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[bookmark: _Toc334179702]	Abstract

Previous investigations into the erosive-corrosive wear of metals in aqueous conditions have concluded that the process is best described by discrete wear regimes.  Such regimes identify the dominant wear process that is causing wastage of the target material.  Primarily the regimes are categorized by the dominating electrochemical process, whether this is dissolution, passivation or immunity.  These are then separated further depending on how erosion contributes to the overall material loss.  
In order to help visualise the erosion-corrosion behaviour of different metals, wear maps have been developed which show the various wear regimes as a function of applied potential and impinging particle velocity.  Due to the large number of independent and interdependent variables in the mathematical model of the erosion-corrosion mechanism, the wear map has become a valuable tool in predicting the performance of a pure metal, when subjected to impinging aqueous slurry.  
Until now, erosion-corrosion maps have had limited prospects for commercial use since they only exist for pure metals.  This paper proposes a method for the generation of wear maps for stainless steel.  Erosion-corrosion regime and wastage maps are then constructed, for the Iron-Chromium-Nickel system, based on this method.  These maps are further developed by exploring the effect of increasing particle concentration.
[bookmark: _Toc321151107][bookmark: _Toc334179706]In order to demonstrate how these wear maps are utilised in a practical situation, a hypothetical problem is posed, based on a tidal power generator, and the erosion-corrosion model applied accordingly.  Following this, material selection maps are presented and discussed.  These superimposed wastage maps provide an easy method for selecting the choice material for any given range of environmental conditions.  Finally, the model used to construct the maps is discussed and thoughts for future work outlined.

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 - passive film (kg m-3)

	Dp
	Density - particle

	Dt
	Density - metal target

	E
	Applied potential (V)

	ΔE
	E - Eo

	Eb
	Elastic modulus – target metal (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 at Ep (m)

	h0
	Thickness of passive film (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
	Rate of metal wastage due to corrosion (g cm-2 s-1)

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

	Kco
	Rate of corrosion in absence of erosion (g cm-2 s-1)

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

	Keo
	Rate of erosion in absence of corrosion (g cm-2 s-1)

	ΔKc
	Change in corrosion rate due to erosion (g cm-2 s-1)

	ΔKe
	Change in erosion rate due to corrosion (g cm-2 s-1)

	Mt
	Mass of re-passivated metal removed after a single particle impact

	n
	Number of electrons

	ox
	Oxidation products – chemical activity coefficient

	P
	Perimeter of area A2D (m)

	R
	Universal gas constant (JK-1 mol-1)

	r
	Particle radius (m)

	RAM
	Relative atomic mass

	Red
	Reduction products – chemical activity coefficient

	T
	Absolute temperature

	Tm
	Melting point of target (K)

	υ
	Particle velocity (m s-1)

	W
	Crater diameter (m)

	Y
	Uniaxial yield stress of metal (MN m-2)

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

	Δεp
	Plastic strain introduced per cycle

	εs
	Dimensionless erosion rate

	vb
	Poisson’s ratio of particle

	vt
	Poisson’s ratio of target
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[bookmark: _Toc334179707]4	Introduction

Currently there is no recognised method of predicting the material loss of alloys, including stainless steels, from erosion-corrosion.  Instead wear is systematically monitored and components replaced as required.  The ability to accurately predict loss of material when exposed to specific conditions offers significant advantages to industrial operations.  The three most noteworthy of which, are outlined below: 
(i) By accurately defining the working life of a component prior to its installation, arrangements can be made in advance for its scheduled replacement.  This not only helps to prevent downtime caused by the unexpected failure of components, but also delays the change until the part had served its full useful life.  

(ii) Identification of the material loss mechanism for given environmental conditions assists in component design for optimised longevity which in turn minimises service intervals.

(iii) Finally an erosion-corrosion model for a range of alloys could aid engineers in making the best material selection for a specific environment.  
This paper will address this gap in the study of wear by proposing a model which predicts the erosive-corrosive behaviour of stainless steel.  Furthermore the model proposed will be altered for varying particle concentrations within an aqueous environment.  As previous studies have been limited to the development of wear maps for pure metals, this investigation is intended as a step towards the implementation of maps for industrial applications.   Such applications include: pipelines carrying erosive solutions; offshore structures subjected to erosive wear; and copper water tubes used to distribute drinking water.
The current understanding of the erosion-corrosion mechanism for pure metals is that it can be fully described by first analysing erosion and corrosion separately, and then considering the synergy between the two.  A similar approach is adopted for  alloys in this paper.  However, differences between the erosion-corrosion mechanism for pure metals and alloys are covered, prior to the proposal of a predictive model.  Finally, the application of the mapping approach to Tidal Energy devices is discussed demonstrating how such diagrams may be used for materials selection and process parameter optimization in such conditions.

[bookmark: _Toc321151109][bookmark: _Toc334179708]4.1	Erosion
Loss of material through erosion is caused by a steam of solid particles striking a softer surface.  This wear can be attributed to one or both of two different methods, cutting or deformation erosion. 
Cutting erosion occurs when a particle strikes a surface with a low angle of incidence.  The wear rate through this form of erosion is highly dependent on the ductility of the target material.  For brittle materials, a low rate of wear is observed as particles tend to deflect off the surface rather than deform it.  For a more ductile material the rate of wear is considerably higher as the particles penetrate the surface, generating wear debris in a ribbon shape, similar to that formed during a metal cutting operation.  A critical angle exists whereupon a transition occurs from cutting erosion to deformation erosion.  This critical angle depends on the material being eroded but is generally between 45º and 50º [1].  Due to the complex relationship between impact angle, particle velocity and the depth to which the particle penetrates the surface, cutting erosion is extremely difficult to model.   
Consequently, deformation erosion will be the main focus of this investigation.  This form of erosion is caused by multiple particles striking the surface of a material at normal incidence.  The effect of the first impacts is to form impact craters, raising a small ridge around the circumference of the depressions.  Subsequent particles flatten this ridge and in doing so create highly stressed regions which are vulnerable to brittle fracture.  Further impacts cause lateral cracks to form at the base of the deformed region, which propagate up to the surface, removing material in the form of small plates [1].
A quantitative equation of this mechanism can be formed if several simplifications are employed.  Huchings [Hutchings 1981] postulated such an equation based on the assumption that; the surface deforms in a perfectly plastic manner and the particle does not break or deform on impact.  Further improvements were made to Hutching’s model by Sundararajan and Shewmon 1983 [2].  The formula which the latter study proposed is used to predict pure erosion rate in this investigation.
Sundararajan and Shewmon’s equation for erosion rate made several more assumptions based on Hutching’s formulae.   One of these simplifications is that all of the particle’s energy is transferred to the target as plastic work.  This approximation is consistent with early experimental work on erosion that suggested the erosion rate is related to the square of the particle velocity [3].  In reality, this relationship does not hold for the highest particle velocities as much energy is dissipated by heat and sound.  
Another assumption employed in the model is that the particles striking the surface of the metal are all perfectly spherical.  This is to simplify the calculated geometry of the impact craters.  Should angular particles exist in the physical environment which the erosion formula is attempting to model, the wastage for steel could be up to four times that predicted [4].  Hence this is potentially the most erroneous part of the erosion model.
In this investigation the effect of varying particle concentration will be explored.  It is intuitive to assume that an increase in particle flux will lead to an increase in erosion rate.  This is true to an extent.  However work conducted by Stack et al [5] suggested that as the concentration increases, interactions between the particles causes them to loose kinetic energy.  At a peak concentration, the interactions will become so common that the erosion rate will no longer increase for any greater particle flux.
[bookmark: _Toc321151110]For this reason the three particle concentrations chosen for investigation, in this report, are relatively low.  This will ensure an accurate representation of the metal’s behaviour, under varying particle concentrations, is produced.
[bookmark: _Toc334179709]4.2	Corrosion
Corrosion is a relatively complex phenomenon which can be simplified, by the application of electrochemical theory, into two basic reactions: oxidation and reduction.  Neither oxidation nor reduction can exist alone as they occur as a simultaneous process [6].
Oxidation, also known as an anodic reaction, involves the ejection of positively charged ions and the accompanying electrons from the surface of the metal.
If the ions bond to oxygen molecules, metal oxides are formed.  These oxides tend to create a layer, only Nanometres thick, on the surface of the metal which prevents any further release of ions.  This protection against the ejection of ions is called passivation.
In the absence of oxygen, the metal ions escape into the surroundings.  When this takes place in an aqueous environment, the resulting loss of material is known as dissolution.  Although not strictly correct, the term “oxidation” is sometimes used in tribology to describe only the formation of metal oxides (passivation) and not the loss of material through dissolution.
A reduction reaction, or cathodic reaction, is the acceptance of free electrons by H+ ions.  As mentioned above this half of the reaction is also necessary for corrosion to proceed.
Thus for an aqueous environment, the rate at which a material corrodes is influenced by the concentration of H+ ions in solution, whilst the nature of the corrosion reaction is dependent on the quantity of dissolved O2.  When an electrical current is applied to the immersed metal, both the rate and nature of corrosion are influenced.  This is attributed to the electrolysis of H2O into H+ and OH- ions [6].  
Many other environmental variables, such as impurities and dissolved gases within solution, can affect corrosion rate.  These are generally project specific and so are not considered for the general model produced in this investigation.
In order to prevent the failure of steel structures through corrosive attack, additional elements, with desirable corrosion resistant properties, are added to the alloy.  Stainless steel, a widely used corrosion resistant alloy, is made with the addition of Chromium and Nickel.  The increased corrosion resistance associated with Cr comes from its high tendency to form a protective oxide in typical service conditions.  Ni’s contribution to corrosion resistance is less substantial.  The main reason for the addition of Ni is to influence the atomic structure of the steel.  Sufficiently high quantities of Ni will cause the steel to take an austenitic form, thereby enhancing mechanical properties such as strength and toughness [7]. 
A commonly used tool in the study of corrosion is the Pourbaix diagram.  These graphs show the nature of a metal’s corrosive behaviour for varying pH against applied electrical current.  B. Beverskog and I. Puigdomenech created such diagrams for the ternary system of FeCrNi in aqueous conditions [8].  If corrosion predictions obtained from rudimentary mathematical models match these graphs, it is usually an indication of a fair level of accuracy.

[bookmark: _Toc321151111][bookmark: _Toc334179710]4.3	Erosion-corrosion
When alloys are exposed to erosive particles in a corrosive environment, the resulting loss of material can be rapid, frequently leading to unexpected failure.  This can be attributed to erosion-corrosion, the main focus of this investigation. Although this mechanism is still not entirely understood, recent work into the modelling of the process has yielded significant progress.  These studies suggest that the wear mechanism is best modelled as three different processes.  The process used, in specific environmental conditions, depends on the nature of the metal’s electrochemical behaviour.  That is, whether the metal is immune to corrosion, actively dissolving into solution, or protected with a passive film.  In previous studies, these electrochemical behaviours terms are abbreviated to: immune, active, and passive respectively [9].
When metal is immune to corrosion, the total wear of material is caused by pure erosion.  Consequently, predicting loss of material in the immunity region is more straightforward than in the active and passive region.
Once the metal becomes active at higher potentials, the assumption of additive behaviour governs the mathematical model.  That is to say, the total material loss is calculated as pure erosion plus pure corrosion.  This is simplistic but evidence (experimental or simulated) of a significant synergy between the two processes has yet to be found.
As the applied potential increases further, the metal begins to passivate.  It is in this region that the most interesting behaviour relating erosion and corrosion is observed.  In contrast to the active region, the total material loss in the passive region is greatly affected by how the erosion and corrosion reactions influence one another.  This influence can be synergistic or antagonistic.  The antagonistic behaviour is attributed to the passive film, which prevents the loss of raw material through dissolution.  Synergistic behaviour is observed at higher particle velocities, where erosion particles are removing oxide film which subsequently reforms.  At sufficiently high particle fluxes, the protective oxide layer will be completely removed.  This leaves the surface of the steel, once again, vulnerable to corrosive attack.
Due to the complex nature of erosion-corrosion, caused by the many transitions between wear processes, predictive results are best output graphically.  Two different types of graphs are generally produced for a range of applied potential against impinging particle velocity.  
Regime maps are used to show the nature of the material loss.  The different regimes primarily show whether the metal is: immune, active, or passive.  By determining the ratio of erosive to corrosive wear, the regimes can be further separated to give the nature of the material loss more precisely.  The ratios used are given in the methodology section
Wastage maps, the second type of graph, estimate the magnitude of the loss.  These show the predicted material loss (mm/year) in areas, depending on whether the wastage is considered as: low, medium, or high.  As with the regime maps the exact boundary conditions can be found in the methodology.
The best understanding of how a material will behave in specific conditions is gained by studying the regime and wastage maps together.


[bookmark: _Toc334179711]5	Methodology

The model used to construct the wear maps, is based on the work of M.M.Stack [10].  In this paper, a number of assumptions are made regarding the erosion-corrosion mechanism, some of which are discussed in the introduction.  These are outlined below:
(i)  Erosion is caused by particles striking a target surface at normal incidence. 
(ii) The deformation caused by the particle is perfectly plastic.   That is, after the particle leaves the surface, the impact crater does not change shape.
(iii) Particles are assumed perfectly spherical.
(iv) All of the particle’s kinetic energy is transferred to the target surface as plastic work.  Therefore the rebound velocity is assumed to be zero.
(v) Shear stress across the surface of the metal, induced by fluid flow, is assumed negligible.
(vi) Corrosion products in the active region dissolve fully into solution and do not form on the surface.
(vii) Corrosion does not enhance erosion in the active region.
(viii) Upon passivation, an oxide film forms instantaneously at a thickness of 10nm.  An increase of thickness is then directly proportional to an increase of applied potential.
Further assumptions are made with respect to the erosion-corrosion mechanism for stainless steel.
(i) Carbon, a ubiquitous component in steel formation, is assumed to have negligible effects on the erosion-corrosion mechanism since:
· Carbon precipitates will only form at temperatures in the range of 425°C to 875°C, which is far higher than the 25°C considered in this investigation [11].
· To account for increased hardness, due to the austenitic form of stainless steel, a hardness value typical of carbon steel is used in place in that of iron.
(ii) The wastage calculations apply for stainless steels with Chromium levels above 9% (of the total mass).  For alloys with this high concentration of Chromium, the oxide formed at low potentials is assumed to be [12].  The formation of bimetallic oxides will be ignored due to the complexities that numerous stages of passive film formation adds to the model.
Tables 1 and 2 list material properties and constants used in the creation of the wear maps.  Values for Fe and Ni are taken from previous work on wear mapping [9].  Cr values were taken from a number of different sources: [13] to [18].
[bookmark: _Toc323293434]Table 1 - Conditions used to construct regime boundaries
	Variable
	Value
	 
	 

	 
	Fe
	Ni
	Cr

	ba
	0.05
	0.03
	0.04

	c
	0.3
	0.3
	0.3

	Cp
	439
	4.27E+02
	448

	Df
	5240
	6720
	5220

	Dp
	2650
	2650
	2650

	Dt
	7800
	8900
	7194

	Eb
	9.40E+10
	9.40E+10
	9.40E+10

	Et
	2.11E+11
	2.00E+11
	2.79E+11

	Eo
	0.87
	-0.652
	-1.340

	Hs
	820
	862
	1280

	i0
	1.00E-08
	2.00E-09
	1.00E-06

	n
	2
	2
	2

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

	Tm
	1808
	1726
	1860

	vb
	0.3
	0.3
	0.3

	vt
	0.293
	0.312
	0.210




[bookmark: _Toc323293435]Table 2 - Constant values for each metal - concerning equations: (9), (22), (23), (29), and (30).
	 
Constant
	Fe
	Ni
	Cr

	k1
	2.89
	3.04
	2.69

	k2
	1398.90
	1571.70
	1367.50

	k3
	86.00
	96.70
	84.10

	k4
	0.11
	0.11
	0.11

	k5
	25.97
	28.08
	26.01



[bookmark: _Toc334179712]5.1 	Formation of the erosion-corrosion relationship
The erosion-corrosion mechanism for both active and passive regions is characterised by:
								(1)
Where the total erosion rate, and total corrosion rate, are represented by  and  respectively.   is the overall erosion-corrosion rate.
The total erosion rate can be expanded into two terms: erosion rate in the absence of corrosion , and the change of erosion rate as a result of corrosion.
								(2)
A similar expansion of the corrosion terms yields:
								(3)
In the active region it is assumed that the total erosion-corrosion rate is an accumulation of the individual mechanisms.  Accordingly corrosion does not enhance the erosion rate and the erosion rate is not affected by corrosion.  
									(4)
									(5)
The erosion-corrosion relationship in the passive region is of more interest to the tribologist.  In this case, material wastage is caused by the removal and reformation of the oxide film.  This is represented by the change in corrosion rate.  
									(6)
									(7)

[bookmark: _Toc334179713]5.2	[] - Determining corrosion rate in the active region
Faraday’s law is used to estimate the total metal wastage as a function of the anodic current density.  The total wastage at the induced anode can be represented by:
 									(8)
Where the atomic mass, and valence number for the released ions, vary for different metals.  This constant will be represented by  which can be found in the table of constants. Thus the corrosion rate in the active region is expressed as:
 								(9)
Where the anodic current density is calculated as:
				(10)

[bookmark: _Toc334179714]5.3	[] - Determining corrosion rate in the passive region 
As aforementioned, the change in corrosion rate in the passive region is caused by impinging particles removing the protective oxide film.  Therefore the total wastage can be calculated by: 
								(11)
Where  is the number of particles striking the surface over a period of time, and  is the volume of oxide removed during each impact.  
The frequency of the particle impacts is calculated by a division of particles flux and mass:
							(12)
								(13)
									(14)
The volume of oxide film removed per impact is associated with the area deformed by the particle, and the depth to which the particle penetrates.  As the impact is assumed perfectly plastic, the diameter of the crater varies linearly with the square of the particle velocity.  Equating the energy required to form a crater with the kinetic energy of the particle yields:  
								(15)
Assuming that the depth to which the particle penetrates is small relative to the particle radius, a basic expression for the crater geometry can be derived:
									(16)
Combining equations (15) and (16) gives:
									(17)
Calculating the area subject to re-passivation, after impact, also assumes that the depth of the crater is small in comparison with the area.  Based on this simplification:
									(18)
The mass of oxide film removed per impact is a function of crater volume, which has been derived, and the mass ratio between the target material and oxide film.  Redox equations are formulated for Iron, Nickel, and Chromium, in order to establish the relative atomic masses.
Fe: 2Fe0 + 3H2O  Fe2O3 + 6H+ + 6e-					(19)
Ni: Ni0 + H2O  NiO + 2H+ +2e-						(20)
Cr: 2Cr0 + 3H2O  Cr2O3 + 6H+ + 6e-					(21)
Densities are calculated from the relative atomic mass, and divided to give the mass ratios.  For Fe, Ni, and Cr these are 0.669, 0.786 and 0.767 respectively.
The wastage per particle impact is therefore expressed as:
								(22)
Where  for each metal can be found in table 2.
Combining (14) and (22) the final expression for corrosion rate in the passive region is derived:
								(23)

[bookmark: _Toc334179715]5.4	Determining the passive film thickness 
As noted in the assumptions, the oxide film will form instantaneously at the passivation potential to a thickness of 1nm.  Once formed, the thickness of the passive film, h, can be calculated as a function of applied potential.  It is assumed that an increase in potential will lead to a proportional increase in film thickness.
							(24)

[bookmark: _Toc334179716]5.5	Determining the passivation potential []
In order to specify the regime boundaries, the standard equilibrium potential and passivation potential are calculated for each metal.  For this investigation the electrochemical potential is measured against a Saturated Calomel Electrode (SCE).  The SCE has a reference value of + 0.240mV vs. a Standard Hydrogen Electrode (SHE) [6].
The potential, at which the passive film will be formed, is calculated by:
							(25)
For a solution at ph7, the passivation potentials for the three metals are given in table 3.
[bookmark: _Toc323293436]Table 3 - Passivation potentials at pH7
	
	 (V) SCE
	 (V) SHE

	Cr
	-1.05
	-0.8

	Fe
	-0.41
	-0.16

	Ni
	0.70
	0.95






Pourbaix diagrams are employed in order to graphically demonstrate the regime boundaries.  Diagrams for the ternary system of FeCrNi, considering equal concentrations of each element, are shown below [8].
[image: ][image: ]Discrepancies between the calculated passivation potentials and the extrapolated potentials on the diagrams below are attributed to the formation of bimetallic oxides.  As noted previously, these oxides are discounted for the sake of this investigation.  [bookmark: _Toc334179680]Figure 1 - Pourbaix diagram for Fe species [8]
[bookmark: _Toc334179681]Figure 2 - Pourbaix diagram for Cr species [8]

Considering only the pure oxides, a close correlation can be observed.





[bookmark: _Toc334179682]Figure 3 - Pourbaix diagram for Ni species [8]

[image: ]
[bookmark: _Toc334179717]5.6	[] Determining pure erosion rate
The erosion rate, in the absence of corrosion, is calculated for both the active and passive regions.   represents the mass of removed material per unit mass of erosive matter, and can be calculated as:
								(26)
The mass of erodent, striking the surface over time, is represented by the particle flux (where  and  represent particle concentration and particle size respectively):
									(27)
To calculate the material wastage over time, the particle flux (27) is then multiplied by the dimensionless erosion ratio (26) to give:
						(28)

[bookmark: _Toc334179718]5.7	Regime map boundaries
As previously discussed, the erosion-corrosion regime maps are split into distinct regions.  These regions highlight the dominating mode of wear at a given potential and impinging particle velocity.  The ratio  is used to define the regime boundaries.  

When erosion is responsible for the majority of the total wastage (), an area of erosion domination is observed on the regime map.  Conversely, when the majority of the wear is through corrosion, dissolution or passivation is specified, depending on whether the metal is active or passive.  Table 4 lists the ratios at which each wear mode is observed.

[bookmark: _Toc323293437]Table 4 - Regime map boundaries
	
	
	< 0.1
	Erosion dominated

	 1 ≥
	
	≥ 0.1
	Erosion-corrosion dominated

	10 >
	
	≥ 1
	Corrosion-erosion dominated

	
	
	≥ 10
	Corrosion dominated



By rearranging equations (8), (23), and (28), the transition velocity for the active region is derived as:
							(29)
And for the passive region:
							(30)
Where  and  are given in table 2.

[bookmark: _Toc334179719]5.8	Wastage map boundaries
Wastage maps, like the regime maps, are plotted for applied potential vs. particle velocity.
The wastage map boundaries are defined by the mass of material removed over time.  Values for: low, medium and high wastage regions are given in table 5 below.  These are based on work by M.M.Stack and represent true to life values for severity of wear.
Total wastage is calculated as in equation (1).   

[bookmark: _Toc323293438]Table 5 - Wastage map boundaries (mm/year)
	
	KEC
	< 0.1
	Low

	 1 <
	KEC
	≤ 0.1
	Medium

	
	KEC
	≥ 1
	High








[bookmark: _Toc321151114][bookmark: _Toc334179720]6	Results

The regime boundary equations, along with all the necessary values from table 1, were input into Microsoft Excel in order to produce the regime maps.  As previously mentioned these maps show the erosion-corrosion regimes at varying particle velocities and applied potentials.  (It should be noted, the regime maps are to be read whilst assuming the formation of an oxide of one species will prevent further dissolution of all constituent metals.)
The key for the regime maps is given in table 6.

[bookmark: _Toc323293439]Table 6 - Regime map key
	ER
	Pure erosion

	ER DOM
	Erosion dominated

	ER / DISS
	Erosion / dissolution

	DISS / ER
	Dissolution / erosion

	DISS
	Dissolution dominated

	ER / PASS
	Erosion / passivation

	PASS / ER
	Passivation / erosion

	PASS
	Passivation dominated



Wastage maps were generated using the wastage boundary equations and relevant predefined constants.  Difficulties in calculating the wastage for the passive region arose due to both corrosion and erosion rate having a dependence on particle velocity.  This obscurity was resolved by using MathCAD [19] to solve the equations iteratively and Microsoft Excel to plot the results as with the regime maps.  
The Pourbaix diagrams in figures 1-3 demonstrate some important features in the electrochemical behaviour of stainless steel.  For low applied potentials, the Fe species has a region of immunity.  At higher potentials Fe tends to passivate.  Ni is a more noble metal than Fe and so has a larger region of immunity.  Once Ni reaches its equilibrium potential it has a large region of dissolution.  The formation of Ni oxides on the surface of steel does not occur until much higher potentials are reached, notated by the gamma region on the Pourbaix diagram.  Cr has the smallest region of immunity of the three species.  At relatively low potentials, a small region of Cr dissolution is followed by passivation.

[bookmark: _Toc334179721]6.1	Applied potential vs. particle velocity maps: effect of increasing the pH of solution.
The corrosion behaviour seen in the Pourbaix diagrams is also apparent in the regime maps generated for solutions of pH5, pH7, and pH9 (figure 4).  At low potentials, all stainless steel constituent species have a region of immunity 
At pH5 the immunity region exists up until -1.34V, whereupon Cr enters a stage of dissolution coupled with erosion.  An increase in potential sees a small area of dissolution for the Fe species before Cr starts to passivate.  The rest of the map is dominated by Cr and Fe passivation, other than at high particle velocities where the majority of the wear is caused by erosion.
In a pH neutral solution (figure 4(b)), the region of immunity again extends up to the equilibrium potential for Cr.  The following region of dissolution is markedly reduced when compared with the acidic map.  This is due to the noticeable shift of the passive regions towards lower potentials.  
At pH9 there is no longer a region of Cr dissolution.  Instead the steel goes straight from pure erosion into Cr passivation.  For applied potentials above the passivation potential, the majority of wear can be attributed to the removal and re-passivation of the Cr oxide film.  At the highest particle velocities erosion is still dominant.
The wastage maps in figure 6 confirm the results from the regime maps.  That is, the size of the Cr dissolution region decreases with an increase in the pH of solution. It is accepted that this region of Cr dissolution attributes marginally to the total wear of the steel.  The area of medium wastage which exists in this region is assumed as such, as the more noble properties of both Ni and Fe would arrest the total wear rate to some extent.
The ‘High’, ‘Medium’, and ‘Low’ labels on the wastage maps are discussed in detail in the methodology.

[bookmark: _Toc334179722]6.2	Applied potential vs. particle velocity maps: effect of increasing the particle concentration
Based on earlier work [8], it was decided that a significant progression for the stainless steel erosion-corrosion model would be to develop it for various particle concentrations, in order to investigate the effect that a higher particle flux has on the wear maps generated for stainless steel.   Recent modelling work on pure metals has used concentrations of 0.1, 0.2 and 0.3cm-3 and so these seemed logical values for the alloy model.
Figure 5 shows the regime maps for the various concentrations.  It is rational to assume that an increase in particle concentration will lead to a greater erosion factor within the active region.  The relationship observed within the regime maps confirms this.  Although most obvious between the 0.1 and 0.3cm-3 concentrations, a near linear reduction in the erosion dominated boundaries is clear in both maps of lesser concentration.  The effect which increasing particle flux has on the passive regions is less clear in these maps.
However wastage maps constructed for the three concentrations (figure 7) clearly show an increase in wastage, against particle velocity, in the passive region.  As previously noted, the wastage maps are based on the assumption that the removal and reformation of the Cr passive film is the dominant mode of wear for stainless steel.
This assumption results in an area of high wastage over most of the passive region and can be explained as such.  At high velocities the impinging particles penetrate deeper into the oxide film, due to its relative softness, than to the surface of the steel.  Thus the quantity of material required to reform the passive layer is greater than that removed from the steel in the immunity region.  Furthermore, as the applied potential rises there exists a proportional increase in passive film thickness (24).  Therefore the impinging particles are able to penetrate deeper into the softer oxide film and further increase the rate of wastage.
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[bookmark: _Toc334179683]Figure 4 – Regime maps for FeCrNi at: (a) pH5, (b) pH7, and (c) pH9


[bookmark: _Toc334179724]6.2.1 		Regime Maps – Varying Particle Concentration
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[bookmark: _Toc334179684]Figure 5 - Regime maps for FeCrNi at particle concentration (gcm-3): (a) 0.3, (b) 0.2, and (c) 0.1


[bookmark: _Toc334179725]6.2.2 		Wastage Maps - Varying pH
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[bookmark: _Toc334179685]Figure 6 - Wastage maps for FeCrNi at: (a) pH5, (b) pH7, and (c) pH9


[bookmark: _Toc334179726]6.2.2 		Wastage Maps - Varying Particle Concentration
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[bookmark: _Toc334179686]Figure 7 - Wastage maps for FeCrNi at particle concentration (gcm-3): (a) 0.3, (b) 0.2, and (c) 0.1


[bookmark: _Toc334179727]7	Discussion

The regime maps constructed for solutions of varying pH give an indication as to the performance of stainless steel in corrosive conditions.  Low wastage, due to the immunity region, would be expected at low potentials for all aqueous solutions.  The steel would perform worst in acidic conditions due to the large region of Cr dissolution following immunity.  In neutral solutions, this region of Cr dissolution is greatly reduced and replaced with passivation, thus the steel fares better.  For the potential range chosen, stainless steel would perform best in an alkaline solution.  This is attributed to the layer of Chromium oxide formed at low potentials, preventing any further dissolution of the metal.
For an increase in particle concentration, a similar comparison in performance can be made.  For the small active region in a solution of pH7, a greater particle flux will cause an increase in the erosion ratio.  This is clearest in the regime maps between 0.1 and 0.3gcm-3.  The wastage maps show that an increase in particle concentration also accelerates the loss of material in the passive region.  This is less clear on the regime maps.

[bookmark: _Toc334179728]7.1	Tidal power – a practical application of stainless steel wear maps
In order to demonstrate how the wear maps would be applied to a practical situation, a hypothetical problem will be posed and the erosion-corrosion model applied accordingly.
A technology which is susceptible to material loss through an erosive-corrosive mechanism is tidal energy generation.  Although this form of electricity production is relatively scarce at present, it has the potential to become a significant source of alternative power due to its consistent nature.  This is especially pertinent in the UK, where 48% of Europe’s tidal resources are located.
The most common way of harvesting this energy, at this time, involves the use of a horizontal axis type turbine positioned normal to the flow direction [21].  Considering that these turbines are submerged for the majority of their working life, and are strategically placed in a region of high flow velocity to maximise power generation, it is reasonable to conclude that erosion-corrosion will occur to some extent.  For this reason, the following hypothetical problem is posed:
· A tidal power plant is to be set up using buoyant turbines to harvest the force of an aqueous flow.  The turbines will be positioned in an area of high tidal forces, where the flowing water picks up sand particles from the ocean floor, and distributes them evenly through solution.  Thus the plant designer would like to know how erosive-corrosive wear will affect the stainless steel turbine blades, which are positioned normal to the flow direction.
To apply the stainless steel wear maps to this problem, we first need to establish the relevant environmental conditions.  
The SMD Hydrovison TidEL system uses two buoyant turbines which are designed for a peak operating flow velocity of 5 knots or higher [21].  Assuming these turbines are used for the hypothetical problem, the peak velocity can be established as 2.5 m/s.  For this problem it will also be assumed that: no potential is applied to the steel; the sea water is of neutral pH; and the concentration of silica particles in the flow is 0.3% by mass.
From interpolation of the relevant regime map (figure 5(a)) for the proposed conditions, it is apparent that the steel would be in a region dominated by Cr passivation.  This is consistent with the passivation of stainless steel when submerged in a neutral solution without an applied potential.  It can also be seen from the regime map that, at a flow velocity of 2.5m/s, pure erosion is affecting the total material loss to some extent.
To find out how much material is lost through this specific case of erosion-corrosion, the appropriate wastage map can be consulted (figure 6(a)).  From this map, it is clear that the material loss will be high (over 1mm/year). 
This information allows the engineer to project mange the tidal power system, with a better understanding of how the steel will perform.  The expected useful life of the turbine blades could be calculated and replacement scheduled accordingly.  Alternatively the design could be altered to minimise material loss through erosion-corrosion.  The La Rance tidal power station, in Brittany, found much success preventing the loss of carbon steel through imposed current cathodic protection [22].  From the regime maps it is clear to see why this applied potential has an impact on the rate of material loss.  Cathodic protection, in effect, induces immunity within steel, thus preventing any wastage through corrosive mechanisms.
In contrast to the results obtained from the wastage map, the operational report from Le Rance indicates that only low, localised wear was recorded on the stainless steel components [22].  One explanation for this could be that the seawater passing through the turbine does not have a concentration of suspended sand as high as the 3% used to generate the wear map.  This may correspond with the positioning of the turbines in a large concrete cylinder, as sand which drops out of solution may not be replaced by sand particles disturbed from the ocean floor. 
What is clear from this is that significant inconsistencies between the predictive model and the observed wear can occur if the input environmental conditions do not closely match those of the actual subject of analysis.  Thus in a true to life application of these maps, more accurate environmental conditions would need to be established.  
Moreover, for projects conducted in a hostile environment, where impurities (other than sand) exist within the water, the preliminary model proposed in this paper would lack any real accuracy.  For example, dissolved gasses such as CO2 and Cl are known to lead to a dramatic increase in material wastage.  Even the presence of NaCl within solution can greatly affect corrosion rate as it increases the conductivity of the electrolyte.  

[bookmark: _Toc334179729]7.2	Material Selection Maps
Another useful tool when investigating erosive-corrosive wear, is the material selection map.  These maps offer a method of ranking the performance of various materials under a range of environmental conditions.
Two different material performance maps have been generated for this paper.  The first of which considers the three pure metals that are most commonly found in stainless steel.  The second map compares the performance of stainless steel with FeNi and FeCr, under the same range of applied potentials and particle velocities.
From the pure metals map (figure 8), it is evident that Nickel undergoes low wastage at lower applied potentials, including at the highest particle velocities.  This can be attributed to its high-resistance to erosive wear.  Chromium performs worst at mid-range applied potentials as its soft passive film is more readily removed by impinging particles.  At higher potentials the observed wastage, due to erosion corrosion, is far more substantial for all three metals.  Fe and Cr both form soft passive films which are susceptible to erosion, whilst Ni dissolves into solution at a significant rate.
The material selection map for the metal alloys (figure 9) yields interesting results.  
At low potentials FeCr is the most susceptible to erosive-corrosive wear due the low reversible equilibrium potential of Chromium.  This bimetallic alloy also exhibits high wastage at greater potentials; the soft Chromium oxide layer being easily removed by erodent.
FeNi is more resistant to wastage as the wear regime is pure erosion for a larger portion of the map.  Once the applied potential passes the dissolution potential for Iron, the alloy quickly begins to dissolve into solution.  In a similar fashion to FeCr, once FeNi begins to passivate, a high wastage is observed due to the removal and reformation of the passive film.  For all three alloys considered in this material selection map, the only area of low wastage at higher potentials is where the velocity of the impinging particles is too low to do damage to the passive film.
Stainless steel performs similarly to FeCr for this set of variables.  If the map took the area of medium wastage, for each of the alloys, into account; a difference in overall wastage between stainless and FeCr would be more distinguishable.









[bookmark: _Toc334179687]Figure 8 - Pure metals material selection map










[bookmark: _Toc334179688]Figure 9 - Alloys material selection map




[bookmark: _Toc334179730] 7.3	Consideration of the erosion-corrosion model
One inaccuracy in the model created for alloys, lies in the simplification of the passivation process.  A significant assumption being that the oxide film forms instantaneously at a specific depth, covering the entire surface of the steel.  In practice, the passive layer forms in patches on the surface at varying thickness.  This has the most substantial impact for conditions close to the regime boundaries, where the passive film is just starting to form. 
Another assumption relating to the passive region, which may be over simplistic, is that the oxide film immediately re-passivates between impacts.  It is more likely that numerous particle impacts would occur on the same area of film before the oxide layer has time to reform, especially at higher particle concentrations.  This accelerated reduction in film thickness could result in the exposure of the base metal, thus initiating further dissolution of the constituent metals.
The formation of bimetallic oxides is entirely neglected in this model.  Incorporating these would require some thought, as the differences in the stability of the interspecies oxides could lead to various stages of passive film formation.
As previously mentioned, the oxide film is currently considered to form instantaneously on the surface of the steel once the potential required for passivation has been reached.  Future investigations could explore a more accurate modelling of this transition.  Perhaps the change from active to passive behaviour could be me more gradual, thereby incorporating the regions of dissolution where the oxide film is still to form. 
The erosion model in this investigation is formulated for the individual constituent metals.  Although this approach is necessary for the corrosion model, it could be possible to generate a formula describing the pure erosive wear, for both the active and passive regions, for stainless steel as a whole.
Some interesting developments in Tribology in recent years have been the introduction of CFD modelling, as a tool in predicting erosive wear.  This method allows the random nature of particle impact to be simulated more accurately than by simple mathematic models.  With adequate computer resources, it may be possible to solve erosion-corrosion prediction problems for stainless steel, using an extension of the modelling technique which is presented in this investigation. This would enable more complex environments to be modelled, such as where erosive particles are striking the material at varying velocities and at a range of impact angles.  If this model was further developed into a transient type analysis, it could become a useful tool for many real life scenarios, where a steady state type flow rarely exits.
Another natural progression for the erosion-corrosion model produced for stainless steel would to develop it for different alloys, eventually leading to a comprehensive catalogue of wear maps for various environments.



[bookmark: _Toc334179732]8	Conclusions

(i) A model for predicting the erosion-corrosion of pure metals has been extended to stainless steel.

(ii) Regime maps have been developed for solutions of pH5, pH7, and pH9.  It is concluded in the discussion section that stainless steel performs best in the alkaline solution.  This is because the passive film forms at a lower potential for pH9 than for either of the other pH values.

(iii) The effect of increasing particle concentration on the maps has been considered. These maps show the highest wastage for the highest particle concentration, as expected.

(iv) A theoretical erosion-corrosion wear problem, involving a tidal power generator, has been formulated.  Using the constructed wear maps, predictions pertaining to material loss have been discussed.

(v) Material selection maps have been generated for the individual components of stainless steel, and alloys consisting of the same pure metals.
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PARTICLE VELOCITY (m/s)

Ni	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	Cr10	-1.6	-1.59	-1.58	-1.57	-1.56	-1.55	-1.54	-1.53	-1.52	-1.51	-1.5	-1.49	-1.48	-1.47	-1.46	-1.45	-1.44	-1.43	-1.42	-1.41	-1.4	-1.39	-1.38	-1.37	-1.36	-1.35	-1.34	-1.33	-1.32	-1.31	-1.3	-1.29	-1.28	-1.27	-1.26	-1.25	-1.24	-1.23	-1.22	-1.21	-1.2	-1.19	-1.18	-1.17	-1.1599999999999999	-1.1499999999999999	-1.1399999999999999	-1.1299999999999999	-1.1200000000000001	-1.1100000000000001	-1.1000000000000001	-1.0900000000000001	-1.08	-1.07	-1.06	-1.05	-1.04	-1.03	-1.02	-1.01	-1	-0.99	-0.98	-0.97	-0.96	-0.95	-0.94	-0.93	-0.92	-0.91	-0.9	-0.89	-0.88	-0.87	-0.86	-0.85	-0.84	-0.83	-0.82	-0.81	-0.8	-0.79	-0.78	-0.77	-0.76	-0.75	-0.74	-0.73	-0.72	-0.71	-0.7	-0.69	-0.68	-0.67	-0.66	-0.65	-0.64	-0.63	-0.62	-0.61	-0.59999999999999898	-0.58999999999999897	-0.57999999999999896	-0.56999999999999895	-0.55999999999999905	-0.54999999999999905	-0.53999999999999904	-0.52999999999999903	-0.51999999999999902	-0.50999999999999901	-0.499999999999999	-0.48999999999999899	-0.47999999999999898	-0.46999999999999897	-0.45999999999999902	-0.44999999999999901	-0.439999999999999	-0.42999999999999899	-0.41999999999999899	-0.40999999999999898	-0.39999999999999902	-0.38999999999999901	-0.37999999999999901	-0.369999999999999	-0.35999999999999899	-0.34999999999999898	-0.33999999999999903	-0.32999999999999902	-0.31999999999999901	-0.309999999999999	-0.29999999999999899	-0.28999999999999898	-0.27999999999999903	-0.26999999999999902	-0.25999999999999901	-0.249999999999999	-0.23999999999999899	-0.22999999999999901	-0.219999999999999	-0.20999999999999899	-0.19999999999999901	-0.189999999999999	-0.17999999999999899	-0.17	-0.16	-0.15	-0.14000000000000001	-0.13	-0.12	-0.11	-9.9999999999999895E-2	-8.99999999999999E-2	-7.9999999999999793E-2	-6.9999999999999798E-2	-5.9999999999999797E-2	-4.9999999999999802E-2	-0.04	-0.03	-0.02	-0.01	0	0.01	0.02	0.03	0.04	0.05	6.0000000000000102E-2	7.0000000000000104E-2	8.0000000000000099E-2	9.0000000000000094E-2	0.1	0.11	0.12	0.13	0.14000000000000001	0.15	0.16	0.17	0.18	0.19	0.2	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	1.7273147587715407	1.6288204029167961	1.5671341117757192	1.5301639145143193	1.5086781708846326	1.4964330973188553	1.4895322644143003	1.4856610625710704	1.4834814796395881	1.4822272716949183	1.4814532243276419	1.4767097141845467	1.4760860589290723	1.4752374810254856	1.4738575523222885	1.471444792691603	1.467112817864852	1.4592390185143846	1.4447678283064112	1.4177004560927253	1.3652973127473247	1.2554922282364147	0.95541339449434504	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0.55220000000000002	0.54483375000000001	0.53746749999999999	0.53010124999999997	0.52273499999999995	0.51536874999999993	0.50800249999999991	0.50063624999999989	0.49326999999999988	0.49326999999999999	0.48849290000000001	0.48371580000000003	0.47893870000000005	0.47416160000000007	0.46938450000000009	0.46460740000000011	0.45983030000000014	0.45505320000000016	0.45027610000000018	0.44549899999999998	0.44187409999999999	0.43824920000000001	0.43462430000000002	0.43099940000000003	0.42737450000000005	0.42374960000000006	0.42012470000000007	0.41649980000000009	0.4128749000000001	0.40925	0.40638000000000002	0.40351000000000004	0.40064000000000005	0.39777000000000007	0.39490000000000008	0.3920300000000001	0.38916000000000012	0.38629000000000013	0.38342000000000015	0.38055	0.37820700000000002	0.37586400000000003	0.37352100000000005	0.37117800000000006	0.36883500000000008	0.3664920000000001	0.36414900000000011	0.36180600000000013	0.35946300000000014	0.35711999999999999	0.35493999999999998	0.35275999999999996	0.35057999999999995	0.34839999999999993	0.34621999999999992	0.3440399999999999	0.34185999999999989	0.33967999999999987	0.33749999999999986	0.33750000000000002	0.33564766666666668	0.33379533333333333	0.33194299999999999	0.33009066666666664	0.3282383333333333	0.32638599999999995	0.32453366666666661	0.32268133333333326	0.32082899999999992	0.32082899999999998	0.31922355555555554	0.3176181111111111	0.31601266666666666	0.31440722222222223	0.31280177777777779	0.31119633333333335	0.30959088888888892	0.30798544444444448	0.30638000000000004	0.30637999999999999	0.3049722222222222	0.30356444444444441	0.30215666666666663	0.30074888888888884	0.29934111111111106	0.29793333333333327	0.29652555555555549	0.2951177777777777	0.29370999999999992	0.29371000000000003	Cr	-1.6	-1.59	-1.58	-1.57	-1.56	-1.55	-1.54	-1.53	-1.52	-1.51	-1.5	-1.49	-1.48	-1.47	-1.46	-1.45	-1.44	-1.43	-1.42	-1.41	-1.4	-1.39	-1.38	-1.37	-1.36	-1.35	-1.34	-1.33	-1.32	-1.31	-1.3	-1.29	-1.28	-1.27	-1.26	-1.25	-1.24	-1.23	-1.22	-1.21	-1.2	-1.19	-1.18	-1.17	-1.1599999999999999	-1.1499999999999999	-1.1399999999999999	-1.1299999999999999	-1.1200000000000001	-1.1100000000000001	-1.1000000000000001	-1.0900000000000001	-1.08	-1.07	-1.06	-1.05	-1.04	-1.03	-1.02	-1.01	-1	-0.99	-0.98	-0.97	-0.96	-0.95	-0.94	-0.93	-0.92	-0.91	-0.9	-0.89	-0.88	-0.87	-0.86	-0.85	-0.84	-0.83	-0.82	-0.81	-0.8	-0.79	-0.78	-0.77	-0.76	-0.75	-0.74	-0.73	-0.72	-0.71	-0.7	-0.69	-0.68	-0.67	-0.66	-0.65	-0.64	-0.63	-0.62	-0.61	-0.59999999999999898	-0.58999999999999897	-0.57999999999999896	-0.56999999999999895	-0.55999999999999905	-0.54999999999999905	-0.53999999999999904	-0.52999999999999903	-0.51999999999999902	-0.50999999999999901	-0.499999999999999	-0.48999999999999899	-0.47999999999999898	-0.46999999999999897	-0.45999999999999902	-0.44999999999999901	-0.439999999999999	-0.42999999999999899	-0.41999999999999899	-0.40999999999999898	-0.39999999999999902	-0.38999999999999901	-0.37999999999999901	-0.369999999999999	-0.35999999999999899	-0.34999999999999898	-0.33999999999999903	-0.32999999999999902	-0.31999999999999901	-0.309999999999999	-0.29999999999999899	-0.28999999999999898	-0.27999999999999903	-0.26999999999999902	-0.25999999999999901	-0.249999999999999	-0.23999999999999899	-0.22999999999999901	-0.219999999999999	-0.20999999999999899	-0.19999999999999901	-0.189999999999999	-0.17999999999999899	-0.17	-0.16	-0.15	-0.14000000000000001	-0.13	-0.12	-0.11	-9.9999999999999895E-2	-8.99999999999999E-2	-7.9999999999999793E-2	-6.9999999999999798E-2	-5.9999999999999797E-2	-4.9999999999999802E-2	-0.04	-0.03	-0.02	-0.01	0	0.01	0.02	0.03	0.04	0.05	6.0000000000000102E-2	7.0000000000000104E-2	8.0000000000000099E-2	9.0000000000000094E-2	0.1	0.11	0.12	0.13	0.14000000000000001	0.15	0.16	0.17	0.18	0.19	0.2	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5	1.6264690231094323	1.3962554070070134	1.2116951905877453	1.0685529935238851	0.96256082966427747	0.88843196389937928	0.83962211332824987	0.80917072716950389	0.79092184892070272	0.7802214722786871	0.77391240290846874	0.76996041661590542	0.76485805731936185	0.76161237577530683	0.75714543559961101	0.74975171451376654	0.73641187713899547	0.71097421354170376	0.65846348319414794	0.52232445215721834	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0.17699999999999999	0.17454749999999999	0.172095	0.1696425	0.16719000000000001	0.16473750000000001	0.16228500000000001	0.15983250000000002	0.15738000000000002	0.15737999999999999	0.15564433333333333	0.15390866666666667	0.152173	0.15043733333333334	0.14870166666666668	0.14696600000000001	0.14523033333333335	0.14349466666666669	0.14175900000000002	0.141759	0.14045466666666667	0.13915033333333335	0.13784600000000002	0.1365416666666667	0.13523733333333338	0.13393300000000005	0.13262866666666673	0.1313243333333334	0.13002000000000008	0.13002	0.12899222222222223	0.12796444444444446	0.1269366666666667	0.12590888888888893	0.12488111111111115	0.12385333333333337	0.12282555555555559	0.12179777777777781	0.12077000000000003	0.12077	0.11993555555555556	0.11910111111111112	0.11826666666666667	0.11743222222222223	0.11659777777777779	0.11576333333333334	0.1149288888888889	0.11409444444444446	0.11326000000000001	0.11326	0.11256333333333333	0.11186666666666667	0.11117	0.11047333333333334	0.10977666666666668	0.10908000000000001	0.10838333333333335	0.10768666666666668	0.10699000000000002	0.10699	0.10639722222222223	0.10580444444444445	0.10521166666666668	0.1046188888888889	0.10402611111111112	0.10343333333333335	0.10284055555555557	0.1022477777777778	0.10165500000000002	0.101655	0.101143	0.100631	0.100119	9.9607000000000001E-2	9.9095000000000003E-2	9.8583000000000004E-2	9.8071000000000005E-2	9.7559000000000007E-2	9.7047000000000008E-2	9.7046999999999994E-2	9.6598444444444445E-2	9.6149888888888896E-2	9.5701333333333347E-2	9.5252777777777797E-2	9.4804222222222248E-2	9.4355666666666699E-2	9.390711111111115E-2	9.34585555555556E-2	9.3010000000000051E-2	9.3009999999999995E-2	APPLIED POTENTIAL, V (SCE)

PARTICLE VELOCITY, m s-1
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PARTICLE VELOCITY, m s-1
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PARTICLE VELOCITY (m/s)
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PARTICLE VELOCITY (m/s)
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PARTICLE VELOCITY (m/s)
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