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Abstract

:

Electrical contacts, although critically important for a wide range of applications, are susceptible to degradation due to fretting corrosion, especially when sliding and vibrations occur. To overcome fretting corrosion and sliding wear, lubricants are often used. However, the use of lubricants can cause other detrimental issues. Lubricants usually consist of non-conductive fluids such as hydrocarbons and fluorocarbons. Due to fluid dynamics, when sliding, vibration or other excitation occurs, these fluids can cause prolonged gaps between the conducting metal surfaces. Practically, this has been observed in data centers where vibrations due to technician maintenance or even earthquakes can occur. Depending on the viscosity and roughness of the surfaces, the time it takes these connector surfaces to return to solid conductive contact can be many seconds or longer. This work uses a novel theoretical model of the coupled fluid and solid mechanics between the rough metallic surfaces to evaluate these intermittent breaks in contact due to sliding. The influence of variation in lubricant properties, roughness, contact radius and contact force are considered by the model.
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1. Introduction


Lubrication is important in the regions of electrical contacts that are found in electrical components such as circuit breakers, electric switches, switchgear connectors, electrical connectors, automotive connectors, printed circuit board (PCB) electronic connectors, connectors in avionics and micro-electro-mechanical systems (MEMS) [1]. The electrical contacts in most of these examples are subjected to sliding situations. Sliding contact, in general, consists of the relative velocities between the two peripheral or outermost surfaces at their contact point [2].



The three regimes of lubrication are usually classified as hydrodynamic or full film, mixed and boundary lubrication [3]. In full-film lubrication, the thickness of the fluid film between the two surfaces is much greater than the surface roughness. This leads to complete separation between the surfaces without any asperity contact. Thus, the friction and wear are significantly low. Now, coming to the mixed lubrication, which falls in between the hydrodynamic (full film) and boundary lubrication regimes, the asperities on the two surfaces are not completely separated here owing to the insufficient film thickness. Hence, the friction and wear will be more. Upon further decrease in the film thickness, there will be a corresponding increase in friction. As the saturation point is reached, this regime of lubrication is termed as boundary lubrication wherein the asperity contact between the two surfaces is greatly enhanced such that both friction and wear will usually be very high.



The key lubricant properties are viscosity, corrosion, operating temperature, fire resistant, specific gravity, etc. [4]. Moreover, the hydrodynamic lubrication regime is focused upon in this work. A thorough review of the existing literature on the sliding electrical contact including its lubrication, fretting corrosion and contact resistance aspects is considered next wherein the relevant efforts globally, and in the past, by various researchers are summarized aptly.



One of the earliest works that stressed upon the necessity to provide prime importance towards the research in the field of electrical contacts’ lubrication was by Campbell [5]. The author explained the lubrication principles such as hydrodynamic lubrication and boundary lubrication. The type of contacts addressed here were sliding contacts. Moreover, the associated lubricant properties, such as corrosion, viscosity, creep and stability to oxidation were discussed in this work [5]. Continuing further, in 2005, Chudnovsky [6] carried out a thorough review on the research pertaining to the lubrication of electrical contacts. In this work, the importance and use of lubrication at the contact level were emphasized [6].



The role of lubricants in electrical contact situations is explained now in detail. At first, a key benefit of a lubricant in electrical contacts is its ability to reduce their oxidation, which thus facilitates to achieve an increased stable lifetime of the associated components [7,8]. Secondly and most importantly, lubrication not only serves as a protection for the contact surfaces towards corrosion but also helps in the reduction of the adhesive friction, mechanical wear and fretting-based degradation. In this regard, for a given set of environmental conditions and a particular contact material, it is critical to ensure that the lubricant will thus qualify for its use in the intended application or scenario. However, the lubricant selected must not lead to an increase in the electrical contact resistance. This is because the liquid lubricants are, in general, of a non-conductive type. Thus, the occurrence of a lubricant film at the contacting regions leads to an increment in the contact resistance of electrical contacts due to hydrodynamic lift, formation of tribofilm or degradation of the lubricant itself [9].



To address this issue, a recent work [9] considered metallic nanoparticles as lubricants that help in maintaining a stable and decreased contact resistance in addition to lowering wear and friction. However, during sliding the contact resistance temporarily increased and conventional lubricant additives often caused a permanent change in resistance. In an extension to this work, Crilly et al. [10] focused upon the characterization of contact resistance, friction and wear by employing a silver nanolubricant involving dodecane under the conditions of low force applicable in the case of smaller contacts and comparing to a conventional hydrocarbon-based lubricant. Furthermore, in 2019, Cao et al. [11] employed ionic liquids (ILs) as a lubricant for sliding electrical contacts consisting of copper to enhance their lifetime and reliability. The results of this investigation suggested that ILs contribute for reducing the ECR, coefficient of friction and wear volume. Stable ECR is also observed due to this lubricant during usage.



Studies by Ko et al. [12] also revealed that the electrical contact resistance decreases owing to the use of gold nanoparticles as a lubricant in the electrical contacts of the MEMS switches [12]. Likewise, Berman et al. [13] evaluated the effectiveness of applying graphene in the form of a lubricant for sliding electrical contacts. Along with the reduced wear and friction demonstrated by this lubricant, it also aids in lowering the sliding electrical contact resistance that is also stable for dry and humid environmental test conditions involving sliding passes of the order of thousands [13]. Lang et al. [14] also considered graphene as a solid lubricant for sliding electrical contacts. The authors found that the use of graphene yields ultrahigh current stability, ultra-low friction and improved wear resistance. Furthermore, in 2008, Achanta and Drees [15] found that the fretting wear loss can be reduced by implementing di-electric greases as the lubricants in the electrical contacts coated with gold [15]. Kaushik et al. [16] also found that PFPE lubricants could form an insulating layer detrimental to gold electrical contact, but that PAO was not observed to do this. In a continuation of this work, it was mentioned that hydrodynamic lubrication (studied in this work) also caused PFPE to insulate the electrical contacts [17]. Swingler also showed that lubricants are very effective in reducing fretting wear in automotive connectors and removing wear debris, but can degrade in powered contacts [18].



Graton et al. [19] investigated the influence of lubrication consisting of conductive grease on the electrical endurance (DC and RF) of electrical contacts plated with gold material. Fretting wear tests were performed on these contacts in both lubricated and dry conditions. The results indicated that the coefficient of friction (COF) (µ) lowered significantly due to grease lubrication. Thus, the oxidation and wear of the contact surfaces were prevented, thereby leading to an enhancement of their electrical lifetime [19]. Recently, in 2021, the same effect of reduced COF was also noticed by Fu et al. [20]. To extend this discussion related to greases in electrical contacts, Noël et al. [21] conducted laboratory fretting tests on the grease lubricated tinned connector contacts. For specific experimental test conditions, a variety of commercial greases were considered, and their behavior was compared. The results of room temperature tests showed a minimal effect on the electrical behavior of these contacts. However, upon prolonged heat treatment at 150 °C, a few cases exhibited a very large rise in the contact resistance. The authors suggested that the usage of grease consisting of thickener and base oil has a negative influence on the electrical contact application [21]. In another work by Larsson et al. [22], higher fretting amplitudes of displacement yielded significant outcomes for the electrical contacts lubricated with grease. These include reduced COF, smooth surfaces and very high contact resistance values [22], which could be detrimental in some electrical contacts.



Amada et al. [23] studied the sliding electrical contacts in the lubricated copper ring-carbon brush systems through experimental test equipment. The results show that the lubricants will affect the contact resistance of these contact systems [23]. Furthermore, in 2015, Sawa et al. [8] investigated the lubricated contact systems made up of AgPd brushes and Au-plated slip-rings in terms of the contact voltage fluctuation. The authors indicated that this fluctuation is due to the lubricant film [8]. In a closely related earlier work by Sawa et al. [7] on these electrical contact configurations, a key finding is that the presence of lubricant in the ring will increase its contact resistance [7].



As will be discussed, the current work also considers the elastic deformation of the surfaces due to hydrodynamic lifting pressure and rough surface contact. This work could therefore, be considered an elasto-hydrodynamic lubrication problem [24], but while considering roughness and electrical contact. Although this mechanism of lubrication and the resulting film thickness has been experimentally confirmed for both relatively smooth [25] and rough surfaces [26], it has not been investigated extensively for electrical contacts.



The originality of this work is that the sporadic electrical contact gaps or breaks in rough contact surfaces have been evaluated through the development of a new theoretical model involving the mechanical and fluid coupled fields. In addition, this model encompasses the effect of changes in contact resistance and lubricant as well as material properties. The above literature review indicates that such a model is non-existent to date. references.




2. Numerical Methods


Although it is known that lubricated electrical contacts can have intermittent increases in the contact resistance when vibrations or sliding motions occur, little work has been performed to theoretically investigate this phenomena. Therefore, a numerical simulation of a lubricated electrical contact system is created to provide a predictive model, and an improved understanding of lubricated electrical contact behavior. The numerical model is capable of considering new design variations to avoid connector distress and disconnects, such as variations in materials, roughness, lubricants and geometries. A coupled set of mechanical solid and fluid models are solved simultaneously using an iterative algorithm. A quasi-steady state solution is produced after the numerical algorithm converges and the error is below a specified criteria. The interfacial contact forces and fluid pressure between the components change as the displacement between the surfaces is adjusted until the model converges to a solution.



Below we outline the numerical formulation and theoretical sub-models used in the electrical contact simulation, and then the results are discussed. The physical sub-models used to consider the mechanisms include elasto-plastic asperity contact, mixed and full-film lubrication, elastic surface deformation and a force balance. The force balance couples together all the considered mechanisms through the fluid and solid contact pressures. This is shown through a flowchart depicting the sequence of calculations that is iterated until the external force balances with the forces from the fluid and solid contact (see Figure 1). The coupled sub-models produce a set of nonlinear equations which are solved numerically. The following sections detail the individual sub-models and the assembled numerical algorithm.



2.1. Assumptions


The numerical simulation makes several assumptions which may result in differences between the results of the numerical and experimental observations. The major assumptions of the model are:




	
In the absence of accurate wear and corrosion prediction techniques for lubricated electrical contact conditions, wear and corrosion of the surfaces are not included. The effects of lubricant chemistry at the interfaces, such as tribofilm formation, are not directly considered. In other words, the surface properties, resistivity and roughness topography remain unchanged throughout the simulation, although deflections are considered at the asperity scale and large macro-scales.



	
The current quasi-static model neglects time dependent effects such as vibrations and squeeze film effects, but as noted in previous work, this could be important [27].



	
Thermal effects, such as heat generation due to Joule heating and friction are ignored, along with temperature dependent properties.








Figure 2 depicts the simple electrical connector system. Note that the connector is simply modeled as a cylindrical surface here, but more complicated geometries could be considered by the model in the future, such as spring geometries and thin layers, which are often used in connectors [28]. Both the cylinder and block will either be in contact, have fluid pressures separating them, or have a combination of both. The vertical position of the cylinder is raised or lowered based on the net forces determined by the physical mechanism sub-models outlined in the following sections.




2.2. Hydrodynamic and Mixed Lubrication


In regions of thin films or contact, the roughness of the surfaces influences the fluid flow. This regime of lubrication is known as mixed lubrication. In mixed lubrication, the roughness features, or peaks, act as obstructions to the flow of fluid between the surfaces. Patir and Cheng’s [29,30] flow factor method is employed to account for this and results in a modified form of the Reynolds equation:


   ∂  ∂ x    (   ϕ x     h 3    12 μ     ∂ p   ∂ x    )  +  ∂  ∂ y    (   ϕ y     h 3    12 μ     ∂ p   ∂ y    )  =    U 1  +  U 2   2    ∂  h     ∂ x    



(1)




where ϕx, and ϕy, are mathematical flow factors that describe the obstruction of the fluid flow from the surface roughness. Patir and Cheng provide flow factor equations which depend on the film thickness, surface roughness and asperity orientation (longitudinal or lateral). The roughness is assumed to be isotropic here and thus the flow factors are independent of the direction of flow. The isotropic flow factor equations given by Patir and Cheng are:


   ϕ x  =  ϕ y  = 1 − 0.90  e  − 0.56 ( h / σ )    



(2)




where when the film thickness is much larger than the roughness (h/σ > 6), the flow factors lose influence and the lubrication model automatically reverts to the conventional Reynolds equation. For instance, as h/σ increases ϕx and ϕy approach the value of one.



The modified Reynolds equation (Equation (1)) when solved produces a prediction of the fluid pressure between the surfaces. The centered finite difference method (FDM) is used to numerically solve Equation (1). Another numerical method that is often used to solve the Reynolds equation is the finite element method (FEM). FEM and FDM can produce very similar results by using different numerical schemes. FDM is a widely used method for solving Reynolds equation problems [31,32,33]. However, FDM is better for thin films that can be approximately by a two-dimensional laminar flow analysis. FEM might be better suited for more complex geometries [34]. Therefore, FDM is used here.



At each node, a corresponding film thickness, h, is calculated based on the location of the cylinder, z, and the surface deformation, δ. This is given by


  h =  h o  + z + d  



(3)




at each point on the surface where ho is the initial film thickness that includes the undeformed geometry of the cylinder with radius, R, or


   h o  = R −    R 2  −  x 2     



(4)







Moreover, z is the vertical location of the cylinder and is increased or decreased by the numerical algorithm as described later. Finally, δ is the macro-scale elastic deflection of the surfaces. The predicted fluid and contact pressures at each node on the surface are inputted into an influence coefficient matrix to predict this deformation. The influence coefficient method is based on the numerical methodology outlined in [35,36,37,38]. Note that other works on electrical contacts used FEM to consider macro-scale deformation, but they did not consider the inclusion of a lubricant in the contact [39,40,41,42,43,44,45]. The influence coefficient is more computationally efficient than FEM and since the analysis is iterative while considering the coupled solid and liquid models, this is important to make a calculation in a reasonable amount of time without sacrificing much accuracy.



At the edge of the cylinder and the inlet and outlet of lubrication, the boundary condition p = 0 is assumed. The Reynolds boundary condition is implemented to consider cavitation in the fluid, i.e., when the pressure is negative it is set to zero. The code iteratively solves the Reynolds equation using the Guass–Seidel method. Under-relaxation is used to enhance numerical convergence. At each node, the modified Reynolds equation is solved to give the fluid pressure, p.



The numerical algorithm requires a force balance, and so the net force from the fluid pressure needs to be calculated. Then, the pressure over the connector surface area is numerically integrated to calculate the total fluid force as


   F  f l u i d    =    ∫ A   p d A     



(5)








2.3. Elastic-Plastic Rough Surface Contact


The statistical elastic-plastic asperity contact model derived in [46] is employed to consider solid contact of the small scale peaks on the surfaces. The statistical model is used rather than a deterministic finite element model due to the computational efficiency. It is difficult to include the necessary mesh density required to deterministically model rough surface contact effectively, especially when plasticity is included [47]. Using finite elements to predict the elastic perfectly-plastic spherical contact, the following equations were fit to the results (not that Equation (6) is for elastic contact and Equation (7) is for elastic-plastic contact):



For   0 ≤  ω *  ≤  ω t *   


      P ¯  F       P ¯  c     =    (   ω   ω c     )    3 / 2    



(6)







For    ω t *  ≤  ω *   


      P ¯  F       P ¯  c     =  [  exp  (  −  1 4     (   ω   ω c     )     5  12      )   ]    (  ω   ω c    )   3 / 2   +   4  H G    C  S y     [  1 − exp  (  −  1  25      (   ω   ω c     )     5 9     )   ]   ω   ω c     



(7)




where from [48]


     H G     S y    = 2.84 − 0.92  [  1 − cos  (  π  a R   )   ]   



(8)




and the critical interference to cause initial yielding ωc is derived independently of the hardness, to be:


   ω c  =    (    π ⋅ C ⋅  S y    2  E ′     )   2   R  p e a k    



(9)




where Rpeak is the average radius of curvature of the peaks and C is derived to be


  C = 1.295   exp ( 0.736 ν )  



(10)







This single peak contact model is then incorporated in a statistical framework to expand it to an entire rough surface with peaks at various heights. The heights of the peaks are assumed to follow a Gaussian distribution, G(z). These statistical equations are then given as [49]:


  P ( d ) = η  A n     ∫ d ∞     P ¯  F  ( z − d ) G ( z ) d z     



(11)




where η is the peak areal density. The mean surface separation distance is h, while the mean distance between the peaks of the surface is d. h and d are related by


  h = d +  y s   



(12)




ys is given as [50]


   y s  =   0.045944   η  R  p e a k      



(13)







These rough surface values (η, Rpeak, σ) can be approximated from profilometer measurements using the methods outlined in McCool [51]. The average contact force, P, is predicted by Equation (11) as a function of surface separation, h. Therefore, at each node the contact force is predicted between the surfaces of the electrical contact. The contact forces on each node are summed together to give the total solid contact force between the surfaces, Fcont.



It should be noted that there is a concern that with repeated loading of the surfaces, perhaps due to the electrical contact being disconnected and connected again. Based on many papers in the literature most metallic contacts will have significant elastic-plastic deformation. That said, several papers show that under repeated loading, the contact will return to the same contact area if the same load is applied (the process is reversible) [52,53]. Therefore, the permanent deformation is included, although it is not predicted. It should also be noted that the process might not be reversible if sliding or friction occurs [54], which is not the case here but could be in some problems.




2.4. Statistical Electrical Contact Resistance


After the statistical model is solved to predict the contact force between the rough surfaces, it can also be employed to predict the electrical contact resistance between the surfaces. Here, the Holm model for spreading contact resistance is used to predict the electrical resistance at the contact peaks. The Holm model requires the contact radius, a, to be predicted and here it is given by [55].


   a  e p   =   D ω  R  p e a k      



(14)







For   0 ≤ ω /  ω c  ≤ 1.9 ,   D = 1  



For   ω ≥ 1.9 ,   D =    (   ω  1.9  ω c     )   B   



By applying the contact radius, the statistical rough surface contact resistance is obtained as


   1  E  r  e p     = η  A n     ∫ d ∞     2  a  e p      ρ L    G ( z ) d z     



(15)







However, the above model assumes that the peaks are electrically isolated. The alleviation factor, Ψ, is used here to consider that the electrical current bottleneck at the peak contacts will be alleviated as more of the surface comes into contact. Cooper et al. [56] give the alleviation factor as


  Ψ =    (  1 −      A r     A n       )    1.5    



(16)






  E r = E  r  e p   Ψ  



(17)








2.5. Force Balance and Numerical Solution


The force balance of the cylinder is satisfied such that the fluid and solid contact forces balance the applied force. The elasto-plastic asperity contact model calculates the total contact force, Fcont. The modified Reynolds equation (Equation (1)) is solved for the fluid pressures which are integrated to provide the total fluid force, Ffluid using Equation (5). The numerical solution is complete when the forces balance as given by:


   F   =  (   F  c o n t    +  F  f l u i d     )   



(18)







Both the contact and fluid forces depend on the vertical location of the cylinder relative to the block, z. Thus, the problem is formulated as a nonlinear set of equations (Equations (1)–(18)) with a single unknown, z. These equations are dependent on the governing physical equations of rough surface contact, mixed and full-film lubrication, macro-scale elastic deformation and a force balance. The unknown, z, is therefore solved using an iterative process. The Newton-Raphson method is used to increment z until the forces balance and equation is satisfied, within a set error criteria.




2.6. Mesh Convergence


The same nodal grid is used for both the fluid pressure solution (Equation (1)) and the elastic-plastic rough surface contact. The mesh is refined at several densities to confirm that the mesh is fine enough to provide an accurate solution, thus satisfying mesh convergence. The predictions of contact resistance as a function of applied sliding speed are shown in Figure 3. The total number of nodes of each of the meshes differ by approximately a factor of 2. Based on this, and to use a reasonable amount of time for calculations, a 51 × 51 mesh (2601 nodes) is used. Note that although the finer mesh will still provide a more accurate prediction, the computational time was several days long.





3. Results and Discussion


The numerical scheme can be used to make a variety of predictions about the performance of an electrical contact when liquid lubrication is present. Unless noted otherwise, the hypothetical surface parameters and material properties listed in Table 1 are employed. The properties and forces employed are meant to mimic those seen in some common electrical connectors [57,58,59,60,61]. Even though the applied load appears small, the scale of the contact is small enough that the pressures are high enough to cause significant deformations of the surfaces. Using classic elastic Hertz theory, the approximate maximum contact pressure is 87 MPa and the normal displacement is 0.77 micrometers, which is on the order of the film thickness and roughness. This is often also seen in non-conformal surface contacts such as spheres and cylinders, and in elasto-hydrodynamic contacts as well.



The roughness shown is considered to be the combined effective roughness between the surfaces. Note that the solid materials properties (E, ν, and Sy) are for a typical tin material, which is commonly used in electrical contacts. Both surfaces of the contact are considered to be tin, and that is considered using the effective elastic modulus:


   1  E ′   =    (  1 −  ν 1 2   )     E 1    +    (  1 −  ν 2 2   )     E 2     



(19)







First, the predicted contact resistance at a contact force of 5N as a function of sliding velocity is shown in Figure 4 for different values of surface roughness. This is a similar representation as the Stribeck curve that is often used to describe friction of different regimes of lubrication. In Figure 4, the contact resistance increases several orders of magnitude as the velocity is increased. As the velocity increases, the fluid pressure increases and pushes the surfaces apart, thus reducing the amount of solid contact between the rough surfaces. It is assumed that the conductivity of the fluid is very small compared to the solid and is effectively nil. Based on this Figure 4, it is clear that the contact resistance could increase significantly when any sliding occurs between the surfaces.



Moreover, in Figure 4, the influence of the effective surface roughness is explored. Note that this is the effective roughness obtained by combining the RMS surface roughness of the two contact surfaces together. It is clear that surface roughness plays an important role in facilitating solid contact between the surfaces. A higher roughness allows for the peaks or asperities to cross the lubricating film at greater thicknesses. As shown in Figure 4, as the surface roughness is increased the contact resistance decreases. Note that in contacts without a lubricant the rough surfaces may actually have a higher contact resistance [62], but due to the effect of the isolating non-conductive film, the roughness plays a positive role here.



To further illustrate the influence of sliding and the liquid lubricant, the predicted coefficient of friction versus sliding velocity is also plotted in Figure 5, using the same code described above. As shown, as the velocity increases the friction first, rapidly lowers and, then, reaches a nearly constant low value. As the sliding speed increases, the lifting pressure generated by the lubricating film also increases and carries more and more of the externally applied force, F. The almost constant low friction value is when the surfaces are almost completely separated by a lubricating film. The friction here actually increases a small amount as the thickness of the lubricating film increases. However, when this film separates the surface, it also reduces the real contact area between the surfaces to practically nil, and produces a very high contact resistance.



Next, the radius of the cylinder in contact is varied. The results of this could help engineers to select curvatures for electrical connectors that are planned to be lubricated while in service. The predicted contact resistance as a function of sliding speed is shown in Figure 6. As shown, a smaller radius for the contact surface appears to reduce the overall contact resistance. The generated lubricant pressures from sliding depend on the geometry of the surfaces. When the surfaces come closer together in the direction of sliding, it is identified as a converging gap. The converging gap geometry is necessary for the fluid pressure to generate lift. This is in agreement to the elasto-hydrodynamic formulations of Hamrock and Dowson, which predicted that the minimum film thickness decreased with the radius of the geometry. The smaller radius tends to produce less lift than the larger radius. A similar prediction is also shown by the friction in the Stribeck curve shown in Figure 7. The friction increases with smaller radii of the macro-scale surface. These results suggest that connectors for use with lubricants should be designed with surfaces that have a smaller radius of curvature.



The applied force, F, was also varied and these results are shown in Figure 8. It was found that the normalization used by the popular Stribeck curve (i.e., velocity is divided by the applied force and used on the x-axis) is effective at collapsing the results for this case. The Stribeck curve is shown in Figure 9 to be collapsed, but not perfectly. Note that the Stribeck curve is usually applied to relatively rigid surfaces such as hydrodynamic journal or sliding bearings, whereas in the current case, the macro-scale elastic deformations due to the high pressures is significant (this condition is commonly referred to as elasto-hydrodynamic lubrication).



As shown in Figure 8, this Stribeck normalization successfully collapses the curves onto themselves. Nonetheless, increasing the force does have the effect of reducing the film thickness and keeping the contacts in solid contact. Of course, in a sliding electrical contact, the increased force could in some cases also increase the wear and surface damage. In other cases, such as when the sliding motion is due to vibrations, the increased force will also increase friction that could anchor the surfaces so that no sliding motion occurs. In general, increasing the normal force improves the resistance of electrical contacts containing lubrication.



Finally, the viscosity of the lubricating fluid between the surfaces is also varied, as shown in Figure 10. The conventional Stribeck curve normalization was also attempted for use here to collapse the results onto one curve, but unlike the variation in force results, the normalization was not effective. Note that in the Stribeck curve the Hersey number is usually used on the x-axis and is the viscosity multiplied by the velocity and divided by the force or average pressure (µ·U/F). Instead, as with the earlier figures, the contact resistance and friction are just plotted versus the velocity (see Figure 10 and Figure 11). As shown in Figure 10, the reduction of the viscosity helps for the solid surfaces to maintain electrical contact. The lower viscosities reduce the pressure generated by the fluid in sliding and therefore they cannot overcome the externally applied force as easily, which also increases friction.




4. Conclusions


A multiphase numerical model of a sliding rough curved electrical contact that considers both the solid and fluid mechanics is constructed. The model couples the solid and fluid mechanics through the total load carried by the connector, and by the deformation influencing both the fluid and rough surface contact pressures. Roughness is considered through flow factors and a statistical elastic-plastic rough surface contact model.



The model is used to study the qualitative behavior of electrical contacts when parameters such as roughness, macro-scale curvature, applied force, sliding speed and viscosity are varied. These results might be used by engineers to improve the design of lubricated electrical contacts. Rougher surfaces are found to lower the contact resistance by allowing the surfaces to cross the non-conductive lubricant film thickness. Likewise, smaller radii of curvatures for the macro-scale geometry (i.e., the cylinder) also reduces the hydrodynamic lift and reduces electrical contact resistance.



Increasing the force helps to overcome the pressure created by the sliding motion on the lubricating fluid. Therefore, the contact resistance in general improves when higher forces are applied to a lubricated electrical contact. Lowering the viscosity also improves the solid contact between the surfaces, as it reduces the lifting capacity of the fluid.



In the future, we also hope to qualitatively and quantitatively verify the predictions of the model. As noted in some of the cited works, this measurement can be difficult to make. This is because the electrical circuit crosses not only the lubricated contact but also other moving surfaces or bearings in the experimental test rig.
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Nomenclature




	d
	distance between the mean of the surface asperities or peaks



	E
	elastic modulus



	F
	applied force



	f
	friction coefficient



	G
	Gaussian asperity height distribution



	h
	film thickness, separation of mean surface height



	p
	fluid pressure



	P
	contact force



	Rpeak
	asperity radius of curvature



	Sy
	yield strength



	U
	sliding velocity



	x, y, z
	Cartesian coordinate system



	δ
	surface deformation



	η
	areal asperity density



	ϕ
	flow factor for modified Reynolds equation



	μ
	dynamic fluid viscosity



	σ
	RMS roughness



	ν
	Poisson’s ratio
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Figure 1. Flowchart depicting the sequence of the numerical model. 
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Figure 2. Schematic of the considered electrical contact system. 
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Figure 3. Predicted contact resistance as a function of sliding velocity using varying mesh densities. 
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Figure 4. Predicted contact resistance as a function of sliding velocity also considering various values of effective surface roughness. 
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Figure 5. Predicted friction coefficient as a function of sliding velocity, i.e., Stribeck curves. 
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Figure 6. Predicted contact resistance as a function of sliding speed for various macro-scale radii. 
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Figure 7. Predicted friction coefficient with various radii. 
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Figure 8. The predicted contact resistance for various loads and speeds. 
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Figure 9. Coefficient of friction predicted for various loads and speed. 






Figure 9. Coefficient of friction predicted for various loads and speed.



[image: Lubricants 10 00032 g009]







[image: Lubricants 10 00032 g010 550] 





Figure 10. The effect of viscosity on the contact resistance of the lubricated contact. 
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Figure 11. The predicted friction and the influence of different lubricant viscosities. 
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Table 1. Geometry and tin material properties.






Table 1. Geometry and tin material properties.





	R
	0.01 m



	Width
	0.001 m



	σ
	0.5 µm



	η
	109 m2



	Rpeak
	100 µm



	E
	41.4 GPa



	Sy
	14 MPa



	ν
	0.36



	µ
	0.1 Pa·s



	ρ
	1.15 × 10−7 Ω/m
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