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Abstract: Plastoelastohydrodynamic lubrication of rough surfaces (R-PEHL) is a cutting-edge area of research 

in interface fluid-structure coupling analysis. The existing R-PEHL model calculates the elastic-plastic 

deformation of rough surface by the Love equation in a semi-infinite space smooth surface, which deviates 

from the actual surface. Therefore, it is an innovative work to study the exact solution of elastic-plastic 

deformation of rough surface and its influence on the solution results of R-PEHL model. In this paper, a new 

contact calculation model of plastoelastohydrodynamic lubrication (PEHL) with three-dimensional (3D) rough 

surface is proposed by integrating numerical method of EHL and finite element method. The new model 

eliminates an original error introduced by the assumption of semi-infinite space in contact calculation, 

providing wide applicability and high accuracy. Under the given rough surfaces and working conditions, the 

study reveals that: (1) the oil film pressure calculated by the new model is lower than that of the smooth surface 

in semi-infinite space by 200–800 MPa; (2) the Mises stress of the new model is 2.5%–26.6% higher than that of 

the smooth surface in semi-infinite space; (3) compared with the semi-infinite space assumption, the rough 

surface plastic deformation of the new model is increased by 71%–173%, and the local plastic deformation 

singularity may appear under the semi-infinite space assumption; (4) the plastic deformation caused by the 

first contact cycle on the rough surface of the new model accounts for 66.7%–92.9% of the total plastic 

deformation, and the plastic deformation of the semi-infinite space accounts for 50%–83.3%. This study 

resolves the contradiction between the smooth surface assumption and the rough surface in the existing 

R-PEHL model, establishing a solid logic foundation for the accurate solution of R-PEHL model. 
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1  Introduction 

Gears, bearings, and other machine parts involve 

surface friction during operation, which result in 

energy loss and surface wear. Therefore, lubrication 

is essential for preventing wear and reducing friction, 

and good lubrication condition is an important 

guarantee for the normal service of equipment.     

In 1886, Reynolds [1] proposed the hydrodynamic 

lubrication theory for the first time. On this basis, 

Dowson and Higginson [2] introduced the inverse 

solution method to successfully solve the problem  

of slow convergence of direct iterative algorithm of 

hydrodynamic lubrication equation, and gave a 

complete numerical solution of the line contact 

elastic hydrodynamic lubrication (EHL) problem. 

The numerical solution couplings the hydrodynamic 

lubrication equation with the elastic deformation 

equation of solid. Later, on the basis of Dowson’s EHL 

theory, researchers expanded on this work in many 

directions, such as point contact EHL, thermal EHL, 

rough surface mixed EHL, non-Newtonian fluid EHL, 
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Nomenclature 

a Hertz contact half width (μm) 
E Elasticity modulus (MPa) 
F Linear load (N/mm) 

h Thickness of oil film (μm) 
h0 Geometric interval of contact surface  

 topography (μm) 
n Hardening exponent 
p Contact oil film pressure (MPa) 
pH Maximum Hertz contact pressure (MPa) 
pmax Maximum contact pressure (MPa) 
R Equivalent radius of contact cylinder  

 surface (μm) 
Rd Surface deformation relative error 
t time (s) 
u Surface plastic deformation (μm) 
ur Entrainment velocity (m/s) 

umax Maximum deformation (μm) 
v Poisson ratio 
ve Eelastic deformation of solid surface (μm) 
vp Plastic deformation of solid surface (μm) 
x, y, z Space coordinates (μm)  
α Pressure–viscosity coefficient (Pa-1) 
εp Plastic strain 
η Viscosity of lubricating oil (Pa·s) 
η0 Ambient viscosity of lubricating oil (Pa·s) 
ρ Density of lubricating oil (kg/m3) 
ρ0 Ambient density of lubricating oil (kg/m3) 
σ Yield stress (MPa) 
σY Initial yield strength (MPa) 
σmax Maximum Mises stress (MPa) 
τ0 Characteristic shear stress (MPa) 

  
 

and plastoelastohydrodynamic lubrication (PEHL). 

Ranger et al. [3] studied the numerical algorithm   

of elastohydrodynamic lubrication for ellipsoidal 

contact based on Dowson’s method, and presented 

the classic oil film thickness distribution image of 

point contact. The increase in temperature caused by 

fluid lubrication leads to the decrease of lubricating 

oil viscosity, resulting in the decrease of oil film 

thickness, which worsens the surface lubrication 

conditions. Consequently, the lubrication heat effect 

in EHL has gradually attracted the attention of 

researchers. For example, Cheng [4] introduced the 

thermal effect into EHL, solved the governing equation 

of EHL coupled with the energy equation, and 

obtained the temperature variation between contact 

surfaces. Zhu and Wen [5] developed a complete 

numerical solution of point-contact thermal- 

elastohydrodynamic lubrication (TEHL), and found 

that the oil film temperature increases significantly in 

the contact area and changes little in the inlet area 

due to entrainment. Hsu and Lee [6] studied the 

influence of dimensionless load, slide–roll ratio, and 

thermal effect on the oil film thickness of slide–roll 

contact in TEHL. Ghosh and Pandey [7] examined 

the thermal-elastohydrodynamic problem under the 

contact condition of heavy-duty lines and found 

that the thickness of oil film decreased significantly 

compared with that under isothermal condition. 

The real surface at the micron scale contains 

numerous asperities, and it is ideal that the asperities 

are fully separated by oil film between contact 

surfaces. During the contact loading process, locally 

high asperities puncture the oil film, leaving only 

nanometer-thick film between the surface asperities, 

resulting in “dry contact” [8]. According to the area 

of dry contact, rough surface EHL can be classified 

into boundary lubrication, mixed lubrication, and full 

film lubrication [9]. Solid contact in mixed lubrication 

brings challenges to solve the overall Reynolds 

equation. Xu and Sadeghi [10] analyzed the impact  

of surface roughness on contact properties under 

thermoelastohydrodynamic conditions by employing 

the measured roughness surface and solving the 

two-dimensional Reynolds and energy equations. Hu 

and Zhu [5, 11] suggested a numerical solution for 

the point-contact mixed lubrication, which partitioned 

the contact area into separate lubrication and dry 

contact models based on the contact state. They solved 

these two models independently and then integrated 

them into the Reynolds equation framework. The 

dynamic pressure term in the equation vanishes during 

dry contact, yielding a unified pressure equation. This 
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approach can accommodate most lubrication states 

and satisfy a wide range of working conditions, thereby 

laying the groundwork for the development of EHL 

numerical solution methods for deterministic rough 

surfaces. Ren et al. [12] performed three-dimensional 

(3D) line contact mixed lubrication modeling using 

Hu's EHL model and analyzed the effect of differing 

roughness on lubrication performance. Zhu et al. [13] 

focused on the influence of varying numerical solution 

techniques on the accuracy of the mixed lubrication 

model, and found that making the surface mesh 

density greater than that of the solution domain can 

decrease the error. 

The presence of surface asperities causes local surface 

contact pressure to be several times higher than the 

maximum Hertz contact pressure, resulting in extreme 

stress concentrations near the asperities. Many studies 

have indicated that the surface material of rough 

surfaces already experience elastoplastic contact at 

low load levels. In the study of elastoplastic contact 

numerical method, Jacq's elastoplastic contact method 

(SAC) [14] provides a 3D elastoplastic contact stress 

calculation framework which integrates four methods, 

namely elastic contact numerical method [15], contact 

stress numerical method [16], residual stress and 

residual deformation calculation method [17–19], 

and stress updating method [20]. The calculation of 

contact residual stress and surface plastic deformation 

is based on the assumption of semi-infinite space, 

which has certain limitations. Ren et al. [21] proposed 

a point-contact PEHL model by substituting the elastic 

contact algorithm in Jacq’s elastoplastic contact 

method with the EHL numerical solution method.  

By accounting for the elastoplastic deformation   

and plastic yield hardening properties of materials, 

they obtained more accurate and reliable pressure 

distribution, oil film thickness, sub-surface stress, and 

surface topography evolution. Due to its operability 

and universality, Ren’s PEHL numerical method has 

gradually become the main method in PEHL research. 

Building upon previous research, He et al. [22, 23] 

further explored the lubrication properties of PEHL 

with finite long line contact and point contact, 

revealing that the presence of plastic deformation 

results in a more even distribution of load across the 

asperity. In the rolling contact cycle, due to the plastic 

yield hardening of the material, the plastic strain 

increment gradually reaches a stable value or decrease 

to zero during a single contact cycle. Abdullah et al. [24] 

established a simplified PEHL model, in which it is 

presumed that the lubricating oil film pressure in the 

plastic deformation zone reaches a fixed limit value. 

However, this assumption is only valid for the case 

of minimal plastic strain in the elastic-perfectly 

plastic material. Thomas et al. [25] introduced a novel 

method for simulating TEHL in commercial finite 

element software, demonstrating its flexibility and 

simplicity through simulation calculations of lubrication 

friction coefficient, coating surface, and non-smooth 

surface. However, this method encounters issues 

when analyzing contacts on rough surfaces with vast 

data. Zhou et al. [26] analyzed the contact performance 

of surface-hardened gears by establishing a PEHL 

model that considers hardness gradient and surface 

roughness. They used Dang Van multi-axial fatigue 

criterion to assess the contact fatigue damage based 

on the contact stress field. The study evaluated the 

effects of effective hardening layer depth, surface 

hardness, and surface roughness on contact properties. 

Cao et al. [27] modified the surface microstructure 

using grinding. Based on Zaretsky's fatigue model 

combined with elastic contact mechanics, the rolling 

contact fatigue life of different rough surfaces in EHL 

was calculated, and the optimal topography features 

were determined that could mitigate the fatigue 

failure of micro pitting corrosion. 

In conclusion, the study and application of 

hydrodynamic lubrication have been extensively 

developed. The PEHL Reynolds equation for the solid 

elastoplastic contact deformation calculation of rough 

surfaces is based on the semi-infinite space assumption 

with a smooth surface, which is contradictory to the 

rough surface PEHL analysis. Ren's model [21], based 

on a smooth semi-infinite space assumption, is the 

most widely used and efficient model in current 

rough surface PEHL numerical methods. Therefore, 

there is an urgent need to propose a new model that 

improves Ren’s model and addresses the logical 

contradictions in the calculation principles of elastic- 

plastic contact deformation of rough surfaces. As a 

solution, this paper proposes a new 3D rough surface 

plastoelastohydrodynamic lubrication (R-PEHL) 
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model by coupling the numerical method of EHL 

with the finite element method. The numerical 

method of EHL allows the calculation of contact oil 

film pressure, and the finite element method enables 

accurate modeling of the rough surface topography 

and the precise calculation of surface asperities 

deformation. The new model resolves the issue    

of calculation accuracy of PEHL on rough surfaces 

resulting from the assumption of semi-infinite space 

smooth surface in Ren’s PEHL model. Moreover, this 

R-PEHL model has strong applicability in the dynamic 

lubrication analysis of engineering components, which 

takes into account surface integrity. 

2 Equation of R-PEHL 

2.1 Hydrodynamic lubrication equation  

The hydrodynamic lubrication equation is derived 

from the Reynolds equation, where the position of 

the lubrication region (x, y) satisfies the governing  

Eq. (1) [28]. The elastoplastic contact analysis is related 

to the solids of the contact surface and coupled with 

the thickness of the oil film. 
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In Eq. (1), ρ is the density of lubricating oil, h is the 

thickness of oil film, η is the viscosity of lubricating 

oil, p is the contact oil film pressure, ur is the 

entrainment velocity, and t is the time. 

Affected by the bearing capacity and surface 

topography, the oil film thickness in some regions  

of the overall calculation domain of the governing 

equation is within the range of 2–5 nm, and the 

interaction between solid materials is more obvious. 

This contact state is referred to as “dry contact”, and 

the corresponding governing Eq. (2) is obtained by 

removing the hydrodynamic pressure term in Eq. (1). 
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The oil film thickness is calculated as 

  
0

( ) ( , ) ( , )peh t h v x y v x y            (3) 

Here, ve and vp are elastic deformation and plastic 

deformation of solid surface arising from lubricating 

contact, respectively. h0 is the geometric interval of 

contact surface topography. Elastic deformation ve 

can be obtained by the integral equation of Johnson 

contact mechanics [29] and will not be elaborated 

here. Plastic deformation vp permanently changes the 

surface topography, which is the focus of this study. 

The differences in plastic deformation calculation 

between the new model and the Ren model will later 

be compared in the paper.  

The Reynolds equation described previously 

involves parameters with large differences in 

magnitude, and can lead to data errors in its solution. 

Therefore, the Reynolds equation is dimensionless 

as Eq. (4): 
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Here, X = x/a, Y = y/a, P = p/pH, H = hR/a2, ρ  = ρ/ρ0,  

ϕ = pHρh3R/12ηura
3, a is the Hertz contact half width, 

pH is the maximum Hertz contact pressure, and R is 

the equivalent radius of contact cylinder surface. 

Similarly, the dry contact region in the Reynolds 

equation of dimensionless form is as Eq. (5): 

     
 

 
0

H H
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             (5) 

Based on the numerical solution method proposed 

by Zhu [5] and the lubricating oil characteristic 

equation consistent with the references, the finite 

difference method is used to discreetly solve the 

Reynolds equation, and the Gauss Seidel method is 

adopted to iterative calculation. The dimensionless 

oil film pressure P converges iteratively after satisfying 

Eq. (6): 
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2.2 Calculation process and plastic deformation vp 

calculation in the Ren model 

Under lubrication condition, the contact pressure 

between the two contact surfaces is transmitted via 
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the lubricating oil film. In the case of pure elastic 

contact, surface deformation recovers after unloading, 

and the contact stress under the surface can be 

evaluated based on the elastic contact pressure. In 

elastoplastic contact, the asperity at the micron  

scale is easy to undergo plastic deformation, thereby 

permanently modifying the topography of the contact 

surface and affecting the lubricating oil film and contact 

pressure distribution. Therefore, in order to solve  

the contact properties of plastoelastohydrodynamic 

lubrication, it is necessary to consider the coupling of 

contact stress, contact pressure, plastic deformation, 

and fluid lubrication. Ren proposed a PEHL model of 

point-contact, and the calculation process is depicted 

in Fig. 1(a). The specific calculation steps are as 

follows: (1) calculate the oil film pressure P of a rough 

surface using the EHL numerical method, assuming 

pure elastic deformation; (2) simplify the rough surface 

to a smooth surface, and assume that the calculation 

region Ω is a semi-infinite space. Here, the contact 

stress field in the discretized region Ω is calculated 

according to EHL pressure P; (3) superimpose the 

elastic contact stress field onto the potential residual 

stress field of plastic deformation. Then, compute the 

elastoplastic contact stress field and plastic strain 

corresponding to the comprehensive stress field in 

the region Ω by applying the material constitutive 

model and the stress updating numerical algorithm; 

(4) calculate the plastic residual stress and surface 

cumulative residual deformation in the calculation 

region Ω from the plastic strain. The residual 

deformation is the solid surface plastic deformation 

vp in Eq. (3), while the surface cumulative residual 

deformation is computed via Love equation [16]; 

(5) repeat the steps (1)–(4) for updating rough surface 

topography based on the surface plastic deformation 

vp, and realize the calculation cycle iteration until the 

convergence conditions are met. 

Considering that the stiffness of the material   

after plastic yield decreases and the corresponding 

deformation increases, the plastic deformation vp at 

the elastoplastic deformation stage of the asperity of 

the contact surface is difficult to ignore compared 

with the elastic deformation. While the Ren’s PEHL  

 

Fig. 1 Flow chart and calculation region of the Ren model. (a) Flow chart; (b) surface topography simplification; and (c) discrete
computing region. 
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model based on this method has been widely used, it 

suffers from a primitive error in the plastic deformation 

vp of the rough surface. Figure 1(b) illustrates the 

calculation process of the contact stress field in   

step (2). In step (2), the EHL pressure P is calculated 

from the 3D rough surface topography. Because it is 

difficult to obtain a numerical solution for contact 

stress and strain under a rough surface, the contact 

stress field beneath the surface is derived by applying 

the EHL pressure P to the discrete calculation region 

Ω with a smooth surface. Here, the rough surface is 

reduced to a smooth surface of region Ω in step (2), 

and the region Ω is discretized in numerical calculation 

as depicted in Fig. 1(c). This region Ω conforms to the 

assumption of semi-infinite space, and the numerical 

calculations of subsequent step (3) and step (4) are 

performed in the region Ω. In step (4), the plastic 

deformation of smooth surface calculated in the 

region Ω is taken as the plastic deformation of rough 

surface, which creates an evident contradiction. The 

disparity between the plastic deformation of rough 

surface and that of smooth surface is the source of 

the original error of PEHL analysis of rough surface 

in the Ren model. 

2.3 Calculation process and plastic deformation vp 

calculation in the new model  

To circumvent the above calculation errors shown in 

Fig. 1(b), a finite element model was employed based 

on the rough surface topography. In the new model, 

the calculation region Ω from step (2) to step (4) in 

Ren’s model is replaced with a finite computation 

region that consists of finite elements, and the contact 

plastic deformation vp corresponds to each surface 

asperity. The EHL pressure of rough surface was 

applied to the finite element model with the same 

topography, as illustrated in Fig. 2. The method of 

modeling the rough surface finite element mesh 

model was referred to Refs. [30, 31]. The rough 

surface topography was mapped to the surface of  

the finite element model by adjusting the coordinate 

values of mesh nodes, this method preserves all 

topography features of the rough surface sample, 

and the surface roughness parameters of the finite 

element model are consistent with the sample. The 

 

Fig. 2 Finite element model of contact stress calculation. 

presence of finite boundaries in the finite element 

model may cause contact stress-strain to be affected 

by boundary conditions. During the loading process, 

contact stress waves are reflected from the boundary 

of the finite element model into the model, and 

resulting in an imprecise contact stress field. Thus, 

the boundary finite elements of the model are 

replaced with infinite elements in this method. As 

depicted in Fig. 2, the rough surface bearing loading 

pressure in the model is finite element, while the 

outermost elements of the other five surfaces are 

infinite elements. This technique partially mitigates 

the influence of the model boundary on the calculation 

results. 

The calculation process of the new and improved 

plastoelastohydrodynamic lubrication contact model 

is depicted in Fig. 3. The plastic deformation of 

asperities is more in line with the actual rough surface 

deformation, and the EHL contact analysis has   

been performed based on existing numerical method. 

Finite element modeling and plastic deformation 

calculations were executed through the static implicit 

solver of commercial finite element software ABAQUS, 

utilizing hexahedral linear reduced integration element 

C3D8R for finite element type and hexahedral 

element CIN3D8 for infinite element type. Regarding 

the material constitutive, an isotropic assumption 

commonly used in the deformation of metallic 

materials was adopted. The plastic deformation  

stage satisfies the J2 plastic flow theory, and the radial 
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Fig. 3 Calculation flowchart of the new model. 

return algorithm was employed in finite element 

analysis for stress updates [32]. The convergence of 

the model's calculation flow is determined by Eqs. (6) 

and (7). Several examples indicate that convergence 

of contact pressure P is considerably quicker than 

the convergence of surface plastic deformation vp, it 

means that the convergence of the calculation flow 

can be judged only by Eq. (7). EHL can yield oil film 

pressure without an upper limit, and this may lead to 

exceptionally high elastic contact pressure on the 

finite element mesh, resulting in the mesh distortion 

which makes the calculation difficult to converge. 

The new model limits the oil film pressure obtained 

by EHL to a threshold value of 2.83 times the maximum 

yield strength of solid materials, following plastic 

strain hardening. The truncated oil film pressure 

renders the actual total external load less than the 

required total external load, and hence the new model 

employs it to achieve the convergence of the PEHL 

calculation. Then, it proceeds with increased loading 

for PEHL contact analysis, enabling the total load    

to meet the calculation requirements. Experimental 

verification through contact stress and strain 

measurement becomes challenging because of the 

small size of the rough surface asperity [33], which is 

also a difficulty in the present analysis of rough 

surface PEHL contact. Zhang et al. [34] measured the 

elastoplastic contact pressure of the surface under 

extreme roughness, and the finite element calculation 

data produced favorable agreement with the measured 

results. For the reason that commercial finite element 

software has been widely utilized for contact analysis 

and the paper's model of finite element and material 

constitutive are not fundamentally different from 

those in this literature. Therefore, to some extent, the 

accuracy of the finite element plastic deformation 

calculation in this paper can be indirectly proved. 
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3 Calculation example 

The study employs the new model and the Ren 

model to analyze PEHL of rough surface. The three 

surface topographies used are shown in Fig. 4. All the 

three surfaces are processed by Gaussian filtering. 

The sampling interval is 5 μm × 5 μm, and the 

roughness Sq values for samples S1, S2, and S3 are 

0.47, 0.42, and 0.41 μm, respectively. The measured 

rough surface topographies have fixed texture 

directions, S1 is the grinding surface and S2 is the 

working surface of gear. Sample S3 is a reconstructed 

surface generated by fast Fourier transform [35], with 

asperities height that comply with the Gaussian random 

distribution. The 2D topographies correspond to the 

intercepted topography at the position of the red line 

of the three samples, and S2 is the gentlest surface 

due to gear contact run-in. Lubrication parameters 

are listed in Table 1. In the EHL contact analysis    

of Fig. 3, the study employs a rough surface whose 

lubricating contact with a rigid surface rough is 

displayed in Fig. 5, a line load F along the y axis is 

applied on the rigid surface, and the surface rolls  

and slips along the x axis direction. The boundary of 

the calculation area of the rough surface is prone to 
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Fig. 5 Schematic diagram of EHL contact analysis. 

abnormally high contact stress, so the two ends of the 

rigid cylindrical surface are warped upward to avoid 

edge contact. In the stress and strain calculation of 

Fig. 3, the contact surface size of the finite element 

mesh model is consistent with Fig. 5 and the model 

thickness along the z axis is 1.5a, where the finite 

element mesh size is 5 μm × 5 μm and thickness of  

10 μm. The total mesh number of the model is 1,296,000, 

and the calculated surface is the local part of the 

three samples in Fig. 4. Plastic deformation hardening 

for contact surface material is considered, and the 

power rate hardening model of Eq. (8) is adopted to 

describe the relationship between yield stress σ and 

plastic strain εp after plastic yield. Table 1 lists the 

values of parameters in the power rate hardening 

equation. 

  


 
 

 
= 1

n

Y p

Y

E
             (8) 

4 Results and discussion 

4.1 Lubrication film pressure and contact stress 

The PEHL analysis between smooth surface and rough 

surface was carried out based on the proposed new 

model, and the contact oil film pressure is shown   

in Fig. 6. Figure 6(a) shows a surged of edge contact 

pressure due to the warping of the contact edge in 

 

Fig. 4 Topographies of three types of samples. 

Table 1 PEHL calculation parameters. 

Parameter Value Parameter Value 

Linear load F (N/mm) 710 Ambient density of lubricating oil ρ0 (kg/m3) 870 

Elasticity modulus E (MPa) 210,000 Ambient viscosity of lubricating oil η0 (Pa·s) 0.05 

Poisson ratio v 0.3 Pressure-viscosity coefficient α (Pa-1) 2.1×10-8 

Hertz contact half width a (μm) 300 Characteristic shear stress τ0 (MPa) 5 

Hertz maximum pressure pH (MPa) 1,506 Initial yield strength σY (MPa) 1,000 

Entrainment velocity ur (m/s) 1.56 Hardening exponent n 0.2 

 



1184 Friction 12(6): 1176–1193 (2024) 

 | https://mc03.manuscriptcentral.com/friction 

 

two sections, resulting in a maximum contact oil film 

pressure. This is different from the assumption that 

the oil film pressure distribution remains unchanged 

in the normal motion direction of line contact. 

Figures 6(b)–6(d) also show that the maximum 

contact pressure for the elastoplastic contact pressure 

of rough surface appears in the edge of contact area, 

and the overall pressure distribution is similar to the 

topography characteristics of corresponding rough 

surface samples in Fig. 4. The lubricating oil film 

affects the change of extreme pressure of the contact 

surface to some extent. The lubrication contact pressure 

obtained from the reconstructed samples is very 

discrete, indicating that the lubrication contact analysis 

of such surfaces deviates from the engineering 

practice. 

To compare the new R-PEHL model with the Ren 

model, the height sequence data for each rough surface 

sample were multiplied by different multiples, 

resulting in three samples with varying roughness Sq. 

Figures 7, 8, and 9 show the calculated distribution 

of sectional contact pressure and film thickness at the 

same location on each surface. At the minimum Sq, 

the contact surface of each sample topography is 

entirely separated by the lubricating oil film, which is 

in the optimal state of full-film lubrication. The contact 

surface’s asperities have a minimal effect on the 

distribution of the lubricating oil film, and while 

the overall level of contact pressure increases, the 

distribution characteristics similar to those of smooth 

surface lubricating oil film pressure can still be seen. 

As the roughness Sq increases, higher asperities on 

the surface make direct contact with the solid surface 

through the lubricating oil film, causing a sharp 

increase in surface contact pressure due to the plastic 

yield strengthening of the asperity material. By 

analyzing the surface pressure of different samples 

with the maximum roughness Sq = 0.72 μm, Sq =  

0.68 μm, and Sq = 0.63 μm, it can be seen that the 

maximum contact pressure of local oil-film-free 

lubrication increases significantly with an increase in 

roughness, which indicates that the maximum contact 

pressure under mixed lubrication depends mainly  

on the degree of contact deformation of asperities. 

The contact oil film pressure differs due to the varied 

calculation methods of contact plastic deformation 

 

Fig. 6 Lubrication contact pressure. (a) Smooth surface; (b) S1; (c) S2; and (d) S3.  
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between the present model and the Ren model [15]. 

As observed in Figs. 7, 8, and 9, the overall contact 

pressure amplitude of the present model under 

different roughness is smaller than that of the Ren 

model, and the contact pressure in the present model 

changes more gradually. This phenomenon is most 

noticeable in sample S3 (Fig. 9) with more asperities 

and generates greater plastic strain. When the surface 

is rougher, the higher contact pressure in the Ren 

model is biased to the direction of the oil outlet on 

the right side of the Fig. 9, whereas the contact 

pressure distribution calculated by the present model 

does not deviate significantly. 

After the contact calculation of PEHL satisfied the 

convergence condition shown in Fig. 3, the contact 

stress component under the elastoplastic contact surface 

was obtained using Python secondary development 

techniques. The x–z cross-section Von Mises stress of 

sample S1 is shown in Fig. 10. The contact stress on a 

smooth surface is approximately consistent with the  

 

Fig. 7 Comparison of pressure and oil film thickness under different roughness (Sample S1). 

 

Fig. 8 Comparison of pressure and oil film thickness under different roughness (Sample S2). 
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Hertzian contact stress field, and a small peak in 

contact stress appears at the secondary peak of contact 

pressure under oil film lubrication. At Sq = 0.22 μm, 

two regions with higher stress are observed, one near 

the surface and another at greater depth. The contact 

stress of rough surface asperities with greater plastic 

deformation is higher than that at greater depth.  

The impact depth of contact stress in the area near 

the surface increases with increased Sq, and the 

high-stress region in the deeper area fuses with the 

near-surface stress field. The maximum contact stress 

occurs near the asperity with high plastic surface 

deformation. This trend is also observed in dry contact, 

but the corresponding roughness Sq is smaller. It can 

 

Fig. 9 Comparison of pressure and oil film thickness under different roughness (Sample S3). 

 

Fig. 10 Comparison of Von Mises stress on sub-surface with different roughness (Sample S1). (a) Sq = 0; (b) Sq = 0.22 μm; (c) Sq = 
0.47 μm; (d) Sq = 0.72 μm. 
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be seen that the lubricating oil film enlarges the surface 

contact area, thus alleviating the stress concentration 

near the asperity of the contact surface. 

Table 2 shows the maximum contact pressure pmax 

and maximum subsurface Von Mises stress σmax on 

different rough surfaces. The maximum surface contact 

pressure in the present model is approximately 

200–800 MPa lower than in the Ren model, and the 

bearing capacity of asperities depends on the yield 

strengthening strength of materials. The maximum 

contact pressure pmax in the present model is about 

6 GPa under the roughness Sq = 0.63 μm of sample S3. 

In contrast, the maximum contact Mises stress is 

higher under rough surfaces in the present model 

than in the Ren model, ranging from 2.5% to 26.6% in 

Von Mises stress. Surface pressure directly acts on the 

corresponding asperity in the present model, making 

contact deformation more likely to occur than on a 

smooth surface. Consequently, the subsurface contact 

stress obtained is significantly higher than in the Ren 

model. The semi-infinite space assumption in the Ren 

model overestimates surface contact pressure and 

underestimates subsurface contact stress, and the 

deviation value decreases with the increase of plastic 

deformation degree. 

4.2 Plastic deformation of contact surface 

4.2.1 Surface plastic deformation 

The distribution of asperity heights on the lubrication 

contact rough surface is random, resulting in discrete 

surface plastic deformation. Calculation of surface  

Table 2 Maximum contact pressure pmax and maximum Mises 
stress σmax. 

pmax (MPa) σmax (MPa)  

Sq (μm) Present Ren Present Ren 

0.22 3,337 4,045 1,282 1,013 

0.47 4,960 5,801 1,458 1,339 

0.72 5,899 6,119 1,895 1,624 

0.20 2,758 3,130 1,288 1,186 

0.42 3,728 4,026 1,327 1,231 

0.68 3,951 4,343 1,377 1,309 

0.21 5,300 5,546 1,453 1,417 

0.41 5,841 6,084 1,810 1,632 

0.63 6,010 6,293 2,006 1,744 

deformation in the present model is different from 

that in the Ren model. Taking sample S1 as an example, 

the comparison of deformation region between the 

two models is shown in Fig. 11. Figures 11(a) and 

11(b) show the plastic deformation diagrams of the 

contact surface for the present model and the Ren 

model, respectively. To facilitate a visual comparison 

of the deformation distribution, the paper depicts the 

contact area with deformation greater than 0.1 μm as 

a dark area. Clearly, the deformation area of the present 

model is larger. This is because the semi-infinite space 

assumption in the Ren model makes the contact stress 

gentler, and it is difficult to capture the deformation 

of lower local asperities. Figures 11(c) and 11(d) 

compare the sectional deformation between the edge 

and center of the contact region for both models. 

Greater contact pressure at the edge leads to more 

deformation of the corresponding contact surface. In 

general, the surface deformation of the present model 

is higher than that of the Ren model, especially in 

cases with high local asperities where there exists a 

noticeable difference in deformation. When the solid 

on the contact surface is squeezed, the material at  

the edge of deformation is protruded. Since the 

deformation of the Ren model is smaller than that of 

the present model, the protrusion degree of material 

at the edge of plastic deformation area is smaller than 

the present model. 

To further investigate the surface plastic deformation 

characteristics of the two models, Fig. 12 shows the 

error distribution in the absolute value of deformation 

between the present model and the Ren model for 

different samples and different roughness. The   

blue area in Fig. 12 indicates higher surface plastic 

deformation for the present model than the Ren 

model, while the yellow area signifies lower surface 

plastic deformation. The present model has higher 

surface contact deformation with low roughness Sq. 

With the increase of roughness, the surface deformation 

of the Ren model near the higher asperities becomes 

larger, especially the high roughness surfaces 

corresponding to samples S1 and S2 in Fig. 12. Due to 

the assumption of smooth surface in the Ren model, 

local contact stresses may interact with each other  

to cause abnormal surface deformation, as illustrated 

in Fig. 12 for region A of Sq = 0.72 μm surface. 

Combined with Fig. 11, it can be seen that the plastic 
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deformation of the Ren model with large region of 

surface deformation appears an abnormal surge here, 

and a singularity with deformation greater than that 

of the present model appears. To further study this 

phenomenon, the paper calculated the relative error 

Rd of the total surface deformation of the present 

model and the Ren model, and the maximum 

deformation umax of the present model are also 

 

Fig. 11 Deformation comparison of rough surface with roughness Sq = 0.72 μm. (a) Present model surface deformation; (b) Ren model
surface deformation; (c) deformation comparison at y/a = -0.75; and (d) deformation comparison at y/a = 0. 

 

Fig. 12 Surface deformation differences under different Sq, and each row from top to bottom corresponds to sample S1, S2, and S3, 
respectively. 
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calculated, as tabulated in Table 3. The relative error 

of the contact deformation between the present model 

and the Ren model ranges from 71% to 173%, and  

the error is negatively correlated with Sq. Sample S2 

has the smallest surface deformation but the largest 

relative deformation error. In contrast, sample S1  

has the smallest relative deformation error, but the 

surface deformation is between the other two.  

Thus, it should be noted that the maximum surface 

deformation is not necessarily tied to the overall 

deformation relative error. By analyzing the surface 

deformation distribution characteristics of different 

sample topographies, it can be inferred that the 

deformation singularity of the Ren model appears in 

the position with higher deformation amount and 

larger deformation range. 

4.2.2 Surface topography evolution 

Under the current load, the topography changes of 

the contact surface are dominated by the plastic 

deformation of the asperity in the contact area, and 

the unloading of the rough surface after contact 

loading in the lubrication is regarded as a contact 

cycle. The surface deformation of the rough surface 

for multiple contact cycles in the mixed lubrication 

state of the new model can be found in Figs. 13 and 

14. The contact plastic deformation is mainly located 

in the lubrication contact center area. Unlike dry contact, 

the maximum deformation position in Fig. 13 after the 

first contact cycle does not correspond to the highest 

asperity, and the contact deformation of different 

asperities does not show a positive correlation with 

their heights. The deformation of the asperity is  

Table 3 Surface deformation relative error Rd and maximum 
deformation umax. 

 Sq (μm) Rd umax (μm) 

0.22 1.26 0.48 

0.47 0.78 0.95 S1 

0.72 0.71 2.19 

 0.20 1.73 0.28 

S2 0.42 1.67 0.33 

 0.68 1.33 0.46 

 0.21 1.27 0.39 

S3 0.41 0.88 1.26 

 0.63 0.90 2.24 

affected by the oil film pressure distribution near  

the contact asperity. During the contact process,  

the asperity flattens due to contact pressure, while 

the bottom material experiences a slight uplift. The 

deformation trend of the rough surface is gradually 

flat when only the contact plastic deformation is 

considered. Figure 14 shows the surface deformation 

after multiple cyclic contacts. Compared with the 

surface deformation of the first contact in Fig. 13, the 

accumulated surface deformation after multiple contact 

cycles is almost negligible. Surface deformation of 

PEHL of the rough surface under cyclic loading is 

still dominated by the surface deformation of the first 

contact, which is further supported by heavy-duty 

contact analysis. Considering the calculation accuracy, 

it is appropriate to consider that the rough surface 

enters a contact stable state after 5 contact cycles 

without the plastic deformation accumulation of the 

asperities, thereby allowing for contact fatigue and 

wear analysis based on the stress-strain field in this 

state. 

 
Fig. 13 Changes of surface topography at initial contact. 

 
Fig. 14 Topographical changes of different cycles. 
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Table 4 displays the roughness Sq of samples of 

different rough surfaces in the contact region of 

two-hertz contact half-width a under several contact 

cycles. The maximum roughness of the present model 

decreases to the surface roughness Sq of sample S1 

from 0.72 to 0.59 μm during the first cycle, and the 

roughness Sq of subsequent cycle decreases linearly 

with the number of contact cycles, but the reduction 

amplitude is very small. The surface roughness reduces 

from Sq = 0.72 to 0.58 μm after 6 contact cycles. After 

the first cycle, the surface roughness Sq of different 

samples with small Sq changes slightly. In the 

subsequent contact cycles, the roughness Sq can be 

regarded as relatively constant. Thus, this paper only 

calculates the variation of roughness Sq of three 

different surfaces of S1. The roughness reduction   

of the present model under the first cycle is greater 

than that of the Ren model. The plastic deformation 

degree of the surface after multiple cycles is evaluated 

by the change of roughness Sq, and the plastic 

deformation of the roughness surface under the first 

cycle of the present model accounts for 66.7%–92.9% 

of the total plastic deformation of the six contact 

cycles. In the Ren model, the plastic deformation of 

the first cycle accounts for 50%–83.3% of the total 

plastic deformation of the six contact cycles, and the 

ratio is positively associated with the roughness Sq. It 

is evident that the plastic deformation of multiple 

asperities under lubrication has limited influence on 

the overall surface topography, as the surface bearing 

capacity is improved after the plastic hardening caused 

by the initial contact deformation. Consequently,   

Table 4 Roughness Sq (μm) during contact cycle. 
 

1 cycle 6 cycles 
Initial 

Present Ren Present Ren 

0.22 0.20 0.21 0.19 0.20 

0.47 0.40 0.42 0.39 0.41 

0.72 0.59 0.62 0.58 0.60 

0.20 0.19 0.19 — — 

0.42 0.39 0.41 — — 

0.68 0.62 0.65 — — 

0.21 0.20 0.20 — — 

0.41 0.36 0.38 — — 

0.63 0.55 0.57 — — 

the research on the evolution of the contact surface 

topography should be given additional thought 

concerning surface wear and fatigue failure. 

4.3 Roughness and lubrication state of new model 

The lubricating oil film prevents direct contact 

between the two solid surfaces. However, some 

surface asperities may directly contact when under 

load, altering the surface lubrication state. Additionally, 

the plastic deformation of the contact asperity may 

affect the surface lubrication state. As shown in   

Fig. 15, Figs. 15(a) and 15(b) respectively show the 

proportion of asperity contact area in total contact 

area and the proportion of plastic deformation area 

of contact surface in total contact area with different 

roughness Sq. As illustrated in Fig. 15, the rough 

surfaces of different samples witnessed surface 

plastic deformation. The plastic deformation area of 

samples S1 and S3 increased and the increasing 

amplitude gradually decreased with the increase  

of Sq. The solid contact area and surface plastic 

deformation area of S2 were considerably smaller  

 

Fig. 15 Asperities contact and surface plastic deformation area of 
different roughness Sq. 
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compared to the other two samples. Compared with 

the plastic deformation of the contact surface, the 

proportion of dry contact area of the local asperities 

of different samples is very small, less than 5%. Under 

the working conditions in this paper, the contact 

surface area is still mainly loaded by lubricating oil 

film. The compression and plastic deformation of 

surface asperities facilitate the separation of asperities 

on the rough surface, effectively enhancing the 

lubrication state of the contact surface. 

5 Conclusions 

In this paper, a new three-dimensional (3D) rough 

surface plastoelastohydrodynamic lubrication (R-PEHL) 

contact model is proposed by combining the elastic 

hydrodynamic lubrication contact numerical algorithm 

and the finite element method. Compared with the 

widely used Ren model for PEHL numerical calculation 

in R-PEHL research, the new model has higher 

calculation accuracy of contact stress and strain.The 

problem of rationality contradiction caused by smooth 

surface assumption of semi-infinite space in contact 

analysis is solved. Based on the new model, the 

contact analysis of different types of rough surface 

samples is carried out and compared with the 

calculation results of the Ren model. The study draws 

the following conclusions: 

(1) The contact pressure of the new R-PEHL model 

is 200–800 MPa lower than that of the Ren model 

while the corresponding maximum Mises stress is 

2.5%–26.6% greater. The oil film pressure fluctuation 

in the new model is gentler compared to the Ren 

model, and the high pressure of the Ren model is 

inclined to the oil outlet. 

(2) The PEHL contact analysis of rough surface in 

the Ren model under the assumption of semi-infinite 

smooth surface cannot capture the plastic deformation 

of small asperities, and the position with large 

deformation and large deformation range is prone  

to the singularity of surface deformation surge. The 

relative error of contact deformation between the new 

model and the Ren model is 71%–173%, and the error 

decreases with the increase of Sq. 

(3) The new model demonstrates that the plastic 

deformation of the rough surfaces under lubrication 

condition mainly occurs in the first contact cycle. 

Furthermore, the plastic deformation of the first contact 

cycle accounts for 66.7%–92.9% of the total plastic 

deformation, while that of the Ren model accounts 

for 50%–83.3% of the total plastic deformation. Due 

to the plastic hardening of the material at the first 

contact, the plastic deformation of multiple asperities 

has little effect on overall surface topography. 

(4) The new model reveals that the direct contact 

area of asperities on rough surfaces is relatively low, 

less than 5% of the nominal contact area. The plastic 

deformation of contact asperities reduces the dry 

contact area of asperities and enhances the lubrication 

state of rough surfaces. 

The new model provides an innovative method 

and a fundamental model for the development and 

engineering application of fluid-structure coupling 

mechanics and interface lubrication mechanics. 
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