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Abstract

This paper presents experimental results of weacgss under dry and boundary lubricated metalliS(A034/AISI
52100) contacting bodies with different surfacesrphologies subjected to a wide range of kinematttihg conditions.
Analysis of damage mode observed under such fgetiimditions is elucidated in context of surfacesphologies therefore
associated with surface manufacturing processesol&asurface topographies due to specific machipirocesses (cutting
and abrasive modes) have been investigated. Unolendary lubricated (ZDDTP zinc-dialkyl-dithiophospl) fretting
contact paradoxally has a high coefficient of fantat the transition between Partial and Full sliding regime. This paper
attempts to bridge the gap between the damage nstiding conditions and surface roughness to pead approach to

evaluate the surface finishing as a factor inifsitiand wear damage processes.

Keywords: Surface morphology, Boundary lubrication, ZDDTPczdtialkyl-dithiophosphate, Fretting.

1. Introduction
Fretting is a small oscillatory movement in the te@h between two surfaces subjected to

vibrations or cyclic stresses. The relative disphaent in the fretting might result in the

damage of contacting surfaces such as cracking, pleatic deformation and oxidation.

Nomenclature

d - displacementym),
8" - displacement amplituderf),
d; - sliding transition displacement amplitude),

A3 - incremental step of displacement amplitugay;
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P - normal force (N),

Q - tangential force (N),
Q* - tangential force amplitude (N),
Po - maximum Hertzian’s contact pressure (MPa),

a - Hertzian’s contact half-lengthrf),

N - number of cycles,

AN - number of cycles between the incremental sbéjpésplacement,
S, - 3D surface root mean square (RMS) roughness,(

S, - 3D surface average roughnegsyj,

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

M - coefficient of friction where p=Q*/P,

M - coefficient of friction at the transition PS/FS,

Ustab- Stabilized coefficient of friction in FS,

Vmax - Maximal relative speed in the contact (m/s).

Depending on the relative displacement at the cond#fferent sliding regimes can be defined.
Partial Slip (PS) sliding regime is associated wathsmall relative displacement and is
characterized by a closed elliptical fretting lopm. evolution of the tangential force (Q)
versus the applied displacemenj)( Fretting scar is characterized by the stickezam the
middle of the contact and sliding zone at the ottnéxtremities. In the PS regime the main
damage observed at the contact is the cracking ophemon. For the larger relative
displacement, full sliding of the contacting sudgacis observed and fretting loop is
characterized by a quadrilateral dissipative shapé Full Sliding (FS) regime is related to
the wear of the contacting materials (Fig. 1).

displacement amplitude

structure of the interface

Partial Slip (PS)

damages

cracking

-| sliding transition : &, |— —

Full Slip (FS)

sliding

wear

Fig. 1: Typical surface damage observed in fretimtihe case of Partial Slip and Full Slip [1].
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Fretting is a dynamic wear process therefore thmlisurface roughness can be a major factor
in determining the sliding conditions of the intex® and the corresponding damage mode (i.e.
cracking in PS and wear in FS). During wear proctss degradation of the surface changes
the initial roughness of the interfaces. This \aillect the sliding conditions and for instance
lead to sliding regime changes from PS to FS flian cracking to wear damage mode). The
important question is the influence of the machgnprocess and surface topography on the
sliding conditions under the fretting loadings. f8oe roughness has been investigated for
different materials, but rather under the full sigl condition than under Partial Slip fretting.
Wong et all. [2] have reported the roughness imib@e on ceramics under mixed and
hydrodynamic lubrication, a decreasing friction féiceent has been found for smoother
surfaces. For aluminium alloy under dry contactudimn et all. [3] have noted an inverse
influence of roughness where the rough surfacestémdecrease the coefficient of friction and
transition from PS to FS. Moreover, a rough surfeare increase the cracking nucleation risk.
Another issue is the influence of the contact lcdtion on sliding regimes in rough contact
conditions under fretting. Yuan et all. [4] repattde variation of the surface roughness during
the ball-on-disc test under lubricated conditiotiey noted the systematic increase of the
roughness and wear rate. In many industrial appdica like joints, clutchs etc. a high
coefficient of friction is required, surface morpbgy in these components can be a major
parameter to control the sliding conditions. Thaper tends to highlight the experimental
observations, and answer the pointed out questimitgal surface roughness influence on
fretting sliding conditions under dry and lubricafeetting.

2. Experimental procedure

The experimental procedure is based on a seleofiorell known materials and machining
processes following the application of strict tidgical and metrological measurement
procedures. The machining processes are well knamah proven, surfaces morphology
characterisations involve calibrated equipment, antlected data are analysed thanks to
proven standardized software. Fretting metrologa@bice is systematically calibrated and
adapted to specific purpose of the study describeitiis paper. The Design of Experiment
methodology has been uses in order to perform &mimed experimental investigation and
analyze the roughness, the contact pressure andultneation influence on tribological
response of tested materials. All experimentalstéstve been performed in the sphere/plane
contact configuration.

2.1 Metallurgical and rheological characteristic of tested materials

The tested plane material was machined into a sreetbngular prism (10x10x14mm). The
material used for the plane specimens was low caalioy AISI 1034 which, after a specified
heat treatment, provides the mechanical propelisésd in Table 2. As a counterbody for
tested material, a sphere of 50 mm radius was Udezlsphere material was AISI 52100 ball
bearing steel. The chemical compositions of testaterials are presented in Table 1.
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Table 1: Chemical composition of tested materials.

Materials C Mn Cr Ni Ti Cu Si P S Mo V
AISI1034

038 1.2 03 03 - 03 05 002 002 008 0.06
(plane) (%)
AlSI

52100 r(';/‘:’)‘;‘ 1.0 03 15 04 10 10 02 002 002 01 03
(sphere)

Table 2: Mechanical properties of tested materials.

Materials E (GPa) Poisson ratio  oy(.20) (MPa) outs (MPa)
AlSI 1034
200 0.3 350 600
(plane)
AlSI 52100
210 0.3 1700 2000
(sphere)

2.2 Macro and micro geometrical configuration

From a macro geometrical point of view, the fratiexperiments were performed in

sphere/plane contact configuration, where the sphadius was R=50 mm +/- 10um. The
plane surface was machined (cutting then millingabrasive polishing) into a rectangular
prism. The morphologies of contacting bodies deiteemmicro-geometrical configurations.

During this study unidirectional surface texturingas been used. The results of the
experimental investigation are limited here totingt tests orthogonally oriented to the main
direction of anisotropy of surface's motifs.

2.3 Machining of plane samples

Two methods of machining process for plane specini@sed on different processes: milling
and polishing have been selected not only to caveiide range of technologically applied
process, but also to produce well finished (ortmadiy oriented to sliding direction)
morphologies. Any machining has two purposes: obigi shape and functional surface
topography. The first is easy to achieve, the sgéocome has no simple rules relating the
manufacturing process to surface morphology [SorEinto research of relationships between
manufacturing process and 3D topography parameésr®een recently observed [6, 7].
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For the rough plane surfaces, three types of rgilbrocess have been used. For the abrasive
process, the planes where machined with sand pé&®«s¥ from 240 up to mirror-polished on
4000 grid paper. A wide range of surface roughmesplane samples from~8L.02um up to
S,=35.05um has been achieved. The initial surface roughpasameters: S- Arithmetic
mean height, $- Root mean square height; Baximum height, of the plane materials are
listed in Table 3.

Table 3: Parameters of initial surface roughneS©®(25178).

RePfle?rreKre]ce Surface Preparation afum) & (um) S (um)
Surf. 1  milling-cutting 4.15 5.11 35.05
Surf. 2 milling-cutting 4.15 5.10 30.76
Surf. 3 milling-cutting 3.66 4.31 27.56
Surf. 4 polishing-abrasion (240) 1.52 2.00 27.00
Surf. 5 polishing-abrasion (800) 0.32 0.45 6.41
Surf. 6  polishing-abrasion (1200) 0.28 0.40 5.78
Surf. 7 polishing-abrasion (4000) 0.09 0.11 1.02

2.4 Surface morphologies

To evaluate the influence of surface roughnessrsdifferent surfaces have been prepared on
plane specimens. The surfaces numbered 1, 2 anete3 prepared by milling process where
material has been removed by cutting. The 3D isomeébpographies of initial surface
roughness are presented in Fig. 2

Fig. 2: 3D morphology images of initial surface gbuess on plane specimens, prepared by
milling process [8].

The polishing by abrasive process has been pertbanthe metallographic polishing machine
with the 240, 800, 1200, 4000 grid papers, obtaisedaces are numbered 4, 5, 6 and 7
respectively. The 3D topographies of initial suescoughness are presented in Fig. 3.
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Fig. 3: 3D morphology images of initial surface gbuess on plane specimens, prepared by
abrasive polishing [8].

In the case of studied surfaces the degree obisptiperiodicity, fundamental period size and
the principal direction have been systematicalllicudated. The tested surfaces are strongly
anisotropic (isotropy less than 5%) with very hjggriodicity of motives (over 70%). More
detail on the surface morphology of the tested rmadsecan be found in the previous study on
similar morphologies [8].

2.5 Tribological conditions of fretting test

The experimental fretting tests were performed dretling setup device rigidly mounted on a
servo hydraulic test machine. During the test, radrforce was kept constant and a sinusoidal
displacement with frequency of 20Hz was appliedafRee displacemeni(t), normal force P
and tangential force Q(t) were acquired and reabadea function of time (t). All tests were
carried out in ambient laboratory conditions, atmotemperature ~23°C and with a relative
humidity between 40 and 45%. A detailed descriptbrhe fretting setup used in this study
can be found in [8]. In order to evaluate the conpaessure influence on frictional behaviour
several additional test were run fog=p00, 700, 900 and 1000 MPa. Fretting tests were
performed under incremental displacement amplitndéod.

2.7 Incremental displacement method

To identify the displacement amplitude of the traos from PS to FS conditions, an

incremental displacement methodology has beenepfi. At the beginning of the test a very
small displacement amplitude was imposé#=1 um) and increased by regular steps at
regular intervals. Hence, through a single frettiegt, a complete overview of the sliding
response can be provided. Previous investigati@h fihve shown that a perfect coherence
with classical constant sliding test conditiongahieved if the incremental step of the sliding
amplitude remains smaller tha®=0.2 um, and the interval between displacement itundpl
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increment aboveAN=1000 cycles (Fig. 4). The total number of cycfes each test was
200 000. The quantitative variables,(p;) defining the tribological behaviour of the stutlie
tribosystems are listed in Table 5.

A A

Tested range of V . *p,
(max speed * pressure)

recorded values of
the sliding condition

Vinax * Po

placement
amplitude)

displacement amplitude

AN = 1000 cycles
(stabilized period)

fretting cycles
Fig. 4: lllustration of incremental displacemergttmethod.

3. Results and discussion

3.1 Friction

The experimental study presented in this papercsrdinuation of previous investigations [8]
carried out in dry contact conditions on similaesimen morphologies. In the present paper
the phenomenon of the boundary lubrication in sjdcontact conditions has been evaluated.
Tested material is AISI 1034 low carbon alloy onisththe selected surface finishing
processes (milling cutting and abrasive polishingye been applied. Cutting process by plane
milling on specimens Surf. 1-3 and abrasive sarmkep®olishing on specimens Surf. 4-7.
Topographical parameters of the initial state efpared surfaces are summarized in Table 3.
From the obtained experimental results, the intteeof the initial roughness and the Hertzian
pressure in the contact, under boundary lubricat@nditions, has been elucidated.
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In the Fig. 5 example results of the variable dispment test are presented and evolution of
the forces ratio Q*/P have been plotted. It cambted that in the first stage of the test in
Partial Slip conditions the evolution is very siamifor dry and lubricated contacts. However,
for the lubricated contact the coefficient of friet at the transitiom; between Partial and Full
Sliding is significantly higher than for dry contain addition, the relative sliding amplitude at
the transition PS/FS is slightly highérJ, however the impact of the initial surface rougbs
and lubrication conditions on transition sliding @itude is very limited. The relative sliding
amplitudes observed at the transition for all & &xperimental conditions remains between 2
and 4um. This phenomenon can be explained by the chemgeaitions between the zinc-
dialkyl-dithiophosphate (ZDDTP) lubricant or 2-panbtl solvent and the metallic contacting
surfaces. The above-mentioned interactions coglol la¢ supported by the work of Kajdas and
Obadi [11]. They supposed that alcohols did reaith whe steel surface under boundary
lubrication and that metal alkoxide might be getetawhich differs from what has been
widely accepted; that alcohols do not react withattie surfaces. In this respect, further work
is needed to reveal the tribochemical mechanisncexoed. Under high contact pressure, a
tribofilm (ZDDTP) of zinc-dialkyl-dithiophosphateao be created. The presence of a tribofilm
in fretting contact subjected to partial slip shgileads to an increase in the coefficient of
friction at the transition ) [12]. Scientists from LTDS reported [13] resultghich
demonstrate that to activate the anti-wear praieatf ZDDTP tribofilm the specific relative
speed sliding is necessary. In the Full Slidingimegwhere all area of surface contact is
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subjected to relative sliding, the coefficient oction significantly decreases (Fig. 5) [14],
while the coefficient of friction in dry contactmains stable at the level of u=0.7.

In order to evaluate the synergetic influence o thitial surface roughness, Hertzian’s
pressure in the contact and boundary lubricatidd{ZP) effect on the tribological properties
of AISI 1034/AISI 52100 tribo-couple, the statisticapproach of Design Of Experiments
(DOE) methodology has been used. The method pemmitso optimize and significantly
reduce the number of experimental tests by usetgstal methods to analyse the influence of
test parameters like roughness, pressure, lulmitaivariable factors) on the tribological
behaviour, in this study coefficient of friction (tesponse factor). For this kind of experiment,
a very useful statistical method is the so-call8drface Response”. First, we need to specify
the three experimental factors and one responsabl@r In the next step the range of tested
parameters have to be defined. Therefore, the nedigxperiment will be the 3 factorial “Box-
Behnken” method. Often some preliminary tests apiired to experimentally validate the
range of the tested conditions. In this study tleegezreening test in a large range of pressures
has been performed in order to obtain the “dom@eaheesponse surface. Once the range of
tested parameters has been found, we can cal@andtperform several experimental tests. To
analyse the obtained results the analysis of VegiafANOVA) can be use. Calculated
parameters for ANOVA analysis are summarized inlddb

Table 4: Analysis of Variance for coefficient oichion at the transition PS/FSju

Source Sum of Mean Square F-Ratio P-Value
Squares
A: Rogzgh”ess 0.1702 0.1702 13.25 0.0054
B: Hertzian 0.0371 0.0371 2.89 0.1234
Pressure

C: Lubrication 0.1378 0.1378 10.72 0.0096

A2 0.0471 0.0471 3.67 0.0878

B2 0.0348 0.0348 2.71 0.1343
Total error 0.1156 0.0128

From this analysis it can be noted that 2 paramédtave the significant influence on the
coefficient of friction at the transition PS/FQ(uparameter A which is roughnesg &d C
lubrication. For these parameters the P-valueseasethan 0.05 (see vertical blue line at Fig.
6), this indicates that they are significantly drént from zero at the 95.0% confidence level
and can be considered as the major factors inflogrine . The R-Squared statistic indicates
that the model as fitted explains 77% of the valitgbn ;.

Results of the influence, of variation in test ctiod parameters (factors), on the coefficient of
friction at the transition{) are presented graphically in the Pareto chargretthe bars
represent the linear (A, B, C) and parabolié, (B?) effect of each test parameter (Fig. 6). As
mentioned above there are two factors A: Roughr(®&)ps C: Lubrication, which are
statistically important. The B: Hertzian Pressysg (n the studied range (500-1000 MPa) has
less influence on coefficient of friction at thersition (i) and statistically does not have
significant effect.
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Standardized Pareto Chart for p,

A:Roughness S,

C:Lubrication W%

A2
B:Hertzian Pressure m
VA +
B2 -

| IS ST SR N [N SR SHNY Y SR T SIS ST ST S NN S SN S S |

0 1 2 3 4

Standardized effect

Fig. 6: Pareto chart of the standardized effe&:dRoughness ($, B: Hertzian Pressuredp
C: Lubrication, at the=5% significance level.

Results of surface response analysis are presentéd. 7 and Fig. 8, this demonstrates the
influence of the roughnessJSHertzian pressure { and boundary lubrication (ZDDTP) [15]
on the coefficient of friction at the transition /FS p;. As previously mentioned the range of
tested parameters have been selected from thecprerng tests to obtain the “dome shape”
surface response. Plotted surfaces present thermaxvalue in the tested range of evaluated
tribological factors. The initial surface morphojognd the finishing process have a strong
effect on y; value. The second parameter is the lubricatiorcefivhere the boundary
lubrication kinematic contact conditions are présamder fretting sliding. A less significant
effect onu;can be observed for Hertzian’s contact pressure.

Estimated Response Surface
Dry contact

Roughness S, (um) ~2~®<t0®
Fig. 7: Estimated surface response of COF at tiiandPS/FS 1 in dry contact under fretting
conditions loading.
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Estimated Response Surface
Lubricated contact

Roughness S, (um) Q@(\&‘b“
Fig. 8: Estimated surface response of COF at tiandPS/FS 1 in boundary lubricated
contact (ZDDTP) under fretting conditions loading.

3.2 Wear

This paradoxical effect when the coefficient otfion is higher under lubricated conditions
can be used in many engineering applications whigieforces have to be transmitted through
the contact. However, for higher sliding amplitudeshe Full Sliding regime a high value of
coefficient of friction can lead to a drastic inase of wear rate, for tested fretting conditions
(variable displacement test methodology) the olekewear (Fig. 9) depending on the partial
sliding friction history. Therefore, the number ofcles in Full Sliding and observed wear
volume is different for the tested surfaces anddid@ms loading and cannot be compared
directly. The further investigation carried outngia fixed number of cycles in full sliding
regime is needed to evaluate the roughness infeuenavear of materials under fretting.

3D topography (non tactile)
data acquisition
of contacting bodies
I

Leveling
Least square plane
[ |

Mirrored - Morphology
Inz - Anisotropy Form alone Form removed

Macro
geometry

Leveling
Polynomial of order 2

Islands
- Wear Volumes
< Morphology

Islands
- Wear Volumes
- Morphology

Fig. 9: 3D Topographical Wear Analysis Workflowafntacting bodies plane/sphere.
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Material that is deformed, removed or transferredhie counter body can be calculated and
related to tribological conditions and surface dinng process [16]. As illustrated in Fig. 10
external plastic deformation and transferred mattéhe sphere counter body can be observed.
In this case, the removed material is 1.17nmmcomparison to transferred part representing
0.199 mni. In this paper, we are focusing mainly on thetiftic behaviour and therefore the
wear analysis is restricted.

Fig. 10: 3D morphological view of fretting traceauff. 2) unr lubricated contact conditions
a) AISI 1034 plane, b) AISI 52100 sphere with ra&dR=50 mm.

Table 5: Sliding parameters obtained by incrematisgdlacement method.
Specimen Roughness  Hertzian's
Reference S, (um)  pressure (MPa) M

Contact conditions

Surf. 4 27.6 500 0.57 Dry

Surf. 4 27.6 900 0.80 Dry

Surf. 1 35.1 700 0.73 Dry

Surf. 7 1.0 700 0.82 Dry

Surf. 4 27.6 700 0.99 Lubricated (ZDDTP)
Surf. 1 35.1 500 0.59 Lubricated (ZDDTP)
Surf. 1 35.1 900 0.70 Lubricated (ZDDTP)
Surf. 7 1.0 500 1.09 Lubricated (ZDDTP)
Surf. 7 1.0 900 1.10 Lubricated (ZDDTP)
Surf. 4 27.6 700 1.04 Lubricated (ZDDTP)
Surf. 4 27.6 700 1.05 Lubricated (ZDDTP)
Surf. 1 35.1 1000 0.93 Lubricated (ZDDTP)
Surf. 2 30.8 1000 0.97 Lubricated (ZDDTP)
Surf. 3 27.6 1000 0.88 Lubricated (ZDDTP)
Surf. 4 27.0 1000 1.10 Lubricated (ZDDTP)
Surf. 5 6.4 1000 1.06 Lubricated (ZDDTP)
Surf. 6 5.8 1000 1.10 Lubricated (ZDDTP)
Surf. 7 1.0 1000 1.00 Lubricated (ZDDTP)

3.3 Lubrication regimes

Two types of interfaces: dry and lubricated with @OP solution have been tested under
fretting loading. In the case of dry contact, dodhe wear process the formation of debris in

12
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the form of fine powder can be observed. This phemwon can progressively change the
contact sliding condition into so-called “partictddubrication regime” generally known as
third body agglomeration [15-17]. Interfacial shesiress can be slightly reduced in Full
Sliding (FS) regime as pointed out in Fig. 5. le thbricated contact (ZDDTP solution) the
debris formation has not been observed under thi@lpslip regime and therefore, the apparent
friction coefficient y at the transition is higher than in dry contact.

In Full Sliding the formation of debris occurs andh lubricant, they start to create the paste
(grease) which leads to reduction of coefficientfraftion (Fig. 5). This sliding lubrication
regime is known as "colloidal lubrication regimé8].

Presented in this paper, experimental results shawthe surface roughness has strong effect
on the friction behaviour under dry and boundatyrizated fretting conditions. Therefore, the
surface roughness and selection of manufacturingess is essential for final application of
assembled joins subjected to the fretting loadmddions.

4. Conclusions

The following purely tribological conclusions couldd drawn from the presented study:

- The initial surface roughness (machining process)dstrong influence on coefficient
of friction at the transitiony), between Partial Slip (PS) and Full Sliding (F®y,
instance surface roughness (Surf.1) wher8S1um, decrease tha by 36% to 0.7 in
comparison to mirror polished surface (Surf.A15um wherey; is 1.1.

- Boundary lubricated (ZDDTP) fretting contact prasea 27% higher coefficient of
friction (u) at the transition (PS/F$)~1.1, than dry contagt~0.8.

- The two zones of different surface degradation mode be distinguished within
contact area: central zone of wear damage andférassmatter, and external zone of
the friction and plastic deformation,

- Initially imposed pressure of contact does not @mésstrong influence on sliding
behaviour.
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