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Abstract:

In many industrial applications where fretting d@mas observed in the contact (e.g. rotor/bladectetal
contacts, assembly joint, axe/wheel, clutch) théemmal loadings or geometry design cannot be chinge
Therefore, the surface preparation and finishingcess become essential to control and reduce thagia
caused by fretting. In this paper, the authorsemethe experimental study of the initial surfacaghness and
machining process influence on fretting conditiongoth partial and full sliding regimes. Surfagespared by
milling and smooth abrasive polishing processeshasen analysed. The influence of roughness omglid
behaviour and analysis of friction have been reggbrtAlso, the contact pressure influence and quiaid

analysis of fretting wear scar have been presented.
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Nomenclature:

d - displacementym),

8" - displacement amplitudeuf),

d¢ - sliding transition displacement amplitugen),

Ad - incremental step of displacement amplituai,

P - normal force (N),

Q - tangential force (N),

Q' - tangential force amplitude (N),

Po - maximum Hertzian’s contact pressure (MPa),

a — Hertzian’s contact radiugrf),

N - number of fretting cycles,

AN - number of fretting cycles between the increraksteps of displacement,
S, - 3D surface root mean square (RMS) roughness,(

S, - 3D surface average roughnegsj,

S, - 3D surface peak-to-valley average maximum hegimi),
S - 3D surface peak-to-valley maximum peak heigim,

u - coefficient of friction QP,



Published in Tribology International 2010 Vol. 48ues 8 (2010) p. 1500-1508&p://dx.doi.org/10.1016/j.triboint.2010.02.010

PS - partial slip (sliding condition regime),

FS - full sliding (sliding condition regime),

W - coefficient of friction at the transition PS/FS,
Mstab- Stabilised coefficient of friction in FS regime,
Ov(0.2%) - Yeld stress (MPa),

ouTs - Ultimate tensile stress (MPa),

E- elastic modulus (GPa),

1 Introduction

Fretting phenomenon is considered as a special giamacess related to wear and cracking. Frettiogirs in
the contact between two bodies subjected to themaloload and sliding induced by external cycliccks or
vibration. Depending on the relative displacemaertha interface, Partial Slip or Full Sliding cotidh can be
observed in the contact. In PS situation, the eéatvne of the contact, remains in stick conditiaithout the
relative displacement and the external zone ofamirs subjected to sliding (Fig. 1). In the FSditian, the
entire area of contact is subjected to sliding .(Bi)g Therefore, the fretting damage mode depemdsliding
conditions, leading to cracking under PS and wedeuFS condition [1]. Fretting is a dynamical @ss where
sliding conditions and surface morphology of cotiter materials can vary with time. In many induaitri
applications, it is not possible to control thettirey degradation process. Therefore, the initiegign of such
elements is the only way to prevent or to reduee ftetting phenomenon and surface damage. If itois
possible to modify the contact loading to reduetiing degradation, the initial roughness couldopémised.
Dulias et all. noted strong influence of surfacagiiness on sliding conditions [2]. However, relatietween
surface morphology and friction behaviour has beainly studied in the mono-directional sliding [@] in the
FS conditions in order to evaluate the influenceocofghness on wear behaviour [4]. In this papeanigowill be
given on small amplitude, fretting sliding condit® Under fretting and especially in the PS coaditiot much
work has been published. Wong et all. [5] have regbinfluence of roughness on ceramics under magedi
hydrodynamic lubrication, a decreasing frictionfficeent has been found for smoother surfaces.gh@minium
alloy under dry fretting contact conditions Proudhet all. [6] have noted influence of roughness nehibe

rough surface tends to decrease the coefficiefrtation at transition from PS to FS.
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Fig. 1: Typical fretting damage observed underiBa®ip and Full Slip conditions [7].
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To illustrate the transition between PS and FSd¢fetionship between contact loading conditionsrvad load,
displacement amplitude, tangential load) and thding conditions (Partial Slip, Full Sliding) hawe be
considered. This relationship and observed damdgmgmenon (cracking in PS and wear in FS) can be
illustrated on the so-called Fretting Maps (FM)rsHy introduced by Vingsbo [8] the FM can presém
running conditions (Running Conditions Fretting MaRCFM, Fig. 2a) and material response (Material
Response Fretting Map, MRFM, Fig. 2b).
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Fig. 2 Fretting maps: a) RCFM, b) MRFM, (AISI 1034Jinder/plane configuration, R=40mm, normalisgd b

cylinder axial contact length, N/mm) [9].

In PS condition where displacement is limited tdeexal zone of contact (Fig. 1) surface roughness c
influence local sliding condition, and generatealqalastic deformation at contacting surface peakss lead to
change in sliding behaviour and can cause uncdedralamage. Therefore, better understanding ostiniace
roughness influence on fretting sliding phenomehawe a great interest for practical applicatiorntsisTpaper

present the experimental results of initial surfemeghness influence on fretting sliding conditiotwsillustrate
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this relationship fretting map concept have beesdufeported fretting map curves, plotted for siggawith

different initial roughness, demonstrate theiruefice on friction behaviour.

2  Experimental procedure

Fretting tests have been curried out using clalssgaere/plane configuration, where the radiuspifese was
50 mm. Specific fretting device has been rigidlyumid on the universal fatigue machine [10]. Sch&Ema

diagram of fretting test equipment is presenteithénFig. 3.
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Fig. 3: Schematic diagram of fretting test devitsphere/plane configuration.

During the test, applied normal force P has bega kenstant, sinusoidal displacement has been ssivety
increased (see section 2.2). The normal force myetatial force Q and relative displaceménhave been
recorded. All experiments have been performed splacement frequency of 20 Hz. Before the tests, al
specimens have been cleaned in acetone and ethbestls have been performed in ambient labolatory

conditions at the temperature ~23°C, and the veldtimidity between 40 and 45%.

2.1  Studied materials

One of the industrial applications where frettingljem is occurring is contact between the axe\ahédel of
the train. In this application, the important plasteformation have been observed due to fittingcess.
Authors inspired by this application, have selectiilar low carbon alloy AlSI 1034 for the planaterial. In
order to reduce the plastic deformation in the acttthe AISI 52100 material has been used forstiteere
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counterbody. Chemical composition and the mechapicgerties of the studied materials are listethenTable

1 and Table 2 respectively.

Table 1: Chemical composition of tested materials.
Materials C Mn  Cr Ni Ti Cu Si P S Mo \Y,
AISI 1034 max
(plane) (%)
5210 max
(sphere) (%)

038 12 03 03 - 03 0.5 0.02 0.02 0.08 0.06

03 15 04 10 10 0.2 0.02 0.02 0.1 0.3

Table 2: Mechanical properties of tested materials.

Materials E (GPa) Poisson ratio Ov(0.2%) (MPa) outs (MPa)
AISI 1034 (plane) 200 0.3 350 600
52100 (sphere) 210 0.3 1700 2000

2.2  Incremental displacement method

In PS condition, sliding displacement and dissigatethe interface energy (represented by hyste@sigraph
Q=f(3) so-called "fretting loop") are relatively low. Bage in the PS is usually limited to the extertidirg
zone of the contact. In FS condition, displacenmanplitude and therefore energy dissipated at tiitact are
much higher. Sliding can be observed in all areeonitact and high rate of wear damage occurs atfate. In
order to prevent or reduce wear damage it is esseatknow the sliding behaviour and transitiortvbeen PS
and FS (Fig. 4).

Transition Partial Slip / Full Slip

Partial Slip (PS)

Full Slip (FS)

sliding transition : &

Energy disipated
at the interface E4
Eaps) <_< Edrs)

|
e —

displacement amplitude, o

Fig. 4: Schematic diagram of transition between PS and corresponding fretting loops.

To analyse this contact sliding behaviour in PS ianéS conditions, the incremental displacementhoe{11]
has been applied. This method consist in successivease of displacement amplitude from very sinaftS to

large displacement in FS conditions. The test siiadisplacement amplitude 8%=1 um and after each 1000 of
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cycles the amplitude is increasedA®/=0.2um. The graphical representation of test methodedsgnted in Fig.
5. The test duration is usually 200 000 cycles,cketine transition from PS to FS sliding conditiaras be
measured. Relevant parameters such as coeffididrittion (COF) at the transition PS/F&), relative contact
sliding 8 (calculated from fretting loop, as amplitude aélisig at Q=0 N, see Fig. 4) and COF in FS condiion
(ustap have been calculated. Note that, correspond to the stabilized value of COF represkby the mean
value of COF from the last 5000 of cycles, whegg,is expressed by:

1 n-5000 *
Mstab =n|: Z (ij:| (1)

>

AN = 1000 cycles
(stabilized period)
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Fig. 5: lllustration of incremental displacemergttmethod.

2.3 Surface morphologies

Plane specimens have been machined into rectarigalarand the specific machining process has bagied

on one of the surfaces in order to produce the hwogies with wide range of roughness values. Aftat, bars
have been cut into small rectangular prisms (10%40rvm), hence, identical surface morphologies Hzeen
obtained on several specimens, moreover frettiages are small and at least three tests can hedut on
the same specimen.

Any machining process has two main purposes: i#&gb obtain required shape and second is to oltken
functional surface by finishing process. Howevheré are no simple rules relating the manufactupirogess,
surface topography and specific properties of abtininterfaces [12, 13]. In this study two diffete
machining processes have been used, milling arasiaer polishing, in order to analyse wide rangswface
roughness parameters such as(sBrface average roughness), (Surface root mean square roughness), S
(surface peak-to-valley average maximum height}, (Surface peak-to-valley maximum peak height) &p¢
(Relative material ratio of roughness profile). Méactured surfaces present mono-directional, highly
anisotropic textures orthogonally oriented to theirsg direction. Textured surfaces obtained byling process
are presented in Fig. 6. They have been machinddthé same tool but with different machining pagterns.

Nevertheless, milling process can introduce res&dséress into the machined surface therefore,plbae
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specimens have been tempered in 250°C during 2Zhouorder to reduce the subsurface stresses thfter

machining process.

20
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Fig. 6: 3D morphology images of initial surface gbuness on plane specimens, prepared by millingessoc

For smooth surfaces (Surf. 4-7) prepared by abegsolishing process different grids of sand paerehbeen
used, from 240 for rough (Surf.4) up to 4000 graper for mirror-polished surface (Surf.7). Morphypés of
these surfaces are presented in Fig. 7.

pm

Surf.4 Surf.5 g 10

Fig. 7: 3D morphology images of initial surface gbness on plane specimens, prepared by abrasighipgl

There are many different optical or tactile teclueis, devoted to surface topography measuremeritabtgu
selection of these techniques depends mainly ofedraal (x,y) and vertical (z) resolution. Most tise

techniques are time-consuming [14]. In this stubg,interferometric 3D profilometer (Veeco) hasmesed to
measure and analyze the tested surfaces. Summanyfa€e machining processes and the most commitatsu

roughness parameters is presented in Table 3.
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Table 3: Parameters of initial surface roughnessmaachining processes.

- Rinr (%)
ane
Surface Preparation 2fum) S (um) S (um) S (um) 1 um under the
Reference )
highest peak
Surf. 1 milling-cutting 4.15 5.11 35.05 39.54 1.68
Surf. 2 milling-cutting 4.15 5.10 30.76 32.6 2.87
Surf. 3 milling-cutting 3.66 4.31 27.56 29.35 452
Surf. 4 polishing-abrasion (240) 1.52 2.00 27.00 .099 5.51
Surf. 5 polishing-abrasion (800) 0.32 0.45 6.41 184 8.67
polishing-abrasion
Surf. 6 0.28 0.40 5.78 6.52 88.9
(1200)
polishing-abrasion
Surf. 7 0.09 0.11 1.02 1.29 100
(4000)

3  Reaultsand discussion

In present paper the experimental analysis of sarf@ughness influence on Fretting Map (FM) hasnbee
performed. Seven different surface morphologieshsen tested, three were prepared by milling (5@)and
four prepared by abrasive polishing process (Sutf.4rherefore analysed range of surface roughveke is
from S=1um to S=35um. To Iillustrate the roughness influence by usig Beveral values of contact
pressures have been analysed. The following maxifdentzian’s contact pressure values have beentedlec
pP,=500, 700, 900 and 1000 MPa where the initial Hants radius contacts were a=350, 490, 630 andui®0
respectively. Application of such pressures reduliscal plastic deformation but only in the cetpart of the
contact (Fig. 1, Fig. 12 and Fig. 13) on plane Bpens. However, plastic deformation can be paytiall
accumulated by the rough surface asperities, a@st explained in detail in the paper [15]. In P8sptally
deformed central zone of contact remains in stimkdition and have less influence on friction bebaviand
fretting wear damage process.

In order to optimize and to reduce the number dividual tests as well as to estimate the levalaffidence of
the reported results, the statistical approach edigh of Experiment (DOE) [16] has been applied.uBing
DOE the number of test needed for 4 pressures &nel7 surface morphologies can be reduced froto 28,
however for practical reasons additional repeagststhave been performed in order to estimate ewpetal
incertitude limits which has been found to be ateleof 8%. All 7 prepared surfaces have been tefted

pressure levelg1000 MPa.

3.1  Friction analysis

The incremental displacement method used in theeptestudy is an efficient way to provide complaterview
of friction behaviour in the PS and FS conditiotispugh the single experimental test. As preseirteeg. 5,
successively increased displacement amplitude petmestablish the transition between PS and Rflitons.

For sphere/plane contact configuration, this ttasicorresponds to the maximum value of CQ{f [(L7]. After
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transition, all surface contact area is subjeabeslitling. Wear process and creation of debrisdthbdy) lead to
decrease the COF in FS condition, until stabiligede (isay)-

In the Fig. 8 the evolution of COF is plotted afiaction of sliding distance amplitude. It can hleed that the
initial surface roughness have strong influenceslading behaviour and the COF at the transitigg). (For the
smooth surface (Surf.7) the valuegfis 1.05 which is 25% higher then for the roughfaee (Surf.1), where
1=0.75. Results of experimental analysis are listedable 4. The relevant surface roughness parasjete

corresponding to tested surfaces can be foundhiteTa
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Fig. 8: Identification of sliding transition paratees, depending on surface roughness from increahent

displacement method tests.

Table 4: Results of frictional and sliding parametebtained by incremental displacement method fraurof

tests optimised by Design Of Experiment method).

Hertzian's
Test number contact Specimen Reference & [um] i Ustab.
pressure
[MPa]

1 500 Surf. 1 milling-cutting 0.9 0.63 0.5
2 500 Surf. 3 milling-cutting 0.7 0.65 0.49
3 500 Surf. 4 polishing-abrasion (240) 0.4 0.703 520.
4 500 Surf. 7 polishing-abrasion (4000) 0.6 0.816 .570
5 700 Surf. 1 milling-cutting 1.2 0.71 0.66
6 700 Surf. 3 milling-cutting 1.3 0.73 0.65
7 700 Surf. 4 polishing-abrasion (240) 1.1 0.78 90.6
8 700 Surf. 4 polishing-abrasion (240) 1.3 0.79 60.6
9 700 Surf. 4 polishing-abrasion (240) 1.2 0.74 50.6
10 700 Surf. 7 polishing-abrasion (4000) 1.3 0.76 .710
11 900 Surf. 1 milling-cutting 1.5 0.69 0.6
12 900 Surf. 3 milling-cutting 1.9 0.79 0.62
13 900 Surf. 4 polishing-abrasion (240) 2.7 0.77 710.
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14 900 Surf. 7 polishing-abrasion (4000) 2.8 0.91 .740
15 1000 Surf. 1 milling-cutting 2.4 0.75 0.73
16 1000 Surf. 2 milling-cutting 3.0 0.81 0.79
17 1000 Surf. 3 milling-cutting 2.9 0.82 0.81
18 1000 Surf. 4 polishing-abrasion (240) 3.6 0.91 .710
19 1000 Surf. 5 polishing-abrasion (800) 3.7 0.90 .730
20 1000 Surf. 6 polishing-abrasion (1200) 3.4 0.89 0.75
21 1000 Surf. 7 polishing-abrasion (4000) 5.2 1.05 0.77

3.2 Influence of roughness on fretting diding (Fretting Maps)

Experimental analysis has been performed in thgerafi maximum Hertzian’s contact pressurg=§00 - 1000
MPa), that allows to establish the Running Condifiwetting Map (Fig. 9) and two sliding regimes, &% FS
can be defined. It has been observed that amplibficdiding distance at the transition between R& BS is
increasing with the normal load applied to contabee significant influence of initial roughness thie transition
can be noted for higher values of contact loadiug.instance at contact pressure gf®00 MPa, amplitude of
sliding distance increases from 2.4 to 5.2 um forf.$ and Surf.7 respectively. However, for lowentact
loading the differences are much smaller, and éotact pressure of; 8500 MPa the inverse situation can be
observed, where the sliding amplitude at transiisolbigger for rough surface (Surf. 1). To bettederstand this

phenomenon additional investigation has to be pewdd in the range of lower contact loadings.
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Fig. 9: Running Conditions Fretting Map (RCFM) fphere/plane contact configuration and differeitiin

surfaces roughness values.

Analysis of initial roughness influence on frictidoehaviour has been presented in Fig. 10. The fiignt
increase in COF at transition PS/FS can be obsdorezsimoother surfaces prepared by abrasive palis{iig.
10a). COF in the FS conditions remain quasi-constéhin analyzed range of initial roughness<5- 35 um).
This phenomenon can be explained by following higpsis: in FS condition, entire area of contaculsjexcted

to sliding and therefore to wear degradation preceghich will affect the surface roughness andirsfjd

10
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condition. Initial roughness will be changed or cesed under FS condition, therefore initial rougtmiedluence
is limited to PS condition.
Analysis of sliding amplitude at transition PS/F%,)(demonstrate decrease & as a function of initial

roughness (3. In order to prevent or delay the transition F5/#moother surface finishing is required.
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Fig. 10: Analysis of initial roughness influencedd a) COF (M Usiapn , b) sliding amplitude at transition PS/FS

(8", for sphere/plane configuration at Hertzian’steahpressure#1000 MPa.

3.3 Influence of contact pressure

Analysis of normal load influence has been curred in the range of Hertzian's pressure frogeg90 to
1000 MPa. From the analysis of roughness and coptassure presented in Fig. 11, it can be notetl for
smooth surfaces and higher contact pressure, higtiees of COF at the transitiop;) can be observed. This
phenomenon can be explained by the following hygsith for the specimen with smaller roughness (BLrf
local area of the contact between sphere and mpeeimens is bigger than for the specimen with drigh
roughness (Surf. 1). It is confirmed by analysigative material ratio curve that describes thecentage of
material which is traversed by a cut at a certeirel located with respect to the highest point loa profile
(2 wum under highest peak). This approach is known ag\tibott-Firestone curve. For smooth surface (S3)rf.
relative material ratio of profile is f2=88.9 % while for rough profile (Surf. 1),/&1.68 % (Table 3). During
the test incrementally increasing amplitude of dispment provokes the transition from PS to FS, tifainsition
corresponds to relative sliding and plastic defdiromain the entire contact [18] as it has been fgminout
previously. Therefore, during the transition betw&S/FS, for specimens with small surface rough(tagger
local contact area) the value of the tangentiaddatue to local plastic deformation, will be highiean for the

specimens with high surface roughness, were tleetfé contact area is smaller (Fig. 11).

11
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Fig. 11: Influence of initial roughness and confaressure on friction behaviour (pstay -

For all tested surfaces, increase of COF at thesitian as well as in the FS conditions can be fesk (Fig.

11). The analyse of plastic deformation in therifist®e can help in understanding this tendency. dlasticity

threshold for AISI 1034 alloy i8v(0.20=350 MPa, therefore for the studied pressures thstip deformation
takes place in the plane counter body. The extarsi@ontact due to plastic deformation in the cartone of
contact, tends to increase value of COF at thesitian PS/FS (p and under FS condition §i) due to larger
area of contact and therefore higher number ofl lpeaks deformed during sliding. Once again it bamoted
that the initial surface roughness value have gtiofluence on COF at the transition)(and especially for

higher values of pressure,§1000 MPa) where roughness increase COF at thsitimPS/FS, y(Fig. 11).

34  Fretting wear scarsanalysis

In incremental displacement method (section 2.2Zber of cycles in PS is different for each testefEifore,
wear of material observed in FS condition is depanen the sliding history in PS regime. PS pernidll be
longer if transition PS/FS is observed for largaiue of sliding amplitude at transition. Numbercgtles in FS
is also different for each test, that is why theedi comparison and quantitative wear analysisatgossible.
Hence, the wear analysis is limited to the qualiéatiescription only. In Fig. 12 and Fig. 13 fre¢fiwear scars
and 3D morphologies are presented. High deformatfdinetting wear scars and plastically displaceatemal
can be observed in both cases. Under dry frictmditions, where value of COF is high, the amodrdgrergy
dissipated at the interface, is important. Analydithe scar morphology indicates degradation efdhrface by
wear process in the central zone and plastic deftioms in the external zone [18]. Scar morpholodiase

directional character conforming to fretting sligidirection.

12
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Fig. 12: SEM observations and 3D morphology of weear at milled surface (Surf.2).

On plane specimens, the central zone where theriaidtas been removed due to wear process andctemal
zone where friction marks and plastic deformaticas be observed are characterized by differentasarf
roughness. For central zong=3.7 um and for external zone,8L.66um. It can be noted that in the central zone
where the contact pressure is higher the weatisaso higher and as a result U shape crater dws treated in
the plane specimen. From 3D morphology, wear volame plastically deformed volume of material can be
measured. The volume of plastically deformed extezone in case of rough surface (Surf.1), wheeepthstic
deformation was the most important, is about 11%hefvolume removed by wear. Hence, the dominarttemo
of degradation of the surface is the wear procadstlae plastic deformation in the contact playsdbeondary
role. On sphere specimens, observed fretting weansshave been characterised by very low degradatio
comparison with plane specimens.

However, additional investigation curried out in Fgjime only is needed to analyse roughness infliem
wear rate observed under fretting condition. Ald® role of plasticity should be further investigt for

instance by an elasto-plastic Finit Elements Aralys

13
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Fig. 13: SEM observations and 3D morphology of wsear at polished surface (Surf.7).

Experimental results presented in this study atteimpstablish the new approach to the frettingtitrh and

sliding problems analysis. The authors attemptamahstrate the influence of surface roughness arfdce

finishing process on friction behaviour under fregt conditions. Increase of coefficient of fricticat the

transition between partial slip and gross lip regjimas been reported (Fig. 10a).

4

Conclusions

Significant influence of initial surface roughnesscoefficient of friction (COF) at the transitibetween Partial

Slip (PS) and Full Sliding (FS) has been reporfidte selection of manufacturing process is essefaidinal

application of assembled joints subjected to tle#tifrg loading conditions. The following conclussonan be

drawn from the presented experimental study:

The initial roughness and therefore topographiGabmeters, and machining process have a strong

influence on the CORY) at the transition between PS and FS, for lowénesof surface roughness

increase of COF can be observed (Fig. 8 and Fig), 10

For all tested surface morphologies COF at thesttiam ; is higher tham,, for the abrasive polished

surfaces the differences are greater (Fig. 10a),

For the polished surfaces one can observe strdhginte of initial surface roughness value on e (

while (ustay remains quite stable (Fig. 10a),

Sliding amplitudes’; (Fig. 9), COFy; (Fig. 11a) andiga, (Fig. 11b) are increasing as a function of
maximum Hertzian’s contact pressure,

The two zones of different degradation mode cadisinguished in contact area: central zone of wear

damage and external zone of the friction and makformation (Fig. 12 and Fig. 13).
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