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Abstract 

In this paper, an asperity-scale electrochemical model is combined with a computational 

contact mechanics solution to simulate a tribocorrosion system. The proposed approach is 

unique, considering the real-time evolution of surface topography, wear and corrosion. The 

proposed framework facilitates the prediction of wear, corrosion and its synergies by de-

coupling wear and corrosion processes; better representing the physical and chemical system. 

The model is able to determine the current on the micro scale and the summation of the asperity 

currents is assumed to define the macro-scale quantity of the current. The evolution of current 

from this model has been validated with experiments using a ball-on-plate tribometer. The 

findings are in very good agreement with the experiments. The numerical model directly 

calculates the real area of contact in a tribo-corrosive condition and highlights its importance 

in the electrochemical and mechanical wear. Investigating the effect of load also confirms that 

if the topography is evolved at different loading conditions, the electrochemical response of 

the system also evolves accordingly. After the model validation, the effect of mechanical wear 

on the corrosive wear has been computed and it suggests that the corrosive wear changes 

linearly with the mechanical wear. 

Key words: Tribocorrosion, Wear, Electrochemistry, Surface roughness 

1 Introduction 

Metallic alloys are ubiquitous in aqueously lubricated tribological systems. This includes 

applications in automotive, aerospace, oil and gas, medical and food industries. Whilst the 

tribological systems vary significantly between these applications, one thing that unites all 

these applications is the fundamental degradation processes occurring at the tribological 

interfaces during sliding. Tribocorrosion describes the degradation process of a material 
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whereby material is lost through combined mechanical (wear) and electrochemical (corrosion) 

processes. Whilst passive metallic alloys, such as stainless steels, CoCrMo and Ti-based alloys, 

are often employed because of their corrosion resistance, it is this characteristic which make 

these alloys susceptible to tribocorrosion. Passive alloys owe their corrosion resistance to the 

presence of a nano-metre thick passive oxide layer or passive film [1]. When such a material 

is subject to mechanical abrasion, the passive film can be damaged, partially or completely 

removed resulting in exposure of the metal to the corrosive environment. Due to the reactive 

nature of the underlying material, when the metal is exposed to the corrosive environment the 

surface will rapidly react with its environment to spontaneously reform the passive film. Whilst 

most studies assume that all metal ions released from the interface go directly into the formation 

of passive film, in reality a proportion of these will pass into the solution. Release of metal ions 

and particulates from a metallic surface has been implicated in the high profile metal hip recalls 

[2].  

The complex dynamic process of combined material removal due to mechanical and 

electrochemical actions can lead to accelerated degradation of the material. In a tribocorrosion 

system, the overall measured wear is different from a simple summation of the electrochemical 

corrosion in the absence of mechanical rubbing and the mechanical wear in the absence of 

corrosive environment [3]. The tribocorrosive mechanisms were originally proposed by Uhlig 

and further expanded by Watson et al. [4] . The synergy equation, as described by Watson et 

al. and given in Equation 1, demonstrates that material loss occurs from a combination of pure 

mechanical processes (Vm), pure corrosive processes (Vc) and their synergies where ッ撃頂栂 髪ッ撃栂頂 represent corrosion-enhanced wear and the wear-enhanced corrosion respectively [5]. 撃脹 噺 撃陳 髪 撃頂 髪 ッ撃頂栂 髪 ッ撃栂頂                                         岫な岻 

The synergistic effects between corrosion and wear have been of particular interest and widely 

observed in abrasion [6-10], erosion [11-20] and sliding conditions [4, 21, 22].   Understanding 

the origins of material degradation in tribocorrosion contacts is critical prior to optimisation of 

such systems. The ability to predict and model the evolution of tribocorrosion has been the 

focus of many researchers [23-32]. Mischler and co-authors [25, 28] developed mechanistic 

models of tribocorrosion. Corrosion was predicted by calculating the real area of contact in the 

whole wear track by linear interpolation of the wear track. Swaminathan and Gilbert [32] used 

mechanical models to calculate the real area of asperities in contact and showed that the 

abrasion rate of oxides is proportional to the product of real area and oxide thickness. They 
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also presented that abrasion rate is related to asperity-asperity spacing. In other works, 

Stachowiak et al. [33, 34] developed a multi-asperity contact mechanics model that can 

calculate the real area of contact and the corresponding current density. They have used the 

same model to develop the wear maps for tribocorrosion conditions [35]. Cao et al. [23] have 

developed a wear model for predicting material degradation in tribocorrosive environment 

considering the lubrication mechanism. They have combined an Archard-type mechanical 

material degradation model with an electrochemical Faraday-type wear model. The model used 

the calculated minimum film thickness to account for the effective load applied on the 

asperities. In some other works authors modelled the current response in a tribocorrosion 

experiment using high field conduction concepts [36, 37]. They assumed that the current 

density is limited by the interface reaction and the growth of the oxide film occurs based on 

anodic polarization of the working electrode. In the most recent attempt, Nazir et al. [38] 

developed a novel approach to model synergistic wear-corrosion for nanocomposite coatings. 

They combined the nanomechanical properties of the coating with a stress-activated 

electrochemical model that was based on the Butler-Volmer equation [39]. They considered 

the evolution of the contact pressure and the corresponding evolution of the wear track.  

There has been tremendous efforts in understanding the correlation between wear and corrosion 

in the tribology community as stated above. Different sophisticated experimental techniques 

have been developed [25, 27] and numerous theories have been introduced [5, 23, 26, 36]. 

However none of the models combine decoupled deterministic contact mechanics and 

corrosion models on the asperity scale. Literature lacks a unified coupled wear-corrosion model 

that integrates important physics of material degradation at the asperity level. The application 

of such models can be general and in any system that experiences synergistic effects of 

mechanical degradation and corrosion. Particular attention can be given to the biomedical field 

where the impact of tribocorrosive wear has shown to be significant especially in body joints 

and dentistry [40].   

In a recent work, we have developed a novel framework for the prediction of wear, corrosion 

and its synergies occurring at tribological surfaces [41]. In this framework, a well-established 

electrochemical model has been integrated into an in-house developed transient contact 

mechanics and wear numerical framework [42], enabling a computationally efficient prediction 

of wear, corrosion and its synergies at the asperity scale. The contact mechanics model is 

capable of predicting wear and plastic deformation as well as surface topography evolution and 

simulation results were validated against experiments [43, 44]. The tribocorrosion model is 
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able to capture the microscopic and macroscopic electrochemical processes due to mechanical 

depassivation and mechanical wear. This manuscript presents the capability of the same 

tribocorrosion model in capturing the electrochemical current evolution in the dynamics of a 

tribocorrosion process. In this paper, we present a deterministic calculation for the evolution 

of the current in a sliding system. A brief explanation of the theory of the model is presented 

in Section 2 followed by results and discussions in Section 4. 

2 Materials and Methods 

2.1 Modelling methodology and theory 

The model integrates two well-established mechanical and electrochemical models enabling 

the prediction of wear, corrosion and its synergies. The definitions of corrosion-enhanced wear 

and wear-enhanced corrosion are explained in detail in Ref [41]. The modelling framework has 

three main parts which will be described in detail in this section: 

- Deterministic elasto-plastic contact mechanics simulation; The real area of contact will 

be calculated and the area of wear track will be calculated by tangentially moving the 

surfaces. 

- Mechanical wear model; The transient mechanical wear model is applied at the 

asperity-level and modifies the geometry of the asperities and wear track area as a 

function of sliding distance. 

- An electrochemical model; the electrochemical model is based on high field conduction 

re-passivation of a surface and is only valid for potentiostatic condition. Based on the 

exposed nascent surface area as a result of asperity contact, the resultant 

electrochemical current is calculated on the asperity-scale. Here we assume that the 

exposed computational surface nodes represent a unit area of totally de-passivated 

material. The corresponding material loss due to corrosion is calculated based on the 

predicted current transient and used to further modify the tribological surfaces. This 

enables the wear enhanced corrosion and corrosion enhanced wear contributions to be 

determined.  

The numerical procedure is plotted schematically in Figure 1.  
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 Contact Mechanics  

Contact mechanics analysis is a necessity for calculating the area of contact and analysing wear. 

The contact model in this framework incorporates a Boundary Element Method (BEM) for the 

contact of rough surfaces. The model is an elastic-perfectly plastic model. In this approach 

Figure 1 Flowchart of the tribocorrosion model, showing how the 
evolution of the current can be captured deterministically 
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hardness of the material is the criterion for limiting the contact pressure. The material hardness 

in the calculations is set to be the hardness of the softer material as it is reasonable to assume 

that the contact pressure will not exceed the hardness of softer material. A Fast Fourier 

Transform algorithm has been employed for the numerical efficiency. The details of the contact 

mechanics model can be found in the previous works of the authors [42, 43]. It should be noted 

that only the effect of normal load has been considered in this work for simplicity. The effect 

of tangential loads can also be investigated in the future works. The measured surface 

topography of both surfaces is used as inputs of the contact mechanics solver. Two engineering 

rough surfaces (ball with the radius of 6 mm and a plate) are used for the simulations. An 

example of the contact mechanics of rough surfaces is shown in Figure 2. The contact 

mechanics model is based on the complementary potential energy concept and the half space 

approximation is incorporated as the following: 

憲佃博博博岫x┸ y岻 噺 な講継茅 豹 豹 喧岫嫌怠┸ 嫌態岻穴嫌怠穴嫌態紐岫嫌怠 伐 捲岻態 髪 岫嫌態 伐 検岻態
挑

待  挑
待                    岫に岻       

Where 憲佃博博博(x,y) is the material deformation, 継茅is the material composite elastic modulus 

calculated by  
怠帳茅 噺 盤怠貸程迭鉄匪帳迭 髪 盤怠貸程鉄鉄匪帳鉄  where 荒怠, 荒態, 継怠 and 継態 are the Poisson’s ratio and Elastic 

Modulus of material 1 and 2 respectively. 喧岫嫌怠┸ 嫌態岻 is the applied contact pressure. 嫌怠┸ 嫌態 belong 

to the coordinates in which the load is applied and x,y belong to the coordinates in which the 

deformation is calculated. Then the problem will be solving the load balance and the surface 

deformation balance iteratively. The following set of equations must be satisfied: 

菌衿衿
芹衿
衿緊堅 噺 盤傑態岫捲┸ 検岻 伐 傑怠岫捲┸ 検岻匪 髪 憲佃博博博岫x┸ y岻     褐捲┸ 検 樺 畦頂喧岫捲┸ 検岻 伴 ど                                                   褐捲┸ 検 樺 畦頂喧岫捲┸ 検岻 隼 茎                                                                         布 喧沈┸珍沈┸珍退朝

沈┸珍退怠 噺 激                                                                   近衿衿
謹衿
衿襟                岫ぬ岻 

In which r is the rigid body movement of two rough surfaces, Z2 and Z1 are the surface profiles 

of the two rough surfaces and W is the total applied load. 畦頂is the area of contact, N is the total 

number of surface asperity nodes in the contact calculations and H is the material hardness.  

Rough surfaces can move relative to each other and an asperity in one surface can experience 

contact with different asperities on the counter body due to its movement. Movement of 
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surfaces can be simulated by shifting the matrix of numbers that contain values for surface 

node height (Z1 and Z2). This usually results in a wear track consisting of grooves being 

produced in the simulations.  

 Mechanical wear model 

The mechanical wear model used in the current study is the localized Archard’s wear equation 

at asperity scale. The local mechanical wear depth can be calculated using Equation 4: 

ッ月嫗岫捲┸ 検岻 噺 懲張 ┻ 鶏岫捲┸ 検岻┻ ッ建┻ 懸        (4) 

where 茎 is the material hardness, 計 is the dimensionless Archard’s wear coefficient, 鶏 is the 

local contact pressure and 懸 is the sliding speed. The values for 鶏 is calculated in each loading 

cycle based on the contact mechanics simulation. The values for other parameters (茎 , ッ建 and 懸) are obtained from the experiments and are reported in Table 2 and Table 3. Both surfaces 

are prone to mechanical wear and only the hardness in Equation 4 is different between two 

surfaces. The mechanical wear is calculated at asperity level and the height of surface nodes 

are modified. 

 

 

 

 

Figure 2 Schematic representation of the contour of pressure in the contact 
mechanics model for real rough surfaces and calculation of the real area of 
contact for rough surfaces. The area is calculated for every loading cycle. 
The real area will evolve at every loading cycle during the sliding, due to 

tangential numerical movement of surfaces used in the contact model.  
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 Calibration of the mechanical wear 

The experimentally measured wear reported in Section 3.1.2 is the material degradation due to 

combined electrochemical and mechanical processes. The electrochemical losses can be 

calculated by integrating the current over the whole period of the experiment and using the 

Faraday’s law of Equation 7. In order to obtain mechanical wear, the difference between total 

wear and the electrochemical wear will be calculated. It should be highlighted that the 

calculated difference does not represent the pure mechanical wear but rather the total 

mechanical wear. Total mechanical wear includes two components; pure mechanical wear and 

corrosion enhanced wear. A detailed discussion can be found in Ref [41]. This mechanical wear 

is then used to calibrate the wear model of Equation 4. Archard’s wear model of Equation 4 is 

applied locally at asperity-scale. The K (dimensionless) value which defines the rate of wear is 

then calibrated using the experimental results and its value is ば 抜 など貸腿. K can be affected by 

all the physical and chemical parameters that affect the severity of the contact such as materials 

, lubricants and working conditions. Therefore a first principles prediction of it is not possible 

with the current knowledge. This calibration procedure is well-established in the literature [45, 

46].  

 Potentiostatic Electrochemical model   

In order to deterministically calculate the current response due to de-passivation and capture 

its effect on the surface topography evolution and wear, an electrochemical model should be 

applied at asperity level. A convenient and quick approach was to adapt a well-established 

macroscopic electrochemical model to the asperity level. The formulation to capture the current 

evolution is based on the assumption that film growth limits the interface reaction based on 

high field conduction [1] which was also adopted by other researchers [36, 37]. The model 

assumes a film growth model with an anodic polarization controlled by means of a potentiostat 

and the current is formulated as the following: 

件直追墜栂痛朕 噺 件直追墜栂痛朕待 ┻ 結直甜腸な 髪 訣袋┻ 継待┻ 倦捗沈鎮陳 ┻ 件直追墜栂痛朕待 ┻ 結直甜腸 ┻ 建                      岫の岻 

 

where 件直追墜栂痛朕待 is the long-term growth current, 倦捗沈鎮陳 is the film growth kinetic rate and 訣袋is the 

generalised charge transfer factor formulated as: 
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訣袋 噺 糠袋繋迎劇                        岫は岻 

糠袋is the generalized charge transfer coefficient [47], 繋 is the Faraday constant (96485 

(系 兼剣健斑 )), 迎 is the ideal gas constant and 劇 is the absolute temperature. U is the over potential 

and 戟 噺 戟銚椎椎 伐 継頂墜追追 , 継待 is the electric field inside the film. 戟銚椎椎 is the applied potential, 継頂墜追追 is the natural corrosion potential and t is the time. In the case of tribocorrosion at open 

circuit potential, abrasion of the oxide layer will result in a shift in electrode potential, 

significantly affecting the rates and magnitude of corrosion currents evolved at the interface. 

Under this condition, the electrode potential is free to evolve with time along with the 

associated half-cell reactions. The current model does not consider such shifts and the 

corresponding changes in the electric fields at the interface. 

In this model, the current increases significantly immediately after the contact and reduces 

gradually in time when the oxide layer is being formed (see Figure 3) following the current 

transient of Equation 5. It can be noted that the current transient of Equation 5 is independent 

of mechanical parameters such as load and speed. The mechanical parameters will be affecting 

how the topography will evolve and will then eventually affect the macroscopic current. The 

calculated value from Equation 5 gives the value of current and not the current density. The 

concept of current density will be meaningful if the total macroscopic current is divided by the 

area of contact which is not the case of simulations in this paper. However the current density 

can be calculated when the total macroscopic current is obtained and divided by the area of 

contact. 
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Figure 3 Repassivation current profile for a single computational node in the model 

The value of the instantaneous increase in the current in the depassivation region is derived 

from the calibration of Equation 5 at t=0 and is equal to 件直追墜栂痛朕待 ┻ 結直甜腸. Therefore it will be a 

current transient on a single computational node. The area under the curve in Figure 3 is then 

used to calculate the total charge transfer on the asperity level and the corresponding 

electrochemical loss is estimtaed using Faraday’s law: 

撃頂 噺 芸警券繋貢                               岫ば岻 

撃頂  is the volumetric removal of material due to anodic reactions. Q, 警, n, 貢 and 繋 are the total 

electric charge (芸 噺 完 件 穴建痛待 ), the atomic mass of the metal, the oxidation charge, the metal 

density and the Faraday’s constant respectively. The n value for CoCrMo plate is 2.37 [29]. 

As with any computational model there are a number of simplifications that were made when 

compared to the actual physio-chemical system (explained in detail in Ref [41]). Like any other 

theoretical study, there are a number of limitations of this model. The electrochemistry model 

is based on assumptions of film growth limited by interface reaction. The electrochemical 

model is also based on the assumption that the working electrode is a net anode due to 

overpotentials. This means that the model is not able to study the conditions of a freely 

corroding electrode subjected to tribocorrosion. The fundaments of this model are based on the 

following points that are well established in the tribocorrosion literature. (i) The working 

electrode is sufficiently polarised in the anodic domain that cathodic half-cell reactions are 
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negligible [27] and (ii) the measured and predicted currents from a metal surface undergoing 

tribocorrosion are at least an order of magnitude greater than the passivated metal surface. At 

this current time, the authors are not aware of any measurement or modelling techniques that 

enable the simultaneous quantification of open circuit potential and Icorr at a resolution 

sufficient to capture individual de/re-passivation processes. The authors aim to make progress 

towards this current gap in the knowledge in the future and implement that in the robust 

numerical modelling of tribocorrosion. 

 Calibration of the electrochemical model 

Calibration of the electrochemical model is an important part of this numerical framework. It 

is important for the model to accurately predict the current response in the dynamics of a sliding 

system. Surfaces will move relative to each and the number of computational nodes in contact 

in a quasi-static condition will change. This means that at every instance of sliding, there are 

possibly different number of contact spots and therefore a different contact area. In order to 

capture the electrochemical response, the current transients simulated on computational nodes 

will be superposed on eachother. Superposition of current profiles with different number of 

computational nodes at any instant results in a fluctutation in the current for one single sliding 

stroke. It should be noted that the superposition should consider the different timing of 

asperities coming into contact. Surfaces are moving relative to each other with speed V and this 

results in a time difference of 
ッ諜蝶  for two adjacent computational nodes to come into contact; 

where ッ隙 is the size of the nodes used for relative movements.  It means that the profile of 

current transients at every loading cycle will be superimposed with other loading cycles using 

a Boltzmann’s superposition formula. The superimposition in one sliding stroke is shown 

schematically in Figure 4 and the mathematical formulation is given here. It is important to 

notice that the depassivation of a single computational node has no kinetics. At the end of the 

stroke, the current decreases based on the repassivation kinetics explained in the 

electrochemical model.  
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Figure 4 Schematic of Boltzmann superimposition of the currents from single depassivated 
computational nodes in one sliding stroke 

The total current in every loading cycle can be calculated by finding the real area of contact 

and the number of unit computational nodes that are depassivated (軽沈岻 using the following 

formula: 

荊沈岫建岻 噺 軽沈┻ 件直追墜栂痛朕岫建岻 噺 軽沈┻ 件直追墜栂痛朕待 ┻ 結直甜腸な 髪 訣袋┻ 継待┻ 倦捗沈鎮陳 ┻ 件直追墜栂痛朕待 ┻ 結直甜腸 ┻ 建               岫ぱ岻 

where 荊沈 is the overal current in one loading cycle, 軽沈is the number of computational nodes that 

experience contact (depassivation) in one loading cycle (real area of contact) at ith time step. 

The current for one single sliding stroke can be formulated using a Boltzmann’s superposition: 荊鎚痛追墜賃勅岫建岻 噺 荊岫痛貸痛轍岻 髪 荊岫痛貸痛迭岻 髪 荊岫痛貸痛鉄岻 髪 橋 髪 荊岫痛貸痛謎岻 噺 岫軽待┻ 件直追墜栂痛朕 岫建 伐 建待岻 髪 軽怠┻ 件直追墜栂痛朕岫建 伐建怠岻 髪 軽態┻ 件直追墜栂痛朕 岫建 伐 建態岻 髪 橋 髪 軽沈 ┻ 件直追墜栂痛朕岫建 伐 建沈岻 髪 橋 髪  軽暢 ┻ 件直追墜栂痛朕 岫建 伐 建暢岻            (9) 荊鎚痛追墜賃勅(t) is the overall current response of the tribosystem in the duration of sliding, 軽待┸ ┼ ┸ 軽暢represent the number of computational surface nodes in contact and is calculated 
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using the contact. This is achieved by calculating the number of non-zero elements in the 

contact pressure matrix. Since the real contact area is calculated for rough surfaces through a 

discretised contact model, the size of the computational nodes should be optimised [48] in order 

to get accurate results. The number of nodes in contact fluctuates considering the movement of 

surfaces in tangential direction. One can substitute 軽沈with (
庁張) to calculate the real area of 

contact at every loading cycle. However in this paper, the real area of contact was calculated 

numerically for real engineering surfaces. 建待┸ ┼ ┸ 建暢  present the value of times at which different 

loading cycles occur due to the relative movement of surfaces. It means that the profile of one 

of the surfaces will be shifted in the sliding direction and new surface geometries come into 

contact. every loading cycle in the simulation is assigned a time step and the value of time is 

calculated using the following equation: 

建沈 噺 岫件岻┻ ッ隙撃                          岫など岻 
where ッ隙 is the lateral size of the computational nodes in the sliding direction, 撃 is the sliding 

speed and i is the time step position. During the reciprocating motion, the value of the 

Boltzmann superposition time vary for different positions in the wear scar. This is because the 

sliding speed is different at different positions along the sliding direction. In this model, for 

simplicity, it is assumed that the asperities move with the same velocity all along the wear 

track. However, a greater repassivation time has been considered for the end of the stroke where 

the velocity of the contacting surfaces get to zero. 

In order to calibrate the electrochemical model, the parameter 件直追墜栂痛朕待  should be identified. 

This will be obtained by fitting Equation 9 into the experimental results of current only for one 

sliding stroke. In this work, the measurements of one of the first sliding strokes is used to 

extract the parameters. The fitting parameter as well as the other parameters obtained from the 

literature (訣袋┸ 継待 and 倦捗沈鎮陳), are then used to predict the current for the rest of the simulation 

and to see the effect of real area of contact on the current evolution. The simulation results of 

the current for the first stroke and the corresponding experimental results used for the 

calibration are shown in Figure 5. The experimental details of this measurement are given in 

Section 2.2.  
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Figure 5 Electrochemical current measured for the first stroke of sliding (0.5 S) is used to 
calibrate the electrochemistry model. An applied potential of 0 mV vs Ag/AgCl was applied 

(see Section 2.2). Simulation results are shown (blue line) as well as experimental data (red *) 

It is interesting to see that the calculation of the current (blue line in Figure 5) shows 

fluctuations due to the inhomogeneous nature of the surface roughness. When the upper surface 

(pin in our model) moves in the tangential direction, distribution and number of the asperities 

in contact change due to the random nature of asperity distribution. In the present paper the 

numerical data acquisition frequency (2×103 s-1) is almost one order of magnitude larger than 

the experimental data acquisition rate (100 s-1). The trend of the simulation results of Figure 5 

are in good agreement with the trends shown in the literature [25, 36, 37]. The parameters used 

for the fitting are reported in Table 1. 

Table 1 Parameters used in the electrochemistry model  

Parameters Value 件直追墜栂痛朕待  岫畦岻 など貸苔 訣袋岫な 撃斑 岻 なぱ 継待 岫撃 航兼斑 岻 のどど [37] 倦捗沈鎮陳  岫航兼 畦┻ 嫌斑 岻 の 抜 など胎 戟銚椎椎  岫撃岻 ど 

 件直追墜栂痛朕待 is the only electrochemical fitting parameter which is obtained from the experimental 

results. It should be noted that the applied potential is zero. The over potential (U) used in the 
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model is the difference between applied potential (Uapp) and the corrosion potential (Ecorr). The 

corrosion potential in the experiments of CoCrMo with PBS solution was approximately -

250mV with respect to the Ag/AgCl reference electrode.     

2.2 Experimental methodology  

 Tribocorrosion test rig 

A bespoke reciprocating ball-on-plate tribometer was used to simulate tribo-corrosion 

condition as shown in Figure 6. A 12 mm diameter Si3N4 ball (Ra ~ 5 nm) was rubbed against 

a wrought low carbon CoCrMo plate (ø 25 x 6 mm, exposed surface area = 4.9 cm2) according 

to the parameters outlined in Table 2. Prior to tribocorrosion, CoCrMo surfaces were polished 

to a surface roughness, (Ra) of approximately 20 nm. All surfaces were degreased using acetone 

and dried using a N2 stream. The material specifications for both ball and the plate are presented 

in Table 3. A programmable moving coil actuator (SMAC, CA, USA) was used to displace the 

ball relative to the plate under a controlled saw-tooth, constant velocity profile. The normal 

load was realised through the application of a calibrated dead weight and varied from 5 - 10 N. 

A sliding amplitude of 10 mm at a velocity of 20 mm /sec. 

In-situ corrosion measurements, were carried out using a 3-electrode electrochemical cell (also 

used in Ref [41]) which was integrated into the reciprocating ball-on-plate tribometer (see 

Figure 6). To complete the electrochemical cell a combined Redox/ORP electrode (Thermo 

Fisher Scientific Inc., MA, USA) was used consisting of a Ag/AgCl reference electrode and Pt 

counter electrode. All tests were conducted under potentiostatic control using a computer 

controlled potentiostat (PGSTAT101, Metrohm Autolab B.V., Utrecht, Netherlands) and an 

applied potential of 0 mV vs Ag/AgCl. Surfaces were allowed to equilibrate for 1800 seconds 

before and after the application of sliding in order to observe de/re-passivation current 

transients, which were recorded at a rate of 100 Hz.  

 

Table 2 Testing conditions 

Load 5, 7.5, 10 N 

Sliding Amplitude 5 mm 

Sliding velocity 20 mm/sec  

Test Duration 1800 (1 ms dwell time) 
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Lubricant Phosphate Buffered Saline (PBS) solution.  

Table 3 Samples and material properties 

Parameters Si3N4 ball CoCrMo plate 

Rq Roughness (nm) 5 20 

Diameter (mm) 12 mm ∞ 

Elastic Modulus (GPa) 310 210 

Hardness (GPa) 25 4.5 

 

 

Figure 6 The tribometer and the electrochemical cell attached to it [41] 

 Surfaces analysis 

A White Light Interferometer (NPFLEX, Bruker, USA) was used in this work to analyse the 

profiles of the wear track after tribocorrosion tests. In this work, average wear depth of the 

wear track was measured for 5 different areas in the middle of the wear track and average 

values are reported. 

Samples were then brought into a Scanning Electron Microscope (SEM, EVO MA15, Zeiss 

Oberkochen, Germany) to examine the morphology and investigate different possible wear 

modes. Results of the interferometry and SEM are reported in the experimental results section 

of this paper. 
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3 Results 

3.1 Experimental results  

 Electrochemical current transients 

Figure 7 (modified and reprinted from Ref [41]) shows the current trend over time of 

experiments at different loads. Over an initial static settle period, the plate is not subjected to 

wear and low current was observed. At the onset of sliding, there is a significant increase in 

current as evidenced in Figure 7. This increase in current is due to the depassivation of an area 

of the surface. During sliding, the current for all applied loads was observed to rise further as 

the test progressed. At the end of sliding, the current reduces and the sample surface 

repassivates as shown in Figure 7. In addition, the increase in load caused increase in the current 

as shown in Figure 7.  

 

Figure 7 Evolution of the current as a function of time for 3 applied loads of 5, 7.5 and 10 N 
[41] 

 Total material loss 

Figure 8 demonstrates the average wear depth of samples tested in PBS applying various loads 

[41]. The results show that as the load increases, the wear depth increases as expected. In 

addition, it was observed that the width of the wear scar in Y direction increased by applying 

higher load (Figure 9). The electrochemical contribution of the material loss was calculated 

using the Faraday law and was subtracted from the total wear to calculate the mechanical wear. 
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The results of mechanical and electrochemical wear for all three applied loads are presented in 

Figure 10. It should be noted in Figure 10 that Vmech (total mechanical wear) is equivalent to 

Vm+〉Vcw and Vchem (total corrosive wear) is Vc+〉Vwc and neither is strictly a mechanical 

(corrosion free) or chemical (mechanical free) damage. Later in this paper, the importance of 

the interplay between mechanical wear and corrosion is discussed.  

 

Figure 8 Average depth of the wear tracks generated on a CoCrMo plates following testing in 
the tribometer with different loads.  

SEM results and the wear micrographs show that there is a clear abrasive wear mechanism 

occurring on the surfaces for all three applied loads. It can be seen that the higher applied load 

results in bigger grooves to be formed on the wear track (Figure 9 a-c) which means a higher 

wear for higher applied load as expected. Analysis of the micrographs alongside the 

interferometry suggest that plate surface is rougher when worn at higher applied loads. This 

can be due to higher plastic deformation, higher wear and higher corrosion. Simulation results 

in the next section will confirm these observations. 
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Figure 9 2D Depth profile across the wear scar of CoCrMo surfaces under different loads and 
SEM micrographs of the wear scars for the applied loads of (a) 5N, (b) 7.5 N and (c) 10 N. 

(Sa is the arithmetical mean height of a line in 2D and is an extension of Ra ) 

 

Figure 10 Experimental electrochemical and mechanical wear for different loads 

5.0 7.5 10.0
0

1

2

3

A
ve

ra
ge

 w
ea

r 
D

ep
th

 (
m

)

Load (N)

 Experimental electrochemical wear
 Experimental mechanical wear



20 

 

3.2 Simulation results and discussion 

 Simulation of the current  

The depassivation area is dynamic, however, the real area of contact can be calculated in every 

load cycle and there is finite number of contact spots in the simulation. This results in the 

calculation of current in each time step. Figure 11 shows the macroscopic measured current by 

incorporating local current densities on the contacting asperities of rough surfaces for the 

applied load of 10 N.  

Figure 11 shows that the current increases by time and it is because of the increase in the real 

area of contact due to the surface asperity conformity. The number of computational nodes in 

the contact with the counter body will increase with time due to flattening of surfaces. 

Therefore more nodes will be exposed to the corrosive environment caused by the movement 

of the surfaces. 

 

Figure 11 Predicting electrochemistry during the 30 minute experiment for 10 N load 

It is important to see how the load affects the electrochemical response of a tribological system. 

It was shown by Maldonado et al. [26] that applied load changes the electrochemical response 

of a tribocorrosion system. They clearly showed that higher loads induce higher current on the 

contacting surfaces. It is also reported in other works [25, 28, 36, 49, 50] that the mechanical 

action plays an important role in the chemical response of the surfaces by changing the area of 

contact and the area of depassivated nodes. The same electrochemical and mechanical 

parameters were used to predict the electrochemical current for the applied loads of 7.5 N and 

5 N and the simulation results are presented in Figure 12 and Figure 13 respectively.   
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The results in Figure 12 show a good agreement of the simulation results with the experimental 

measurements. Figure 13 also shows a good agreement in terms of the trend. However a slight 

divergence of the predicted electrochemical current from the measurements can be seen. The 

divergence of numerical and experimental results can be due to various reasons such as third-

bodies, tribochemical effects, microstructural evolutions and consideration of constant sliding 

speed throughout the wear track. 

Interpreting the results at different loads suggest that, the larger contact area due to the higher 

load results in more depassivation of the surface asperities and leads to a higher electrochemical 

current. This can be clearly seen from comparing the results of Figure 11, Figure 12 and Figure 

13 .These results are in line with the experimental measurements of Maldonado et al. [26]. 

 

Figure 12 Predicting electrochemistry during the 30 minute experiment for 7.5 N load 

Although the current model has some simplification, the results in this section suggest that 

calculation of the real area of contact can result in fairly good prediction of the electrochemical 

current by implementing current growth at asperity-scale. The evolution of the real area of 

contact is also dependent on the applied load (see Ref [44]) and this will result in the current 

evolution during the time.  

For comparison, the total measured experimental charge (芸 噺 完 件 穴建痛待 ) has been plotted versus 

the total predicted charge in the simulations as illustrated in Figure 14. The variations of the 

scatter data from the y=x line represents the predictive capabilities of the model. It should be 

noted that this is not a fitting curve and just shows how prediction results are in-line with the 

experimental observations. The current results of Figure 14 shows good agreement between 
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experimental and the predicted values. This shows that the model is able to capture the total 

charge due to the tribocorrosion phenomena and hence is able to predict the local and overall 

electrochemical volumetric loss of the material.  

 

Figure 13 Predicting electrochemistry during the 30 minute experiment for 5 N load 

 

Figure 14 Experimental Vs predicted total charge for applied loads of 5, 7.5 and 10 N and the 
variations from y=x line 

 Effect of mechanical wear on corrosion 

One capability of the current model is to investigate the interplay between the mechanical and 

the corrosive wear in a sliding condition. Although a thorough investigation into the interplay 

and the synergy effects has been carried out in our recent work [41], a brief example has been 

given here. It can be observed from the results that the electrochemical wear varies while the 

mechanical wear alters with the applied load. By varying the mechanical wear coefficient from な 抜 など貸苔up to な 抜 など貸胎┸ the effect on the corrosive wear has been simulated. The rest of the 
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simulation parameters are set unchanged as stated above and the load is 10 N. The 

electrochemical wear has been plotted for different values of mechanical wear and results are 

presented in Figure 15. It is interesting to see that the corrosive wear linearly increases with 

the mechanical wear. This is due to the evolution of the contact area at different levels of 

mechanical wear which is an interesting finding. It shows that the increase in the mechanical 

wear rate, not only increases the mechanical wear, but also increases the corrosive wear. The 

increase in the real area of contact with the load has been presented in a recent work by Zugelj 

et al. [51]. They used an interferometer to experimentally capture the real area of contact and 

compared the results with analytical contact mechanics models. The proposed trend in Ref [51] 

is in agreement with the findings of the current papers and the fact that the real area of contact 

increases linearly with the applied load. 

 

Figure 15 The effect of mechanical wear on the electrochemical wear (simulation results) 

One advantage of the current approach is the direct calculation of the synergistic effects of 

corrosion on wear and wear on corrosion. The synergistic effect of corrosion on mechanical 

wear cannot be easily seen from the experimental studies of tribocorrosion therefore a 

mechanistic understanding of this effect is still not present in the literature. The current 

approach makes it possible to mechanistically model the corrosion-enhanced wear and the 

wear-enhanced corrosion.  

4 Conclusions 

In this work, a new deterministic approach is used to calculate the electrochemical current in a 

tribocorrosive wear environment. The novelty of the work lies in the coupled mechanical and 
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corrosive wear at the asperity-scale. The predictions of the current in this situation lead to the 

following conclusions: 

 Electrochemistry models can be applied on the asperity scale to calculate the micro-

scale corrosive wear in deterministic approaches to gain more robust tribocorrosion 

predictive models. 

 The hypothesis that electrochemical and mechanical wear occur at the same time is 

fairly a good assumption and further developments of their effects on each other and 

the synergy between them are the subject of ongoing research. 

 Real area of contact is significantly important in the tribocorrosive wear environments 

and monitoring or predicting the area of contact can lead to a fairly good prediction of 

the current and thus the electrochemical wear of the system. 

 It was shown that the model is able to predict the effect of load on the electrochemical 

response of the system and it is attributed to the different area of the contact 

corresponding to the applied loads. 

 The topography evolution of the surfaces is captured via the model which result in the 

evolution of the real area of the contact. This feature is able to capture the evolution 

of the electrochemistry response of the system during the time.  
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