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Abstract

:

In many industrial applications, a modification of the surface geometry can enhance the tribological behaviour of lubricated sliding contacts. In this paper, the effect of surface texturing on the coefficient of friction in parallel sliding lubricated surfaces is investigated. It is shown that surface texturing can improve film formation and, as a result, the load-carrying capacity as well as a reduction in the coefficient of friction. With the numerical model developed, and by considering cavitation, the effects of shape, depth, size, and the textured area fraction on the frictional behaviour of parallel sliding lubricated contacts under conditions of mixed lubrication is studied. In this article it is shown that the surface texturing can have a beneficial effect, in order to decrease friction.
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1. Introduction


There is a growing demand for improving the tribological performance (frictional behaviour) of sliding lubricated contacts in many applications. The first method of reducing friction is to make the surfaces smoother; however, producing a super-smooth surface can be expensive, and it may cause failure [1]. In the case of lubricated contacts, a geometrical modification on the micro-scale of the surfaces can be a potential solution for this problem.



Surface texturing has been widely applied as a well-known method of reducing friction and wear between sliding surfaces separated by a thin lubricant film. Nowadays, due to improvement of texturing techniques it is possible to employ different geometrical patterns of texturing. These surface modification techniques include machining, photoetching, etching techniques, ion beam texturing, and laser texturing [2]. Laser texturing prevails over the other methods as it is efficient, convenient, and controllable for many materials [3]. However, the process parameters should be determined carefully to avoid a bulge at the rims of the textures [4,5].



In recent decades, much effort has been put into understanding the effect of surface texturing, in order to improve the tribological performance of lubricated contacts. The cavities can result in an improvement in tribological performance, due to local convergent and divergent gaps, which can generate pressure, even in lubricated parallel sliding flat-on-flat contacts. In the cavities, cavitation may occur. Therefore, three main effects are expected to occur to enhance the tribological performance of lubricated sliding textured surfaces. The first effect is the improvement in hydrodynamic pressure in the contacts, due to the converging wedges constituted by the cavities or pockets. The second is the containment of wear debris inside the cavities, which can be of benefit by removing the wear particles between the two surfaces, to avoid for instance, abrasive wear. The third effect is more sensible in high plastic deformation conditions, then the presence of pockets of lubricants due to texturing could have a beneficial influence on the tribological behaviour of the contact [6]. A lot of studies relating to surface texturing with respect to friction have focused on the experimental aspect, and recently, theoretical research has received more attention [7,8,9,10]. However, it is necessary to identify the effect of each of the parameters that define the texturing pattern. Therefore, the most important parameters influencing the frictional behaviour of lubricated contacts need to be identified. By presenting the results as a Stribeck curve, the lubricated contact performance as a function of the operational conditions such as velocity, and texturing parameters such as texture depth, size, and density, can be analysed.



When two solid surfaces of contacts are so close together then asperities collide (see Figure 1). Under these conditions, the friction is determined predominantly by the interaction between the solids at the asperity level where the boundary layers are being sheared. In this condition, the lubricant properties have an insignificant or even no influence on friction force. In lubricated contacts, the boundary lubrication mostly occurs when the contact is under high-load and low-velocity conditions.



Most machine components, such as gears and bearings, are likely to operate in the mixed lubrication regime where asperity contacts exist, and the fluid contributes significantly to carrying the load. Modelling friction under mixed lubrication conditions is a challenging task; much effort has been devoted to this in the past few decades [8,11,12,13]. There are two types of mixed lubrication models, based on statistical and deterministic contact models. The statistical model uses selected statistical parameters to represent random characteristics of surface roughness. A major shortcoming of these models is their inability to provide detailed information about local affairs, which have an influence on the mechanisms of lubrication and friction. The deterministic model, which uses deterministic information of surface roughness, is another common approach to simulating the behaviour of contacting asperities under mixed lubrication.



This study investigates numerically the effect of surface texturing on the Stribeck curve, i.e., friction in lubricated contacts; in particular, the lubrication regimes of hydrodynamic lubrication and mixed lubrication.




2. Materials and Methods


During their study on face seals, Hamilton et al. [14] pointed out that the pressure increases in the converging film regions, whilst facing a reduction in pressure in the diverging film regions likewise in a cavity generated, for instance, by laser surface texturing. When the lubricant enters the cavity zone, by approaching into the end of the divergence zone, the pressure will drop, but by considering the effect of cavitation and the fact that the lubricant pressure cannot reach values lower than the cavitation pressure, the lubricant pressure will reach the lowest value (cavitation pressure). After passing the divergence zone and by reaching the convergence zone, the pressure in the lubricant will start to increase. The pressure generation in the convergence zone can increase to high values, leading to an increase in the load-carrying capacity. Various studies on the tribological behaviour of textured surfaces include numerical [8,15] and experimental investigations on textured surfaces [16,17]. Several studies have shown that when using a textured surface, the transition between boundary and hydrodynamic lubrication occurs at a lower velocity than when using a smooth surface [16,18,19].



Etsion and Burstein [7], in their work on the surface texturing of mechanical seals, by developing model showed an improvement in seal performance when surface texturing is employed. In their work, one of the seal surfaces was textured with evenly distributed hemispherical micro-dimples.



Wang et al. [20,21] and Kovalchenko et al. [18] have shown the effect of dimples on the friction coefficient and load carrying capacity. In their studies, several texture patterns were considered, such as spiral grooves, micro-dimple, and square dents. It was reported that the shape, size, texture density, and orientation of the texture patterns played an important role on the film thickness and frictional behaviour of the lubricated contacts. Costa et al. [22] performed an experimental investigation to find the role of surface texturing in generating hydrodynamic pressure in lubricated sliding contacts. They showed that the texturing geometrical parameters such as pattern, shape, density, and the size of the pockets have an influence on the tribological behaviour of contacts, and this can reduce the friction.



In work by Wang et al. [23], and in Hu and Zhu’s mixed lubrication friction model [11,12], the effect of texture distribution patterns on the lubrication performance was investigated in relation to texture direction, the orientation angle of the features, the feature continuity, and the aspect ratio. They showed that narrow short grooves perpendicular to the motion direction, a small orientation angle, and a small ratio of width/length were effective in producing a thick oil film [24]. The optimum value for the different texture geometrical parameters has, in several studies, been investigated analytically [25,26], experimentally [8,16,17,20,27,28,29], and numerically [8,15,30,31]. These studies showed that, for any particular dimple shape, the texture density plays an important role in determining the effectiveness of the texture to increase the load-carrying capacity, and to reduce friction, since the optimum for different shapes might not be at a constant dimple depth. In addition, many researchers investigated the performances of herringbone-grooved journal bearings.



The mixed lubrication (ML) regime is the transition regime between the hydrodynamic lubrication (HL) and the boundary lubrication (BL), and therefore it can be seen as a combination of these two, having the properties of both regimes, and the value of the coefficient of friction in the ML regime varies between the values of the coefficient of friction of the BL and HL regimes. Most of the researchers who studied the mixed lubrication regime, employed experimental methods in their investigations (i.e., Stribeck [32], Hersey [33], Lenning [34], and Schipper [35]) compared to theoretical methods (Patir and Cheng [36,37], Johnson, Greenwood and Poon [38], and Gelinck and Schipper [39] etc.) are available in the literature. Patir and Cheng investigated the effect of roughness on the hydrodynamic load by introducing the average Reynolds equation with pressure and shear flow factors; however, their analysis is actually valid for separations that are larger than three times the combined root mean square surface roughness (Rq). In 1972, Johnson, Greenwood, and Poon combined the Greenwood and Williamson [40] theory with the elasto-hydrodynamic lubrication theory in order to develop a mixed lubrication model in which the load over the lubricated contact is shared between the lubricant film and the asperity contact. Gelinck and Schipper [39] extended this model for line contacts in order to determine the Stribeck curve. Shi and Salant [41] introduced a mixed lubrication model, which considers inter-asperity cavitation and surface shear deformation for soft materials, and showed the occurrence of local cavitation. For such moderately loaded lubricated systems, the Jakobsson–Floberg–Olsson [42,43] cavitation theory is typically used. It is worth to mention that when the surface tension effect is significant, the Jakobsson–Floberg–Olsson theory is less reliable [44]. In work of Faraon et al. [45] a numerical model is developed. This model developed here is based on the deterministic mixed lubrication model, in which the local cavitation in the contact zone is considered. This is realised by combining the film thickness calculation results from a previous study [46] with a deterministic asperity contact model to calculate the friction. This model will provide a better understanding with respect to the influence of surface texture features on friction in the mixed lubrication regime.




3. Mathematical Solution and Modelling


Deterministic Asperity Model:


Greenwood and Williamson, in their contact model [40], assumed that the asperities are spheres with equal radius, and they employed a Gaussian distribution of the summit heights. However, in reality, the asperity radius is not constant for all asperities in contact. Also, most of the surfaces have a height distribution, which is not Gaussian. Although this model is quite reliable when the aforementioned conditions are applied, the assumption of a Gaussian distribution of equal summits is a drawback in this model. Here, in order to avoid Greenwood and Williamson’s assumptions, a deterministic contact model was developed based on measured roughness data (see Figure 2).



Figure 2, shows a schematic illustration of the contact between a rough surface and a flat surface. By adding together the local contributions, the quantities of real contact area, the number of asperities, and the total force carried by the contact are possible to calculate deterministically, when the separation between the two surfaces (d), is known. In this contact model, it is assumed that the asperities are deforming independently of each other, and that they have elliptical shapes. Furthermore, the radii of these ellipsoids are not similar for all asperities (the asperity radii are measured in sliding and in perpendicular direction βxi,βyi).


 wi=zi−d 



(1)







In this equation, zi is the individual summit height and d is the separation parameters.



By determining the value of each deformed asperity (wi) and the total real contact area, and by adding the individual components of each asperity, it is possible to calculate the normal load over the asperities (FC). According to Johnson et al. [38], the total normal load on the contact in the ML regime is carried by the BL (FC) and the HL (FH) force component, Therefore:


 FT=FC+FH 



(2)







Based on Equation (2), coefficients γ1 and γ2 are introduced [38]:


 γ1=FTFH, γ2=FTFC 



(3)







The two coefficients, γ1 and γ2, refer to the HL component and the BL component, respectively. The two coefficients (γ1 and γ2) are mutually dependent through the equation:


 1=1γ1+1γ2 



(4)







In the deterministic asperity contact model, by using the two coefficients γ1 and γ2 for the contact between a rigid flat surface against a rough one and the HL theory, the entire Stribeck curve can be calculated.



In mixed lubricated contacts, in order to measure the frictional behaviour and to calculate the coefficient of friction of contact, three parameters must be calculated: the load carried by the asperities, the load carried by the fluid, and the lubricant film thickness. Three equations are used to calculate the values of the three aforementioned parameters.

	
The first equation is Equation (2) (FT=FC+FH).



	
The Reynolds equation.








The Reynolds equation is deduced from the Navier–Stokes equations under the assumption that the gap between the surfaces and the Reynolds number is small. The general Reynolds equation in Cartesian coordinates can be written as Equation (5):


 ∂∂x(ρh3η∂p∂x)+∂∂y(ρh3η∂p∂y)=6(u0)∂(ρh)∂x+6ρh∂(u0)∂x+12∂(ρh)∂t 



(5)







By approaching to the outlet wall of the cavity, the lubricant enters into a converging zone, which it results in an increase in the lubricant pressure. At the entry of the cavity, the lubricant flow diverges, which results, according to the Reynolds Equation (5), in a negative pressure. The negative pressure is suppressed by cavitation; i.e., vapour bubbles are formed in the lubricant. Based on Jakobsson–Floberg–Olsson, the lubrication film is divided into two zones. The first part is with a complete lubricant film; in this region, the Reynolds equation applies. In the second part, cavitation takes place, and a fraction of the lubricant film gap is occupied. Because the vapour bubbles are formed within the void fraction, the pressure throughout the cavitation area is taken as being constant [44].



The Reynolds equation, in a Cartesian coordinate system, can be written as Equation (6) [47]. In this steady-state equation, the mass-conservation and cavitation conditions are also considered.


 ∂∂x(h3η∂(Fφ)∂x)+∂∂y(h3η∂(Fφ)∂y)=6u0pa−pc∂((1+(1−F)φ)h)∂x 



(6)







In this equation, h is the film thickness, η is the viscosity, u0 is the sum velocity, pa is the ambient pressure, pc is the cavitation pressure, F is a dimensionless dependent variable, and φ is the cavitation index; for more information, the reader is referred to Xiong and Wang [47].



Three different texture patterns have been investigated in this study: the chevron, the groove, and the triangular pocket. Figure 3 shows the different cavity shapes and the parameters characterizing their geometry. The chevron pocket geometry can be characterised by using two equilateral triangles of different sizes. The midpoint of the altitude line of the triangle in a chevron or triangle pattern is the center of the unit cell; see also [48]. All patterns have a rectangular cross-sectional profile. The general film thickness formula can be written as Equation (7):


 h=h0+hmacro+htexture 



(7)







In the case of a flat–flat contact, the macro geometry is omitted and the film thickness Equation (7) reduces to Equation (8) [48,49]:


 h(x,y)h0(x,y)=1+H(x,y) 



(8)







In this simulation, rp is the characteristic radius for the triangular and chevron patterns, and the half-width of the grooves.



In order to solve Equation (6) iteratively, the Tri-Diagonal Matrix Algorithm (TDMA) is used, and to reduce the storage needed for calculation, the line-by-line TDMA solver (Patankar [50]) is applied. For a two-dimensional problem, the TDMA solution column-by-column or row-by-row becomes iterative, and sweeping is done line-by-line, and column-by-column or row-by-row. For three-dimensional problems, the TDMA is applied line-by-line on a selected plane, and then the calculation is moved to the next plane, scanning the domain plane-by-plane [51].

	III.

	
The third equation is the force carried by asperities:


 Fc=∑i=1N23E′Ri12(zi−d)32 



(9)




in which E′ is the combined elasticity modulus, and Ri is the reduced radius of the cylinder. The reduced elastic modulus is given by:


 2E′=1−v12E1+1−v22E2 



(10)




where E1=E2=E and ν1=ν2=ν.









Finally, the total friction force (Ff) in the ML regime is the sum of the friction force of the contacting asperities and the shear force of the lubricant (Ffh):


 Ff=∑i=1N∬AciτcidAci+FfH 



(11)




where the first term is the friction force due to contacting asperity; N is the number of contacting asperities; Aci is the area of contact of a single asperity; τci is the shear stress at the asperity contact.



For the HL component, the friction force can be calculated as:


 FfH=τHAH 



(12)




where AH is the contact area of the hydrodynamic component and τH is the shear stress of the lubricant. For the contacting asperities, the friction is assumed to be of the Coulomb type, i.e.:


 fCi=τCipCi 



(13)




with pci being the average contact pressure on the current asperity. The coefficient of friction fCi is assumed constant for all asperities; therefore, the first term of Equation (13), can be written as:


 ∑i=1N∬AcifCpcidAci=fCFC 



(14)




where the value of fC is experimentally determined and set in this work at 0.1. Now, the coefficient of friction can be written as:


 f=FfFT=fCFC+FfHFT 



(15)







By solving these equations, the three papermakers needed to determine the coefficient of friction in ML regime can be calculated as explained in Appendix A, (see Figure A1).





4. Problem Definition and its Solution


In these calculations, the number of pockets and the distance between the pockets are combined by introducing a new parameter, pitch. The pitch (Pi) for the chevron and groove pockets is calculated using the cavity size:


 S=2×rp 











The pitch in x direction, Pi = SLgx



In this study, the influence of different texturing parameters on the frictional behaviour of contacts is investigated. From the previous study on the film thickness [46], it is possible to limit the investigation on texturing parameters and patterns. The effect of the cavity cross-sectional shape is studied [46], and the rectangular cross section has been found as the more efficient pattern; therefore, in the present study, the calculations will be limited to cavities with a rectangular cross section (see Figure 4d). In order to find the most efficient pattern, the coefficient of friction calculation will be based on linear groove, chevron, and triangular pockets. The effect of different texturing parameters, such as cavity depth and cavity size as well as pitch, will be investigated. The texturing properties, which are applied in this calculation, are presented in (Table 1). In Table 1, as it is mentioned before rp is characteristic radius of the pocket in the case of chevrons and triangular pockets and the half-width of the groove, in case of rectangular grooves. More information about the roughness and boundary lubrication parameters are presented in Appendix B.



4.1. Comparison of Patterns


In order to determine the effect of texturing on lubricated contacts with respect to friction, several simulations were carried out using different texturing parameters. The coefficient of friction for grooves as well as chevron and triangular pockets parallel to the moving direction was calculated. From a previous study [46], simulations indicated that a higher lubricant pressure generation is achievable by closed grooves, because the side leakage for open grooves is higher than for closed grooves; see Figure 4a. Therefore, in this study, closed grooves were chosen to determine their effect on the coefficient of friction.



In Figure 5, in the boundary lubrication region when the surfaces start to slide against each other, (U<0.1 m·s−1), due to the lack of lubricant film in contact, the normal load carries by solid asperities. In this region the coefficient of friction is high and under the influence of the roughness of surfaces, and different texturing patterns have almost the same value.



In parallel sliding contacts, by increasing the velocity, the wedge effect caused by the existence of textures over the surface leads to an increase of the lubricant pressure. Moreover, the pressure generation in fluid film results in a lower amount of asperities in contact, and a drop in the coefficient of friction. In this region, the load over the contact carries partially by lubricant as well as solid asperities; therefore, the performance of the lubricant film in contact has an influential effect on the coefficient of friction. In a mixed lubrication regime, patterns that are more successful in film formation can cause a higher reduction of friction. The highest drop in the coefficient of friction in this region belongs to the surfaces with a groove pattern and after that, the chevrons are successful in the case of friction reduction.



In higher velocity range (U>10 m·s−1) the lubrication regime changes from a mixed to a hydrodynamic lubrication regime. In the hydrodynamic lubrication regime, by increasing the sliding velocity, the shear stress also increases, and a higher shear stress results in a higher coefficient of friction. For those patterns, that are more efficient in film formation, the transition point between the mixed and hydrodynamic lubrication regime occurs at a lower velocity; therefore, the friction begins to increase in the lower velocities also. Figure 5, shows that in a hydrodynamic lubrication regime (U>10 m·s−1), the coefficient of friction increases more dramatically in the case of a groove pattern, and the least sensitive pattern to the velocity increment is a triangular pattern.



When the distances between the texture cells are the same (the pitch is constant), the groove pattern is more effective in generating a local load-carrying capacity because of the higher textured area fraction per unit area. Chevrons are more beneficial than the triangular pockets because of the existence of a longer outlet wall in the cavity zone (Figure 5).




4.2. Property Effects


In this section an optimization of the geometrical parameters is performed. In this optimization, the effect of texture pitch, cavity size, and texture depth on the coefficient of friction for cavities with a rectangular profile (Figure 4) is studied. Grooves can be characterised by three geometry parameters, and in the case of chevrons, a fourth parameter is needed to define this pattern; see Figure 6.



Cavity size: S=2rp



Texture depth: Td



Texture pitch: Pi=SLgx



Cavity width ratio: K



In the calculations, K is kept constant and it is equal to 0.5.



The effect of texture depth (Td)



In Figure 7, simulation results are shown for the coefficient of friction as a function of the texture depth for the groove and chevron pattern. When the depth is tending to zero, there is no film formation because of the absence of the wedge effect in the flat–flat contact and the disappearance of texturing.



For both chevron and groove patterns, the fluctuation of texture depth affects the hydrodynamic lubrication component of mixed lubrication. A texture depth that is close to 10 μm leads to a reduction in the coefficient of friction due to a film thickness increase. After the texture depth passes the optimum value for the texture depth, i.e., 10 μm, deeper cavities result in an increase in the coefficient of friction. This phenomenon is caused by the reduction in lubricant film thickness [46]. From Figure 7, it is concluded that when the textured contact is operating near the transition between the ML and HL regimes, the texture depth has an influence on the frictional behaviour.



4.2.1. The Effect of Cavity Size (S)


The coefficient of friction in lubricated contacts in the ML and HL regimes are influenced by several parameters, as well as by lubricant viscosity and contact pressure. When these parameters have a fixed value, it is possible, by changing the geometrical parameters, to detect the influence of the size of the surface texturing on the frictional behaviour of the contact. In Figure 8, the effect of the cavity size (S) of the chevron and groove patterns on the coefficient of friction is shown. As found for the texturing depth, an optimum value for the cavity size (S) exists. For sizes tending to zero, or which are very large, there is no pressure generation, due to the absence of the wedge effect.



Changing the cavity size will affect the hydrodynamic lubrication component. In the case of grooves (see Figure 8a), by increasing the cavity size to 100 μm, a reduction in the coefficient of friction happens due to the increase in film thickness. After passing the S=100 μm, the larger cavities cause a drop in film thickness, which causes an increase in the coefficient of friction. For higher velocities, the hydrodynamic lubrication is the dominant lubrication mechanism. The lowest coefficient of friction is achievable when the size is approximately 100 μm. In the case of chevrons (see Figure 8b), from the previous study [46], the optimum value for the film thickness is achievable when the size of chevron cavity is around 150 μm. Therefore, the lowest coefficient of friction can be obtained when cavities with S=150 μm are applied.




4.2.2. The Effect of Texture Pitch (Pi)


By adjusting the pitch parameter, the quantity of the chevron pockets and grooves over the surface area will undergo a change. When the pitch parameter value is equal to one, there is no textured area, as well as when the pitch is zero. Therefore, there should be a specific value for the pitch parameter for each pattern in which the texturing has a maximum effect on the frictional behaviour. By applying a pattern with a pitch value around that specific value, a reduction in the coefficient of friction will be expected. In Figure 9, the simulation results show the variation of coefficient of friction based on the texture pitch for groove and chevron patterns.



Due to the high texture area coverage when grooves are applied, a low coefficient of friction is achievable with a lower value for the pitch parameter than with chevrons.



In the case of grooves (see Figure 9a), increasing the texture pitch value up to 0.4 leads to a reduction of the coefficient of friction due to the existence of a thicker lubricant film. For pitch values, passing a pitch value of 0.4, the coefficient of friction increases due to a decrease in film thickness [46]. These results show that the texture pitch has an influence on the hydrodynamic lubrication component of mixed lubrication. For high velocities, i.e., the hydrodynamic lubrication component is the dominant factor in the frictional behaviour, and the lowest coefficient of friction is achievable when the pitch is equal to 0.4.



In the case of chevrons (see Figure 9b), the increase in texture pitch leads to the reduction in friction. The optimum value is reached for a pitch of 0.5, due to a thicker film thickness. As a result, the lowest coefficient of friction is obtained when the pitch value is around 0.5.






5. Conclusions


The aim of this research was to study and predict the effect of surface texturing on the coefficient of friction for parallel sliding contacts. In order to obtain a better understanding of the friction phenomenon, a numerical model has been developed. Simulations of textured surfaces with different patterns and different texture properties are performed to determine the frictional behaviours of lubricated parallel sliding contacts. For the mixed lubrication model, the hydrodynamic film thickness is calculated based on a numerical model. The film thickness model is a numerical algorithm based on the Reynolds equation, along with the Elrod cavitation algorithm. The effect of several parameters on the frictional behaviour of lubricated parallel siding contacts, such as pattern type, depth, size and texture pitch, have been studied. The results can be summarised as:

	
Of the patterns studied, the groove pattern shows the lowest coefficient of friction. When the distances between texture cells are the same (the pitch is constant), the groove pattern is more successful in generating a load-carrying capacity, because of the higher textured area fraction per unit area. Chevrons are more beneficial than triangular pockets.



	
For both chevron and groove patterns, texturing parameters such as depth, pitch, and size values have an influence on the hydrodynamic lubrication component in the mixed lubrication regime.



	
An increase of the texture depth to a specific value of this parameter for different patterns leads to a reduction of coefficients of friction due to an increase in film thickness.



	
In the case of a groove pattern, the optimum cavity sizes is approximately 100 µm, and in the case of chevrons, the optimum cavity size is approximately  150 μm.



	
The optimum depth for different patterns is in the range of 10 μm.



	
The optimum value for the texture pitch is 0.4 for the groove pattern, and 0.5 for the chevron patterned surfaces.
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Nomenclature




	η
	Dynamic viscosity
	Pa·s



	ρ
	Density
	kg·m−3



	φ
	Cavitation dimensionless variable
	−



	γ1
	Adaption parameter for hydrodynamic component in ML
	−



	γ2
	Adaption parameter for asperity contact
	−



	ν
	Poisson’s ratio
	−



	τC
	Shear stress of asperity contact
	Pa



	AC
	Real area of asperity contact
	m2



	d
	Separation
	m



	E
	Elasticity modulus
	Pa



	E′
	Reduced elasticity modulus
	Pa



	f
	Coefficient of friction
	−



	fC
	Coefficient of friction in BL regime
	−



	F
	Elrod switch function
	−



	Ff
	Friction force
	N



	FfH
	Hydrodynamic friction force
	N



	FN
	Dimensionless total normal load
	−



	FT
	Normal load on the contact
	N



	FC
	Load carried by the asperities
	N



	FH
	Load carried by the hydrodynamic component
	N



	h
	Film thickness
	m



	h0
	Minimum film thickness
	m



	H
	Dimensionless local depth of textured surface
	−



	Lgx
	Texture cell length in the x-direction
	m



	Lx
	Textured area in the x-direction
	m



	Ly
	Textured area in the y-direction
	m



	Pi
	Texture pitch
	−



	p
	Pressure
	Pa



	P
	Dimensionless pressure
	−



	Pa
	Average contact pressure
	Pa



	pa
	Ambient pressure
	Pa



	pc
	Cavitation pressure
	Pa



	pT
	Total pressure
	Pa



	pC
	Asperity pressure
	Pa



	pH
	Hydrodynamic pressure
	Pa



	rp
	Cavity characteristic radius
	m



	Ri
	Reduced radius of cylinder
	m



	S
	Cavity size = 2rp
	m



	Td
	Texture depth
	m



	U0
	Sum velocity
	m·s−1



	X
	Dimensionless Cartesian coordinate
	−



	Y
	Dimensionless Cartesian coordinate
	−



	wi
	compliance of an asperity
	m



	zi
	Asperity height
	m








Appendix A. Mixed Lubrication Model Algorithm


As mentioned in Section 3, the coefficient of friction in the ML regime can be calculated as explained in the chart presented below, (see Figure A1).
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Figure A1. Mixed lubrication model algorithm. 






Figure A1. Mixed lubrication model algorithm.



[image: Lubricants 06 00091 g0a1]






Appendix B. Determination of Roughness Parameters


In this study, calculations were performed using the roughness measured by images extracted from the laser microscope; these images are obtained from roughness height measurements. In this appendix, one of these images is shown as an example and the equations for calculating the roughness parameters are presented as well.



Roughness Measurement


In order to calculate the boundary lubrication component, the roughness measurement is essential. As mentioned in the article, in the case of the deterministic approach, the real measured height of asperities is needed to calculate the separation between the opposing surfaces. In order to achieve the height of the asperities, the surface topography for textured surfaces is measured by using microscopic images. These analyses have been performed using a Keyence Color 3D Scanning Microscope, which uses a violet laser λ=388 nm. The result from a roughness measurement in case of a chevron textured sample is presented in Figure A2 (standard lens 50× is employed).
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Figure A2. Laser scanning microscope image of surface. 
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By using the measured data for the surface roughness, the 3D illustration is calculated (see Figure A3).
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Figure A3. Roughness measurement surface profile based on the measured roughness by Laser Scanning Microscope measurements, in this case Ra= 0.11 μm . 
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To compare the measured roughness with the Gaussian roughness distribution, the probability density of asperities against the dimensionless asperity height is shown in Figure A4. In this figure the Gaussian probability density distribution of one surface is shown with the red line and blue bars present the real measured probability density distribution.
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Figure A4. Distribution of surface heights and the radii of each asperity as a function of the dimensionless asperity height (s/σ). 
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The definition of a summit in this work is that it is higher than its eight neighbour points (see Figure A5).
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Figure A5. Definition of a summit. 
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The radius of an asperity is calculated using the 3-point definition:


 βx−1=zx−Δx,y−2zx,y+zx+Δx,yΔx2 



(A2)






 βy−1=zx−Δx,y−2zx,y+zx+Δx,yΔy2 



(A2)




where βx and βy are the radii in, respectively, the x and the y directions, zx,y is the local surface height at location (x, y) and Δx, Δy are the step or pixel size. The combined summit radius βi of the radii in the two perpendicular directions βx and βy is obtained by:


 βi=βxi.βyi 



(A3)







The value of β¯ used in the calculations is the average summit radius:


 β¯=1n∑i=1nβi 



(A4)







The calculated average radius of asperity from Figure A3 is equal to 4.8×10−8 m.
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Figure 1. Schematic representation of two surfaces in contact. 
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Figure 2. The contact between a rough surface and a flat surface. 
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Figure 3. Geometrical scheme of patterns, (a) chevron, (b) groove, (c) triangular pocket (reproduced with the permission of Mingfeng Qiu, Bret R. Minson, Bart Raeymaekers, Tribology International, published by Elsevier, 2013) [48]. 
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Figure 4. Schematic illustration of different patterns: (a) Grooves, (b) chevrons, (c) triangular pockets and (d) schematic illustration of cavity profile. 
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Figure 5. Comparison between different patterns, texturing properties are given in Table 1. 
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Figure 6. Definition of cavity width ratio; K is the ratio of the inner wall length over the outer wall length. 
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Figure 7. Coefficient of friction as a function of speed for patterns with different texture depth for: (a) grooves, (b) chevrons. 
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Figure 8. Coefficient of friction as a function of speed for patterns with different cavity sizes (S) for: (a) grooves, (b) chevrons. 
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Figure 9. Coefficient of friction as a function of speed for patterns with different texture pitch for: (a) grooves, (b) chevrons. 
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Table 1. Operational conditions.
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	Parameter
	Value





	Texture depth, Td
	10 μm



	Texture pitch, Pi
	 0.4



	Cavity size, S=2rp
	50 μm



	Normal load
	 5 N



	Average contact pressure
	 0.05 MPa



	Dynamic viscosity
	 8 mPa·s



	Elasticity modulus, E
	210 GPa



	Poisson’s ratio, ν
	0.3











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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