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[bookmark: _Toc291333968]In previous studies of erosion-corrosion, several different theories have been developed to produce a model which represents the relationship between particle erosion and chemical corrosion. Regimes in the models define how the two mechanisms behave relative to one another, whether it is erosion dominated, corrosion dominated.  This paper investigates the effect of particle and target material on the erosion-corrosion mechanisms. The performance of Fe as the target material will be modelled when considering particle concentration and size.  A comparison is made between the erosion-corrosion mechanisms of Fe, Ni, Al and Cu under different conditions of particle size and concentration. By producing several maps, the regimes and wastage rates predicted as functions of velocity and applied potential will be discussed. 


Nomenclature
	A
	Lateral area of crater (m2)

	A2D
	Actual area of two-dimensional projection of particle (m2)

	ba
	Tafel slope (anode) (V decade-1, for symmetry factor of 0.5, ba = bc)

	bc
	Tafel slope (cathode)

	C
	Particle concentration (g cm-3)

	Cp
	Specific heat of target (J kg-1 K-1)

	d
	Crater depth (m)

	Df
	Density of passive film (kg m-3)

	Dp
	Particle density

	Dt
	Density of metal target

	E
	Apllied potential (V), relative to saturated calomel electrode (SCE) unless otherwise stated

	ΔE
	E - Eo

	Eb
	Elastic modulus of particle (Pa)

	Ee
	Elastic modulus of collision (Pa)

	Ep
	Passivation potential (V), SHE

	Et
	Elastic modulus of target (Pa)

	Eo
	Standard reversible equilibrium potential (V), SCE

	F
	Faraday’s constant

	h
	Thickness of the passive film (m)

	h0
	Thickness of the passive film at passivation potential (m)

	Hs
	Static hardness of target (MPa)

	ianet
	Net anodic current density (A cm-2)

	i0
	Exchange current density (A cm-2)

	k1-5
	Constants for various metals

	Kc
	Total rate of metal wastage due to corrosion (g cm-2 s-1)

	Ke
	Total rate of metal wastage due to erosion (g cm-2 s-1)

	Kco
	Corrosion rate in absence of erosion (g cm-2 s-1)

	Kec
	Overall rate of metal wastage (g cm-2 s-1)

	Keo
	Erosion rate in absence of corrosion (g cm-2 s-1)

	ΔKc
	Effect of erosion on corrosion (g cm-2 s-1)

	ΔKe
	Effect of corrosion on erosion (g cm-2 s-1)

	Mt
	Mass of repassivated metal removed after a single particle impact (kg)

	n
	Number of electrons

	P
	Perimeter of area A2D (m)

	r
	Particle radius (m)

	RAM
	Relative atomic mass

	Tm
	Melting point of target (K)

	υ
	Particle velocity (m s-1)

	W
	Crater diameter (m)

	Y
	Uniaxial yield stress of metal (MPa)

	εf
	Strain at which failure will be observed in conventional strength test

	Δεp
	Plastic strain introduced per cycle

	εs
	Dimensionless erosion rate [6]

	vb
	Poisson’s ratio of particle

	vt
	Poisson’s ratio of target



--- --- --- --- -- --- --- --- --- --- --- --- --- ------ --- --- --- --- --- --- --- --- --- --- --- --- --- ---
--- --- -In 
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1  Introduction 
- --- 9999
Mapping erosion-corrosion provides a means of defining regimes of interaction whether dominated by mechanical wear or chemical degradation [1-2].  Such regime descriptions can be used also to highlight domains where there is significant interaction between erosion-corrosion.  More recently, these regimes have been mapped onto a 3-dimensional space [2]  
Particle properties in erosion-corrosion conditions are important as they not only control the “footprint” caused by the erosive impact [3-4] but also, in the case of particle concentration, affect the time between impact and thus the thickness and composition of the film formed between impacts in a corrosive environment.   In studies of erosion-corrosion the effects of particle size and concentration may often be ignored [5].  However, in practice, these variables are often capable of being modified with relative ease in flowing conditions compared to other particle parameters such as, for example, particle composition. 
 This paper describes the effect of particle size and concentration on erosion-corrosion maps developed for Fe in aqueous solutions.  The model results are also compared on wastage maps for Fe.  In addition a comparison between the regime transitions and those for pure metals is also made based on the results.  --- --- --- --- ---
- --- --- --- --- --- --- --- --- --- --- --- --- --- ------ --- --- --- --- --- --- --- --- --- --- --- --- --- ------ 


[bookmark: _Toc291333974]2   Methodology

The methodology for the construction of the maps, which will be used to identify regimes and wastage patterns, is based on previous work [6].
Assumptions are as follows:
(i) Erosion is assumed to be ductile, meaning the crater formed at impact from the particle remains plastically deformed and is shaped to fit the impacting particle exactly; i.e. a section of a sphere.
(ii) Particles are spherical and cause erosion on the metal target surface (or film) at normal incidence.
(iii) When taking to account the energy transfer during impact, the kinetic energy of the particle is converted to plastic work, neglecting the relatively low rebound velocity of the particle.
(iv) Fluid effects are assumed to be negligible and only erosion from particle impact is considered. A viscous fluid can cause shear stress across a surface that is deemed to be negligible.
(v) In the active dissolution region, there are no corrosion products (such as films) formed on the surface of the target material.
(vi) The erosion-corrosion relationship is additive in the active dissolution region. In the passivation region the formation and erosion of the oxide film reduces the total wastage of the target material by acting as a “shield” against particle impacts.
The datum properties give the values used to construct the maps, these are as follows:
(i) Target material is Fe.
(ii) Particle material is quartz, radius 100μm and the aqueous solution is water.
(iii) The particle concentration is 300gl-1.
In order to develop the model, assumptions must be made on the geometry of the particle and target material properties. These are considered in previous work. They are listed in Tables 1 and 2.
[bookmark: _Toc318745764]Table 1- Values for constants for Fe, Ni, Al and Cu
	Constant
	Fe
	Ni
	Al
	Cu

	k1
	2.89
	3.04
	9.32
	3.29

	k2
	1398.9
	1571.7
	1058.5
	1597.7

	k3
	86.0
	96.7
	65.1
	98.3

	k4
	0.11
	0.11
	0.80
	0.11

	k5
	25.97
	28.08
	21.57
	28.39



[bookmark: _Toc318745765]Table 2- Conditions used to construct regime boundaries
	Variable
	Value
	
	 
	
	 
	
	
	

	
	Fe
	
	Ni
	
	Al
	
	Cu
	

	ba
	0.05
	[21]
	0.03
	[21]
	0.03
	[25]
	0.06
	[21]

	C
	0.3
	
	0.3
	
	0.3
	
	0.3
	

	Cp
	439
	[7]
	4.27E+02
	[7]
	896
	[7]
	385
	[7]

	Df
	5240
	[22]
	6720
	[26]
	3970
	[26]
	6400
	[26]

	Dp
	2650
	[22]
	2650
	[22]
	2650
	[22]
	2650
	[22]

	Dt
	7800
	[22]
	8900
	[20]
	2700
	[7]
	8930
	[19]

	Eb
	9.40E+10
	[27]
	9.40E+10
	[27]
	9.40E+10
	[27]
	9.4E+10
	[27]

	Et
	2.11E+11
	[27]
	2.00E+11
	[27]
	7.10E+10
	[27]
	1.77E+11
	[27]

	Eo
	0.87
	[21]
	-0.652
	[21]
	-2.087
	[21]
	-0.077
	[21]

	Hs
	820
	[23]
	862
	[7]
	260
	[7]
	495E+06
	[7]

	i0
	1.00E-08
	[6]
	2.00E-09
	[24]
	9.00E-08
	[25]
	1.00E-06
	[24]

	n
	2
	
	2
	
	3
	
	2
	

	r
	1.00E-03
	
	1.00E-03
	
	1.00E-03
	
	1.00E-03
	

	Tm
	1808
	[7]
	1726
	[7]
	933
	[7]
	1356
	[7]

	vb
	0.3
	[27]
	0.3
	[27]
	0.3
	[27]
	0.3
	[27]

	vt
	0.293
	[27]
	0.312
	[27]
	0.345
	[27]
	0.355
	[27]



[bookmark: _Toc291333975]2.1   Determination of erosion rate for both active and passive regions 

In this section, the erosion-corrosion rate equations are evaluated for both erosion in active dissolution and in passivation conditions.
Sundararajan and Shewmon [7] derived the equation for the erosion rate of a metal target at normal incidence. The derivation provides the expression for the dimensionless erosion rate (mass of material removed per unit mass of erodent):
								(1)
To determine the erosion rate in the absence of corrosion, the mass of material removed per unit time,  must be multiplied by the particle flux. Particle flux is the product of particle velocity and particle size.

						(2)
[bookmark: _Toc291333976]2.2   Determination of corrosion rate (Kc=Kco) in the active region
The relationship between erosion and corrosion is assumed to be additive. Therefore:
									(3)
Were  is the total erosion rate,  the total corrosion rate and  is the total erosion-corrosion rate.
To account for the change in values of  and  due to the erosion and corrosion mechanisms affecting each other, the erosion rate is defined as the erosion in absence of corrosion plus the change in erosion rate due to corrosion:
								(4)
and
								(5)
Where  is the erosion rate in absence of corrosion,  the change in erosion rate due to corrosion, the corrosion rate in absence of erosion and  is the corrosion rate due to erosion.
In the active dissolution region, the erosion wear rate and corrosion wear rate are assumed to be additive to give the total wastage. In contrast, in the passive region, the erosion-enhanced corrosion is assumed to have significantly greater influence on the total wastage than the corrosion alone. 
Hence in the active region:
									(6)
									(7)
And in the passive region:
									(8)
									(9)
In the active region, the wastage due to corrosion alone ( ) can be estimated by using the Butler-Volmer equation [8]:
					(10)
This relates the exchange current density to the exponential ratios of the potential difference and respective tafel slope. This gives the net atonic current density (A cm-2) and can be put into Faraday’s law, which states the total rate of wastage for a metal is given as:
									(11)
where  is the number of electrons. For Fe  = 2.  is Faraday’s constant (96485.3399Cmol-1).
Therefore, the total rate of metal wastage for Fe is expressed as:
								(12)
[bookmark: _Toc291333977]2.3   Determination of corrosion rate (Kc=ΔKc) in the passive region
As stated previously, it is assumed that there is negligible particle rebound once making contact with the target. Therefore all the energy from the particle is transferred to the target material and the creation of a crater. Tirupataiah et al. [9] used the following expression to give the crater diameter, W, by simple energy balance: the kinetic energy of the particle equals the energy required to create the crater.
								(13)
Making the assumption that the depth, d, of crater made by the particle is significantly smaller than the radius of the particle, the geometry of the plastically deformed can be given as the expression:
										(14)
Combining Equations (13) and (14) gives:
									(15)
Once the surface of the target material has been deformed, it will be subjected to re-passivation. This new surface area can be given as:
									(16)
Passivation is different for each metal as there is a different oxide film created because of different reactions, depending on the material. The passivation reaction for each material is:
Fe:	2Fe0 + 3H2O ⇔ Fe2O3 + 6H+ + 6e-					(17)
Ni:	Ni0 + H2O ⇔ NiO + 2H+ +2e-						(18)
Al:	2Al0 + 3H2O ⇔ Al2O3 + 6H+ + 6e-					(19)
Cu:	Cu0 + H20 ⇔ CuO + 2H+ + 2e-						(20)

The mass ratio between the oxide film and the target material can be calculated by dividing densities given in Table 2 and are based on the relative atomic masses of the various species in the reaction i.e. those of metal oxide to metal. These are 0.699, 0.786, 0.529 and 0.799 for Fe, Ni, Al and Cu respectively.
In order to achieve the corrosion rate, the mass loss per particle impact must be determined.
								(21)
The value for  is given in Table 2.
The number of particle impacts over a period of time can be found by dividing particle flux by the mass.
							(22)
								(23)
									(24)
To calculate wastage, the mass loss per impact must be multiplied by number of impacts.
							(25)
Where values of k3 are given in Table 1.
The film thickness, h, must be determined. The thickness varies with the applied potential over the passivation potential, Ep. At Ep, the instantaneously formed film thickness () is 1 nm. Previous work by Graham et al [11] is used and the following expression can be used for film growth:
							(26)
[bookmark: _Toc291333978]2.4   Determination of the passivation potential (Ep) for Fe at ph7 and potential range -1 to 0.2V (SHE)
Pourbaix diagrams [12] have been used in the earlier work on erosion-corrosion mapping [2] and represent the phases of and aqueous electrochemical system. The lines show the predominant ion boundaries. Figure 1 shows the Pourbaix diagram for datum material Fe. The stability regions for the material can be seen, at pH7, i.e. (immunity, dissolution or passivation) at the corresponding potential.
 (
Figure 3 - Pourbaix diagram for Al
) (
Figure 1 - Pourbaix diagram for Fe
) (
Figure
 2 - Pourbaix diagram for Ni
)
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Figure 
1
 - Pourbaix diagram for Cu
)

It should be noted that the term corrosion in the Pourbaix diagram indicates that active dissolution is the predominant corrosion process. The passivation potential is the potential which is required for the Fe to transfer from the dissolution phase to the passivation region. This, as explained previously, is when the oxide film is assumed to instantaneously form on the surface of the target material’s surface. At pH7, it can be seen that the passivation potential (Ep) is -0.159V.
[bookmark: _Toc287546195]For Fe, the passivation reaction is given in expression (17):
Thus
								(27)
And at pH7:
									(28)

[bookmark: _Toc291333979]2.5   Determination of the passive film thickness
As discussed previously, the model is based on the assumption that the transition between the active and passive region is defined by the instantaneous forming of the oxide film. The thickness, h, will vary as a function of potential. As the applied potential increases, the thickness is assumed to increase proportionally with addition potential above the passivation potential. At Ep, thickness of the film is assumed to 1nm.
This relationship between film thickness and potential is given by expression (26). 

[bookmark: _Toc291333980]2.6   Constructing erosion-corrosion regime maps
In order to construct the regime maps in Figures 6, 9 and 12, the boundaries which divide the phases of erosion and corrosion must be defined. The ratio KC/KE   is used to gauge which parameter (erosion or corrosion) is more effective in producing the overall wastage, Kec.  Table 3 shows the definitions of boundaries between the phases of erosion and corrosion.
[bookmark: _Toc318745766]Table 3- Boundary definitions for regime maps
	
	KC/KE
	< 0.1
	Erosion dominated

	 1 ≥
	KC/KE
	≥ 0.1
	Erosion-corrosion dominated

	10 >
	KC/KE
	≥ 1
	Corrosion-erosion dominated

	
	KC/KE
	≥ 10
	Corrosion



Rearranging the Equation (2) and expressions given in section 2.3, the transition velocity (from erosion-corrosion regimes) within the active region is:
							(29)
Where  is given in Table 1.
And similarly, rearranging Equation (25) and expressions from section 2.3, the transition velocity within the passive region is:
							(30)
Where  is given in Table 1.

[bookmark: _Toc291333981]

2.7   Constructing erosion-corrosion wastage maps
Defining the boundaries for the total wastage maps is done by assessing how much material is removed over a period of time. Real values for wastage were considered in the literature [2] and the values were split into high, medium and low categories in order to represent the distribution on a map. Table 4 shows the values for these wastage regimes.
[bookmark: _Toc318745767]Table 4- Boundary definition for wastage maps (mm/year)
	
	KEC
	< 0.1
	Low

	 1 <
	KEC
	≤ 0.1
	Medium

	
	KEC
	≥ 1
	High



[bookmark: _Toc291333982]2.8   Determining the values of particle concentration and radius
From results in earlier work [1], the values of 0.3, 0.6 and 0.9gcm-3 were selected to assess particle concentration effects. To determine the values used for particle radius analysis, research was carried out on the particle material, Silica. The particle size used in the study [1] was 0.1mm radius. According to ISO standards [14] for the grading of Silica, in order to keep the particle size within the same grade, the radius could not be increased. Therefore values of 0.05, 0.075 and 0.1mm were chosen.

[bookmark: _Toc291333983]3   Results
Pourbaix diagrams for the Fe, Ni, Al and Cu are shown in Figures 1-4, indicate the regime changes for corrosion with respect to pH of the slurry and the applied potential. It should be noted that at low applied potentials, a region of immunity applies. This indicates that the total wastage of the target material is due to erosion solely. The active region defines conditions where corrosion takes place and the passive region where a passive film is formed. The maps created below are consistent with the Pourbaix diagrams insofar as the regions of immunity, corrosion and passivation occur at the same conditions. The maps show the effect of particle velocity instead of pH.
Using Microsoft Excel, all property values and constants were entered and used to construct the regime and wastage maps. The following subsections will describe how they change depending on the variable and explain the results.
[bookmark: _Toc291333984]3.1   Particle velocity-applied potential maps: effect of increasing the particle concentration on the transition boundaries.
Figure 6 shows show the various erosion-corrosion regimes with increased particle concentration, where the particle concentration varies from 0.3, 0.6 and 0.9 gcm-3.  
Results from the regime maps (figure 6) show an increase in the erosion dominated regime within the active region only as the particle concentration is increased from 0.3 to 0.9gcm-3, for velocities in the range 0.1-10 ms-1. This is expected as an increase in the number of particles impacting on the target material will result in an increase in erosion relative to the corrosion rate.
Results show when particle concentration equals 0.3gcm-3, Fig. 6(a), as potential is increased above -0.86V, corrosion begins to influence the erosion of the target material. In the dissolution region, the passive film has not developed and therefore allows corrosion to take effect. The corrosion dominance of the wear tends to increase until the passive region is attained, defined by the passivation potential. It is assumed that the film of thickness, h, is formed instantaneously, and hence the sudden jump in trend during the transition between dissolution and passive regions.
Figure 5 shows that the increase in particle concentration affects the increase in erosion domination by reducing the dissolution affected erosion regimes.  The values used to create this graph were taken at potential -0.6V, the interval immediately before passivation. The similarities between the concentration trends at this potential were compared to other potentials in the dissolution region. These were found to be consistent with each other.
Wastage maps (Figure 7) show the regions of total wear measured in gcm-2 s-1. To represent the rate of wastage, regions of ‘High’, ‘Medium’ and ‘Low’ wastage are given. The results show that with increasing particle concentration, total wastage increases within the immunity region. Wastage increases are also observed in the active region.

[bookmark: _Toc291330921]Figure 5 – Effects of increasing particle concentration on erosion-dissolution regimes within the active dissolution region (E=-0.59V)
[bookmark: _Toc291333985]3.1.1   Regime Maps
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[bookmark: _Toc291330922]Figure 6- Particle velocity-applied potential maps for Fe, pH7 at concentrations: (a) 0.3; (b) 0.6; (c) 0.9 g cm-3

[bookmark: _Toc291333986]3.1.2  Wastage Maps
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[bookmark: _Toc291330923]Figure 7- Particle velocity-applied potential wastage maps for Fe, pH7 at concentrations: (a) 0.3; (b) 0.6; (c) 0.9 g cm-3
[bookmark: _Toc291333987]3.2    Particle velocity-applied potential maps: effect of increasing the particle size on the transition boundaries.
The size of the crater formed upon impact with target material is directly proportional to the size of the particle. Therefore increasing the particle size will result in a greater erosion factor. This occurs in the passivation region only. Figure 9 shows the increase in erosion dominance within the passive region.
Figure 8 is similar to Figure 5 as it shows that the erosion dominance increases with increase in both particle radius and concentration. A near-linear relationship is observed in the passivation region at -0.59V, the passivation potential. As the film thickness increases with potential, this trend is constant even as the film thickens.
There is very little change in wastage regimes as observed in Figure 10, as the particle size is increased over the range studied.



[bookmark: _Toc291330924]Figure 8 - Effects of increasing particle concentration on erosion-passivationregimes within the passivation region (E=-0.59V)
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[bookmark: _Toc291330925]Figure 9- Particle velocity-applied potential maps for Fe at particle diameters: (a) 0.05; (b) 0.075; and (c) 0.1 mm
[bookmark: _Toc291333989]3.2.2   Wastage map
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[bookmark: _Toc291330926]Figure 10- Particle velocity-applied potential wastage maps for Fe at particle diameters: (a) 0.05; (b) 0.075; and (c) 0.1 mm


[bookmark: _Toc291333990]3.3    Particle velocity-applied potential maps: effect of changing the target material on the transition boundaries.
As previously discussed, the regime map for the datum simulation (Fe) has a passivation potential of -0.59V. The regime maps for Ni, Al and Cu will be compared to the Fe maps. The particle size was 0.1 mm and the particle concentration was 0.3 g cm-3.
For Ni, it can be seen that at within the potential limits (maximum and minimum values on the chart scales), there is no passivation. From the Ni Pourbaix diagram in Figure 2, it can be determined that the passivation potential is 1.4V. This proves that nickel is less prone to forming a nickel oxide than Fe. The region of immunity is greater than that of Fe which shows the susceptibility of the metal to corrosion is less.
The Ni regime map (Figure 12(b)) indicates that in the absence of passivation, the exposed Nickel undergoes significantly more wastage than if the oxide film had been formed. Wastage is low to begin with, only pure erosion taking place in the immunity region up to -0.65V. After that it sharply rises as soon as conditions dictate that corrosion can take place.
For Al, the passivation potential is significantly lower. For pH7, the passivation potential is -1.963V. Therefore within the range of potential investigated, the oxide film has already been formed, therefore there is no region of immunity or active dissolution. It can be seen that there is a rise in corrosion dominance as the thickness of the film increases.
The formation of the oxide at such a low potential means that erosion dominance is relatively low as the particles are being “shielded”. The film hardness is higher than that of the other materials, and protects the Al target. The oxide layer is still penetrated to expose the Al and therefore high wastage is observed (figure 13(c)).
Figure 11 shows the position of three regions (immunity, dissolution and passivation) with respect to potential for Fe, Ni, Al and Cu. The maps created in Figure 12 only shows the regions within the range of -1 and 0.2V, which are represented on Figure 11 by the dashed lines. The characteristics of each metal which is discussed above can be seen in this graph. Figure 11 is applicable to any particle size or concentration as the corrosion mechanism is independent of those vairables.

[bookmark: _Toc291330927]Figure 11 – Comparison between immunity, dissolution and passivation regions between Fe, Ni, Al and Cu at pH7.
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3.3.1   Regime maps
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[bookmark: _Toc311042148]
Figure 12- Particle velocity-applied potential maps for pH7: (a)Fe; (b) Ni; (c) Al; (d) Cu
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[bookmark: _Toc311042149]
Figure 13- Particle velocity-applied potential maps for pH7: (a)Fe; (b) Ni; (c) Al; (d) Cu 

4   Discussion
[bookmark: _Toc291333994]4.1   Comparison between erosion-corrosion regime and wastage maps
The results show that the regime and wastage maps are significantly affected by the predominant corrosion process. The effects of solid particle erosion may be estimated  as the shape factor of particle erosion has been studied in previous work[3,7,4]. This means that the models created are well understood.  The effects of corrosion varies depending on several different factors which are shown in the maps.
The Pourbaix diagrams [12] shown in Figures 1-4 for Fe, Ni, Al and Cu indicate the predominant corrosion regime for the effects of applied potential vs. pH. The erosion-corrosion behaviour is greatly dependant on the regime boundaries which are dictated by these diagrams. The methodology which has been derived from the Pourbaix diagrams has been used frequently in previous studies [6,2] and is accepted as a useful  method of modelling the erosion-corrosion behaviour.
Comparing Ni to Fe, the active dissolution region for Ni occurs at a significantly higher (passivation) potential, even at lower particle velocities. The wastage map shows that the high wastage regime predominates even at very low particle velocities, in the active region. For Al to Fe, the potential required for the passive film to form is far lower than that of Ni and Fe. The differences between this and Fe and Ni are very interesting. For the other two materials, the presence of the oxide film has improved the performance as defined by the wastage. However, for Al, the wastage is very high despite the hard oxide film. 
The regime and wastage maps produced in this investigation show that with an increase in particle concentration, the erosion-corrosion rate increases. However, it is likely that as the particle concentration increases, the frequency of particle interactions increase. The model developed by the current authors in previous work [6], which is modified for particle concentration analysis in this investigation, only considers the frequency of impacts as concentration is altered. 
When considering the increase in concentration, the chaotic particle interactions influence the kinetic energy of the particles when they reach the surface, but not the frequency of impacts. As the frequency rises, the model still assumes that the crater formed has the time to re-passivate. This will significantly overestimate the wastage if several particle impacts occur without the passive film fully forming. Constant degradation of the film may eventually lead to total removal as long as the particle interactions do not impede the erosion process significantly.
Similarly, the erosion rate is shown to vary with the particle size in a linear fashion. The model developed in this investigation does not consider particle interactions when the volume of the particles are increased. As the size of the particles is  increased, the total number of particles impacting the surface will decrease for a given particle concentration as defined by mass.   Before impact, however, the particles may collide with each other and lose energy. The larger the particle size, the greater the possibility of collisions.
In theory, the greater the size of the spherical particle, the larger the surface area making contact with the target material. This would result in a wider deformation “erosion footprint”  within the target and therefore the force will be distributed across a larger area. Hence, despite the increase in size and mass the crater size, the magnitude of wastage may not change significantly for relatively small differences in size range, although this would not be expected to be the case for large size differences where the “erosion footprint” would be significantly deeper. The results showing no significant change in wastage with increasing particle size, for the small size regime studied, may be related to these observations.
[bookmark: _Toc291333995]

4.2   Limitations of the current approach.
Transition between the regime phases is modelled using this approach but these are very sharp as defined by the regimes maps above, for the pure metals studied, Fig. 12.   The formation of passive film, for example, is assumed to occur instantaneously with a uniform thickness of 1nm. Due to slight imperfections on the surface or slurry, the formation of the oxide film will, realistically, form in patches. This is impossible to predict even for the more advanced software algorithms. The rather crude assumption of instantaneous formation of a film could be improved on by introducing a function of thickness with respect to potential. The adhesion of the Fe, Ni and Al oxides will all differ significantly. It is acknowledged that these factors should be considered in further modelling work, in addition to activation energies and kinetics of oxide growth, particularly if this model is extended to elevated temperature where oxide thickness is significantly greater.  
The erosion resistance of the surface exposed to the conditions does not depend entirely on the properties of the metal itself, but also on the oxide film. In this model the respective density and hardness values are considered, but not the fracture toughness of the target material or its film. This would change how the eroding mechanism behaves upon impact. As explained previously [1-4], the erosion of ductile and brittle materials erode by different material loss mechanisms.  This model assumes, for simplicity that so called “ductile erosion”, is the mechanism taking place in the system.
The corrosion behaviour of the metals has been based on the Pourbaix diagrams as shown above, Figs. 1-4 The methodology behind the diagrams justifies their accuracy and is assumed to be accurate in this model. The limitation with Pourbaix maps are that the time that the target is exposed to the slurry is not taken to account as well as the kinetic behaviour of the metals exposed to the corrosive media. Furthermore the maps are based on a model at standard conditions – 1bar pressure, 298K temperature and 10-6M ion concentration. In order to develop a more accurate model for non-standard, kinetic erosion-corrosion systems, it will be necessary to modify such diagrams [12] to incorporate the factors.

[bookmark: _Toc291333996]4.3   Issues and suggestions for future investigations
The assumption that the erosion-corrosion relationship is purely additive is simplistic. The model must be developed further to obtain a truly accurate predictive model for the erosion-corrosion of a material. Introducing synergy erosion corrosion effects – as opposed to additive erosion-corrosion- is the most important obstacle which must be addressed [13]. The synergy between the two can be positive and negative depending on the material [13]. Experimental work testing Al specimens [5,14] demonstrate that the formation of the passive film can result in a negative synergy effect, possibly due to the role of film formation in impeding the overall erosion-corrosion process. The results obtained in this investigation also show that despite the earlier formation of the passive film, the wastage was high. It would be very interesting to determine the extent of effect that applying a brittle erosion model, if applicable, to those materials which produce harder films with lower fracture toughness.
The geometry of the crater formed due to the erosion mechanism has been investigated. This of course will alter the surface area of which is corroded. This model only considers a spherical particle but experimental data could be obtained to determine the effect of different shaped particles. This could also be carried out by computer simulation. The effect of corrosion on erosion its relatively less well explored. An investigation into the change in material ductile-brittle behaviour under impact could be conducted to address this.
Formation of the oxide film during erosion-corrosion has been discussed above [15-17]. Not only is the instantaneous formation of the film a simplistic assumption, but other assumptions will lead to inaccuracies which would result in a lesser performance of the film as a “protective shield” for the target material against particle erosion. The adhesion between the film and the target material is assumed to be constant at point of contact and, in reality, this is rarely the case. This could also lead to the inconsistent distribution of film on the metal surface.
Another factor when considering the oxide film is how it is affected by the flow of the fluid. This model does not consider forces exerted on the surface due to fluid flow i.e. shear forces on the surface [7]. Frictional forces would cause film to be removed, particularly when it is “patchy” or uneven. The possibility of developing a CFD model which could model the erosion-corrosion of the target material/film as well as the removal of film due to fluid flow creating shear forces on the surface would be interesting and recent work has considered this aspect [2]. 
In practical erosion-corrosion investigations within engineering, the likelihood is that the impact angles of the particles will be lower than 10o. If the angle is sufficiently low,  then the particles may not penetrate enough into the surface to be able to cause lip formation [5] and simply rebound off the surface without significant loss in kinetic energy. Future work will consider the combined effects of impact angle together with the particle variables studied above. 


[bookmark: _Toc291333997]5   Conclusions
(i) Through the use of computational mapping, regime boundaries and wastage maps have been constructed for the erosion-corrosion of pure metals in an aqueous slurry. The slurry is impacting the target material at normal incidence. Three variables were changed to determine the effect on both regime and wastage maps. 
(ii) Firstly the effect of particle concentration within the slurry was varied. The results show that within the active dissolution region the erosion rate increased due to an increase in concentration.. Wastage of the target material increased as a result of a higher erosion rate but only before the passivation potential was reached and the oxide film was formed.
(iii) Secondly the effects of particle size on the regime and wastage maps were studied. The results show that increasing particle size increases the erosion rate within the passive region. However, wastage regimes remained relatively unchanged
(iv) Finally, four different materials were used to observe the changes in regime boundaries and wastage rates. Fe, Ni, Al and Cu were all used as they, and their passive filmsides, have different hardness and density values. It was found that Al was more susceptible to passivation. The results showed that it had the highest wastage results across the range of potential investigated compared to the Fe and Ni. Ni showed a high resistance to passivation in the conditions studied. 
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