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1. Introduction

The FOREMOSTprojed (Fullerenebased Opportunities for Robust Engineering: Making
Optimised Surfaces for Tribology) is integrated in @le FrameWork Programmef the European
Union and started in September 2005. The project is focused on nanotechnologies, kabasedge
multifunctional materials and new production processes and devices. According to the public website
of t he Tpermain abjective of the project is to provide industry witlewa generation of
composite coatings systems and surface engineeringos@ubased on the incorporation of
inorganic fullerendike nanoparticles into coatings and lubricants significantly reduce and control
friction and wear in rolling and sliding contacts in order to extend operational life, reduce
maintenance requiremés and reduce the environmental impact of a wide range of mechanical
systems . Potenti al aachideeleneritsisoch a gdams, slidingdred roller bearings,
spherical joints, etc.

Inorganic fullerendike materials (IFLMs) and nanoparticlesll 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 nanopeles (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 withlbéghand dw-friction

demands.

(b)

Fig. 1 (a) Schematic representation of a contact lubricated by inorganic fuléem@anoparticles;

(b) Image of WS2 fullerenkke particles by transmission electroncntiscopy.

The project is concerned with developing the following new materials:

(a) Nanocomposite hard coatings, containing friction reducing IFLMs.
(b) Nanocomposit@olymeric coatings and paints containing IFLMs.
(c) Liquid and solid lubricants containing IFLMs.



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 répoDecember 2007, the list of partners

was as shown in table 1.

Table 1  List of partners (December 2007).
Partner Country
Tekniker (Project Coordinator) Spain
lonBond Ltd.i UK England
NanoMaterials Ltd. Israel
Rolls-Royce plc England
Renault Frane
FUCHS Europe Schmierstoffe GmbH Germany
Goodrich Control Systems Ltd. England
EADS Deutschland GmbH Germany
Nottingham University England
Fatronik Spain
Josef Stefan Institute Slovenia
VITO i Vlaamse Instelling voor Tech. Onderzoek Belgium
CEAT Commissariatedl ener gi e atomi que France
MFA 1 Research Institute for Technical Physics and Materials Scie Hungary
Stockholm University Sweden
BAM 1 Federal Institute for Materials Research and Testing Germany
Uppsala University Sweden
Newcastle Wiversity England
NPL Management Ltd. England
CSICiConsejo Superior de I nvesti Spain
Leeds University England
Coimbra University Portugal
FZR' Forschungszentrum Rossendorf e.V. Germany
Imperial College London England
Milano University Italy
Linkopings University Sweden
CNRSI Centre National de la Reserche Scientifique France
SPOLCHEMIET Spolek pro chemickou a hutni vyrobu a.s. Czech Republic
lonBondCH Switzerland
Kenosistec Italy
Proplast Italy




The list of activitiesassigned 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 plasmand chemical vapour
deposited coatings.

CEA, CSIC, FZR, lonBondJK, Kenosistec,
University of Milano, lonBoneCH.

Incorporation of prdormed IFLM
components into coatings produced by
vacuum and atmospheric plasma proces
chemical vapour depositioneetrostatic
spray assisted vapour deposition,
electrolytic deposition, polymer and epox
coatings.

VITO, lonBond UK, University of Coimbra,
BAM, Nanomaterials, EADS, lonBorGH,
CSIC,KenosistecFZR, Spolchemig University
of Nottingham.

Incorporation 6IFLM nanoparticles into
lubricants, and surface texturing adapted
IFLMs.

FUCHS, Tekniker, EADS, BAM.

Chemical and structural characterisation
and modelling.

CNRS,MFA, University of Stockholm,
University of Milano, University of Coimbra,
CSIC, Joseftefan Institute, FZR Rossendorf,
University of Linkopings.

Tribological mapping:
sliding, rolling, rollingsliding and fretting
contacts.

University of UppsalaNPL, University of Leeds
Imperial College LondonTekniker, University of
NewcastleRolls Royce plg Goodrich EADS.

Evaluation of tribological performance of
lubricants containing IFLMhanoparticles
and of lubricated textured surfaces.

FUCHS, Tekniker, University of Leeds.

Applications evaluation

EADS, Renault Rolls-Royce Fatronik Goodrid.

Administrative Coordination: Tekniker
(Coordinator) lonBond UK, Rolls-Royce,
Goodrich, EADS, Uppsala University, VITO,
FUCHS, NanoMaterials.

Knowledge managementTekniker, University
of Stockholm.

Training and mobility of r esearchers:
University of Stockholm,University of Milano,
CNRS, University of Linkdpings, CSIC.

Horizontal activities.

Health, safety and environmental aspects of
IFLMs: Jozef Stefan Institutd,ekniker,
University ofMilano, NanoMaterials.

Dissemination and promotion of public
perception of scienceTekniker, CEACNRS,
University of Milano.

Protection and management of intellectual
property rights (IPR): NanoMaterialsTekniker,
NPL, Kenosistec, RollRoyce.

Standardisation: lonBond UK, Tekniker,
Kenosistec, NPL, BAM.

10
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The total cost of the project is about 018. 92 mi
February 2010 (54 months).

1.1Dr Ni kas6 participation in FOREMOST

The authoroés project at I mperi al Coll e3de Londo
May 2007, although the total duration and fundin
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 cb&tsiding a research student, including the overheads
of the hosting organization (Imperial College London).

The authorés project, which was supervised by
Mechanical Engineering (Tribology Group) at Impefalllege London, involved theoretical
modelling work in two worlkpackages (WP) of the project, namely WP 2.2 (rolling contacts) and 2.4
(fretting contacts). During the authordés time in
FOREMOST coordinato(Tekniker) for the purposes of reporting to the European Union. Those
included the authorés original proposals for his
Sayles who supervised the author 6s .Jpanddjl.2oekt and W
in this report list the tasks included in the aforementionedypoakc k ages and hi ghl i ght
specific tasks in the frames of those.

The original proposals were rather c@nbitious, which is partly explained by the size of the
project and the great difficulty in eordinating 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, thgial 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 e model had to be left out, although they could still be provided by another
model , already available in the authorodés Tribolo
basic Finite Element Models (FEM) were developed by the author for rollinfyettidg 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 stubyligidal
performance of rolling and fretting contacts of layered solids under dry and lubricated conditions.
Briefly speaking, e tribological mapping involved the following tasks.
1 Contact and subsurface stress analysis of rolling and fretting cootdayered solids.
1 Computation of frictional effects in dry and in simulated lubricated conditions.
1 Study of failure and reliability issues.
1 Indirect estimation of the fatigue life of the coated components and comparison of the coated and

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

The | atest annex before the authorodés project e
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 authoroés specific project a

Table 3  Description of WP 2.2 in the FOREMOST annex¢#-2 006 . Aut hor 6s tasks

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
Persormonths per participant from
month 13 to month 30: 12 12

Objectives

1 Experimental and theoreticdéfinition of IFLM based parameter limits for rolling contacts.
9 Tribological performance mapping under dry and lubricated conditions.

9 Failure analysis of rolling contacts.

Description of work

To study and map the tribological behaviour of IFLM based ri@déen nonconformal, hard, rough,

rolling contacts both experimentally and theoretically.

Theoretical modelling work contributing to the overall definition of IFLM based parameter limits v

encompass the following major aims.

1 Mechanical and thermomieanical stress analysis of coated, rough surfaces, giving prediction|
threedimensional subsurface stress fields.

9 Computation of frictional effects in dry and in some lubricated conditions.
9 Study of the failure risk based on the stress analysis arabkufatigue and delamination failure
criteria for the specific type of loading and materials involved.
i Estimation of fatigudife expectancy of the coated components and comparison of the coated
uncoated surfaces to highlight the improvement.
These heoretical 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 s¢
aspects and employing several existing test rigs and facilities whhiparticipating institution's
laboratories, Tekniker and Imperial College London. These are summarised in detail as follows.

TEKNIKER

The AFatigue resistanceo in rolling contact
fiball-on-r o destmachine where 3 balls roll on a rod until fatigue failure occurs (normally by pitti
Using 100 Cr6 steel balls and 63 HRC steel rods, test pressure3idZ3a with a rolling speed of 4
m/s. Under these conditions, these tests typically take aheutrawo weeks.

IMPERIAL COLLEGE LONDON

Experimental verification testing of frictional and tractional model predictions using rolling contag
equipment. This includes a line contact stmekteel disc machine, capable of very high contact
pressurs at typical rolling contact speeds. Also a PCS Instruments elastohydrodynamic rig exploj
ball on flat diseface contact geometry, the machine can be used with a coated glass flat disc spg
to facilitate optical microscopic observation of thetemt/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 ca
by the following specific range of ovdrgest conditions which will form the core framework of all
testing and analytical tribological mapping within this wpdckage.

1 Entrainment speeds ofID m/s.
T Contact pressures of-D5 GPa.
1 Temperatures of up to 17€.

Conditions outside this rangee achievable on some rigs and will be explored where possible. Alg
wider range of conditions can and will be considered within model analyses mapping.

This mapping will include a model for thregmensional subsurface stress analysis of coated, roug
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 es|
of the life expectancy of the surfaces.

Experimental déerables in terms of performance mapping, will include tribological test results fr
the rigs described earlier, mapped out over a wide range of operational test conditions. These
conditions will encompass changes in contact pressures, temperatuieantifwnlubricant
environment, and specimen material and roughness changes, which might interact with the IFLN
based coatings.

Results will be extensively analysed through comparisons of experimentalcaiad predictionso
identify the critical areasral relationships inherent in these IFLM based tribological interactions aij
also, to offer an improved model base to aid future design needs based on the use of IFLM matg
rolling contacts.
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1.1.2 Annex for WP 2.4

The latest annex beforethetabh or 6 s pr oject ended was drafted
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 authoroés specific project

Table 4 Description of WP 2.4 in the FOREMOST annex¢#2 006 . Aut hor s tasks

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
Partigpant identification: RR (WP leader)| Goodrich EADS Uppsala Imperial
Persoamonths per participant
from month 13 to month 30: 8 2
Objectives

To study the tribological behaviour of IFLM based coating materials ircoaformal, hard, smooth an
rough, fetting contacts, bottiheoreticallyand experimentally.

Description of work
1 Procure standard test pieces.
1 Perform standard RR fretting tests, i.e., 12 mm cylinder of 3 mm wide waisted plate tests fol
BS.S132, Ti6/4, Aermet 100 & BS.S95 with and withagommended fullerene coatings from \
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, &
comparison of the coated and uncoated surfaces.
Esteblishment 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 evall
the contribution of surface texture.
Conduct visual examination and cheterise results.
Compare with results of predicted fretting wear from modelling using existing ABAQUS tech
developed for RR at the University of Nottingham.
This work will take place at the RolRoyce University Technology Centre, University of fiflggham.

=a =4 =a =4 =a =4

EADS will pretest well adherent coatings with respect to wear on pin on disc tribometer, abrasivg
CaloWear and TaberAbraser. Subsequently, fretting test on a ring/ring tribometer at low pressure
Typical detrimental conditions at which measueats are taken are: 20 MPa, 25 Hzmi®amplitude,
room temperature. EADS hast up an internaksearch collaboration with experts in the field of
fretting at University of Chemnitz. This wilmprove the quality on interpretation idsults on frettig.

The fretting tests will complete and reported outpnth 36 in a repordiscussing the relative merits
are various PVD/CVD coating recommended in WP 1 for application to typical aerospace materig
report will tie in with results gained by gpala University antmperial College LondonThe results on
wear and fretting at different substrate materials and coatings will have been further investigated
component testing in WP 3.3. Conclusions from these reports will be the basis of staddisige
practises within the collaborative partners for calling out the application of IFLMs within their prod
range.

a
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Deliverables

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

i First outline for a model on threlimensional subsurface steeadapted to fretting conditions (morf
18).

I Test requirements document.

9 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 experimentakwoWP 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 avible 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 microprocessoontrolled reciproating friction and wear test system, which

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

Vibrator

225mm

Fig. 2 High Frequency Reciprocating Rig.

Table 5 Specifications of the High Frequency RecipraogtRig.

Contact geometry Circular contact
Upper:f 6.0 mm ball
Lower: £ 10.0 mm disc, 3.0 mm thick

Standard specimens and dimensions

Specimen material (ball and disc) AISI 52100 bearing steel
Specimen hardness Ball: Roclkwell C
P Disc: 190210 HV30

Ball: R, < 0.05mMm

Disc: R, < 0.02mm

Elastic modulus = 210 GPa

Poi ssonbés ratio =

Specinen average roughness

Specimen material properties (estimated)




Load

0 to 1.0 kg with supplied weights

Stroke length

20nm to 2.0 mm

Temperature control setting range

0to 200 °C

Frequency

10 to 200 Hz

Maximum friction force (dependent on amplitud{ 10.0 N maximum

100 balls and 100 discs).

Specimen cost (standard specimen pack; includ

£444.50

1.2.2 Mini Traction Machine (MTM)

16

The MTM is a computer controlled, precisitvaction measurement instrument, which provides

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

regime found in norwonformal 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, polisheall
Lower: f 46 mm disc

Specimen material (ball and disc)

AISI 52100 bearing steel

Specimen hardness

Ball: 890930 HV
Disc: 726760 HV

Specimen roughness (ball and disc)

R, <0.02mm

Specimen material properties (estimatg

Elastic modulus = 210 GPa
Poi ssonbd6s ratio =

Standard: 0 to 75 N

Load Optional: 0 to 125 N
Speed 0Oto5m/s
Slideroll 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 15 GPa

Specimen cost

Ball: £8
Disc: £8
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1.2.3 Micro Pitting Rig (MPR)

Automated micrepitting test rig, using the proven three point contact configuration. A

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

specimens. 10contact 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 speagime
Specimen dimensions| These can vary

Specimen material Varies; see below this table for typical casq
Load 0 to 2000 N

Speed 0 to 4 m/s, continuously variable

Slideroll ratio 0 to 200%, continuously variable
Temperature range Ambient to 150 °C

Confact pressure 0to0 3.2 GPa

Specimen cost Depends on specimen requirements

The typical material specifications of the rollers are as follows.

1

= =4 -4 -4

Manufacture from 16MNCRS5, DIN 17210.

Gas carburize at 925 °C.

Surface carbon 0.75% minimum, 1.0% maximum.

Directquench 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 6d40.80 um. Cubff length 0.8 mm to BS
1134.

The typical material specifications of a barrel (ring) are as follows.
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Manufacture from 16 MNCR5, DIN 17210.
Gas carburize at 925 °C.
Surface carbon 0.75% minimum, 1.0% maximum.

Direct quench in oil, 0.9 mm caslepth minimum, to 520 HV.

= =4 4 -4 -

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.

9 Finished average surface roughness to lie between 0.22 and 0.28i¢0ff. 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 lubricatiis i
elastohydrodynamic lubricating regime. The instrument can measure lubricant film thickness down to
1 nm with a precision df1 nm. The instrument measures these lubricant properties in the contact
formed between a steel ball and a rotating glasteet disc. The contact pressures and shear rates in

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

-

P—
——

Fig. 5 Elastohydrodynamic Ultra Thin Film Measurement System.

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

Contact geometry Circular contact

Upper:f 3/4 inch ball

Lower: 7 100 mm disc

Ball: AISI 52100 bearing steel.

Disc:

(@) For film thickness measurementsags with
chromium and silica coating on its working fa

(b) For traction measurements: AlS| 52100 beari
steel (polished).

Load 0to 50 N

Speed 0to5m/s

Slideroll ratio 0 to 100%

Standard specimens and dimensior

Specimen material
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Standard: Ambient to 150 °C
With optional cooler: 10 to 150 °C
Using a steel disc: 1.1 GPa
Using a glass disc: 0.7 GPa

Temperature range

Maximum contact pressure

1.3 Application and tribology of surface coatings

Surface coatings have found extensive use in modern machine elements. Depending on
application, they can offer deced 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 miinfétey 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 witmétiometre thickness is
considered very thin whereas a tog 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 degries$, @®ls
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 nidkeceramic, 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 referergémptallic and ceramic coatings) ang] [

(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
guestion and user requirements. For example, mechanicailzoidgical properties of the coatings
and the materials to be coated have to be examined and matched for each application. Material
properties such as hardness, el astic modul us, Po
limit, resistancdo 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 limitsghe df cost of the coating and its
deposition technigue must be balanced against the projected benefits, that is, there should be an
optimisation process instead of simply opting fo

example of an applicatiowith high and complex demands is that of turbine blades for jet engines
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where operating temperatures in excess of &@re encountered. Issues pertaining to thermal shock,
thermal cycling and stability, creep resistance, fatigue limits, corrosionxistation, are obviously of

top priority, especially considering that human lives and-biggt equipment are at risk. Similarly
important applications involve those related to extremely expensive space equipment, for example
parts used in satellite mechamis 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 destroyedchgriduge 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 coatingo-sulbstrate 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 issog®sibn 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 tractits, 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 applicatoig,tbased on the

requirements of loadarrying 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 substr#te, ploughing component of friction becomes important,
particularly for thicker coatings; macroechanical 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 stiffreess of
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, gt 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 crackiyigtuting 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, particulangiar 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 coatisgbstrate interface and resulting stress concentration there, for

example,whem her e i s a significant di fference in the
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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 betweemgaatd 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 coufatghe
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, 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 |atgeref 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, asa@vknfrom the Hertzian contact mechanics of elastic
solids (see for example referendd [ the maximum shear stress in roughness asperity foamacts
is located at a depth equal to about half the contact size of the eoiatacts below the surface bt
coating and, if that means that the maximum shear stress is in close proximity to thesidaingte
interface, the bonding strength of the coating to the substrate is, obviously, of critical importance to
overcome the associated stress concentrafioerefore, 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 dicialicimn
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 besitable to have multilayer coatings to achieve either stress
diffusion or crack radirection or prevention altogether; it may also be beneficial to have individual
layers offering specific physical properties such as, for example, low thermal conduotiityas
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 multilayertdangs . Wit h such combinations,
constructed to satisfy specific requirements and, thus, offer-tadole, optimised performance. For

further information, the reader is directed to refere@te [

1.4 Contact mechanics of layereddlids

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 thstistness
behaviour of such solids in general loading and gé&heral 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 thstsaiesdaws of
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the layered solids to produce explicit, clogetm solutions. In section 5.8 of his book, Johnsén [
presents such simple cases, which, nevertheless, are very useful in validating numerical solutions of
more complicated problems. As the study of thaaoimechanics 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
accunulated 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 conjunctidiih 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 Burbhisteér945 on
the general stresstrain theory of Igered systems. His study, which was about alayer system
(singlelayer 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 nextdmake 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. §] in 1964 used integral transform methods to calculagssés generated from
surface loading of a layered solid. A similar study was presented by @herlp71. 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 Ipleam of an axisymmetric punch of arbitrary profile in contact
with a thick elastic layer was treated by Dhaliwal and F4in[1970. Gupta and WalowifL)] in
1974 used the Fourier transform to analyse layered solids, approximating the traction pyudilet by
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 HartnettlP] in 1983 used a piewise 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 refereh@e(that is, point forces). Kinglf3] (1987)
analysed the normal contact layered isotropic solids and dealt with the effective elastic modulus of a
|l ayered medi um. I n a hi ghll4]in t9B7% ertehded themark of CHen ng an
and Engel §] to sliding contacts in two dimensions ank following year (1988), to three
dimensional contact4d .

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|[in 1988 used FEA to simulate indentation experiments.

Komvopoulos 17], also in 1988, used FEA to analyse the plaimain, normal contact problem of a
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rigid sphere on a layered elastic solid. The restrictadngyid surfaces or elastic solids were gradually
lifted in later, more advanced FEA studies, which dealt with, not onlydiwensional, but also three
dimensional contacts; for example, Komvopoulbg [1989), Tian and Sakd 9] (1991),

Montmitonnet egl. [20] (1993), Wang and Bange2]] (1993), Kral and Komvopoulo2p, 23

(1995) and 24, 29 (1996), Lovell et al. 26, 27 (1997), Wong et al.48] (1997), Sen et al2p]

(1998), Jiang et al3[0] (2002), Xu and Jiang3fl] (2002), and Ye and Komvoptos [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 manglagations and have been modelled by (among others)

Kuo and Keer 33] (1992), Ovaert34] (1993), Lovell B5] (1998) and 36] (1999), Morrow and

Lovell [37] (1999), Morrow et al.38] (2001), and Lovell and Morrow8p] (2006). Surface roughness
effects incoatings were modelled by Kannel and D@W][(1985), Sainsot41] (1989), Merriman and
Kannel B2] (1989), Cole and Sayled3] (1992), Kadiric et al.44] (2003), Cai and Bhushanjj

(2005) and46] (2006), and, for fractal topographies, by Komvopouwod Ye g7] (2001).
Thermomechanical effects have been incorporated in models by Leroy4d €1.989) and 49

(1990), Ye and Komvopoulo$(] (2003), and Gong and Komvopouldsl] (2004). Multilayered
coatings have been modelled in Djabella and A3l (1993), Cai and Bhushan§] (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 Stephers3e{200D).

In recent studies, the effects of mageometrical features or patterns have also been modelled using
FEA as in Gong and Komvopould&4] (2003) and $1] (2004). Other modelling features have also
been incorporated in FEA, for example, Naghieh ets&). [L99) included viscoelastic layered

solids, Yang and Komvopoulo5§] (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 thedieal studies have dealt with the life expectancy, including delamination,
debonding, fracture and fatigue of coatings, for example, Oliveira and Bb8}¢.p96), Sarma and
Mayuram B9] (2000), Aslantas and Tasgetiréd0] (2002), Stewart and Ahmeé]] (2002), and

Bansal et al.§2] (2006). The study of coatings in lubricated conditions is also of great importance;
some notable modelling work in this field has been completed by Elsharkawy6s] #2J06) and

Fujino et al. $4] (2007).

Apart from the sual 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 alternatisesnay be simpler and
save time or avoid the cost of licensing expensive FEA software. Notable studies here include those
l'isted in sect i od] adwelBas ihd papkrs of Radonskybedh [1990),k |
Polonsky and Keei6p] (2000), DaSilva Botelho et al.q47] (2005), and Liu et al.g8] (2005) where

an extension of the plarstrain 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 Holmbergs&} £0D7), 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 thend8th duration of his project, the
author submitted three individual progress reports ombigelling work in WP 2.2 to the partners of
the project. These can be found in appendices Al to A3.
One of the project partners that could benefit from the modelling work in thispeattage was
Fatroni k in Spain. Two odtorbllengcontants, kathely Limgamp | i cat i on
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 tadimensional problem and the Ball Screw Drive required athree

dimensional analysis.

Lubrication nipple and oil
connector.Lubrication can
be carried out from the side\™
from the end or from above
via the end piece.

Sealing elementgo retain
the lubricant and to avoid
dirty particles going inside
the roller system.

Guideway.
Material: hardened steel

Plastic closing pluggo close
off the fixing holes of the Carriage with a full

guideways. cylindrical roller system.
Material: hardened steel.

RWU..-E-KT-L a

Cylindrical roller
systemlocated (or
not) in a plastic chain’]

Figoé6 Fatroni kés Linear Gui System
The basic rolling elements in Fatronikés Linea

which are recirculated 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 1.6m. The rolling elements are lubricated witther oil or grease. The rolling friction
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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 issuitable for accelerations of up to 100 Tnépeeds of up to 180 m/min and operating
temperatires fromi 10 to +100 °C.

Tuerca
Mt

O.\‘

Dpw
al
al
[+ 74
a3

P eje de husillo
Screw shaft

|
1

Figo7 El ements of Fatroni kds Ball Screw

The other potential application of Fatronik is Ball Screw Drives (Fig. 7). These caethéu
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, séhfriction 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 fronasearfoatings 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 betweeglindrical rollers on flat raceways; therefore, this is a contact mechanics
problem of a line contact and can be analysed with a{si@aim assumption (two dimensional
analysis). The Ball Screw Drive on the other hand involves the contact betweeanbdadlsrved
raceways; therefore, this is a contact mechanics problem of an elliptical contact and must be analysed
with a threedimensional model. Obviously, the latter is much more time consuming and
computationally demanding. Thus, it was decided to eoinate on the FEA of the Line@uidance

Systemtype contact.



26

2.1Finite Element Analysis of coated surfaces in rolling, line contact

Fatroni kés Linear Guidance System was chosen a
development of a Finite Element ModEEM) for the study of coated surfaces in rolling contact.
Figure 8 shows the basic geometry of the contact

Fig.8 Rol | ers on raceways in Fatroni kos Line
The contact betweea 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.

»
»

A

F)8 4 Pg
Roller diameterd + 2h,
Coating thicknesh,
d+ 2h,
Ps Log v L0 Ps

L Ls :: hy

P, L2g La Ps| 1
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Z
? 3 Ls, P24 Ls Pog Las P, \4
Y
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Fig. 9 Finite Element Model of coated cylinder on coated substrate (not to scale).

I n Fig. 9, JRdted) APtoands fior Ppoi nt and | abel fi L
P12P13P14P15P1, Of diameter d + 2h,) has acoating ReP17P1sP19P16 Of thicknessh,. The substrate
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P.P,PsP4P; of length 41 and height (& + h;) has a coating PsPsPsP, of thicknesdh;. A rigid line Lg is

located on top of and tangentially to the roller. A Cartesian coordinate sysx&f# B located on the

bottom left corner of the substrate with axiXPerpendicular 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 showniable 9 and the lines are defined as explained in table 10. The diameter of the

roller isd = 10 mm. The thickness of the substrate coating is given the following vljue§; 5, 20

and 50

Afcoatingo

kept constant dt; = 5 um.

Ownr. Oas(eunicoat ed
having the

s ame

mat eri al

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 +h, + h,
2 0 2d 16 2d 2d + h;
3 0 2d+hy 17 5d/2 +h, 5d/2 +h; + h,
4 4d 0 18 2d 3d+h; + 2h,
5 4d 2d 19 3d/27 h, 5d/2 +h; + h,
6 4d 2d + h; 20 3d/271 h, 2d + hy
7 2d 5d/2 +h; + h, 21 3d/271 h, 2d
8 3d/2 3d+h +2h, 22 5d/2 +h, 2d+h;
9 5d/2 3d+h; + 2h, 23 5d/2 +h, 2d
12 2d 2d+h;+h, 24 3d/271 h, 0
13 5d/2 5d/2 +h; + h, 25 5d/2 +h, 0
14 2d 3d+h+h
Table 10 Geometrical lines of the FEM (Fig. 9). All arcs are ceshiva point R.
Line Type | Pointl | Point2]|| Line Type | Point1 | 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

s ubsthr=bumeipthd FEM andithd at e d

properties

b

as
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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 plargtrain conditions are assumed. Master degrees of freedom that are fixed are the
X-translation and all rotations (X, Y and Z). TherZnslation of the bottom of the substrate is fixed
(lines 32, 5 and 33). The-t¥anslation of the left side of the subsérdlines 1 and 2) is fixed. Finally,
to avoid any instability in the model during loading, the centre of the roller (pgiig €onnected to
ground with a soft spring and this linear element has a stiffness'df 10

2.1.3 Materials
The substrate, roller afmbth 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. SheBon 6 s r at i o
set equal to 0.3 for all materials.

2.1.4 Loading

A prescribed vertical (downward) displacement ofii is applied to line §.to compress the roller
on the substrate. The selection of this value is intentional to give a maximum contact meskare
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 forcg on the axis of the rollein the planestrain FEM, this is achieved by
applying a horizontal force on point.A he 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
guasistatic.

Three values are used for the horizontal force, nafely, 50 and 150 N/m. The horizontal load
is applied to introduce tangential loading to the redlebstrate contact and emulate rolling conditions
in this static contact. Given the aforementionatlies of forcd- and based on the computed resultant
vertical force exerted to the roller via the prescribed displacement ofgitigid. arrangement gives
effective rolling friction coefficients between 0 and 0.1. Dry and lubricated contact condite®ns
emulated this way. With this type of simulation, rolling friction can be studied via this sfadisi
analysis instead of a (correct) dynamic analysis, that is, without having to simulate transient conditions
of a moving roller, which would require ager 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 require@ar the surface to properly discretise topography features, namely
roughness asperities and valleys. A study by As e7@lrgévealed the great number of finite elements
required (about 1 million degrees of freedom for a typical; dmeensional roughnesprofile) 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 ofighness 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¥Qdemands a dense finite element mesh near the coatings
to capture stress concentrations and gradients affeuiehanical 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 isiot 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 exygldhe 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, thir 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 | Linel | Line2 | Line3 | Line4 | Point1 | 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 33,06dintvemsional, solid, 9

node finite elements. They are as follows.

1 Element group of the substrate (excluding its coating), consisting of surfaces 4, 5 ane @r&he
10,532 finite elements in this group plus 1,300 elements when there is no coating.

1 Element group for the roller (excluding its coating), consisting of surfaces 11, 12, 13 and 14. There
are 7,584 elements in this group.

1 Element group for the coatirgf the roller, consisting of surfaces 7, 8, 9 and 10. There are 1,500
elements in this group.

1 Element group for the coating of the substrate, consisting of surfaces 1, 2 and 3. There are 1,300
elements for the Bm coating, 5,200 elements for the@® coding and 13,000 elements for the
50 mm coating. The thickness (or height) of an element in this groupms. 1

1 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.
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For the solution of the contact problem, three contactsasfhave been defined in the FEM.
These are as follows (see also Fig. 9).
1 Contact surface 1: coating of the roller, with boundary lines 21, 23, 25 and 27.
1 Contact surface 2: line 7 (top of the substrate coating under the roller).
1 Contact surface 3: line @ne 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 contactand 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 mddelling).
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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 substriitig doaed.

Roller
“~ mesh
o o s Roller coating
--- 1T T 1

—]
] — T —————— <—— eSh
-------------------------

Substrate coating
“—— mesh

(5 nm coating)

IIIIIIIIIIIIIIIIIIIIIIIIIIII1
NN NEERRE EEREEN . .
IIIIIIIIIIIIIIIIIIIIIIIIIIII mesh

RERRRERIHIHARA AR,

Fig. 13 Magnified view of the FEM mesh in the roHsubstrate contact.

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

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

fificonstraint functiond algorithm with the | arge

c
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eguations were solved by a sparse equation solver, applying a full Newstbod iteration scheme.

The convergence crite 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 suggelgtailbbyn 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 acnproblems and those are usually based
on very restrictive or wunrealistic asstimpti ons.
contact pressure for the case of an elastic layer bonded to a rigid substrate and loaded normally by a
rigid cylinder, assuming plargrain conditions, is given explicitly by an algebraic equation (Eq.

(5.73) in referenced]). However, the assumption of rigidity for the substrate and indenting cylinder is
either very restrictive or unrealistic, depending on apfib.

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 nateri pr oper ti es (el astic modul u
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 presgiftiga9)
and as planstrain 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 elast&paaké under
normal load. However, the cylinder in FigisSactually 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 aspalsalinelves
some error. This type of contact problem is actually characterised d$entaian and is discussed in
section 5. 6 o whare dnahgioalrequations arederivdd for the normal contact of an
elastic cylinder compressed between two o#iastic 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 referefjder the threecylinder, normal
contact problemthe compression/of the middle cylinder is given by

1-n’€ 44RO , 44RO 9

a=2P dn +1n -1y (1)
o R N

whereP is the normal load per unit length of the cylindéspandR, are theelastic modulus,

Poi ssonbs ratio and radius & &nda dresthe semiidtis efthe y | i nd e
uppermiddle and middldower cylinder contacts, respectively, which are given by the Hertzian theory

as follows (Johnsord], Eq. 6.53)):
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a=2|PR (=12 )

E

where

° ~1
2 1-n%0Q

e g (=12 ©
Ee

Eiandn(i= 1, 2) being the elastic modulus and the

lower cylinder. Substituting,; anda, from Eq. (2) into Eq. (1), the following equation isrived:

W R/EED -
pined WEE: o Ed2
@ & 0 2.7

Equation (4) is a netinear, algebraic equation, and is solved numerically for the unknowrPload

(4)

given the canpressiord. Once the load has been calculated, the-sédih of the middlelower
cylinder contact is calculated from Eq. (2). Then, the maximum pressure (normakgjreghe said
contact is calculated from the Hertzian theory (see Eq. (5.52) nsdotg]):
_2p

= .

A computer program to calculate the maximum contact presqugrsdnd sizes; anda, was

Prax (5)

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 thas athdamhtings
have elastic modulus of 207 GPa and Poissonoés
equations of this section are applicable to the contact problem of Fig. 9 by Eettidg™ GPa
(practically infinite modulus to simulate thepagy, rigid solid of the FEM)g = E, = 207 GPas =
0.49999 (practically incompressible material to simulate the upper, rigid solid of the FEM),=
0.3,R, = R, = 10? mm (practically infinite radii of curvature to simulate the flat upper and lower
solids in the FEM) an& = 5.005 mm. Table 12 presents the FEA and analytical results for the
maximum contact pressure at the rebebstrate contact, using ther substrate coating for
reference. It is noted that the comparison results for the ttéckestrate coatings (20 and &) 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 maxam difference imya. 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 neydyt, na
for d= 1 mm, the difference ipnais 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 thalatibn 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;dode, 8node, 9node) 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 rglidastrate contact.

Difference
Compression Pmax [MPa] Pmax [MPa] (E0.6)
d[nm] Analytical solution, Eq. (5 FEA ‘1- _p(m%)_ 3100 [%)]

max

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 coatihg= 0, 5, 20 and 50 um.
Thickness of the roller coating; = 5 um.
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.

= =4 4 A 4 -

Horizontal forceF applied tathe roller to simulate varying rolling friction coefficienig; F = 0,
50 and 150 N/m. This gives®ur < 0.1, approximately. Dry and lubricated contact conditions are

simulated this way.

Results were derived for all possible combinations of theiqusly listed parameters and 90
graphs prepared for a performance evaluation based on three stress components in the substrate:
(a) the maximum normal stress,,

(b) the maximum and the average effective (von Mises) stress or octahedral shear stress;
(c) the maximunshear 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
The maximum absolute normal stresssplays an important role in contact fatigue aratfure of
the coatings. Figure 14 shows the effect of the elastic modulus of the coatings on the maximum

absolute normal stress, in the substrate for all coating thicknesses and friction coefficients, when the
horizontal force ig- = 0.
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Fig. 14  Effect of the elastic modulus of the coatings on the maxirlplgjw for all coating

thicknesses and friction coefficients, when the horizontal forzeris.

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 stes®ws a linear increase with the
elastic modulus and is located on thefacg. The maximum stress is higher for stiiedthicker
coatings; it is lower for less stiffndthicker coatings. The effect of the Coulomb friction coefficient is
not noticeable because there is no tangential loading involved in thifca$y).(If the coatings have

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



37

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 observeadhiFig. 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 58m and 240 GPa coatings is about 8% higher than tegssfor the 50m

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 maxirlplgjw for all coating

thicknesses and friction coefficients

, when the horizontal force is 50 N.

The trend of the mallts 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 fri
see in other figures later in this report.
Figure 16 next shows the results when the

of the results is the same as in figures 14 and

ction coefficients hawesk effect, which is clearer to

horizontal force is increased to 150 N. The general trend

15, thus the same condappigriere 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 frictiords 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 maxirlptgj\ 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 effeed stress
The effective (von Mises) stress is normally defined as follows:
1 [ 2 2 2 2 2 2 ]]/2
S_\/E (Sxx_syy) +(Syy_szz) +($zz_5xx) +6(txy+[yz+[zx) (6)

wheres;; stands for normal stress afidstands for shear stress. As this stress is related to the von
Mises yietl 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 lifeatapey of metallic coatings on



39

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 substte for all coating thicknesses and friction coefficients, when the horizontal fdfcels
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Fig. 17  Effect of the elastic modulus of the coatings on tla&imum 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 thhé maximum effective stress shows a linear increase with the

elastic modulus. The maximum effective stress is higher for stifféthicker coatings; it is lower for

less stiffandthicker coatings. The effect of the Coulomb friction coefficient isnobiceable because

there is no tangential loading involved in this cdse Q). 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 diags). 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 thicknesgaRie, the maximum

effective stress for the 58m and 240 GPa coatings is about 7% higher than the stress forrine 50

and 180 GPa coatings. The differences are proportionately greater for stiffer or less stiff coatings.
Figure 18 next shows the reuvhen 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

coaing 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 themomaéffective 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 indrea$80 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 intergting 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 isnuchweaker than before, this is partially caused by tfferént scale used in Fig. 19.
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Effect of the elastic modulus of the coatings on the maximum effective stress for all

coating thicknesses and frictiooefficients, 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 fracturef 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 elashodulus of the coatings on the maximum shear stress in

the substrate for all coating thicknesses and friction coefficients when the horizontal forc6.is
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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. ranige 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 stffiithicker coatings; it is lower for less stiff
andthicker coatingsThe effect of the Coulomb friction coefficient is not noticeable because there is
no tangential loading involved in this cage< 0). If the coatings have the same elastic modulus as the
substrate and roller (207 GPa), then, regardless of coating thi;khe 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, thenaximum shear stress for the B and 240 GPa coatings is about 8% higher than the
pressure for the 50m and 180 GPa coatings. The effect of the coating thickness is also noticeable.
The differences are proportionately greater for stiffer or less etitimgs.

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 coatingstloe 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 fagdn 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 whiea 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 atiéf lhan
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 thighest 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 horizdotak 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 §il& om the effects of this
parameter on the maximum absolute normal stsgsthe maximum effective stress and the maximum
shear stress for all elastic moduli, Coulomb friction coefficients and horizontal force values.

Figure 23 shows the effect ofatltoating thickness on the maximum absolute skgds 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)elyyisasy to realise from
Fig. 23 that by increasing the coating thickness, the maximum absolutessiesscreased 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 theffect of the Coulomb friction coefficient: this is negligible for pure normal loading

(F =07 see top diagram in Fig. 23), small but noticeabld-fer50 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 maxihag;infor all elastic

moduli, friction coefficients and horizontkdrces.

Figure 24 next shows the effect of the coating thickness on the maximum effective stress for all
elastic moduli, friction coefficients and haorizontal force values. The trend of the results in Fig. 24 for
the maximum effective stress is similarthat in Fig. 23 for the maximum absolute stregsexcept
for the case of the highest horizontal forEe=(150 Ni see bottonright diagram in Fig. 24) where it
is clear that for coating thickness greater thamb the effect of the thickness on theximum
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 stggasd the maximum shear stress

(discussed next) show significant effects.
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maximum shear stress is similar to that in fegi23 and 24 for the maximum absolute stegsand

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

t he

di

fference

in the

ma X i

mu m

stress

bet ween

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

ideally frictionless contact may be counterproductive.

t

he



47

F=0
—— E =240 GPa
146 ——E=180GPa
T 144+
= ]
‘%‘ 1424
# 140-
5 1407 m=0, 0.05,0.10
% 1384
£ ]
>
E 136-
é -
= 1344
132 L L L L L
0 10 20 30 40 50
Thickness of the substrate coating [mm]
F=150N
F-50N —— E=240GPa
—— E =240 GPa —— E =180 GPa
150+ ——E=180GPa m=0 1804 em=0
1 .- *m=005 @ { eTTTTTTemmmmer
T 484 .- m=0.10 T 175
= i =
5 1464 I —em=0.05
g ] g 109 7 em=0
1] 1444 17} m=0.10
s $ 165
B 142 @
E £ 160
E 1401 E _
X J X 155 —em=0.05
= 1884 0 ==i--.__ m=0 =
. —e m= 0.05 — —————————em=0.10
Bet+——T——T— T —— 71— M=010 0T ——T 71
0 10 20 30 40 50 0 10 20 30 40 50
Thickness of the substrate coating [mm] Thickness of the substrate coating [mm]

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 coimg thickness and elastic modulus on the maximum substrate stress, which
were presented separately in sections 22214, are presented here collectively by using contour

maps. Thus, the assessment of coating performance is quicker and easier. Thareeptgsented in
figures 2628 for the maximun+522| , figures 2931 for the maximum effective stress and figures 32
34 for the maximum shear stress, For 0, 50 and 150 N, respectively, in each tHigare set. As

these results havymeen essentially presented and discussed in the previous four sections, there is no
commentary here.



48

F=0m=m=0
1 2
Contour line labels: maximum absolute stregs’n MPa.

40 5 10 15 20 25 30 35 40 45 50

Elastic modulus of the coatings [GPa]

80
0O 5 10 15 20 25 30 35 40 45 50

240
235
230
225
220
215
210
205
200
195
190
185
180

Thickness of the substrate coatimgn]

F:O;ml=mZ:0.05
Contour line labels: maximum absolute stmzszs'n MPa.

F:O;ml=mZ:0.10
Contour line labels: maximum absolute stmzszs'n MPa.

0 5 10 15 20 25 30 35 40 45 50
240 240

235
230
225
220
215
210
205
200
195
190
185

180
0 5 10 15 20 25 30 35 40 45 50

Thickness of the substrate coatimg]

Elastic modulus of the coatings [GP4]

0 5 10 15 20 25 30 35 40 45 50

240 240
23 235
T
o
& 23 230
% 22 225
‘B 220
8
g 21 215
z
= 21 210
o
3 20 205
=}
B 20 200
S 19 195
E 19 190
[TT]
18 185
180 180

0 5 10 15 20 25 30 35 40 45 50
Thickness of the substrate coatimg]

Fig. 26 Effect of the coating thickness and elastic modulus on the substrate mamplfnr F=0.



49

F=50 N;m1 =m=0
Contour line labels: maximum absolute strsezszsin MPa.

0 5 10 15 20 25 30 35 40 45 50
240 240

235
230
225
220
215
210
205
200
195
190
185

180
0 5 10 15 20 25 30 35 40 45 50

Thickness of the substrate coatimgr]

Elastic modulus of the coatings [GP4q]

F:50N;ml=mz:0.05 F:50N;ml=mZ:0.10
Contour line labels: maximum absolute stressin MPa. Contour line labels: maximum absolute stressin MPa.
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
240 240 240 240

235 235
'E" T
9. 230 l((JD_.. 230
é 225 % 225
= 220 = 220
8 Q
Q 215 e 215
< <
- 210 - 210
o =}
E 205 E 205
> ]
'é 200 'é 200
o 195 G 195
L 190 k) 190
m m

185 185

180 180 180

0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Thickness of the substrate coatingn] Thickness of the substrate coatimgn]

Fig. 27  Effect of the coating thickness and elastic modulus on the substrate ma}e"q;plfnr F=

50 N.



5C

F:150N;ml=mz=0
Contour line labels: maximum absolute strezszs'n MPa.

0 5 10 15 20 25 30 35 40 45 50
240 240

Elastic modulus of the coatings [GPa]

235
230
225
220
215
210
205
200
195
190
185
180

0 5 10 15 20 25 30 35 40 45 50
Thickness of the substrate coatimgr]

F =150 N;ml= m= 0.05
Contour line labels: maximum absolute str&gsin MPa.

0 5 10 15 20 25 30 35 40 45 50
240 240

235
230
225
220
215
210
205
200
195
190
185

180
0 5 10 15 20 25 30 35 40 45 50

Thickness of the substrate coatimgr]

Elastic modulus of the coatings [GPa]

Contour line labels: maximum absolute strezszsin MPa.

F =150 N;m1= m= 0.10

24
23
23
22
22
21
21
20
20
19
19
18

Elastic modulus of the coatings [GPa]

8 1
0 5 10 15 20 25 30 35 40 45 50

0 5 10 15 20 25 30 35 40 45 50
240

235
230
225
220
215
210
205
200
195
190
185
80

Thickness of the substrate coatimgr]

Fig. 28  Effect of the coating thickness and elastic modulus on the substrate ma}e"q}pmr F=

150 N.



51

F=0; m1 =m= 0
Contour line labels: maximum effective stress in MR

0 5 10 15 20 25 30 35 40 45 50
240 240

235
230
225
220
215
210
205
200
195
190
185

18 180
0 5 10 15 20 25 30 35 40 45 50

Thickness of the substrate coatimgr]

Elastic modulus of the coatings [GPa]

F:O;rr11=rr12:0.05 F:O;ml=mZ:0.1O
Contour line labels: maximum effective stress in MR Contour line labels: maximum effective stress in MR
0O 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
24 240 240 240

23 235
23 230
¢

22 225
220 220
21 215

210
20 205
20 200
19 195
19 190
18 185

180 180 180 180
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50

Thickness of the substrate coatimgn] Thickness of the substrate coatimgn]

235
230
225
220
215
210
205
200
195
190
185

Elastic modulus of the coatings [GPa]
Elastic modulus of the coatings [GPa]

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

stress foiF = 0.



52

F=50 N;rnl = m2 =0
Contour line labels: maximum effective stress in MHA

0 5 10 15 20 25 30 35 40 45 50

24
23
23
22
22
21
21
20
20
19
19
18
180

Elastic modulus of the coatings [GPa]

240
235
230
225
220
215
210
205
200
195
190
185
180

0 5 10 15 20 25 30 35 40 45 50
Thickness of the substrate coatimgn]

F=50 N;ml=mz:0.05
Contour line labels: maximum effective stress in MA

F=50 N;ml=mz:0.10
Contour line labels: maximum effective stress in MR

0 5 10 15 20 25 30 35 40 45 50
240 240

23 235
23 230
22 225
22 220
21 215
21 210
20 205
20 200
19 195
19 190
18 185

Elastic modulus of the coatings [GPa]

180 180
0 5 10 15 20 25 30 35 40 45 50
Thickness of the substrate coatimgr]

0 5 10 15 20 25 30 35 40 45 50
240 240

235
230
225
220
215
210
205
200
195
190
185

Elastic modulus of the coatings [GPa]

180 180
0 5 10 15 20 25 30 35 40 45 50
Thickness of the substrate coatingn]

Fig. 30  Effect of the coating thickness and elastic modulus on the substrate magiifective

stress foiF = 50 N.



53

F:150N;ml=mZ:0
Contour line labels: maximum effective stress in MF

0 5 10 15 20 25 30 35 40 45 50
240 240

23 235
23 230
22 225
22 220
21 215
21 210
20 205
20 200
19 195
19 190
18 185

Elastic modulus of the coatings [GPa]

180 180
0 5 10 15 20 25 30 35 40 45 50
Thickness of the substrate coatimgr]

F =150 N;ml: m= 0.05 F =150 N;ml= mZ:0.10
Contour line labels: maximum effective stress in ME Contour line labels: maximum effective stress in MR
0O 5 10 15 20 25 30 35 40 45 50 0O 5 10 15 20 25 30 35 40 45 50
240 240 240 240

N
w

235 235
230 230
225 225
220 220
215 215
210 210
205 205
200 200
195 195
190 190
185 185

180 180 180
0O 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50

Thickness of the substrate coatimgn] Thickness of the substrate coatimgn]

BN N N DNDNDNDNDN
© O O P P NN W

Elastic modulus of the coatings [GPal
H
(o]

Elastic modulus of the coatings [GPa]

=
© ™
(-

Fig. 31  Effect of the coating thickness and elastic modulus on the substrate maximum effective
stress foilF = 150 N.



54

F=0; m=m= 0
Contour line labels: maximum shear stress in M

T

0 5 10 15 20 25 30 35 40 45 50

Elastic modulus of the coatings [GPd]

Fig. 32

240 24(
23 23¢
g
g 23 23
g 22 20t
£ 22
S 21 21¢
2
s 21
2 20 208
=}
3 2 20(
5 19 19t
8 10 19¢
Ll
18 18t

8 1
0 5 10 15 20 25 30 35 40 45 50

8C

Thickness of the substrate coatimgn]

F:O;ml=mz:0.05
Contour line labels: maximum shear stress in MF

0 5 10 15 20 25 30 35 40 45 50
240 24C

23 23t
23 23C
22 22t
22 22C
21 21t
21 21C
20 20t
20 20C
19 19t
19 19C
18 18¢

180 18C
0 5 10 15 20 25 30 35 40 45 50

Thickness of the substrate coatimgn]

for F= 0.

Elastic modulus of the coatings [GPa]

F:O;ml=mZ:0.10
Contour line labels: maximum shear stress in Ml

0 5 10 15 20 25 30 35 40 45 50
24 24C

23 23t
23 23C
22 22¢
22 22C
21 21t
21 21C
20 20t
20 20C
19 19t
19 19C
18 18t

180 18C
0 5 10 15 20 25 30 35 40 45 50

Thickness of the substrate coatimgn]

Effect of the coating thickness and elastic modolushe substrate maximum shear stress



Elastic modulus of the coatings [GPa]

Fig. 33

55

F=50Nm=m=0
Contour line labels: maximum shear stress in MP

0 5 10 15 20 25 30 35 40 45 50

240
23
23
22
22
21
21
20
20
19
19
18

Elastic modulus of the coatings [GP4]

180 18C
0 5 10 15 20 25 30 35 40 45 50

24C

Thickness of the substrate coatimgr]

F =50 N;ml:mZ:O.OS
Contour line labels: maximum shear stress in Ml

0 5 10 15 20 25 30 35 40 45 50
240 24C

23 23t
23 23C
22 22¢
22 22C
21 21t
21 21C
20 20t
20 20C
19 19t
19 19C
18 18¢

180 18C
0 5 10 15 20 25 30 35 40 45 50
Thickness of the substrate coatimgn]

for F =50 N.

Elastic modulus of the coatings [GPa]

F:50N;ml=mZ:O.10
Contour line labels: maximum shear stress in M

0 5 10 15 20 25 30 35 40 45 50

240 24C

180 18C
0 5 10 15 20 25 30 35 40 45 50

Thickness of the substrate coatimgn]

Effect of the coating thickness and elastic modulus on the substrate maximum shear stress



56

F=150Nm=m=0
Contour line labels: maximum shear stress in Mf

0 5 10 15 20 25 30 35 40 45 50
240 24

Elastic modulus of the coatings [GPa]

8C

1
0 5 10 15 20 25 30 35 40 45 50
Thickness of the substrate coatimgn]

T

Contour line labels: maximum shear stress in M Contour line labels: maximum shear stress in

F =150 Njm=m = 0.05 F =150 Njm=m=0.10 N‘
F

0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
240 24C 240 24C

Elastic modulus of the coatings [GPa]
Elastic modulus of the coatings [GPa]

18C 180 18C
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50

Thickness of the substrate coatimgn] Thickness of the substrate coatimgr]

Fig. 34  Effect of the coating thickness@elastic modulus on the substrate maximum shear stress
for F =150 N.



57

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 efféve stresses, which affect both the coating (e.g. the maximum stpeand 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 introdo@eetly 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 compoent depends on the integrated difference of a representative stress from the endurance limit
of the material in the stressed volume of matérisg¢e for example the loannidEarris fatigue life
model [71], which is the industry standard in rolling beaisn 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 volunaesial for the case of the highest contact

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

l'imit of the substrate materi al in that zone 1is
ssresso in the evalwuation zone is deemed better f
I n order to avoid |l engthy expressions henceforth
called the fAcritical stresso.

The minimum faigue 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 tevaleene 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 founddppendix 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 thateltorresponding 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 appropriatefioeering
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 apges rather small. For the stiffer coating though, reduced thickness results in
| ower <critical stress in the whoH=0Ndd&rt56 of f at

N, respectively, show results of similar trend, although the differerfidbe curves become smaller.
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An efficient way to assess the effect of a coating on the contact fatigue of its substrate is to divide
t he
unity, the coating prolongs the fatigutelof the substrate. The results for the normalised critical stress

cr

itical

stress

with that

of t he

are presented in Fig. 38 € 0), Fig. 39 F = 50 N) and Fig. 40K = 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 wasrdmated by RolldRoyce plc.
The time the author devoted to this wa&ckage was 6 months, from December 2006 to the end of
his contract in the project on the 31st of May 2007. During that tmeeguthor 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 fom of surface damage occurring when there is relative, tangentiagrigiitude
oscillatory motion between two contacting bodies that lasts for a large number of cycles (see chapter
15 in reference72]). The amplitude of this motion is usually in the erdf 10° to 10 micrometres
(see section 8.2.7 in referendd)[ 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 sufiieg fretting wear include turbine blade roots, spline couplings, bearing
housings on rotating shafts, shrink fits and bolted patt\hy reduction of oscillatory movement or
even substitution of twpiece components but alternatives should offer sicaniti benefits or
complete avoidance of fretting in the aforementioned applications.

In fretting wear, the microscillatory sliding between the contacting surfaces causes rupture of
adhered roughness asperities and production of wear debris, which datismabrasiori]. 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 sithdebris 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 drduillafn. 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 rorercks initiate and propagate into the
solids. For a component alreasiybjected to alternating bulk stresses, fretting wear results in a
severely limited fatigue life72).

Fretting is a complex problem involving as much as 50 variables according to Dobroig}ski [
Experimentally though, the critical variables identifagiplaying the major roles in fretting wear are
the contact pressure, the slip amplitude and the coefficient of friGtidn4lso of importance in
fretting wear are the atmospheric oxygen and water (particularly in métgsthe operating
temperaturef 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 thgtlme 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 normaPlaad an oscillatory, tangential load

Q. As long axQ < PP, mbeing 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 décfian [72]) in order to have

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

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

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

friction coefficient with the local normal pressure.

o

pad ———
specimen
8 A TBEAY
< 2b >

Fig. 41  Fretting contact.

If Q> nP, gross sliding takes place and 0. Ratioc/b depends on the rat@/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 referencerp] ) , based on

t he

el

ast.

c

cont act

bet wee

model, simpleanalytical equations giving the contact normal and tangential tractions were derived

see for example Tsai and Mallq). These are based on the contact problem of two circular cylinders

in normal and tangential loading, as already explained, and dwlubtor 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 wiallown in the literature72-78], the friction

coefficient variesalong 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 timét @gpends on the number of operation

cycles [18]. 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 contacttggamne

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 beeretiped.
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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 edroblenhthe aut hor
most suitable solution method is by FEA. The problem will be treated aditmensional (plane
strain), for which there are several studies in the literature, both theoretical and experimental, in the
case of uncoated surfaces. The contativeen 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 adat is simp
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.

‘ a2 R
P, Pio
Les|Pi7 Lz Pigf Lea| 4
L 4o Le: Led Ly [d/4
Py Laz|Po7 L Pogl Lag 5 \ 4
Ps L s Pao Lao [Lae L3s Lsgls 11P22 L 30 Ps
L2 I—34 L7 P7 L59 P12 Leo L45 L35 L4 ::h
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Fig. 42  Finite Element Model of flat pad with rodad edges on coated substrate (not to scale).

I n Fig. 42, ,IPhetbel) BSRandass fiom BPoint and | abel f
P;PgPoP1oP11P1,P; of height (/4 +r) and lengthd/2 + 2), r being the radius of curvature of its
rounded edgess in contact with a substrate of lengithahd height (8 + h), h being the thickness of
its coating. A Cartesian coordinate systeid¥Z is located at the bottom left corner of the substrate

with axis RX perpendicular to the YZ plane.



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. Mbreb@er,

67

mm andr = d/5 = 2 mm. The tickness of the substrate coating is given the following values0, 5,

20

Afcoatingo

and

50h=0mM.0 Qausnec ofat e d

havi

ng the

S ame

mat eri al

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

Point | Y-coordinate | Z-coordinate Point | Y-coordinate | Z-coordinate
1 0 0 14 od/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 od/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 ahe FEM (Fig. 42).
Line Type | Pointl | Point2]| Line Type | Point1 | 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 Straght 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

s u b s the apmentheiFEM aadthel at e d
properties

|
as
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3.1.2 Boundary conditions

The analysis is twalimensional and plargrain conditions are assumed. Master degrees of
freedom that are fixed are thetdanslation and all rotations (X, Y and Z). TherZanslation of the
bottom of the substrate is fixed (I;82, 55, 5, 56 and 33). Thethanslations 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 analysi s,

set equal to 0.3 for all materials.

3.1.4 Loading

A uniformly distributed, ertical forceP is applied along line J; of the pad, followed by a
uniformly distributed, horizontal forc®, which is applied along line4b.of the pad. The application of
the two loads is achieved by using two time functions, leaving enough time bébadimg such that
the loading can be assumed ge&tatic.

The ratio of the horizontal and vertical loads was varied as foll@i#s= 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 gi@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 smgdhat 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 thicknessidate coating
used, namely 5, 20 and Bth, 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 mésimtelligently 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 denseareglded 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 suldilg 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 FERig. 42).

Bounding lines Vertices
Surface] Type Linel | Line2 | Line3 | Line4 | Pointl | Point2 | 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 33,00divemsional, solid, 9

node finite elements, which are as follows.

1 Element group of the substrate (excluding its coating), consisting of surfaces 4, 6, 12, 16 and 17.
There are 13,382 fité elements in this group plus 1,800 elements when there is no coating.

1 Element group for the pad, consisting of surfaces 9, 10, 11, 18, 19, and 20. There are 5,310
elements in this group.

1 Element group for the coating of the substrate, consisting ofcesrfg 3, 13, 14 and 15. There are
1,800 elements for therim coating, 7,200 elements for the @ coating and 18,000 elements

for the 50mm coating. The thickness (or height) of an element in this groupiis. 1

A group outline of the FEM is shown indr 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).
9 Contact surface 1: lower part of the pad; lines 39, 38 and 43.
9 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 ¢asthiorP =
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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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 ADBNelg the
Afconstraint functionod algorithm with the | arge c
eguations were solved by a sparse equation solver, applying a full Newstbod iteration scheme.
The convergence criteria were energy and force. @therergence 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
eventuallyused, 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 lagetadtc
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 modulusdlan Poi ssondés ratio) as the substr
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 caseiff- 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 refei@@fcarid gives the contact width and
pressure when a rigid, flat rounded punch indents an elastiplhalf. That solution is similar to that
of Schubert§0]. The major restriction with that solution is the rigidity of the punch. A more general
solution was given by Ciavarella et al.7] based on the work of Steuerma&1]with the rounded
edges of the punch pppximated 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 actirallylved an elastic layer
bonded to its substrate was given by Jaf&.[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 subsctirseetlegocan ghed fipnr ¢ he FEA configurati
comparison. The study of Ciavarella et &l7][thoughis suitable and is used next to validate the FEM.
According to Ciavarella et al7f], the contact pressure between antilafiat rounded punch in

normal, frictionless contact with an elastic halhne (twedimensional, planstrain problem), is

given by
a N . sin(f) sin(/' 0) Q)
- 2P £ sin(f +£,) AF +f, 06, Af-f g/
f)= - 2f Jcodf)+Ing=——"°l |t o Gt 0 i
Plf) o - 2f, - sin(ZjO)]l[( oJoodf)+ ngsin(f 7)) T e a”ée—a %

wheref, is calculated implicitly from the following nonlinear equation
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p-2f, £)= 2rP
- == 8
2sin?(f, ) o) a’E ®)
wherea is the semiength of the flat base of the pundh,is the effective elastic modulus,
2 2 251
* = = 0
E1% 1 /728 ©)
C E1 Ez -
E, Exandm,mbeing the elastic moduli anplanddoi ssonds r a

respectively, ant is the contact senwidth:

b=—3 (10)
sin(7,)

In the physical contact regidip ¢ x ¢ b, the horizontal coordinateis calculated from

x = bsin(f) (11)

The procedure to plot the contact pressure at discrete painégs follows:
(a) Calculatef,, by solving he nonlinear Eq. (8).
(b) Calculate the contact seimidth b from Eq. (10).
(c) Setx and calculate from Eq. (11).
(d) Calculate p(f ) from Eq. (7).
(e) Go to step (c) and repeat the process for all valugs of
Furthermore, Ciavarella et allq] derived an equation from which the length of the stick region,
2¢, can be calculated. This is achieved by solving the following nonlinear equation for the stick region

semilengthc:

p - 2arcsir§8- sinéZarcsir%éq%
o 2 e - |Q|
a08 ¢C= € ¢cCU_ . I~ (12)
$%+ p - 2f, - sin(2f,) mP

wherem 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 Ciaarella 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 obvahasige 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
Poi ssonds r at ieoontactis flictioBless. Furthermard) lettus atlotv a concentrated
normal force exerted on the upper surface of the pad along its centreline wuliteefioni instead of
a uniformly distributed force along lingdi such that the loading is the sanseimreferencef7]. 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 yworeetrical pressure peaks at the edges
of the contact, very close to the flairved 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
theFEM, 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 randeftom 1000 to 5000 N) as in the paretric study later in this report.

Table 16 Comparison of the FEA and analytical results for the fretting contact region.

Normal Pmax [MPa] Difference of pmax Pmin [MPa]
. Pmax [MP2] . Pmin [MP]
load Analytical (Ea.(7)) Analytical
_ FEA | [I- ~7213 100 [%] _ FEA
P [N/m] | solution, Eq. (7) Prmax solution, Eq. (7)
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 amser FEM mesh. Specifically, in the element group of the substrate,

there are 27,100 finite elements (includingm® Acoat i ngo, which has 6, 600

thickness of an element in this group isth as in the normal mesh. In the elemermiugr 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 analyticabkolution 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 Ciavarelf&]et al. |
radius of

when the flat zone of the punch becomes larger in comparison viitle the p

circular part, thatis, astherair > 1 and i the appioximatian ©fehe gircufar parts
by parabolae will be called into question and the pddine assumption will also become podarer

(b) In the FEM, the substrate not a halplane 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 hgtlane from a contact mechanics perspective.

(c) For the given geometryhe contact pressure increases very abruptly at the punch edges. A very
dense mesh is required in the vicinity of the-flatnded transition points of the punch to capture
such pressure peaks and this type of problem is always challenging for FEAvithvdre 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 parametevariations, 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 pressued; imatime 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 pre\gosections but they are summarized here for the sake of
clarity.
Thickness of the substrate coatihg: 0, 5, 20 and 50 um.
Elastic modulus of the substrate coating: 180, 207 and 240 GPa.
Elastic modulus of the substrate: 207 GPa.
Coulomb friction coeffieent for the slip regions: 0.6.

Coulomb friction coefficient for the stick regiom = 0.2.

= =4 =4 -4 -4 -4

The ratio of the pad haorizontal lo&land normal load was varied as follows/P = 0, 50/1000,
100/1000, 150/1000, 100/2000, 200/2000, 300/2000, 250/5000,08004Hd 750/5000 (all values

are in N/m). These load combinations gi@# = 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 typicditdtting contact$

see for example Wang et arg. The FEM uses a friction model with different static and dynamic
friction,aspredef i ned and desi gmnadtoe.d Acnc oADdIiNnAg btyo fAtlha't

coefficient for the pagubstrate @ntact pair is calculated from
féAL if #¢ Agfj
m=i u
AT &> AY
where # is the local slip velocity. In the develap&EM for the fretting contac, = m= 0.2,A;, =
0.6 andA; = 10 m/s.

Results were derived for all possible combinations of the previously listed parameters and 135

(13)

graphs prepared for a performance evaluation based on three stress componestbsairtite:
(a) the maximum normal stress,,
(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 31.6 for the FEM validation. This is done to accelerate computations in view of the large

m
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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 arithe 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 absgk stresss,,
The absolute maximum normal stressgplays 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

stresss,, for all coating thicknesses and tangalloads, when the normal loadRs= 1000 N/m.
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Fig. 47  Effect of the elastic modulus of the coating on the maxinfﬂugb for all coating

thicknesses and various tangential loads, wherl000 N/m.

In the range of variation of the elastic modulus, it is observed that the maximum absolute,stress

shows a linear increase with the elastic modulus. Themoen stress is higher for stiffandthicker
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coatings; it is lower for less stiféindthicker 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 rathegimficant 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 increasedcaordingly to keep the san@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 thickddeast stiff coating.
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Fig. 48  Effect of the elastic modulus of the coating on the maxinhmgb for all coaing

thicknesses and various tangential loads, wher2000 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 €3Reatios as in figures 47 and 48. Tinend
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 eagf the highest tangential loa@ € 750 N/m), where the 20m
coating offers a slight (insignificant) benefit (see bottéght diagram in Fig. 49).
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Fig. 49  Effect of the elastic modulus of the coating on the maxinhmgb for all coating

thicknesses and various tangential loads, Wherb000 N/m.

3.2.2 Effect of the elastic modulus of the coatings on the maximunifective stress
The maximum effective stress (Eq. (6)) is related to the von Mises vyield 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 usedcontact fatigue analysis. In the present analysis of the life
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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 mad of the coating on the maximum effective stress in
the substrate for all coating thicknesses and tangential loads, when the normaPlealDi30 N/m. It
is clear that the stress is higher for the thinner and stiffer coating, except for the ttockess (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. Mamum benefit is gained from the thinnest and least stiff coatimgn(;5180

GPa), which gives the lowest effective stress for the given hormaPleatd00 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, wherl000 N/m.

Figure 51 next shows the effect of the elastimaius 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
tangemial loads have increased the magnitude of the effective stress further. It is again realised that the
thinnest coating (5m) has the greatest effect on the level of the effective stress and offers the greatest
stress relief if it is less stiff than thatsstrate. On the other hand, the effect of the thickest coating (50
nm) is weak and becomes insignificant as the tangential load is increased (see theigbttom

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, wher2000 N/m.

Figure 52 next shows the efteof 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 levekagdtraker
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 isr@ased, 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, Wherb000 N/m.

In conclusion, the maximum effective stress is minimized fotdahst stiff and thinnest coating
(180 GPa, 5m) and the benefit is greater for higher combined loading. Furthermore, the thickest (50

nm) coating has a weak effect on the maximum effective stress as if the surface were uncoated.

3.2.3 Effect of the elastic malulus 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 mausin@ar stress in
the substrate for all coating thicknesses and tangential loads, when the normalPleatDi30 N/m.
The trend of the results is the same as that for the maximum effective stress (figb2¢sHie
thinnest and least stiff coating iiBn, 180 GPa) offers the greatest reduction of the maximum shear
stress, although the effect is weak at the given load level. The thickest coating)(68s 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 variousiggential loads, wheR = 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 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, Wher2000 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 kwneging cases (figures 53 and 54). The thinnest
and least stiff coating (Bm, 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 pactically 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, wher6000 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 3.282.3. The results of secti@?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 maximun1522| for all coating elastic moduli and load combinations. It is dieat the less stiff

coating gives a lower stress and the benefit is often maximised with thra 20ating, the 56m

coating offering an insignificant further benefit in some cases. As the stress magnitude is increased
with the tangential load, so is thenefit 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 sahominbinations,

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 main:menfor 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 thecoating 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 322.4, are presented here collectively by using contopsrfa

easier assessment without further commentary. Figuréd %@e for the maximurl[szz| , figures 62

64 for the maximum effective stress and figure683or the maximum shear stress.
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Fig. 59  Effect ofthe coating thickness and elastic modulus on the substrate ma*ﬂgllrfor P=

1000 N/m.



P=2000N/m,Q=0
Contour line labels: maximum absolute stmzszsin MPa.
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P =5000 N/m,Q=0
Contour line labels: maximum absolute stmzszs'n MPa.
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P =1000 N/'mQ=0

Contour line labels: maximum effective stress in MF
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Fig. 62  Effect of the coating thickness and elasticduos on the substrate maximum effective

stress foiP = 1000 N/m.



P =2000 N/m,Q=0
Contour line labels: maximum effective stress in MR
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Fig. 63
stress foP = 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.



