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Abstract  

Contact between rough surfaces between surfaces affects a variety of phenomena including friction, wear, 

thermal contact resistance, and electrical contact resistance. Different studies done on the mechanics of 

contacting bodies using analytical and experimental methods. Even though the experimental method to 

determine the surface treatment parameters is convenient and effective, the method is very expensive, 

consume more time to complete and it needs advanced tools. Furthermore, the analytical methods in 

analyzing real surface topography is a simplifying approach, which has low accuracy. Therefore, 

numerical modeling of the contact between rough surfaces is the alternative method.  the aim of the study 

was to model the contact pressure contacting bodies to determine the effect of material density variation 

and surface finish method (machined and powder metallurgy surface) using finite element analysis utilizing 

ABAQUS software. The plastic contact of a rough surface and smooth flat surface is analyzed by modeling 

the rough surface as an isotopic, Gaussian, and random process. For running FE analysis an interface 

MATLAB code and Solid work software were used to create a 3D model from the measurement data. To 

achieve the objectives of the study particular material were selected and data were collected and rough 

surface modeling using computational model were performed. Result of the study in terms of contact load, 

real area of contact, and contact pressure are extracted from each contact analysis depicted that, the low-

density PM rough surface leads to minimum area of contact but attains the maximum value of contact 

pressure maxP  and cross hardness limit earlier when compared with the low-density machined and high-

density PM rough surface. In the PM surface model, the maxP Y
 ratio to cross the hardness limit of 2.22 

at n nP A E
 of 0.0042 and in the machined surface model the maxP Y

 ratio to cross the hardness limit of 

2.22 at n nP A E
of 0.0057.  The area of contact decrease whereas the meanP

 and maxP
 increases with a 

decrease in density value. In the machined surfaces, the contact load is shared by most of the contacting 

asperities and the asperity interactions restrain the asperities to remain in elastic state mostly even at high 

loads relative to PM surfaces. The real contact area is low and the von mises stresses and contact pressure 

are high for the low-density surface as compared to high-density surface, for the surface with ρ = 7.35g/cm3, 

real contact area occurs at 0.6377mm2 or 10.2% of nominal contact area, for the surface with ρ = 

7.35g/cm3, real contact area occurs at 1.14115 mm2 or 18.25% of nominal contact area.  

Key words: Numerical Analysis, Surface Finish, Carburized Moly Based Low Alloy Material, 

Contact Load 
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Chapter 1: Introduction   

1.1 Background of the Study 

Tribology is the science and technology of two interacting surfaces in relative motion, and related 

subjects and practices. Even though the history of tribology goes back to 2600 B.C, a significant 

impact of tribology applied to machinery production during the industrial revolution in the ninetieth 

century. The enormous industrial growth led to the demand for a better understanding of tribology. 

Finally, modern tribology has seen areas such as bio-tribology and Nano-tribology emerge and the 

subject continues to play a significant role in manufacturing [1]. 

Tribology studies the different fields including contact mechanics which is the fundamental one since 

it studies the interaction of solid surfaces. The interaction or contact of surface bodies can occur on 

many different scales, ranging from nanoscale asperities up to tires on roads and even contact between 

tectonic plates. Contact between solids is undeniably important because it is such a common and 

critical occurrence in our daily lives, health, industry, and even on the scale of heavenly bodies and 

the universe [2]. 

When viewed under the proper magnification, all surfaces exhibit some roughness or deviation from 

being perfectly smooth. Some surfaces, on the other hand, appear rough even when no magnification 

is used. Regardless of scale roughness will induce, contact between surfaces to occur at the peaks and 

make accurate modeling difficult. This roughness frequently appears on multiple scales rather than 

just one. As a result, describing the geometry of surfaces in detail is extremely difficult [2]. 

Despite the difficulty of describing surface roughness, the contact between rough surfaces affects a 

variety of phenomena in our environment, including friction, wear, thermal contact resistance, and 

electrical contact resistance. As a result, being able to make at least reasonable predictions of the 

pressure and real area of contact between two contacting rough surfaces is critical [2].  
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Figure 1.1: Illustration of self-affine property of surface roughness [3]  

The transmission of load from one rubbing surface to its mating surface under dry contact or boundary 

lubrication is an important study area in mechanical engineering. Regardless of whether the surfaces 

are conformal, such as lathe support or a journal in a sleeve bearing, or counter formal, such as two 

mating convex gear teeth, cams, and tappets, or rolling elements on their raceways, the transmission 

of the load is associated with the concentration of the contact pressure. Because of the surface 

roughness, contact with conformal surfaces will be limited to, or near to, the peaks of the highest 

asperities, and hence will be distributed. Even if the surface of the counter formal is perfectly smooth, 

the contact will tend to concentrate [4]. 

The morphology of the surface is scale-dependent. Surface morphology can be classified as surface 

roughness, waviness, and lay at the micrometer, millimeter, and meter scales in many engineering 

applications [3]. In manufacturing engineering, surface finish is an important parameter that can affect 

the performance of component as well as the cost of production. The surface polish of the components 

in question has been implicated for a variety of failures, some of which were catastrophic and resulted 

in high costs [5]. The cam function is heavily influenced by the final manufacturing procedures. It's 

also a complicated system with a large variety of failure modes [2]. 

The mechanical and surface properties are essential for the characterization of materials. The 

requirement of products with good quality in terms of high strength, good surface finish, lower cost, 
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and less environmental effects is the challenge of the manufacturing industries. The roughness of 

surfaces is considered an essential parameter in the manufacturing of mechanical parts like cam and 

follower because it is an indication of the surface quality of the machined parts. Controlling the 

machining process like cutting speed, depth of cut and feed rate can improve the final surface quality 

of a product [6]. 

The contact between the two surfaces is critical, especially studies related to wear are critical for the 

better functionality and efficiency of the cam system. Most of the wear mechanisms are strongly 

linked to the pressure between the two surfaces in contact.  Different studies are done on the contact 

mechanics of the cam and follower by using experimental methods. Even though the experimental 

method to determine the surface treatment method parameters is convenient and effective, the method 

is very expensive because it takes some time to complete and it needs advanced tools. The analytical 

method can be implemented using mathematical equations. The analytical method in analyzing real 

surface topography has a limitation in that it can only be used with a simple model to represent an 

asperity, such as a spherical geometry model. The accuracy of the results will be impacted by this 

simplifying approach. 

However, the finite element (FE) model offers a promising option for modeling the real surface 

roughness, and the result provides much better as compared to experimental and analytical methods 

[14,15]. Therefore, the purpose of this study is to study the contact pressure on smooth follower and 

rough deformable cam surfaces in contact using finite element analysis (FEA). The plastic contact of 

a rough surface and smooth flat surface is analyzed by modeling the rough surface as an isotopic, 

Gaussian, and random process. For running FE analysis requires interface software to create a 3D 

model from the measurement data. The interface model was arranged by mathematical (MATLAB) 

and CAD (Solid work) software. 

1.2 Statement of the problem  

Most of the contact mechanisms are strongly linked to the pressure between the two surfaces in contact 

[9]. So far, different studies used numerical methods to investigate the effect of determining 

topography parameters on analyzing elastic contact between isotropic rough surfaces, numerical 

modeling of 3D rough surfaces to analyze interfacial contact characteristics and the contact behavior 

such as the pressure distribution, contact width, real area of contact and contact resistance of real 

rough surfaces. Various studies also tried to examine contact stress distribution on the cam profile, 
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the effect of surface finish and surface coating on the maximum subsurface stress, and the impact of 

surface finish.  

However, different studies around the ignored the material property effects and the contacting body 

stress analysis in terms of contact pressure distribution and von mises stress has not yet been clarified. 

The effects of material properties with different density and surface finish on Moly based low alloy 

cam component subjected to contact load have not been studied numerically yet. Therefore, in this 

study two values of density of cam lobes, 7.35 g/cm3 (Fe-1.5Mo- 0.3C) and 7.55 g/cm3 (Fe-1.5Mo- 

0.2C) used as a variable property of the material with same surface finish property. Therefore, in this 

study a numerical method based on the finite element method by using ABAQUS software simulation 

to predict the contact pressure caused by the interaction between surfaces.  

The expensiveness of the experimental method and the lack of sufficient study on cam subjected to 

contact load is the motive for this study. Therefore, this study aims to investigate the effect of surface 

finish and material properties on the carburized Moly based low alloy cam subjected to contact 

pressure at the critical point by using the numerical method utilizing ABAQUS software. 

1.3 Objective of the Study 

1.3.1 General Objectives  

The general objective of this study is to investigate the effect of surface finish and material properties 

on the carburized Moly based low alloy cam subjected to contact load using the numerical method. 

1.3.2 Specific objectives 

▪ To determine the effect of material density variation on contact parameters 

▪ To determine the effect of surface finish on contact parameters. 

▪ To determine the effect of young’s modulus  

1.4 Scope and Limitation of the Study 

This thesis will intend to probe the effect of surface treatment on the resistance of cam subject to 

contact pressure with the main objectives of modelling of the cam and follower contact mechanics, 

predicting the contact pressure at critical locations where the resistance of the cam is maximum 

associated with the process using numerical method using ABAQUS. The study also intends on two 

surface finish variations which are PM and machined surface. Furthermore, the study used two density 
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variations. Finally, this study has not included the study of wear and fracture analysis of the study do 

not investigate the analytical analysis and experimental study of the problem. 

1.5 Significance of the Study  

This study aims to model the contact pressure between contacting bodies to determine the effect of 

material density variation, surface finish, and young’s modulus on contact parameters, and for a cam 

and follower arrangement using FEM. the study will show the effect of the parameters using an 

appropriate numerical method. Specifically, this study shows a new interface model to make a 3D 

finite element of the surface based on the measurement data that can be used for analyzing contact 

mechanics in the area of tribology. The methods are expected to assist researchers in material science, 

mechanical engineering, and particularly on better understanding the microscale surface contact 

mechanics. Furthermore, the result of problem gives a powerful potential for the manufacturing 

industries and academicians who want to study the tribological aspects of surface treatment process.  

1.6 Organization of the Thesis 

The study organized as of five chapters:  

Chapter One: Presented the background of the topic about the contact mechanics, surface finish, 

mechanism of modeling surface finish, and the motive to do this study.  Then, the statement of the 

problem formulates the existing problem related to the topic; the general objective and two specific 

objectives states the aims of the study to be achieved; scope and limitation of the study insights the 

scope and delimitation related to the study; and significance of the study presents the importance of 

the study.  

Chapter Two: It discusses the theoretical and conceptual literature related to; surface finish, contact 

mechanics, surface roughness, contact problems on roughness, characteristics of random rough 

surface, numerical modeling of rough surface, and modeling techniques suitable for elastic contact. 

Furthermore, the empirical literature review gives a concise review of previous related studies to the 

topic. 

Chapter Three: In this section, material selection and data collection; rough surface modeling; 

Modeling details of finite element formulation; and computational modelling of the problem wih the 

mesh independent test presented. 

Chapter Four: In this chapter, the simulation results presented and discussed concerning different 

models under different parameters. Result of the effect of surface finish method on contact surface 
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and result of material density variation on contact parameters were discussed in detail with the help 

of graphs of the simulation results. 

Chapter Five: Finally, conclusions are presented based on the result of the study and possible courses 

of action for the foundry and research areas point out for future recommendations. 
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Chapter 2: Literature Review  

2.1 Theoretical and Conceptual Review  

2.1.1 Surface finish 

Surface finish is simply the condition in find the surface of the part at any point during the 

manufacturing process. This could be a primary finish, such as get from a pair of rollers in the rolling 

mill. Alternatively, it could be the finish get after aluminum is extrude through the die, or the finish 

on a sand casting before any post-processing. Next, there are secondary surface finishes created during 

CVC milling, turning, grinding, sanding, lapping or polishing. Each of these processes will impart its 

own characteristics finish to the surface. Then there are the many flavors of tertiary finishes produces 

by other treatments. Examples chemical passivation techniques like anodizing or galvanizing, 

electroplating with chrome or nickel, or decorative surface coatings such as painting or powder 

coating[10]. 

In general usage, the term surface finish is pretty much interchangeable with surface texture or surface 

topology. Topology literally means the way in which something is arranged, so in this case it means 

the way in which material is arranged on the surface of a part. Surface roughness is a bit different. 

This is quantifiable using a numerical unit called Ra. It’s derived from measurements made of the 

surface profile using one of several different techniques and types of instruments. Some of these are 

contact type, using a very sensitive probe or stylus. Others are non-contact, using optical light, lasers, 

or even X-rays[10]. 

Surface finish, also known a surface texture or surface topography, is the nature of surfaces as defined 

by the characteristics such as lay, surface roughness, and waviness. Every part’s surface is made up 

of texture and roughness which varies due to manufacturing techniques or processes.  

2.1.2 Definitions and working mechanism of cam 

A cam is a mechanical component of the camshaft and follower system that forces the follower 

(tappet) to move by direct contact. The cam's surface contour (profile) determines the motion of the 

follower. The cam is the driver (it runs at a constant speed), while the follower is the driven element. 

The cam can be stationary, translate, oscillate, or rotate, whereas the follower can be stationary, 

translate, oscillate, or index  [11] . 
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Almost all mechanical devices and machines use cam-follower mechanisms (i.e., agriculture, 

transportation equipment, textiles, sewing machines, packaging, machine tools, printing presses, 

automobile internal combustion engines, food processing machines, switches, ejection molds, and 

control systems, and more recently in micromachines such as MEMS. In any class of machinery in 

which automatic control and accurate timing are paramount, the cam is an indispensable part of the 

mechanism. The possible applications of cams are unlimited, and their shapes occur  in a great variety 

[17]. . An example of an engine cam and follower combination is shown in                                         Figure 

2.1.  

 

                                        Figure 2.1: Cam and Follower system  

The contact between the roller and the cam is a combination of sliding and rolling, resulting in a 

variety of failures. The contact's uniqueness is due to differences in a variety of characteristics such 

as radius of curvature, load, sliding velocity, and contact pressure angle all around the cam. 

The pressure between the two surfaces in contact is strongly linked to the majority of wear 

mechanisms. For example, the Archard Law[12], the most common model of wear, is based on 

pressure and sliding velocity between the mating surfaces. In a first approach, it's common to assume 

that bodies in contact are topographically smooth. Nevertheless, the contact between solids is 

discontinuous in a realistic sense, and the real area of contact is a small percentage of the nominal area 

of contact. This is due to the topography of both surfaces, which only come into contact on a few 

places (asperities). At the interface of rough surfaces, the actual contact is between the asperities on 

the surface[13] As a result of the contact being concentrated on a small percentage of the nominal 

area, the microscopic pressures generated up are higher (Figure 2.2). Therefore, roughness has a strong 

impact on wear by means of real pressures of contact. 
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Figure 2.2: Nominal contact (left): distributed pressures. Microscopic contact (right): concentrated 

contact spots and higher pressure [13] 

The mechanical and surface properties are essential for the characterization of materials. The 

requirement of products with good quality in terms of high strength, good surface finish, lower cost 

and less environmental effects is the challenge of the manufacturing industries [6]. Surfaces quality is 

one of the most specified customer requirements for machine parts. The major indication of surfaces 

quality on machined parts is surface roughness. The roughness of surfaces is considered as an essential 

parameter in many industries because it is an indication of the surface quality of the machined 

parts[16,17]. 

Because the final machining process is determined by surface roughness, the machining process in 

component manufacturing will affect the surface quality. As a result, different machining processes 

produce variable surface roughness [16]. Surface roughness is one of the most important requirements 

in machining process, as it is considered an index of product quality. It measures the finer irregularities 

of the surface texture. Achieving the desired surface quality is critical for the functional behavior of a 

part. Surface roughness influences the performance of mechanical parts and their production costs 

because it affects factors, such as friction, ease of holding lubricant, electrical and thermal 

conductivity, geometric tolerances and more. The ability of a manufacturing operation to produce a 

desired surface roughness depends on various parameters. The factors that influence surface 

roughness are machining parameters, tool and work piece material properties and cutting 

conditions[14]. 

For more than four decades, the impact of surface roughness pattern on the tribological performance 

of mechanical elements has been a touchy subject. Understanding the tribological performance 

requires knowledge of surface layer parameters. Bearings, gearboxes, camshafts, crank shafts, and 

other machine components require excellent tribological properties and practices to ensure longer life. 
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Many scientific problems involving friction, contact mechanics, heat conduction, electric current 

conduction, and component design require a thorough understanding of manufactured surfaces[17]. 

The surface finish of cam is important, because low roughness reduces friction and wear in the cam-

roller contact[18]. 

2.1.2.1 Force analysis 

The contact load acting on the cam-follower contact area changes depending on the cam rotation angle 

in the cam mechanism. At cam angles when the cam nose is in contact with the follower, the maximum 

contact load occurs[19].  

Figure 2.3 shows the loading state of the smooth flat surface follower-roughness cam pair. Due to the 

flatness of the follower surface, the contact load is in the same direction as the centerline during a cam 

period. Only along the base circle does the contact load at the contact surface remain constant. With 

the cam pressure angle varying according to the cam rotation angle, the cam surface acts on the 

follower surface. As illustrated in Figure 2.3, the maximum value of the pressure angle occurs in the 

cam position, where the contact point of the two surfaces is furthest from center line. As a result, at 

the rotation angles corresponding to these positions, the cam stays under the effect of the maximum 

torque [19]. 
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                      Figure 2.3: Roughness consideration in a cam and flat surfaced follower pair[19]  

2.1.3 Contact Mechanics 

2.1.3.1 Introduction  

Contact phenomena abound in everyday life, and thus play a critical role in the design of structures 

and systems. They include, friction, wear, adhesion, and lubrication, among other things; are 

inherently complicated and time-dependent; occur on the outer surfaces of parts and components, and 

involve thermal, physical, and chemical processes; and are inherently complex and time-dependent. 

The study of relative motion, interacting forces, and tribological behavior of two rigid or deformable 

solid things that touch or rub on each other along sections of their borders throughout time intervals 

is known as contact mechanics. The interaction of deformable bodies, on the other hand, is extremely 

complex and little understood. 

Historically, there have been two techniques to study the contact behavior of deformable bodies. The 

first assumes that the bodies are smooth and that their nominal geometry can sufficiently characterize 
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them, whereas the second admits that all surfaces have a multitude of peaks and valleys that have a 

significant impact on the nature of the contact. 

2.1.3.2 Hertzman contact 

Hertz produced the first significant elastic contact analysis of surfaces[20].The benchmark work of 

Hertz (1882) considered the contact between normally loaded nonconforming bodies, which are 

homogenous in microstructure (material), frictionless surface and undergoes only elastic deformation, 

to analyze surface deformation shape and contact stress distributions[21]. The Hertz model only 

analyzes the elastic contact and excludes the effects of roughness and plasticity, as well as the real 

contact area. The Hertzian formulation of contact between cylinders, which can be equated to a 

cylinder-on-elastic-half-space equivalent, is used to calculate the stress state of a pure material at a 

specific depth and location.  

Hertzian contact assumptions:  

• Stress and displacement must satisfy the differential equation of equilibrium foe each elastic 

body and stresses vanish at great distance from the contact zone. 

• The contact body are in frictionless contact, that is only normal pressure is transmitted 

between the two contacting bodies. 

• The profile of the opposing smooth surfaces is represented by quadratic function. The 

distance between the two surfaces are zero inside and greater than zero outside the contact 

area. 

• At the surface of bodies, the pressure is equal and opposite inside the contact area and zero 

outside. The integral of pressure distribution within the contact area balance the normal 

force acting between the two bodies. 

• The pressure distribution on the contact area is ellipsoidal. 

• A quasi-static analysis is considered. Because of very low deformation and strain of the 

slave disc 

• The width of the contact is small compared to the body radii. 
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Figure 2.4: Contact between cylindrical surfaces (a) and parabolic pressure distribution  (b) [22] 

According to the Hertzian contact theory, the pressure distribution (P) is parabolic in shape in the 

contact width (2b); pressure becomes maximum ( )maxP  at the middle of the contact zone. The 2-D 

Hertzian stress distribution on x-z plane determines using formulas eq. 2.1 to eq. 2.5 
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Where, m and n are variables described in terms of space X, Z coordinate and determined in equation 

2.6 and equation 2.7 
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                                    2.7  

The sign of m and n are associated with the sign of z and 𝑥 axis, respectively. 

The mean Hertzian pressure (Po) applied on the cylindrical contact surface is determined using the 

relation given by eq. (2.8). 

                                                                       0 max0.78P P=                                                                2.8 

Where maximum pressure is given by eq. (2.9) 

                                                                    max

2F
P

bL
=                                                                      2.9 

Half contact width b relates to the effective elastic modulus (𝐸𝑐), the effective radius (𝑅𝑐) of 

curvature, and the applied load (F) and is determined using eq. (2.10). 

                                                                  
4 c

c

R F
b

LE
=                                                                     2.10 

Where 𝐸𝑐 and 𝑅𝑐 are evaluated using eq. (2.11) and eq. (2.12), respectively 

                                                                 
1 2

1 1 1

cR R R
= +                                                                   2.11 

                                                            
2 2

1 2

1 2

1 11

cE E E

 − −
= +                                                             2.12 

Here, 1E  and 2E  are the moduli of elasticity and 1  and 2 the Poisson’s ratios of both bodies.  

2.1.3.3 Non-Hertzian elastic contact 

Violations of the Hertzian assumptions 

• The surfaces separation cannot be expressed as a quadratic form 

• The common generatrix has a finite length 

• The contacting surfaces are no longer smooth 

• The presence of friction  

Finite element method 
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• It needs very fine mesh for contact study 

• It needs a lot of time and cost 

• Is not very common to study contact 

Analytical formulation for Non-Hertzian contact elastic contact: the shape and size of the real contact 

area as well as the pressure distribution on it are unknown.  

2.1.3.4 Contact of nominally flat rough surface 

Though cam has a curved surface for the modeling of the contact between the cam and follower 

assumed to be flat in different studies since modeling the curved surface on MATLAB is difficult, 

and the size of the contact area for the modeling is small [13]. On a microscopic scale, all surfaces are 

rough, and when two rough surfaces come into contact, the real area of the contact is very small 

compared to the apparent area of the contact. 

Only some peaks of two rough surfaces will be in contact when loading presses, them together, hence 

these peaks often carry very high loads. Greenwood and Williamson investigated this effect in 1966 

[23]. 

 

Figure 2.5: Schematic of the real area of contact[24] 

One of the earliest models of elastic asperity contact is Greenwood and Williamson's [23] . This is a 

statistical model based on the following assumptions: 
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• The rough surface is covered with a large number of asperities, some of, which, are spherical, 

at least near their pea; 

•  On each surface, the radius of asperity summits is constant;   

• Height of asperity varies at random; 

• Peak heights on most engineering surfaces have a Gaussian distribution. 

A contact between one smooth surface and one rough surface can be used to simplify the analysis of 

a contact between two rough surfaces. The rough surface has an equivalent roughness of the two 

surfaces. The asperity curvature of this equivalent rough surface is equal to the sum of the curvatures 

of the two rough surfaces: 

                                                                 
1 2

1 1 1

p p pR R R
= +                                                               2.13 

and the standard deviation of the equivalent rough surface is given by: 

                                                              2 2

1 2p p p  = +                                                           2.14 

 

Figure 2.6; Schematic of the contact between rough surface against a smooth plane surface [24]  

The Hertzian equations describe the behavior of a single asperity, load iW and the area of contact iA

for each asperity is:  
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   and                                                                                                                 

                                                                       iA R =                                                                 2.16 
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For N asperities the total load tW  will be equal to iNW , and the total area  

                                                                 t iA NA N R = =                                                          2.17 

then:  
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The critical load beyond which the plastic deformation occurs can be estimated calculating the mean 

(pm) or maximum contact pressure (p0): 
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Using the Von Mises shear stress energy criterion, the initial yielding is initiated for: 

0.9 3,mp Y H   then the critical load which the plasticity occurs is: 

                                                             
3 2 3

*248

critW R H

N E


                                                        2.21 

or a contact between one rough surface and a smooth plane, Greenwood and Williamson proposed to 

analyze this contact with amplitude distribution function: 

 

Figure 2.7; Schematic representation of the contact between a rough surface and a smooth surface, 

and representation of the amplitude distribution function [24]. 
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If the two surfaces are separated by a distance d, the probability of making contact at any given 

asperity of height z is:  

                                                            ( ) ( )
d

P z d z dz


 =                                                            2.22 

and if there are N asperities in the surface, the probability of the number of contacts is: 

                                                         ( )
d

n N z dz


=                                                                  2.23 

also, z d = − and i pA R= the expected contact area of the contact will be given by: 

                                              ( ) ( )i P
d

A NR z d p z dz


= −                                                        2.24 

and the total load is: 
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Using standardized variables, and describe heights in terms of the standard deviation σ of the height 

distribution. Also, introducing the surface of asperity summits per unit area: nN A= , where η is the 

density of asperities, gives: 

           Number of contact spots: 

                                                                 ( )0nn A F D=                                                                2.26 

            Total contact area: 

                                                            ( )1t n p pA A R F D =                                                        2.27 

             Load:  

                                                    ( )
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Where D is the dimensionless separation: PD d = and ( )mF D  is a parabolic cylinder function and 

is given by: 

                                                   ( ) ( ) ( )*m

m

D

F D s D p s ds



= −                                                     2.29 

for the case that the amplitude distribution function is a Gaussian distribution: 
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2.1.4 Surface Roughness 

Depending on the nature of the solids, the method of surface preparation, and the interaction between 

the surface and the environment, a solid surface, or more precisely a solid–gas or solid–liquid 

interface, has a complicated structure and complex properties. Although surface parameters affect real 

area of contact, friction, wear, and lubrication, solid surface properties are critical to surface 

interaction. Surface qualities are essential in various applications besides tribology, including as 

optical, electrical, and thermal performance, painting, and appearance[25]. 

2.1.5 Contact Problem on Rough Surfaces 

Surfaces were historically modeled analytically using assumptions and simplifications. Any typical 

machining/manufacturing method can never generate a smooth surface. Asperities are the 

irregularities on the surface. A number of geometric shapes were used to model asperities. Numerous 

writers have used analytical methods to investigate the problem of rough surface contact in the past 

(Whitehouse & Archard [26]; Onions & Archard [27]; Bush, Gibson, et al, [28]; Hisakado, T. [29]). 

Their outcome was quite useful; however, it can only be used for a restricted range of loads. 

The height of the asperity on the surface and the pattern of contact were treated as probability 

distributions. Extrapolating the behavior of a single pair of interacting asperities to a pair of interacting 

surfaces covered with asperities was common [30]. The contact itself is typically investigated using 

either a stochastically or deterministically based technique. Greenwood and Williamson [31] proposed 

one of the first models, assuming that the asperity summits are spherical with a constant radius, that 

the asperities deform elastically, and that their height follows a Gaussian distribution. Statistical 

models have had a significant impact on contact analysis, and many authors [32 ,36–38] have 

considered using it. However, these models ignore real geometry of the surface and the interactions 

between the asperities. To introduce a more precise geometric description, deterministic approaches 

were developed [34]. 
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In recent years, researchers have worked on real-surface analysis either experimentally [35] or using 

FE software to develop a rough surface model. Contact simulation with complicated geometry, 

boundary conditions, material properties, and material models is feasible with FE modeling. 

2.1.6 Characteristics of random rough surfaces 

Surface topographies are inherently complex due to the statistical character of many surface finishing 

procedures such as polishing and grinding. Average roughness parameters, statistical roughness 

parameters, random process parameters, and fractal roughness parameters are also the types of 

roughness parameters. The Centre line average (CLA, Ra) and the root mean square (RMS, Rq) are 

the two most commonly utilized roughness parameters. Statistical descriptors are needed to 

characterize such surfaces. Descriptors, such as root mean square (rms) roughness, which attempt to 

quantify some feature of surface statistics with a single number, and surface statistical functions, such 

as power spectral density, are the two types of descriptors [6, 15]. 

 

                                                          Figure 2.8  Profilometer trace [24] 

The average roughness is now defined by 

                                                                   
0

1 L

aR z dx
L

=                                                                2.31 

Where, ( )z x is the height of the surface above the datum and L is the sampling length. The root mean 

square or standard deviation of the height of the surface from the Centre-line is a less common but 

statistically more important measure of average roughness., i.e. 

                                                                2 2

0

1 L

z dz
L

 =                                                                   2.32                                                           

The nature of the surface influences the relationship between   and aR to some extent [36]  

• For a regular sinusoidal profile; 

                                                        ( )2 2 aR =                                                                        2.33 

• For a Gaussian random profile;  
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                                                     ( )
1 2

2 aR =                                                                            2.34 

2.1.7 Numerical modeling of rough surfaces 

2.1.7.1 Introduction 

Surface texture is the three-dimensional topography of a surface that is formed by repetitive or random 

deviations from the nominal surface. Roughness (Nano and microroughness), waviness 

(macroroughness), lay, and flaws are all forms of surface texture. The textures of most engineering 

surfaces are random, either isotropic or anisotropic, and either Gaussian or non-Gaussian. Whether 

the surface height distribution is isotropic or anisotropic and Gaussian or non-Gaussian depends upon 

the nature of the processing method [25]. 

 

                                                Figure 2.9: General typology surfaces 

Modeling the rough surface as an isotopic, Gaussian, random process is used to investigate the elastic 

contact between a rough surface and a smooth flat surface [37]. 

2.1.7.2 Statistical characteristics 

On the micro-scale, the real surface topographies of rough interfaces are so irregular that they can 

only be well described by statistical characteristics, the parameters of which are calculated using the 
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height distribution, probability density function (PDF), power spectral density (PSD), or 

autocorrelation function (ACF) [38]. 

2.1.7.2.1 Probability density function (Gaussian height distribution) 

The Gaussian distribution, often known as the normal distribution, is probably the most significant 

distribution in all of statistics. A Gaussian distribution (sometimes called the natural or normal 

distribution), is probably the most significant distribution in all of statistics. The Gaussian distribution 

is used to model continuous random variables in a variety of situations. The central limit theorem 

states that in the limit, the average of a large number of independent identically distributed random 

variables approaches the normal distribution, which is why the Gaussian distribution is so important 

[9, 10]. The normal probability function is useful in the analysis of randomly rough surfaces from a 

mathematical perspective. The Gaussian distribution has a variety of interesting properties.  It can be 

shown that 

▪ The sum of independent Gaussian random variables is Gaussian. 

▪ Random variables are jointly Gaussian if an arbitrary linear combination is Gaussian. 

▪ Uncorrelated jointly Gaussian random variables are independent 

The probability density function of a single gaussian random variable is denoted as ( ),N   and 

defined as: 

( )
( )

2

2

1

2

2

1
exp

2

x

f x






 
− − 
 =        2.35 

The Gaussian is described by two parameters: 

• The mean   (location) 

• The variance 
2  (dispersion) 

Where,   the width of the Gaussian or is the standard deviation. The exponential function, ( )
2

2

1

2
x


− −

, is a quadratic function of the variable x. Furthermore, the parabola points downwards since the 

quadratic term is negative. The factor 
2

1

2
, is a constant that is independent of x; as a result, we 

can think of it as a "normalization factor" of the distribution so that 
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i.e. The area under the curve, or total probability, is one.  

All Gaussians have the same shape, with the location controlled by the mean, and the dispersion 

(horizontal scaling) controlled by the variance. Figure 2.3 shows a one-dimensional Gaussian with 

zero mean and unit variance (µ=0, σ2 =1.) The mean and variance of a Gaussian distribution determine 

its shape. When a Gaussian random variable has a zero mean and unity variance, it is referred to as a 

standard Gaussian random variable ( )0,N  . 

( )

2

22

2

1

2

x

f x e




 
− 
  =        2.37 

 

Figure 2.10: One dimensional Gaussian (µ=0, σ2=1) 

The behavior of the pdf with respect to the variance parameter is shown in Figure 2.11 . 
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                               Figure 2.11: Four Gaussian pdfs with zero mean and standard deviation 

2.1.7.2.2 The autocorrelation function and the power spectral 

The autocorrelation function reflects the relationship between the amplitude of the surface heights and 

the wavelength, and describes the dependence of peak values at one point on height values at another 

position [41]. Within the discrete shape, the autocorrelation function of surface is characterized as 

( ) ( ) ( )1 2 1 2 1 1 2 2 1 2, , , ,xR E x t x t x x p x t x t dx dx

 

− −

= =    
    2.38 

For the characterization of a random Gaussian process, these two moments may be adequate. The 

ensemble average E[.] must be determined, as stated in the previous formulae. Instead of specifying 

the value for a set of samples at a given time, it is more convenient to consider only one sample and 

calculate the average varying time, according to the Ergodicity theorem [42]. On a single sample, the 

autocorrelation function of a stationary process is 

( ) ( ) ( )
2

2

lim

T

T
T

R t x t x t t dt
→

−

 = +        2.39 

This function has some essential qualities; for instance, the autocorrelation function's value at the 

origin is equal to the sample's variance: 
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( ) ( )
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R t x t dt 
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−

 = =         2.40 

Because the autocorrelation function is nonnegative, the Fourier transform of this function is also 

positive, and the power spectral density (PSD) is the Fourier transform of R. 
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xxs R e d  


+

−

=         2.41 

If s denotes the PSD of input sequence, the relation s and xxs  for a linear system have the form 

( ) ( ) ( )
2

, , ,xxs u v H u v s u v=          2.42 

           where ( ),H u v ; is the frequency response or transfer function of the system. 

Since ( ),f x y is a sequence composed of independent random number, its spectral density is a 

constant ( )s  

( ), ccos nsu tav nt = =        2.43 

It is reasonable to create a filter with a real frequency response and filter coefficients satisfying for 

the generation of random surfaces. 

( ) ( ) ( ) ( ), , , ,h x y h x y h x y h x y= − = − − = −      2.44 

According to this discussion, the transfer function could be obtained from 

( )
( ),

,
xxs u v

H u v
c

=         2.45 

Where, ( ),H u v  is the Fourier transform of ( ),h x y  and s  is the power spectral density of input 

sequence. If the input power spectral density is given by a Gaussian white noise with a mean zero and 

magnitude 1( ( ), 1s u v = )[43], then  

( ) ( )
2

, ,xxs u v H u v=            2.46 

( ) ( ), ,xxH u v s u v= ,        2.47 

The well-known Fourier transform is used to relate the time and frequency domains shown in the 

Figure 2.12.  
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Figure 2.12: Time-frequency relationship 

2.1.7.3 Mathematical rough surface model  

The rough surface in this study was generated using mathematical software and was based on a 

mathematical equation. To create a surface with random roughness, Gaussian equations were utilized. 

Two parameters can be used to describe a surface with a gaussian height distribution and an 

exponential autocorrelation function: the standard deviation of surface heights (σ or Rq or rms) and 

the correlation length (β∗). Peak-to-mean distance (Rp) and peak-to-valley (P–V) distance are two 

more often studied characteristics. Because of the multiscale nature of surfaces, the surface roughness 

characteristics are found to be highly dependent on the measuring instrument's resolution or any other 

type of filter, and so are not unique for any given surface[24].  

2.1.7.4 Generation of random surface 

The height at any point on the surface is the random variable. An infinite number of random values 

derived up a random process. As a result, roughness can be considered of as a random process. The 

common statistic parameters used in static contact analysis are defined in this section. 

The statistical considerations shows the majority of today's surface geometry parameters are 

essentially estimates of the height distribution, autocorrelation, or a combination of the two [44]. The 

height distribution and the autocorrelation function are two statistical functions that characterize rough 

surfaces as a random process (ACF). The surface amplitude discrete samples correspond to a 2-D 

random sequence. To imitate real rough surfaces, random sequences with a particular type of height 

distribution and ACF must be generated. 

The input sequences f(x, y) comprising of independent random numbers are first generated using 

random number generators. The random surface output sequences g(x, y) are then obtained through 

the filtering procedure, which gives the sequences a specific form of the ACF. When the sequences 

pass through the linear system, the distribution of the input sequences remains unchanged [45]. 
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2.1.8 Modelling techniques suitable for Elastic contact with Abaqus  

2.1.8.1 Introduction 

This section discusses how to use the Abaqus Finite Element (FE) program to study elastic contacts. 

For both the cam and the follower, a representative profile has been selected from the experimental 

work. This work to examine elastic contact analysis depends on the roughness profiles, which can 

also be taken from cam nose is in contact with the follower. 

2.1.8.2 Numerical analysis of contact problems in Abaqus 

In general, contact refers to the study of deformable bodies that come into contact with each other at 

least once during the simulation process, allowing contact stress to be transmitted between the two 

bodies when a load is applied. Contact problems are generally caused by a continuum contact with a 

large number of nodes in contact when under load. Such contact may cause local deformation and 

stress.  

In Abaqus CAE software package, a contact problem requires: definition and creating of model parts 

that may be in contact, model meshing, definition of pairs of surfaces that interact (contact 

interactions), specifying property assignments of the surfaces in contact with each other, specifying 

contact properties including such tangential mechanical properties (friction) and Young's modulus 

[33]. 

2.1.8.3 Meshing element type and their effect 

The "Complete Abaqus Environment," or "Abaqus CAE," provides a wide range of elements for 

various contact problems and analysis types. The number of nodes (which depends on the element 

shape and interpolation method), formulation (small- and finite-strain shells), degrees of freedom per 

node (which depends on the field variable), and integration method (reduced and full integration) are 

all characteristics of the Abaqus element. From an engineering perspective, not only does the element 

type influence the accuracy of the results, but the mesh size selection also has a significant impact on 

the Abaqus modeling structure. The mesh size has a significant impact on the accuracy of numerical 

simulation results, so choosing the best meshing approach when modeling a rough surface is essential 

[33].  

Managing mesh characteristics 

Changes in element sizes from region to region should be accommodated using a finite element mesh. 

A mesh must be conforming in order for Abaqus FEM packages to work. This means that nearby 
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components must share a whole edge or face. In terms of the accuracy of the analysis at the asperity 

level and the localized stresses in the surrounding material, the number of elements and mesh 

resolution at the surface are important. The geometry was initially separated into shapes that are more 

readily processed by the pre-processor tool in order to build a sufficient mesh and acquire a high 

resolution at and around the contact region for the rough r component that has strange geometric 

shapes. The meshing of the partitioned geometry part was controlled using an appropriate algorithm. 

To improve mesh quality, the mesh is controlled by using the partition tool sets. As a result, different 

mesh local densities might be implemented more efficiently in different edge of the model. A finer 

mesh was employed near the contact area between the rough portion and the smooth section.  The 

transition between these various districts was kept smooth to avoid discontinuity in results at partition 

edges.  

2.1.8.4 Penetration of master surface to slave surface in contact analysis 

The interactions and constraint features applied to master and slave surfaces form the basis of 

Abaqus/general Standard's contact algorithm. For each contact pair, the user must designate a master 

and slave surface. It is also recommended that analytical rigid surfaces and rigid element-based 

surfaces be master surfaces at all times. The master rough part surface should be coarsely meshed, 

whereas the slave rough part surface should be finely meshed. One of two ways, node-to-surface 

discretization or surface-to-surface discretization, can be used to define the contact interaction and 

penetration definition between the surfaces. Each slave node interacts with a group of master surface 

nodes in the node-to-surface technique. As a result, the slave nodes are assumed to not penetrate the 

master surface, but the master surface nodes are assumed to penetrate the slave surface. 

2.2 Empirical Review  

Lee H. P. et al. [46] studied the contact mechanics of surfaces with various models of roughness 

descriptions to examine the differences in rough surface descriptions on the stress analysis of head-

disk interface among various models. The study employed a mathematical expression to model the 

rough surface of the model employing polynomials and Fourier series to describe the surface height 

variation. The computational method employed FEM using ABAQUS to perform Elastic-plastic 

contact analyses for the head-disk interface (HDI). The result of the study depicted that, the maximum 

von Mises equivalent stress for carbon overcoat and the magnetic layer has a magnitude micro 

contacts, with the region from x = 130 to 160 nm of 3.86 GPa, less than the yield strength of the carbon 

overcoat, which occurs directly on top of the right asperity at decreases gradually from the two inner 
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contours to the outer. Furthermore, the numerical result showed that the maximum interference 

distance is up to 1 nm, and the deformation in the disk medium is elastic. Experimental Validation of 

the FEM method-using ABAQUS was not included in the study and contact body stress analysis 

(contact pressure and surface shear stress) were not studied. 

Molinari J.F. [47] probes a FEM utilizing an explicit dynamic Lagrangian framework for the modeling 

of elastoplastic contact between rough surfaces to the model of elastoplastic contact between rough 

surfaces using frictionless, no adhesive, contact between a rigid plane and an elastoplastic solid with 

a self-affine fractal surface.  The FEM used to establish a relationship between contact properties and 

key material parameters. The result of simulation depicted that, the contact area rises linearly with the 

applied load, the rate of increase grows as the yield stress σy decreases, scaling as a power of σy over 

the range typical of real materials. The result also showed that plasticity produces qualitative changes 

in the distributions of local pressures in the contact and the size of connected contact regions. 

Furthermore, result of the computational model reveals that, the total plastic work is found to be nearly 

constant over a wide range of yield stresses. In the study, the validation of the numerical results with 

the experimental method was not included and contact stress between the rigid contacting surfaces 

was not calculated. 

Soejima and Nagafuji [48] studied the influence of cam surface finish and roughness on frictional 

power loss in valve trains with roller tappets to examine the impacts of surface finish and roughness 

of cam on frictional power loss in valve trains with roller tappets. the methodology used in the study 

was measuring the contact load (Fc) and the friction force (Ff) with a practically sized OHV typed 

valve train friction test rig. The result of the study showed that the influence of surface finish and 

roughness of the cam lobe on the friction loss in the valve train is quite small. Moreover, under the 

high rotation speed of the camshaft, the friction coefficient decreases as the surface roughness 

becomes large. The rough cam surface prevents skidding of the rolling contact because the bearing 

ratio of solid contact is large. The result also depicted that the surface roughness should be larger than 

one micron and smaller than around three microns root mean square. Furthermore, Shot-peening is 

more desirable than grinding as the finish of the cam lobe for a valve train with roller tappets. In the 

study, contact stress between the cam and follower and Contact pressure of the system was not studied. 

Hua D. Y. et al. [49] studied multi-scale system analysis and verification for improved contact fatigue 

life cycle of a cam-roller system to analyze the Contact of cam and roller with rough surfaces to 

examine the effects of surface finish and surface coating on maximum subsurface stress. Micro-
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contact analysis module of a Surface Distress Analytical Toolkit was used to Measure the subsurface 

stress of the cam and roller. The result of subsurface stress was confirmed by laboratory tests using 

six rollers with various degrees of finishing processes, and with and without the addition of coating 

to the surfaces. In addition, Smooth surface provides a 53% reduction in maximum subsurface stress 

and addition of coating further reduces subsurface stress by nearly 7%. The result also depicted that 

the impact of the combined treatment of the surface is an increase in contact fatigue life of the cam-

roller system by nearly two orders of magnitude. The examination of the rollers in the laboratory 

indicates a general improvement in roller performance due to the addition of a coating. Furthermore, 

Combination of finishing process and coating was found to provide the best contact fatigue life since 

the corresponding rollers showed no observable wear even after testing for 2161 h, or the same number 

of cycles accumulated over about 500,000 truck miles. Finally, the result depicted that the nominal 

area of contact and the number of points that describe the surface were kept constant for all 

calculations. The study does not show the real contact area, and Pressure distribution over the cam 

and follower and effect of density variation of the material is not presented and analyzed.  

Cailletaud G. [33] examines rough surface contact analysis using the Finite Element Method and a 

new reduced model to model a normal frictionless mechanical contact between an elastoplastic 

material and a rigid plane. Result of the study illustrated that the evolution of the contact force versus 

the displacement of the rigid foundation is non-linear, with a power of 3.4. Furthermore, on the force-

displacement curve, for the maximum displacement, the simplified prediction made without 

interaction overestimates the force by 40%.  The study predicts the load-displacement curve, real 

contact area, and the free volume only at single asperities. 

Jiang Z. et al. [50] studied the surface roughness during metal manufacturing to analyze the surface 

roughness transfer during cold strip rolling using a numerical simulation using ABAQUS and 

experimental validation of the numerical result. The result of the computational and experimental 

study revealed that, surface roughness decreases significantly with an increase or reduction 

considering the friction effect.  The study also showed that lubrication can delay surface asperity 

flattening and the surface roughness affects the crack initiation significantly in cold strip rolling. 

Furthermore, the surface roughness variation along the metal plate width contributes to stress 

distribution and then inhibition of crack nucleation. In the study contact, body stress analysis (contact 

pressure and surface shear stress) and contact body area was not studied. 
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Raeymaekers B. et al. [51]  analyzed the effect of determining topography parameters on analyzing 

elastic contact between isotropic rough surfaces to study the elastic contact between two computer-

generated isotropic rough surfaces. The methodology employed in the study was a numerical method 

to generate the   isotropic 3D rough surfaces by using Gaussian distribution of asperity heights. The 

asperity density is obtained using the spectral moment’s method and the summit identification method. 

The result of the study depicted that it was found to be significantly smaller for the summit 

identification method than for the average spectral moment. Furthermore, the effect of the 

autocorrelation on the resulting contact parameters obtained from the four different models was 

examined, and it was found that for increasing autocorrelation length, the resulting contact parameters 

become less sensitive to the sampling interval, irrespective of the method to determine the topography 

parameters. In this study, contact stress and contact pressure between the cam and follower was not 

studied. 

Li B. et al. [38] analyzed the numerical Simulation of 3D rough surfaces and analysis of interfacial 

contact characteristics to analyze interfacial contact characteristics by applying numerical simulation 

using FEM. result of the study showed that the improvement of the surface quality and the increment 

of the assembly load can be beneficial to enhance the contact stiffness. The ratio of Ar/Ao of real 

contact presents a nonlinear increment with the rise of the normal displacement d while a nearly linear 

one with the rise of the nominal pressure P0. Furthermore, Interface stiffness can be considerably 

increased by the process of loading and unloading would be reached because the slope of the 

unloading curve is larger than that of loading one. for the study pressure distribution was not studied. 

Cabinets F. et al. [52] analyzed the tribological aspect of the surface topography variations for 

injection cams to study the repercussion of observed variations of surface topography on the 

tribological behavior of the cam roller contact. The study Used Greenwood- Williamson contact 

model. Result of the model showed that the flat part of the cams with a high number of peaks of sharp 

radii gives the worst tribological conditions. Furthermore, the running in is an unavoidable and 

beneficial effect on surfaces leading progressively to lower contact pressures. The base circle of the 

cam has a poor running-in and leads to higher pressures. In the study, contact stress between the cam 

and follower and Contact pressure of the system was not studied.  

Megalingam A. A. and Mayuram M. M. [53]  probed the effect of surface parameters on finite element 

method based deterministic Gaussian rough surface contact model  to analyze the effect of surface 

parameters on a rough surface using 3-D contact analyses of Gaussian rough surfaces using finite 
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element method. Result of the study showed that for the surface having low surface roughness, the 

asperities deform mostly elastically and for the medium and high surface roughness surfaces, the 

elasto-plastic and plastic deformation of asperities are significant. The study also depicted that in low 

autocorrelation length surface, the intensification of subsurface stresses causes the mean contact 

pressure ratio to reach a peak value. In addition, in a high autocorrelation length surface, the larger 

size of asperities and the neighboring asperity interaction keep the mean contact pressure ratio at a 

low level.  In the study, pressure distribution and Contact stress between the cam and follower was 

not studied. 

Bayuseno A.P. et al. [8]  utilize a FEM for modeling of real rough surface to model the real rough 

surface with a validation of the result with the experimental method. The study employed producing 

deterministic rough surfaces in ABAQUS by pre-processing on SOLIDWORKS using the curved 

wizard method. Result of the study depicted that the topography of the undeformed surface obtained 

(present model) is the closest to the experimental results. The resulting topographic deformed surface 

(present model) is the closest to the experimental results) with an error of 4.3%.  Furthermore, the 

contact area that occurs after contact from the surface of the FEM results in the ABAQUS software is 

identical to the surface of the experimental results in a state of static loading. Contact body stress 

analysis (contact pressure and surface shear stress) and Contact body area was not studied. 

Louay S. Yousuf and Nabil Hassan Hadi [54] studied the contact Stress Distribution of a Pear Cam 

Profile with Roller Follower Mechanism to study the effect of contact compression load on the contact 

stress distribution of the cam profile at the point of contact.  The study used a theory of circular plate, 

FEM using ANSYS, modeling using SolidWorks, and experiment setup as a study methodology. The 

result depicted that the contact stress increased linearly with the increase of compression load. 

Furthermore, result of the study showed that the contact stress is maximum when the follower is 

located at 270° with the cam, while the contact stress is minimum when the follower is located at 180° 

with the cam at a compression load of 12.485 N. In the study, the effect of surface finish is not studied. 

Sahoo and Chatterjee [55],  present a study on elastic-plastic axi-symmetric hemispherical contact for 

a frictionless deformable sphere pressed by a rigid flat by using a FEA. The material of the sphere is 

modeled as elastic perfectly plastic. Analysis is carried out to study the effect of varying modulus of 

elasticity and sphere radius in wide range of dimensionless interference until the inception of plasticity 

as well as in plastic range. Results are compared with previous elastic-plastic models. It is found that 

materials with Young’s modulus to yield strength ratio less than and greater than 300 show strikingly 



  

Page | 33  

different contact phenomena. The dependency of young’s modulus on dimensionless interference at 

which the plastic region fully covers the surface is observed. However, with different radius, finite 

element study exhibits similar elastic-plastic phenomena. 

Shankar and Mayuram [56], analyzed An axisymmetrical hemispherical asperity in contact with a 

rigid flat is modeled for an elastic perfectly plastic material. The study extends the work (sphere in 

contact with a flat plate) of Kogut–Etsion Model and Jackson–Green Model and addresses some 

aspects uncovered in the above models. This paper shows the critical values in the dimensionless 

interference ratios Y/E for the evolution of the elastic core and the plastic region within the asperity 

for different Y/E ratios. The present analysis also covers higher interference ratios, and the results are 

applied to show the difference in the calculation of real contact area for the entire surface with other 

existing models. The statistical model developed to calculate the real contact area and the contact load 

for the entire surfaces based on the FEM single asperity model with the elastic perfectly plastic 

assumption depends on the Y/E ratio of the material. 

Saha and Jackson  [57], perform a FEM to model to  analyze the behavior of an elastic and elastic- 

perfectly plastic axisymmetric sinusoidal surface in contact with a rigid flat for a wide range of 

material properties and different values of the amplitude to wavelength ratio from initial to complete 

contact (high load). The numerical results agreed well with the Hertz model and the Jackson–Green 

elastic–plastic spherical contact model at low loads. Empirical equations for elastic and elastic-

perfectly plastic cases are formulated for the contact pressure, contact area and surface separation. 

From the current analysis, it is found that it is not any single parameter, but different combinations of 

material properties and surface roughness that govern the whole contact behavior. The critical value 

of the amplitude of the sinusoidal asperity below which it will deform completely elastically from 

initial to complete contact is established. At low values of amplitude normalized by the critical 

amplitude, it was found that the contact behaved similar to a spherical contact, with the average 

pressure (hardness) always remaining lower than three times the yield strength. However, at higher 

values the average pressure increased toward a value as high as six times the yield strength at complete 

contact. 
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2.3 Literature Review Summary and study Potential  

So far, different studies used numerical methods to investigate the effect of determining topography 

parameters on analyzing elastic contact between isotropic rough surfaces, numerical modeling of 3D 

rough surfaces to analyze interfacial contact characteristics and the contact behavior such as the 

pressure distribution, contact width, real area of contact and contact resistance of real rough surfaces. 

Various studies also tried to examine contact stress distribution on the cam profile, the effect of surface 

finish and surface coating on the maximum subsurface stress, and the impact of surface finish of cam 

on friction power loss.  Furthermore, the effect of the machining process on the surface finishing of 

machined parts. Milling, turning, grinding operations final surface finish efficiency were 

demonstrated by experimental methods for gears, shafts, bearings, rings, and cams was analyzed. 

However, different studies around the ignored the material property effects and the contacting body 

stress analysis in terms of contact pressure distribution, vertical stress, horizontal stress, and surface 

shear stress has not clarified. The effects of material properties with different density and surface 

finish on Moly based low alloy cam component subjected to contact load have not been studied 

numerically yet. Therefore, in this study two values of density of cam lobes, 7.35 g/cm3 (Fe-1.5Mo- 

0.3C) and 7.55 g/cm3 (Fe-1.5Mo- 0.2C) will used as a variable property of the material with same 

surface finish property. Furthermore, the low-density cam lobe (with density of 7.35 g/cm3) analyzed 

for two different surface finishes, which are machined and  powder metallurgy (PM) surface finished, 

to study the variation of surface finish on the same density of a material. The material is selected since 

the material is newly developed in the laboratory experimental study previously, thus density and 

surface finish parameters were recorded accordingly.  

The above listed gaps in the previous studied is the motive to perform this study. Thus, this study 

work has the value of filling the gap of considering the effects of density difference and surface finish 

at the carburized cam surface by studying the maximum contact pressure, the real area of contact, 

pressure distribution, vertical stress, horizontal stress, and surface shear stress under varying load by 

using the numerical method utilizing ABAQUS software. The validation of the numerical method will 

be analyzed by using two distinct methods; the methodology validation by using previous similar 

study, and by implementing grid independent test on the performed simulation.  
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Chapter 3: The Research Methodology  

3.1 Introduction  

In this chapter, methodologies utilized for the study presented step-by-step. Selecting particular 

material with data collection; rough surface modeling; computational modeling of the problem using 

ABAQUS; and validation of the computational result performed to achieve the primary objective of 

the study. Methodologies used within the study presented in detail via the following subsections. 

This section introduces the method employed for the study and details of numerical expressions of the 

overall modelling of static contact to achieve the research objective. Figure 3.1 show the schematic 

diagram of the conceptual framework of the applied methodologies. The main sections of the 

methodologies are: 

(1) Material data collection 

(2) Rough Surface Modelling  

(3) Computational modelling of elastic contact using ABAQUS software. 

 

Figure 3.1 Methodology Flow chart of the study 

3.2 Material Data Collection  

The material used in this study were carburized moly based low alloyed steel which is experimentally 

optimized material used for cam and follower. The material property is optimized and identified using 

density measurements performed by the water displacement method. The material is selected since 

the material is newly developed in the laboratory experimental study previously, thus density and 

surface finish parameters were recorded accordingly. The roughness data for the optimized material 

were measured and recorded [58]. The material property data used in this study presented in figure 

3.2 via 3.4 and table 3.1 and table 3.2.  
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Figure 3.2: 7.35g/cm3 PM surface finish [58] 

 

Figure 3.3: 7.35g/cm3 Machined surface finish [58] 

 

Figure 3.4: 7.35g/cm3 PM surface finish [58] 
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N is the number of asperities in one surface, cL  is the sample length or cutoff length of the surface 

area and aR  is average roughness. 

Table 3.1 Roughness parameters number of asperities, sample length and average roughness of the 

surfaces [58] 

Surface no. Manufacturing process N Lc(mm) Ra(mm) 

1 Low density- PM 

surface finish 

110 2.5 0.0005 

2 
Low density – Machined 

70 2.5 0.0002 

3 High density - PM 

surface finish 

55 2.5 0.0003 

Table 3.2mechanical properties of the surfaces [58] 

Surface  Density 

(g/cm3) 

Yield strength 

(MPa) 

Elastic modules 

(GPa) 

Poisson’s 

ratio 

low density – PM surface 

finish 

7.35 1925 167 0.27 

low density – machined 

surface finish 

7.35 1925 167 0.27 

High density – PM surface 

finish 

7.55 1900 184 0.27 

3.3 Rough Surface Modeling  

3.3.1 Introduction  

The first stage is to generate a rough surface using mathematical computations in the form of point 

clouds with the extension (*.xyz) that are generated at random. In XYZ format, a point cloud data file 

must have rows and columns of data. Each row in a rectangular coordinate system must contain the 

X-, Y-, and Z-coordinates, as well as the field value at that point. These point clouds were then 

converted into three-dimensional (3D) models using SolidWorks software. A data file called a 

Parasolid (*.x t, *.x b) is used to exchange 2D or 3D design information between CAD programs. The 

Parasolid extension (*.x t, *.x b) or other extensions compatible with FE software were changed by 
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using solid work software.  ABAQUS commercial software is used to simulate static contact on a 

rough surface.  

The method is a combination of mathematical, CAD and FE software 

 

 

 

 

 

 

 

                                              Figure 3.5: Methodology for generating rough surface 

3.3.2 Simulation of Rough Surfaces With FFT 

The rough surface in this study was constructed using mathematical software and based on a 

mathematical equation. To create a surface with random roughness, Gaussian equations were 

employed. In this study, generate random surfaces by using FFT. Because the frequency domain 

approach and FFT algorithms are the most efficient way to perform filtering operations. The direct 

convolution filtering technique is straightforward but inefficient in terms of processing speed [6–8]. 
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Figure 3.6: Numerical simulation of Gaussian random surfaces. 

The following processes are used to simulate a random surface 

1. Generate 2-D input sequences ( ),f x y . the components of ( ),f x y are independent gaussian 

distributed random numbers. 

( )

( )2 2

22

,

x y

f x y f e


 +
 −
 
  = =  

 Where, x and y are a row vectors which linearly spaced in the length of the surface area.  

2. Specify the autocorrelation function ( ),R x y of the simulated surfaces according to assuming 

expressions of engineering surfaces. 

( ) 2,R x y =  
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3. Compute the 2-D fast Fourier transform (FFT) of ( ),f x y obtaining the sequence ( ),F u v  

   2-D fast Fourier transform are generated in MATLAB by command 2fft  

( ) ( ), 2F u v F fft f= =  

4. Compute the 2-D fast Fourier transform (FFT) of ( ),R x y  obtaining the sequence ( ),R u v  

( ) ( )2, 2R u v fft =  

5. Determine the frequency response of the filter ( ),H u v  

Random number whose element are normally distributed with transfer functions are generated 

in MATLAB by command randn . The mathematical expression is 

( ) ( )( ), 2 .* ,H u v H fft randn N N= =  

6. The new sequence ( ),G u v is generated from the dot product of the sequences ( ),H u v and 

( ),F u v . 

( ) ( ) ( ), 2 .* 2G u v fft H fft F=  

7. Compute the 2-D inverse discrete fast Fourier transform IFFT of the sequence ( ),G u v

obtaining the output Gaussian sequence ( ),g x y . 

2-D inverse discrete fast Fourier transform are generated in MATLAB by command 2ifft  

                                              ( ) ( ) ( )( ), 2 2 .* 2g x y ifft fft H fft F=  

Based on the aforesaid process, the model was pre-processed in MATLAB (appendix A, B and C) and 

emerged in a two-dimensional form. The generated surface's coordinate surface data was transformed 

(Fig. 3.7). The resulting surface data was then exported to the "XYZ" format, which contains X, Y, 

and Z values for each point. The "XYZ" data was converted to a surface array format. There are 

several variables in the GHD equation that can be applied into a mathematical program. N is the 

number of asperities in one surface, cL  is the sample length or cutoff length of the surface, Ra is 

average roughness and   is height of the root means square (rms). For a gaussian random profile the 

relationship between aR   and   for a Gaussian random profile is given in equation 2.34 in the 

previous chapter. 

Table 3.3 Root mean squares of the surfaces  
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Surface no. Manufacturing process Rms(mm) 

1 Low density- PM surface 

finish 

0.00063 

2 
Low density – Machined 

0.00025 

3 High density - PM surface 

finish 

0.00037 

 

Figure 3.7: Rough surface plot a) with low density cam - PM surface finish, b) with low density cam 

- Machined surface finish and c) with high density cam - PM surface finish  

3.3.3 Development of Solid Surface on SOLIDWORKS 

3.3.3.1 Importing Point Clouds 

A cloud of points is imported into the software, which represents an embedded set of coordinates (x, 

y, z) of points on a three-dimensional surface. The matrix function is used to create the cloud of points 

necessary for CAD/CAE system import of the model surface. From the cloud of points, a three-
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dimensional object must be created in CAD systems, and then the object geometry must be imported 

into the CAE system. In some cases, the problem can be simplified to an axisymmetric or two-

dimensional form, allowing the importation of only the surface profile's x and y coordinates, which 

are dependent on the set of x and y values. By using SOLIDWORK software can be transform the 

coordinate (x, y, z) into a solid surface by connecting each coordinate from the surface array. After 

opened the file "XYZ" on SOLIDWORK the file was changed into point clouds (Fig.). 

 

Figure 3.8: point cloud a) low density cam - PM surface finish, b) low density cam - Machined 

surface finish and c) high density cam - PM surface finish 

3.3.3.1.1 Curve wizard 

Curve wizard is a surface-making technique that involves cutting a point cloud into many planes. In 

the methods of automatic and guided generation, the curve wizard method was used without the mesh 

process. This study uses automatic creation because in solid/surface creation during generating 

process, automatic creation provides better control the shapes of faces and result smoother surface 

than guided creation.  Without skipping the reduction amount process, the curve wizard uses a point 

cloud as a base for creating solid surfaces. 
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3.3.3.1.2 Solid Model  

In MATLAB, the measurement's resultant surface containing the points is plotted. Metrics are 

produced as a result of graphing the points. The second plot of the Surface points on SOLIDWORKS 

is then created, with as many points as necessary to produce a perfect curve surface such as Figure 

3.9. In MATLAB, the surface generated was plotted with up to 12100 for a, 5041 for b and 3025 for 

c points. The results of the graphing are utilized to create a curve.  

 

Figure 3.9: Surface model a) low density cam - PM surface finish, b) low density cam - Machined 

surface finish and c) high density cam - PM surface finish 
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3.3.3.1.3 To extrude on rough surface 

The number of nodal "XYZ" formed finer surfaces throughout the solid surface generation procedure. 

The surface is then given thickness, making it resemble the true model in Fig.      

 

Figure 3.10: Extruded rough surface 

3.4 Modelling details of finite element analysis package used for the contacting       

problems. 

3.4.1 Introduction 

The methodology for elastic contact modeling with the Abaqus finite element software is described 

in this section. Contact conditions are regarded a specific parameter of discontinuous constraint 

behavior in finite element analysis, allowing nodal forces to be transmitted from one model part to 

another. Because it is only used when the two-part surfaces come into direct touch, this constraint has 

a discontinuous situation. When the two model portions are separated, there is no need for such a 

constraint. As a result, the contact analysis must determine when and where two surfaces are in contact 

and apply the appropriate contact constraints. 

3.4.2 The Abaqus CAE software package 

Pre-processing which is an interactive CAE activity, simulation which involves utilizing 

Abaqus/Standard and Abaqus/Explicit and post-processing which involves visualizing the finite 

element analysis results using the Abaqus viewer tool. The modeling process started with the model 

of a rough surface and smooth follower geometry model.  
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                                   Figure 3.11: Flow chart modeling on FEM ABAQUS 

3.4.3 Pre-processing stage 

This stage is a pre-processor that interacts with the user to create the finite element model. In addition, 

with the accompanying input file, a model of the physical contact problem is created. This can be 

accomplished with the help of the graphical tools included in the CAE program. In addition, an 

Abaqus input file analysis can be readily constructed using a text editor. The discretized part shape, 

mechanical properties, boundary conditions, type of analysis, and element type are all defined at this 

stage. 
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3.4.4 Simulation with Abaqus/standard 

The finite element issue defined in the model is solved by Abaqus/Standard or Abaqus/Explicit at this 

stage. Because of the uncertain contact area and elastic plastic parts, this is a nonlinear problem that 

must be solved iteratively. In preparation for post-processing the output data is saved in binary files. 

The simulation time is determined by a number of factors, including the complexity of the contact 

problem to be solved, computer system requirements, and computer power usage. For the reasons 

stated above, the analysis provided in the input file may take anything from minutes to several hours 

to complete. 

3.4.5 Post- processing (visualizing the finite element analysis result) 

The results are usually visualized interactively using Abaqus/Viewer, which gives a graphical 

representation of the analysis. The fundamental variables for presentation, such as displacements, 

stresses, and forces can be provided at this stage. Animation tools, deformed and undeformed shape 

plots, contour plots, material orientations, and harmonic animation are some of the possibilities for 

displaying the results in Abaqus/Viewer. 

3.5 Computational Modelling of surface contact on Abaqus /CAE software  

For finite element analysis Abaqus/CAE provides a complete modeling and visualization 

environment. The result may be conveniently managed and created, edited, monitored, diagnosed, and 

visualized by users. Abaqus/CAE is organized into modules, each of which describes a logical aspect 

of the modeling technique. 

Modeling and presentational tools in Abaqus can be used with a variety of methodologies and 

strategies. The buttons located alongside the modeling viewport can be used to access the majority of 

the basic modeling features. Within Abaqus/CAE, there are a variety of modeling tools. 

3.5.1 Part module 

To proceed with the Finite Element modelling, the model must be imported as a part into ABAQUS 

after being generated with SOLIDWORKS software. ABAQUS allows you to import and export a 

variety of files. There are a variety of file formats that the software may read in order to store data 

related to geometry. In this work, chooses the Parasolid format for importing parts and sketches. 

Unigraphics, SOLIDWORKS, Solid Edge, FEMAP, and MSC.Patran are just a few of the CAD 

programs that can create Parasolid-format parts. 



  

Page | 47  

 The first step to import Parasolid files into ABAQUS is save the part in SOLIDWORKS in a 

“(*.x_t*,*.x_b*, *.xmt*)” format. We must import the part into ABAQUS after it has been stored in 

a new format. 

All models have two parts, the rough cam surface and the smooth follower. The rough cam surface 

generated using MATLAB and SOLIDWORK and after that imported into ABAQUS. The second 

part smooth roller follower modelled using SOLIDWORK software and and imported into ABAQUS.   

Table 3.4: Dimensional of contact part 

Part name Modeling 

space 

Type Feature shape Feature type 

Rough body 3D Deformable Solid Planer 

Smooth rigid body 3D Rigid  Solid Planer 

3.5.2 Property module 

The property model can be used and specified by the Abaqus user to accomplish the following tasks: 

material definition, section assignment, and part orientation. A section must be assigned to each part 

or model. The material property is the geometry that has been applied to the part. The material property 

used here is elastic material with density, young's modulus E and poison's ratio v. 

Table 3.5: Dimensional and material characteristics of all parts [58] 

Case  Material 

behavior 

Type Density 

(g/cm3)  

Young modules 

(MPa) 

Poisson’s 

ratio 

Section 

type 

low density – PM 

surface finish 

Elastic  Isentropic  7.35 167e3 0.27 Planer 

low density – 

machined surface 

finish 

Elastic  Isentropic  7.35 167e3 0.27 Planer 

High density – 

PM surface finish 

Elastic  Isentropic 7.55 184e3 0.27 Planer 

3.5.3 The step module 

The purpose of the step processes is to determine the type of analysis that will be performed in the 

ABAQUS program. In addition, the field output request tool allows the user to specify which outputs 
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are required in each analysis stage of the simulation, as well as the area of the model from which they 

will be output. In places where considerable element distortion occurs during analysis, this module is 

also used to construct adaptive mesh regions and set controls for adaptive meshing. Static analysis is 

the type of analysis used in this study. Step procedure as in table 

Table 3.6: Static step module analysis parameter 

Step Step name procedure Time 

period 

Increment size Max. number 

of increments Initial minimum maximum 

0 initial initial N/A N/A N/A N/A N/A 

1 Apply load Static, general 1 1 0.00001 1 100000 

3.5.4 Interaction module 

By selecting possibly interacting surfaces and defining the approach in terms of how the Abaqus 

package will deal with them, this module is used to define and control interactions between different 

parts in an assembly or between a specific section of a model and its surroundings. Surface-to-surface 

contact, self-contact, and general contact are the mechanisms used by Abaqus to analyze and deal with 

interactions. 

In this case, contact interaction refers to the interaction of smooth rigid body surfaces with a rough 

surface. The rigid surface of the follower is referred to as the master surface, while the rough surface 

is referred to as the slave surface. The friction formulation of the contact interaction is rough. 

Table 3.7: Interaction property of rough surface with smooth surface 

Interacting part Interacting type Contact property Normal behavior Contact 

formulation 

Rough surface with 

Smooth surface 

Surface -to- 

surface 

Tangential 

behavior 

Hard/soft contact Rough 

3.5.5 Load module 

This module specifies the type of loading and application region, and also determine the boundary 

conditions. Model parts can be loaded with a variety of load cases, loads, predefined fields, and 

boundary conditions. Depending on the desired load, a load can be a force, a pressure, a time, and so 

on. Displacement, rotation, velocity, and other boundary conditions can be used.  
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The model is concentrated normal forces applied to the displacement degrees of freedom Loaded in 

Y direction at the center of rigid body as shown in Figure 2.5. To be able to simulate the master slave 

simulation it is important that the BC’s (Boundary Condition) are chosen in a proper way. Therefore, 

the rigid body movements in the X stand Z direction are suppressed and rotations around the Y axis 

vector is free as well and the simplified slave is fixed at the bottom in all directions.  

Table 3.8: Load condition 

Load type Location Load at step 

Normal load At the center of rigid body [100 up to 10000] N 

3.5.6 Mesh module 

This module contains tools that allow the user to specify mesh properties and mesh density to generate 

and control finite element meshes on parts created in Abaqus/CAE. In addition, the mesh tool allows 

the user to choose an element form and meshing approach, generate a mesh and seed a component 

instance that fits the problem's requirements. To evaluate mesh quality based on element shape and 

check for numerical analysis problems, the mesh module employs a range of finite element 

approaches. The part is partitioned before meshing by separating the asperities zone from the bottom 

of the part. When meshing accurately, separating the asperity zone reduces the overall number of 

elements generated substantially. Types of elements used C3D6 (A 6- node linear triangular prism). 

Meshi procedures:  

I. Global seeds: entire surface sized 0.025length/element. 

II. Local seed: giving the size on rough surface with the length 0.02/element. 

III. Mesh controls: select wedge (C3D6) as types of the element shape 

IV. Mesh part instance: click to run mesh process then the result as on the picture below 
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                                                  Figure 3.12: Surface after being meshed 

3.5.7 Job 

When the user has completed all of the task requirements including defining a model for analysis, 

defining the geometry of the model, applying load, assigning material properties, and defining the 

type of contact, the Job module is used to submit and analysis a model of the problem. In addition, 

this module is beneficial in terms of managing the analysis and viewing a basic plot of the analysis 

results, checking and monitoring progress of the execution of the analysis job. 

3.5.8 Visualization 

This module provides graphical display for the results of a job analysis, in particular, contour plot on 

the deformed shape, and a symbol plot. The other benefits of this module are its ability to control and 

specify what information is required to be placed in the output database, scale factor animation and 

history or x-y data. 



  

Page | 51  

3.6 Mesh Independent Test  

Finite element numerical methods are is a potent tool for simulating a variety of challenging real-

world problems. However, the success of finding a solution does not guarantee numerical accuracy. 

When the number of finite elements in the model is more, the solution is more accurate. Nevertheless, 

how accurate is it? Is there a rule to decide the level of accuracy in the solution? How can we achieve 

accuracy? Those questions must get an answer to determine the minimum grid size or mesh resolution 

required to solve the problem by using FEM.  

To show the problem's solution in the study is accurate adaptive mesh convergence techniques were 

performed in all the study cases. This technique allows the minimization of errors and uncertainties 

in the predicted results. Adaptive convergence requires the problem to be solved multiple times with 

different mesh discretization sizes, namely starts with coarse mesh move to finer mesh.  

Table 3.9give the mesh dependent test for PM surface of a contacting bodies and follower contact 

with different number of elements at the same applied load which is 100N. 

Table 3.9: Mesh dependent test result 

Num. of Element 
Max. contact pressure 

(MPa) 

5868 257 

8438 520.1 

11046 741.1 

19925 1323 

29038 1563 

34320 1697 

42463 1843 

56600 2011 
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71962 2122 

85850 2334 

94636 2466 

97688 2519 

106004 2605 

130645 2631 

162927 2651 

The maximum contact pressure variation curve of the contacting bodies under the application of 100N 

load obtained using different element discretization also presented in Figure 3.13. 

It is seen that; the value of maximum contact pressure for the last two element sizes become almost 

the same. The relative error used to determine the per cent change of pressure between the consecutive 

mesh densities. In this case, the relative error is measured as zero. This phenomenon gives a clear 

insight that the FEM implemented is independent of the mesh size in all cases. 

 

Figure 3.13: Mesh Independent Test 
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3.7 Validation of numerical approach 

The contact parameter results of the Gaussian rough surface model with a rms of 0.1 mm are taken 

into consideration in order to validate the current numerical approach. Loading is initially supported 

by a single asperity only. The current multi-asperity numerical technique can be validated by 

observing the behavior of this dominant single asperity. The resulting real area of contacts of the 

applied contact load by the single asperity are extracted from the contact model discussed above. The 

generated MATLAB function is used to determine the peak radius of this single asperity. The contact 

load and actual contact area of the identified single hemispherical asperity in contact with a rigid flat 

are determined by using the Hertz elastic. Table 3.10 shows the contact area variation of the current 

numerical approach with the Hertz solution. It is noted that the variation of the current numerical 

method and the Hertz solution result is within the permissible range of error (below 3%) for the given 

contact load as indicated in previous studies [53]. 

Table 3.10: Validation of present numerical approach with Hertz approach 

Contact load (N) Contact area (mm2) 

Numerical model Hertz solution 

250 0.0031885 0. 0030958 

500 0.0064932 0.0063985 

1000 0.0113501 0.0109932 
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Chapter 4: Result and Discussion  

4.1 Simulation Results  

Based on the solution, solved results for all models obtained. Using the above established contact 

models, this section aimed to revealing the contact characteristics comprises of the maximum von 

mises stress, the contact pressure distribution and the real contact area at different load levels based 

on the finite element analysis of all rough surface models.  

4.1.1  Effect of surface finish method on contact parameters 

In incremental steps, all generated deterministic rough surface contact models are analyzed. For every 

incremental step, the contact parameter results are extracted. The normal contact load is applied in the 

normal direction (along y direction). By adding the elemental areas of the contact elements which bear 

the contact load, the real area of contact is obtained. The maximum Von mises stress and maximum 

contact pressure are found from the nodal values. By dividing the applied contact load by the real 

contact area, the average contact pressure value is determined. 

At low load, the faces made contact at only a few points on the surface and the area of the contacts 

was quite small. Numerous sections show no interactions at all. As the load was increased, the number 

and area of contacts raised. By evaluating the total area of contact on Abaqus as a proportion of the 

surface's area, the dimensionless area of contact was determined. This proportional area was taken to 

be equal to the nominal contact area for the entire surface. At each applied load level, the relative 

contact area, rA A , was calculated by averaging the measurements from Abaqus. The load is 

normalized by dividing by nominal area of contact and the elastic modulus (E). 

4.1.1.1 Real contact area 

The variation of dimensionless real area of contact with dimensionless contact load is given in Figure 

4.1. 
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Figure 4.1 Variation of dimensionless real area of contact with dimensionless contact load 

Figure 4.1 shows the variation of dimensionless real area of contact with dimensionless contact load 

for both the rough surface contact models (low density-PM surface finish and low density- machined 

surface finish) with varying surface finishing method. As the dimensionless contact load increases, 

the number of contact point and the dimensionless real area of contact also increases in a nonlinear or 

exponential manner in the both cases and lower the average roughness Ra value, then higher is the 

contact area. Due to small size of average roughness, rough surface having large size of asperities and 

also exhibits high dimensionless real area of contact. To attain the same dimensionless real area of 

contact, PM surface finish rough surface has to take additional contact load due to large average 

roughness value even though the number of asperities is high.  
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4.1.1.2 Mean and maximum contact pressure

 

Figure 4.2 shows the variation of dimensionless mean contact pressure with the dimensionless contact 

load for rough surface contact models with varying method of surface finishing.  
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Figure 4.2 Variation of dimensionless mean contact pressure with dimensionless contact load 

As the dimensionless contact load increase the dimensionless mean contact pressure increase for both 

rough surface cases. For the same dimensionless contact load, the PM surface finish surface shows a 

relatively higher mean contact pressure compared to machined surface finish rough surface. The rate 

of mean contact pressure (slope) is almost the same for the two rough surfaces. For the same material 

property (elastic modulus, poisons ratio, density), the mean contact pressure increases as the average 

roughness increase. 

Figure 4.3 shows the variation of dimensionless maximum contact pressure with dimensionless 

contact load for both the rough surface contact models.  

 

Figure 4.3 Variation of dimensionless maximum contact pressure with dimensionless contact load 

Each rough surface contact model crosses or reaches its saturation level at a different dimensionless 

contact load. A keen observation shows that as the average roughness decreases, the required 

dimensionless contact load to cross the hardness limit value of 2.22 (as indicated by Shankar and 

Mayuram [56] and Sahoo and Chatterjee  [55]) increases. In the PM surface model, the maxP Y  ratio 

to cross the hardness limit of 2.22 at n nP A E  of 0.0042 and in the machined surface model the maxP Y  

ratio to cross the hardness limit of 2.22 at n nP A E of 0.0057. The maxP Y  ratios of all the rough 
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surfaces are increasing beyond the hardness limit as the dimensionless load increases. Similar 

variation is noted in Bhushan [24], where there is an increasing trend in the maximum contact pressure 

beyond the hardness limit for various applied loads. The machined surface finish rough surface model 

reaches the hardness limit earlier compared to the PM surface finish rough surface model because in 

the former rough surface model (PM surface finish), the contacting area is small and the asperities are 

severe plastic deformation. The relationship between real area of contact, average contact pressure 

and maximum contact pressure with applied normal load is consistent with what is commonly 

observed in engineering practice. Therefore, by utilizing a machined surface finishing technique, 

plastic deformation can be avoided. 

4.1.1.3 Von mises stress and contact pressure distribution  

The Figure 4.4 shows the computed result of the effect of surface finish method on the von Mises 

stress for the above two models. The Figure 4.5 show the contact pressure distribution plot of the 

above two models. 

 

a) 
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b) 

Figure 4.4 Von Mises stress plot at load of 250N, a) PM surface finish b) Machined surface finish 

 

a) 
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b) 

Figure 4.5 contact pressure distribution plot at load of 250N a) PM surface finish b) Machined 

surface finish 

Figure 4.4(b) show more asperity interaction compared to first model at the same contact load. The 

Figure 4.5(b) shows a greater number of asperity contacts compared to another model. It confirms that 

the machined surface finish model has a greater number of asperity interaction compared to PM 

surface finish model. The real contact area is low and the von mises stresses and contact pressure are 

high for the PM surface finish surface with Rms = 0.00063mm as compared to machine surface finish 

surface with Rms = 0.00025mm. For the surface with Rms = 0.00063 mm, real contact area occurs at 

0.6377mm2 or 10.2% of nominal contact area, the maximum von mises stress value is 1578MPa and 

maximum contact pressure value is 2804MPa. For the surface with Rms = 0.00025 mm, real contact 

area occurs at 1.6392mm2 or 25.2% of nominal contact area, the maximum von mises stress value is 

1073MPa and maximum contact pressure value is 1461MPa. 

Figure 4.6 shows the contact surface after the random gaussian height distribution applied to a real 

surface. In this case, the variation in the surface is imperceptible to the naked eye. Figure 4.7 shows 

the computed result the contact pressure distribution under various applied contact load.  
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Figure 4.6 Rough surface (low density PM surface finish) 

 

a) 

 

b) 

 

c) 

 

d) 
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e) 

 

f) 

Figure 4.7 Contact pressure map at a) 100N, b) 250N, c) 750N, d) 1000N, e) 2000N, f) 8000N and 

low-density PM surface finish surface 

The contact pressure profile obtained from these six-contact load surface contact analyses are plotted 

in Figure 4.7. Applying a load 100N to the top surface of the upper rigid body generates a contact 

pressure distribution. For much of the surface the blue color shows that contact is not occurring. These 

small numbers of contact points are due to the small applied load. At the small load of 100N, real 

contact area covers 3.77% of nominal contact area, the maximum von mises stress value is 1322 MPa 

and maximum contact pressure value is 2279 MPa. At the mid load of 4000N, real contact area covers 

90.88% of nominal contact area, the maximum von mises stress value is 2573MPa and maximum 

contact pressure value is 4102MPa. For high load of 8000N, real contact area covers 99.52% of 

nominal contact area, the maximum von mises stress value is 3787MPa and maximum contact 

pressure value is 6017 MPa. As the load increase, the contact pressure increases and the amount of 

the surface in contact (real contact area) also increases.   

4.1.2 Effect of Material Density Variation on Contact Parameters 

4.1.2.1 Real contact area 

The variation of dimensionless real area of contact with dimensionless applied contact load for both 

the rough surface (low density-PM surface finish and high density-PM surface finish) contact models 

is shown in Figure 4.8.   
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Figure 4.8 Variation of dimensionless real area of contact with dimensionless contact load 

Dimensionless real area of contact and total number of contact points both increase in a nonlinear with 

dimensionless normal contact load increase as expected. For both rough surfaces, the rate of contact 

load increase (slope) is extremely similar. For the same dimensionless contact load, the higher density 

surface shows a relatively high real contact area compared to low density surface. Due to small value 

of average roughness and high elastic modulus, rough surface having large size of asperities and also 

exhibits high dimensionless real area of contact. To attain the same dimensionless real area of contact, 

lower density surface has to take additional contact load. 

4.1.2.2 Mean and maximum contact pressure 

Figure 4.9 shows the variation of dimensionless mean contact pressure with the dimensionless contact 

load for rough surface contact models with varying material density. 
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Figure 4.9 Variation of dimensionless mean contact pressure with dimensionless contact load 

As the dimensionless contact load increase the dimensionless mean contact pressure increase for both 

rough surface cases. For the same dimensionless contact load, the low-density surface shows a 

relatively higher mean contact pressure compared to high density surface. The rate of mean contact 

pressure (slope) is almost the same for the two rough surfaces. For the same surface finishing method, 

the mean contact pressure increases as the material density decrease.  

Figure 4.10 shows the variation of dimensionless maximum contact pressure with the dimensionless 

contact load for rough surface having two different material density. 
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Figure 4.10 Variation of dimensionless maximum contact pressure with dimensionless contact load 

Each rough surface contact model reaches its hardness limit at a different dimensionless contact load. 

A keen observation shows that as the material density increase, the required dimensionless contact 

load to cross the hardness limit value of 2.22 (as indicated by Shankar and Mayuram [56] and Sahoo 

and Chatterjee  [55]) increases. In the low-density surface model, the maxP Y  ratio to cross the 

hardness limit of 2.22 at n nP A E of 0.0042 and in the high-density surface model the maxP Y  ratio to 

cross the hardness limit of 2.22 at n nP A E  of 0.0051. The maxP Y  ratios of both rough surfaces are 

increasing beyond the hardness limit as the dimensionless load increases. The high-density rough 

surface model reaches the hardness limit earlier compared to the low-density rough surface model 

because in the high-density rough surface model, the elastic modulus is higher and make relatively 

small value of average roughness value. The relationship between maximum contact pressure with 

applied normal load is consistent with what is commonly observed in engineering practice. 

4.1.2.3 Von mises stress and contact pressure distribution  

The Figure 4.11 shows the computed result of the effect of density variation on the von Mises stress 

for two surface models (low density-PM surface finish surface and high density-PM surface finish 

surface). The Figure 4.12 show the contact pressure distribution plot of the above two models. 



  

Page | 66  

 

 

a) 

 

b) 

Figure 4.11 Von Mises stress plot at load of 250N, a) low density PM surface finish b) high density 

PM surface finish 
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a) 

 

b) 

Figure 4.12 contact pressure distribution plot at load of 250N, a) low density PM surface finish b) 

high density PM surface 

Figure 4.11 (b) show more asperity interaction compared to first model at the same contact load. The 

Figure 4.12Figure 4.5(b) shows a greater number of asperity contacts compared to another model. It 

confirms that the low-density surface model has a greater number of asperity interaction compared to 

high density surface model. The real contact area is low and the von mises stresses and contact 
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pressure are high for the low-density surface with ρ = 7.35g/cm3 as compared to high-density surface 

with ρ = 7.55g/cm3. For the surface with ρ = 7.35g/cm3, real contact area occurs at 0.6377mm2 or 

10.2% of nominal contact area, the maximum von mises stress value is 1578MPa and maximum 

contact pressure value is 2804MPa. For the surface with ρ = 7.35g/cm3, real contact area occurs at 

1.14115 mm2 or 18.25% of nominal contact area, the maximum von mises stress value is 878.3MPa 

and maximum contact pressure value is 1266 MPa. 

4.1.3 Effect of elastic modulus 

The effect of elastic modulus is observed by varying the elasticity value. The variation of 

dimensionless real contact area with normalized contact load is shown in Figure 4.13. 

 

Figure 4.13 Variation of dimensionless real contact area with dimensionless contact load  

 Figure 4.13 shows the dimensionless real contact area relation for different value of Young’s modulus 

(E= 167 GPa, 190 GPa, 230 GPa) at a rms of 0.00063mm and Poisson’s ratio of 0.27. For constant 

dimensionless contact load, the surface modeling with high elastic modulus bears lower contact area 

compared to low elastic modulus surface.  The behavior seen in Saha et al [57], also observed in the 

current analysis. In the work of Saha et al [57], it is seen that the amount of contact pressure necessary 

to achieve total contact steadily increases with an increase in Young's modulus. The analysis of the 

effect of Young's modulus shows that the amount of force needed to make complete contact increases 

with the higher the value of Young's modulus 



  

Page | 69  

Chapter 5: Conclusion and Recommendation  

5.1 Conclusion 

The aim of this study was to investigate the effect of surface finish and material properties on the 

carburized Moly based low alloy cam subjected to contact load using the numerical method. different 

research methodologies were applied to achieve the stated objective of the study.  The rough surface 

of the object was modeled using numerical scheme generating Gaussian rough surface with isotropic 

surface texture. Random rough surface was generated using the most efficient way to perform filtering 

operations which is FFT to generate point clouds in a space. The point clouds were converted into 

three-dimensional (3D) models using SolidWorks software. Furthermore, the generated random rough 

surface was imported to a commercial FEM software called Abaqus to simulate static contact on a 

rough surface. Mesh independent test were performed to show the independence of the computational 

result on the generated mesh of the model.  

The simulation result of the study for contact characteristics including the maximum von mises stress, 

the contact pressure distribution and the real contact area at different load level are analyzed. By 

evaluating the total area of contact on Abaqus as a proportion of the surface's area, the 

dimensionless area of contact was determined. This proportional area was taken to be equal to the 

nominal contact area for the entire surface. At each applied load level, the relative contact area, Ar/A, 

was calculated by averaging the measurements from Abaqus. The load is normalized by dividing by 

nominal area of contact and the elastic modulus (E`). Finally, several conclusions can be drawn as 

follows: 

Result of the study for the variation of dimensionless real area of contact with dimensionless contact 

load for both PM surface model and machined surface model with varying surface finishing showed 

that; as the dimensionless contact load increases, the number of contact point and the dimensionless 

real area of contact also increases in a nonlinear or exponential manner. Result of dimensionless mean 

contact pressure with the dimensionless contact load for the same dimensionless contact load, the PM 

surface finish surface shows a relatively higher mean contact pressure compared to machined surface 

finish rough surface.  

The numerical result for the variation of dimensionless maximum contact pressure with dimensionless 

contact load for both the rough surface contact model observation shows that when the average 

roughness decreases, the required dimensionless contact load to cross the hardness limit increases. 
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This study result is in lined with the result noted in Bhushan [24], where there is an increasing trend 

in the maximum contact pressure beyond the hardness limit for various applied loads. The machined 

surface finish rough surface model reaches the hardness limit earlier compared to the PM surface 

finish rough surface model because in the former rough surface model (PM surface finish), the 

contacting area is small and the asperities are severe plastic deformation. In the PM surface model, 

the maxP Y  ratio to cross the hardness limit of 2.22 at n nP A E  of 0.0042 and in the machined surface 

model the maxP Y  ratio to cross the hardness limit of 2.22 at n nP A E of 0.0057. Furthermore, the 

computational result of the effect of surface finish method on the von Mises stress and the contact 

pressure distribution plot shows that the machined surface has more asperity interaction compared to 

PM surface at the same contact load.  

The result for the effect of material density variation for PM surface were also computed. The variation 

of dimensionless real area of contact with dimensionless applied contact load for both the rough 

surface depicted that both real area of contact and total number of contact points increase in a nonlinear 

with dimensionless normal contact load increase. Variation of dimensionless mean contact pressure 

with the dimensionless contact load for rough surface contact models with varying material density 

were also analyzed and the result revealed that as the contact load increase, the mean contact pressure 

increases and the mean contact pressure increases as the material density decrease. The real contact 

area is low and the von mises stresses and contact pressure are high for the low-density surface with 

ρ = 7.35g/cm3 as compared to high-density surface with ρ = 7.55g/cm3. For the surface with ρ = 

7.35g/cm3, real contact area occurs at 0.6377mm2 or 10.2% of nominal contact area, the maximum 

von mises stress value is 1578MPa and maximum contact pressure value is 2804MPa. For the surface 

with ρ = 7.35g/cm3, real contact area occurs at 1.14115 mm2 or 18.25% of nominal contact area, the 

maximum von mises stress value is 878.3MPa and maximum contact pressure value is 1266 MPa. 

The simulation result for variation of dimensionless maximum contact pressure with the 

dimensionless contact load for rough surface having two different material density showed that each 

rough surface contact model reaches its hardness limit at a different dimensionless contact load. The 

high-density rough surface model reaches the hardness limit earlier compared to the low-density rough 

surface model High density model shows a greater number of asperity contacts and low asperity 

interaction compared to low density model.  
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5.2 Recommendations  

▪ To attain the same dimensionless real area of contact, PM surface has to take additional contact 

load due to large average roughness value even though the number of asperities is high. Thus, 

to obtain low pressure between contacting bodies, using machined surface could be more 

applicable relative to PM surface finish.  

▪ The relationship between real area of contact, average contact pressure and maximum contact 

pressure with applied normal load is consistent with what is commonly observed in 

engineering practice. Therefore, by utilizing a smoother surface finishing technique, plastic 

deformation can be avoided. 

▪ For the same dimensionless contact load, the higher density surface shows a relatively high 

real contact area compared to low density surface. Due to small value of average roughness 

and high elastic modulus, rough surface having large size of asperities and also exhibits high 

dimensionless real area of contact. Thus, to attain the same dimensionless real area of contact, 

lower density surface has to take additional contact load due to large average roughness value 

and lower elastic modulus value. 

▪ Use the integration of mathematical, CAD and FE software can be develop 3D rough surface 

mode to investigate the contact parameters (real contact area, and contact pressure) of two 

bodies under the application of load effectively.  

▪ Studying of contact parameters in different density and surface finish with varying load is 

helpful to study about contact fatigue, wear and metal defect (crack) analysis.   

5.2.1 Future work  

▪ The analysis of Gaussian rough surface interactions with the assumption of completely plastic 

deformation is the exclusive focus of the current study. It is also possible to extend the same 

study to rough surface contacts that exhibit strain hardening behavior. 
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▪ Contact fatigue behavior of carburized moly based low alloy with different density and surface 

finish. 

▪ The effect of the surface roughness on the crack initiation and propagation. 
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