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ABSTRACT 

Stainless steel is one of the most commonly used materials in most industries. 

Excellent corrosion resistance of stainless steel is due to the formation of an oxide film 

on the surface (passive film), which protects the material from continuous corrosion 

attacks. When subjected to an attack combining corrosion and erosion, the passive film 

is damaged and thus, higher and unpredictable degradation rates are observed, which 

may result in costly consequences. 

In the first part of this study a model was developed for erosion enhanced 

corrosion of 304 stainless steel. A new device was designed and constructed, which 

made possible the impingement of single particles on the surface of sample material at 

different impact velocities and angles. Based on the electrochemical response of 

material to the impact of single particles, a model was proposed that considered the 

number of the impacting particles on the surface. The predictions made by this model 

were later compared with the results of a slurry jet experiment, which was used to 

simulate the service conditions. 

The second part of the research included the basic mechanical and 

electrochemical studies of the interactions occurring between the particle and material 

surface during the particle impact. This included the effects of different impact 

parameters such as coefficient of friction, impact angle, impact energy and particle 

angular velocity on depassivation of 304 stainless steel and its erosion-corrosion. A 

depassivation mechanism was proposed that considered a combined effect of the 

friction force and its effective path of action on the surface. 
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In the last part improving the erosion-corrosion properties of 304 stainless steel 

was tried based on the results of the second part of the study. Samples were cold rolled 

and the effect of hardness on the coefficient of friction was investigated, which in the 

second part was proven responsible for the depassivation of the surface. It was found 

that the coefficient of friction between the particles and the surface remains unchanged 

in different applied percentages of cold work. Also it was shown that work hardening is 

an effective method for increasing the resistance of the material to erosion-corrosion. 
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1 Introduction and literature review 

In 2001, CC Technologies Laboratories, Inc. conducted a study in a cooperative 

agreement with FHWA and NACE International and it was reported that the total annual 

direct corrosion costs for the entire U.S. industries was about $276 billion which was 

3.1% of U.S. gross domestic product ($8.79 trillion) [1]. 

Erosion - corrosion is a major problem in most industries especially those related 

to fossil fuel processing and transportation, such as chemical plants, propellant systems, 

hydraulic mining machinery and combustion systems [2-11]. The synergistic action of 

erosion and corrosion causes more damage to the materials being affected and can 

sometimes be twice as much they separately affect materials. The premature failure of 

materials in service caused by erosion - corrosion is mostly a result of this synergistic 

action. Industries spend millions of dollars annually to reduce, replace and fix the 

damages caused by erosion - corrosion. Oil sands processing facilities are no exception 

and erosion - corrosion is observed in many stages of the process. During the process, the 

tailing transportation pipes are highly influenced by erosion – corrosion. Some parts of these 

pipes are made of stainless steel, which is expected to have reasonable resistance to 

corrosion; however, the degradation rate of these pipes has proved to be much higher than 

expected. High corrosion resistance of stainless steel is due to the formation of a passive 

film on the surface, which extensively reduces the rates of the electrochemical reactions 

on the surface. Thus, if the passive film is intact, the material loss due to corrosion is 

negligible. 
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Figure 1.1 is a schematic diagram showing different combinations of erosion, 

corrosion and fluid flow. As it is apparent on the diagram, erosion-corrosion is the 

combination of erosion, corrosion and fluid flow on the surface. However, synergy of 

erosion and corrosion is usually treated by dividing it into two parts: erosion enhanced 

corrosion and corrosion enhanced erosion. The former represents the increase in the 

amount of corrosion that is caused by erosion while the latter shows the increase in the 

amount of erosion that is caused by corrosion. 

When slurry flows in the pipes, floating particles, usually hard particles, impact the 

surface. If the impacting particles have enough kinetic energy, the passive film will be 

either completely removed or locally damaged due to the mechanical forces applied on 

the surface during the impact. This causes bare metal exposure to the environment, 

which leads to subsequent anodic dissolution and repassivation on the surface. 

 

Figure  1-1 Schematic diagram of erosion, corrosion and fluid flow synergism. 
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Particle impacts can cause residual stresses on the surface. They can also increase 

the surface roughness, which promotes the anodic dissolution. In the case of 304 

stainless steel, the repassivation process occurs in only a fraction of a second during 

which the anodic dissolution slows down. On the other hand, anodic dissolution 

influences the hardness of the surface and accordingly affects the erosion rate of the 

material. In order to obtain a better understanding of erosion – corrosion and make 

good predictions of material loss, effects of different parameters on erosion and 

corrosion and their synergism have to be studied. 

The objective of this research is to do a basic study on the mechanism of erosion-

corrosion of 304 stainless steel and to investigate the key parameters affecting the 

process of degradation of material, which will enable us to develop better strategies in 

controlling erosion - corrosion. 
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1.1 Corrosion 

Substances are more stable in their lowest possible energy state, which is the reason 

behind many reactions in the universe. A metallic object reacts with the environment 

depending on the degree of its stability and forms compounds in which its energy state 

is the lowest possible. The occurrence of these reactions deteriorates the metal and the 

reaction products are called corrosion products. Since corrosion reactions include the 

transfer of electric charges, the corrosion reactions are electrochemical in nature and 

consist of the following three steps: 

1- Adsorption of the reactants on the surface of the electrode. 

2- Occurrence of the reactions on the surface. 

3- Desorption of the reaction products from the electrode surface. 

The overall process is controlled by the step with the slowest rate [12]. 

Depending on their ability to form passive films, metals and alloys can be divided 

into passive and active (non-passive) materials [13]. In active materials, the general 

anodic dissolution happens at all sites on the surface of the material and there are no 

preferred sites for reaction. But in passive materials, reaction rate on the surface is very 

low because of the existence of a protective layer on the surface (passive film) and 

corrosion may happen at sites with more reactivity and less resistance. Such localized 

reactivity can cause localized corrosion. Although the loss of material is much higher in 

an active material, localized corrosion is more dangerous, since the local area dissolves 

very quickly and is difficult to predict and control. In some passive materials if the 
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passive film is damaged or removed, repassivation occurs and the passive film reforms 

on the surface again.  

 

1.1.1 Passive film 

Passive films are protective films that form on the surface of the alloys when 

they react with the environment. Formation of these films is an electroless process, 

which happens in a relatively spontaneous manner. Existence of a passive layer on the 

surface reduces the rates of the reactions. The reduction in the reaction rate is caused 

by the very limited ionic and electronic conductivity of these films [14]. Previous studies 

on the electronic properties of the passive film on 304 stainless steel reveal that the film 

is made of two layers; the external layer mainly formed of iron oxide and hydroxide, 

which possess an n-type behavior and the p-type inner layer mainly composed of 

chromium oxide. Nickel oxide is shown to be equally present in both inner and outer 

layers [15-17]. Sato showed that a layer of hydroxides always exists on the oxide 

film/electrolyte interface for the requirement of stability [16, 17]. As described earlier, 

passive materials are always susceptible to localized corrosion. In the case of stainless 

steel, the implantation of cerium (Ce) has shown major improvements in the localized 

corrosion resistance, which is believed to be a result of cathodic reactions being 

inhibited by the formation and precipitation of insoluble Ce(OH)3 at cathodic sites [18-

21]. The thickness of the passive films on materials can be variable from monomolecular 

films in the case of gold to micrometer scale films in the case of aluminum [14]. In the 

case of stainless steel, the thickness of passive film is not more than a few nano meters. 
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It has been shown that in neutral solutions after one hour of passivation, the thickness 

of the film is linearly correlated to the applied potential during the passivation period 

[22, 23]. 

Since passive layers protect the material in corrosive conditions, it is important 

to be able to enhance their properties and increase their efficiency for service. In order 

to be able to perform such a task, a basic knowledge of the passive film formation 

mechanism and composition as well as its breakdown and reformation mechanisms is 

necessary. In more than 60 years that passive films have been studied, there is still no 

agreement among the scientists on their compositions, formation and breakdown 

mechanisms. 

Scratched electrode is a common technique that is widely used in studying the 

passive film characteristics. In this technique the surface of the material is scratched 

using a sharp and hard tool that is usually made of diamond. The working electrode 

(sample) may be rotating or it may be fixed while the tip of the tool scratches the 

surface. By fixing the experimental parameters it is possible to measure the size of the 

scratch; however, defining the exact depassivated area can be complicated. Also great 

care must be taken to prevent damage to the tip of the indenter and to obtain 

consistent scratch results. While the surface of the sample is scratched the 

electrochemical signal is recorded and the repassivation kinetics can be studied from 

this curve. Also the scratched area can be studied and correlated to the electrochemical 

results [24-26]. In a potentiostatic experiment where the potential of the samples is 

held constant and the current is being recorded, a current transient peak is observed by 
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scratching the surface. Figure 1.2 shows a current transient caused by scratching the 

surface of 304 stainless steel in aqueous solution with near neutral pH.  

 

Figure  1-2 Sample current transient due to passive film breakdown in 304 stainless steel. 

 

Two stages are observed in the repassivation curve. In the first period, current decay is 

very sharp, which is usually attributed to the first atomic layers of passive film 

formation. In the second period, the current decay is slower, which is often related to 

the growth of the passive film. Other methods such as abrading electrode [27-29], 

fractured wire [30, 31], drop weight [32, 33] and guillotined electrode [34] have been 

frequently used to study the repassivation behavior of materials. 
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1.1.2 Flow induced corrosion 

The occurrence of corrosion consists of the transportation of reactants and 

products to and from the surface. If a reaction on the surface is dependent on the 

transportation rate, it will be highly influenced by the flow conditions and thus the 

corrosion rate. When fluid flow is present on the surface, the transportation rate of the 

reactants and products to and from the surface increases compared  to steady state 

conditions. This type of increase in corrosion rate is called the flow induced corrosion 

[35]. 

 

1.2 Erosion 

The word “erosion” is derived from the Latin word “rodene” that means wearing 

away gradually. This term is used in areas such as geology, politics and engineering. 

Erosion by solid particles is observed in many industrial processes and devices such as 

steam turbine blades and helicopter blades [36]. Erosion of ductile materials by small 

particles is the result of micro scale deformations on the surface, which eventually cause 

material detachment from the surface. On the other hand, erosion of brittle materials is 

a result of micro chipping and micro cracking of the surface due to the forces applied by 

particle during the impact.  

Prior to 1958, many technical reports were published on problems in specific 

applications regarding material loss and wastage due to erosion by solid particles in 

special engineering conditions [37]. There were not many efforts on finding out how and 

why the material loss occurred. In 1958, Ian Finnie proposed a model for the erosion of 
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ductile metals [38]. Most of the papers published after Finnie followed the logic that he 

used in prediction of the erosion in ductile metals. However, the main problem with 

these models was that they were not able to predict the material wastage without using 

empirical constants that needed a considerable number of experiments to be defined. 

This was mainly due to the wrong assumption in all of these models where the micro-

cutting mechanism was held responsible for the erosion. In 1975, scanning electron 

microscopy (SEM) was introduced for high resolution imaging. Later, it became possible 

for the scientists to observe the hills and grooves inside the craters produced by solid 

particle impacts, which were so small that they were impossible to observe by optical 

microscopy. SEM provided an opportunity for the scientists to study the mechanism of 

erosion in ductile and brittle materials. Based on the observations made by SEM, a 

platelet mechanism was later considered for erosion of ductile metals instead of the 

micro-cutting mechanism. Although the mechanism of erosion of materials became very 

well understood by scientists, it was even more difficult to provide a reasonable 

analytical model to predict the erosion rates, which is mainly due to the very 

complicated yet realistic nature of the proposed mechanisms. 

 

1.2.1 Platelet mechanism 

The micro-cutting mechanism that was proposed by Finnie considers that each 

particle is a cutting tool that acts on the surface. This mechanism was the accepted 

mechanism among scientists since it made possible prediction of the erosion 

phenomenon in many conditions. Later, the platelet mechanism was proposed by Levy 
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[39], which could explain both criteria that micro-cutting could and could not explain. 

Levy [40] plotted an erosion weight loss graph based on his experiments, which 

questioned the validity of the micro-cutting mechanism (Figure 1.3).  

 

Figure  1-3 Erosion rate of 1075 steel as a function of solid loading in the slurry containing 240 µm SiC 

particles at 30.5 m/s and 30⁰ impact angle [40]. 

It can be observed that the first 60 g of the particles caused lower weight loss compared 

to the following 60 g of the particles that was added. Also, if the curves are extrapolated 

to zero erosion rates, there will still be some particles impacting the surface while 

causing no erosion. All of these indicated that the micro-cutting mechanism was not the 

main mechanism causing erosion on the surface. If micro-cutting was the major 

mechanism of erosion, the erosion rate of the first 60 g of particles on the surface 

should be higher than the subsequent batches because the effect of work hardening 
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caused by the initial cutting on the surface reduces the erosion rates of the following 

batches. Also the erosion rate should never be zero when particles are impacting the 

surface because they will start machining the surface upon their impact [36]. The results 

obtained from Figure 1.3 along with his observations and understandings from SEM 

pictures lead us to the platelet mechanism. This mechanism can be better described 

using Figure 1.4. As shown in the picture a platelet forms after the first particle impacts 

the surface, which is later beaten flat by the subsequent particles. The extensive strain 

that is caused on a platelet by multiple impacts causes the platelet to crack on its bent 

parts, which eventually leads to its removal from the surface. Levy also observed the 

formation of the platelets experimentally by using SEM mages [36]. To summarize it can 

be said that the initial platelets are extruded by primary particle impacts; later they are 

forged into a high strain condition by the following particles where they may crack or 

chip off from the surface. Other researchers have also found the platelet mechanism in 

good agreement with the experimental results [41]. 

 

Figure  1-4 Schematic of platelet mechanism [36]. 
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1.2.2 Effect of particle characteristics on erosion 

Significant efforts have been made to understand the effect of test conditions 

such as particle characteristics on the erosion of materials. However, accurate analytical 

modeling of the erosion phenomenon is still not possible because of the limitations that 

apply to the test conditions in terms of controlling the experiment variables and 

applicability of the results of one experiment to another. Very small variations that may 

happen in an experiment and are not controllable may significantly influence the 

results. Therefore, many experimental or in service constants need to be derived for a 

successful analytical modeling of erosion. Particle impact angle, strength, shape and 

velocity are only a few of the parameters that affect the erosion rate of a material. Two 

of these parameters are discussed below. 

 

1.2.2.1 Effect of particle’s fracture toughness on erosion 

Particle integrity and its strength are extremely important factors that affect the 

erosion rate. Many experiments have been previously conducted on the effect of 

different particles such as SiO2, Al2O3 and SiC on the erosion rate [42-45]. Figure 1.5 

shows the results of erosion experiments of cold rolled AISI 1020 steel [46]. Calcite, 

apatite, SiO2, Al2O3 and SiC particles with angular shapes and sizes from 180-250 µm 

were used in the experiments and their hardness was used as a measure of their 

strength. It is observed that weak particles (calcite and apatite) cause much lower 

erosion rates. When the hardness of the particles reaches 700 HV the erosion rate 

becomes nearly constant and a further increase in the particle hardness has no effect. 
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Figure  1-5 Dependence of erosion rate of 1020 steel on the particle hardness and impact angle [36]. 

1.2.2.2 Effect of particle size on erosion 

Levy [36] used angular SiC particles to study the effect of particle size on erosion 

rate of 1018 steel at 20 m/s impact velocity. His metallographic observations indicated 

no significant change in the sharpness of the edges of the particles due to the change in 

their sizes. This means that the erosivity of the particles remains the same and the 

depth that they can penetrate the surface at the impact does not change with changing 

size. It is observed in Figure 1.6, which shows his experimental results, that the erosion 

rate is almost constant for all the particles and in different loadings. 
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Figure  1-6 Dependence of erosion rate of 1018 steel on SiC particle size at 25⁰C, 20 m/s impact velocity 

and 30⁰ impact angle [36]. 

 

1.2.3 Slurry erosion 

Flow of liquids, which contain floating solid particles results in the erosion of the 

metals that are used in the transport or process systems in industries. The materials loss 

that is caused by this type of flow is called slurry erosion. The mechanisms with which 

slurry erosion damages the surface of ductile and brittle materials are the same as the 

platelet mechanism and the brittle micro fracture of the surfaces, respectively. Slurry 

erosion is affected by parameters such as solid particle size, solid loading, velocity, 

temperature and boundary lubrication. Effects of two of the above parameters will be 

described below. 
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1.2.3.1 Effect of boundary lubrication on slurry erosion 

In order to study the effect of boundary lubrication of the carrier fluid on slurry 

erosion, Levy [36] used a long chain hydrocarbon, hexadecane, as the carrier fluid for 

coal particles. Adding a small amount of hexadecanoic acid, 0.5 mol%, to this carrier 

increases its boundary lubrication without significantly affecting its viscosity. The results 

of the addition of hexadecanoic acid to the carrier fluid are shown in Figure 1.7. It is 

apparent that increasing the boundary lubrication decreases the erosion rate on both 

304 and A53 steels at room temperature. 

 

1.2.3.2 Effect of temperature on slurry erosion 

Figure 1.8 shows the erosion rate of A53 and 304 steel as a function of the test 

temperature [36]. Coal particles were used in a kerosene carrier fluid to perform the 

experiments. It is apparent that the erosion rate increases for both alloys as the test 

temperature increases. This can be mainly attributed to the change in the slurry 

viscosity rather than changes in the material’s mechanical properties or erosion 

resistance. While the mechanical properties of the steels are not significantly altered by 

temperatures around 170⁰ C, viscosity of the carrier fluid is significantly decreased and 

the boundary layer characteristics are altered, which lead to an increased erosion rate 

of the material. 
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Figure  1-7 Effect of boundary lubrication on the erosion rate of A53 and 304 stainless steel with 30 wt% 

coal-200 mesh at 25⁰C and 12 m/s [36]. 

 

1.3 Erosion-corrosion 

Erosion-corrosion is the material wastage caused by simultaneous action of both 

mechanical forces and electrochemical reactions on the surface of the material. This can 

be often caused by liquid or slurry impingement, cavitations and solid particles in gas 

streams. The damage that is caused by erosion-corrosion is often much higher than the 

sum of the damages caused by each one of them separately. The increased damage is 

the result of a synergistic action between erosion and corrosion, in which erosive 

conditions promote corrosion and corrosive conditions enhance erosion. 
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Figure  1-8 Effect of temperature on the erosion rate of 304and A53 steels eroded by 30 wt% Coal 200 

mesh particles in Kerosene for 2 hours at 12 m/s. [36]. 

 
Erosion-corrosion mostly happens in turbulent flow conditions, which can be both single 

phase and multiphase flows [47-49]. The worst cases of erosion-corrosion are observed 

at elbows and bends or in compressors and turbines where a sudden change in the 

direction of motion of the flow causes disturbed turbulent flow conditions [50, 51]. 

Existence of the smallest imperfections on the surface or small surface defects such as 

pits created by corrosion may cause erosion-corrosion at turbulent flow conditions [52, 

53]. Also if solid particles are present in the fluid flowing on the surface, erosion-

corrosion can be very dangerous and can cause severe damage to the material. 
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1.3.1 Slurry erosion-corrosion of passive materials 

As described earlier most of the corrosion resistant metals and alloys that are 

used in industries have protective oxide layers on their surface. These layers can be 

divided to two categories; the thick and diffusible layers that are made of corrosion 

products deposited on the surface and the thin and invisible layers that are called 

passive films. The main difference between the two types of films is that the former is 

more easily damaged and its reformation is slow while passive layers undergo more 

severe service conditions without severe damage and they reform very fast. 

When passive materials are exposed to the flow of slurry, impacts of the floating 

solid particles can cause partial or complete damage to the passive film. This is due to 

the mechanical forces that are applied to the surface during the impacts. Once the 

passive film is damaged, the rate of the electrochemical reactions on the surface in the 

area of the damaged film increases. Anodic dissolution and repassivation are the two 

competitive processes happening simultaneously in the damaged area. Depending on 

the electric potential of the material, the carrier fluid and the flow conditions, either 

one of these processes can be dominant. In most cases, repassivation is the fastest 

occurring process and the passive film reforms in only a fraction of a second. However, 

during the course of repassivation, metal is also lost through anodic dissolution. If the 

rate of particle impacts on the surface is high, slurry erosion, then the metal loss during 

the repassivation period through electrochemical reactions becomes more significant. 

On the other hand, when the rate of the electrochemical reactions on the surface is 
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increased, these reactions (corrosion) affect the mechanical properties of the surface 

and influence the erosion resistance of the material. 

The rate of slurry erosion-corrosion of materials is highly dependent on factors 

such as slurry velocity, impact angle, solid loading in the slurry, solid particle 

characteristics, relative hardness of the particle and material and mechanical properties 

of the material. In the following some of these parameters are described with more 

detail. 

 

1.3.1.1 Effect of material’s mechanical properties on erosion-corrosion  

Mechanical properties such as ductility, strength, toughness and hardness of a 

specific material are very important in its resistance to erosion-corrosion. Among all of 

these characteristics, ductility and hardness have attracted more attention. It has been 

shown that for ductile materials, increasing the ductility of the material decreases its 

erosion-corrosion rate [36], which from the platelet mechanism point of view is completely 

consistent. The effect of a material’s hardness on its erosion-corrosion resistance is rather 

controversial [54]. Some results indicate that harder materials are more resistant to 

erosion-corrosion [55-57] while others show opposite results [36, 58]. The effect of surface 

hardness on the erosion-corrosion is also dependent on the impact velocity and 

temperature since they define the regime in which erosion-corrosion occurs [36].  

 
1.3.1.2 Effect of particle characteristics on erosion-corrosion 

Relative hardness of the erodent particle to the eroded surface is extremely 

important in the extent of erosion-corrosion. Previous studies have shown that there is a 
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minimum hardness difference required between the particle and surface for the erosion-

corrosion to take place [59, 60]. Torrance calculated a minimum of 1.25 for the ratio of 

erodent particle hardness to the matrix hardness above which the surface will be eroded 

[61]. 

On the other hand, not a significant difference in the material’s corrosion rate 

was observed by researchers when the impacting particle size was altered [62]. 

However, the erosion rate of the material increases by increasing the impacting particle 

size. In the case of steels, there is a critical particle size above which no difference in the 

erosion-corrosion rate is observed. Also the angularity of the particles affects the 

erosion-corrosion rate of materials and the more angular in shape the particles are, the 

higher the erosion rate [36]. 

 

1.3.1.3 Effect of solid particle concentration in the slurry on erosion-corrosion 

If we assume that the floating particles in the slurry have individual interactions 

with the surface upon their impact and they are not affected by other particles and 

conditions, then a linear correlation is expected between the erosion rate of the surface 

and the particle concentration in the slurry [36]. This is exactly the case for the 

experimental results with low particle concentrations where particles interact 

separately with the surface. However, when the particle concentration is increased as 

shown in Figure 1.9, the increase in the erosion rate does not show a linear correlation 

with particle concentration. This is due to particle-particle and particle-surface 

interactions. 
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Figure  1-9 Effect of particle concentration on erosion rate [36]. 

 

For example, at higher particle concentrations it is more probable for a rebounding 

particle to interfere with an impacting particle’s path and either reduce its impact 

energy or completely deflect it. These interferences result in lower erosion rates, which 

are experimentally observed [36]. 

 

1.3.1.4 Effect of impact angle on erosion-corrosion 

Effect of impact angle on the erosion-corrosion of materials has been studied 

extensively by researchers [38, 63-70]. Finnie showed that ductile materials are eroded 

mostly at shallow angles while brittle materials are eroded most severely at normal 

angles of impact (Figure 1.10) [63]. The effect of impingement angle on 304L stainless 
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steel has been previously studied and it has been shown that the maximum erosion-

corrosion rate happens at shallow impact angles around 30⁰ [36, 67, 70]. 

 

1.3.1.5 Effect of hydrodynamic characteristics on erosion-corrosion 

As described earlier, the most significant effect of hydrodynamic parameters on 

corrosion is due to accelerating the mass transfer to and from the reaction surface. Both 

types of films (thick diffusible and passive) are prone to erosion-corrosion. It is not 

exactly known how the thick diffusible protective film is damaged in a turbulent flow of 

a single phase; however, the intensity of turbulence and its correlation with the shear 

stress that is applied on the surface are important factors that determine the extent of 

film breakdown [71, 72]. The passive films are not usually damaged by a single phase 

flow [73, 74]. The passage of slurries, however, damages both types of films. As 

described earlier erosion-corrosion of materials are affected by both velocity and 

impingement angle of the slurry. It has been previously shown that the impact of solid 

particles on the surface may be damped by the boundary layer on the surface [73, 75]. 

Both impact angle and velocity are extremely sensitive to the flow regime on the 

surface. The worst cases of erosion-corrosion in service are found in the areas with 

turbulent flow [76].  It has been shown that the impact angle in a non-disturbed flow 

condition is less than 5⁰ while a range of different impact angles are found in di sturbed 

flow [76]. 
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Figure  1-10 Effect of impact angle on erosion rate [63] 

 

 

1.4 Suggested enhancement mechanisms in erosion-corrosion 

Both erosion and corrosion enhance each other, which is why the rate of 

erosion-corrosion is much higher than the sum of their individual rates. It has been 

shown that although the corrosion rate itself is very small, the erosion rate of iron in a 

slurry containing NaOH is 20% more than its erosion rate in a slurry without NaOH [77]. 

A magnification factor was defined by Wood and Hutton as the ratio of the extent of 

material loss by erosion-corrosion to the extent of sum of the material losses by erosion 

and corrosion separately. They showed that in the case of austenitic stainless steels 
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subject to the flow of slurries with 2 wt% solid particle, this factor is in the range of 1.2 

to 3 [78, 79]. Some of the mechanisms by which erosion and corrosion enhance each 

other are described below. 

 

1.4.1 Corrosion enhanced erosion 

1.4.1.1 Surface roughening 

The difference in the reactivity of different parts of the surface of a material in a 

solution causes different dissolution rates on its surface. This non-uniformity 

phenomenon causes the corrosion surface to be somewhat rough. Postlethwaite used 

pipeline steel and silica sand slurry to study this effect [80]. He found that the surface 

roughness and erosion-corrosion rate of the material both decrease when corrosion 

inhibitors are added to the slurry. If the dimension of the surface roughness is 

comparable with the impacting particle diameter, the effect of corrosion on surface 

roughness and consequently erosion rate will be more pronounced. However, in most 

cases, the former is much smaller and its effect on erosion enhancement is not 

significant. 

 

1.4.1.2 Preferential corrosion 

As apparent from Figure 1.3 higher erosion is observed for the steel with fine 

pearlite microstructure while higher hardness is expected for this material comparing to 

the other two samples. This may be due to the anodic dissolution of the area of the 

matrix around the cementite phase, which makes the structure less strong. This area is 
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larger for the fine pearlite microstructure comparing to the other two samples. The 

difference in the reactivity on the surface is more significant in the case of metal matrix 

composites where the interface between the metal matrix and the hard particle is 

shown to be the most electrochemically active area on the surface [80, 81]. On the 

other hand, this interface plays a critical role in the mechanical properties of the 

composite because this is where the hard phase and the soft matrix are bound to each 

other. The dissolution in this preferred area lessens the strength of the bond between 

the hard particle and the matrix and causes the hard particle to come off more easily. 

Thus the erosion rate of the material will be increased. 

 

1.4.1.3 Dissolution of work hardened surface layer and surface hardness degradation 

When a material is under the flow of slurry, the constant impacts of the particles 

on the surface result in a thin work hardened layer on the surface, which is more 

resistant to erosion than the actual material itself. In the case of passive materials, this 

layer is protected by a passive film. Particle impacts during slurry flow damage the 

passive layer and thus the dissolution rate of the work hardened layer increases. This 

causes a thinner work hardened layer and lower erosion resistance of the material. 

Matsumura [77] showed that the continuous breakdown of the passive film causes an 

increase in dissolution rate, which results in the removal of the work hardened surface 

and increases the erosion rate. However, the applicability of this mechanism depends 

on two factors; the work hardenability of the material and the magnitude of dissolution 

rate comparing to the erosion rate.  
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Gua et al. used nano-indentation and studied the effect of corrosion on the 

surface hardness of carbon steel. They found that the surface hardness is decreased 

when anodic dissolution occurs on the surface [81]. 

 

1.4.1.4 Localized attack 

The platelet mechanism suggested that the accumulation of strain on the roots 

of the platelets that are formed on the surface due to multiple particle impacts results in 

the breaking off of the flakes. Li et al. [82] suggested that the highly strained roots of the 

flakes are the preferred sites for corrosion to happen. This results in the formation of 

very sharp cracks at the roots. These cracks will propagate more quickly upon 

subsequent particle impacts and result in faster detachment of the flakes from the 

surface and higher erosion rates. 

 

1.4.2 Erosion enhanced corrosion 

1.4.2.1 Enhanced surface mass transport 

Earlier it was described that the hydrodynamic properties of the slurry affect 

corrosion by increasing mass transfer rate on the surface. The existence of solid 

particles in the slurry cause more disturbances in the flow and thus increase the mass 

transfer rate on the surface [83, 84]. Zhou analyzed this effect and found that the 

corrosion rate in slurry with alumina particles is always higher than in a single phase 

flow [85]. 
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1.4.2.2 Passive film breakdown 

Many metals that are used in erosive corrosive applications are capable of 

formation of a passive layer on their surface. This film, as described earlier, reduces the 

rate of electrochemical reactions on the surface. When slurry flows on the surface, 

passive film can be damaged by particle impacts and the anodic dissolution reactions 

are accelerated. This mechanism is reported for many metals and their alloys such as 

stainless steel, titanium and cobalt alloys [86-90]. 

 

1.4.2.3 Increased pitting 

When a metal is subject to the flow of slurry, each particle impact damages the 

surface oxide layer. This damaged area can later act as a preferred site for pitting. 

Burstein and Sasaki showed that the pitting potential of 304L stainless steel is reduced 

after a short period of exposure to slurry [91]. It is suggested that an increase in the 

surface roughness caused by particle impingements increases the number of suitable 

pitting sites on the surface [92, 93]. 

 

1.4.2.4 Increased roughness 

It has been previously shown that the corrosion rate of a surface in a certain 

solution is influenced by the surface roughness usually in a way that the greater the 

surface roughness is, the greater the corrosion rate will be [94]. Flow of slurry on the 

surface of materials increases the surface roughness and thus higher corrosion rates are 

expected to be observed. Kim et al. studied the corrosion rate of titanium and stainless 
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steel alloys coated with TiN [94]. They showed that the surface with a lower roughness 

shows much better corrosion resistance. Also Sasaki studied the effect of roughness on 

the pitting potential of 304 stainless steel and found out that a surface with higher 

roughness has a lower pitting potential [91]. 

 

1.5 Common experimental methods for studying erosion-corrosion 

1.5.1 Weight loss 

Samples are weighed before and after experiments and the difference between 

the two values shows the amount of erosion-corrosion that occurred in a specific time. 

Since there might be corrosion or impurity deposits remaining on the surface of the 

samples after the tests, standard washing and weighing methods for different materials 

are provided by ASTM. Weight loss method is a very common method among erosion-

corrosion specialists since it directly provides information about the extent of the 

material loss due to erosion-corrosion.  

Weight loss cannot be used to determine the localized material loss, which is the 

biggest shortcoming of this method since it can only provide general material wastage 

information. While the general material loss may be small the localized attacks may still 

cause the material to fail. However, by using this technique and by applying certain 

conditions it is possible to separately measure the corrosion free erosion rates and 

erosion free corrosion rates. The latter can also be measured by electrochemical 

techniques. 

 



 

29 
 

1.5.2 Surface analysis 

As described earlier, the platelet mechanism was only proposed after the SEM 

technique was introduced for high magnification imaging [39]. Since corrosion usually 

affects the surface layer of the materials, modern surface analysis techniques play a very 

important role in erosion-corrosion studies. X-ray diffraction, scanning electron 

microscopy, transmission electron microscopy, X-ray photoelectron spectroscopy and 

secondary ion mass spectroscopy are some of the techniques that are frequently used in 

erosion-corrosion studies. 

 

1.5.3 Electrochemical techniques 

Electrochemical techniques have the advantages of first providing in situ 

information on the current/voltage response of the material in specific experimental 

conditions, and second they provide the opportunity to control the reactions occurring 

on the surface. Two of the most commonly used electrochemical techniques are briefly 

described below. 

 

1.5.3.1 Polarization diagrams 

The deviation from the equilibrium potential of an electrochemical reaction is 

called polarization. Polarization diagrams of systems can be plotted by performing a 

cyclic polarization scan at a fixed voltage scan rate [95]. Critical data such as corrosion 

potential and corrosion current of a system can be easily calculated from the 

polarization diagram of that system. Also valuable information about the pitting 
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potential of a material in a specific environment can be obtained from its polarization 

diagram. At a certain applied potential the anodic current starts to increase sharply. This 

potential is called the breakdown potential at which pitting starts. Generally, a higher 

pitting potential is more favorable since the material is less susceptible to pitting. 

In erosion-corrosion, polarization diagrams are often used to study the erosion 

enhanced corrosion behavior of the material. Two polarization diagrams of the material 

are plotted; one with a solution containing solid particles and the other with only the 

solution. Comparison between the two curves shows the enhancing effect of erosion on 

material corrosion rate. 

 

1.5.3.2 Potentiostatic and galvanostatic diagrams 

The two methods have been widely used in studying erosion-corrosion. It is 

known that in a specific electrochemical system there is a correlation between the 

current and potential. Therefore, if connected to a potentiostat/galvanostat, either one 

of the potential or current can be recorded while the other is controlled. Many 

researchers have previously used these techniques to investigate the enhancing effect 

of erosion on corrosion in different systems [96]. 

 

1.6 Common experimental setups for studying erosion-corrosion 

There are usually three types of devices that are commonly used to perform 

erosion-corrosion experiments: rotating cylinder electrode (RCE), jet impingement and 

pipe flow loop. Before describing these three devices, it is worth mentioning that 
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despite many efforts done to correlate the results of different methods, it is still not 

possible to do so. This is due to different test conditions applied in each method such as 

different flow conditions, impact angles and mass transport conditions on the surface. 

Similar problems exist in correlating the results of these test methods with practical 

service conditions. 

The RCE method is a relatively inexpensive method comparing to other methods. 

This method is often used in laboratories since it can be easily constructed. This device 

consists of a cylindrical container with a concentric cylindrical electrode installed inside 

it. While it is inexpensive and easy to construct, this method has one main disadvantage: 

the difficulty of maintaining a uniform particle distribution in the slurry during the test. 

Several modifications have been made to the system to obtain uniform particle 

distributions by increasing the turbulence of the flow; however, the hydrodynamic 

properties of the system and their effect on the results become very difficult to 

determine in a turbulent system. 

A jet impingement system consists of a submerged nozzle impinging slurry to the 

surface of a sample. The main disadvantage of this method is that the shape of the 

crater constantly changes throughout the experiment and, therefore, the hydrodynamic 

properties in the vicinity of the crater, which make it difficult to obtain a uniform 

condition comparable to the service condition of the material. The main advantage of 

the system is that the angle and velocity of the impingement can be controlled. This 

method has been constantly used to study the effect of slurry impact angle on erosion-

corrosion of different materials [97]. 
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The pipe flow loop test device is a system very similar to the actual service [98]. 

This loop provides flow conditions and geometries very similar to the practical condition 

and thus provides very comparable results. The main disadvantage of this system is that 

the cost of preparation of this device is very high. 

A common problem with all of the devices mentioned above is particle 

degradation during experiments since the erosion rates are only independent of time if 

the test conditions remain unchanged [99]. 

 

1.7 Impact of spherical particles on flat surfaces 

After Hertz proposed a solution for the frictionless impact of elastic objects 

[100], the theoretical and experimental understanding of the particle-surface collision 

and its mechanism was significantly improved. These advancements started with 

incorporation of additional parameters to the common impact mechanics. For example, 

tangential loading and sliding of the objects were considered in the calculations [101, 

102], friction forces at the contact patch were also included [103, 104], the effect of 

elastic wave propagation and the corresponding energy loss were studied [105, 106] 

and plastic deformation of the surface and particle were considered in the equations [3, 

107]. In this section, first the elastic impact of a sphere on a flat surface is presented 

briefly and it is followed by a discussion on the elastic plastic impact condition. 
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1.7.1 Normal elastic impact 

In 1882, Hertz used his static elastic contact theory and came up with a solution 

for the elastic impact of the objects [100]. He assumed that elastic wave propagation 

causes negligible energy loss and also that the total mass of the impacting objects move 

with the same velocities. In addition to these assumptions, the deformation was 

assumed to be only in the vicinity of the contact patch. 

Here, it is necessary to introduce the concept of coefficient of restitution, which 

represents the amount of energy that is dissipated during the impact of objects and is 

defined as the ratio of the rebound and impact velocities. This argument is based on the 

Hertzian theory of impact and his assumption that the coefficient of restitution is unity, 

which means that the impact and rebound velocities are equal.  

Hertz assumed two spherical particles with masses m1 and m2 approaching each 

other on a line that connects their centers with no spin and at velocities V1 and V2. If δ is 

their relative approach then: 

𝑉𝑉 = 𝑉𝑉2 − 𝑉𝑉1 = 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

    (1.1) 

where V is the relative velocity of the two centers of the particles. After the particles 

first contact the contact force can be written as: 

𝐹𝐹 = 𝑚𝑚1
𝑑𝑑𝑉𝑉1
𝑑𝑑𝑑𝑑

= −𝑚𝑚2
𝑑𝑑𝑉𝑉2
𝑑𝑑𝑑𝑑

   (1.2) 

with the definition of m* as: 

1
𝑚𝑚∗ = 1

𝑚𝑚1
+ 1

𝑚𝑚2
     (1.3) 

one can write: 
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𝐹𝐹 = −𝑚𝑚∗ 𝑑𝑑𝑉𝑉
𝑑𝑑𝑑𝑑

= −𝑚𝑚∗ 𝑑𝑑
2𝑑𝑑
𝑑𝑑𝑑𝑑 2    (1.4) 

In his static elastic contact, Hertz defined the correlation of force and approach as: 

𝐹𝐹 = 4
3
𝐸𝐸∗𝑅𝑅∗1/2𝑑𝑑3/2    (1.5) 

E* and R* are defined like m* and it is obvious that in the case of the impact of a 

spherical particle against a flat surface these values are equal to that of the spherical 

particle. Also the relative velocity of approach will be equal to the particle impact 

velocity at each time. Combining Equations 1.4 and 1.5 for the case of the impact of a 

spherical particle against a flat surface results in: 

𝑚𝑚𝑑𝑑2𝑑𝑑
𝑑𝑑𝑑𝑑 2 = − 4

3
𝐸𝐸∗𝑅𝑅∗1/2𝑑𝑑3/2   (1.6) 

knowing that at t=0 the impact velocity is the initial particle velocity Vi and that when 

the relative velocity is zero the relative approach, δ, is at its maximum value, Equation 

1.6 will result in: 

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 = (15𝑚𝑚𝑉𝑉𝑖𝑖2

16𝐸𝐸∗𝑅𝑅
1
2
)2/5    (1.7) 

Further integration of Equation 1.6 results in the definition of the contact time during 

the impact [108]. It has been shown that the assumption of insignificancy of the energy 

loss by elastic waves is only valid if the thickness of the plate is much larger than the 

contact area [109, 110]. This means that higher energies are dissipated by elastic wave 

propagation when a thin plate is impacted by a particle. It was also reported that the 

contact time during the impact depends on the impact velocity. Both in the elastic 

impact regime and in the elastic plastic impact regime the contact time is decreased 
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when the impact velocity is increased [111-112]. Figure 1.11 shows the contact time 

during the impact as a function of impact velocity. 

 

Figure  1-11 Contact time during the impact as a function of impact velocity [113]. 

 

1.7.2 Oblique elastic impact 

During the oblique impact of the elastic objects, there is a high probability of 

slipping and sliding between the two surfaces, which makes it very difficult to define the 

impact characteristics. Mindlin et al. showed that the impact condition at any moment 

during the impact depends on both that moment loads and the history of loading before 

that moment [102]. On the other hand, Johnson showed that the load-displacement 
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correlation in the normal and tangential directions can be dealt with separately and that 

their effect on each other is very small and negligible [110]. 

Maw et al. showed that for normal impact angles sliding does not occur during 

the impact; however, when the impact angle is decreased to shallower angles the sliding 

occurs at the beginning and end of the contact while slipping occurs in between. When 

the impact angle is very low, sliding happens all along the contact period [114]. Also 

Thornton performed computer simulations and reported that the results are in good 

agreement with Maw et al. results [115, 116]. 

Based on the experimental results in the elastic impact velocity range, it can be 

concluded that although Hertzian theory is not completely correct and accurate, it can 

provide a good approximation for the elastic impact of the particles. However, at higher 

impact velocities where plastic deformation occurs during the impact, necessary 

modifications were needed to the Hertzian theory since it does not consider plastic 

deformation at all. 

 

1.7.3 Elastic plastic impact 

Bitter showed that the elastic plastic process of the impact of objects can be 

divided into three stages [2]. First, there is an elastic period, which is the duration 

between the moment that the objects touch each other and the moment that the force 

between them reaches the elastic limit or the yield point of the softer object. This is a 

pure elastic stage and can be dealt with by Hertzian theory. The next stage starts when 

plastic deformation starts and ends when the objects have no relative movement while 
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still in contact. The last stage is when the elastic energy that is stored in the objects 

during the first two elastic and plastic periods is released and transferred to the objects 

in the form of their rebound velocity. When the impact velocity increases past the 

elastic yielding limit of the materials, the coefficient of restitution decreases from unity. 

Elastic yielding limit of a material is reached when the impact velocity exceeds the 

elastic yield limiting velocity, Vy [117]: 

𝑉𝑉𝑦𝑦 = � 𝜋𝜋
2𝐸𝐸∗
�

2
� 2

5𝜌𝜌𝑃𝑃
�

1/2
𝜎𝜎𝑦𝑦5/2   (1.8) 

where ρP is the density of the particle and σy is the yield stress of the target material. 

Thus, the stored energy in the material due to plastic deformation at the beginning of 

the second stage is: 

𝐾𝐾𝑒𝑒𝑒𝑒 = 1
2
𝑚𝑚𝑉𝑉𝑦𝑦2     (1.9) 

Also by using the Hertzian theory of elastic impacts the relative approach of the particle 

and the surface is: 

𝑑𝑑𝑦𝑦 = 𝑅𝑅(𝜋𝜋𝜎𝜎𝑦𝑦
2𝐸𝐸∗

)2     (1.10) 

where R is the radius of the impacting particle. Johnson et al. developed a model by 

assuming a full plastic state during the impact and calculated the coefficients of 

restitution and studied their dependence on the impact velocity [110]. They showed 

that the normal coefficient of restitution is correlated to the impact velocity by a power 

of -1/4. Rogers and Reed proposed a model based on the Bitter calculations [107]. They 

assumed that the only mechanism that consumes energy during the impact is plastic 

deformation on the surface and that the third stage of the impact is completely elastic. 
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Wall et al. [118] compared the results of Rogers and Reed with experimental results and 

found some inconsistencies. Therefore, they modified the model and in the calculations 

they replaced the static yield stress by dynamic yield stress of the material, which 

improved the existing model so that the experimental and theoretical results matched 

very well. Figure 1.12 shows the both models in comparison with the experimental 

results.  

 

Figure  1-12 Normal coefficient of restitution as a function of impact velocity [107, 118]. 

 

1.8 Velocity of solid particles in fluid flow 

A solid particle introduced to a fluid stream can have quite different direction of 

motion and velocity than the containing fluid. Also obstacles in the fluid flow path can 

cause different changes of direction especially for smaller particles. Tilly defined an 
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effective spherical size for randomly shaped particles and analyzed their velocities after 

they were introduced to fluid streams [119]. 

Consider a particle with diameter d and mass density of ρP that is introduced to a 

fluid stream with a density of ρF. If the velocity of the particle is VP and the velocity of 

fluid is VF then the equations of motion of the particle in two dimensions can be written 

as: 

𝜋𝜋𝑑𝑑3𝜌𝜌𝑃𝑃
6

d𝑉𝑉𝑚𝑚
d𝑑𝑑

= 𝐶𝐶d
2
𝜌𝜌F

𝜋𝜋𝑑𝑑2

4
 (𝑉𝑉𝑚𝑚P − 𝑉𝑉𝑚𝑚F)  (1.11) 

𝜋𝜋𝑑𝑑3𝜌𝜌𝑃𝑃
6

d𝑉𝑉𝑦𝑦
d𝑑𝑑

= 𝐶𝐶d
2
𝜌𝜌F

𝜋𝜋𝑑𝑑2

4
 (𝑉𝑉𝑦𝑦P − 𝑉𝑉𝑦𝑦F)  (1.12) 

where Cd is the particle drag coefficient and can be calculated through either empirical 

or theoretical equations [120]. 

Finnie assumed a one dimensional motion for a spherical particle that is 

introduced in a fluid stream at one point and impacts the surface of an obstacle at 

distance X from its introduction point and calculated the particle impact velocity [121]. 

In this case Equation 1.11 can be written as: 

d(𝑉𝑉F−𝑉𝑉P )
d𝑑𝑑

= −𝐾𝐾(𝑉𝑉F − 𝑉𝑉P)2   (1.13) 

where  

𝐾𝐾 = 3𝐶𝐶d  𝜌𝜌F
4𝜌𝜌P𝑑𝑑

     (1.14) 

If the initial condition of t=0 and V=0 is considered then: 

𝑉𝑉 = 𝐾𝐾𝑉𝑉𝐹𝐹2𝑑𝑑
1+𝐾𝐾𝑉𝑉𝐹𝐹𝑑𝑑

     (1.15) 

Application of another initial condition of t=0 and X=0 results in: 

𝑚𝑚 = 1
𝐾𝐾

(𝐾𝐾𝑉𝑉F𝑑𝑑 − ln[1 + 𝐾𝐾𝑉𝑉F𝑑𝑑])  (1.16) 
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Using Equations 1.11 to 1.16 it is possible to calculate the velocity of a spherical particle 

in a fluid stream at any point of its path. A visual basic code was developed and is 

presented in appendix A based on the above calculations. This code was used by the 

author to design a new device for studying erosion-corrosion of 304 stainless steel, 

which is described in the following chapter. 

 

1.9 Current status in erosion-corrosion research and objectives 

Significant progress is observed in the field of erosion-corrosion, mostly in the 

determination of the important factors. However, the extensive number of the relevant 

parameters influences the prediction of the material degradation rate in practical 

conditions. On the other hand, the differences between the experimental results 

obtained through different methods in comparison with each other and with practical 

conditions add to the difficulty of providing accurate and useful predictions. Further 

studies on the erosion-corrosion phenomenon and the important parameters are 

necessary in order to increase the extent of our knowledge in the field and to provide a 

firm basis for the prediction of material deterioration rates in practice. 

Studying the particle-surface interactions during slurry erosion-corrosion can 

provide us an insight into what basically goes on in the erosion-corrosion of passive 

materials. This can be extremely helpful in understanding the mechanisms by which 

erosion and corrosion enhance each other. Also this information can be used in the 

development of new models and better material loss predictions. These purposes were 

among the main objectives of the present work. Therefore, a device was designed and 



 

41 
 

constructed for single particle impingement, which provided the opportunity of studying 

particle-surface interactions both mechanically and electrochemically. The next goal of 

this project was to use the information obtained from the particle impacts to study the 

mechanism of the damage that is caused on the surface by these impacts and to 

develop a model based on this information that could reasonably predict the erosion-

corrosion of the materials in practical conditions. Finally, it was suitable to use the 

particle surface interaction information to study common methods that are used for 

enhancing erosion-corrosion properties of the materials. 
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2 Single particle impingement current transients for prediction of erosion enhanced 

corrosion on 304 stainless steel 

 

2.1 Introduction 

As described earlier, erosion-corrosion, the simultaneous action that is a 

consequence of mechanical forces on the surface due to particle impacts and 

electrochemical corrosion, is a major problem in most fossil fuel related and mineral 

processing industries. The damage to materials caused by the synergism of erosion and 

corrosion is sometimes twice the sum of the damage caused by erosion and corrosion 

separately. It is well known that the erosion rate of metals depends on impact angle and 

impact velocity of the particles impacting on the surface [1, 2, 3, 4], and the effects of 

these parameters on erosion-corrosion rate of materials have been quantified [5, 6, 7, 

10]. Burstein et al. reported that the current transients detected from single impacts at 

oblique angles are larger than those observed at normal angles of impact [4, 8]. It is 

known that both erosion and corrosion enhance one another. In a recent study 

performed by us using an in situ nanoindentation device, it was shown that increasing 

the applied anodic current reduces hardness on the surface of a metal [9]. We also have 

studied the repassivation behaviour of passive materials during erosion-corrosion. We 

found that repassivation current transients usually develop in two steps; one very fast 

initial step of passive film nucleation on the surface and then the consequent growth of 

the film [11]. Sundararajan reported that when a single spherical particle impacts a flat 

metal surface, in air and at a normal impact angle, the produced scar volume correlates 

well with kinetic energy of the particles impacting on the surface of materials [12]. 
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The primary objective of the work presented in this chapter was to correlate the 

mechanical characteristics of a single particle impact on a passive metal surface with the 

consequent electrochemical response of the surface to this impact in an aqueous 

medium. A second objective, based on the above correlation and the flowing slurry 

characteristics, was to determine whether the correlation could be used to predict the 

erosion-enhanced corrosion rate of the passive metal in different slurry flow conditions. 

 

2.2 Experimental methods 

An apparatus was designed to impinge single particles on the surface of the 

samples while they are kept at desired passive potentials. This device is capable of 

impinging particles of various sizes up to 3 mm in diameter at different angles and 

different velocities. Experiments can be run in corrosive environments since the whole 

device is made of stainless steel. Figure 2.1 shows a schematic diagram of the single 

impingement system. Single particles are inserted into the fluid stream using two 

pistons. These pistons are designed so they can be removed completely from their 

cylinder. One of the pistons blocks the fluid stream while the particle is inserted from 

the other. Then a change in the position of the pistons introduces the particle along the 

wall into the stream towards the nozzle. 

As it was difficult to determine values for the low current peaks when particle 

velocities were below 5 m/s, a velocity range between 5 m/s and 11 m/s was chosen to  
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 Figure  2-1 Schematic representation of single impingement system. 

 

conduct experiments. A cone-shaped nozzle was used to accelerate single particles. To 

confirm that the particles reached the desired velocities at the nozzle tip, a conical 

nozzle 0.2 m in length was required based on the equations of motion of a particle 

introduced in a fluid stream (Equation 2.1) [13, 14]. 
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 π
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d
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 π VV
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ρρ
  (2.1) 

Where VP is particle velocity, ρP is particle density, d is particle diameter, Cd is drag 

coefficient and VF is fluid velocity. 
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A Motion Scope PCI 8000S high speed camera also was coupled to the system to 

measure the impact and rebound angles and velocities of particles before and after 

impacting on the surface of the samples. The high speed camera velocity measurements 

of the particles also confirmed that the theoretical calculations for nozzle design were 

sufficiently accurate. Table 2.1 represents the calculated and measured particle 

velocities in comparison with fluid velocities at the nozzle tip. 

Table  2-1 Comparison of theoretical particle velocities and velocity measured at nozzle tip using high 

speed camera for 2.18 mm zirconia particles. 

 

 

 

A REF 600 Gamry Potentiostat was connected to the system for keeping the samples at 

desired passive potentials and recording the current transients generated by single 

particle impacts. A high data acquisition rate (1000 Hz) was required to collect enough 

data points and record the current transients accurately. Samples were passivated at 

200 mV w.r.t. SCE for 600 seconds so that a stable passive film formed on the surface. A 

saturated calomel electrode was used as the reference electrode and a platinum mesh 4 

x 6 cm was chosen as the counter electrode in all experiments. 

A 5 mm diameter grinding disk rotating at 2250 rpm and a small sample having 

an accurately known area of 2.2 mm2 were prepared. The disk is capable of grinding the 

small sample surface at frequencies up to 500 Hz depending on the rpm of the disk. This 

setup was connected to the potentiostat, samples are kept at 200 mV w.r.t. SCE and 

V Fluid (m/s) 5.5 7.5 8.9 10.2 
V Particle Theory (m/s) 5.2 7.1 8.5 9.7 
V Particle Camera (m/s) 5.3 7.2 8.7 10 
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water flowed on the surface at desired flow rates. Samples were continuously 

depassivated by contacting the grinding disk on the surface. When the grinding disk was 

removed from the surface the surface started to repassivate under the same conditions 

under which it repassivated after single particle impacts except that, in this case, the 

depassivated area was known precisely. 

A slurry jet system also was used, which provided conditions close to that of 

service conditions. This enabled us to compare the results of single impacts with real 

condition erosion-corrosion in the tailings of an oil sands extraction process. A positive 

displacement pump was used to pump slurries with different sand concentrations onto 

the surface of the samples at different velocities and different angles while the samples 

were held at desired passive potentials and the generated current was recorded. Silica 

sand from Lane Mountain Company was mixed with tap water to prepare slurries. Tap 

water was used because its composition was very close to the water that is used in oil 

sands extraction. Table 2.2 shows the tap water composition and properties.  

Table  2-2 Tap water composition and characteristics used in these experiments reported by EPCOR. 

Aluminum (mg/L ) 0.051 Iron (mg/L ) < 0.002 
Dissolved Chloride (mg/L ) 4.19 Lead (mg/L ) < 0.0005 
Dissolved Fluoride (mg/L ) 0.76 Manganese (mg/L ) < 0.001 
Chromium (mg/L ) < 0.001 Conductivity (μS/cm) 375 
Copper (mg/L ) 0.003 pH 7.7 

 

The mean diameter of the sand particles used to make slurries was 40 µm. One of the 

concerns about using tap water as electrolyte is the conductivity and the corresponding 

IR drop problems. However, in these experiments the reference electrode was always 

positioned at a fixed distance of 0.5 cm from the working electrode. Also, based on the 
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conductivity of the solution (Table 2.2), the maximum current of 4 μA (Figure 2.2) and 

the sample area of 0.54 cm2, the maximum contribution of IR drop in the applied 

potential was calculated to be below 10 mV: 

mV 10   
cm 54.0)S/cm( 10375

cm 5.0)A(104    
 

  drop IR 26
6 ≤

××
××≤= −

−

A
lI

σ
 

This means that a maximum error of 10 mV in the 200 mV applied potential can be 

caused by IR drop, a value which is less than 5% and so is negligible.  

Three kinds of spherical particles with two different sizes were chosen to 

conduct single impingement experiments. Table 2.3 presents the properties of the 

particles used in these experiments. The particles were selected in a manner that the 

ratio of their hardness to the hardness of the samples was greater than 1.5 so that the 

results were independent of the hardness of the impacting particles as for the data 

reported by Sundararajan [15, 9]. 

Table  2-3 Particles characteristics reported by Ortech Advanced Ceramics Co. 

 

Glass particles were used to study only the effect of impact angle on repassivation 

charge, since these particles were less perfectly spherical than the other particles. Table 

2.4 shows several diameter measurements performed on different spots of randomly 

selected particles. As apparent from the data in Table 2.4, glass particles were not 

suitable for comparing charge consumption during repassivation since they produced 

Particle Size (mm) Density (g/cm3) E (GPa) Poisson Ratio Vickers Hardness 

ZrO2 2.00 & 2.18 6.05 210 0.3 1200 

Si3N4 2.00 & 2.18 3.25 310 0.26 1650 

Glass 2.00 2.52 74 0.23 620 
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higher current transients due to the combination of their hardness or impact energy and 

their angularity, which was not an independent variable in this study. 

The 304 stainless steel plates were purchased from AK Steel Corporation (C: 

0.08%, Mn: 2%, P: 0.045%, S: 0.03%, Si: 0.75%, Cr: 18%, Ni: 8%, N: 0.1%), from which 

3x18 mm samples were cut for use in the experiments. Before each experiment sample 

surfaces were ground with P1200 sandpaper. After grinding, samples were washed with 

distilled water and air-dried. 

Table  2-4 Diameter measurements made at different spots of particles to compare their sphericity. 

Manufacturer Reported 
Diameter (mm) 

Measured 
Diameter (mm) 

#1 #2 #3 #4 #5 

 
Glass (2mm) 

Average  1.88 1.96 2.14 2.03 1.90 
Minimum 1.76 1.83 1.88 1.91 1.75 
Maximum 1.93 2.08 2.22 2.06 2.02 

 
Si3N4 (2.18mm) 

Average  2.18 2.18 2.18 2.18 2.18 
Minimum 2.18 2.18 2.18 2.18 2.18 
Maximum 2.18 2.18 2.18 2.18 2.18 

 
ZrO2 (2.18mm) 

Average  2.18 2.18 2.18 2.18 2.18 
Minimum 2.18 2.18 2.18 2.18 2.18 
Maximum 2.18 2.18 2.18 2.18 2.18 

 

2.3 Results and discussion 

2.3.1 Determination of the charge required for repassivation of unit area of the 

surface 

Several methods have been used to study the amount of charge consumed 

during repassivation of depassivated materials and the mechanism and characteristics 

of the repassivation process under different conditions, including use of a guillotined 

electrode, scratched electrode and abraded electrode [16-21]. In order to determine the 

charge consumed during repassivation per unit area of the samples in this study, single 
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particle impact experimental conditions were applied for a small sample to confirm that 

the repassivation process happens under the same conditions as used for the single 

impact tests. The rotating grinding disk was positioned at the surface of the small 

sample so that the surface was ground 500 times per second while the potentiostat was 

connected to the system while the sample was kept at 200 mV w.r.t SCE and the current 

was being recorded. After the grinding disk was removed from the surface, the sample 

immediately started to repassivate. The charge under the potentiostatic curve obtained 

for repassivation of the small sample surface accurately quantified the amount of 

charge required in the repassivation process per unit area of the surface since the small 

sample surface area was precisely known. The consumed charge during repassivation 

for the small sample with 2.2 mm2 surface area was 76 μC when samples are at 0.2V 

w.r.t. SCE. Table 2.5 compares calculated theoretical values with experimental data 

obtained using the small sample grinding method, and shows the that theoretical 

approach is fairly accurate in determining the depassivated surface based on the 

consumed charge and assumptions made. 

Table  2-5 Comparison between theory and small sample grinding method showing a very close to 

reality prediction of depassivated area by theory for ZrO2 particles considering a 50% Fe2O3 and 50% 

Cr2O3 composition for the passive film. 

 

 

 

 

Particle’s Kinetic 
Energy (J) 

Theoretically Calculated 
Depassivated Area (m2) 

Area Obtained by Comparison 
to Reference Sample (m2) 

6 x 10-5 1.03 x 10-9 0.88 x 10-9 
1.2 x 10-4 2.83 x 10-9 2.42 x 10-9 
2.0 x 10-4 4.37 x 10-9 3.74 x 10-9 
3.3 x 10-4 8.74 x 10-9 7.48 x 10-9 
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2.3.2 Transient dissolution during particle impingement  

A series of single particle impingement experiments were done using different 

particles and impact angles. The transient corrosion current response of stainless steel 

to single particle impingement was strongly affected by the impact angle, and the 

transient current response reached a maximum at an angle around 30o (Figure 2.2). 

Similar results were reported by others [4, 8]. As expected, the most severe erosion 

enhanced corrosion was observed at an impact angle of 30o. Hence, in the following 

experiments, the erosion-enhanced corrosion behaviour was investigated using a fixed 

impact angle of 30o. 

 

Figure  2-2 Effect of impact angle on current transients due to single particle impacts at 200mV w.r.t SCE. 

 

The particle impingement process was recorded with a high speed camera and 

sequential photo frames captured by the high speed camera were combined (Figure 

2.3). These photos were captured from a side view showing the particle approaching the 
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sample surface at 45° impact angle, impacting on the surface and rebounding at a 

different angle. 

When the particles hit the surface as shown in Figure 2.3, the passive film is 

either broken or removed from the surface. This causes a current transient during 

potentiostatic experiments (Figure 2.4). An optical micrograph of the scar produced by 

this impact and a SEM image of the impacting zirconia particles also are shown. The 

promoted anodic dissolution and repassivation over the surface of craters created by 

the impingement of solid particles dominated the corrosion of passivated targets in 

flowing slurries [11]. The local current density over the crater surface rose sharply 

immediately after breakdown of passive film caused by particle impingement, followed 

by a gradual current decay due to surface repassivation. 

 
 

Figure  2-3 Overlap of seven high speed photo frames at 2000 fps showing impact and rebound of 

zirconia particles on the surface of 304 stainless steel. 
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The repassivation curves occurred in two stages, as described previously; the 

first stage has a very fast current decay period assigned to the formation of the very first 

atomic layers of passive film and the second has a slower current decay period ascribed 

to formation of consequent layers of passive film. The characteristics and behaviour of 

current transients were described previously [11]. 

Erosion enhanced corrosion of passive targets is dominated by the frequency of 

particle impingement and the extra electrical charge consumed by the repassivation and 

anodic dissolution over the damaged surface. The former is a function of the dynamics 

of slurry flow and the latter can be evaluated by the area under the curve of transient 

current vs. time. 

 

2.3.3 Charge calculation and bare metal surface generation mechanism 

Hutchings [22] reported that the lips formed during single impacts of hardened 

spherical steel particles on mild steel are detached from the surface only at velocities 

equal to or higher than 180 m/s. The impingement velocity of slurries in this study was 

about one order of magnitude less than the critical impact velocity reported to cause 

material removal from a surface by a single particle impact.  The formed lip is very small 

and is not detectable and the scar shape is almost completely circular (Figure 2.4), 

although the particles were impinged at the surface at 45° angle of impact. This was a 

consequence of the very low impact velocities used in this study and indicated that the 

amount of plastic deformation taking place on the surface was very far from the limits 

of material detachment from the surface. Hence, in the present study, we assumed that 
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the particle was completely rigid, i.e., deformation of the particle during the 

impingement was negligible. To further simplify the analysis, only plastic deformation of 

the target caused by the normal component of impact force was considered, and so the 

crater shape was assumed to be a cap of the impacting spherical particle. The latter 

assumption was reasonable as the crater shape from all impacts was close to circular, 

indicating that the role of tangential force in forming the crater shape was negligible. It 

should be noted that the role of the tangential velocity in giving rise to the corrosion 

 

Figure  2-4(a) Sample current transient caused by single zirconia particle impact on 304 stainless steel at 

8.5 m/s at 200mV w.r.t. SCE. (b) Optical image of the scar created by single zirconia particle impact on 

304 stainless steel surface. (c) SEM image of a spherical zirconia particle. 

 

a 
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current transient can never be ignored. The erosion of the material at lower velocities 

was likely to be caused by accumulation of the plastic deformation on the surface due to 

multiple impacts and continuous strain, ultimately leading to final material detachment 

[23]. 

According to the discussion in the previous section, the only source of the 

transient current was the transient dissolution and repassivation over the damaged area 

of the crater surface where the passive film was removed and the bare metal surface 

was produced while the target surface was impacted by the particle. The size of the 

electrical charge of repassivation was a function of the combination of the material, 

corrosive medium and test conditions.  During transient dissolution, part of the metallic 

atoms was dissolved into the solution and the rest formed insoluble compounds that 

became the constituents of passive films. Since the potential of 0.2 V w.r.t. SCE was in 

the passive region for 304 stainless steel, it was assumed, to simplify our analysis, that 

the electric charges consumed in the reformation of the passive film over the damaged 

surface was much more than those consumed in the anodic dissolution, i.e., the 

electrical charge calculated from the current transit was substantially the same as that 

consumed in the formation of the passive film. Thus, the electric charge produced in the 

transient current was approximately equal to the product of the damaged surface area 

and the electric charge required to fully repassivate the unit area of bare metal surface, 

as the current arising from active dissolution of metal into solution can be ignored. 

After a crater is formed by a particle impact, the target surface will deform 

plastically and the surface area will increase (Figure 2.5). Because the passive film has 
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much lower plastic deformation capacity when compared to the substrate, it will 

rupture and the bare metal surface will be equal to the increment of surface area after 

the formation of the crater.  The surface area increment can be calculated from 

geometry when the size of the solid spherical particle and the diameter of the crater are 

known. 

 

Figure  2-5 Schematic representation of the process of bare metal exposure due to surface expansion 

caused by a single impact. 

 

When the surface area increment is known, the electric charge required for 

repassivation can be estimated. The Faraday equation, Equation 2.2, is used to 

determine the electric charge consumed in the repassivation of bare metal surface with 

unit area. 

F

FFRF
R

  
M

ZFmQ =     (2.2) 

Where QR is the consumed charge during repassivation, F is the Faraday constant, ZFF is 

the number of charges, MF is the molecular weight of the passive film, and mRF is the 
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mass of the passive film that is removed due to impact, the product of volume and 

passive film density, m = ρ V,  resulting in Equation 2.3. 

F

FFRFF
R

   
M

ZFVQ ρ
=    (2.3) 

The volume of passive film can be calculated from the thickness of the passive film and 

its area. The surface area expansion increment after impact is used to calculate volume. 

The thickness of the passive film was measured using an ellipsometry technique after 

passivating the samples at 200 mV w.r.t. SCE for 10 min with a VASE (variable angle 

spectroscopic ellipsometer). This device was capable of high accuracy measurement of 

various properties of thin films, including thickness. The change in the polarization of 

the incident light beam was measured accurately after reflection from samples surface 

and further translated to thickness of the passive film, found to be 2 nm. 

Since the exact values of Z and M are not known for the passive film on 304 

stainless steel, the goal was to maximize Q using some approximations, and to find if 

that value was comparable with experimentally measured values for consumed charge 

of repassivation. If the results were comparable, then the current transients were 

produced only by the bare metal surface that was produced due to surface expansion 

after impact. Thus it was assumed that the passive film was very compact and no pores 

were present in its structure. These assumptions enabled maximization of ρ and thus 

also Q. Knowing that the passive film was composed mostly of iron and chromium 

oxides and hydroxides [24, 25, 26], the charges that were consumed for the formation 

of each of the above compounds varied from Z = 2 for Fe(OH)2 to Z = 8 for Fe3O4. The 
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density of the passive film was between 3400 kg/m3 and 5170 kg/m3, the densities of 

Fe(OH)2 and Fe3O4,  respectively [27]. The maximum value of Q was obtained when it 

was assumed that the passive film was composed of nonporous Fe3O4. Table 2.6 shows 

these calculated charges due to surface expansion along with experimentally measured 

charges arising from impact of particles of 2.18 mm diameter at different velocities. 

Table  2-6 Comparison of experimentally measured consumed charge for repassivation and 

repassivation charge consumed due to surface expansion calculation. 

 

The predicted values were two orders of magnitude lower than experimental values, 

even after maximizing Q with all the approximations. This suggested that it was unlikely 

that the depassivated surface area was only a result of surface expansion during particle 

impact.  Although the velocities were very low, lip formation was very small and 

removal of material was not observed macroscopically in either these experiments or 

previous erosion experiments; some portions of the passive film were detached from 

the surface either by attaching to the particles or breaking off into the solution. 

Although these parts could not be detected visually, since they were very small, the 

effect of their removal was observed in the magnitude of current transients.  

Another method of determining the actual depassivated area inside a crater is to 

compare the repassivation charge under a current transient with the unit area 

Particle (2 mm) 
 

Velocity (m/s) Experimentally Measured 
Consumed Charge (C) 

Charge Calculation due to 
Surface Expansion (C) 

Si3N4 5.5 2.94 E-8 8.95 E-10 
Si3N4 7.8 1.02 E-7 3.46 E-9 
ZrO2 6.9 1.2 E-7 4.6 E-9 
ZrO2 7.8 2.1 E-7 8.5 E-9 
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repassivation charge obtained using the small sample grinding method described earlier. 

This comparison provides an estimate of the actual depassivated area that then can be 

compared with results obtained using other methods (Table 2.6). 

 

2.3.4 Correlation between volume of the scar and particle kinetic energy 

The total deformation that happens on the surface due to a single particle 

impact is the sum of the elastic and plastic deformations. The elastic portion of the 

deformation, in which its energy will be returned to the particle at the end of the impact 

period and results in a particle rebound velocity in the normal direction, Zel, arising from 

elastic approach of the centre of the mass of particle toward the plane surface, is 

calculated using the Hertzian elastic theory [28]: 

2
r

2
yel    35.24 −= ERZ σ  (2.4) 

where, Er is the reduced modulus of elasticity, σy is the yield stress of the surface 

material and R is the radius of the particle. 

On the other hand, the extent of plastic deformation and its depth can be calculated 

using simple geometrical calculations, by considering that the volume of scar, Vscar , to 

be equal to the volume of a spherical cap produced by a single impact, Vcap. Using Figure 

2.6, Vcap formed on the surface is calculated as follows: 

( )hRhV −= 3   π
3
1  2

cap  (2.5) 

222   )(  ahRR +−=   
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Figure  2-6 Schematic representation of the spherical cap formed due to single particle impact on the 

surface of the sample. 

where a is the radius of the crater produced on the surface. The depth of elastic 

deformation is almost ten times smaller than plastic deformation [29, 30], and so it was 

ignored in this study. The deformation of target material due to elastic deformation 

from particle impact at subordnance velocities is negligible compared to that of plastic 

deformation [30].  

The diameters of solid particles may affect the crater sizes. To demonstrate this 

effect, the volume of the scar was plotted versus particle kinetic energy (Figure 2.7) for 

the velocity range used in this study, and a good linear correlation was observed 

between the scar volume and particle kinetic energy. This suggested that the size of the 

particles did not affect the consumed charge for repassivation, provided that the kinetic 

energy of the impacting particles was the same. 
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2.3.5 Dynamic hardness concept and linear correlation of kinetic energy of the 

particle with crater volume  

Dynamic hardness, Pd, is the maximum dynamic flow pressure during impact of a 

particle on a flat surface. It can be calculated using Equation 2.6, as done by 

Sundararajan et al. [12]. 

 

Figure  2-7 Scar volume vs. particle’s kinetic energy due to normal component of velocity for silicon 

nitride and zirconia particles with two different diameters. 

 

( ) cap
2

nr
2

nipd  /     
2
1  VVVmP −=    (2.6) 

mp is the mass of particle, Vni is the normal component of impact velocity and Vnr is the 

normal component of rebound velocity. Note that only the normal component of 

velocity is used to calculate the dynamic hardness of the target material. To determine 
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the dynamic flow pressure of the target, the dissipated incident energy, Upl, due to 

plastic deformation is set equal to the sum of deflections of all points in the contact area 

in z direction times the flow pressure: 

∫ ∫ =
Z S

Pld d d UzsP     (2.7) 

This integral equals the volume of the crater times the dynamic flow pressure, Pd.  

Table 2.7 shows the results for dynamic flow pressure calculated at different 

velocities, where the ratio of dynamic hardness to the Meyer hardness of 304 stainless 

steel was also included. It was concluded from these results that dynamic hardness was 

not very different from static hardness in the case of 304 stainless steel over the velocity 

range used in these experiments. Under the prevailing experimental conditions, 

Equations 2.6 and 2.7 show that, from a theoretical point of view, the ratio of kinetic 

energy of the particle to the volume of the cap is Pd which is almost constant at these 

velocities. This means that the volume of the cap varied linearly with the kinetic energy 

of the particle. 

Table  2-7 Dynamic hardness and its ratio to Meyer hardness of the surface at different velocities. 

 

 

 

 

  

Velocity (m/s) Particle  Scar Volume(m3) Pd Pd/Ps 

5.0 ZrO2 5.4X10-14 1851 1.028 

7.8 Si3N4 4.3X10-14 1842 1.023 

9.0 ZrO2 1.3X10-13 1850 1.028 
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2.3.6 Correlation of particle kinetic energy and electrical charge produced by current 

transient  

According to Faraday’s law, the electrical charge consumed in repassivation is 

given by Equation 2.2, which is modified to form Equation 2.3 by replacing  mass with 

the product of density and volume. Thus, according to Equation 2.3, consumed charge 

for repassivation must obey a linear correlation with volume of the removed passive 

film as: 

RF1R  VKQ =     (2.8) 

where: 

F

FFF
1

  
M

ZFK ρ
=     (2.9) 

However, experimental measurements in the velocity range of this study (Figure 2.8) 

indicated a linear correlation between consumed repassivation charge and scar volume, 

which meant that: 

Scar2R  VKQ =     (2.10) 

where VScar is the scar volume. Combining Equations 2.8 and 2.10 led to a linear 

correlation between depassivated volume, or volume of the film that was removed, and 

scar volume: 

scarV30RF    VV α=     (2.11) 

where: 

12V30 / KK=α      (2.12) 
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αV30 is the volumetric α at 30° and its meaning is the ratio of the depassivated volume 

to the total volume of the scar at 30° impact angle. 

 

Figure  2-8 Experimentally measured consumed charge vs. Scar volume. 

 

Knowing that the thickness of the passive film was only a few nanometers, almost all of 

the particle kinetic energy on the surface was consumed to deform the base metal, 304 

stainless steel. Thus the portion of the energy that was consumed for deformation of 

the passive film, only a few atomic layers, was negligible compared to that of the base 

metal. Knowing this and using the concept of dynamic hardness: 

Scard
2

npn    5.0 Particle VPVmK ==   (2.13) 

In Equation 2.13, Kn  is particle kinetic energy due to the normal component of its 

velocity and Vn Particle is the normal component of particle velocity. Combining Equations 
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2.3, 2.11 and 2.13 results in the following correlation between  consumed charge for 

repassivation and particle kinetic energy: 

Fd

FFnV30F
R  

    
MP

ZFKQ αρ
=    (2.14) 

From the data in Table 2.7 it was known that, within the impingement velocity range of 

this study, dynamic flow pressure could be treated as a constant. Thus, according to 

Equation 2.14, it was expected that there would be a linear correlation between 

consumed charge and particle kinetic energy in the normal direction. This expectation 

was confirmed by the experimental data in Figure 2.9.  

 

Figure  2-9 Experimentally measured consumed charge vs. particle’s kinetic energy in normal direction. 

 

The results in Figure 2.9 also indicate that the difference in particle hardness did not 
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energies. It should be noted that particles were chosen so that the ratio of particle to 

sample hardness was greater than 1.5 in all experiments. 

Equation 2.12 shows that α depends on two parameters, K1 and K2. The former 

can be determined theoretically and the latter experimentally. It was difficult to 

calculate the exact value of K1 since it depended on passive film density and the number 

of transferred charges in the repassivation process, each of which were not known 

exactly. However, it was obvious that K1 had a constant value for any specific condition. 

On the other hand, K2 was determined from the slope of the plot of the experimental 

curve for consumed charge of repassivation versus scar volume (Figure 2.8). Thus, α is 

the ratio of an experimental constant to a theoretical constant for each angle of particle 

impact. The value of α was not a constant for all angles, although it was shown to be a 

constant for a particular angle within the velocity range of this study. Consequently, 

these values were designated as αV30. 

An approximate value of α was obtained by assuming that the passive film was 

composed equally of Cr2O3 and Fe2O3, (5210 kg/m3 and 5240 kg/m3 respectively[27]),  

which gave a value of 8 x 10-5 for α. The physical meaning of this value was that the 

depassivated volume of the film was less than 0.01% of the total scar volume that was 

created by a single impact at 30°. Note that the above estimated value of α was the 

ratio of the depassivated volume of the film to the volume of the scar, not the ratio of 

the surfaces. For calculation of the ratio of the depassivated surface to the scar surface 

the volumes in Equation 2.11 were replaced by the corresponding surfaces as follows. 
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Assuming that passive film thickness was uniform over the surface of the sample and 

that passive film was totally removed in the areas where depassivation happened: 

( )film  theof thickness10  2 /   9
RFRF

−×=VS  (2.15) 

The corresponding surface area of the created scar in a spherical cap as shown in Figure 

2.6 was calculated using simple geometry: 

( )( )RhRhSV 6/3capcap −=    (2.16) 

Since in these experiments the depth of the scar was very small(μm) in comparison to 

the radius of the particle(mm), h was very small compared to 3R, and so (3R-h) was 

approximately equal to 3R, so that: 







=

2
   capcap

hSV      (2.17) 

h in all impacts varied between 3 to 11 μm. Now, replacing Equations 2.15 and 2.17 in 

Equation 2.11 for an impact with 8 μm scar depth resulted in the following equation: 

6
capV30

9
RF 10  8      10  2  −− ×××=×× SS α   (2.18) 

A new coefficient, αS30,  is defined to correlate SRF and Scap. αS30 is the planar α at 30° 

and its meaning is the ratio of the depassivated area to the total area of the scar at 30° 

impact angle. Rewriting Equation 2.18 leads to the approximate value of 0.3 for αS30, as 

shown in Equation 2.19: 

capRF  3.0  SS =      (2.19) 

This means that almost 30% of the scar surface was depassivated due to a single impact 

at 30°. Different values of α were expected to be observed with changing impact angle. 

One of the key factors that affected the value of α was the ratio of normal and 
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tangential forces on the surface, which was a constant for each angle. This effect could 

be investigated by comparing impacts at different impact angles. 

 

2.3.7 Prediction of current on 304 stainless steel in flowing slurry 

It was observed in the previous section that the experimentally measured 

consumed charge during repassivation varied linearly with particle kinetic energy at low 

velocities. When the kinetic energy of the sand particles in a slurry was calculated, the 

charge consumed during repassivation by each of their impacts could be read from the 

curve in Figure 2.9, and so it was possible to predict the total current on a sample in 

flowing slurry. When the sand concentration and flowing velocity of slurry were low, the 

interaction between the impingements of different particles could be ignored and the 

linear superposition model was valid, i.e., the total electrical charge resulting from 

multiple impingements was equal to the sum of electric charge created by individual 

impacts. The average kinetic energy of individual particles was calculated using the 

mean diameter of silica sand particles in the slurry, 40 µm, and different velocities of 

slurry. From the calculated values for the kinetic energy of each particle, Figure 2.9 was 

used to find the corresponding consumed charge during repassivation (extrapolation of 

the curve to other energies). A simple calculation using the particle concentration in the 

slurry gave an estimate for the current, i, that was produced while the slurry was 

flowing on the sample. The method is described in detail below; 

t
Qi t  =        (2.20) 
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where t is time duration that the target is subjected to the impacts of n particles and in 

these calculations it has the value of unity. Total charge Qt  per unit of time is: 

∑=
n

1
it QQ       (2.21) 

where n is the total number of the particles impacting on the surface in unit of time and 

Qi is the charge that is produced by each of those impacts. Total number of particles 

impacting on the surface in unit of time, n, is; 

particle

sandslurrynozzleslurry    
m

CAV
n

ρ
=      (2.22) 

where V is the slurry velocity, A is nozzle tip area, ρ is density of slurry, C is sand 

concentration in slurry and m is the average mass of particles. Using the above 

approach, the estimated current for slurries containing different sand concentrations at 

two velocities of 10 m/s and 15 m/s was calculated (Figure 2.10) along with the results 

from slurry jet experiments. The above calculations and comparison were viable at the 

low velocities used in this study and in low sand concentrations where it was possible to 

assume that particles acted seperately on the surface and they did not have an 

interaction with each another on or near the surface. As observed from Figure 2.10, at 

very low sand concentrations up to 1 wt%, the calculated data obtained through the 

described approach was very close to the experimental values obtained using slurries. 

As the sand concentration increased, the calculated current prediction had a 

higher value than the experimental current under real conditions at both 10 m/s and 15 

m/s velocities. One major possible reason for this deviation was that particle 

interactions became more significant at higher sand concentrations.  
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Figure  2-10 Comparison between predicted current using single impingement consumed charge vs. 

kinetic energy curve and experimentally measured current on 304 stainless steel in flowing slurry. 

 

2.4 Conclusions 

(1) Both theoretical analysis and experimental measurements showed that the volume 

of the crater created by individual particle impingement, in the impingement velocity 

range between 5 m/s and 11 m/s, correlated linearly with particle kinetic energy. 

(2) Even at low velocities where it was not expected that material would be removed 

from the surface in a single particle impingement process, the passive film on some 

parts of the crater surface was removed by a single impact. It was found that the freshly 

bared metal surface area fraction of the crater was about 30% when the impingement 

angle was fixed at 30o.  
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(3) The electric charge required to repassivate the damaged surface area created by the 

particle impingement was a linear function of the crater volume or the particle kinetic 

energy, in the impact velocity range between 5 m/s and 11 m/s. 

(4) The electrical charge required to repassivate the unit bare metal surface determined 

from the single particle impingement could be used to predict the average corrosion 

current density of target material in flowing slurry at low slurry sand concentrations up 

to 1 wt%. When the sand concentration or impact velocity was low, the linear 

superposition model gave a good prediction. 
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3 Effects of particle angular velocity and friction force on erosion enhanced 

corrosion of 304 stainless steel 

 

3.1 Introduction 

It was previously mentioned that erosion-corrosion occurs when solid particles 

suspended in the slurry impact the surface of the material. The synergistic interaction 

between the electrochemical reactions and mechanical forces applied by solid particles 

cause damage much more than the sum of individual damages caused by each of these 

phenomena [1]. Also several factors, which significantly affect the wear due to erosion-

corrosion, were discussed in previous chapters [2-9]. In the case of passive materials in 

an aqueous medium, the rate of electrochemical reactions on the surface is very low; 

however, if solid particles impact the passive layer, depending on their velocity, 

direction of impact, shape and mechanical properties, the passive film either breaks off 

or is partly damaged [8-11]. When the passive film is damaged and depassivation occurs, 

the rate of electrochemical reactions on the surface increases dramatically. One part of 

this increase in electrochemical reactions is correlated with the repassivation process 

while another part is correlated with metallic dissolution [12, 13]. If the passive material 

is held in the passive potential range, the rate of repassivation will be much higher than 

the rate of metallic dissolution. After the impact, the increased current rapidly reduces 

to its original value before particle impact and a current transient peak is observed in 

just a fraction of a second before repassivation is completed. The magnitude of this 

peak which represents the erosion enhanced corrosion is dependent on the extent of 

the depassivation of the surface. Thus, in order to obtain better understanding of the 
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effects of different parameters on the depassivation process and erosion-corrosion rate, 

it is important to study the problem of a particle impacting a flat surface and the 

corresponding damage mechanisms. 

Due to the very short impact periods and the highly localized deformations 

included in the impact phenomenon, studying the impact becomes a very complicated 

problem. The linear and angular velocities of the particle and its direction of motion 

after impact depend on many factors. Linear and angular velocities of the particle 

before impact, its impact angle on the surface, the hardness and the roughness of the 

surfaces in contact and the friction force between the particle and the surface are some 

of the relevant factors. It has been shown by Kharaz et al. that when a particle impacts a 

flat surface in air, most of the particle velocity in the normal direction is lost at impact 

angles higher than 50⁰. Under the same impact conditions, the particle velocity in the 

tangential direction is mostly lost at impact angles around 60⁰ [14-17]. Also the particle 

angular velocity due to the impulse that is transferred to it during the impact is a 

maximum at 50⁰ [14-17]. Effects of the angular velocity and travelling direction of the 

particle before impacting the surface on its rebound direction and the angular velocity 

after impact have been previously studied [18, 19]. On the other hand, it has been found 

that the maximum erosion-corrosion damage occurs at lower impact angles around 30⁰ 

[20-22]. Also single impingement experiments have shown that the erosion enhanced 

corrosion becomes a maximum at 30⁰ impact angle [11]. In this chapter, effects of 

different impact parameters on the erosion enhanced corrosion of 304 stainless steel 
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and the depassivation of the surface were investigated by impingement of particles on 

the surface in an aqueous medium. 

 

3.2 Experimental methods 

304 stainless steel sheets (UNS S30400) were cut down to 3x18 mm samples. The 

original plate was purchased from AK Steel Corporation (Table 3.1). Before performing 

experiments each sample was finished with a P1200 grit sand paper, washed with 

distilled water and air-dried. 

Table  3-1 Composition of the 304 stainless steel (wt%). 

C Mn P S Si Cr Ni N 
0.08 2 0.045 0.03 0.75 18 8 0.1 

 

The test device used in this work has been described previously in chapter 2 (Figure 2.1). 

This device is capable of impinging particles with different diameters up to 3 mm at 

impact angles ranging from 15⁰ to 90⁰ at velocities between 1.5 m/s and 25 m/s.  

Velocities between 3 m/s and 7.5 m/s were chosen to conduct experiments. In 

this velocity range, current transients were large enough to be detected and 

differentiated from each other while this velocity range was also close to the service 

condition in the tailings of the oil sands processing facilities. In order to accelerate the 

particles, a nozzle with the shape of a cone was used. The velocities of the particles 

were later confirmed with pictures captured by a Motion Scope PCI 8000S high speed 

camera that was coupled to the experimental setup. Image J software was used to 

perform the velocity measurements of particles at the nozzle tip, velocity 
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measurements of particles before and after impact, and the measurements of impact 

and rebound angles. The details of this design along with combined sequential photo 

frames that were used for velocity measurements are described in chapter 2. 

Electrochemical measurements were performed in a three electrode system 

setup with a REF 600 Gamry potentiostat that was connected to the experimental setup. 

The potentiostat held the samples at 200 mV (vs. SCE) while it was recording the 

corresponding currents as a function of time. A saturated calomel electrode (SCE) was 

used as the reference electrode and a 4 x 6 cm platinum mesh was used as the counter 

electrode in all experiments.  

 

Figure  3-1 Sample current transient due to zirconia particle impact on 304 stainless steel at 7 m/s at 

200mVSCE along with micrographs of the scars. 
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A high data acquisition rate was necessary to precisely detect the current 

transients, since depassivation and repassivation processes are very fast and happen in 

a fraction of a second. Thus a 1000 Hz data acquisition rate was used in these 

experiments to collect enough data points. Figure 3.1 shows a sample current transient 

along with two micrographs of the scars formed due to impacts of particles at different 

angles. 

A stable and uniform passive film was required in order to study the effect of 

impact dynamics on depassivation. Thus, a potential of 200 mV (vs. SCE), which lies in 

the mid range of passive potentials for 304 stainless steel according to its dynamic 

polarization curve, was chosen to conduct these experiments. The passive film was 

formed and stabilized for 10 minutes, where a current density of 2 μA/cm2 was recorded 

at the end of this period and no significant decrease in this current was recorded. 

Because of the similarities between the composition of tap water and the water 

that is present in the tailings of the oil sands extraction process, tap water with a pH of 

7.7 was chosen to conduct these experiments. Table 2.2 gives more details about the 

composition of the water that was used as electrolyte. One concern with using tap 

water as the electrolyte was its conductivity. The corresponding IR drop could cause 

errors during electrochemical measurements. A closer look at the current ranges that 

were measured in these experiments (μA), the conductivity of the solution (375 μS/cm) 

and 0.5 cm distance between the positions of the reference  and working electrodes, 

reveals that the maximum IR drop contribution was not significant in these experiments 
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and the corresponding errors were less than 5%. The details of IR drop calculations are 

given in chapter 2. 

Spherical zirconia and silicon nitride particles with 2.18 mm diameter were used 

to perform these experiments. More details on particle shapes can be found in table 

2.3. The main factor in the selection of particles was their hardness so that the ratio of 

the hardness of the particles to the hardness of the target was always greater than 1.5 

for both zirconia and silicon nitride particles. This allowed us to assume that the results 

were almost independent of particle hardness as was previously reported by other 

researchers [23]. 

 

3.3 Results and discussion 

3.3.1 Physical and mechanical aspects of the impact 

It has been reported that the energy loss due to the elastic waves produced 

during impact of a particle on the surface is very small and the coefficient of restitution, 

e, can be directly calculated by measuring the rebound and impact velocities as follows 

[24-26]: 

impact

rebound

V
V

e =         (3.1) 

where Vrebound is the rebound velocity of the particle and Vimpact is the impact velocity of 

the particle. Coefficient of restitution is a useful parameter that shows the amount of 

energy that is dissipated during the impact. It can also be shown as en and et, which are 

the normal and tangential coefficients of restitution, respectively. In this study, the 
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former was used to define the extent of plastic deformation on the surface and the 

latter was used to calculate the angular velocity of particles after impact. These 

quantities can be defined according to Figure 3.2 and through Equations 3.2 and 3.3. 

ni

nr
n V

Ve =         (3.2) 

ti

tr
t V

V
e =         (3.3) 

where Vni and Vti are normal and tangential components of particle impact velocity and 

Vnr and Vtr are normal and tangential components of particle rebound velocity. 

 

Figure  3-2 Schematic representation of a single particle impacting a flat surface and the corresponding 

translational and angular velocities. 
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A plot of en against particle impact angle for the low velocities used in this study 

is shown in Figure 3.3. It was found that as the impact angle increased from glancing to 

normal angles, the normal coefficient of restitution decreased. Increasing the impact 

angle at constant velocity increases the normal component of the velocity; however, the 

ratio of the rebound to impact velocity in the normal direction is reduced. This is mainly 

due to increased plastic deformation on the surface, during which more energy is 

dissipated.   

 

Figure  3-3 Normal coefficients of restitution as a function of impact angle for zirconia particles 

impacting 304 stainless steel surface at four different velocities under flow of a fluid. 

 

As described earlier, impact and rebound velocities were calculated by analyzing the 
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was measured. Values obtained for en from the velocity measurements before and after 

impact were between 0.3 and 0.9 depending on the impact angle. Also, following each 

impact a crater was observed and its dimensions were measured using an optical 

microscope. These results proved the existence of plastic deformation on the surface 

due to single particle impacts. As explained in chapter 2, the role of the tangential 

component of the velocity in plastic deformation on the surface is negligible in the 

velocity range of these experiments, since no lip formation can be observed and the scar 

shapes for all impact angles are circular in shape. In addition to the existence of plastic 

deformation, knowledge of the extent of plastic deformation was necessary to be able 

to define the deformation regimes and applicable theoretical models. Impacts can be 

divided into two groups: elastoplastic impacts, where a small amount of plastic 

deformation is involved, and finite plastic deformation impacts, in which larger amounts 

of plastic deformations are involved. The former group contains a very limited amount 

of piling up and sinking in during the impact and can be analyzed by classical impact 

theories [27]. Thus, in Figure 3.4, en(E*/Y)0.5, which represents the extent of 

deformation, was plotted against (Vni/Vy)/(E*/Y)2 , which represents the extent of the 

applied force on the surface. Y is the material’s yield stress, Vy is the yield velocity, the 

velocity at which the plastic deformation starts, and E* is the reduced modulus of 

elasticity as defined in Equation 3.4:  

SurfaceParticle

11
*

1
EEE

+=       (3.4) 
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where EParticle and ESurface are the moduli of elasticity of the particle and the surface, 

respectively. Also Vy is defined in Equation 3.5 [26, 27]:  

0.5

4

5

y *
052.5 








=

ρE
YV       (3.5) 

where ρ is the particle’s density. For more clarification, the finite element analysis 

results that were previously reported by Wu et al. [24-26] are also shown in Figure 3.4. 

It can be concluded from Figure 3.4 that, for all the impacts that were performed in this 

study, the extent of plastic deformation fell within the elastoplastic domain where the 

sinking in and piling up were not significant and the problem could be dealt with by 

classical theoretical models [26]. Vy was calculated to be 2.7 mm/s for the impact 

conditions of this study. It is noteworthy that this velocity represents onset of plastic 

deformation; however, the extent of plastic deformation at this velocity is very small. 

It was previously shown in chapter 2 that the shape of the craters formed due to single 

impacts in the velocity range of this study was almost circular and not a significant piling 

up could not be detected. Given all the above observations, it was possible to deal with 

the problem of a particle impacting a flat surface from the rigid body theory point of 

view. The tangential impulse that worked on the solid surface during the impact was 

responsible for the angular velocity that was transferred to the particle during the 

impact. Impulse is defined as the change in the particle’s momentum (ΔmV) before and 

after impact [28]. Impulse is used since it is now possible to calculate the coefficient of 

friction. Also the angular velocity of the particles can be calculated through the impulse. 
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Figure  3-4 Plot of en(E*/Y)0.5 against (Vni/Vy)/(E*/Y)2 for determination of the plastic deformation 

domain along with simulation results of Wu et al [24]. 

 

Rigid body theory gives the transferred angular velocity, ωr, as [10, 17]: 

2
t

r mk
RP

=ω         (3.6) 

where Pt is the tangential impulse, R is the radius of the particle, m is the particle’s mass 

and k is the radius of gyration of the particle. In the case of spherical particles Equation 

3.6 can be rewritten as: 

( )trtir 2
5 VV
R

−=ω        (3.7) 
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Figure 3.5 shows a plot of et against particle impact angle. It is observed that the 

tangential coefficient of restitution reaches a minimum at impact angles around 60⁰ and 

later increases as the impact angle increases to normal. This indicates that a higher 

percentage of energy was dissipated due to particle velocity in the tangential direction 

at impact angles around 60 ⁰. Since the shapes of the craters from different impact 

angles are not different, this can be attributed to the frictional forces in the contact 

patch. These forces are still not high enough to extensively deform the surface in the 

tangential direction and create a lip on the samples; however, they are large enough to 

depassivate the surface and damage the thin oxide layer on the surface. As the impact 

angle increases, the applied force on the surface in the normal direction increases. This 

increases the frictional resistance of the contact patch and it becomes more difficult for 

the particle to overcome this resistance and slide; thus more energy is dissipated in the 

tangential direction and the coefficient of restitution is decreased. Using Equation 3.7 

the transferred tangential velocity to the particle was calculated for different impact 

conditions and the results are plotted in Figure 3.5. 

From Equation 3.6 and results shown in Figure 3.5, it can be concluded that the 

tangential impulse that worked along the contact area between the particle and the 

surface reaches its maximum at an impact angle around 60 ⁰. Knowing this, when at 

lower impact angles the sliding between particle and surface is considered, the normal 

and tangential impulses can be correlated as [28]: 

nt PP .µ=         (3.8) 
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Figure  3-5 Tangential coefficient of restitution and transferred angular velocity as a function of impact 

angle for zirconia particles impacting 304 stainless steel surface at different velocities (points with dark 

background represent the transferred angular velocity). 

 

where Pn is the impulse in the normal direction and μ is the ratio of the tangential to 

normal impulses. Equation 3.8 can be rewritten as [17]: 

i
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e
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θµ cot.
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=        (3.9) 

Figure 3.6 is a plot of et against (1+en).tgθi for zirconia particles. As shown in this plot, 

for the results obtained at 3.2 m/s impact velocity of zirconia particles, a line was 

perfectly fitted to the first three data points, which correspond to impact angles up to 

45 ⁰.  
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Figure  3-6 Tangential coefficient of restitution as a function of (1+en).tgθ for zirconia particles 

impacting 304 stainless steel surface at different velocities. 

 

Lines, with very similar slopes, can be fitted to the first three data points for other 

impact velocities shown in Figure 3.6. When the impact angle was further increased to 

60 ⁰ the experimental points started to deviate from the linear fit. This plot reveals that 

the slope of the line that fits data points up to 45 ⁰ did not differ very much for the 

different velocities that were used in these experiments. According to Equation 3.8, the 

slope of this line can be referred to as the ratio of the tangential and normal impulses or 

in the case of sliding, the coefficient of friction. 
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3.3.2 Electrochemical response of the material to the impacts 

To study the electrochemical response of the surface to a single particle impact, 

samples were held at 200 mV (vs. SCE) for 600 seconds before single particle impacts. 

Current transients were recorded as a function of time; thus the area below the current 

transient curve represents the consumed charge during repassivation. The larger the 

peaks of the current transients, the larger the consumed charges during repassivation. 

Figure 3.7 shows the current transient peak values as a function of the particle impact 

angle at different velocities for zirconia and silicon nitride particles. As apparent from 

Figure 3.7 the maximum amount of charge that was consumed during repassivation was 

detected at 30⁰ impact angle for all four impact conditions. 

The passive film on 304 stainless steel is a very thin layer with a thickness in the order of 

nanometres [29, 30]. Thus, it is very reasonable that the tangential force, acting on the 

surface during the impact, can be responsible for the passive film partial damage or its 

complete removal from the surface in the contact area. Also the particle angular velocity 

before impact may have an effect on the extent of depassivation and so it may influence 

the erosion enhanced corrosion rate. 

A simple comparison between Figure 3.5 and Figure 3.7 indicates that although 

the maximum impulse that was transferred to the particle during impact was noticed at 

a 60⁰ impact angle, the charge that was consumed during repassivation was not 

maximum at this impact angle. This implies that the extent of impulse on the surface 

was not the only parameter that was affecting the surface depassivation. 
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Figure  3-7 Current transient height as a function of impact angle for zirconia and silicon nitride particles 

impacting 304 stainless steel surface at 200mVSCE at different velocities. 

 

In pursuance of investigating the effect of particle pre-impact angular velocity on 

depassivation of the surface, the graph in Figure 3.8 can be used. Because of the design 

method and characteristics of the single impingement device that was used in these 

experiments, single particles that were impacting the surface had different angular 

velocities before impact. 

Two pistons were used to introduce the single particles into the fluid stream. 

Because this process was not automated, the periods in which the particles were being 

pushed to the stream by pressing the piston were slightly different. 
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Figure  3-8 Current transient height as a function of particle’s pre impact angular velocity for zirconia 

particles impacting 304 stainless steel surface at different velocities. 

 

This difference in pressing time caused different pre-impact angular velocities in 

different particles. This created the opportunity of having single impacts with different 

pre-impact angular velocities, but similar linear velocities and impact angles. Some of 

the particles were marked before experiments which made it possible to experimentally 

measure pre-impact and after-impact angular velocities. 

Figure 3.8 depicts several impacts at 30⁰ impact angle with 3.2 m/s and 5.5 m/s 

linear impact velocities; however, the pre-impact angular velocities were different. It 
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significant effect on the depassivation process at the low impact velocities that were 

used in these experiments. 

 

3.3.3 Assumption of the average forces and the dissipated kinetic energy during the 

impact 

According to Figure 3.6, the ratio of the tangential and normal impulses in all 

four cases of the impact did not change significantly with changing impact velocity. From 

3.5 m/s to 7.5 m/s the current transient peaks increase three times while μ remains 

almost constant. In chapter 2, it was shown that for a constant particle impact angle, 

during a single particle impact the consumed charge during repassivation had a linear 

correlation with the kinetic energy of the particle at lower velocities up to 10 m/s. Figure 

3.9 is a plot of the consumed charge during repassivation against the lost kinetic energy 

of the particle due to the change of velocity in the normal direction. It is apparent from 

this plot that more charge is consumed during repassivation as a particle loses more 

kinetic energy during the impact. This part of the particle kinetic energy is mostly lost 

due to plastic deformation occurring on the surface. It was also shown that lip formation 

during the impact is negligible because of the low velocity range that is used. Thus the 

crater formation can be attributed to the normal component of the velocity and the 

corresponding kinetic energy loss. Assuming an average flow pressure σn due to the 

change of velocity in the normal direction during plastic deformation of the surface, one 

can write: 
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where ΔKn is the lost kinetic energy due to the change of particle velocity in the normal 

direction, VC is the final crater volume and dv is the change in the crater volume.  

 

Figure  3-9 Experimentally measured consumed charge during repassivation vs. ΔKn for zirconia and 

silicon nitride particles at different impact velocities. 
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where dh is the change in the depth of the crater, Fn is the force in the normal direction 

and nF  is the average force in the normal direction. Both the average force and the scar 

depth change by altering the lost kinetic energy. In this study, it was possible to 

determine how the scar depth changed with the lost kinetic energy. Thus, experimental 

results of the depth of the crater formed after impact against the lost kinetic energy 

were plotted in Figure 3.10.  

 

Figure  3-10 Scar depth as a function of particle kinetic energy due to the velocity change in the normal 

direction for impact of silicon nitride and zirconia particles with 2.38mm diameter at velocities from 

5m/s to 12m/s. 
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These results imply that regardless of the impact angle and the velocity of the impact, 

the crater’s depth has an exponential correlation with ΔKn. When h in Equation 3.11 is 

replaced with its experimental substitute according to Figure 3.10, then; 

n

n
n K

K
F

∆
∆

=
−

ln
10*33.3 5       (3.12) 

From the form of Equation 3.12 it is apparent that at values for ΔKn sufficiently 

less than unity, the term ΔKn/ln ΔKn will take the form of a line which is tangent to the 

horizontal axis. Since the values of ΔKn for the single impacts in this study were very 

small due to the low impact velocities and the small sizes of the particles, a linear 

correlation between lost kinetic energy of the particles and nF  was expected. Figure 

3.11 depicts a plot of the experimental data points for the average forces calculated 

through Equation 3.11 and the lost kinetic energy that was experimentally measured 

using the high speed camera. As apparent from Figure 3.11, a perfectly linear correlation 

was observed between the two quantities. Note that the amounts of ΔKn in Figure 3.11 

are very small and this chart is only a small region of the ΔKn/ln ΔKn curve. 

nF  can be used to calculate a corresponding average tangential force, tF , which 

will act  along the contact area between the particle and the surface in the tangential 

direction. Thus, according to Equation 3.8, and since μ was shown to be a constant in 

Figure 3.6, a linear correlation between the two average forces in the normal and 

tangential directions exists. Thus, the correlation between ΔKn and the average 

tangential force will also be linear.  
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Figure  3-11 Average force applied in the normal direction during impact of zirconia and silicon nitride 

particles with 2.38mm diameter on 304 stainless steel surface as a function of particle’s kinetic energy 

change due to change of velocity in the normal direction at impact velocities from 5m/s to 12m/s. 
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force acting on the surface during the particle impact. Keeping this concept in mind, it 

can be concluded that the friction force between the particle and the surface becomes 

maximum at higher impact velocities for a constant impact angle. Two contradictory 

results are at hand: 

(1) By comparing Figures 3.7, 3.9 and 3.11, an increase in friction force with the lost 

kinetic energy of the particles at a constant impact angle is observed, which implies that 

friction force significantly affects depassivation of the surface. 

(2) By comparing Figures 3.5 and 3.7, it is found that friction force at a constant impact 

velocity becomes maximum at higher impact angles while the consumed charge during 

repassivation reaches its maximum at 30⁰ impact angle. This implies that the effect of 

friction force on the depassivation process may not be significant. 

The above mentioned contradictions indicate that, other than a friction force, a 

different factor is present that simultaneously affects the extent of depassivation of the 

surface. In view of the above observations, the following approach was used to further 

analyze and clarify the correlation between the friction force and depassivation.  

Formerly, tF  was assumed to be acting along the contact area between the 

particle and the surface. It was also previously noted that the nature of the impact of a 

single particle on the surface is very complicated and the details of the contact patch at 

different intervals after the start of the impact are even more difficult to define. Thus, it 

is more convenient to deal with this problem by assuming an effective action path, deff, 

for tF . This means that the relative displacement of the particle during the sticking, 

sliding and rolling periods of the contact event between the particle and the surface is 
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averaged to an effective path of action for the average friction force. This assumption is 

based on an experimental finding in chapter 2 implying that sinking in and piling up are 

negligible at the lower velocities used in these experiments. 

Based on the previous assumptions, the change in the kinetic energy due to the 

variation of the velocity in the tangential direction or, in other words, the lost kinetic 

energy due to the change of velocity in the tangential direction, ΔKt, can be accounted 

for by the work that is done by tF along the effective particle-surface contact path 

during the impact. The effective contact path is different from the scar dimension and is 

calculated by dividing ΔKt by tF , Thus two correlations exist as follows: 

fft
0

tt .d.
eff

e

d

dFxFK ==∆ ∫       (3.13) 

( )2
tr

2
tit 2

1 VVmK −=∆        (3.14) 

where dx is the change in the effective path of action for the friction force and Ft is the 

friction force. Since ΔKt is known due to the high speed camera velocity measurements 

and tF  is the product of the friction coefficient and average force in the normal 

direction that was shown in Figure 3.11, deff can be calculated for different impact 

angles by solving Equations 3.13 and 3.14 simultaneously. Figure 3.12 is a plot of the 

effective particle-surface contact path against the particle impact angle. It can be seen 

that the effective contact path was a maximum at 15⁰ impact angle and decreased to a 

minimum value towards normal angles. 
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Figure  3-12 Effective particle-surface contact path length vs. particle’s impact angle for zirconia 

particles impacting on 304 stainless steel surface at different velocities. 
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(2) The contact path length decreases from its maximum to shorter lengths. 

(3) At a critical impact angle between 15⁰ and 30⁰, the friction force becomes high 

enough to effectively depassivate the surface along the contact path while this path is 

still larger than that at higher impact angles. Thus, the most surface area is affected at 

this impact angle while the effective force is reached and so the maximum depassivation 

and erosion enhanced corrosion rate is observed.  

(4) As the impact angle is increased from its critical value, the friction force is increased, 

but its effectiveness does not change very much. At the same time the contact path is 

decreased and a lower surface area is affected by the friction force compared to the 

critical impact angle. Thus lower depassivation occurs and the erosion enhanced 

corrosion rate is decreased. 

 

Figure  3-13 Schematic representation of the proposed mechanism for surface depassivation. 
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It can be concluded that by changing the particle impact angle from normal angles to 

oblique angles, the magnitude of the average friction force between the particle and the 

surface during the impact is decreased; however, the average path that this force acts 

along the surface is increased. This means that one efficient way of reducing the erosion 

enhanced corrosion is through reduction of the friction force between the two surfaces 

in contact.  

 

3.4 Conclusions 

(1) Normal and tangential coefficients of restitution and their dependence on the 

particle impact angle were calculated for a single particle impacting a flat passive metal 

surface under flow of an aqueous solution. 

(2) It was found that the maximum tangential impulse was transferred to particles at 

impact angles around 60⁰.  

(3) Based on the results of this study, it is apparent that the pre-impact angular velocity 

of the particle does not have a significant effect on the extent of the consumed charge 

during repassivation and thus erosion enhanced corrosion of the surface.  

(4) The charge consumed during the repassivation process increases by an increase in 

the average normal force present at the contact patch between the particle and the 

surface during the particle impact.  

(5) An average friction force acts along an average contact path between the particle 

and the surface during the impact, and the length of this action path becomes larger at 

lower impact angles where depassivation of the surface is more pronounced. 
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4 Effect of cold work on erosion-corrosion of 304 stainless steel 

 

4.1  Introduction 

Degradation of materials due to erosion-corrosion is a major problem in many 

industries especially those involved with fossil fuel transportation and processing. In 

comparison to erosion and corrosion individually, the synergistic action of their 

combination can increase the degradation rate of materials up to two times [1]. Both 

erosion and corrosion enhance each other; thus, the erosion-corrosion synergism can be 

divided into two parts: erosion enhanced corrosion and corrosion enhanced erosion. 

Many factors that influence the wear due to erosion-corrosion have been previously 

studied such as impact angle, impact velocity, solid loading in the slurry, corrosivity of 

the slurry, and shape and hardness of the materials in contact [2-7].  

In previous chapters, it was determined that the consumed charge during 

repassivation of 304 stainless steel caused by single particle impact, indicative of erosion 

enhanced corrosion, was linearly correlated to the kinetic energy of that particle at low 

impact velocities. The consumed charge during repassivation was used to predict the 

erosion enhanced corrosion of 304 stainless steel, which was exposed to low velocity 

slurries with low sand concentrations where the particle interactions are not significant 

[8]. Burstein and Sasaki reported a threshold kinetic energy for the impacting particles 

below which passive film rupture was not observed during flow of slurry on the surface 

of 304 stainless steel [9]. 

http://dx.doi.org/10.1016/j.corsci.2010.09.059�


 

118 
F. Mohammadi and J.L. Luo, Corros. Sci., doi:10.1016/j.corsci.2010.09.059. 

We have previously shown that the friction force acting on the surface during the 

impact and its effective path of action played a significant role in determining the extent 

of depassivation and erosion enhanced corrosion. The normal component of impact 

velocity, which is the indenting component, was shown to be mostly responsible for the 

shape and the size of the scars at the low velocities that were used. It was also shown 

that the depth of the scars formed due to single impact is correlated logarithmically to 

the change in the particle kinetic energy due to the change of the normal component of 

its velocity [10]. 

It has been previously proposed that the energy required for indentation of 

materials is a constant and does not depend on the impact velocity [11]. In their 

recently published book, Kleis and Kulu reintroduced this concept [12]. Based on many 

experimental results, they proposed that this specific energy is a constant and 

characteristic of materials and can be used to characterize the dynamic hardness of 

materials. The specific energies required for crater formation are defined as: 

V
W

e 0
0 =      (4.1) 

where e0 is the specific energy for crater formation, W0 with units of Joules (J) is the 

initial kinetic energy of the particle before impacting the surface and V is the volume of 

the crater formed after the impact with units of mm3. 

It has been previously shown that the erosion and erosion-corrosion rate of a 

specific material depend on the relative hardness of that material and the abrasive. 

Furthermore, although different factors affect the erosion-corrosion of materials with 

different hardness, harder materials are shown to usually be more resistant to erosion 

http://dx.doi.org/10.1016/j.corsci.2010.09.059�
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and erosion-corrosion [2, 13]. As a result, different surface treatments and 

strengthening mechanisms have been previously employed to enhance the erosion-

corrosion resistance of materials [13-17]. The single particle impingement method has 

been previously used to study the effects of impact dynamics, hydrodynamics, 

corrosivity of the medium and impact angle on the depassivation and erosion-corrosion 

of passive materials [18, 19].  

In the present chapter, both single particle and slurry jet impingement methods 

were used to quantitatively study the effect of cold work and hardness on the erosion-

corrosion of 304 stainless steel. 

 

4.2  Experimental methods 

Particle size, impact angle on the surface, velocity of the impact and the medium 

in which the impacts were occurring could be changed with the use of the single 

impingement device. A gear pump was used to provide fluid flow at constant pressure. 

The flow of the fluid was measured by a rotary flow meter and could be adjusted by a 

controller that was attached to the motor. Particles were introduced to the fluid flow 

through two pistons; one of them blocked the back flow of the fluid while a particle was 

loaded from the other. Details of this design were described in chapter 2. 

A PCI 8000 Motion Scope high speed camera was coupled to this system. The 

camera is capable of recording up to 8000 fps; however, a frame rate of 2000 Hz was 

used in these experiments. Impact and rebound velocities and angles were calculated by 

analyzing the photo frames that were captured with the camera. Image J software was 

http://dx.doi.org/10.1016/j.corsci.2010.09.059�
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used to analyze the high speed camera pictures. Sequential photo frames of a single 

particle impact on the surface and more specific details on the velocity calculations 

were provided in chapter 3 [8]. 

A TA-215 Stanat rolling machine was used to perform work hardening by reducing 

the sample thicknesses to obtain desired reduction percentages. Furthermore, a MVK-

H1 Mitutoyo micro-hardness testing machine was used to measure the hardness of the 

specimens before and after the cold work was applied. 

In order to perform the experiments in environments that were similar to the 

conditions experienced during service, a slurry jet machine was used to impinge water-

sand slurries on the surface of the samples [20]. These experiments were performed 

using slurries at velocities between 5 m/s and 14 m/s. For weight loss comparison, a 

slurry velocity of 14 m/s was chosen. The fixed solid loading of 5 wt% was also used in all 

of the slurry erosion-corrosion tests.  

All the potentials in these experiments were measured with respect to the 

saturated calomel electrode (vs. SCE). Also a 4 x 6 cm platinum mesh was used as the 

counter electrode in all experiments. All of the experiments in this study were 

conducted at room temperature (22 ˚C). 

A three electrode potentiostat, REF 600 Gamry, was attached to the system. The 

samples were held at desired potentials (200 mV vs. SCE for erosion-corrosion 

experiments and -850 mV vs. SCE for erosion experiments) and the potentiostat 

recorded the current transients arising from the surface in response to single and 

multiple particle impacts. A data acquisition rate of 1000 Hz was chosen since 
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depassivation and repassivation of the surface happen very fast and a large number of 

data points are required in order to record accurate current transients. One current 

transient along with the scar that formed on the surface of the sample due to single 

particle impact were presented in chapter 2. 

Samples of 3 x 18 mm were used to perform single particle impact tests and 5 x 8 

cm samples were used to perform slurry jet impingement tests. The sample holder in 

the slurry jet device was specifically designed so that only a circular area of the sample 

with a diameter equal to the nozzle, 0.25 inch, was exposed to the environment. Thus, 

only this area was used in the calculation of current densities in slurry jet experiments. 

All of the samples were cut from original 304 stainless steel sheets that were purchased 

from AK Steel Corporation. The chemical composition of the steel is shown in Table 4.1. 

Before running each experiment, samples were ground with a P1200 grit sand paper, 

washed with distilled water and air dried. 

Table  4-1 Alloy composition for 304 stainless steel (wt%) 

C Mn P S Si Cr Ni N 
0.08 2 0.045 0.03 0.75 18 8 0.1 

 

Spherical zirconia particles with the average diameter of 2.38 mm were used to 

perform single particle impingement tests. More details on the size and characteristics 

of the particles are provided in chapter 2. Silica sand from Lane Mountain Company was 

mixed with tap water with a pH of 7.7 in order to prepare the slurries for the slurry jet 

impingement experiments. The reason for choosing tap water for slurry preparation was 
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that it contained similar chemical components as the water used in common oil sands 

extraction processes. The composition of the water is reported in Table 4.2. 

Table  4-2 Composition of the tap water (mg/L). 

Al 0.051 Cu 0.003 
Cl- 4.19 Fe < 0.002 
F- 0.76 Pb < 0.0005 
Cr < 0.001 Mn < 0.001 

 

Stable passive films were formed on the sample surfaces after they were held at 

200 mV (vs. SCE) which lies in the mid range of passive potential according to the 

dynamic polarization curve for 304 stainless steel. After 10 minutes of passivation, a 

current density of 2 μA/cm2 was recorded and no further decrease in this current was 

observed. In order to eliminate the effect of corrosion, some of the experiments were 

performed at -850 mV (vs. SCE), which is in the cathodic region of the dynamic 

polarization curve for 304 stainless steel. 

 

4.3 Results and discussion 

Similar to many other alloys, 304 stainless steel is susceptible to sensitization and 

should be corrected especially if the material is to be used in corrosive environments. 

When a sensitized material is exposed to erosive corrosive conditions, intergranular 

corrosion along with the difference between the mechanical properties of the grain 

boundaries and the rest of the material can cause a reduction in the material strength 

and affect the erosion-corrosion resistance of the material. Therefore, before running 

experiments, samples were analyzed and X-ray maps of the surface were provided in 
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order to investigate the possible sensitization of samples. The results are shown in 

Figure 4.1 which shows that samples were not sensitized. 

 

Figure  4-1 (a) X-ray map of Fe, Ni, and Cr for 304 stainless steel samples. (b) SEM of the eroded surface 

of 304 stainless steel at 30˚ impact angle and 14 m/s slurry velocity. 
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4.3.1 Single particle impact analysis 

4.3.1.1 Effects of cold work and hardness 

Sheets of 304 stainless steel were cold rolled so that the thickness was reduced 

by 2.5%, 5%, 10%, 20% and 33% relative to their original thickness. Hereinafter, the 

thickness reduction percentage will be referred to as the cold work percentage. The 

Vickers hardness measurements after the rolling process showed an increase in the 

hardness of the samples as expected. This effect is shown in Figure 4.2. 

 

Figure  4-2 Vickers micro hardness of 304 stainless steel samples as a function of cold work percentage 

(applied load of 0.3 kg for 10 seconds). 

Specimens were prepared from as-received and work hardened sheets and single 

particle impact experiments were performed in aqueous solutions. The kinetic energy of 

the impacting particle was measured through the analysis of the images that were 
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captured by the high speed camera. On the other hand, optical micrographs of the scars 

that formed on the surface due to single impacts were used to determine the scar sizes. 

The specific energies required for crater formation were calculated according to 

Equation 4.1. Figure 4.3 shows the specific energies of crater formation as a function of 

impact velocity for samples with different cold work percentages. It is evident that as 

long as the amount of cold work is not changed, the specific energy of crater formation 

is not affected by the impact velocity and hence remains constant. These results support 

the proposal of Kleis and Kulu [12] mentioning that the specific energy of crater 

formation seems to be a characteristic of the material. 

 

Figure  4-3 Specific energy of crater formation plotted for different cold work percentages as a function 

of impact velocity. 
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Before particle impact, samples were held at 200 mV (vs. SCE) for 10 minutes while the 

current passing through their surface was recorded using a REF 600 Gamry. As impact 

occurs on the surface, the passive film is damaged and a current transient is observed. 

This current transient can be due to both metallic dissolution and repassivation of the 

surface; however, the magnitude of this current transient is representative of erosion 

enhanced corrosion. Figure 4.4 shows the magnitude of current transients as a function 

of impact angle for samples with different amounts of applied cold work.  

 

Figure  4-4 Current transients due to zirconia single particle impacts at 6m/s and 200 mV (vs. SCE) for 

samples with different percentages of cold work as a function of impact angle. 

 

Zirconia particles were impinged on the surface of 304 stainless steel samples at a 
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increasing the extent of work hardening decreases the magnitude of current transients. 

It was previously shown that the shapes of the craters are almost spherical and identical 

for different impact angles, which is caused by the low velocities used in these studies. 

In chapter 2, both the friction force and its effective path of action were shown 

responsible for the amount of depassivation that occurs on the sample surface. The 

effective path of action, deff, was defined as the length of the path along the surface that 

the friction force acts during the particle impact. As mentioned earlier, since the impact 

velocities in these experiments were low, the shape of the craters formed due to single 

particle impacts were almost identical at different impact angles and thus, the effect of 

tangential force on  plastic deformation was not significant. It was also reported that the 

consumed charge during repassivation is linearly correlated to the kinetic energy of the 

impacting particles; however, kinetic energy can be consumed in the forms of plastic 

deformation, friction force and elastic waves; all three can generate heat on the surface 

during the impact. The effect of elastic waves was previously studied and shown to be 

insignificant relative to this study. Also it was shown that the calculated repassivation 

charge due to plastic deformation of the surface is much smaller than the 

experimentally measured charge consumed during repassivation [8]. Therefore, friction 

force was considered for depassivation, which then was shown to not be solely 

responsible for the depassivation. Therefore, the path of its action on the surface during 

the depassivation process was also studied [10]. Furthermore, the amount of erosion 

enhanced corrosion of passive materials is affected by the friction force and the 

effective path. 
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The ratio of the tangential impulse to the normal impulse is defined as the coefficient of 

friction, μ, and it can be calculated through Equation 4.2 [21]: 
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θµ cot
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=     (4.2) 

where en and et are the coefficients of restitution in the normal and tangential 

directions, respectively, and are calculated through Equations 4.3 and 4.4, θ is the 

particle impact angle or more specifically, the angle between the surface and the 

direction of particle impact. 
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In Equations 4.3 and 4.4, Vnr and Vni are the normal components of the rebound and 

impact velocities, and Vtr and Vti are the tangential components of the rebound and 

impact velocities, respectively. The amount of energy that is dissipated on the surface 

during the impact is represented by en and et. Thus, in Figure 4.5, the slopes of the lines 

are the coefficients of friction for sheets with different amounts of cold work. It is 

observed that the coefficient of friction is independent of the amount of work 

hardening that is applied to the material. The decrease in the magnitude of current 

transients observed in Figure 4.4 can be due to either the friction force or the path over 

which it acts on the surface. Since the coefficient of friction remains almost constant 

and does not change with cold work, it can be concluded that the effective path of 
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action of this force changes with cold work and subsequently influences the extent of 

depassivation of the surface.  

 

Figure  4-5 Tangential coefficient of restitution as a function of (1+en).tanθ for zirconia particles 

impacting 304 stainless steel surfaces with different cold work percentages (slope of the lines are -μ). 

 

4.3.1.2 Evaluation and application of the previous model for depassivation 

As described earlier, we proposed a model for depassivation of passive materials 

due to single particle impacts on the surface. Two average forces were assumed to act 

along the contact patch during the particle impact: one in the normal direction and one 

in the tangential direction. The normal force was calculated through experimental 

measurement of the scar depth and the particle kinetic energy loss due to the normal 
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component of velocity. The coefficient of friction between the two surfaces in contact 

was also experimentally measured through Equation 4.2, which made calculation of the 

average tangential force possible. The work of this force was set equal to the 

experimentally measured particle kinetic energy loss due to the tangential component 

of velocity. An effective path of action for the average tangential force was calculated 

through the above procedure and it was found that the length of this path of action 

plays a significant role in the depassivation process. In this chapter, our previously 

proposed model is evaluated by more experimental results. 

A closer look at Figure 4.4 reveals that, although at each impact angle the magnitude of 

the current transients is reduced by applying more cold work to the samples, the 

maxima of the peaks for cold worked samples are still observed at a 30⁰ impact angle 

similar to the as received samples. The differences between the magnitudes of the 

current transients of cold worked samples and the magnitudes of the current transients 

of as-received samples were calculated and are shown in Figure 4.6. Interestingly, the 

maxima of these differences are also observed at a 30⁰ impact angle for all the cases of 

work hardened steels. Considering that, according to Figure 4.5, the coefficient of 

friction is constant for all the cases of work hardened samples, the effective path of 

action for the friction force was calculated for the impacts. The change in the particle 

kinetic energy due to the change in the tangential component of its velocity, ΔKf, is set 

equal to the work of friction force and deff is calculated. 
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Figure  4-6 Current transient difference with as received samples for samples with different percentages 

of cold work as a function of impact angle. 

 

The difference between the effective paths of action of the friction force in the impacts 

on as-received samples and the impacts on cold worked samples, Δdeff, were calculated 

and are plotted in Figure 4.7. It is observed that Δdeff is maximum for 15⁰ impact angle 

and progressively decreases at higher impact angles. It is also observed that Δdeff is 

smaller for impact angles higher than 45⁰ compared to those lower than 45⁰. The most 

obvious question is that if Δdeff is mostly responsible for the reduction in current 

transient magnitude, why is the reduction not significant for the 15⁰ impact angle where 

Δdeff is maximum? The proposed mechanism may be used again to answer this question.  
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Figure  4-7 Δ deff , the difference in the effective path of action, as a function of cold work percentage at 

different particle impact angles. 

In the range of velocities examined in this study, the friction force at 15° may not be 

high enough to effectively depassivate the surface and thus, the effect of Δdeff may be 

influenced by the effectiveness of the friction force itself. Also from Figure 4.7 it is 

evident that at a constant impact angle, Δdeff slightly increases as the amount of cold 

work increases. This explains the reduction in current transient magnitudes that is 

caused by work hardening. 

 

4.3.2 Slurry erosion-corrosion analysis 

In order to further investigate the effect of cold work on erosion-corrosion of 

304 stainless steel, more experiments were performed using a slurry jet machine. An 
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impact angle of 30⁰ was chosen for these experiments since the most severe erosion-

corrosion has been previously observed at this impact angle [4, 8]. Erosion, corrosion 

and their synergistic effect were studied separately and the role of the synergism was 

identified. The total damage was addressed as follows: 

c
e

e
ccet WWWWW +++= 00    (4.5) 

where Wt is the total mass loss, We
0 is the mass loss due to erosion free of corrosion and 

is measured by holding the samples in the cathodic region and gravimetrically 

calculating their weight loss due to slurry erosion, Wc
0 is the mass loss due to corrosion 

free of erosion and is measured by measuring the current density of the samples in 

flowing water with no sand and calculating through the Faraday equation, Wc
e is the 

mass loss due to corrosion enhanced by erosion, which is calculated similar to Wc
0 only 

with slurry flowing on the samples, and We
c is the mass loss due to erosion enhanced by 

corrosion and is calculated by deducting the sum of three previous mass losses from the 

total mass loss while slurry flows on the surface. The sum of the last two parameters is 

the mass loss due to synergism, Ws. 

An analysis of the incorporated errors in the evaluation of erosion-corrosion data is 

necessary. For Ws, the error can be calculated through: 

222020 )()()()( c
e

e
cceS σσσσσ +++=  (4.6) 

where σe
0, σc

0, σc
e and σe

v are errors due to corrosion, erosion, corrosion enhanced 

erosion and erosion enhanced corrosion, respectively, and σS represents the error 

incorporated in the calculation of synergy damage rate. From Equation 4.6, it can be 

concluded that very accurate measurements are required in order to obtain reliable 
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data for erosion-corrosion rate. A small amount of measurement error in may cause 

significant error in calculating the erosion-corrosion rate. Therefore, in order to reduce 

the error percentage, great care was taken in repeated measurements of the 

degradation rates. 

Initially, the effect of cold work on the repassivation behaviour was studied. 

Figure 4.8 shows the passivation curves of samples with different amounts of cold work 

applied to them in a stagnant aqueous solution for 900 seconds. 

 

Figure  4-8 Passivation current density at 200mV (vs. SCE) in tap water solution as a function of time for 

samples with different amounts of cold work. 

As shown in Figure 4.8, the initial application of cold work in the range of 2.5 % to 20 % 

increases both the repassivation time and current and thus promotes the corrosion rate 

of the surface; however, a further increase in the amount of cold work does not affect 
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the repassivation behaviour of the surface any further. Many mechanisms can be 

mentioned that are responsible for the increase in corrosion rate upon cold working the 

samples. One simple explanation is that oxidation reactions on the surface occur when 

the metal ions move from preferred sites on the surface toward the solution. Some of 

these preferred sites that can be mentioned are grain boundaries, dislocations and 

surface imperfections, all of which are increased and altered by application of cold work 

to the samples.  

In order to study the effect of cold work on the erosion-corrosion rate of the 

samples in a passive potential, Wt, the samples were held at 200 mV (vs. SCE) while the 

slurry was flowing on their surface. The effect of cold work on the erosion rate of the 

samples in a corrosion free condition, We
0, was studied by holding the samples at -850 

mV (vs. SCE), which is in the cathodic region of the 304 stainless steel dynamic 

polarization curve. Figure 4.9 shows the effect of cold work on the erosion-corrosion 

rate of the samples at 200mV (vs. SCE). It is observed that the erosion-corrosion rate 

decreases with an increase in the amount of cold work; however, the extent of this 

decrease becomes much smaller as the applied cold work exceeds 5%. 

Effect of cold work on the corrosion free erosion rate of the samples is also shown in 

Figure 4.9. It can be observed that by increasing the amount of applied cold work to the 

samples, the erosion rate decreases in the beginning; however, when the applied cold 

work reaches 5%, this effect becomes insignificant and no further decrease in the 

erosion rate of the samples is observed. 
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Figure  4-9 Erosion corrosion rate, pure erosion rate and the synergy contribution to erosion corrosion 

rate of 304 stainless steel with different applied cold work amounts. 

The corrosion rate of the samples in an erosion free environment was calculated 

through the Faraday equation: 

FZ
QMm =      (4.7) 

where m is the consumed mass of the substance, Q is the charge passed through the 

electrode, M is the molar mass of the substance, F is the Faraday constant, 96485 

C/mol, and Z is the valence number of ions of the substance. Corrosion rate is increased 

by two simultaneous phenomena; one is the increase in the fluid velocity which is called 

flow induced corrosion and the other is the erosion itself. In order to separate these two 

effects, an experiment was performed and the results are shown in Figure 4.10 in which 
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the as-received sample was passivated for the first 300 seconds in a stagnant solution. 

Once the 300 second mark was reached, the pump was turned on and the water flowed 

on the surface with 14 m/s velocity while the current was being recorded.  

 

Figure  4-10 Passive current density of 304 stainless steels with different cold work amounts under flow 

of water with no sand at 14 m/s at 200 mV (SCE). 

A stable current density of 22 μA/cm2, observed between 350 s and 600 s in Figure 4.10, 

was used to calculate the values of Wc
0 through Equation 4.7. The calculations resulted 

in 0.015 mg cm-2 hr-1 corrosion rate on the surface in the absence of erosion, Wc
0. This is 

a low rate since the 200 mV (vs. SCE) potential that the samples were held at during the 

experiments is in the passive region of 304 stainless steel. According to Figure 4.10 the 

corrosion rate of different samples does not change significantly with cold work, and 

since the pure corrosion rate is very small compared to the other three damage rates 
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shown in Equation 4.5, this rate was used for all the samples with different applied cold 

works. Since the corrosion rate is much smaller than erosion and erosion-corrosion 

rates, it cannot be seen in Figure 4.9; however, its amount was considered in the 

calculation of the synergy contribution shown in Figure 4.9. 

In order to investigate the synergism of erosion and corrosion, the effect of cold 

work on the erosion enhanced corrosion rate of 304 stainless steel, Wc
e, was measured 

at various flow rates and the results are shown in Figure 4.11.  

 

Figure  4-11 Current densities of stainless steels with different amount of cold work under flow of slurry 

at different velocities at 200 mV (SCE). 

It can be seen that the recorded currents for all the samples with different amounts of 

applied cold work are almost identical at each impact velocity. These results are 
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different from what was observed in Figure 4.4 in the case of single particle impacts. 

Single particle impact experiments showed that increasing the amount of cold work 

decreases the magnitude of current transients. Since slurry erosion is the sum of many 

sand particle impacts, a significant difference in the recorded currents was expected in 

Figure 4.11; however, these currents are almost the same. This phenomenon may be 

due to the effect of work hardening that is caused by multiple sand particle impacts 

during the slurry erosion. Regardless of the amount of cold work that is initially applied 

to the samples and acknowledging the fact that the samples are all made of the same 

material with the same work hardening ability, the work hardening characteristics of the 

surface layer of the samples (corrosion only affects this layer) become identical after the 

very first few seconds of slurry impact. This is due to the work hardening effect during 

the slurry erosion-corrosion, which also has been previously reported by other 

researchers [22]. The erosion enhanced corrosion rate of all the samples at 14m/s 

impact velocity was calculated through Equation 4.7 and Figure 4.11 and it was 2.04 mg 

cm-2 hr-1. 

Figure 4.12 shows the second component of the synergistic action of erosion and 

corrosion, the corrosion enhanced erosion, We
c. This part of the damage was calculated 

by deducting the sum of all other three damages from the total damage. According to 

Figure 4.12, the contribution of corrosion in enhancing the erosion rate of 304 stainless 

steel is also decreased by increasing the extent of the cold work applied to the samples. 

Hardness is representative of a material’s mechanical properties. Normally, harder 

materials have higher yield stresses. In erosion-corrosion applications, harder materials 
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which are ductile are preferred since they provide a combination of strength and 

formability, which enhances their properties for the service. According to the platelet 

mechanism [23], accumulation of strain in the roots of platelets formed due to multiple 

particle impacts results in their final detachment from the surface; therefore, it is 

important that the material can handle more deformation so that the detachment of 

the platelets requires more impacts. However, formation of the platelets is dependent 

on the material’s strength in the first place. A harder material needs more energy to be 

deformed and platelets are more difficult to produce. In the case of cold rolled 304 

stainless steel, the hardness and the strength of a ductile material are increased; 

therefore, the material’s resistance to erosion-corrosion is increased. 

 

Figure  4-12 Mass loss rate of 304 stainless steel due to different synergistic actions of erosion and 

corrosion as a function of cold work percentage. 
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The effect of velocity of the slurry on erosion-corrosion rate of 304 stainless steel was 

studied by performing more experiments at different velocities ranging from 5m/s to 14 

m/s on the as-received samples (Figure 4.13). It is observed that an increase in the 

velocity of the slurry results in an increase in the erosion-corrosion rate of the material. 

However, the weight loss increase with velocity shows a semi-linear shape meaning that 

the weight loss due to erosion-corrosion changes in a somewhat linear manner with the 

kinetic energy of the particles floating in the slurry in the velocity range studied. 

 

Figure  4-13 Erosion corrosion rate of 304 stainless steel as a function of slurry velocity. 

It can be concluded that since the overall rate of corrosion of 304 stainless steel in the 

passive potential region is very low, its contribution to erosion-corrosion is not 

significant for softer materials where the erosion rates are significantly higher; however, 

0

80

160

0 40 80 120 160

V2 (m2/s2)

M
as

s 
Lo

ss
 (m

g 
cm

-2
 hr

-1
)

As Received

http://dx.doi.org/10.1016/j.corsci.2010.09.059�


 

142 
F. Mohammadi and J.L. Luo, Corros. Sci., doi:10.1016/j.corsci.2010.09.059. 

for harder materials, the role of erosion enhanced corrosion becomes more pronounced 

as it covers 33% of the synergistic damage that is caused on the surface of the sample 

with 20% cold work (Figure 4.12). 

 

4.4 Conclusions 

(1) Specific energy of crater formation for 304 stainless steel was calculated and it was 

shown that this energy is a constant at each percentage of cold work that is applied to 

the material. 

(2) It was found that the coefficient of friction between the surface and the impacting 

particle remains unchanged after application of different percentages of cold work to 

the sample. 

(3) For materials with different amounts of cold work, the difference between the 

magnitudes of the current transients is a function of the difference in the length of the 

effective path of action for the friction force. 

(4) Erosion enhanced corrosion rate of 304 stainless steel subject to the flow of water-

sand slurry does not depend on the hardness of the steel, which may be due to the work 

hardening effect of the slurry on the surface. 
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5 General discussion and future work recommendations 

Studying the particle-surface interactions during slurry erosion-corrosion in 

order to have a better understanding of the erosion-corrosion mechanism was the main 

objective of this research study. Another objective was to be able to use single particle-

surface interactions to predict the overall material response in erosive corrosive 

conditions. Finally, it was aimed to use the basic understanding obtained of the particle-

surface interactions to study the effect of cold work on erosion-corrosion of materials. 

In order to perform the single particle impingement tests, a new device was 

designed and constructed based on Finnie’s calculations for the velocity of a spherical 

particle that is introduced to a flow [1]. Using this device, it was possible to impinge 

single particles with diameters up to 3mm while the impact angle and velocity could be 

changed as well as the medium (Figure 2.1). For a better observation of the particle-

surface interactions, a high speed camera was coupled with this system. Also a three 

electrode potentiostat was attached to the system to simultaneously study the 

electrochemical response of the surface to single particle impacts. In order to simulate 

the actual service condition, a slurry jet impingement device was used, which was 

capable of impinging slurry at different velocities up to 30 m/s at different impact angles 

from 0⁰ to 90⁰. 

Preliminary studies of the single impacts of zirconia, silicon nitride and glass 

particles on the surface showed that the produced current transients had a maximum 

height at 30⁰ impact angle. 
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Further observations of the single particle impact velocity along with the study of 

the craters formed on the surface by these impacts revealed that in the velocity range 

between 5m/s and 11m/s, the volume of the craters is linearly correlated with the 

kinetic energy of the impacting particles. It was also found that in this range of impact 

velocity where previous erosion theories do not predict any material removal from the 

surface [2], some parts of the passive film are removed from the surface of the material 

and depassivation of the surface occurs. A comparison between the charge required for 

repassivation and the crater volume showed their linear correlations with each other 

and the impacting particle kinetic energy. It was shown that at 30⁰ impact angle, the 

ratio of the depassivated surface area to the total surface area of the crater, αs30, was 

0.3, which means that 33% of the crater surface area was depassivated at this impact 

angle. 

Furthermore, the charge required for repassivation of the surface due to single 

particle impacts were used to predict the erosion enhanced corrosion rate of the 

surface in a slurry. Predictions were accurate at sand concentrations up to 1 wt% where 

the inter-particle interactions were negligible and impacting and rebounding particles 

did not interfere with each other. 

To further study the mechanism of impact and interactions between particle and 

surface during impact, the coefficient of restitution, e, was used as defined earlier by 

other researchers [3-5]. Coefficient of restitution is the ratio of the rebound velocity to 

impact velocity and is representative of the amount of energy that is dissipated during 

the impact. The experimental results showed that the coefficient of restitution in the 
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normal direction decreases with increasing the impact angle. It was found that the 

tangential coefficient of restitution also decreases with increasing the impact angle up 

to 60⁰ and then increases towards normal impact angles. However, the trans ferred 

angular velocity to the particles is maximum at 60⁰ impact angle. Coefficient of friction 

between the two surfaces was calculated from the coefficients of restitution and a value 

of 0.22 was defined for the coefficient of friction between the zirconia particles and 304 

stainless steel. Pre-impact angular velocity of the spherical particles was experimentally 

measured and showed not to have a significant effect on the extent of depassivation of 

the surface of 304 stainless steel. 

Consequently, average normal and tangential forces were assumed to be acting 

on the surface during the impact. It was proposed that the friction force between the 

two surfaces is mostly responsible for the depassivation of the surface. Also it was 

shown that the path that the friction force acts along the surface is important and 

affects the extent of depassivation of the surface. Based on these observations a 

mechanism was proposed for the depassivation of the surface during impact. In the 

proposed mechanism average normal and tangential forces are assumed to act along 

the surface during the impact. It is shown that the erosion enhanced corrosion rate of 

304 stainless steel depends on both the magnitude of the average tangential force and 

the effective path that it acts along the surface during the impact. 

Different amounts of cold work were applied to samples of 304 stainless steel to 

study its erosion-corrosion properties. It was found that the coefficient of friction 

between the zirconia particles and 304 stainless steel remained constant regardless of 
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the amount of cold work that was applied to the samples. However, cold work increased 

the amount of specific energy of crater formation on the surface. Specific energy for 

crater formation is defined as the ratio of the initial kinetic energy of the impacting 

particle to the crater volume. 

Single impingement experiments revealed that the current transient heights 

decrease by increasing the amount of cold work applied to the samples. This indicated a 

decrease in the erosion enhanced corrosion of the surface during slurry flow. However, 

mass loss measurements showed that this effect is insignificant where slurry flows on 

the surface, which is due to the work hardening of the surface, and erosion enhanced 

corrosion of all the samples is almost equal. Mass loss experiments also showed that all 

of the erosion, corrosion and synergy rates decrease by increasing the amount of cold 

work applied to the samples. However, the effect of cold work on the corrosion 

enhanced erosion is more pronounced than other parameters. It was also found that 

the erosion-corrosion rate of 304 stainless steel is linearly correlated to the kinetic 

energy of the flowing slurry. 

In summary, a basic understanding of the particle-surface interactions during 

slurry flow was obtained in this study. The mechanism of surface depassivation of 304 

stainless steel and the factors affecting it were investigated. The effect of cold work on 

the erosion-corrosion rate of 304 stainless steel was investigated with specific attention 

to the friction force. These results will help future research in the field of erosion-

corrosion move in a new direction by considering kinetic energy and friction force as 

two important factors that affect erosion-corrosion rate. 
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5.1 Future work recommendations 

Based on the findings of the present work, the following subjects can be 

recommended in particular for further studies: 

• Since one of the main conclusions of this study was that the friction force and its 

effective path of action on the surface are two important factors that affect the 

extent of depassivation of the surface: 

1.  Further studies are required to investigate the depassivation mechanism 

from different points of view and perspectives. Also more experimental 

results will be beneficial for the evaluation of this mechanism. More 

accurate calculations of the average normal and tangential forces are 

possible through averaging both the normal force and the depth of the 

scar. 

2. Several compounds can be added to the solution to reduce the 

coefficient of friction between the surfaces without significantly affecting 

other hydrodynamic properties of the solution. This can be further 

studied to reduce the erosion-corrosion rate of materials. 

• The proposed model for prediction of erosion enhanced corrosion of 304 

stainless steel provided good predictions in lower sand concentrations where the 

inter-particle interactions were not significant. This model can be further 

modified so that it accounts for these interactions and provides more accurate 

predictions. 
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• Cold work was used to increase the hardness of the material and it was shown to 

improve the erosion-corrosion properties of 304 stainless steel. Application of 

hard coatings can be the subject of a new study in order to increase the surface 

hardness and improve the erosion-corrosion resistance. 

• Nano-indentation studies of different spots of the crater area can be performed 

in order to determine the change in hardness and its correlation with the kinetic 

energy of impact and its effect on the erosion-corrosion rate. 

Moreover and in general, inasmuch as there is still no successful model to predict the 

erosion-corrosion rate of the materials, research work to study and develop such a 

model is required. 
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6 Appendix A 

''''''''''''''''''''''''''' Newton Raphson ''''''''''''''''''''''''''''''' 

Const delta = 0.00000000001 

Const t0 = 1                    'Initial Guess 

Function f(t, x, k, u) 

    f = x - (k * u * t - Log(1 + k * u * t)) / k 

End Function 

Function d(t, x, k, u) 

    d = (f(t + delta, x, k, u) - f(t, x, k, u)) / delta 

End Function 

Function nr(x, k, u) 

    t = t0 

    Do While Abs(f(t, x, k, u)) > delta 

        t = t - f(t, x, k, u) / d(t, x, k, u) 

    Loop 

    nr = t 

End Function 

''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' 

Sub main() 

    V = Cells(2, 2)         'Particle Velocity 

    u = Cells(3, 2)         'Fluid Velocity 

    DD = Cells(4, 2)        'Pipe diameter 

    For x = 0 To Cells(6, 2) Step Cells(1, 2) 

        Re = Abs(V - u) * Cells(8, 2) * Cells(9, 2) / Cells(10, 2) 

        CD = 24 / Re * (1 + 0.197 * Re ^ 0.63 + 0.00026 * Re ^ 1.38) 

        k = 3 * CD * Cells(8, 2) / 4 / Cells(7, 2) / Cells(9, 2) 

        t = nr(x, k, u) 

        V = k * u ^ 2 * t / (1 + k * u * t) 

        DD2 = Cells(4, 2) - (Cells(4, 2) - Cells(5, 2)) / Cells(6, 2) * x 
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        u = u * DD ^ 2 / DD2 ^ 2 

        DD = DD2 

    Next x 

    Cells(1, 5) = V 

    Cells(2, 5) = u 

End Sub 

 

Sub main2() 

j = 0 

For i = 0.07 To 0.6 Step 0.01 

    j = j + 1 

    V = Cells(2, 2)         'Particle Velocity 

    u = Cells(3, 2)         'Fluid Velocity 

    DD = Cells(4, 2)        'Pipe diameter 

    For x = 0 To i Step Cells(1, 2) 

        Re = Abs(V - u) * Cells(8, 2) * Cells(9, 2) / Cells(10, 2) 

        CD = 24 / Re * (1 + 0.197 * Re ^ 0.63 + 0.00026 * Re ^ 1.38) 

        k = 3 * CD * Cells(8, 2) / 4 / Cells(7, 2) / Cells(9, 2) 

        t = nr(x, k, u) 

        V = k * u ^ 2 * t / (1 + k * u * t) 

        DD2 = Cells(4, 2) - (Cells(4, 2) - Cells(5, 2)) / i * x 

        u = u * DD ^ 2 / DD2 ^ 2 

        DD = DD2 

    Next x 

    Cells(1 + j, 7) = i 

    Cells(1 + j, 8) = V 

    Cells(1 + j, 9) = u 

Next i 

End Sub 
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Figure  6-1 Theoretical prediction of the dependence of the velocity of a 2.38 mm zirconia particle on the 

nozzle length when exiting the nozzle (water velocity at the nozzle exit is 10 m/s, diameter at nozzle 

entrance is1/2“ and diameter at nozzle exit is 1/8” ). 
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