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1. Introduction  

The FOREMOST project (Fullerene-based Opportunities for Robust Engineering: Making 

Optimised Surfaces for Tribology) is integrated in the 6th Frame-Work Programme of the European 

Union and started in September 2005. The project is focused on nanotechnologies, knowledge-based 

multifunctional materials and new production processes and devices. According to the public website 

of the project, ñThe main objective of the project is to provide industry with a new generation of 

composite coatings systems and surface engineering solutions, based on the incorporation of 

inorganic fullerene-like nanoparticles into coatings and lubricants, to significantly reduce and control 

friction and wear in rolling and sliding contacts in order to extend operational life, reduce 

maintenance requirements and reduce the environmental impact of a wide range of mechanical 

systemsò. Potential applications include machine elements such as gears, sliding and roller bearings, 

spherical joints, etc.  

Inorganic fullerene-like materials (IFLMs) and nanoparticles will be introduced into innovative 

coatings and lubricants, either as preformed IFLMs in the deposition process/lubricant/paint or as 

IFLM components formed during the deposition process. IFLMs are remarkably stable at high contact 

pressures. Such nanoparticles (Fig. 1) can be used in the formation of coatings to allow for 

independent control of friction and wear and offer consistent tribological performance and significant 

benefits compared with currently used coatings in applications with high-load and low-friction 

demands. 

 

       

      (a)             (b) 

Fig. 1 (a) Schematic representation of a contact lubricated by inorganic fullerene-like nanoparticles; 

(b) Image of WS2 fullerene-like particles by transmission electron microscopy. 

 

The project is concerned with developing the following new materials: 

(a) Nanocomposite hard coatings, containing friction reducing IFLMs. 

(b) Nanocomposite polymeric coatings and paints containing IFLMs. 

(c) Liquid and solid lubricants containing IFLMs. 
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 The project involves a large number of tasks, including (mainly) experimental work, production of 

new materials, and some theoretical modelling. There are 31 partners working in companies and 

Universities in 13 countries. At the time of compiling this report in December 2007, the list of partners 

was as shown in table 1. 

 

Table 1 List of partners (December 2007). 

Partner Country  

Tekniker (Project Coordinator) Spain 

IonBond Ltd. ï UK England 

NanoMaterials Ltd. Israel 

Rolls-Royce plc England 

Renault France 

FUCHS Europe Schmierstoffe GmbH Germany 

Goodrich Control Systems Ltd. England 

EADS Deutschland GmbH Germany 

Nottingham University England 

Fatronik Spain 

Josef Stefan Institute Slovenia 

VITO ï Vlaamse Instelling voor Tech. Onderzoek Belgium 

CEA ï Commissariat a lô energie atomique France 

MFA ï Research Institute for Technical Physics and Materials Science Hungary 

Stockholm University Sweden 

BAM ï Federal Institute for Materials Research and Testing Germany 

Uppsala University Sweden 

Newcastle University England 

NPL Management Ltd. England 

CSIC ï Consejo Superior de Investigaciones Cientɜficas Spain 

Leeds University England 

Coimbra University Portugal 

FZR ï Forschungszentrum Rossendorf e.V. Germany 

Imperial College London England 

Milano University Italy 

Linköpings University Sweden 

CNRS ï Centre National de la Reserche Scientifique France 

SPOLCHEMIE ï Spolek pro chemickou a hutni vyrobu a.s. Czech Republic 

IonBond-CH Switzerland 

Kenosistec Italy 

Proplast Italy 
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The list of activities assigned to each partner is given in table 2. 

 

Table 2 List of activities in the project and associated partners. 

Activity  Partners 

IFLM development and supply. Nanomaterials Ltd, Josef Stefan Institute. 

In-situ formation of IFLM phases in 

vacuum plasma and chemical vapour 

deposited coatings. 

CEA, CSIC, FZR, IonBond-UK, Kenosistec, 

University of Milano, IonBond-CH. 

Incorporation of pre-formed IFLM 
components into coatings produced by 

vacuum and atmospheric plasma processes, 

chemical vapour deposition, electrostatic 
spray assisted vapour deposition, 

electrolytic deposition, polymer and epoxy 

coatings. 

VITO, IonBond-UK, University of Coimbra, 
BAM, Nanomaterials, EADS, IonBond-CH, 

CSIC, Kenosistec, FZR, Spolchemie, University 

of Nottingham. 

Incorporation of IFLM nanoparticles into 
lubricants, and surface texturing adapted to 

IFLMs. 

FUCHS, Tekniker, EADS, BAM. 

Chemical and structural characterisation 

and modelling. 

CNRS, MFA, University of Stockholm, 
University of Milano, University of Coimbra, 

CSIC, Josef Stefan Institute, FZR Rossendorf, 

University of Linköpings. 

Tribological mapping: 
sliding, rolling, rolling-sliding and fretting 

contacts. 

University of Uppsala, NPL, University of Leeds, 
Imperial College London, Tekniker, University of 

Newcastle, Rolls Royce plc, Goodrich, EADS. 

Evaluation of tribological performance of 

lubricants containing IFLM-nanoparticles 
and of lubricated textured surfaces. 

FUCHS, Tekniker, University of Leeds. 

Applications evaluation. EADS, Renault, Rolls-Royce, Fatronik, Goodrich. 

Horizontal activities. 

Administrative Coordination: Tekniker 
(Coordinator), IonBond-UK, Rolls-Royce, 

Goodrich, EADS, Uppsala University, VITO, 

FUCHS, NanoMaterials. 

Knowledge management: Tekniker, University 
of Stockholm. 

Training and mobility of r esearchers: 

University of Stockholm, University of Milano, 

CNRS, University of Linköpings, CSIC. 

Health, safety and environmental aspects of 

IFLMs: Jozef Stefan Institute, Tekniker, 
University of Milano, NanoMaterials. 

Dissemination and promotion of public 

perception of science: Tekniker, CEA, CNRS, 
University of Milano. 

Protection and management of intellectual 

property rights (IPR): NanoMaterials, Tekniker, 
NPL, Kenosistec, Rolls-Royce. 

Standardisation: IonBond-UK, Tekniker, 

Kenosistec, NPL, BAM. 
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The total cost of the project is about ú18.92 million and the duration is from 1 September 2005 to 28 

February 2010 (54 months). 

 

1.1 Dr Nikasô participation in FOREMOST 

The authorôs project at Imperial College London lasted 18 months, from 1 December 2005 to 31 

May 2007, although the total duration and funding available for the authorôs organization (Imperial 

College London) was for at least 3 years, with a budget of £209,000 to cover not only the salary of the 

author as Research Associate but also the costs of funding a research student, including the overheads 

of the hosting organization (Imperial College London).  

The authorôs project, which was supervised by Dr Richard Sayles, Reader in the Department of 

Mechanical Engineering (Tribology Group) at Imperial College London, involved theoretical 

modelling work in two work-packages (WP) of the project, namely WP 2.2 (rolling contacts) and 2.4 

(fretting contacts). During the authorôs time in FOREMOST, there were several annexes drafted by the 

FOREMOST coordinator (Tekniker) for the purposes of reporting to the European Union. Those 

included the authorôs original proposals for his participation in the project, in agreement with Dr 

Sayles who supervised the authorôs project and was leader in WP 2.2. Subsections 1.1.1 and 1.1.2 next 

in this report list the tasks included in the aforementioned work-packages and highlight the authorôs 

specific tasks in the frames of those. 

The original proposals were rather over-ambitious, which is partly explained by the size of the 

project and the great difficulty in co-ordinating so many partners from different organizations and 

countries. During the course of the project, the author realised the time constraints and difficulties in 

various aspects of the modelling work. Thus, the original targets were modified accordingly and 

emphasis was put on producing a model as thorough as possible given the time constraints. Some 

aspects of the original proposal for the theoretical model such as the inclusion of thermal and 

roughness effects in the model had to be left out, although they could still be provided by another 

model, already available in the authorôs Tribology Group at Imperial College London. In the end, 

basic Finite Element Models (FEM) were developed by the author for rolling and fretting contacts, as 

will be thoroughly presented later in this report. 

The theoretical work involved mathematical analysis and computational modelling (Finite Element 

Analysis and other contact mechanics analysis and computer programming) to study the tribological 

performance of rolling and fretting contacts of layered solids under dry and lubricated conditions. 

Briefly speaking, the tribological mapping involved the following tasks. 

¶ Contact and subsurface stress analysis of rolling and fretting contacts of layered solids.  

¶ Computation of frictional effects in dry and in simulated lubricated conditions.  

¶ Study of failure and reliability issues.  

¶ Indirect estimation of the fatigue life of the coated components and comparison of the coated and 

uncoated surfaces to highlight any improvements. 
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1.1.1 Annex for WP 2.2 

The latest annex before the authorôs project ended was drafted in September 2006. The part of it 

referring to WP 2.2 is shown in table 3 (edited by the author to iron out some language errors) where 

parts related to the authorôs specific project are highlighted in blue colour. 

 

Table 3 Description of WP 2.2 in the FOREMOST annex of 8-9-2006. Authorôs tasks highlighted 

in blue colour. 

Work-package number 2.2  Start date or starting event: month 7 

Work-package title: Tribological mapping for rolling contacts 

Type of activity: RTD 

Participant identification: Imperial College (WP leader) Tekniker  

 Person-months per participant from 

month 13 to month 30: 12 12 

Objectives 

¶ Experimental and theoretical definition of IFLM based parameter limits for rolling contacts. 

¶ Tribological performance mapping under dry and lubricated conditions. 

¶ Failure analysis of rolling contacts. 

Description of work 

To study and map the tribological behaviour of IFLM based materials in non-conformal, hard, rough, 

rolling contacts both experimentally and theoretically.  

Theoretical modelling work contributing to the overall definition of IFLM based parameter limits will 
encompass the following major aims. 

¶ Mechanical and thermomechanical stress analysis of coated, rough surfaces, giving predictions for 

three-dimensional subsurface stress fields. 

¶ Computation of frictional effects in dry and in some lubricated conditions. 

¶ Study of the failure risk based on the stress analysis and suitable fatigue and delamination failure 
criteria for the specific type of loading and materials involved. 

¶ Estimation of fatigue-life expectancy of the coated components and comparison of the coated and 
uncoated surfaces to highlight the improvement. 

These theoretical aspects will be largely the responsibility of Imperial College London. 
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Experimental and further work based on mapping tribological conditions will be undertaken on several 

aspects and employing several existing test rigs and facilities within the participating institution's 

laboratories, Tekniker and Imperial College London. These are summarised in detail as follows. 

TEKNIKER 

The ñFatigue resistanceò in rolling contacts of surfaces with IFLM coatings, will be studied through a 
ñball-on-rodò test machine where 3 balls roll on a rod until fatigue failure occurs (normally by pitting). 

Using 100 Cr6 steel balls and 63 HRC steel rods, test pressure is 2.5-3.5 GPa with a rolling speed of 4 

m/s. Under these conditions, these tests typically take about one or two weeks. 
 

IMPERIAL COLLEGE LONDON 

Experimental verification testing of frictional and tractional model predictions using rolling contact test 

equipment. This includes a line contact steel-on-steel disc machine, capable of very high contact 

pressures at typical rolling contact speeds. Also a PCS Instruments elastohydrodynamic rig exploiting a 
ball on flat disc-face contact geometry, the machine can be used with a coated glass flat disc specimen 

to facilitate optical microscopic observation of the contact/film area. All rigs have the ability to record 

friction. The data will be incorporated within the models developed and used as input, and for 
comparison with the fatigue results developed by Tekniker. 

 

Deliverables 

- Tribological performance mapping (pure rolling) for nano-composite materials containing 

IFLMs (first results at month 18, optimised at month 36) 

Typical rolling contact conditions, which are achievable on most of the test rigs proposed, are covered 

by the following specific range of overall test conditions which will form the core framework of all 
testing and analytical tribological mapping within this work-package. 

¶ Entrainment speeds of 0-10 m/s. 

¶ Contact pressures of  0-3.5 GPa. 

¶ Temperatures of up to 175 ̄C. 

Conditions outside this range are achievable on some rigs and will be explored where possible. Also a 

wider range of conditions can and will be considered within model analyses mapping. 

This mapping will include a model for three-dimensional subsurface stress analysis of coated, rough, 
surfaces in both dry, and some forms of lubricated contact. The model will also be capable of 

calculating friction and surface temperatures under operating conditions and will also offer an estimate 

of the life expectancy of the surfaces. 

Experimental deliverables in terms of performance mapping, will include tribological test results from 
the rigs described earlier, mapped out over a wide range of operational test conditions. These 

conditions will encompass changes in contact pressures, temperatures, lubricant/non-lubricant 

environment, and specimen material and roughness changes, which might interact with the IFLM 
based coatings. 

Results will be extensively analysed through comparisons of experimental and model predictions to 

identify the critical areas and relationships inherent in these IFLM based tribological interactions and, 
also, to offer an improved model base to aid future design needs based on the use of IFLM materials in 

rolling contacts. 
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1.1.2 Annex for WP 2.4 

The latest annex before the authorôs project ended was drafted in September 2006. The part of it 

referring to WP 2.4 is shown in table 4 (edited by the author to iron out some language errors) where 

parts related to the authorôs specific project are highlighted in blue colour. 

 

Table 4 Description of WP 2.4 in the FOREMOST annex of 8-9-2006. Authorôs tasks highlighted 

in blue colour. 

Work-package number 2.4 Start date or starting event: Month 7 

Work-package title: Tribological mapping of fretting contacts 

Type of activity: RTD 

Participant identification: RR (WP leader) Goodrich EADS Uppsala Imperial 

Person-months per participant 
from month 13 to month 30: 8  2   

Objectives 

To study the tribological behaviour of IFLM based coating materials in non-conformal, hard, smooth and 

rough, fretting contacts, both theoretically and experimentally.  
 

Description of work 

¶ Procure standard test pieces. 

¶ Perform standard RR fretting tests, i.e., 12 mm cylinder of 3 mm wide waisted plate tests for 

BS.S132, Ti6/4, Aermet 100 & BS.S95 with and without recommended fullerene coatings from WP 
1. 

¶ Perform standard RR spline fretting test using BS.S 132 samples. 

¶ Examination of life expectancy of the coated components in terms of wear and fretting life, and 

comparison of the coated and uncoated surfaces. 

¶ Establishment of the range of operating conditions where improvements are to be realized. 

¶ Measurement of surface texture and roughness properties used in the test pieces and evaluation of 

the contribution of surface texture. 

¶ Conduct visual examination and characterise results. 

¶ Compare with results of predicted fretting wear from modelling using existing ABAQUS techniques 

developed for RR at the University of Nottingham. 
This work will take place at the Rolls-Royce University Technology Centre, University of Nottingham.  

EADS will pre-test well adherent coatings with respect to wear on pin on disc tribometer, abrasive 

CaloWear and TaberAbraser. Subsequently, fretting test on a ring/ring tribometer at low pressures. 

Typical detrimental conditions at which measurements are taken are: 20 MPa, 25 Hz, 40 mm amplitude, 
room temperature. EADS has set up an internal research collaboration with experts in the field of 

fretting at University of Chemnitz. This will improve the quality on interpretation of results on fretting.  
 

The fretting tests will complete and reported out by Month 36 in a  report discussing the relative merits 

are various PVD/CVD coating recommended in WP 1 for application to typical aerospace materials. The 

report will tie in with results gained by Uppsala University and Imperial College London. The results on 
wear and fretting at different substrate materials and coatings will have been further investigated in 

component testing in WP 3.3. Conclusions from these reports will be the basis of standardised design 

practises within the collaborative partners for calling out the application of IFLMs within their product 
range. 
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Deliverables 

¶ Preliminary performance map for IFLM surfaces (month 18). 

¶ First outline for a model on three-dimensional subsurface stress adapted to fretting conditions (month 

18). 

¶ Test requirements document. 

¶ Test piece standard design and bill of material for standard fretting and spline fretting rigs. 

 
 

1.2 Specifications of testing equipment at Imperial College London (Tribology Group) 

In the early stages of the project, Professor Staffan Jacobson, one of the supervisors of the author 

in this project, requested a list of testing equipment available in the Tribology Group at Imperial 

College London in order to coordinate the experimental work in WP 2.2 of the project. The requested 

list was compiled by the present author with contribution from Dr Mathew Smeeth of PCS 

Instruments, a company that develops and supplies test rigs, located in England. The list that follows 

involves test rigs available in the Tribology Group and related to the work on rolling contact fatigue 

(WP 2.2) and fretting wear (WP 2.4), which the author reports on later in this report. 

 

1.2.1 High Frequency Reciprocating Rig (HFRR) 

The HFRR is a microprocessor-controlled reciprocating friction and wear test system, which 

provides a fast, repeatable assessment of the performance of fuels and lubricants. 

 

      

Fig. 2 High Frequency Reciprocating Rig. 

 

Table 5 Specifications of the High Frequency Reciprocating Rig. 

Contact geometry Circular contact 

Standard specimens and dimensions 
Upper: f 6.0 mm ball 

Lower: f 10.0 mm disc, 3.0 mm thick 

Specimen material (ball and disc) AISI 52100 bearing steel 

Specimen hardness 
Ball: Rockwell C 
Disc: 190-210 HV30 

Specimen average roughness 
Ball: Ra < 0.05 mm 

Disc: Ra < 0.02 mm 

Specimen material properties (estimated) 
Elastic modulus = 210 GPa 
Poissonôs ratio = 0.3 
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Load 0 to 1.0 kg with supplied weights 

Stroke length 20 mm to 2.0 mm 

Temperature control setting range 0 to 200 °C 

Frequency 10 to 200 Hz 

Maximum friction force (dependent on amplitude) 10.0 N maximum 

Specimen cost (standard specimen pack; includes 

100 balls and 100 discs). 
£444.50 

 

 

1.2.2 Mini Traction Machine (MTM)  

The MTM is a computer controlled, precision traction measurement instrument, which provides 

fully automated traction mapping of lubricants and other fluids. The machine simulates the lubrication 

regime found in non-conformal components such as cams, valve trains, gears and rolling element 

bearings. 

 

                 

Fig. 3 Mini Traction Machine. 

 

Table 6 Specifications of the Mini Traction Machine. 

Contact geometry Circular contact 

Standard specimens and dimensions 
Upper: f 3/4 inch, drilled, polished ball 

Lower: f 46 mm disc 

Specimen material (ball and disc) AISI 52100 bearing steel 

Specimen hardness 
Ball: 890-930 HV 
Disc: 720-760 HV 

Specimen roughness (ball and disc) Ra < 0.02 mm 

Specimen material properties (estimated) 
Elastic modulus = 210 GPa 

Poissonôs ratio = 0.3 

Load 
Standard: 0 to 75 N 

Optional: 0 to 125 N 

Speed 0 to 5 m/s 

Slide-roll ratio 0 to 100% 

Temperature range 
Standard: Ambient to 150 °C 

Optional (with cooler): 0 to 150 °C 

Contact pressure 
Standard: 0 to 1.25 GPa 
Optional: 0 to 1.5 GPa 

Specimen cost 
Ball: £8 

Disc: £8 

 



 17 

 

1.2.3 Micro Pitting Rig (MPR)  

Automated micro-pitting test rig, using the proven three point contact configuration. A 

single barrel specimen is used, allowing quicker and more accurate evaluation of test 

specimens. 10
6
 contact cycles/hour at 3.5 m/s. 

 

          

Fig. 4 Micro Pitting Rig. 

 

Table 7 Specifications of the Micro Pitting Rig. 

Contact geometry Line contact 

Standard specimens Three rollers against one barrel specimen 

Specimen dimensions These can vary 

Specimen material Varies; see below this table for typical cases 

Load 0 to 2000 N 

Speed 0 to 4 m/s, continuously variable 

Slide-roll ratio 0 to 200%, continuously variable 

Temperature range Ambient to 150 °C 

Contact pressure 0 to 3.2 GPa 

Specimen cost Depends on specimen requirements 

 

The typical material specifications of the rollers are as follows. 

¶ Manufacture from 16MNCR5, DIN 17210. 

¶ Gas carburize at 925 °C. 

¶ Surface carbon 0.75% minimum, 1.0% maximum. 

¶ Direct quench in oil, 0.9 mm case depth minimum, to 520 HV. 

¶ Temper within 2 hours of quenching at 250 °C maximum to obtain target hardness of 680 HV 

(hardness limits 660 and 700 HV). Grind outside diameter. 

¶ Finished average surface roughness to lie between 0.40 and 0.50 µm. Cut-off length 0.8 mm to BS 

1134. 

 

The typical material specifications of a barrel (ring) are as follows. 
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¶ Manufacture from 16MNCR5, DIN 17210. 

¶ Gas carburize at 925 °C. 

¶ Surface carbon 0.75% minimum, 1.0% maximum. 

¶ Direct quench in oil, 0.9 mm case depth minimum, to 520 HV. 

¶ Temper within 2 hours of quenching at 250 °C maximum to obtain target hardness of 750 HV 

(hardness limits 730 and 770 HV). Transversely grind outside diameter. 

¶ Finished average surface roughness to lie between 0.22 and 0.28 µm. Cut-off length 0.8 mm to BS 

1134. 

 

1.2.4 Elastohydrodynamic Ultra Thin Film Measurement System 

The Elastohydrodynamic Ultra Thin Film Measurement System is a computer controlled 

instrument for measuring the film thickness and traction coefficient of lubricants in the 

elastohydrodynamic lubricating regime. The instrument can measure lubricant film thickness down to 

1 nm with a precision of °1 nm. The instrument measures these lubricant properties in the contact 

formed between a steel ball and a rotating glass or steel disc. The contact pressures and shear rates in 

this contact are similar to those found in, for example, gears, rolling element bearings and cams. 

 

      

Fig. 5 Elastohydrodynamic Ultra Thin Film Measurement System. 

 

Table 8 Specifications of the Elastohydrodynamic Ultra Thin Film Measurement System. 

Contact geometry Circular contact 

Standard specimens and dimensions 
Upper: f 3/4 inch ball 

Lower: f 100 mm disc 

Specimen material 

Ball: AISI 52100 bearing steel. 

Disc: 

(a) For film thickness measurements: glass with 
chromium and silica coating on its working face. 

(b) For traction measurements: AISI 52100 bearing 

steel (polished). 

Load 0 to 50 N 

Speed 0 to 5 m/s 

Slide-roll ratio 0 to 100% 
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Temperature range 
Standard: Ambient to 150 °C 

With optional cooler: -10 to 150 °C 

Maximum contact pressure 
Using a steel disc: 1.1 GPa 

Using a glass disc: 0.7 GPa 

 

 

1.3 Application and tribology of surface coatings 

Surface coatings have found extensive use in modern machine elements. Depending on 

application, they can offer reduced friction and wear, and extend the life expectancy of components 

such as gears, bearings, seals, piston rings and cylinder liners, engine valves, turbine blades, electric 

contacts, etc. They range in thickness from a few nanometres to a few millimetres. They can be 

generally classified as hard and soft, usually in relation to the stiffness of their substrates, as well as 

thick and thin, usually in absolute terms; for example, a coating with sub-micrometre thickness is 

considered very thin whereas a coating with a thickness of over 500 micrometres can be considered 

thick. There is a large variety of coatings commercially available and yet more in development for 

applications with high loads, high temperatures (for example, of several hundred degrees Celsius), for 

protection against corrosion, oxidation, particle erosion, for added resistance to sliding or fretting wear 

or contact fatigue, in space and vacuum applications, etc. In terms of synthesis, coatings can be 

metallic (for example, chromium or nickel), ceramic, or polymeric (for example, blends of PTFE, 

polyphenele sulfide, polyimide, etc). There are also several deposition techniques of coatings such as 

thermal spraying, electrochemical deposition, physical and chemical vapour deposition, etc. A 

thorough presentation of these techniques and related issues can be found in section 13.3 of reference 

[1]. Detailed reviews of coating technologies and tribological properties, characterisation and 

mechanical analysis can also be found in references [2] (metallic and ceramic coatings) and [3] 

(coating composites). In fact, the literature contains a very large number of studies on these topics, 

published in scientific journals, including journals dedicated to this field of engineering, as well as 

conferences. 

The selection of the best coating and deposition technique is a specialised topic better left to 

experts as there are many criteria to be considered, depending on the engineering application in 

question and user requirements. For example, mechanical and tribological properties of the coatings 

and the materials to be coated have to be examined and matched for each application. Material 

properties such as hardness, elastic modulus, Poissonôs ratio, yield strength, fracture toughness, fatigue 

limit, resistance to wear, oxidation and corrosion, shear strength, tolerance to thermal shock and 

impact, etc, have to be taken into account. Given that the ultimate goal is always the extension of the 

service life of an engineering component beyond a desired limit, the issue of cost of the coating and its 

deposition technique must be balanced against the projected benefits, that is, there should be an 

optimisation process instead of simply opting for the ñbestò, which can often be uneconomical. An 

example of an application with high and complex demands is that of turbine blades for jet engines 
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where operating temperatures in excess of 800 C̄ are encountered. Issues pertaining to thermal shock, 

thermal cycling and stability, creep resistance, fatigue limits, corrosion and oxidation, are obviously of 

top priority, especially considering that human lives and high-cost equipment are at risk. Similarly 

important applications involve those related to extremely expensive space equipment, for example 

parts used in satellite mechanisms controlling the direction of solar panels. Issues related to fretting of 

electrical contacts in the latter case have proved very expensive in the past, for example when a 

satellite or space vehicle became uncontrollable and eventually destroyed, inducing huge cost, both 

financial and temporal (to replace equipment). These issues could be avoided by the use of suitable 

coatings. 

When selecting a suitable coating for a specific application, the important factors to be considered 

include the coating-to-substrate stiffness or hardness ratio, the thickness of the coating, the surface 

roughness of the substrate, the size, hardness and sharpness of any solid contaminants expected in the 

contact, the expected level of temperatures, as well as possible issues of corrosion or oxidation. 

Naturally, the contact kinematics are of primary importance and different coating requirements are 

recognised for static, rolling, sliding, and fretting contacts, because these are directly related to the 

level of tangential tractions, frictional heating, wear debris generation and chemical reactions between 

the cooperating surfaces. Moreover, it is widely recognised as product of extensive experience to date 

that a coating must always match its substrate for the given application, that is, based on the 

requirements of load-carrying capacity, friction coefficient, wear and life expectancy. Thus, there are 

two main categories to consider, namely a soft coating on a hard substrate and vice versa. 

For a soft coating on a hard substrate, the ploughing component of friction becomes important, 

particularly for thicker coatings; macro-mechanical friction will then be determined by the shear 

strength of the coating and the size of the contact area, which is further related to the stiffness of the 

substrate. Additionally, a soft coating is compliant, alleviating the contact pressure concentration by 

giving a flatter pressure on the surface. 

For a hard coating on a soft substrate, the ploughing component of friction from the coating is 

reduced, yet at the same time increased by the compliance of the substrate. If the coating thickness is 

greater than the depth of the location of the maximum shear stress or the maximum Mises (effective) 

stress, the coating will protect the substrate by cracking or yielding before the substrate. On the other 

hand, a stiff and thin coating can spread the contact load over a larger area on the substrate, effectively 

reducing the maximum stress. The higher shear strength of the coating can also result in higher friction 

in sliding contacts. The deflection of the substrate will also influence the contact size and, as a result, 

the level of average stress in the contact. Furthermore, given the relatively high hardness of the 

coating, cracks may be developed, particularly under conditions of cyclic loading, and coating 

delamination may follow. The latter is more obvious when there is significant mismatch in the 

material properties at the coating-substrate interface and resulting stress concentration there, for 

example, when there is a significant difference in the Poissonôs ratios of the coating and the substrate 
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or when the materials exhibit high anisotropy and the supported load is relatively high. Such effects 

are clearly influenced by the strength of the bond between coating and substrate, which is a function 

not only of the deposition technique but also of the surface roughness of the substrate and the 

thickness of the coating. 

One of the main criteria in evaluating a coating for a particular application is of course the fatigue 

life of the coating. It can be easily realised that there is a difference in the fatigue life between thin and 

thick coatings because of the magnitude of the bending stresses developed on the coating in each case. 

For similar loading conditions, a thicker coating will experience higher bending stress. If cracks are 

developed, they will propagate under conditions of repeated loading and the coating will eventually 

fail from contact fatigue. Thus, thinner, hard coatings can have significantly longer fatigue life from 

thicker ones under the same operating conditions. However, there are other issues to consider, 

especially when the coating thickness is comparable to the size of roughness asperities of the 

cooperating surface. In the latter case, as is known from the Hertzian contact mechanics of elastic 

solids (see for example reference [4]), the maximum shear stress in roughness asperity micro-contacts 

is located at a depth equal to about half the contact size of the micro-contacts below the surface of the 

coating and, if that means that the maximum shear stress is in close proximity to the coating-substrate 

interface, the bonding strength of the coating to the substrate is, obviously, of critical importance to 

overcome the associated stress concentration. Therefore, the design and application of hard coatings 

must be such as to avoid stress maxima within their body and, ideally, direct them deeply, inside the 

bulk material of the substrate. On the other hand, if the coating or surface film is to act sacrificially in 

order to prevent the development of plastic strains in the substrate, then, obviously, the coating should 

be engineered such that stress maxima are encountered in its body instead of in the substrate. Thus, 

depending on application, it may be desirable to have multilayer coatings to achieve either stress 

diffusion or crack re-direction or prevention altogether; it may also be beneficial to have individual 

layers offering specific physical properties such as, for example, low thermal conductivity to act as 

thermal insulator. The same or even better results can also be achieved by using functionally graded 

coatings, where the change in material properties with depth from the surface is continuous instead of 

discrete as in the case of multilayer coatings. With such combinations, ñintelligentò coatings can be 

constructed to satisfy specific requirements and, thus, offer tailor-made, optimised performance. For 

further information, the reader is directed to reference [2]. 

 

1.4 Contact mechanics of layered solids 

The stress analysis of layered solids in concentrated contact is a difficult topic in contact 

mechanics. The difficulty is related to the nonlinear and complex equations governing the stress-strain 

behaviour of such solids in general loading and with general boundary conditions, given that the 

mechanical properties of the layers are different than those of the substrate. This precludes analytical 

solutions in all but the simplest of cases, requiring restrictive assumptions on the stress-strain laws of 
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the layered solids to produce explicit, closed-form solutions. In section 5.8 of his book, Johnson [4] 

presents such simple cases, which, nevertheless, are very useful in validating numerical solutions of 

more complicated problems. As the study of the contact mechanics of layered solids is at least six 

decades old and, given the great interest on the development of surface coatings to prolong the service 

life of machine elements in modern, demanding applications, there is now a large number of studies 

accumulated in the literature, which are getting progressively more sophisticated and thorough. Using 

advanced mathematical tools such as integral transforms (Fourier, Hankel), Finite Element Analysis 

(FEA) and the Boundary Element Method (BEM) in conjunction with powerful modern computers, 

problems which were impossible to solve in the past have now been thoroughly analysed. 

One of the earliest studies on the mechanics of layered solids is that of Burmister [5] in 1945 on 

the general stress-strain theory of layered systems. His study, which was about a two-layer system 

(single-layer solids) subjected to axisymmetric surface loading and based on the linear theory of 

elasticity, was fuelled by the urgent needs for improved material performance in an era of war. 

Subsequent studies improved upon the earlier models by adding elements, removing restrictive 

assumptions and utilising new computational tools, especially after the dawn of the computer era. 

Other important and widely cited studies are mentioned next for the sake of a brief review but it 

should be emphasised that the number of related studies in the literature is very large indeed and 

impossible to adequately discuss in this report. 

Barovich et al. [6] in 1964 used integral transform methods to calculate stresses generated from 

surface loading of a layered solid. A similar study was presented by Chen [7] in 1971. Chen and Engel 

[8] in 1972 applied the Hankel transform method to solve the problem of an axisymmetric, parabolic 

punch on a layered medium. The problem of an axisymmetric punch of arbitrary profile in contact 

with a thick elastic layer was treated by Dhaliwal and Rau [9] in 1970. Gupta and Walowit [10] in 

1974 used the Fourier transform to analyse layered solids, approximating the traction profile by point 

forces; they analysed cases in plane strain under both normal and tangential loading. Kennedy and 

Ling [11], also in 1974, analysed the indentation of a thin, elastoplastic coating by a rigid sphere via 

FEA. Chiu and Hartnett [12] in 1983 used a piecewise uniform pressure distribution to approximate 

the contact pressure in their numerical analysis of layered media, which, in theory at least, is more 

accurate than the approximation used in reference [10] (that is, point forces). King [13] (1987) 

analysed the normal contact layered isotropic solids and dealt with the effective elastic modulus of a 

layered medium. In a highly cited study, King and OôSullivan [14] in 1987 extended the work of Chen 

and Engel [8] to sliding contacts in two dimensions and, the following year (1988), to three 

dimensional contacts [15].  

With the availability and progress of personal computers in the second half of the 1980s, the Finite 

Element method was used in more and more studies, giving greater flexibility and accuracy in 

complex problems. Bhattacharya and Nix [16] in 1988 used FEA to simulate indentation experiments. 

Komvopoulos [17], also in 1988, used FEA to analyse the plane-strain, normal contact problem of a  
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rigid sphere on a layered elastic solid. The restrictions of rigid surfaces or elastic solids were gradually 

lifted in later, more advanced FEA studies, which dealt with, not only two-dimensional, but also three-

dimensional contacts; for example, Komvopoulos [18] (1989), Tian and Saka [19] (1991), 

Montmitonnet et al. [20] (1993), Wang and Bangert [21] (1993), Kral and Komvopoulos [22, 23] 

(1995) and [24, 25] (1996), Lovell et al. [26, 27] (1997), Wong et al. [28] (1997), Sen et al. [29] 

(1998), Jiang et al. [30] (2002), Xu and Jiang [31] (2002), and Ye and Komvopoulos [32] (2003). 

Using advanced numerical models, many researchers have dealt with aspects adding engineering 

realism and reflecting upon modern trends in coatings technology. For example, anisotropic (usually 

transversely isotropic) coatings have many applications and have been modelled by (among others) 

Kuo and Keer [33] (1992), Ovaert [34] (1993), Lovell [35] (1998) and [36] (1999), Morrow and 

Lovell [37] (1999), Morrow et al. [38] (2001), and Lovell and Morrow [39] (2006). Surface roughness 

effects in coatings were modelled by Kannel and Dow [40] (1985), Sainsot [41] (1989), Merriman and 

Kannel [42] (1989), Cole and Sayles [43] (1992), Kadiric et al. [44] (2003), Cai and Bhushan [45] 

(2005) and [46] (2006), and, for fractal topographies, by Komvopoulos and Ye [47] (2001). 

Thermomechanical effects have been incorporated in models by Leroy et al. [48] (1989) and [49] 

(1990), Ye and Komvopoulos [50] (2003), and Gong and Komvopoulos [51] (2004). Multilayered 

coatings have been modelled in Djabella and Arnell [52] (1993), Cai and Bhushan [45] (2005) and 

[46] (2006); it is also interesting to note that such studies have been extended to cover not only 

discrete layers but functionally graded materials as well, as for example in Stephens et al. [53] (2000). 

In recent studies, the effects of macro-geometrical features or patterns have also been modelled using 

FEA as in Gong and Komvopoulos [54] (2003) and [51] (2004). Other modelling features have also 

been incorporated in FEA; for example, Naghieh et al. [55] (1999) included viscoelastic layered 

solids, Yang and Komvopoulos [56] (2004) studied dynamic indentation effects, Ye and Komvopoulos 

[57] (2003) studied residual stress effects. Ultimately, the life of coatings is of paramount importance; 

thus, several theoretical studies have dealt with the life expectancy, including delamination, 

debonding, fracture and fatigue of coatings, for example, Oliveira and Bower [58] (1996), Sarma and 

Mayuram [59] (2000), Aslantas and Tasgetiren [60] (2002), Stewart and Ahmed [61] (2002), and 

Bansal et al. [62] (2006). The study of coatings in lubricated conditions is also of great importance; 

some notable modelling work in this field has been completed by Elsharkawy et al. [63] (2006) and 

Fujino et al. [64] (2007). 

Apart from the usual FEA of coatings, analytical or numerical methods for some relatively simple 

cases have also been published. Analytical equations are useful in validating numerical results; on the 

other hand, numerical methods other than FEA or BEM offer alternatives that may be simpler and 

save time or avoid the cost of licensing expensive FEA software. Notable studies here include those 

listed in section 5.8 of Johnsonôs book [4], as well as the papers of Polonsky et al. [65] (1997), 

Polonsky and Keer [66] (2000), Da Silva Botelho et al. [67] (2005), and Liu et al. [68] (2005) where 

an extension of the plane-strain Hertz theory to coated surfaces is postulated. Finally, a review of the 
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friction and wear of coated surfaces has been published by Holmberg et al. [69] (2007), which is a 

good source of general information. 

 

2. Tribological mapping of rolling contacts (WP 2.2) 

Imperial College London was the leader in WP 2.2. In the 18-month duration of his project, the 

author submitted three individual progress reports on his modelling work in WP 2.2 to the partners of 

the project. These can be found in appendices A1 to A3. 

One of the project partners that could benefit from the modelling work in this work-package was 

Fatronik in Spain. Two of Fatronikôs applications are related to rolling contacts, namely Linear 

Guidance Systems and Ball Screw Drives. Both were considered as suitable applications for FEA 

though only the Linear Guidance System was eventually modelled because of the time constraints in 

the project, as it was a two-dimensional problem and the Ball Screw Drive required a three-

dimensional analysis. 

 

 

Fig. 6 Fatronikôs Linear Guidance System. 

 

The basic rolling elements in Fatronikôs Linear Guidance System (Fig. 6) are cylindrical rollers, 

which are re-circulated on precision ground raceways and support a carriage made of hardened steel. 

The rollers have rounded edges to prevent stress concentration. The average roughness of the 

raceways is 1.6 mm. The rolling elements are lubricated with either oil or grease. The rolling friction 

Guideway. 

Material: hardened steel. 

Carriage with a full 

cylindrical roller system. 

Material: hardened steel. 

Lubrication nipple and oil 

connector. Lubrication can 

be carried out from the side, 

from the end or from above 

via the end piece. 

Cylindrical roller 

system located (or 

not) in a plastic chain. 

Plastic closing plugs to close 

off the fixing holes of the 
guideways. 

Sealing elements to retain 

the lubricant and to avoid 

dirty particles going inside 

the roller system. 
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coefficient is in the order of 0.002 to 0.004. This system offers rigidity and has a high load carrying 

capacity. It is suitable for accelerations of up to 100 m/s
2
, speeds of up to 180 m/min and operating 

temperatures from ï10 to +100 °C. 

 

      

 

Fig. 7 Elements of Fatronikôs Ball Screw Drive. 

 

The other potential application of Fatronik is Ball Screw Drives (Fig. 7). These can be used in 

actuators to replace conventional screws and offer high accuracy, rigidity, smooth operation and high 

efficiency. Above all, they offer substantially lower friction because their friction is of the rolling type 

as opposed to conventional screws, whose friction of the sliding type. The typical friction coefficient 

varies between 0.003 and 0.01. The main elements are made of hardened steel and are lubricated with 

either oil or grease. 

 Both applications described in this section could benefit from surface coatings to further reduce 

friction, reduce noise during operation and, more importantly, prolong their life expectancy for the 

same load carrying capacity. From a mechanical analysis perspective, the Linear Guidance System 

involves the contact between cylindrical rollers on flat raceways; therefore, this is a contact mechanics 

problem of a line contact and can be analysed with a plane-strain assumption (two dimensional 

analysis). The Ball Screw Drive on the other hand involves the contact between balls and curved 

raceways; therefore, this is a contact mechanics problem of an elliptical contact and must be analysed 

with a three-dimensional model. Obviously, the latter is much more time consuming and 

computationally demanding. Thus, it was decided to concentrate on the FEA of the Linear-Guidance-

System-type contact. 
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2.1 Finite Element Analysis of coated surfaces in rolling, line contact 

 Fatronikôs Linear Guidance System was chosen as the most suitable application for the 

development of a Finite Element Model (FEM) for the study of coated surfaces in rolling contact. 

Figure 8 shows the basic geometry of the contacting elements in Fatronikôs system. 

 

 

Fig. 8 Rollers on raceways in Fatronikôs Linear Guidance System. 

 

The contact between a roller and its raceway as in Fig. 8 is modelled in this section using the 

commercial FEA software ADINA, version 8.4.1. Both the roller and the raceway/substrate are 

assumed coated with thin metallic films. A schematic of the FEM is shown in Fig. 9. 

 

 

Fig. 9 Finite Element Model of coated cylinder on coated substrate (not to scale). 

 

In Fig. 9, label ñPò (as in P1, P2 etc) stands for point and label ñLò stands for line. Roller 

P12P13P14P15P12 of diameter (d + 2h2) has a coating P16P17P18P19P16 of thickness h2. The substrate 
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P1P2P5P4P1 of length 4d and height (2d + h1) has a coating P2P3P6P5P2 of thickness h1. A rigid line L8 is 

located on top of and tangentially to the roller. A Cartesian coordinate system P1XYZ is located on the 

bottom left corner of the substrate with axis P1X perpendicular to the YZ plane. 

 

2.1.1 Finite Element Model geometry and dimensions 

Based on the coordinate system in Fig. 9, there are 23 points and 34 lines defined. The point 

coordinates are shown in table 9 and the lines are defined as explained in table 10. The diameter of the 

roller is d = 10 mm. The thickness of the substrate coating is given the following values: h1 = 0, 5, 20 

and 50 Õm. Case ñh1 = 0ò (uncoated substrate) is emulated by setting h1 = 5 µm in the FEM and the 

ñcoatingò having the same material properties as the substrate. The thickness of the roller coating was 

kept constant at h2 = 5 µm. 

 

Table 9 Coordinates of the geometrical points of the FEM (Fig. 9). 

Point Y-coordinate Z-coordinate Point Y-coordinate Z-coordinate 

1 0 0 15 3d/2 5d/2 + h1 + h2 

2 0 2d 16 2d 2d + h1 

3 0 2d + h1 17 5d/2 + h2 5d/2 + h1 + h2 

4 4d 0 18 2d 3d + h1 + 2h2 

5 4d 2d 19 3d/2 ï h2 5d/2 + h1 + h2 

6 4d 2d + h1 20 3d/2 ï h2 2d + h1 

7 2d 5d/2 + h1 + h2 21 3d/2 ï h2 2d 

8 3d/2 3d + h1 + 2h2 22 5d/2 + h2 2d + h1 

9 5d/2 3d + h1 + 2h2 23 5d/2 + h2 2d 

12 2d 2d + h1 + h2 24 3d/2 ï h2 0 

13 5d/2 5d/2 + h1 + h2 25 5d/2 + h2 0 

14 2d 3d + h1 + h2    

 

Table 10 Geometrical lines of the FEM (Fig. 9). All arcs are centred on point P7. 

Line Type Point 1 Point 2 Line Type Point 1 Point 2 

1 Straight 1 2 21 Arc 16 17 

2 Straight 2 3 22 Arc 14 13 

3 Straight 4 5 23 Arc 18 17 

4 Straight 5 6 24 Arc 14 15 

5 Straight 24 25 25 Arc 18 19 

6 Straight 21 23 26 Arc 12 15 

7 Straight 20 22 27 Arc 16 19 

8 Straight 8 9 28 Straight 20 3 

12 Straight 12 16 29 Straight 21 2 

13 Straight 13 17 30 Straight 22 6 

14 Straight 14 18 31 Straight 23 5 

15 Straight 15 19 32 Straight 24 1 

16 Straight 7 15 33 Straight 25 4 

17 Straight 7 13 34 Straight 20 21 

18 Straight 7 12 35 Straight 22 23 

19 Straight 7 14 36 Straight 21 24 

20 Arc 12 13 37 Straight 23 25 
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2.1.2 Boundary conditions 

The analysis refers to the contact of a solid, circular cylinder with a flat substrate. It is two-

dimensional and plane-strain conditions are assumed. Master degrees of freedom that are fixed are the 

X-translation and all rotations (X, Y and Z). The Z-translation of the bottom of the substrate is fixed 

(lines 32, 5 and 33). The Y-translation of the left side of the substrate (lines 1 and 2) is fixed. Finally, 

to avoid any instability in the model during loading, the centre of the roller (point P7) is connected to 

ground with a soft spring and this linear element has a stiffness of 10
-11

. 

 

2.1.3 Materials 

The substrate, roller and both coatings are all assumed to be linearly elastic solids. The elastic 

moduli of the substrate and the roller are assumed equal to 207 GPa. Three values of the elastic 

modulus of the coatings are used in the analysis, namely 180, 207 and 240 GPa. The Poissonôs ratio is 

set equal to 0.3 for all materials. 

 

2.1.4 Loading 

A prescribed vertical (downward) displacement of 1 mm is applied to line L8 to compress the roller 

on the substrate. The selection of this value is intentional to give a maximum contact pressure on the 

substrate in the order of 0.5 GPa, which is typical of engineering components and concentrated 

contacts of this type. The vertical displacement is followed by the application of a uniformly 

distributed, horizontal force F on the axis of the roller. In the plane-strain FEM, this is achieved by 

applying a horizontal force on point P7. The application of the two generalised loads is achieved by 

using two time functions, leaving enough time between loading such that the loading can be assumed 

quasi-static. 

Three values are used for the horizontal force, namely F = 0, 50 and 150 N/m. The horizontal load 

is applied to introduce tangential loading to the roller-substrate contact and emulate rolling conditions 

in this static contact. Given the aforementioned values of force F and based on the computed resultant 

vertical force exerted to the roller via the prescribed displacement of line L8, this arrangement gives 

effective rolling friction coefficients between 0 and 0.1. Dry and lubricated contact conditions are 

emulated this way. With this type of simulation, rolling friction can be studied via this quasi-static 

analysis instead of a (correct) dynamic analysis, that is, without having to simulate transient conditions 

of a moving roller, which would require denser FEM mesh and more computational time. 

Furthermore, this arrangement is suitable for conditions similar to acceleration or deceleration (driving 

or driven wheel), for example, during train wheel braking. It is realised that the discussed kinematical 

conditions are not precisely replicated in the present analysis but then the present analysis is intended 

to draw rather general conclusions for as wider operating conditions as possible and not specialised 

conclusions for specific applications. 
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2.1.5 Finite Element Model mesh and other details 

The solids are assumed smooth, that is, surface roughness effects are ignored. This is done as a 

first approximation. The modelling of surface roughness is complicated in that a very dense finite 

element mesh is required near the surface to properly discretise topography features, namely 

roughness asperities and valleys. A study by Ås et al. [70] revealed the great number of finite elements 

required (about 1 million degrees of freedom for a typical, two-dimensional roughness profile) to 

properly digitise roughness in contact fatigue calculations. Apart from the great number of elements 

required, a realistic surface roughness analysis requires the use of nonlinear elasticity and plasticity 

models. This means that the FEA of roughness features adds significant complexity to a model. Hence, 

it has been left out of the present, fundamental study of surface coatings. Once an FEM has been 

developed and validated for smooth contacts, it could be expanded with additional features. 

Despite the fact that surface roughness has been ignored in the present model, the thickness of the 

surface coatings used, namely 5, 20 and 50 mm, demands a dense finite element mesh near the coatings 

to capture stress concentrations and gradients affecting mechanical performance. To keep the number 

of elements as low as possible, the finite element mesh is intelligently constructed to be dense in the 

areas of interest and coarse in areas where accuracy is of less importance, such that computational 

speed is not compromised.  

In order to vary the mesh density in selected areas, making the mesh denser where needed and 

coarser in other regions to reduce the number of elements and computational time accordingly, 14 

surfaces were defined in the FEM. This now explains the large number of lines defined in the FEM 

(see Fig. 9 and table 10). By selectively subdividing the lines and surfaces, based on various rules 

available in ADINA, the mesh density is varied accordingly. Table 11 lists the aforementioned 

surfaces, their type and the way they have been defined in the FEM. 

 

Table 11 Geometrical surfaces of the FEM (Fig. 9). 

 Bounding lines Vertices 

Surface Type Line 1 Line 2 Line 3 Line 4 Point 1 Point 2 Point 3 Point 4 

1 Patch 2 28 34 29     

2 Patch 34 7 35 6 

3 Patch 35 30 4 31 

4 Patch 1 29 36 32 

5 Patch 36 6 37 5 

6 Patch 37 31 3 33 

7 Patch 14 23 13 22 

8 Patch 13 21 12 20 

9 Patch 12 27 15 26 

10 Patch 15 25 14 24 

11 Vertex  7 14 13 7 

12 Vertex  7 13 12 7 

13 Vertex  7 12 15 7 

14 Vertex  7 15 14 7 
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There are 5 element groups in the FEM with about 21,000 to 33,000 two-dimensional, solid, 9-

node finite elements. They are as follows. 

¶ Element group of the substrate (excluding its coating), consisting of surfaces 4, 5 and 6. There are 

10,532 finite elements in this group plus 1,300 elements when there is no coating. 

¶ Element group for the roller (excluding its coating), consisting of surfaces 11, 12, 13 and 14. There 

are 7,584 elements in this group. 

¶ Element group for the coating of the roller, consisting of surfaces 7, 8, 9 and 10. There are 1,500 

elements in this group. 

¶ Element group for the coating of the substrate, consisting of surfaces 1, 2 and 3. There are 1,300 

elements for the 5 mm coating, 5,200 elements for the 20 mm coating and 13,000 elements for the 

50 mm coating. The thickness (or height) of an element in this group is 1 mm. 

¶ Finally, there is an element group with 1 spring element for the soft spring connecting the roller to 

ground (as explained in section 2.1.2). 

 

A group outline of the FEM is shown in Fig. 10 with the line subdivisions and boundary 

conditions. 

 

 

Fig. 10  Group outline of the FEM (rolling) with line subdivisions and boundary conditions. 

 

 

 



 31 

 

For the solution of the contact problem, three contact surfaces have been defined in the FEM. 

These are as follows (see also Fig. 9). 

¶ Contact surface 1: coating of the roller, with boundary lines 21, 23, 25 and 27. 

¶ Contact surface 2: line 7 (top of the substrate coating under the roller). 

¶ Contact surface 3: line 8 (line on top of the roller). 

There are also two contact pairs. The first pair is formed by contact surface 1, which is the 

contactor, and contact surface 2, which is the target. The second contact pair is formed by contact 

surface 1, which is the contactor, and contact surface 3, which is the target. 

A macroscopic view of the FEM mesh, including the loads, is shown in Fig. 11, followed by a 

magnified view of the FEM mesh of the roller in Fig. 12. 

 

 

Fig. 11  Example of the finite element mesh of the model (rolling). 
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Fig. 12  Finite element mesh for the roller. 

 

A magnified view of the mesh of the two coatings in the contact zone of the roller with the substrate is 

shown in Fig. 13. The roller coating is depicted in light blue colour and the substrate coating in red. 

              

             Fig. 13  Magnified view of the FEM mesh in the roller-substrate contact. 

 

Finally, in regards to the kinematics of the FEM, the small displacement and small strain 

formulation was used. In regards to the contact algorithm, the default in ADINA, namely the 

ñconstraint functionò algorithm with the large contact displacement formulation was used. The 
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equations were solved by a sparse equation solver, applying a full Newton-method iteration scheme. 

The convergence criteria were energy and force. Other convergence criteria available in ADINA such 

as energy, force, energy and displacement, and displacement were tested but no noticeable change was 

observed. For the selected convergence criteria, the tolerances suggested by default in ADINA were 

eventually used, although the author did many tests with other values to check the convergence 

behaviour before deciding which to choose. 

 

2.1.6 Validation of the Finite Element Model 

There are very few analytical solutions for layered contact problems and those are usually based 

on very restrictive or unrealistic assumptions. For example, in section 5.8 of Johnsonôs book [4], the 

contact pressure for the case of an elastic layer bonded to a rigid substrate and loaded normally by a 

rigid cylinder, assuming plane-strain conditions, is given explicitly by an algebraic equation (Eq. 

(5.73) in reference [4]). However, the assumption of rigidity for the substrate and indenting cylinder is 

either very restrictive or unrealistic, depending on application. 

The author explored various avenues to find a suitable analytical solution for the purpose of 

validating the FEA results. As is usually the case in the literature, layered solids are envisaged linearly 

elastic and the coatings having the same material properties (elastic modulus and Poissonôs ratio) as 

the substrates; thus, it may be suitable to compare results with those predicted by the Hertzian theory 

[4] for the case of normal loading (that is, neglecting any tangential forces). In the present case (Fig. 9) 

and as plane-strain conditions have been assumed, it would be obvious to compare results with those 

predicted by the Hertzian analysis of a solid cylinder in contact with an elastic half-space under 

normal load. However, the cylinder in Fig. 9 is actually compressed on the coated substrate by a rigid 

upper solid (line 8 of the FEM in Fig. 9). Moreover, the substrate is of finite dimensions (although 

much larger as compared with the typical contact size), therefore treating it as a half-space involves 

some error. This type of contact problem is actually characterised as non-Hertzian and is discussed in 

section 5.6 of Johnsonôs book [4], where analytical equations are derived for the normal contact of an 

elastic cylinder compressed between two other elastic cylinders. The aforementioned analysis can be 

adapted to the present problem and offer a suitable means of validating the FEA results. 

According to the analysis quoted in section 5.6 of reference [4] for the three-cylinder, normal 

contact problem, the compression d of the middle cylinder is given by 
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where P is the normal load per unit length of the cylinders, E, n and R, are the elastic modulus, 

Poissonôs ratio and radius of the middle cylinder, respectively, and a1 and a2 are the semi-widths of the 

upper-middle and middle-lower cylinder contacts, respectively, which are given by the Hertzian theory 

as follows (Johnson [4], Eq. (5.53)): 
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Ei and ni (i = 1, 2) being the elastic modulus and the Poissonôs ratio, respectively, of the upper and 

lower cylinder. Substituting a1 and a2 from Eq. (2) into Eq. (1), the following equation is derived: 
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Equation (4) is a non-linear, algebraic equation, and is solved numerically for the unknown load P, 

given the compression d. Once the load has been calculated, the semi-width of the middle-lower 

cylinder contact is calculated from Eq. (2). Then, the maximum pressure (normal stress szz) of the said 

contact is calculated from the Hertzian theory (see Eq. (5.52) in Johnson [4]): 

2

max
ˊ

2

a

P
p =                                                                                                                                            (5) 

A computer program to calculate the maximum contact pressures (pmax) and sizes a1 and a2 was 

compiled in FORTRAN. The program can be found in appendix A4. 

 Validation of the FEM can now proceed by assuming that the roller and the substrate coatings 

have the same material properties as those of their hosts. Thus, assume that all solids and coatings 

have elastic modulus of 207 GPa and Poissonôs ratio of 0.3. On the other hand, the analytical 

equations of this section are applicable to the contact problem of Fig. 9 by setting E1 = 10
20

 GPa 

(practically infinite modulus to simulate the upper, rigid solid of the FEM), E = E2 = 207 GPa, n1 = 

0.49999 (practically incompressible material to simulate the upper, rigid solid of the FEM), n = n2 = 

0.3, R1 = R2 = 10
20

 mm (practically infinite radii of curvature to simulate the flat upper and lower 

solids in the FEM) and R = 5.005 mm. Table 12 presents the FEA and analytical results for the 

maximum contact pressure at the roller-substrate contact, using the 5 mm substrate coating for 

reference. It is noted that the comparison results for the thicker substrate coatings (20 and 50 mm) are 

the same because the density of finite elements in the horizontal (Y) direction is not altered; only the 

density in the vertical direction (Z) is increased for the thicker coatings. 

As is clear from table 12, the maximum difference in pmax between the analytical solution and the 

FEA results is less than 3% for the broad range of compressions used in the comparison. For the 

compression used in all calculations presented in the parametric analysis later in this report, namely 

for d = 1 mm, the difference in pmax is 2.4%. Given the approximate nature of the analytical solution 

and the complexity of the FEM, the observed differences are considered acceptable and the FEA 

precision satisfactory. It should be noted that the validation involved other steps as well, including 
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changing the mesh densities, the type of analysis (plane strain or axisymmetric), the type of solid finite 

elements (for example, 4-node, 8-node, 9-node) etc. Moreover, the best options suggested by the 

Finite Element program, ADINA, for the this type of contact mechanics problem were used in order to 

improve the precision of the analysis as much as possible. 

 

Table 12 Comparison of the FEA and analytical results at the roller-substrate contact. 

Compression 

d [mm] 

pmax [MPa] 

Analytical solution, Eq. (5) 

pmax [MPa] 

FEA 

Difference 

( )

( ) 1001
FEA

max

(5) Eq.

max ³-
p

p
 [%] 

0.2 -195.968 -190.897 2.6 

0.4 -285.206 -280.152 1.8 

0.6 -355.524 -358.533 0.8 

0.8 -415.872 -423.936 1.9 

1.0 -469.773 -481.425 2.4 

1.5 -586.581 -603.181 2.8 

 

2.2 Parametric study 

Based on the previously described finite element model, a thorough parametric study was 

conducted. Details were given in previous sections but they are summarized here for the sake of 

clarity. 

¶ Thickness of the substrate coating: h1 = 0, 5, 20 and 50 µm. 

¶ Thickness of the roller coating: h2 = 5 µm. 

¶ Elastic moduli of both coatings: 180, 207 and 240 GPa. 

¶ Elastic modulus of the substrate: 207 GPa. 

¶ Coulomb friction coefficients of both coatings: 0, 0.05, 0.10. 

¶ Horizontal force F applied to the roller to simulate varying rolling friction coefficients µR ; F = 0, 

50 and 150 N/m. This gives 0 ¢ µR < 0.1, approximately. Dry and lubricated contact conditions are 

simulated this way. 

 

Results were derived for all possible combinations of the previously listed parameters and 90 

graphs prepared for a performance evaluation based on three stress components in the substrate: 

(a) the maximum normal stress szz; 

(b) the maximum and the average effective (von Mises) stress or octahedral shear stress; 

(c) the maximum shear stress. 

All results refer to the contact between the roller and the substrate. 
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2.2.1 Effect of the elastic modulus of the coatings on the maximum absolute stress szz 

The maximum absolute normal stress szz plays an important role in contact fatigue and fracture of 

the coatings. Figure 14 shows the effect of the elastic modulus of the coatings on the maximum 

absolute normal stress szz in the substrate for all coating thicknesses and friction coefficients, when the 

horizontal force is F = 0. 
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Fig. 14 Effect of the elastic modulus of the coatings on the maximum zzs  for all coating 

thicknesses and friction coefficients, when the horizontal force is zero. 

 

As the horizontal force is zero, Fig. 14 refers to pure normal loading. In the range of variation of the 

elastic modulus, it is observed that the maximum absolute stress szz shows a linear increase with the 

elastic modulus and is located on the surface. The maximum stress is higher for stiffer and thicker 

coatings; it is lower for less stiff and thicker coatings. The effect of the Coulomb friction coefficient is 

not noticeable because there is no tangential loading involved in this case (F = 0). If the coatings have 

the same elastic modulus as the substrate and roller (207 GPa), then, regardless of coating thickness, 
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the stress is the same (see dashed line in the diagrams). This is a clear indication of the precision of the 

FEA. It is also observed in Fig. 14 that the effect of the elastic modulus on the maximum stress is 

rather significant and the same can be said for the effect of the coating thickness. For example, the 

maximum stress for the 50 mm and 240 GPa coatings is about 8% higher than the stress for the 50 mm 

and 180 GPa coatings. The differences are proportionately greater for stiffer or less stiff coatings. 

 Figure 15 next shows the results when a horizontal force of 50 N is applied to the roller. 
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Fig. 15 Effect of the elastic modulus of the coatings on the maximum zzs  for all coating 

thicknesses and friction coefficients, when the horizontal force is 50 N. 

 

The trend of the results is the same as in Fig. 14, thus the same conclusions apply here as well. The 

application of a 50 N horizontal force in this case has increased the maximum stress, as is realised by 

comparing figures 14 and 15. The Coulomb friction coefficients have a weak effect, which is clearer to 

see in other figures later in this report. 

 Figure 16 next shows the results when the horizontal force is increased to 150 N. The general trend 

of the results is the same as in figures 14 and 15, thus the same conclusions apply here as well. The 
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application of a 150 N horizontal force in this case has increased the maximum stress further, as is 

realised by comparing figures 15 and 16. However, it is interesting to see that the highest stress is 

encountered in the frictionless contact case. It appears that the tangential loading is relieving some 

stress and this effect is absent or much weaker in the case of the frictionless contact. 
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Fig. 16 Effect of the elastic modulus of the coatings on the maximum zzs  for all coating 

thicknesses and friction coefficients, when the horizontal force is 150 N. 

 

2.2.2 Effect of the elastic modulus of the coatings on the maximum effective stress 

The effective (von Mises) stress is normally defined as follows: 

( ) ( ) ( ) ( )[ ]21 
2222 2 2 
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2
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zxyzxyxxzzzzyyyyxx tttsssssss +++-+-+-=                                        (6) 

where sij stands for normal stress and tij stands for shear stress. As this stress is related to the von 

Mises yield criterion in (mostly ductile) metals and it takes into account all six components of the 

stress tensor, it is the most widely used in contact fatigue analysis via what is known as the 

Deformation Energy criterion. In the present analysis of the life expectancy of metallic coatings on 
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metallic substrates, the role of the effective stress is clearly very important in evaluating the risk of 

damage. 

Figure 17 shows the effect of the elastic modulus of the coatings on the maximum effective stress 

in the substrate for all coating thicknesses and friction coefficients, when the horizontal force is F = 0. 
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Fig. 17 Effect of the elastic modulus of the coatings on the maximum effective stress for all 

coating thicknesses and friction coefficients, when the horizontal force is zero. 

 

As the horizontal force is zero, Fig. 17 refers to pure normal loading. In the range of variation of the 

elastic modulus, it is observed that the maximum effective stress shows a linear increase with the 

elastic modulus. The maximum effective stress is higher for stiffer and thicker coatings; it is lower for 

less stiff and thicker coatings. The effect of the Coulomb friction coefficient is not noticeable because 

there is no tangential loading involved in this case (F = 0). If the coatings have the same elastic 

modulus as the substrate and roller (207 GPa), then, regardless of coating thickness, the stress is the 

same (see dashed line in the diagrams). This is a clear indication of the precision of the FEA. It is also 

observed in Fig. 17 that the effect of the elastic modulus on the maximum effective stress is rather 
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significant and the same can be said for the effect of the coating thickness. For example, the maximum 

effective stress for the 50 mm and 240 GPa coatings is about 7% higher than the stress for the 50 mm 

and 180 GPa coatings. The differences are proportionately greater for stiffer or less stiff coatings.  

Figure 18 next shows the results when a horizontal force of 50 N is applied to the roller. 
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Fig. 18 Effect of the elastic modulus of the coatings on the maximum effective stress for all 

coating thicknesses and friction coefficients, when the horizontal force is 50 N. 

 

The trend of the results is the same as in Fig. 17, thus the same conclusions apply here as well. The 

application of a 50 N horizontal force in this case has increased the maximum effective stress, as is 

realised by comparing figures 17 and 18. The Coulomb friction coefficients have a weak effect, which 

is clearer to see in other figures later in this report. 

Figure 19 next shows the results when the horizontal force is increased to 150 N. The general trend 

of the results is the same as in figures 17 and 18. The application of a 150 N horizontal force in this 

case has increased the maximum effective stress significantly, as is realised by comparing figures 18 

and 19. It is interesting to see that the highest effective stresses are encountered in the frictionless 
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contact case. It should also be emphasized that, although it appears that the effect of the coating 

thickness is much weaker than before, this is partially caused by the different scale used in Fig. 19. 
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Fig. 19 Effect of the elastic modulus of the coatings on the maximum effective stress for all 

coating thicknesses and friction coefficients, when the horizontal force is 150 N. 

 

2.2.3 Effect of the elastic modulus of the coatings on the maximum shear stress 

The maximum shear stress is related to the Tresca yield criterion, which is particularly successful 

in predicting brittle fracture of metals. It is one of the most widely applied criteria in life expectancy 

calculations. Therefore, the role of the maximum shear stress is important in evaluating the risk of 

damage of the coatings and substrates. 

Figure 20 shows the effect of the elastic modulus of the coatings on the maximum shear stress in 

the substrate for all coating thicknesses and friction coefficients when the horizontal force is F = 0. 
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Fig. 20 Effect of the elastic modulus of the coatings on the maximum shear stress for all coating 

thicknesses and friction coefficients, when the horizontal force is zero. 

 

As the horizontal force is zero, Fig. 20 refers to pure normal loading. In the range of variation of the 

elastic modulus, it is observed that the maximum shear stress shows a linear increase with the elastic 

modulus. The maximum shear stress is higher for stiffer and thicker coatings; it is lower for less stiff 

and thicker coatings. The effect of the Coulomb friction coefficient is not noticeable because there is 

no tangential loading involved in this case (F = 0). If the coatings have the same elastic modulus as the 

substrate and roller (207 GPa), then, regardless of coating thickness, the stress is the same (see dashed 

line in the diagrams). This is a clear indication of the precision of the FEA. It is also observed in Fig. 

20 that the effect of the elastic modulus on the maximum shear stress is rather significant. For 

example, the maximum shear stress for the 50 mm and 240 GPa coatings is about 8% higher than the 

pressure for the 50 mm and 180 GPa coatings. The effect of the coating thickness is also noticeable. 

The differences are proportionately greater for stiffer or less stiff coatings.  

Figure 21 next shows the results when a horizontal force of 50 N is applied to the roller. 
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Fig. 21 Effect of the elastic modulus of the coatings on the maximum shear stress for all coating 

thicknesses and friction coefficients, when the horizontal force is 50 N. 

 

The trend of the results is the same as in Fig. 20, thus the same conclusions apply here as well. The 

application of a 50 N horizontal force in this case has increased the maximum shear stress, as is 

realised by comparing figures 20 and 21. The Coulomb friction coefficients have a weak effect, which 

is clearer to see in other figures later in this report. 

Figure 22 next shows the results when the horizontal force is increased to 150 N. The general trend 

of the results is the same as in figures 20 and 21, although there is a distinctive deviation for the 

frictionless contact case in that the slope of the curves is lower when the coatings are less stiff than 

their substrates (see the top diagram in Fig. 22). The application of a 150 N horizontal force in this 

case has increased the maximum shear stress significantly, as is realised by comparing figures 21 and 

22. It is interesting to see that the highest shear stresses are encountered in the frictionless contact 

case. It should also be emphasized that, although it appears that the effect of the coating thickness is 

weaker than before, this is actually caused by the different scale used in Fig. 22. 
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Fig. 22 Effect of the elastic modulus of the coatings on the maximum shear stress for all coating 

thicknesses and friction coefficients, when the horizontal force is 150 N. 

 

2.2.4 Effect of the thickness of the substrate coating on stress 

 The thickness of the coating of the substrate (Fig. 9) is one of the most important parameters in 

evaluating the performance of the coating. This section presents the FEA results on the effects of this 

parameter on the maximum absolute normal stress szz, the maximum effective stress and the maximum 

shear stress for all elastic moduli, Coulomb friction coefficients and horizontal force values. 

 Figure 23 shows the effect of the coating thickness on the maximum absolute stress szz in the 

substrate for all elastic moduli, friction coefficients and horizontal force values (please note that in all 

figures of this section, the dashed lines refer to the frictionless contact). It is very easy to realise from 

Fig. 23 that by increasing the coating thickness, the maximum absolute stress szz is increased if the 

coating is stiffer than the substrate and reduced if the coating is less stiff than the substrate. It is also 

easy to realise the effect of the Coulomb friction coefficient: this is negligible for pure normal loading 

(F = 0 ï see top diagram in Fig. 23), small but noticeable for F = 50 N, and obvious in the case of the 

frictionless contact for the highest horizontal force of 150 N. 
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Fig. 23 Effect of the thickness of the substrate coating on the maximum 
zzs  for all elastic 

moduli, friction coefficients and horizontal forces. 

 

Figure 24 next shows the effect of the coating thickness on the maximum effective stress for all 

elastic moduli, friction coefficients and horizontal force values. The trend of the results in Fig. 24 for 

the maximum effective stress is similar to that in Fig. 23 for the maximum absolute stress szz, except 

for the case of the highest horizontal force (F = 150 N ï see bottom-right diagram in Fig. 24) where it 

is clear that for coating thickness greater than 5 mm, the effect of the thickness on the maximum 

effective stress is negligible. This does not mean that the thicker coating is useless in this case because 

the other important stress criteria, namely the maximum stress szz and the maximum shear stress 

(discussed next) show significant effects. 
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Fig. 24 Effect of the thickness of the substrate coating on the maximum effective stress for all 

elastic moduli, friction coefficients and horizontal forces. 

 

Figure 25 next shows the effect of the coating thickness on the maximum shear stress for all elastic 

moduli, friction coefficients and horizontal force values. The trend of the results in Fig. 25 for the 

maximum shear stress is similar to that in figures 23 and 24 for the maximum absolute stress szz and 

maximum effective stress, therefore similar conclusions are applicable. As noted in previous figures, 

the difference in the maximum stress between the ñbestò and ñworstò performing coating can be 

significant when there is tangential loading and the plausible target of a low friction coating or an 

ideally frictionless contact may be counterproductive. 
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Fig. 25 Effect of the thickness of the substrate coating on the maximum shear stress for all elastic 

moduli, friction coefficients and horizontal forces. 

 

2.2.5 Effects of the coating thickness and elastic modulus on the maximum stress 

 The effects of the coating thickness and elastic modulus on the maximum substrate stress, which 

were presented separately in sections 2.2.1-2.2.4, are presented here collectively by using contour 

maps. Thus, the assessment of coating performance is quicker and easier. The results are presented in 

figures 26-28 for the maximum zzs , figures 29-31 for the maximum effective stress and figures 32-

34 for the maximum shear stress, for F = 0, 50 and 150 N, respectively, in each three-figure set. As 

these results have been essentially presented and discussed in the previous four sections, there is no 

commentary here. 
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Fig. 26  Effect of the coating thickness and elastic modulus on the substrate maximum zzs  for F = 0. 
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Fig. 27 Effect of the coating thickness and elastic modulus on the substrate maximum zzs  for F = 

50 N. 
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Fig. 28 Effect of the coating thickness and elastic modulus on the substrate maximum zzs  for F = 

150 N. 
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Fig. 29 Effect of the coating thickness and elastic modulus on the substrate maximum effective 

stress for F = 0. 
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Fig. 30 Effect of the coating thickness and elastic modulus on the substrate maximum effective 

stress for F = 50 N. 
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Fig. 31 Effect of the coating thickness and elastic modulus on the substrate maximum effective 

stress for F = 150 N. 
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Fig. 32 Effect of the coating thickness and elastic modulus on the substrate maximum shear stress 

for F = 0. 
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Fig. 33 Effect of the coating thickness and elastic modulus on the substrate maximum shear stress 

for F = 50 N. 
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Fig. 34 Effect of the coating thickness and elastic modulus on the substrate maximum shear stress 

for F = 150 N. 
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2.2.6 Coating effects on the contact fatigue of the substrate 

 The performance of a coating was evaluated in the preceding sections by calculating the maximum 

normal, shear and effective stresses, which affect both the coating (e.g. the maximum stress szz) and its 

substrate (e.g. the maximum effective stress). The study is here focused on the effect of a coating on 

the contact fatigue of its substrate and a new variable is introduced, namely the fatigue limit of the 

substrate. 

The study of the life expectancy of a stressed engineering component involves the evaluation of 

the stress field in the zone of interest, for example, below a concentrated contact. The fatigue life of 

the component depends on the integrated difference of a representative stress from the endurance limit 

of the material in the stressed volume of material ï see for example the Ioannides-Harris fatigue life 

model [71], which is the industry standard in rolling bearings. Normally, the effective stress (Eq. (6)) 

is used in place of the aforementioned representative stress as it takes into account all of the normal 

and shear components of the stress tensor. Thus, in evaluating coating performance in this section, the 

boundaries of a rectangular stress zone are located via the FEA in the substrate under the roller-

substrate contact. The definition of this zone is approximate and this is not crucial for the intended 

purpose as long as the zone entails the stressed volume of material for the case of the highest contact 

load. After defining such an evaluation zone, the average value of the effective stress over the fatigue 

limit of the substrate material in that zone is calculated. A coating giving a lower ñaverage effective 

stressò in the evaluation zone is deemed better from the point of view of the substrate contact fatigue. 

In order to avoid lengthy expressions henceforth, the ñaverage effective stress over the fatigue limitò is 

called the ñcritical stressò. 

The minimum fatigue limit used in the analysis is 5 MPa, which is very low indeed and meant to 

account for previously damaged or very weak materials. The fatigue limit is increased in equidistant 

steps (normally, in 5 MPa steps) until there are no FEA nodes in the evaluation zone where the 

effective stress exceeds the fatigue limit or, in other words, the fatigue limit exceeds the maximum 

effective stress in the evaluation zone. A computer program to calculate the critical stress was 

compiled in FORTRAN and can be found in appendix A5. 

Figure 35 shows the results for the critical stress for all coating thicknesses and friction 

coefficients for the least stiff coating on the left and for the stiffest coating on the right, in the absence 

of a horizontal force. Notice that the corresponding horizontal and vertical axes of the three diagrams 

have the same limits for easy comparison of the results. In the region of interest under normal 

conditions, that is, for a fatigue limit greater than 200 MPa, which is more appropriate for engineering 

steels, Fig. 35 shows that the thickest and least stiff coating, results in a lower critical stress, but when 

the fatigue limit is lower than about 200 MPa, it is the thin coating that results in lower critical stress, 

although the benefit appears rather small. For the stiffer coating though, reduced thickness results in 

lower critical stress in the whole ñbandò of fatigue limit. Figures 36 and 37 for F = 50 N and F = 150 

N, respectively, show results of similar trend, although the differences of the curves become smaller. 
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Fig. 35  Critical stress versus the substrate fatigue limit in pure normal loading. 
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Fig. 36  Critical stress versus the substrate fatigue limit when the horizontal force is 50 N. 
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Fig. 37  Critical stress versus the substrate fatigue limit when the horizontal force is 150 N. 
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 An efficient way to assess the effect of a coating on the contact fatigue of its substrate is to divide 

the critical stress with that of the uncoated surface. If this ñnormalised critical stressò is lower than 

unity, the coating prolongs the fatigue life of the substrate. The results for the normalised critical stress 

are presented in Fig. 38 (F = 0), Fig. 39 (F = 50 N) and Fig. 40 (F = 150 N). 
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Fig. 38  Normalised critical stress versus the substrate fatigue limit in pure normal loading. 
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Fig. 39    Normalised critical stress versus the substrate fatigue limit when the horizontal force is 50 N. 
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Fig. 40  Normalised critical stress versus the substrate fatigue limit when the horizontal force is 150 N. 
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3. Tribological mapping of fretting contacts (WP 2.4) 

Imperial College London was a partner in WP 2.4, which was co-ordinated by Rolls-Royce plc. 

The time the author devoted to this work-package was 6 months, from December 2006 to the end of 

his contract in the project on the 31st of May 2007. During that time, the author submitted one 

individual progress report on his modelling work in WP 2.4 to the partners of the project, which can be 

found in appendix A6, and other reports, which were incorporated in the reports of his supervisor, Dr 

Sayles. 

Fretting is a form of surface damage occurring when there is relative, tangential, low-amplitude 

oscillatory motion between two contacting bodies that lasts for a large number of cycles (see chapter 

15 in reference [72]). The amplitude of this motion is usually in the order of 10
-2
 to 10

2
 micrometres 

(see section 8.2.7 in reference [1]). As most machinery is subjected to vibration, fretting wear and 

fatigue are very common and, unfortunately, difficult to avoid. Characteristic examples of critical 

machine components suffering fretting wear include turbine blade roots, spline couplings, bearing 

housings on rotating shafts, shrink fits and bolted parts [1]. Any reduction of oscillatory movement or 

even substitution of two-piece components but alternatives should offer significant benefits or 

complete avoidance of fretting in the aforementioned applications. 

In fretting wear, the micro-oscillatory sliding between the contacting surfaces causes rupture of 

adhered roughness asperities and production of wear debris, which in turn cause abrasion [1]. Thus, 

fretting wear actually combines adhesive and abrasive wear. Moreover, in the case of engineering 

steels, fretting is combined with corrosion as the worn surfaces oxidise and result in further production 

of wear particles. These small debris particles are usually retained in the fretting contact because the 

amplitude of motion is too small to have them expelled. Thus, fretting wear evolves in time and 

becomes catastrophic after a large number of cycles, for example, in the order of 1 million. Depending 

on the amplitude of motion and contact load, other phenomena such as frictional heating may also play 

a role and accelerate fretting wear. Eventually, surface micro-cracks initiate and propagate into the 

solids. For a component already subjected to alternating bulk stresses, fretting wear results in a 

severely limited fatigue life [72]. 

Fretting is a complex problem involving as much as 50 variables according to Dobromirski [73]. 

Experimentally though, the critical variables identified as playing the major roles in fretting wear are 

the contact pressure, the slip amplitude and the coefficient of friction [74]. Also of importance in 

fretting wear are the atmospheric oxygen and water (particularly in metals) [72], the operating 

temperature of the fretted components (as heat accelerates corrosion and oxidation), the surface finish 

(smoother surfaces suffer more from fretting wear but the converse is true at elevated temperatures), as 

well as lubricants, oxide layers and other deposits that may be present in a fretting contact. 

Figure 41 shows a typical fretting contact such as those used in test rigs. It consists of a flat 

specimen and a pad of curved profile, subjected to a normal load P and an oscillatory, tangential load 

Q. As long as Q < mP, m being the average coefficient of static friction across the contact, which is 
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assumed constant for the purposes of this simple model, there is some slippage taking place in the 

contact. This results from the contact mechanics (see for example section 15.2 in [72]) in order to have 

finite tangential stress at the edges of the contact. In fact, there is a central stick zone of width 2c (Fig. 

41), which is surrounded by a slip zone up to the edges of the contact with the total contact width 

being equal to 2b. In the regions of slip, the local tangential stress exceeds the product of the static 

friction coefficient with the local normal pressure. 

 

Fig. 41  Fretting contact. 

 

If Q > mP, gross sliding takes place and c = 0. Ratio c/b depends on the ratio Q/P and a useful 

algebraic equation for this was derived in a model proposed by Mindlin in 1949 (see for example Eq. 

(15.2) in reference [72]), based on the elastic contact between two cylindrical pads. With Mindlinôs 

model, simple analytical equations giving the contact normal and tangential tractions were derived ï 

see for example Tsai and Mall [75]. These are based on the contact problem of two circular cylinders 

in normal and tangential loading, as already explained, and do not hold for different geometries, for 

example, the one depicted in Fig. 41 where the pad is flat with curved edges. Moreover, they use a 

single (static) friction coefficient. However, as is well-known in the literature [72-78], the friction 

coefficient varies along the contact width: it is constant in the central stick region and increases in the 

slip regions, with the maximum located very close to the edges of the contact. Furthermore, this spatial 

function of the friction coefficient even changes in time as it depends on the number of operation 

cycles [78]. Therefore, utilising a single (say static) friction coefficient in a fretting contact analysis 

introduces some error.  

Using FEA, the restrictions of the analytical solutions in regards to the contact geometry are 

overcome. However, the FEM still requires knowledge of the local friction coefficient in the contact 

for performing the stress analysis. This is taken into account in the analysis presented in the following 

sections and a suitable FEM has been developed. 
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3.1 Finite Element Analysis of coated surfaces in fretting contact 

The current problem is that of a fretting contact between coated surfaces for which analytical 

solutions do not exist to the best of the authorôs knowledge. Given the complexity of the problem, the 

most suitable solution method is by FEA. The problem will be treated as two-dimensional (plane 

strain), for which there are several studies in the literature, both theoretical and experimental, in the 

case of uncoated surfaces. The contact between a flat specimen and a flat pad with curved edges, as 

depicted in Fig. 41, is modelled in this section using the commercial FEA software ADINA, version 

8.4.1. The edges are assumed rounded. This model is quite common in fretting studies as it is simple 

and suitable for experimentation in test rigs. The upper surface of the specimen is assumed coated with 

a thin metallic film. A schematic of the FEM is shown in Fig. 42. 

 

 

Fig. 42  Finite Element Model of flat pad with rounded edges on coated substrate (not to scale). 

 

In Fig. 42, label ñPò (as in P1, P2 etc) stands for point and label ñLò stands for line. Pad 

P7P8P9P10P11P12P7 of height (d/4 + r) and length (d/2 + 2r), r being the radius of curvature of its 

rounded edges, is in contact with a substrate of length 4d and height (2d + h), h being the thickness of 

its coating. A Cartesian coordinate system P1XYZ is located at the bottom left corner of the substrate 

with axis P1X perpendicular to the YZ plane. 
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3.1.1 Finite Element Model geometry and dimensions 

Based on the coordinate system in Fig. 42, there are 26 points and 44 lines defined. The point 

coordinates are shown in table 13 and the lines are defined as explained in table 14. Moreover, d = 10 

mm and r = d/5 = 2 mm. The thickness of the substrate coating is given the following values: h = 0, 5, 

20 and 50 Õm. Case ñh = 0ò (uncoated substrate) is emulated by setting h = 5 µm in the FEM and the 

ñcoatingò having the same material properties as the substrate. 

 

Table 13 Coordinates of the geometrical points of the FEM (Fig. 42). 

Point Y-coordinate Z-coordinate Point Y-coordinate Z-coordinate 

1 0 0 14 9d/4 2d 

2 0 2d 15 31d/20 0 

3 0 2d + h 16 9d/4 0 

4 4d 0 17 7d/4 49d/20 + h 

5 4d 2d 18 9d/4 49d/20 + h 

6 4d 2d + h 20 3d/2 2d + h 

7 7d/4 2d + h 21 3d/2 2d 

8 31d/20 11d/5 + h 22 5d/2 2d + h 

9 31d/20 49d/20 + h 23 5d/2 2d 

10 49d/20 49d/20 + h 24 3d/2 0 

11 49d/20 11d/5 + h 25 5d/2 0 

12 9d/4 2d + h 27 7d/4 11d/5 + h 

13 31d/20 2d 28 9d/4 11d/5 + h 

 

Table 14 Geometrical lines of the FEM (Fig. 42). 

Line Type Point 1 Point 2 Line Type Point 1 Point 2 

1 Straight 1 2 41 Straight 17 18 

2 Straight 2 3 42 Straight 10 11 

3 Straight 4 5 43 Arc 11 12 

4 Straight 5 6 44 Straight 27 28 

5 Straight 15 16 45 Straight 12 22 

6 Straight 13 14 46 Straight 22 20 

7 Straight 20 7 47 Straight 8 27 

28 Straight 20 3 48 Straight 27 7 

29 Straight 21 2 49 Straight 28 11 

30 Straight 22 6 50 Straight 28 12 

31 Straight 23 5 51 Straight 11 8 

32 Straight 24 1 52 Straight 21 13 

33 Straight 25 4 53 Straight 14 23 

34 Straight 20 21 54 Straight 21 23 

35 Straight 22 23 55 Straight 24 15 

36 Straight 21 24 56 Straight 16 25 

37 Straight 23 25 57 Straight 13 15 

38 Straight 7 12 58 Straight 14 16 

39 Arc 7 8 59 Straight 7 13 

40 Straight 8 9 60 Straight 12 14 
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3.1.2 Boundary conditions 

The analysis is two-dimensional and plane-strain conditions are assumed. Master degrees of 

freedom that are fixed are the X-translation and all rotations (X, Y and Z). The Z-translation of the 

bottom of the substrate is fixed (lines 32, 55, 5, 56 and 33). The Y-translations of the left side of the 

substrate (lines 1 and 2) and right side (lines 3 and 4) are fixed. 

 

3.1.3 Materials 

The pad, the substrate and its coating are all assumed to be linearly elastic solids. The elastic 

moduli of the substrate and the pad are assumed equal to 207 GPa. Three values for the elastic 

modulus of the coating are used in the analysis, namely 180, 207 and 240 GPa. The Poissonôs ratio is 

set equal to 0.3 for all materials. 

 

3.1.4 Loading 

A uniformly distributed, vertical force P is applied along line L41 of the pad, followed by a 

uniformly distributed, horizontal force Q, which is applied along line L40 of the pad. The application of 

the two loads is achieved by using two time functions, leaving enough time between loading such that 

the loading can be assumed quasi-static. 

The ratio of the horizontal and vertical loads was varied as follows: Q/P = 0, 50/1000, 100/1000, 

150/1000, 100/2000, 200/2000, 300/2000, 250/5000, 500/5000 and 750/5000 (all values are in N/m). 

These load combinations give Q/P = 0.05, 0.10 and 0.15, such that it is less than the friction 

coefficient assumed for the stick region, which is set equal to 0.2, as explained later. 

 

3.1.5 Finite Element Model mesh and other details 

The solids are assumed smooth, that is, surface roughness effects are ignored. This is done as a 

first approximation and based on the explanations given in section 2.1.5 of this report. Despite the fact 

that surface roughness has been ignored in the present model, the thickness of the surface coating 

used, namely 5, 20 and 50 mm, demands a dense finite element mesh near the coating to capture stress 

concentrations and gradients affecting mechanical performance. To keep the number of elements as 

low as possible, the finite element mesh is intelligently constructed to be dense in the areas of interest 

and coarse in areas where accuracy is of less importance, such that computational speed is not 

compromised.  

In order to vary the mesh density in selected areas, making the mesh denser where needed and 

coarser in other regions to reduce the number of elements and computational time accordingly, 16 

surfaces were defined in the FEM. This now explains the large number of lines defined in the FEM 

(see Fig. 42 and table 14). By selectively subdividing the lines and surfaces, based on various rules 

available in ADINA, the mesh density is varied accordingly. Table 15 lists the aforementioned 

surfaces, their type and the way they have been defined in the FEM. 
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Table 15 Geometrical surfaces of the FEM (Fig. 42). 

 Bounding lines Vertices 

Surface Type Line 1 Line 2 Line 3 Line 4 Point 1 Point 2 Point 3 Point 4 

1 Patch 2 28 34 29     

3 Patch 35 30 4 31 

4 Patch 1 29 36 32 

6 Patch 37 31 3 33 

9 Patch 47 48 39  

10 Vertex     7 27 28 12 

11 Patch 50 49 43      

12 Patch 6 58 5 57 

13 Patch 38 60 6 59 

14 Patch 7 59 52 34 

15 Patch 45 35 53 60 

16 Patch 52 57 55 36 

17 Patch 53 37 56 58 

18 Patch 63 61 47 40 

19 Patch 41 62 44 61 

20 Patch 64 42 49 62 

 

There are 3 element groups in the FEM with about 21,000 to 33,000 two-dimensional, solid, 9-

node finite elements, which are as follows. 

¶ Element group of the substrate (excluding its coating), consisting of surfaces 4, 6, 12, 16 and 17. 

There are 13,382 finite elements in this group plus 1,800 elements when there is no coating. 

¶ Element group for the pad, consisting of surfaces 9, 10, 11, 18, 19, and 20. There are 5,310 

elements in this group. 

¶ Element group for the coating of the substrate, consisting of surfaces 1, 3, 13, 14 and 15. There are 

1,800 elements for the 5 mm coating, 7,200 elements for the 20 mm coating and 18,000 elements 

for the 50 mm coating. The thickness (or height) of an element in this group is 1 mm. 

 

A group outline of the FEM is shown in Fig. 43 with the line subdivisions and boundary 

conditions. For the solution of the contact problem, two contact surfaces have been defined in the 

FEM. These are as follows (see also Fig. 42). 

¶ Contact surface 1: lower part of the pad; lines 39, 38 and 43. 

¶ Contact surface 2: part of the substrate coating; lines 7, 38, 45. 

Contact surfaces 1 and 2 form a contact pair in which contact surface 1 is the contactor and contact 

surface 2 is the target. A macroscopic view of the FEM mesh, including the loads (in this case for P = 

1000 N), is shown in Fig. 44, followed by a magnified view of the pad in Fig. 45. A magnified view 

of the mesh at the right edge of the contact is shown in Fig. 46. The coating is depicted in red colour 

and the substrate coating in green. 
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Fig. 43  Group outline of the FEM (fretting) with line subdivisions and boundary conditions. 

 

 

Fig. 44  Example of the finite element mesh of the model (fretting). 
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Fig. 45  Finite element mesh for the pad and part of the substrate (fretting). 

 

 

Fig. 46  Detail of the mesh at the right edge of the contact (coating shown in red colour). 
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Finally, in regards to the kinematics of the FEM, the small displacement and small strain 

formulation was used. In regards to the contact algorithm, the default in ADINA, namely the 

ñconstraint functionò algorithm with the large contact displacement formulation was used. The 

equations were solved by a sparse equation solver, applying a full Newton-method iteration scheme. 

The convergence criteria were energy and force. Other convergence criteria available in ADINA such 

as energy, force, energy and displacement, and displacement were tested but no noticeable change was 

observed. For the selected convergence criteria, the tolerances suggested by default in ADINA were 

eventually used, although the author did many tests with other values to check the convergence 

behaviour before deciding which to choose. 

 

3.1.6 Validation of the Finite Element Model 

As was explained in section 2.1.6, there are very few analytical solutions for layered contact 

problems and those few are usually based on very restrictive or unrealistic assumptions. As is usually 

the case in the literature, layered solids are envisaged linearly elastic and the coatings having the same 

material properties (elastic modulus and Poissonôs ratio) as the substrates; thus, it may be suitable to 

compare results with those predicted by the Hertzian or linear elasticity theory in general for the case 

of normal loading (that is, neglecting any tangential forces). 

In the present case (Fig. 41) there are at least two known analytical solutions as far as the author is 

aware. The first was given by Jaeger (see page 95 in reference [79]) and gives the contact width and 

pressure when a rigid, flat rounded punch indents an elastic half-plane. That solution is similar to that 

of Schubert [80]. The major restriction with that solution is the rigidity of the punch. A more general 

solution was given by Ciavarella et al. [77] based on the work of Steuerman [81] with the rounded 

edges of the punch approximated as parabolae, where the restriction of rigidity of the punch is no 

longer used and the punch is elastic; moreover, tangential loading is introduced into the analysis and 

the contact is frictional. Another useful analytical solution that actually involved an elastic layer 

bonded to its substrate was given by Jaffar [82]. In the latter work though, both the punch and the 

substrate are assumed rigid. As the FEM of this problem was built such that neither the punch (pad) 

nor the substrate can be ñpreciselyò rigid in the FEA configuration, Jaffarôs solution is not suitable for 

comparison. The study of Ciavarella et al. [77] though is suitable and is used next to validate the FEM. 

According to Ciavarella et al. [77], the contact pressure between an elastic, flat rounded punch in 

normal, frictionless contact with an elastic half-plane (two-dimensional, plane-strain problem), is 

given by 
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where f0 is calculated implicitly from the following nonlinear equation 
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where a is the semi-length of the flat base of the punch, E
*
 is the effective elastic modulus, 
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E1, E2, and n1, n2 being the elastic moduli and Poissonôs ratios of the punch and half-plane, 

respectively, and b is the contact semi-width: 

()0sinf

a
b=                                                                                                                                           (10) 

In the physical contact region ïb ¢ x ¢ b, the horizontal coordinate x is calculated from 

()fsinbx=                                                                                                                                          (11) 

The procedure to plot the contact pressure at discrete points x is as follows: 

(a) Calculate f0 by solving the non-linear Eq. (8). 

(b) Calculate the contact semi-width b from Eq. (10). 

(c) Set x and calculate f from Eq. (11). 

(d) Calculate ()fp  from Eq. (7). 

(e) Go to step (c) and repeat the process for all values of x. 

Furthermore, Ciavarella et al. [77] derived an equation from which the length of the stick region, 

2c, can be calculated. This is achieved by solving the following nonlinear equation for the stick region 

semi-length c: 
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where mc is the Coulomb friction coefficient for the stick region. The calculation of the contact width, 

contact pressure and size of the stick region is done via a computer program, which can be found in 

appendix A7. 

 As stated by Ciavarella et al [77], the solution expressed via Eq. (7) is precise only when the 

contact is frictionless or when the elastic properties of the contacting solids are the same, thus 

avoiding normal displacements induced by tangential tractions, which obviously change the contact 

pressure. Therefore, in order to proceed with validating the FEM, let us assume that the pad, the 

coating and its substrate have all the same material properties, namely elastic modulus of 207 GPa and 

Poissonôs ratio of 0.3, and that the contact is frictionless. Furthermore, let us allow a concentrated 

normal force exerted on the upper surface of the pad along its centreline in the X-direction ï instead of 

a uniformly distributed force along line L41 ï such that the loading is the same as in reference [77]. As 

already explained, there is no tangential load applied in this case. 



 74 

 

 Based on the geometry of this contact problem, the contact pressure distribution shows an almost 

flat region corresponding to the flat region of the pad and two symmetrical pressure peaks at the edges 

of the contact, very close to the flat-curved transition points of the pad. It is those pressure peaks that 

have the major effect on the subsurface stress distribution in the contacting solids. Thus, in validating 

the FEM, emphasis is put on comparing the pressure peaks calculated by FEA and analytically by Eq. 

(7). Table 16 shows the analytical and FEA results on the maximum and minimum contact pressure, 

using the same load range (P from 1000 to 5000 N) as in the parametric study later in this report. 

 

Table 16 Comparison of the FEA and analytical results for the fretting contact region. 

Normal 

load 

P [N/m] 

pmax [MPa] 

Analytical 

solution, Eq. (7) 

pmax [MPa] 

FEA 

Difference of pmax 

( )

( ) 1001
FEA

max

(7) Eq.

max ³-
p

p
 [%] 

pmin [MPa] 

Analytical 

solution, Eq. (7) 

pmin [MPa] 

FEA 

1000 -11.20 -11.90 6.3 -0.12 -0.16 

2000 -17.82 -19.05 6.9 -0.25 -0.33 

3000 -23.36 -24.87 6.4 -0.38 -0.50 

4000 -28.32 -29.92 5.6 -0.51 -0.54 

5000 -32.86 -34.50 5.0 -0.63 -0.82 

 

The validation is based on a denser FEM mesh. Specifically, in the element group of the substrate, 

there are 27,100 finite elements (including a 5 mm ñcoatingò, which has 6,600 elements); the minimum 

thickness of an element in this group is 1 mm as in the normal mesh. In the element group for the pad, 

there are 23,142 finite elements. For the parametric study in the next section, the coarser mesh is used 

to accelerate computations. 

The following remarks are in order before commenting on the comparison results of table 16. 

(a) The analytical solution is based on the approximation of the curved (circular) parts of the punch by 

parabolae, as is actually done in the classical analysis of Hertz. As stated by Ciavarella et al. [77], 

when the flat zone of the punch becomes larger in comparison with the radius of the punchôs 

circular part, that is, as the ratio a/r > 1 and is increased, ñthe approximation of the circular parts 

by parabolae will be called into question and the half-plane assumption will also become poorerò. 

(b) In the FEM, the substrate is not a half-plane but it actually has finite dimensions (although it was 

intentionally made relatively large compared with the contact size so that it could be roughly 

considered as a half-plane from a contact mechanics perspective. 

(c) For the given geometry, the contact pressure increases very abruptly at the punch edges. A very 

dense mesh is required in the vicinity of the flat-rounded transition points of the punch to capture 

such pressure peaks and this type of problem is always challenging for FEA, even with the best 

commercial software available. 
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(d) In the present study, the emphasis is on relative changes of the stresses when changing various 

parameters and not on absolute values. As long as the FEA results show consistency and stability 

for minor parameter variations, and as long as the validation yields relatively small differences 

with the available analytical solution, the overall solution to the problem is totally satisfactory. 

 

Given the previous remarks, the differences observed in peak pressure, namely in the order of 5 to 

7%, are satisfactory and the FEM appropriate for the particular contact problem. 

 

3.2 Parametric study 

Based on the previously described finite element model, a thorough parametric study was 

conducted. Details were given in previous sections but they are summarized here for the sake of 

clarity. 

¶ Thickness of the substrate coating: h = 0, 5, 20 and 50 µm. 

¶ Elastic modulus of the substrate coating: 180, 207 and 240 GPa. 

¶ Elastic modulus of the substrate: 207 GPa. 

¶ Coulomb friction coefficient for the slip regions: 0.6. 

¶ Coulomb friction coefficient for the stick region: mc = 0.2. 

¶ The ratio of the pad horizontal load Q and normal load P was varied as follows: Q/P = 0, 50/1000, 

100/1000, 150/1000, 100/2000, 200/2000, 300/2000, 250/5000, 500/5000 and 750/5000 (all values 

are in N/m). These load combinations give Q/P = 0.05, 0.10 and 0.15, such that it is less than the 

friction coefficient of the stick region (0.2). 

The values of friction coefficients for the stick and slip regions are typical for fretting contacts ï 

see for example Wang et al. [76]. The FEM uses a friction model with different static and dynamic 

friction, as pre-defined and designated in ADINA by ñI1 = 4ò. According to that model, the friction 

coefficient for the pad-substrate contact pair is calculated from 
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where u# is the local slip velocity. In the developed FEM for the fretting contact, A1 = mc = 0.2, A2 = 

0.6 and A3 = 10
-11

 m/s. 

Results were derived for all possible combinations of the previously listed parameters and 135 

graphs prepared for a performance evaluation based on three stress components in the substrate: 

(a) the maximum normal stress szz; 

(b) the maximum and the average effective (von Mises) stress or octahedral shear stress; 

(c) the maximum shear stress. 

The coarse FEM mesh, as described in section 3.1.5, is used instead of the dense mesh used in 

section 3.1.6 for the FEM validation. This is done to accelerate computations in view of the large 
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number of simulations to be performed. It is realized that the coarser mesh gives a slightly greater 

numerical error; however, as the FEA results are consistent and it is the differences which are of 

interest (for example, the change in maximum contact stress when the load is increased) instead of 

absolute values, this approach is considered acceptable. 

 

3.2.1 Effect of the elastic modulus of the coating on the maximum absolute stress szz 

The absolute maximum normal stress szz plays an important role in coating fatigue and fracture. 

Figure 47 shows the effect of the elastic modulus of the coating on the maximum absolute normal 

stress szz for all coating thicknesses and tangential loads, when the normal load is P = 1000 N/m. 
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Fig. 47 Effect of the elastic modulus of the coating on the maximum zzs  for all coating 

thicknesses and various tangential loads, when P = 1000 N/m. 

 

In the range of variation of the elastic modulus, it is observed that the maximum absolute stress szz 

shows a linear increase with the elastic modulus. The maximum stress is higher for stiffer and thicker 
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coatings; it is lower for less stiff and thicker coatings. The difference is less noticeable as the coating 

thickness is increased. If the coating has the same elastic modulus as the substrate (207 GPa), then, 

regardless of coating thickness, the stress is the same (see dashed line in the diagrams). This is a clear 

indication of the precision of the FEA. It is also observed in Fig. 47 that the effect of the coating 

thickness on the maximum stress is rather insignificant but the opposite is true for the effect of the 

elastic modulus. The stress is clearly higher when the tangential load is increased. 

 Figure 48 next shows results when the normal load is increased to 2000 N/m and the tangential 

load is increased accordingly to keep the same Q/P ratios as in Fig. 47. The trend of the results is the 

same as in Fig. 47. The stress level has increased, following the increase of the normal and tangential 

loads. The lowest stressing is again realized with the thickest and least stiff coating. 
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Fig. 48 Effect of the elastic modulus of the coating on the maximum zzs  for all coating 

thicknesses and various tangential loads, when P = 2000 N/m. 
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Figure 49 next shows results when the normal load is further increased to 5000 N/m and the 

tangential load is increased accordingly to keep the same Q/P ratios as in figures 47 and 48. The trend 

of the results is the same as in the previous two figures. The stress level has increased, following the 

increase of the normal and tangential loads. The lowest stressing is again realized with the thickest and 

least stiff coating, except for the case of the highest tangential load (Q = 750 N/m), where the 20 mm 

coating offers a slight (insignificant) benefit (see bottom-right diagram in Fig. 49). 
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Fig. 49 Effect of the elastic modulus of the coating on the maximum zzs  for all coating 

thicknesses and various tangential loads, when P = 5000 N/m. 

 

3.2.2 Effect of the elastic modulus of the coatings on the maximum effective stress 

The maximum effective stress (Eq. (6)) is related to the von Mises yield criterion in (mostly 

ductile) metals and takes into account all six components of the stress tensor. Thus, as explained in 

section 2.2.2, it is the most widely used in contact fatigue analysis. In the present analysis of the life 



 79 

 

expectancy of metallic coatings on metallic substrates, the role of the effective stress is vital in 

evaluating the risk of damage of the coatings. 

Figure 50 shows the effect of the elastic modulus of the coating on the maximum effective stress in 

the substrate for all coating thicknesses and tangential loads, when the normal load is P = 1000 N/m. It 

is clear that the stress is higher for the thinner and stiffer coating, except for the thickest coating (red 

line) where the stress is lowered as the coating gets stiffer, though the change in the latter case is small 

for the given loads. Increasing the tangential load increases the effective stress but leaves the trend of 

the results unaffected. Maximum benefit is gained from the thinnest and least stiff coating (5 mm, 180 

GPa), which gives the lowest effective stress for the given normal load P = 1000 N/m. 
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Fig. 50 Effect of the elastic modulus of the coating on the maximum effective stress for all coating 

thicknesses and various tangential loads, when P = 1000 N/m. 

 

Figure 51 next shows the effect of the elastic modulus of the coating on the maximum effective 

stress for all coating thicknesses and tangential loads, when the normal load is increased to 2000 N/m. 
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The trend of the results is the same as in Fig. 50 for the lower loading. The increased normal and 

tangential loads have increased the magnitude of the effective stress further. It is again realised that the 

thinnest coating (5 mm) has the greatest effect on the level of the effective stress and offers the greatest 

stress relief if it is less stiff than the substrate. On the other hand, the effect of the thickest coating (50 

mm) is weak and becomes insignificant as the tangential load is increased (see the bottom-right 

diagram in Fig. 51). 
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Fig. 51 Effect of the elastic modulus of the coating on the maximum effective stress for all coating 

thicknesses and various tangential loads, when P = 2000 N/m. 

 

Figure 52 next shows the effect of the elastic modulus of the coating on the maximum effective  

stress for all coating thicknesses and tangential loads, when the normal load is further increased to 

5000 N/m, the highest normal load used in the analysis. As expected, the level of stress is further 

increased and the differences among the various coatings are more pronounced. The trend of the 

results is the same as before, except for the thickest coating (red line), which exhibits a small change 
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in performance as the tangential load is increased, though that change is insignificant and that coating 

has a weak effect on the level of the effective stress as if the surface were uncoated. 
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Fig. 52 Effect of the elastic modulus of the coating on the maximum effective stress for all coating 

thicknesses and various tangential loads, when P = 5000 N/m. 

 

In conclusion, the maximum effective stress is minimized for the least stiff and thinnest coating 

(180 GPa, 5 mm) and the benefit is greater for higher combined loading. Furthermore, the thickest (50 

mm) coating has a weak effect on the maximum effective stress as if the surface were uncoated. 

 

3.2.3 Effect of the elastic modulus of the coating on the maximum shear stress 

As explained in section 2.2.3, the maximum shear stress is related to the Tresca yield criterion, 

which is particularly successful in predicting brittle fracture of metals. As this is one of the most 

widely applied criteria in life expectancy calculations, the role of the maximum shear stress is 

obviously important in evaluating the risk of damage of coatings and their substrates. 
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 Figure 53 shows the effect of the elastic modulus of the coating on the maximum shear stress in 

the substrate for all coating thicknesses and tangential loads, when the normal load is P = 1000 N/m. 

The trend of the results is the same as that for the maximum effective stress (figures 50-52). The 

thinnest and least stiff coating (5 mm, 180 GPa) offers the greatest reduction of the maximum shear 

stress, although the effect is weak at the given load level. The thickest coating (50 mm) has negligible 

effect on the maximum shear stress as if it were absent and the surface uncoated. 
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Fig. 53 Effect of the elastic modulus of the coating on the maximum shear stress for all coating 

thicknesses and various tangential loads, when P = 1000 N/m. 

 

Figure 54 next shows the effect of the elastic modulus of the coating on the maximum shear stress 

for all coating thicknesses and tangential loads, when the normal load is increased to 2000 N/m. The 

trend of the results is the same as in Fig. 53 for the lower normal load and the same conclusions apply 

here as well. The magnitude of the maximum shear stress has increased, following the increase of the 

normal and tangential loads. 
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Fig. 54 Effect of the elastic modulus of the coating on the maximum shear stress for all coating 

thicknesses and various tangential loads, when P = 2000 N/m. 

 

Figure 55 next shows the effect of the elastic modulus of the coating on the maximum shear stress  

for all coating thicknesses and tangential loads, when the normal load is further increased to 5000 

N/m. The results are of the same trend as for the lower-loading cases (figures 53 and 54). The thinnest 

and least stiff coating (5 mm, 180 GPa) offers the greatest reduction of the maximum shear stress, 

particularly at higher combined loading. The effect of the thickest coating on the other hand is very 

weak and practically negligible. 
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Fig. 55 Effect of the elastic modulus of the coating on the maximum shear stress for all coating 

thicknesses and various tangential loads, when P = 5000 N/m. 

 

3.2.4 Effect of the coating thickness on maximum stress 

The coating thickness is an important parameter in optimising coating performance as  

demonstrated in sections 3.2.1-3.2.3. The results of section 3.2.1 are here presented with clear focus on 

the effect of the coating thickness. Figure 56 shows the effect of the thickness of the substrate coating 

on the maximum zzs  for all coating elastic moduli and load combinations. It is clear that the less stiff 

coating gives a lower stress and the benefit is often maximised with the 20 mm coating, the 50 mm 

coating offering an insignificant further benefit in some cases. As the stress magnitude is increased 

with the tangential load, so is the benefit of the less stiff and thicker coating. The benefit of the least 

stiff coating is also clear when looking at the effect on the maximum effective and shear stresses 

(figures 57 and 58) but the situation is reversed for thicker coatings under some load combinations, 

with the stiffest coating leading to greater stress reduction than the least stiff, though the differences 

are often small. 
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Fig. 56 Effect of the thickness of the substrate coating on the maximum zzs  for all coating elastic 

moduli and load combinations. 
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Fig. 57 Effect of the thickness of the substrate coating on the maximum effective stress for all 

coating elastic moduli and load combinations. 
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Fig. 58 Effect of the thickness of the substrate coating on the maximum shear stress for all coating 

elastic moduli and load combinations. 
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3.2.5 Effects of the coating thickness and elastic modulus on the maximum stress 

 The effects of the coating thickness and elastic modulus on maximum substrate stress, which were 

presented separately in sections 3.2.1-3.2.4, are presented here collectively by using contour maps for 

easier assessment without further commentary. Figures 59-61 are for the maximum 
zzs , figures 62-

64 for the maximum effective stress and figures 65-67 for the maximum shear stress. 
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Fig. 59 Effect of the coating thickness and elastic modulus on the substrate maximum zzs  for P = 

1000 N/m. 
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Fig. 60 Effect of the coating thickness and elastic modulus on the substrate maximum zzs  for P = 

2000 N/m. 
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Fig. 61 Effect of the coating thickness and elastic modulus on the substrate maximum zzs  for P = 

5000 N/m. 
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P = 1000 N/m, Q = 0
Contour line labels: maximum effective stress in MPa.
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Fig. 62 Effect of the coating thickness and elastic modulus on the substrate maximum effective 

stress for P = 1000 N/m. 
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Fig. 63 Effect of the coating thickness and elastic modulus on the substrate maximum effective 

stress for P = 2000 N/m. 
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Fig. 64 Effect of coating thickness and elastic modulus on the substrate maximum effective stress 

for P = 5000 N/m. 


