 1.8614 2.8017 3.0517 
254SMO 0.7730 1.5273 1.8485 2.7352 3.1882 

Ti-12 0.8559 1.9402 2.4090 3.6920 4.1129 
1625 1.4687 2.4525 3.7181 4.8484 5.1416 
Ti-7 0.9427 2.3075 2.9081 4.5554 5.0962 

Zr-702 1.7711 3.4443 4.7760 8.0164 10.1377 
Zr-705 2.2177 6.0582 7.8805 10.1679 11.0309 

* Measurement accuracy = ±0.000 1 g. 
**Soaking in water for 48 hours at 50°C, then baking for 48 hours at 50°C. 
+ Weight gain. 

After360h 
+0.0163 
+0.0131 
+0.0256 
0.0040 

+0.0001 
0.0253 
0.7587 
0.8580 
1.2040 
1.5134 
3.2917 
3.5574 
4.4530 
5.4554 
5.8130 

Wear through 

Wear through 
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Figure 4.4. Weight loss during corrosion weartest in supersaturated potash brine at 
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These corrosion products were in turn removed by abrasion; moreover, chloride ions 

induced more brittle fractures, enhancing further the corrosion wear rate. The total rate 

of loss of material was higher and the resulting problems were more serious. These 

results correspond to other corrosion wear studies performed with various metallic 

materials in the presence and absence of chlorides [4, 32-34, and 39]. 

The passive layer formed on stainless steels differs from that for other metals [ 1]. 

Stainless steels such as F255, AL6XN, and 254SMO do not form a layer of true oxide; 

instead, they form a passive film of hydrated oxide at low temperatures ( < 1 00°C). 

Under wear action, the film of hydrated oxide can be easily removed, resulting in 

greater weight reduction [34]. 

The SEM photomicrographs in Figures 4.6 to 4.13 reveal the characteristics of the wear 

regions of 254SMO, F255, and AL6XN stainless steels after 360 hours of corrosion 

wear testing. The SEM pictures reveal differences in the corrosion wear behavior of the 

different steels on a microscopic scale. Their worn surfaces tested at room temperature 

were less damaged than at 85°C. Firstly, the main cause of the increased damage was 

the presence of chloride ions in solution which resulted in more chloride ions induced 

brittle fracture of the worn surfaces at the higher temperature [39, 44]. With increasing 

temperature, the chemical reactions took place more rapidly at 85°C resulting in more 

attacks of chloride ions on the wear scar. Therefore, shear fracture occurred more easily 

at 85°C during repeated sliding motions. Secondly, the corrosion pits which were 

nucleated at the wear scars and grooves [ 6] caused more chemical attack during the 

wear processes at higher temperatures so that the damage increased. As shown, the wear 

scars contain grooves which are parallel to the direction of friction, and the grooves 

produced in the wear scar at room temperature were larger and denser than those at 

85°C. The reason is that the size and shape of the hard abrasive particles had an obvious 

effect on the depth and cross section of the groove, which was bigger and sharper in the 

potash brine solution at room temperature than that at 85°C. In addition, more wear 

debris could be partially or fully oxidized at 85°C. As a result, the oxidized debris was 
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decreased in size and became more brittle, easily crushed by normal force during the 

wear process. 

Figures 4.6 and 4. 7 show scanning electron microscopy (SEM) photomicrographs of the 

wear scar of alloy 254SMO specimens. In both cases, the wear tracks show the scratch 

pattern produced by abrasive wear, which was caused by hard particles caught between 

sliding surfaces during repeated sliding motions. In Figure 4.6 (room temperature), fine 

cracks and small pits were observed on the surrounding contact surface. The pits were 

formed by either a fatigue process. or corrosion pitting. When wear surface was 

subjected to further repeated stressing, the surface surrounding the pits was dented and 

cracking was initiated. The photomicrograph in Figure 4. 7 shows the worn surface of a 

254 SMO specimen at 85°C. The cracking on the surrounding surface was more visible 

and deeper. This indicated that chloride ions attack accelerated the rate of surface 

degradation. Compared to standard carbon ~teel AISI 1018, 254SMO has poor corrosion 

wear performance. 

As shown in Figures 4.8 and 4.9, the fine scratch pattern produced by abrasive wear was 

observed in the wear scars of F255 specin1ens. No cracks occurred on the surrounding 

contact surface at room temperature; however, a: few microcracks were detected on the 

sample at 85°C (Figure 4.9). The phenomenon revealed that pits could form due to 

chloride ions attacks on the wear scar at 85°C. These pits spread to cracks after repeated 

stress from the bearing load. Comparing the wear scar tested at room temperature and 

85°C indicated F255 was not easily subjected to chloride ions attack, not even at 85°C. 

The F255 sample has a smoother surface compared with the 254 SMO specimens at 

both room temperature and 85°C. This is because F255 alloy has higher hardness and 

tensile strength than 254SMO. Higher tensile strength allows relatively difficult material 

transfer to counterface in adhesive wear [18]. In addition, F255 contains the most 

chromium among all materials tested. The chromium can form carbides and these 

carbides effectively improve abrasive wear resistance and offer excellent corrosion 

resistance [25]. The results show that F255 has excellent corrosion wear resistance in 

potash brine environment. 
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Figure 4.6. SEM photomicrograph of corrosion wear of stainless steel 254SMO 

specimen after 360 hours of cycling in supersaturated potash brine at room temperature. 

Figure 4. 7. SEM photomicrograph of corrosion wear of stainless steel 254SMO 

specimen after 360 hours of cycling in supersaturated potash brine at 85°C. 
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Figure 4.8. SEM photomicrograph of corrosion wear of stainless steel Ferralium 255 

specimen after 360 hours of cycling in supersaturated potash brine at room temperature. 

Figure 4.9. SEM photomicrograph of corrosion wear of stainless steel Ferralium 255 

specimen after 360 hours of cycling in supersaturated potash brine at 85°C. 
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Figures 4.10 and 4.11 present the scanning electron photomicrographs of the wear scar 

of AL6XN specimens. Figure 4.10 sho"rs that the wear grooves are smaller, more 

defined and denser in shape compared with those in Figure 4.11. Delamination that . 

showed brittle fracture was found within the wear track at both room temperature and 

85°C. Figure 4.11 indicates that the chloride ions further enhanced the corrosion wear 

rate which resulted from the chloride ions induced brittle fracture of the worn surface 

due to the higher temperature. The results demonstrate that the damage due to corrosion 

wear increases with temperature. It can b(~ seen that the damage revealed on the wear 

scars was more than that ofF255 but less than that of 254SMO. This is because AL6XN 

has a higher hardness and tensile strength than 254SMO but less than F255. 

Figures 4.12 and 4.13 show SEM photomicrographs of transverse cracking on the wear 

scar of AL6XN specimen by different magnifications. It can be seen that lateral 

cracking was formed near the trailing edge of the sliding indenter where stresses were 

tensile. The crack spread with time. This type of cracking phenomenon did not arise at 

room temperature under same testing condition. This indicated that the chloride ions 

induced brittle fracture of the worn surface was enhanced greatly at 85°C, resulting in 

brittle fracture of the worn surface. Therefore it can be concluded that the AL6XN was 

less resistant to the attack of chlorides at 85°C among the three stainless steels. 

Compared to standard material AISI 1018, AL6XN has better wear performance than 

AISI 1018 at room temperature, but not at 85°C. 
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Figure 4.1 0. SEM photomicrograph of corrosion wear of stainless steel AL6XN 

specimen after 360 hours of cycling in supersaturated potash brine at room temperature. 

Figure 4.11. SEM photomicrograph of corrosion wear of stainless steel AL6XN 

specimen after 360 hours of cycling in supersaturated potash brine at 85°C. 
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Figure 4.12. SEM photomicrograph of corrosion wear of stainless steel AL6XN 

specimen after 360 hours of cycling in supersaturated potash brine at 85°C showing 

transverse cracking. 

Figure 4.13. SEM photomicrograph of corrosion wear of stainless steel AL6XN 

specimen after 360 hours of cycling in supersaturated potash brine at 85°C showing 

transverse cracking. 
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Figures 4.14 to 4.15 show the SEM observation of the worn surface for Zr-705 at room 

temperature and 85°C. The photomicrograph in Figure 4.14 shows the worn surface of a 

Zr-705 specimen at room temperature. The worn track reveals deep grooves, fine cracks,. 

and pits. The grooves were formed by the: abrasion that harder asperities and particles 

caught or dragged on the softer surface of Zr-705. The alternating stress produced by 

wear motion at the surface ultimately resulted in the breaking away of small particles 

from the surface and the formation of pits. The continuation of reciprocating motion 

caused regions surrounding the pits to crack, which propagated in the subsurface in a 

longitudinal section of the wear track. Figure 4.15 shows severe damage at the worn 

surface of Zr-705 at 85°C, revealing a large of fractured surface and subsurface 

structures, and fine particles. This might be explained by the fact that the solution was 

highly concentrated of chloride ions, making the worn surface more brittle at 85°C. 

During the wear process, the particles generated as a result of abrasive wear might be 

work hardened; thus they became harder than the parent surface. The particles 

contributed to three-body abrasion and recirculated to cause additional wear, resulting in 

a rapid deterioration of the surface and further fragments. Therefore the weight loss at 

85°C was greater than room temperature. Similar results were obtained with Zr-702. 

The corrosion wear results show that Zr705 and Zr-702 have the worst corrosion wear 

performance among all materials tested. 
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Figure 4.14. SEM photomicrograph of corrosion wear of zirconium Zr705 

specimen after 360 hours of cycling in supersaturated potash brine at room temperature. 

Figure 4.15. SEM photomicrograph of corrosion wear of zirconium Zr705 

specimen after 360 hours of cycling in supersaturated potash brine at 85°C. 
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Carbon steel AISI 1018 readily corrodes in chloride solution resulting in porous and 

nonadherent corrosion products [1, 57]. Therefore, the wear motion easily removed 

these corrosion products leading to severe corrosion wear compared with that at room 

temperature. The experimental results show that AISI 1018 has better corrosion wear 

resistance than other metallic alloys tested, except for F255 and A286 alloys. The wear 

morphologies of AISI 1018 carbon steel are shown in Figures 4.16 and 4.17. At both 

room temperature and 85°C, the worn surfaces show small grooves (due to abrasion and 

adhesion) and pits which were caused by corrosion fatigue and accelerated by chloride 

ions [57]. In Figure 4.16, the rust (Fe20 3 • H20) was not rubbed off completely from the 

matrix; whereas, in Figure 4.17 (85°C), some deep pits are observed at the worn track. 

This indicates that chloride ions not only accelerate the formation of rust but also cause 

the rust to be brittle. As a result, the rust, which was broken down to small particles by 

wear motion, was hard enough to abrade the matrix, producing more metal loss. 

Therefore, the weight loss at 85°C is greater than the loss at room temperature. 

The A286 material as an iron-based super alloy contains 14-16% chromium to form a 

passive oxide film for oxidation and corrosion resistance [1]. At 85°C, the oxide film 

was not easily removed than that at room temperature by wear motion. Figures 4.18 and 

4.19 exhibit the worn scars formed on specimens of A286 at the two temperatures. In 

both cases, fine cracks are observed on the worn surface. In spite of A286's high tensile 

strength·, fracture occurred at local areas during repeated sliding motions, indicating that 

the ability of the metal to be plastically deformed was poor due to its low ductility as 

indicated by the percent elongation at failure of 20%. At 85°C (Figure 4.19), shear 

fracture was more severe. During the wear process, debris might be formed and 

embedded in the worn surface, resulting in larger cracks or holes. The main cause of the 

increased damage could be that at higher temperature the chloride induced chemical 

attack was much more extensive than that at room temperature. Compared with AISI 

1018 carbon steel, alloy A286 has better corrosion wear performance. 
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Figure 4.16. SEM photomicrograph of corrosion wear of AISI 1018 carbon steel 

specimen after 360 hours of cycling in supersaturated potash brine at room temperature. 

Figure 4.17. SEM photomicrograph of corrosion wear of AISI 1018 carbon steel 

specimen after 360 hours of cycling in supersaturated potash brine at 85°C. 
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Figure 4.18. SEM photomicrograph of corrosion wear of super alloy A286 specimen 

after 360 hours of cycling in supersaturated potash brine at room temperature. 

Figure 4.19. SEM photomicrograph of corrosion wear of super alloy A286 specimen 

after 360 hours of cycling in supersaturated potash brine at 85°C. 
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The weight losses ofTi-7, Ti-12 and 1625 at 85°C, however, were formed to be less than 

at room temperature. This phenomenon can be explained by the properties of the oxide 

film formed on metal surfaces. The beneficial effects of oxide film in helping to reduce 

wear have been recognized for many years. Titanium is a highly reactive metal and the 

result is the formation of a very stable, continuous, highly adherent, and protective oxide 

film (Ti02) on the metal surface. The oxide film is formed in all pH ranges. It can 

generally reheal itself instantaneously when the oxide film is damaged [ 11, 31, 45, and 

64]. Furthermore, the highly resistant passive film is stable over a wide range of pH and 

redox potentials in aqueous-environments [11, 13, 15, 31, and 45]. 

Schutz reported that the presence of chlorides does not significantly influence Ti02 

formation/stability regimes [45]. The rate of thickening of the layer is determined by the 

temperature, the amount, the composition and the structure of the initial oxide phases 

[65]. The oxide film may possess a hardnes~ of575kg!mm2 and a low wear rate (3.4x1o-

8 mm3/Nm) [66]. Therefore, at higher temperatures, the oxide film formed (within 

milliseconds [64]) on the metal surface could be much thicker, more stable, and could 

quickly reheal itself due to the more rapid chemical reaction rate. The self healing film 

on the metal surface might be removed only partially or not at all by the sliding action, 

and continued to thicken with time, giving reduced resistance to sliding and better 

protection against wear damage at high temperature. This results in a decrease in weight 

loss and wear scar depth. 

Figures 4.20-4.21 present the wear track damage of the Ti-7 sample after 360 hours of 

cycling in potash brine environments. A typical abrasive wear pattern formed at room 

temperature is presented in Figure 4.20. The severe abrasion produced by harder 

asperities and particles (due to being oxidized) induced deeper, larger, and denser 

scratches in the worn surface compared with that at 85°C (Fig. 4.21 ). This indicates that 

the poor wear resistance of Ti-7 was due to its low hardness, tensile strength, and 

hexagonal crystal structure (hpc ), in which the slip systems produces relatively low 

shear strength and a high coefficient of friction [ 18]. 
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A relatively smooth worn surface is observed throughout the wear tra~k from the Ti-7 

specimen tested at 85°C (Fig. 4.21 ). Some shallow pits were detected on the wear track, 

revealing that chloride induced corrosion pits could nucleate at the wear track when 

temperature was increased to 85°C. However, the total damage of corrosion wear was 

less than at room temperature. The SEM studies further demonstrate that the oxide film 

{Ti02) formed (within milliseconds [64]) at the wear track could be much thicker, more 

stable, and could quickly reheal itself at 85°C. Under this condition, the corrosion pits 

caused by chloride ions could be nucleated less frequently at the wear scar, reducing 

chemical attack during the wear process. In addition, the self healing oxide film on the 

metal surface might inhibit adhesive wear better [67], compared with wear at room 

temperature, so that the wear action might not remove the oxide film easily, resulting in 

the wear rate decreasing. Similar results and conclusions were obtained with Ti-12. The 

weight losses of Ti-7 and Ti-12 are much higher than standard material AISI 1018 

carbon steel at both temperatures. 

The weight loss of 1625 was less at 85°C compared to the results obtained at room 

temperature. This may not be surprising since 1625 alloy contains sufficient chromium 

(21%) to develop a barrier and complete layer ofCr20 3 at the base of the NiO-rich scale 

during oxidation [65]. As described earlier, the rate of thickening of this layer is 

determined by the temperature, and is thickened when temperature is increased. At 

85°C, this oxide layer might give effective protection against chloride ions attack so that 

intergranular corrosion (IGC) of 1625 could be obstructed better. Moreover, this oxide 

layer can give better protection against further wear, as discussed for the titanium. In 

addition, 1625 contains 0.17% Ti and may develop an oxide layer of Ti02 which could 

contribute to reducing the wear rate. 
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Figure 4.20. SEM photomicrograph of corrosion wear of titanium Ti-7 specimen after 

360 hours of cycling in supersaturated potash brine at room temperature. 

Figure 4.21. SEM photomicrograph of corrosion wear of titanium Ti-7 specimen after 

360 hours of cycling in supersaturated potash brine at 85°C. 
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Figures 4.22 and 4.23 show the corrosion wear surface of alloy 1625. At room 

temperature, Figure 4.22 shows the typical feature of pullouts with parallel scratched, 

wear debris, and delamination due to brittle fracture damage. The results indicate that 

chlorides decrease the ductility of 1625. During the wear process, debris might be 

formed due to corrosion fatigue and wear due to the potash ore that was embedded in 

the worn surface. This resulted in particles detaching from the worn surface and moving 

between the contacting surfaces. The debris was hard (due to being oxidized) and 

trapped into the worn surface. This chain reaction of debris wear continued and resulted 

in severe corrosion wear. Figure 4.23. shows long parallel scratches and slight fractures 

at 85°C .. The higher temperature (85°C) resulted in relatively thick oxides on the worn 

track because of the more rapid chemical reactions. It is possible that oxide film (Cr203 

and NiO) formed quickly (due to 22% Cr and 60% Ni content) at the worn track which 

decreased the degree of corrosion wear damage. Therefore, the corrosion wear rate at 

room temperature was higher than that at 8~°C. 

Among all metal materials tested, the F255, A286, A1S1 1018, and AL6XN have the 

best wear resistance at the two temperatures studied; 254SMO, 1625, and C276 have an 

intermediate performance; whereas the Zr-702, Zr-705, Ti-7, and Ti-12 have the worst 

resistance. 

Among all materials tested, HDPE, GFRP (Type A), and GFRP (Type P) show the best 

corrosion wear resistance according to their weight loss; however, they also absorb 

solution during the test, in the same way as at room temperature, due to the pores. The 

amount of absorbed solution was greater at 85°C than at room temperature because the 

pores may expand at high temperature, resulting in the absorption of more solution, as 

shown in Table 4.1 and 4.2. Because their weight loss was affected by the amount of 

solution they absorbed individually during corrosion wear tests, the changes in weight 

loss between room temperature and 85°C tests were not marked and significant. 
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Figure 4.22. SEM photomicrograph of corrosion wear of nickel alloy 1625 

specimen after 360 hours of cycling in supersaturated potash brine at room temperature. 

Figure 4.23. SEM photomicrograph of corrosion wear of nickel alloy 1625 

specimen after 360 hours of cycling in supersaturated potash brine at 85°C. 
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4.1.2 Wear Scar Area and Depth Measurements 

In this section, the results of wear scar areas and depths for reciprocating corrosion wear 

experiments in potash brine environments are described and discussed. The 

experimental details are included in section 3 .2.1. 

4.1.2.1 Wear Scar Area and Depth Measurements at Room Temperature 

Measurement of the total wear scar area and depth was carried out after 48, 120, 168, 

240, 288, and 360 hours. The pictures in Appendix A show the typical features the wear 

scar areas which were photographed after 48, 120, 168, 240, 288, and 360 hours. Figure 

4.24 shows the typical features of variation of wear scar areas of all materials tested 

after 360 hours. These optical photographs revealed wear scratches and variation of 

wear scar areas. Table 4.3 shows the variation of wear areas scar area with different 

exposure times; while Figures 4.25-4.27 represent wear scar area and exposure time. As 

the exposed time was increased from 0 to 360 hours, the scar areas increased. The 

results from this study show that after the first 48 hours of exposure scar area and depth 

rates decreased. The materials tested were ranked in the ascending order of their wear 

scar areas (smallest to largest): 

HDPE < AISI1018 (reference)< GFRP (Type A)< F255 < A286 < AL6XN < 254SMO 

< GFRP (Type P) < C276 < 1625 < Ti-12 < Zr-702 < Ti-7 < Zr-705. 

In Figures 4.25-4.27, the results from this study show that, after the first 48 hours of 

cyclic exposure, the higher initial rate changed to a lower rate in scar areas. The reason 

is that, at the beginning, the contact area between the bearing ball and the specimen 

surface was very small, resulting in a higher contact stress. The contact stress decreased 

with the time, resulting in a lower rate of increase in scar areas. 
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HDPE AISI 1018 F255 GFRP (Type A) 

AL6XN 254SMO GFRP (Type P) 

!625 Ti-12 Zr-702 

Zr-705 

Figure 4.24. Optical photographs of the typical features of wear scar areas of all 

materials after 360 hours of cycling in supersaturated potash brine at room temperature. 
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Table 4.3. Scar areas for different materials at various times exposed. 

Materials Scar areas (mm1
) at the various times exposed (hours)* 

48 120 168 240 288 360 
HDPE 87 88.1 90.3 91.1 92.8 93.9 

AISI 1018 93.6 100.7 117.7 124.1 129.9 136.4 
(reference) 

GFRP 111.3 126.1 127.6 137.1 138.3 139.7 
(Type A) 

F255 128.5 138.9 140.6 157.8 171.2 184.6 
A286 163.6 177.3 180.5 184.9 191.4 206.6 

AL6XN 143.3 174.2 179.7 189.5 197.9 220.1 
254SMO 108.9 155 192.8 216.1 230 238.4 

GFRP 191.3 198.7 207.6 216.3 229.9 239.2 
(Type P) 

C276 222.9 242.8 264.2 268.6 270.5 272.2 
1625 284 347.5 366.5 385.3 409.8 444.2 
Ti-12 356.4 452.2 489.1 533 571.4 582.6 

Zr-702 359.2 387 448 483.9 544.2 582.8 
Ti-7 302.8 405.6 476.9 561.4 574.5 596.6 

Zr-705 296.3 416.4 533.6 577.2 605.1 631 

* - .2 Measurement accuracy- ±0.1 mm 
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Figure 4.25. Variation of scar areas in supersaturated potash brine over a period of360 

hours cyclic exposure at room temperature. 
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Figure 4.26. Variation of scar areas in supersaturated potash brine over a period of 360 

hours cyclic exposure at room temperature. 
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These experiments reveal that the F255, A286, and AL6XN alloys show relatively high 

wear resistance_ among metallic materials and Ti-7, Ti-12, Zr-702, and Zr-705 have the 

worst resistance in terms of the wear areas. Among all materials tested, HDPE, GFRP 

(Type A) and GFRP (Type P) show the best corrosion wear resistance. This is consistent 

with weight loss measurement studies at room temperature. 

Table 4.4 shows the varia~ion of wear scar depths with different exposure times; while 

Figures 4.28-4.30 represent the wear scar depth and exposure time. As the exposed time 

was increased from 0 to 360 hours, the scar depths increased, excepting GFRP (Type 

A). The materials tested are ranked in the ascending order of their wear scar depth: 

GFRP (Type A)< F255 < HDPE < AL6XN < AISI1018 (reference)< A286 < 254SMO 

< GFRP (Type P) < C276 < Zr-702 < 1625 < Zr-705 < Ti-12 < Ti-7. 

As previously discussed similar conclusions can be also obtained from variation 

characteristics of wear scar depth during the reciprocating corrosion wear experiments 

(Figures 4.28-4.30). F255, AL6XN, and A286 present the better wear resistance; in 

contrast, Zr-702, Zr-705, Ti-7, and Ti-12 show the worst wear resistance among all 

metallic materials. Among all materials tested, GFRP (Type A), GFRP (Type P), and 

HDPE show the best corrosion wear resistance in terms of the scar depth; however, 

GFRP (Type P) and HDPE showed waved changes with time exposed. Since the GFRP 

(Type P) and HDPE absorbed solution during the entire corrosion wear experiment 

(Table 4.1 ), the solution contained inside these materials could support the load applied 

on the samples, and also expanded the samples, resulting in wear scar depth changes. 
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Table 4.4. Scar depths for different materials at various times exposed. 

Materials Scar depths (mm) at the times exposed (hours)* 
48 120 168 240 288 360 

GFRP 0.00 0.00 0.00 0.00 0.00 0.00 
(Type A) 

F255 0.03 0.04 0.04 0.04 0.04 0.05 
HDPE 0.15 0.19 0.22 0.20 0.21 0.22 

AL6XN 0.21 0.22 0.22 0.22 0.22 0.23 
AISI 1018 0.06 0.09 0.15 0.18 0.22 0.27 
(reference) 

A286 0.11 0.20 0.22 0.25 0.27 0.29 
254SMO 0.18 0.23 0.34 0.39 0.47 0.54 

GFRP 0.44 0.48 0.54 0.54 0.53 0.56 
(Type P) 

C276 0.76 0.98 1.17 1.38 1.40 1.41 
Zr-702 2.30 2.37 2.47 2.60 2.64 2.86 

1625 1.26 1.84 2.35 2.85 3.09 3.61 
Zr-705 1.58 3.17 3.62 4.10 4.26 5.88 
Ti-12 1.91 3.49 4.34 5.61 6.12 6.40 
Ti-7 1.87 3.62 4.48 5.72 6.32 6.54 

*Measurement accuracy= ±0.01 mm 
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Figure 4.28. Variation of scar depth in supersaturated potash brine over a period of 360 
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4.1.2.2 Wear Scar Area and Depth Measurements at 85°C 

Measurement of the total wear scar area and depth was carried out after 48, 120, 168, 

240, 288, and 360 hours. The typical features of variation of wear scar which were 

photographed after 48, 120, 168, 240, 288, and 360 hours are shown in Appendix B. 

Figure 4.31 shows the typical features of variation of wear scar areas of all materials 

tested after 360 hours. These optical photographs reveal wear scratches and variation of 

wear scar areas. Tables 4.5 and Figures 4.32-4.34 show various scar areas for a number 

of test materials exposed for different periods of time. As the exposed time was 

increased from 0 to 360 hours, the scar areas increased obviously. The materials tested 

are ranked in the ascending order of their wear scar areas: 

HDPE < GFRP (Type A)< GFRP (Type P) < AISI1018 (reference)< F255 < A286 < 

AL6XN < 254SMO < C276 < 1625 < Ti-12 < Ti-7 < Zr-702 < Zr-705. 

The behavior of wear scar areas is very similar to the test at room temperature. The 

results from this study show that after the first 48 hours exposed the higher initial rate 

changed to a lower rate in scar area. The wear scar areas, however, except for Ti-12, Ti-

7, and 1625, are much bigger than those at room temperature among all metallic 

materials. The reason has been discussed in the section 4.1.1.2. The total rate of loss of 

material (excepting for Ti-12, Ti-7, and 1625) was higher at 85°C due to rapid chemical 

reaction. With more corrosion products removed by wear motions, the wear depths were 

deeper, resulting in larger wear scar areas. 

The wear scar areas of non-metallic materials varied only slightly compared with those 

areas developed at room temperature, which was attributed to the fact that the HDPE, 

GFRP (Type A), and GFRP (Type P) do not corrode electrochemically. Their damage 

was only a result of mechanical wear. Therefore, no differences in corrosion wear at 

85°C were observed. In general, among all metal materials tested, AISI 1018, F255, and 

A286 have the best wear resistance, and Zr-702, Zr-705, Ti-7, and Ti-12 have the worst 

resistance. The HDPE, GFRP (Type A), and GFRP (Type P) show the best corrosion 

wear resistance in terms of scar areas among all materials tested. 
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Figure 4.31. Optical photographs of the typical features of wear scar areas of all 

materials after 360 hours of cycling in ~upersaturated potash brine at 85°C. 
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In the test at 85°C, the wear scar areas of Ti-12, Ti-7, and 1625 samples were smaller 

than those at room temperature; which corresponds to less weight loss at 85°C (section 

4.1.1.2). 

Tables 4.6 and Figures 4.35-4.37 show various scar depths for a number of test materials 

exposed for different periods of time. As the exposed time was increased from 0 to 3 60 

hours, the scar depths incr_eased obviously, excepting GFRP (Type A). The results from 

this study show that after the first 48 hours exposed the higher initial rate changed to a 

lower rate in scar depths, excepting non-metallic materials. The materials tested were 

ranked in the ascending order of their wear scar depth: 

GFRP (Type A)< HDPE < GFRP (Type P) < AISI1018 (reference)< F255 < A286 < 

AL6XN < 1625 < C276 < 254SMO < Ti-12 < Ti-7 < Zr-702 < Zr-705. 

As with previous measurement we can conclude that among all metal materials tested, 

the F255, A286, AL6XN, and AISI 1018 carbon steel presented the best resistance, 

while Zr-702, Zr-705, Ti-7, and Ti-12 showed the worst wear resistance in terms of the 

wear depth among the metallic materials tested. The non-metal materials GFRP (Type 

A), GFRP (Type P), and HDPE showed the best corrosion wear resistance among all 

materials tested. However, the wear scar depth of GFRP (Type P) showed surface waves 

that changed with time exposed, and the scar depth at 360 hours decreased compared to 

the room temperature test. Since the GFRP (Type P) absorbed much more solution at the 

higher temperature than at room temperature, the solution contained in this material 

could support the load applied on the sample. The solution also expanded the sample, 

resulting in wear scar depth change. At the higher temperature the wear scar depth was 

less than at room temperature for Ti-7, Ti-12, and 1625 samples. However, the wear 

areas and depth of AISII 018 is smaller than those of F255, A286, and AL6XN, this is 

not consistent with weight loss measurement studies. The weight loss of AISI1018 is 

more than those of F255, A286, and AL6XN. The reason is that the carbon steel AISI 

1018 readily corrodes in chloride solution and uniform corrosion occurred on the entire 

surface of the specimen. The corrosion products were removed away during each 

cleaning procedure, resulting in total weight loss increasing. 
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Table 4.6. Scar depths for different materials at various times exposed. 

Materials Scar depths (mm) at the times exposed (hours)* 
48 120 168 240 288 360 

GFRP 0.00 0.00 0.00 0.00 0.00 0.00 
(Type A) 

HDPE 0.13 0.14 0.14 0.15 0.17 0.21 
GFRP 0.12 0.33 0.22 0.34 0.34 0.23 

(Type P) 
AISI 1018 0.16 0.32 0.42 0.55 0.58 0.62 
(reference) 

F255 0.27 0.38 0.56 0.59 0.72 0.88 
A286 0.15 0.26 0.40 0.59 0.73 0.90 

AL6XN 0.31 0.46 0.47 0.48 0.67 0.95 
1625 0.63 0.71 1.20 1.34 1.48 1.90 
C276 0.68 1.23 1.45 1.83 1.92 2.05 

254SMO 1.00 1.82 1.88 2.37 2.68 2.78 
Ti-12 1.94 2.63 3.31 4.26 4.61 5.07 
Ti-7 2.29 2.93 3.48 4.49 4.83 5.43 

Zr-702 1.923 3.04 3.93 4.72 5.43 Wear 
through 

Zr-705 2.24 4.30 5.57 6.48 6.63 Wear 
through 

* Measurement accuracy= ±0.01 mm 
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Figure 4.35. Variation of scar depth in supersaturated potash brine over a period of360 

hours cyclic exposure at 85°C. 
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4.2 Erosion-Corrosion Tests 

In this section, the results of weight loss, optical and scanning electron microscopy. 

(SEM) studies are described and discussed on performance of erosion-corrosion 

resistance in potash brine at 85°C. The erosion-corrosion experiment was carried out 

with a flowing brine slurry. The tests were conducted at the PCS pilot plant m 

Saskatoon, Canada. The details of the experiment were described in section 3.2.2. 

4.2.1 Weight Loss Measurements. 

Tables 4.7 and 4.8 and Figures 4.38 and 4.42 show the results of the erosion-corrosion 

tests conducted at the pilot plant of the Potash Corporation of Saskatchewan (PCS) at an 

impingement angle of 33° and a slurry velocity of 1.47m/s in 4 periods of 240 hours. 

Measurement of the total weight loss was carried out after 240, 480, 720, and 960 hours. 

The optical pictures in Appendix C show the surface exposed after 240, 480, 720, and 

960 hours. 

There were two erosion-corrosion tests conducted because the test jig can only set 10 

samples in each run. Figure 4.38 and Table 4.7 (test #1) shows the time trends for each 

material where it can be clearly seen that there is a distinction between the behavior of 

AISI 1018 and A286, and the other eight materials. Figure 4.38 shows that the weight 

losses of all specimens increase with an increase of time exposed. The incremental 

curves follow nearly the same form, having a lower initial rate, changing to higher rate 

gradually. The increasing material loss rates exhibited are typical of those reported in 

the literature where materials show incubation periods [ 68]. This is because, after the 

initial 480 hours, the surfaces of specimens were rougher due to the collisions of the 

hard particles transferred in slurry, and more corrosion products were formed and tom 

away from the metal surfaces. There is no significant difference between the other eight 

materials compared to AISI 1018 and A286 measurements. Figure 4.39 and 4.40 show 

the pictures of the surface before and after 960 hours exposed. As shown, most of the 

materials tested did not suffer significant erosion-corrosion. It can be seen, however, 

102 



that some shallow pits formed on the back of A286 sample (Figure 4.41), and there was 

severe erosion-corrosion damage on the surface of AISI 1018 as reference (Figure 4.40). 

The materials tested are ranked in the ascending order of their weight loss in test #1: 

GFRP (Type P) < GFRP (Type A)< Ti-7 < Ti-12 < F255 < 254SMO < AL6XN < C276 

< A286 < AISI1018 (reference). 

Figure 4.42 and Table 4.8 (test#2) show the results of the weight loss measurements 

obtained for samples exposed to potash brine at 85°C. No significant difference exists 

between the three metallic materials. The three materials exhibit a less pronounced and 

decreasing degradation rate as time progresses, compared to the test #1 in Figure 4.38. 

The reason was that the amount of slurry solids in flow solution was decreased in the 

second erosion-corrosion test to avoid blockage in pipes and the test jig. The decreasing 

rate of material loss are also in agreemen~ with other work reported in slurry erosion 

[59], and may be attributed to surface work hardening which increases the resistance 

with decreasing abrasivity of the slurry solids. Figure 4.43 and 4.44 show the pictures of 

the surface exposed before and after 960 hours. As shown, all of the materials tested 

(excepting AISI 10 18) did not suffer significant erosion-corrosion. The materials tested 

are ranked in the ascending order of their weight loss in test #2: 

HDPE < 1625 < Zr-702 < Zr-705 < AISI1018 (reference). 
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Table 4.7. The weight loss during erosion-corrosion test #1 at an impingement angle of 
33° in supersaturated potash brine at 85°C. 

Material Weight Loss (g)* 
After240h After 480h After 720h After960h 

GFRP (Type P) +0.0250 +0.0230 +0.0145 +0.0137 
After baking** 0.0016 0.0036 0.0121 0.0129 
GFRP (Type A) +0.0264 +0.0224 +0.0098 +0.0034 
After baking** 0.0005 0.0045 0.0171 0.0235 

Ti-7 0.0029 0.0031 0.0115 0.0248 
Ti-12 0.0016 0.0033 0.0114 0.0250 
F255 0.0009 0.0019 0.0129 0.0312 

254SMO 0.0033 0.0036 0.0179 0.0414 
AL6XN 0.0045 0.0061 0.0199 0.0439 

C276 0.0044 0.0191 0.0459 0.0590 
A286 0.0382 0.0880 0.1076 0.1390 

AISI 1018 0.8009 2.6438 3.4953 4.6354 
(reference) 

* Measurement accuracy= ±0.000 1 g. 
** Soaking in water for 48 hours at 50°C, then baking for 48 hours at 50°C. 
+ Weight gain. 
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Figure 4.38. Weight loss during erosion-corrosion test #1 at an impingement angle of 
33° in supersaturated potash brine at 85°C. 
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Figure 4.39. Optical photographs of surface of materials before test in erosion-corrosion 

test #1. 
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Figure 4.40. Optical photographs of surface of all materials at an impingement angle Qf 

33° after 960 hours in supersaturated potash brine at 85°C in erosion-corrosion test #1. 
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Figure 4.41. Optical photograph ofthe back of A286 sample at an impingement angle of 

33° after 960 hours in supersaturated potash brine at 85°C in erosion-corrosion test #1. 
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Table 4.8. The weight loss during erosion-corrosion test #2 at an impingement angle of 
33° in supersaturated potash brine at 85°C. 

Material Weight Loss(g)* 
After 240h After480h After 720h After 960h 

HDPE 0.0022 -0.0012 0.0037 -0.0096 
After baking** 0.0046 0.0012 0.0061 -0.0072 

1625 0.0041 0.0049 0.0081 0.0091 
Zr-702 0.0056 0.0060 0.0090 0.0098 
Zr-705 0.0056 0.0060 0.0090 0.0099 

AISI 1018 0.5660 1.2405 2.004 2.8837 
(reference) 

* Measurement accuracy= ±0.0001g. 
**Soaking in water for 48 hours at 50°C, then baking for 48 hours at 50°C. 
+ Weight gain. 
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Figure 4.42. Weight loss during erosion-corrosion test #2 at an impingement angle 

of 33° in supersaturated potash brine at 85°C. 
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HDPE !625 Zr-702 

Zr-705 AISI 1018 

Figure 4.43. Optical photographs of surface of all materials before testing in erosion

corrosion test #2. 

HDPE !625 Zr-702 

Zr-705 AISI 1018 

Figure 4.44. Optical photographs of surface of all materials at an impingement angle of 

33° after 960 hours in supersaturated potash brine at 85°C in erosion-corrosion test #2. 
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Among all metal materials tested, the Ti-7, Ti-12, Zr-702, Zr-705, and 1625 direct the 

best erosion-corrosion resistance. As described earlier in corrosion wear tests, the highly 

resistant oxide film (Ti02) formed on titanium surfaces may protect against erosion

corrosion damage. The oxide film can form within milliseconds on the metal surface 

(64]. Their excellent erosion-corrosion resistance is also in agreement with other work 

reported in the literature [ 4, 69], where in the case of brittle material, the maximum 

erosive wear rates occur at 90°; for ductile materials, the maximum erosion occurs 

around 30°. Therefore, the best erosion-corrosion resistance of Ti-7 and Ti-12 is 

attributed to their relatively lower ductility and an impacting angle of33°. 

As seen in Figures 4.45, the SEM morphologies of the eroded-corroded surface of Ti-7 

shows features of small pits and very tiny grooves, which could be caused by the action 

of angular particles impacting on the surface. The SEM picture verifies that the oxide 

film (Ti02) has excellent erosion-corrosion resistance in potash brine environments. 

These experimental results verify previous erosion-corrosion studies, in which titanium 

has extremely good erosion-corrosion resistance [1, 11, 13, and 64]. As previously 

discussed, similar conclusions were obtained with Ti-12. The same reasoning can be 

used to account for the excellent erosion-corrosion resistance of Zr-702 and Zr-705 

(Figure 4.46). 

1625 and C276 are nickel-chromium-molybdenum alloys. 1625 possesses a greater 

corrosion resistance to a variety of oxidizing environments [1, 11]. In terms of weight 

loss, 1625 has very good erosion-corrosion resistance. As described earlier in the 

corrosion wear tests in the section 4.1.1.2, 1625 contains sufficient chromium (21%) to 

develop a complete layer of Cr20 3 at the base of the NiO-rich scale during oxidation 

[65]. However, C276 alloy only contains 15% Cr which is an insufficient amount of 

chromium to establish a complete Cr203-rich layer [65]. 
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Figure 4.45. SEM photomicrograph of erosion-corrosion of titanium Ti-7 specimen at an 

impingement angle of33° after 960 hours in supersaturated potash brine at 85°. 

Figure 4.46. SEM photomicrograph of erosion-corrosion of zirconium Zr702 specimen 

at an impingement angle of 33° after 960 hours in supersaturated potash brine at 85°. 
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From SEM observation of the 1625 sample, an eroded-corroded surface similar to Ti-7 

can be seen as shown in Figure 4.47. The material loss was due to tiny grooves formed 

by impacts, and small pits which could be formed by chloride ions and mechanical 

means, which were developed by erosion wear in the oxide. The complete oxide layer 

could give better protection against the impact of hard particles, as discussed for the 

titanium. In addition, 1625 contains 0.17% Ti and will develop a layer of Ti02 which 

could contribute to reducing the erosion-corrosion rate. C276 shows worse erosion

corrosion resistance in terms of weight loss among all of materials tested. The greatest 

ductility of C276 (60% elongation), compared to the other metallic materials, allowed 

more plastic deformation to occur upon particle impact at an angle of 33°, resulting in 

the occurrence of large amount of erosive wear. This result completely agrees with 

previous erosion-corrosion studies [4, 11-13, and 69]. 

From the results obtained in test #1, F255 shows the best erosion-corrosion resistance 

among the 254SMO, AL6XN, and C276. This is attributed to its relatively lower 

ductility and a particle angle of 33°, and especially good pitting and crevice corrosion 

resistance in chloride environments [1, 11, 13, and 15]. Figure 4.48 shows the surface of 

the F255 specimens eroded-corroded at a velocity of 1.47m/s. As seen, the scale appears 

not to be ductile enough to cause plastic deformation before cracking. This is due to its 

high tensile strength (91 OMPa) and yield strength (758MPa). In this case, the weight -

loss was mainly. erosion controlled, which may be affected by the passive film, but 

which was too thin to be protective; therefore, crack healing could not take place [70]. 

The main damage on the surface was caused by greater impact of each individual 

particle. Compared to 254SMO and AL6XN, the erosion-corrosion resistance of alloy 

F255 is much greater. This result corresponds to other erosion-corrosion studies 

performed with various metallic materials in both the presence and absence of chlorides 

[71]. The stainless steels 254SMO and AL6XN show intermediate erosion-corrosion 

resistance, and behave similarly. Their greater ductility, compared to the other metallic 

materials, allowed more plastic deformation to occur upon particle impact at an angle of 

33°, resulting in the occurrence of large amount of erosive wear. 
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Figure 4.4 7. SEM photomicrograph of erosion-corrosion of nickel alloy 1625 specimen 

at an impingement angle of33° after 960 hours in supersaturated potash brine at 85°. 

Figure 4.48. SEM photomicrograph of erosion-corrosion of stainless steel F255 at an 

impingement angle of33° after 960 hours in supersaturated potash brine at 85°. 
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Figure 4.49 shows the SEM surface of the alloy 254SMO specimen eroded-corroded at 

85oc in potash brine. It can be seen that the surface consists of indentations, shallow 

craters, and pits. These fine cracks and chips reveal a feature characteristic of brittle. 

fracture, which could be due to the combination mechanism of chloride ions induced 

brittle fracture of the eroded surface [39,44], and direct erosion of the bare metal -- the 

impact of each individual particle caused the formation of a protective film of corrosion 

product to be inhibited [ 4]. Although velocity may sweep away deposits to prevent 

formation of pits, pits could be formed by the cavitations damage, which results from 

the formation and collapse of vapor bubbles in a moving liquid to destroy protective 

surface films, resulting in increase corrosion. 

On the contrary, AISI 1018 carbon steel (reference material) and A286 have the worst 

resistance, in terms of weight loss among the metal materials tested. The result of the 

erosion-corrosion test on AISI 1018 showed that the metal wastage was very high, 

indicating the erosion behavior of a ductile material. The conclusion is in agreement 

with other work reported [52]. As seen in Figure 4.50, the image is characterized by 

platelets, which corresponds to other erosion-corrosion studies on carbon steel in the 

presence and absence of chlorides [51, 52 and 54]. Carbon steel corrodes easily resulting 

in porous and non-adherent corrosion products [ 1]. It has been also reported that carbon 

steel AISI 1018 readily corrodes in chloride solution [57]. Therefore, the erosion 

motion easily removed these corrosion products through the greater impact of particles 

leading to severe erosive wear. A286 presents a poor erosion-corrosion resistance due to 

many corrosion pits, some of which were formed on the back of the A286 sample during 

testing (Figure 4.41 ). Thus, A286 alloy is easily subjected to pitting corrosion in potash 

brine environments. 

Among all the materials tested, HDPE, GFRP (Type A), and GFRP (Type P) show the 

best erosion-corrosion resistance. They do not corrode electrochemically [4, 36-38]; 

therefore, no corrosion products were tom away from their surfaces, producing further 

weight loss. 
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Figure 4.49. SEM photomicrograph of erosion-corrosion of stainless steel254SMO at 

an impingement angle of33° after 960 hours in supersaturated potash brine at 85°. 

Figure 4.50. SEM photomicrograph of erosion-corrosion of AISI 1018 carbon steel at an 

impingement angle of33° after 960 hours in supersaturated potash brine at 85°. 
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They can, however, distribute the impact of the hard slurry particles, resulting in more 

effective erosion-corrosion resistance than metals because of better elastic deformation 

properties under impact pressure. However, they absorbed potash brine during the 

experiment, some of which crystallized into salt inside the specimens, the same as in the 

corrosion wear test. As shown in Tables 4. 7 and 4.8, weight loss increased after they 

were soaked in water for 48 hours at 50°C, and baked for 48 hours at 50°C. The reason, 

is similar to the corrosion wear test, is that, when placed in water, the brine solution 

inside the materials was diluted by the water, and when the materials were subsequently 

heated the water evaporated. Brushable ceramic and polyurethane were also failed 

because the ceramic and polyurethane coated on the carbon steel surface fell off of the 

carbon steel during initial 240 hours as shown in Figure 4.3. The coatings fell off 

because the bonding between the surfaces of polyurethane and carbon steel was not 

strong enough due to crevice corrosion. 

4.3 Summary 

Materials evaluation is a fundamental consideration in engineering design. The final 

selection is a compromise between technical competence and economic factors [1]. 

Although the Ti-7, Ti-12, Zr-702, and Zr-705 showed better erosion-corrosion 

resistance, their high cost will limit their application. In potash corrosive environments, 

the GFRP (Type A) and GFRP (Type P). presented excellent erosion-corrosion and 

corrosion wear resistance; however, the problems of solution absorption and high cost 

will limit their application. HDPE does not corrode electrochemically. The major 

disadvantage is the physical properties, such as low working temperature and strength. 

Although ceramic has better corrosion wear and erosion-corrosion resistance, it is 

brittle, low tensile strength, and subject to thermal shock. In erosion-corrosion and 

corrosion wear experiments, F255 had excellent erosion-corrosion and corrosion wear 

resistance in the potash brine environments. It also has a reasonable cost. Therefore, 

F255 alloy is recommended for some applications in several types of operating 

equipment, such as dry screens, scrubbers, pipes, and valves, where corrosion wear and 

erosion-corrosion are severe problems in potash processing. 
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5. Conclusions and Recommendations 

5.1 Conclusions 

1) Although GFRP {Type A) and HDPE absorb potash solution during tests, they 

have excellent corrosion wear and erosion-corrosion resistance in potash brine 

environments at room temperature and 85°C. 

2) Among the metallic materials tested, stainless steel F255 has the best corrosion 

wear resistance at both room temperature and 85°C. 

3) Among the metallic materials tested, titanium Ti-7, and Ti-12, and zirconium Zr-

702, and Zr-705 have the best erosion-corrosion resistance in potash brine 

environments; however, they have the worst corrosion wear resistance. 

4) The wear scar area and depth caused by corrosion wear increases as the number 

of reciprocating cycles increase among the metallic materials tested. 

5) The AISI 1 018 carbon steel specimens have the greatest metal loss among all 

metal materials tested during erosion-corrosion testing. 

6) Among the metallic materials tested, F255, A286, C276, 254SMO, Zr-702, Zr-

705, and AISI 1018 have better corrosion wear resistance at room temperature 

than at 85°C. However, Ti-7, Ti-12, and 1625 have better corrosion wear 

resistance at 85°C than at room temp·erature in potash brine environments. 

7) Alloy AL6XN is easily subjected to the chloride ions induced brittle fracture of 

the worn surface at 85°C. 

8) Alloy A286 easily undergoes pitting corrosion in potash brine environments. 

9) Good resistance against corrosion wear may only be achieved by a suitable 

combination of the hardness, strength, ductility, corrosion, and high cold work 

capacity of the material. 
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5.2 Recommendations for Future Work 

1. Electrochemical corrosion test of F255 should be performed in potash brine. 

This gives more accurate results for corrosion resistance. 

ii. It may be necessary to examine the material transfer and environmental 

interactions on the worn surface of metallic materials by TEM or X-ray analyses. 

iii. Long term exposure (e.g. 2 to 3 years) would be required to evaluate their 

resistance in actual industrial conditions. 

tv. The mechanism of chloride ions making worn surface brittle needs to be 

investigated. 
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APPENDIX A: Optical Photographs of Corrosion Wear Scar Areas at Room 

temperature. 

The typical features of variation of corrosion wear scar areas which were taken by 

optical camera after 48, 120, 168, 240, 288, and 360 hours at room temperature are 

shown in this section. 
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Appendix A (Corrosion Wear Test at 25°C) 

254SMO 

After 48h After 120h 

After 168h 

After 288h After 360h 
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A286 

After48h After 120h 

After 168h After 240h 

After 288h After 360h 
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AL6XN 

After48h After 120h 

After 168h After 240h 

After 288h After 360h 
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C276 

After48h After 120h 

After 168h After240h 

After 288h After 360h 
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F255 

After48h After 120h 

After 168h After 240h 

After 288h After 360h 
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I 625 

After48h After 120h 

After 168h After 240h 

After 288h After 360h 
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Ti-12 

After48h After 120h 

After 168h After 240h 

After 288h After 360h 
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Ti-7 

After48h After 120h 

After 168h After 240h 

After 288h After 360h 
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Zr-702 

After48h After 120h 

After 168h After 240h 

After 288h After 360h 
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Zr-705 

After48h After 120h 

After 168h After 240h 

After 288h After 360h 
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AISI 1018 (reference) 

After 48h After 120 
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APPENDIX B: Optical Photographs of Corrosion Wear Scar Areas at 85°C 

The typical features of variation of corrosion wear scar areas which were taken by 
optical camera after 48, 120, 168, 240, 288, and 360 hours at 85°C are shown in this 
section. 
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Appendix B (Corrosion Wear at 85°C) 
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APPENDIX C: Optical Photographs of Erosion-Corrosion Surfaces at ssoc 

The optical pictures of the surfaces exposed after 240, 480, 720, and 960 hours in 
erosion-corrosion test are shown in the section. 
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Appendix C (Erosion-Corrosion Test) 
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