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Part I:

Overview of mechanisms and models for erosion corrosion due to particle impacts 

The processs of erosion-corrosion by solid particles occurs in many environments ranging from off shore environments to health care industries.  The extent of wastage is dependent on a wide range of parameters relating to the tribological contact-particle/target properties- and the nature of the environment [1-3].   In such cases, the vast range of variables involved means that development of mathematical models presents many challanges [4].
In the literature, it is now well established that erosion-corrosion rate is not generally the direct addition of the erosion and corrosion rate [1-6]. There is an interaction between the two processes. The interaction may results in an additive i.e. erosion enhances corrosion, synergistic i.e. erosion enhances corrosion, or antagonistic i.e. corrosion impedes corrosion effects. Therefore, in developing theoretical models for erosion-corrosion, the material may undergo many possible material loss mechanisms which are functions of the physics and chemistry of the proceses associated with the mechanics of contact.  

In this chapter a review is presented of the mechanisms of erosion and erosion-corrosion and their interactions in erosion-corrosion process.  The review includes erosion of ductile and brittle ceramic materials, and interactions of erosion and corrosion in various aqueous environments.   Some new materials charts are generated showing the mechanistic interactions involved in erosion-corrosion in two and three dimensions 
1.0  Erosion: 
1.1 Overview of solid particle erosion models for metals 
The mechanism of erosion is very much dependent on the processes parameters involved. Properties of the impacting particles, target materials and environment have a major influence on the mechanism of erosion. 
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 Fig. 1: Typical dependence of erosion (dimensionless) on impact angle (the dotted curve (curve a) is for ductile metals, whereas the bold curve (curve b) is for brittle materials) [6].   

In the literature, various schools of thought exist for the mechanism of erosion. 
For the erosion of ductile metals, Finnie [7] and Bitter [8-9] reported that, at oblique impact, erosion occurs by the cutting action of the particle irrespective of its shape and size. Hutchings [6] agreed with the cutting mechanism at oblique impact, however, the cutting action has three different types, depending on the shape and orientation of the erodent particles. For the erosion by oblique impact of spherical particles, the material is removed by a ploughing action, displacing materials to the front and side of the particle. Further impacts on the neighbouring site cause removal of highly strained materials from the rim or terminal lip of the crater.  For angular shaped particles, Hutchings [6] proposed a similar mechanism to that by Finnie [7] and Bitter [8-9], although the cutting action is acknowledged to be two different types depending on the orientation of the erodent particle as is strikes the target surface, as well as whether the particle rolls forwards or backwards during contact.
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Fig. 2: Cutting mechanisms during oblique impact erosion, impact direction was from left to right [6]
Fig 2 show,  if the particle rolls forwards during the contact, material is removed by repeated impacts on a prominent lip formed by the indenting angular particle and this is termed as type-I cutting. If the particle rolls backwards, a true machining action occurs and material is removed as a chip from the target surface by the impact of a sharp tip of the erodent particle. This is termed as type-II cutting and reported to occur over only a narrow range of particle geometries and impact conditions [6].

In normal impact erosion of ductile materials, plastic deformation is observed to be the mechanism of material removal. Bitter [8-9] proposed that repeated impacts of erodent particles at normal incidence can cause loosening a piece of material from the impact site. Hutchings [10], for the construction of his first erosion model, in agreement with the proposal of Bitter [8-9] considered the mechanism of materials removal as a low-cycle (high strain) fatigue process. However, in this work it was observed that the low-cycle fatigue model [10] could not predict the experimentally observed erosion rate. Hence it was suggested that other mechanisms, apart from low-cycle fatigue, operate at normal incidence, such as, cutting by angular hard grit particles, adiabatic shear failure and high cycle fatigue [10].

Hutchings [11], in the construction of his second model, proposed that erosion of ductile metals at normal incidence occurs by the formation of thin platelets lying parallel to the eroded surface, and the platelets subsequently become detached from the target surface above a critical strain. Sundararajan and Shewmon [12] contended that such platelets are formed after detachment of the extruded lip formed along the rim of a crater. It was also suggested that a critical plastic strain is required for an extruded lip to be detached from the target surface. Extending this theory further, Levy [13] reported that the platelet-mechanism not only prevails at the normal impact erosion of ductile materials but oblique impact also.

1.2 Erosion Models for ductile metals

Erosion resistance is not an intrinsic material property. It depends on the parameters and conditions used. Since the pioneering work of Finnie in 1958 [7] there have been various attempts worldwide to derive a correlation between the erosion rate and the parameters used, in a mathematical form. In the literature, modelling erosion of ductile metals was treated separately for the oblique impact and normal impact of erodent particles, because of the mechanism involved in the two processes are entirely different. It is unanimously agreed that oblique impact erosion occurs by a cutting mechanism and Finnie’s models [7, 14] have been developed for oblique impact erosion. However, Finnie’s models have some limitations in direct application [7, 14]. For normal impact erosion, although the particle impacts cause plastic deformation of the substrate, various schools of thought exist in identifying the exact manner of materials removal. 
1.2.1 Oblique impact erosion model by Finnie
At oblique impact angles, Finnie [7, 14] defines the volume of material removed as the volume swept out by the tip of the particle, purely as a result of plastic deformation.     The cutting action of the particle stops when either the horizontal motion of the particle ceases or when the particle tip leaves the surface.
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1.2.2          

where fc is the proportion of particles impacting the surface cutting in an idealised manner. Ui is the erodent particle impact velocity, Dt and Hs are the density and static hardness of target material respectively, and ( is the particle impact angle.  K is the ratio of vertical to horizontal force components on the particle, and was assumed as a constant
1.2.2 Normal impact erosion model by Hutchings

At normal impact, the erosion for ductile material at normal impact by spherical particle occurs by the formation and subsequent detachment of platelets of metal lying parallel to the eroded surface [15]. Hence, the model developed by Hutchings [11] suggests that detachment of platelets is only possible when the accumulated plastic strain within the fragment, after many cycles of plastic deformation, reaches a critical value, and the final expression for dimensionless erosion rate has been shown below.
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where Hd and Dt is the dynamic hardness and density of the target material respectively, Dp is the density of erodent particles, and Ui is the erodent particle velocity. The term (r/(c2 cannot be measured independently. Hutchings assumed the value of (/(c2 is equal to 0.7.
1.2.3 Normal impact erosion model by Sundararajan and Shewmon
For normal impact, Sundararajan and Shewmon [12] derived an equation on the basis of the critical stain criteria for the erosion to occur. They consider that at normal impact erosion occurs mainly by the removal of localised extruded lip along the rim of the crater after a certain number of particle impacts on the material surface. The criteria for the removal of such lip are assumed to be based on a critical strain which the lips attain after a number of particle impacts. This model takes into account the thermo-physical property of material undergoing erosion, and the final expression for dimensionless erosion can be given as:  
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Where Ui is the velocity of impacting particles. Dp, Cp, Tm, Hs are the density, specific heat, melting temperature, and static hardness of the target material 
1.3 Solid particle erosion models for ceramics

For erosion of brittle materials, it is unanimously agreed that erosion occurs by the brittle fracture, in which material is removed from the surface by formation and intersection of cracks. However, this does not mean that brittle materials cannot be plastically deformed. A localised impact load can cause plastic deformation of a brittle substrate by plastic flow or structural densification [16-17]. Thus, the nature of crack formation in a brittle material is very much dependent on the erodent size and shape. 

At normal impact erosion, for spherical erodent particle of above 2 mm size, erosion of brittle materials is thought to be due to Hertzian fracture (cone cracking)[16-17], whereas, for angular particles and spherical particles of below 2 mm size, erosion occurs by lateral cracking [16-17 ]. Schematically the sequence of events for one complete cycle for the formation of the cone and lateral cracks are presented in Fig. 3 and 4 respectively.
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During erosion of brittle materials, repeated impacts of erosive particles cause cone or lateral cracks formation depending on the erodent particle shape and size and these cracks intersect and finally loosen a chunk of material to be eroded.  

Development of models of erosion of brittle materials is mainly confined to normal impact erosion probably because the degradation rate is highest at normal incidence and the damage mechanism of both the normal and oblique impacts are similar, as depicted in Fig 2. Therefore, the following review is only confined to the modelling of normal impact erosion of brittle materials.

1.3.1 Sheldon and Finnie

Modelling erosion of brittle materials was pioneered by Sheldon and Finnie in 1966. Following the development of models for erosion of ductile materials [7, 14], Finnie [18] approached the problem from the perspective that erosion of brittle materials occurs as a result of brittle fracture by the propagation and intersection of cracks ahead of, or around the erodent particle. 

 Sheldon and Finnie [18] derived the following equation for erosion of brittle material.

For spherical erodent particles 
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and for angular erodent particle
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where Vol is the volume of material loss per mass of erodent particles, kf1 and kf2 are a quantity involving material constants and  r is the radius of particle.  f1(m), f2(m) and f3(m)are the function of the flaw parameter of the Weibull fracture strength distribution.

For validation of the model, Finnie carried out erosion experiments in a gas erosion rig on five different materials, namely tool steel, glass, moulded graphite, high density magnesia and high density alumina using hardened spherical steel shots and angular silicon carbide grit as erodent [18].

In spite of the various assumptions in their analysis, Sheldon and Finnie [18] found a satisfactory general agreement between the theoretical and experimental values of the particle velocity exponent and radius exponent. However, this analysis underestimates the exponent f1(m) and f2(m) for erosion of glass by spherical steel shots  and  overestimate the f1(m) and f3(m) for other materials. In addition, the constants, kf1 and kf2, although defined as independent of particle radius, were observed that for small particles, corresponding to the SiC erodent, kf2 is much greater that kf1. 

Sheldon and Finnie [18] provided a clear picture of how material is removed during the erosion process. However, an inherent assumption in this model is that brittle materials do not plastically deform. In fact, brittle materials plastically deform when angular particles or small spherical particles impact on the target surface [16-17]. This plastic deformation arises from the structural densification and plastic flow of the target material. Based on this aspect, dynamic and quasi-static erosion models are developed. However, Sheldon and Finnie’s [18] analysis is valid for large spherical erodent particles where the Hertzian contact condition prevails. 

1.3.2 The dynamic model:

In 1978, Evans et al [19] proposed a theoretical model of the impact fracture event in a brittle material impacted by a projectile.  In developing the model, the key features of impact dynamics and basic fracture mechanics was used to analyse the fracture behaviour of the impacted site. Based on a dynamic impact experiment (single impact and multiple impacts) on various brittle materials by different type and shape of particles, the derived the following expression for the volume of material removed during erosion events: 
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5
Equation 5 gives the erosion rate in volume of material removed per particle and Evans et al [19] found a good correlation with the data for low-velocity erosion available in the literature.  

1.3.3 The quasi-static model

 A quasi-static model was proposed by Lawn et al [16-17] based on the assumption that the erosive particle impact on a brittle solid is analogous to a quasi-static indentation test, where the kinetic energy of the impacting particle is consumed by the indentation fracture of the target. This [16-17] was intended to predict the strength degradation of brittle materials for various contact situations such as sharp particle static indentation, blunt particle static indentation, sharp particles impact indentation and blunt particle impact indentation. These models used later by various other researchers to predict erosion rate of brittle materials. 

Erosive wear occur due to intersection of the lateral crack in the case of sharp particle or Hertzian crack in the case of spherical particle with the surface. They suggested an expression for the dimensionless erosion for two different systems:

For the median crack system the following expression was suggested:
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6
where dm and Dp are the mean diameter and density of the erodent particle. The velocity exponent, n , depends on erodent shape: cone n=2.4, sphere n=2 and cylinder n=0.67. The density exponent, p, is 1.2 and the static hardness exponent, q, is equal to 0.11. 

For lateral cracks, the expression for equilibrium crack evolution was derived with allowance for the close proximity of crack plane and specimen free surface and the approximate form erosion expression is as follows:
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7
1.3.4 Scattergood et al

Dynamic and quasi-static models have been unanimously accepted in the literature of erosion of brittle materials. These models can easily be extended for different erosion systems.  Scattergood and co-writers [20-22] extended the dynamic and quasi-static models for various systems and they suggest erosion models for some systems (e.g. Reaction bonded SiC and SiC reinforced Al2O3), where the dynamic and quasi-static models do not work properly. In this section, erosion models derived by Scattergood and his comments on the dynamic and quasi-static models are reviewed.

Scattergood et al [23] observed that weight loss depends on erodent particle size, velocity and impact angle in the erosion of Si single crystal. For constant erodent particle size, the velocity exponent is independent of impact angle, whereas for fixed velocity, particle size exponent is dependent on the particle size and impact angle. In addition, a threshold particle size and velocity for the erosion was observed to play major role in the erosion process. Based on the above observation, dynamic and quasi-static models were modified by incorporating threshold particle size (d0) and velocity (U0) together with the impact angle (() in the equations. The simplified form can be given as:
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where Wt is the weight loss, As is a function of hardness, density and fracture toughness, Ui sin( is the normal component of velocity, Ui, responsible in the erosion process and d is the erodent particle size. 

Scattergood et al [23] suggested the values for Uo and do be determined empirically. In the erosion of a Si single crystal, the exponent n and m were observed to be closer to the value predicted by the dynamic and quasi-static model.

In this work [24], it was observed that incorporating particle fragmentation effect into the steady state erosion is difficult. However, depending on the erodent fracture tendency, an account of the shape of erodent particles in the erosion process can be made (for example, sharp particles after fragmentation will act as blunt particles) and an appropriate model  depending on the particle size can be used to predict the erosion rate. 

In deriving erosion models for various shaped particles, Scattergood et al [24] considered erosion rate as follows:
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where KIC is the fracture toughness, Pm is the maximum contact force and hm scales with maximum penetration depth or mean size of the indenter volume.  

Invoking a quasi-static analysis, Scattergood et al [24], suggested the exponentials of the parameter of the quasi-static model for various particle size. For ease of presentation the quasi-static model is recalled here:
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The exponents for various particle sizes are presented in table 1
	Shape
	When hm scales with maximum penetration depth
	When hm scales with mean size of the indenter volume
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Table 1: Exponents of the parameters of the quasi-static model for various erodent size [24]

Many commercially available ceramics are not single phase monolithic. Hence, Scattergood [22] attempted to correlate the existing erosion models for the erosion of commercially available ceramics. It was observed that the existing erosion models could not be correlated with the erosion of reaction bonded SiC of two phase duplex microstructure.   In using the dynamic and quasi-static model for the erosion of reaction bonded SiC, it was observed that the target mechanical property (e.g. hardness, fracture toughness and density) must be suitably averaged at the proper micro-structural level, however the task is very difficult for complex micro-structures such as R B SiC. Therefore, an empirically derived equation was proposed for erosion of R. B. SiC  as follows [22]:
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Equation 11 does not agree with the dynamic and quasi-static prediction. “The discrepancies may lie in the inherent assumptions of the theory itself or in its neglect of microstructural interactions and surface morphology”. It can be inferred from the study on erosion of R B SiC [22] that dynamic and quasi-static models cannot be used for the commercially available ceramics which are not single phase monolithic. 
1.4 Solid particle erosion models for composites
The mechanism of erosion of particulate MMCs is complex and strongly depends on the process parameters involved [25]. Unlike monolithic metals and ceramics, very few attempts have been made to investigate erosion mechanism of MMCs and its dependency with the process parameters involved. Hovis et al [25] reported that particle size has a major influence on the erosion mechanism of particulate MMCs. If the size of erosion impact event is less compared to the microstructural scale (reinforcements spacing) of the MMC, uniform and simultaneous erosion of both the reinforcements and matrix take place (simultaneous erosion of both phases does depend on the conditions for the erosion of each phase).  In this case, Hovis et al [25] assumed “the intrinsic erosion mechanisms within each individual constituent will not be significantly altered by the microstructure since the impact damage events will occur almost entirely within one or the other of the two phases”. The microstructural evidence suggested the erosion mechanism is similar to the mechanism involved in ductile and brittle material erosion.  On the other hand, when erodent size is greater than the microstructural scale, Hovis et al [25] reported that “the special extent of the damage event overlaps second-phase particles, and the intrinsic erosion mechanisms operating within each individual phase can be constrained and modified”. Analysis of the micrographs of the eroded surface suggested reinforcements cracking and its dislodgement are the mechanism of erosion in this case. 

In laboratory experiments, the erodent size is generally higher than the microstructural scale of the MMC. In fact most of the investigators have found reinforcement cracking and its dislodgement in their studies [26]. Along with erodent size many other parameters, such as erodent angularity and hardness, impact velocity and angle, also have major influences on the reinforcement cracking. Some studies showed [26] without the attainment of certain impact velocity, particle cracking does not take place.

Most of the investigators reported that the mechanism of erosion of a composite is reported to be mainly plastic deformation of the matrix and dislodgement of the cracked reinforcements. However, Sravanan et al [26] observed for A356- 10 vol% SiC particulate composite by quartz erodent that some of the reinforcement dislodged as a whole from the matrix without any cracking of it. Therefore, there should be a mechanism for the reinforcement dislodgement form the matrix. Hovis et al [25] believes that the reinforcement will be dislodged if the interfacial strength of the MMC is not strong enough to hold the reinforcement into the matrix during the erosion event. This explanation requires further investigation. However, in the literature there have been few attempts to investigate the mechanism of particle dislodgement during the erosion of MMCs. 

The above suggests that erosion of particulate MMCs is very much dependent on the process parameters involved. If particle cracking and its dislodgement is avoided, the erosion of MMCs involves uniform erosion of the matrix and reinforcement, according to the mechanism of erosion for ductile and brittle materials respectively. On the contrary, if reinforcement cracking takes place, the dominating erosion mechanism involves reinforcement cracking and its dislodgement as a part or complete grain.    
1.4.2 Modelling erosion of particulate MMCs

There are few mechanistic erosion models available. The difficulty in deriving an erosion model arises from the fact that erosion of MMC is very much dependent on the process parameters involved. In addition, the reinforcement cracking and sudden dislodgement of some of the reinforcements in the erosion process impose additional complexity in finding a common rule of the process. However, a mechanism-independent inverse rule of mixture averaging law have been suggested by Hovis et al [25] to predict the erosion rate of MMCs for a specific conditions. 

In this section, the inverse rule of mixtures is analysed. A brief overview of various other attempts to derive erosion models for MMCs is also presented in this section. 

1.4.2 The inverse rule of mixtures averaging law for erosion of MMCs:
Hovis et al [25] suggested a mechanism-independent inverse rule of mixture averaging law to predict erosion of multiphase systems in specific conditions, where the size of erosion impact event is less compared to the microstructural scale (second-phase particles spacing) of the system. In this condition, the impact damage event will occur almost entirely within one of the two phases and the intrinsic erosion mechanism of the individual phases will not be significantly altered [28]. If the second phase particle is brittle and the matrix is ductile, the former is eroded by the propagation of impact generated brittle cracks to their full extent within the impact site (dark circle in the Fig. 5) without reaching the interphase interfaces, and the latter is eroded by the mechanism of ductile erosion without being affected by the presence of second-phase particles.


[image: image17]Fig. 5: The idealised multiphase microstructure. The impact event indicated by the black circles occurs at normal incidence at one or the other of the two constituents (white or shaded blocks) [28]
Fig. 5 is a schematic diagram of a multiphase system where the size of erodent impact event (black circle) is small compared to the microstructural scale, so the event will occur in either block 1 or block2. 

In this work [25] it was assumed that the intrinsic erosion rate of both the phases are constant, therefore the erosion rate, the volume removed per mass of erodent particle, for a given erosion condition, is also constant.  The final expression for erosion was given as:
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where W, W1  and W2 are the mass erosion rate of the combined sample, block 1 and block 2 respectively.

It was observed that for 90o degree impact, equation 2.81 provides good agreement with the measured erosion rate for Al-20Si alloy at erodent particle sizes of 63 and 142 (. For 30o impact angles, a good agreement of equation 2.81 was found with the measured rate for the 63-266(m erodent particle size. 

Hovis et al [25] suggested that caution must be taken in the application equation 6 to predict erosion of a multiphase system. Equation 2.81 can be adapted to a specific system containing large-scale linear microstructure with rounded second-phase particles. For angular second-phase particles equation 2.81 cannot be applied due to the edge effect. All the phases of the system should erode uniformly and simultaneously during the erosion process; otherwise the less eroding phase will protect its surrounding phase from further erosion. In addition the interfacial strength of the system must be strong enough so that the second-phase particles do not come out from the matrix. Therefore, equation 2.81 can be applied to particulate MMCs if reinforcement cracking and its dislodgement are avoided.

1.4.3 Other erosion models of MMCs:

Hutchings [27] reported that the erosion of particulate composite depends on several factors, such as erodent properties, matrix properties and the interfacial strength. However, it was found from the results of many different investigators that the extent of fracture of reinforcing phases plays a critical role in the erosion of particulate MMCs. It was reported that the extent of fracture in the reinforcement of an MMC may be modelled theoretically if the critical conditions for fracture is known. However, such attempts were restricted to abrasive wear [27]. Many other factors, apart from the extent of reinforcement cracking, have influence on the erosion of MMCs, and these factors are: the dimensions of the contact area of each erosive particle compared with the scale of the reinforcement, properties of interface between the reinforcement and the matrix, and the properties of the erosive particles. 

Fang et al [28] suggested a geometrical modelling approach to predict erosion rate of continuous reinforced SiC /Ti-6Al-4V composite. It was suggested that at oblique impacts, a trace of the matrix is always protected by the shadow effect of the reinforcements, as the erosion rate of the reinforcement and matrix are not same. At normal impacts, the impinging energy onto reinforcement is reduced due to cushioning effect of the matrix.  In this study the inverse rule of mixtures of erosion was modified incorporating the above two effects calculated geometrically. Such approach may also be used for the construction of erosion model for particulate MMCs as a cushioning effect and shadow effect is also highly likely to occur in the case of erosion of particulate MMCs. 

Some new research has approached modelling erosion of MMCs based on establishing critical criteria for erosion of the various phases of the material.  An explanation for the different trends on the effect of increasing reinforcement volume fraction on the erosion rate was attributed to such threshold effects [29, 6]. For example, it has been observed that the erosion rates of WC/Co cermets were reported to decrease monotonically with an increase in the volume fraction of reinforcement in some conditions; in other cases, for erosion of a similar material, albeit in different conditions, the erosion rate increased up to a critical point whereupon it commenced to decrease again, as shown in Fig 6 and 7.  Based on this analysis, Jana and Stack [29] established a criterion based on threshold velocity for erosion of ductile and brittle material to predict the trends in the solid particle erosion of MMC, and the predicted results are shown in Fig 8 and 9.
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Fig. 6: 
Erosion rate versus volume fraction of WC for a WC-Co cermet, following impact by a slurry of 10 (m silica particles in oil at 133 ms-1  and  impact angles of 90o [6]
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Fig. 7: Erosion rate versus volume fraction of WC for a WC-Co cermet, following impact by a slurry of 100 (m silicon carbide particles at 40 ms-1 and at impact angles of 90o [6]
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Fig. 8: Predicted erosion rate versus volume fraction trend for the WC-Co cermet at 10 ms-1 and at impact angle of 90o [29]
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Fig. 9: Predicted erosion rate versus volume fraction trend for the WC-Co cermet at 40 ms-1 and at impact angle of 90o [29]
2.0 Erosion-corrosion models
An important- and often poorly understood- aspect of the erosion-corrosion interaction has been the potential “synergy” between the processes.  Erosion may enhance corrosion by removal of a passive film-the so called “additive” effect because the corrosion loss may be readily computed using the Faradaic conversion from the measured current density to mass loss [1-5].  Corrosion may enhance the erosion rate through preferential dissolution in a two phase material (i.e. cast iron or a composite coating) and this is the so-called true “synergistic” effect [30].  Corrosion may also inhibit erosion through formation of a passive film-the so-called “antagonistic” effect [5].  Therefore, there are many potential interactions between the mechanical and chemical components in such processes to be addressed using mathematical models.

It is clear from the literature, that there are many differences in the trends in aqueous corrosion behaviour observed for pure metals.  The propensity for corrosion to occur is highly dependent on the electrochemical potential-the driving force for the reaction to take place- and the nature of the corrosion process-defined by pH.  The question for scientists working at the interface between aqueous corrosion and solid particle erosion is how the Pourbaix [31] diagram may change through the action of mechanical phenomena-such as erosive impacts-and how tribo-corrosion “maps” may be constructed to define the inter-play between such diverse processes.

2.1
Determination of erosion rate and corrosion rate of the metals in active and passive corrosion media:

The total rate of material wastage in erosion-corrosion condition (KEC) can be expressed as the sum of the rates of erosion (KEO) and corrosion (KCO)(each in the absence of the other) plus the interaction of the two processes ((KEC) [1, 3-5].  All erosion and corrosion rates in this work is considered as kg m-2 s-1, unless otherwise stated.

KEC=KEO + KCO + (KEC
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where (KEC can be further divided into two components; namely the contribution of corrosion on erosion ((KE) and that of erosion on corrosion ((KC). 

(KEC = (KE +(KC
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Hence equation 14 becomes 

KEC=KEO + KCO + (KE +(KC
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Alternatively, the total rate of metal wastage due to corrosion, KC can be expressed as 

KC = KCO + (KC
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Similarly, the total rate of metal wastage due to erosion, KE can be given as

 KE = KEO + (KE
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The contribution of corrosion on erosion ((KE) is generally termed as the synergistic effect whereas the contribution of erosion on corrosion ((KC) is termed as additive effect. For the purpose of this modelling work, the synergistic effect was neglected and the additive effect was considered positive. 

For simplicity it is assumed that in the active region, there is no enhancement of  corrosion rate due to erosion in the passive region, it is assumed that the enhancement in corrosion, due to successive formation and removal of film is significantly greater than the corrosion in the absence of erosion. 

Hence in the active region: 

KC = KCO
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KE = KEO
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and in the passive region:

KC = (KC
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KE = KEO
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2.1.1 The corrosion rate, i.e. Kc (=Kco) between particle impacts in the active region can be determined as follows.

The net anodic current density ianet (A cm-2) for the dissolution of a metal under wholly activated controlled condition can be estimated from the Butler-Volmer equation [1]:
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According to Faraday’s law the total rate of metal wastage can be expressed as
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where the number of electron (n) for Fe is 2 

2.1.2 Erosion rate, i.e. KE (=KEO) based on models for erosion by solid particles 

As described before, there are several models in the literature for oblique and normal impact erosion. In this modelling work, however, the model derived by Sundararajan and Shewmon was considered for the normal impact erosion and Finnie’s second model [14] was considered for the oblique impact erosion. The reason for selecting these model lies on the fact that these models are relatively simple and all of its parameters are amenable to direct measurement.   

Erosion rate at normal impact 

In deriving erosion rate at normal impact, model derived by Sundararajan and Shewmon [12] has been considered.  The dimensionless erosion rate present by Sundararajan and Shewmon[12] is as follows:
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To determine KE, which is expressed in gm cm-2 s-1, it is necessary to multiply E by the particle flux rate in g cm-2 s-1 

The particle flux rate can be expressed as the product of the particle velocity and particle concentration, i.e. 
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The total erosion rate can now be expressed as 
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(where KE is expressed in kg m-2s-1)

The parameters of these equations are defined in Appendix-I, Nomenclature
 Erosion rate at oblique impact

The dimensionless erosion rate (E) at oblique impact erosion can be taken from Finnie’s second model [14] are as follows:
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where fc is the proportion of particles impacting the surface cutting in an idealised manner, which is 10%, as suggested by Finnie. Ui is the erodent particle impact velocity, Dt and Hs are the density and static hardness of target material respectively, and ( is the particle impact angle. Other parameters of these equations are defined in Appendix-I, Nomenclature

Similarly, applying the relationship between the dimensionless erosion rate and the pure erosion rate, the total erosion rate at oblique impact can be given as:
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(where KE is expressed in kg m-1s-1)

2.1.3
Determination of KC (=(KC) in passive region

Tirupataiah et al [32] developed a simple expression for the crater diameter w by equating the kinetic energy of the incident particle with the energy required to form a crater. Thus 
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From basic geometry, and assuming that the crater depth d is very much smaller than the radius of the particle, then w and d are related by the simple expression: 
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Therefore,  rearranging these two equations: 
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Once again from basic geometry, the surface area of crater formed after indentation by a single impact is given by A. This area which will be subjected to repassivation can be expressed as: 
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Passivation is assumed to occur according to the following reaction for the individual metals:

Fe:

2Feo+3H2O=Fe2O3+6H++6e-
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(the mass ratio between Feo and Fe2O3 is equal to 0.699). 

Hence the mass of passivating oxide film per impact is:
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where k2 is a constant and it is 1398.9 for pure iron.

(it should be noted that a central assumption here is that all of the oxide metal becomes incorporated in the oxide film; this discounts any additional metal ion dissolution which probably occurs in the general case)

To obtain an expression for Kc (or(Kc) in gm cm-2 s-1 it is necessary to multiply Mt by the number of impacts N per cm-2 s-1  given by:
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Therefore the final expression for the erosion rate when the metal is passive may be derived as:
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expressed in g cm-2 s-1, where values of k3 is a constant and it is 86.0 for pure iron.
The only unknown quantity in the equations above is h, the thickness of the passive film. This will vary as a function of potential (or over potential above the passivation potential Ep).  It is assumed that when the passive film initially, and instantaneously, forms, its thickness is 1 nm and the thickness of passive film is assumed to increase by 3nm per volt of overpotential4. Thus h follows a relationship as:
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2.2 Mechanism and wastage maps for Fe

A recent development in describing erosion-corrosion interactions in aqueous environments has been the concept of the erosion-corrosion map [1, 3-5].  Such maps identify regimes of interaction, depending on the relative contributions of the corrosion and erosion rates and the nature of the corrosion process, whether active dissolution, where the metal dissolves, or passivation, where an adherent film forms on the surface [11, 3-5].  
In the literature, there are two kinds of erosion-corrosion maps; namely a regime map, which indicates the dominant mechanism of material wastage and a wastage map, which indicates the extent of wastage in the conditions modelled. In generating these maps, a mathematical equation for the erosion rate (KE), corrosion rate (KC) in the active and passive potential were derived based on the relationship relationship provided in section 3 of this chaper.  Both the regime and the wastage maps are plotted as functions of velocity and potential taken from the model derived. The boundaries of those maps are considered as follows: 

Regime map boundaries
Stack et. al. [1, 3-5] defined the boundaries of regimes in terms of the ratio of the corrosion rate to the erosion rate, as is illustrated below.
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Additionally, it was suggested that the regime might be defined according to the following criteria, in which the term corrosion may be replaced with dissolution or passivation in order to identify the specific corrosive mechanism.  

Erosion Diminated:           


KC/KE

<
0.1

Erosion-Dissolution:

0.1
(
KC/KE

<
1

Dissolution-Erosion:

1
(
KC/KE

<
10

Dissolution Dominated:


KC/KE

(
10

This criterion has been adopted through out the work for the construction of regime map, although apparent, additional regime may be included on the map and these will be defined as appropriate.

Wastage maps boundary

The boundaries separating the regions of wastage are simply contours representing the total erosion corrosion rate. Regions of high, medium and low wastage have been identified according to the following subjective tolerance in mm y-1.  

Low:



KEC
<
1

Medium:

1(
KEC
<
10

High:



KEC
(
10

Clearly, these boundaries could be modified to any values desired, and indeed, more contours could be considered.

Using the above conditions the regime and wastage maps for erosion-corrosion of iron can be constructed, and the maps are presented in Fig 10 and 11. 
he maps indicate that there is a transition from active dissolution to passivation as a function of applied potential, Fig. 10, and therefore provides a means of incorporating the Pourbaix diagram into erosion-corrosion conditions  In addition, regions of immunity where erosion occurs in an immune environment are identified.   The highest wastage region on the map can be attributed to the dissolution affected region, Fig. 11.
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Fig. 10: Particle velocity-applied potential regime maps of iron at pH 7 for normal erosion impact [1]
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Fig. 11: Particle velocity-applied potential wastage maps of iron at pH 7 for normal erosion impact [1]
The maps can be extended to any erosion corrosion systems.  Fig 12 (a-d) shows the maps for pure iron, copper, nickel and aluminium in  acidic conditions (pH5).  Here, consistent with Pourbaix diagrams, the erosion-corrosion stability regimes which predominate differ over the surface. 
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Fig.12: Particle velocity–applied potential maps for pH 5: (a) Fe; (b) Ni; (c) Cu and (d) Al [1]
Materials performance maps can be generated for a number of materials based on co0mbining erosion-corrosion wastage maps for various materials. The final form of the map is presented in Fig 13
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Fig. 13: Materials performance maps based wasateg maps of Fe, Cu, Ni, and Al, showing where low wastage is observed for  the various pure metals at pH 7 for normal erosion impact [1]
2.2.1 General assumption relevant to the erosion-corrosion model 


Various assumptions were made on the nature of the erosion-corrosion interaction in the development of the model as follows:

(i) Erosion occurs as a result of spherical particles impacting the metal surface and the only force acting on the surface is the contacting force exerted by the metal surface.

(ii) The surface of the metal is taken to be homogeneous and free from any structural defects.

(iii) It is assumed that both erosion and corrosion process occur uniformly across the metal surface and as a consequence the rate of metal recession due to either process is also uniform

(iv) The crater formed due to impact remains in its unrelaxed state and is considered to be a section of a sphere.

(v) Unless explicitly stated, the rebound velocity is negligibly small i.e. all the impact energy is dissipated as plastic work. 

(vi) Erosion is caused by the impact of solid particles only and the effect fluid properties (such as shear stress) are assumed to be negligible.

(vii) In the active region there are no films or corrosion products on the surface.

(viii) The erosion-corrosion process is additive i.e. only in the passive region does erosion affect corrosion (due to removal and subsequent reformation of the passive film).

(ix) Following passivation, there is no subsequent dissolution of the oxide film.

(x) It is assumed that metal surface remains free from loosely adherent corrosion product films through a combined action of wall shear stresses and repeated particle impingement.

(xi) Effect due to particle-particle interaction is considered to be negligible.

2.2.2 Erosion-corrosion maps at various pHs

Erosion-corrosion maps can also be generated as a function of pH.  Fig 14 shows the pH effect on erosion corrosion maps for pure iron:, showing the various transitions possible.
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Fig. 14 Particle velocity pH maps for iron at –0.45V [1]
2.2.3 Erosion corrosion maps for composites
Erosion-corrosion maps were also derived for particulate composites [33] using mathematical models. In deriving the maps, the erosion rate was calculated using the inverse rule of mixture methodology as described above. The models for corrosion and erosion of the respective phases are described elsewhere [33].  For Cu-20% Al2O3 system the regime and wastage maps at pH 7 are presented in Fig 15and 16
[image: image47.emf]0.1

1

10

100

-1 -0.8 -0.6 -0.4 -0.2 0 0.2

APPLIED POTENTIAL, V (SCE)

PARTICLE VELOCITY, m s-1

EROSION 

DOMINATED

PURE EROSION 

PASSIVATION 

DOMINATED

EROSION 

PASSIVATION

PASSIVATION 

EROSION


Fig. 15 Particle velocity-applied potential regime maps of Cu-20%Al2O3 system at pH 7 [33]
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Fig. 16 Particle velocity-applied potential wastage maps of Cu-20%Al2O3 system at pH 7 [33]
Hence, wastage maps for a number of composite systems can be derived and though combining the low wastage area of the individual composite materials material performance maps can be generated, Fig 17.
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Fig. 17 Materials selections maps for composites at pH 7 (composite system used in this figure is: Al-al2O3, Cu-al2O3, with 20, and 40 volume percent of ceramic constituents) [33]
A new methodology developed by Abdelrahman, Stack and Jana.[34]  combined  CFD modelling and erosion–corrosion mapping to model the erosion–corrosion behaviour of pure metals, which variously passivate and dissolve under a range of simulated conditions. This provides a means of constructing 3D maps of a component undergoing erosion–corrosion and thus is a step change on previous modelling work [1, 3-5] in this area as it enables superimposition of the erosion–corrosion map on real surfaces. 

In deriving the 3D maps, following modelling methodology was used [34]:

i. A single elbow pipe with diameter ratioRD−1 of 1.2 with a bore diameter of 0.078 [m] was used for the construction of 3D maps.

ii. A standard k–( model was employed with standard wall function and zero roughness to model the turbulence [34].

iii. A Lagrangian–Eulerian simulation was used to model the multiphase flow of the particles trajectories to evaluate the erosion rate using the Discrete Phase Modelling (DPM) method. The DPM method is based on the Lagrangian tracking of every particle using several discritizing methods for tracing the ingested particles (the method used here is Runge–Kutta method) [34].

iv. A user defined function (UDF) was developed in the above algorithms to evaluate the erosion rate using a number of well established erosion  models in the literature [34].

v. A further UDF file was developed to calculate the corrosion and erosion rates at every impact site (according to the original erosion–corrosion mapping methodology generated in 2D [1]).

vi. For evaluation of the erosion–corrosion rates, Sundararajan’s model [12] was used to calculate the erosion components.
The erosion rate contour, impact frequency, and impact velocity on the elbow pipe has been given Fig 18-20.






Fig. 18: Erosion rates contours on the outer surface predicted by (DPM) Discrete Particle Method [34].








Fig. 19: Impact frequency by (DPM) Discrete Particle Method [34].





Fig. 20: Impact velocity profile on the surface of the elbow-pipe [34]
3D erosion-corrosion [34] maps for a number of pure metals were generated using the method stated earlier. The maps Fe, Cu, Ni, and Al at pH 5 have been presented in Fig 21. Similar to 2D maps [1], these indicate a range of possible erosion-corrosion regimes on the surface. 






Fig. 21. Erosion–corrosion maps for the outer surface of elbow-pipe at pH 5, Ep = −0.6 V(SCE), particle size = 1000 [μm] and concentration = 22.88% (velocity of flow = 0.1) for: (a) Fe. (b) Ni. (c) Cu. (d) Al [34] 
Part 3:  Erosion-corrosion maps – from sliding wear to erosion-corrosion. 
3.1 Wear maps
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Fig. 22. Wear Mechanism map for steels  [35].
The first attempt at deriving wear maps through theoretical methods was carried out by Lim and Ashby in 1987 [35], where they identified regimes of transitions between various wear regimes based on pressure and velocity, Fig. 22.  This was a major advance on previous work in the area as, having amassed a large data set fro wear experiments over 50 years, the authors managed to identify a very large span of possible regimes, including the important transitions where oxidative processes enhanced wear “mild oxidational wear” and “severe oxidational wear” where oxide formation inhibited wear.  Regions where frictional heating exceeded the operational tolerances of the material were identified in the “melt wear” regime.  
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Fig. 23. Wear map for Nimonic 80A vs. Stellite 6 (load 7 N, sliding distance 4522 m), with weight loss (contour) data superimposed [5]; the different areas of shading denote the range of conditions over which the various detailed wear conditions were observed [36]. 
Following this work, Fig. 23, a velocity-temperature wear map was proposed by Inman and Datta [36], where the transitions to compaction of oxides i.e. “glaze formation” due to formation of a shiny layer over the surface were proposed. Regions on severe and mild wear were proposed on this map based on the integrity of the oxide scales at elevated temperatures.  
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Fig. 24. Wear–corrosion map [38] developed from the mathematical model for sliding in aqueous conditions, showing transitions between corrosion-induced wear and wear-induced corrosion. The ratio, W/H where  W is   load  H is hardness and the dimensionless number, 1/(fτ0) is the time for the corrosion-assisted crack propagation, f is the contact frequency between the opposing rubbing surfaces and τ0 is time for corrosion passivation 

For sliding wear at room temperatures, Stack and Chi proposed a wear map based on load and applied potential, for mild steel [37], where transitions between various aqueous wear-corrosion regimes were observed.  Further modelling work for sliding wear by Jiang and co-workers, Fig. 24, proposed a wear-corrosion map, where the synergistic components of the interaction could be presented and the transitions between corrosion induced wear and wear induced corrosion could be identified.
3.2 Micro-abrasion-corrosion maps

The process of micro-abrasion-corrosion map has been proposed for a steel/polymer ball, Fig. 25 (a) , showing various interactions between the tribological and corrosion processes.  The interesting feature of this map is the identification of an enhanced passivation region at intermediate applied loads and potentials.  Linking this to a wastage map, Fig. 25(b), shows that the wastage is reduced in this region suggesting that passivation may reduce where in specific conditions in aqueous environments.    
[image: image57.jpg][rroat - N R
N (= A A
R |
IR A o

i1
-
I






Fig. 25. Micro-abrasion corrosion maps for the mild steel/polypropylene couple (a) mechanism map (b) wastage map [39].
3.3. Erosion-corrosion maps showing synergistic and antagonistic interactions 
Erosion-corrosion maps can be used also to identify synergy and antagonism in the tribo-corrosion process.  For example, synergy describes the situation where corrosion enhances the erosive wear.  For a composite, this is very prevalent because the interfacial around the reinforcement can cause loosening of the particle or fibre resulting in dislodgement.  Figures 26-27 show higher regions of synergistic behaviour for the composite compared to the monolithic material exposed to sea water conditions.   
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Fig. 26. Erosion–corrosion mechanism maps [40] for the WC/Co–Cr coating and mild steel coating in sea water conditions showing the variation of the erosion–corrosion mechanisms as a function of slurry concentration and applied potential: (a) WC/Co–Cr coating at v = 2 ms−1, (b) mild steel at v = 2 ms−1, (c) WC/Co–Cr coating at v = 4 ms−1 and (d) mild steel at v = 4 ms−1.
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Fig. 27. Erosion–corrosion additive-synergism maps [40]for coated and uncoated materials as a function of slurry concentration and applied potential: (a) WC/Co–Cr coating at v = 2 ms−1, (b) mild steel at v = 2 ms−1, (c) WC/Co–Cr coating at v = 4 ms−1 and (d) mild steel at v = 4 ms−1.
3.4 Erosion-corrosion maps for bio-materials
Erosion-corrosion maps can be constructed for bio-materials, used for dental replacement [41].  Here, YTZP (Ytttria Tetragonal Zirconia Polycrystalline) material has been eroded at various pH values and exposure times, Fig. 28.  Regimes of high erosion are identified in the lower pH range.       






Fig. 28. Wear map at 90° (Green: Low, Orange: Medium and Red: High) for YTZP material [41].
3.5 General comments on erosion-corrosion maps 
Erosion-corrosion maps are powerful tools which can be used to identify mechanisms of wastage, the interactions of the processes which may involve the enhancement of wear by corrosion, the enhancement of corrosion by wear and whether corrosion may inhibit wear.
The extension of the approach from 2 to 3 dimensions as shown above enables the theoretical map to contour an engineering process where many changes of variables may occur simultaneously.

The understanding of corrosion and erosion interactions is continually changing and as such creating maps for interactions at various length scales is a major future challenge.  For example, such maps to date have been constructed at the macro-scale.  Enlarging our imaginations to nanoscale interactions and to the atomistic level, as described in the earlier chapters in this book, means that there are endless possibilities for future research in this area. As we enter into future decades let us hope that such important challenges, will be taken up with enthusiasm and vigour!   
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Fig. 3: Evaluation of cone crack pattern during one complete loading (+) and unloading (-) cycle [51]








Fig. 4: Evaluation of median/lateral crack pattern during one complete loading (+) and unloading (-) cycle [51]
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