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Abstract

Dynamic evolution of surface roughness and infl@ent initial roughness (50.282 to 6.73 pm) during friction and wear
processes has been analyzed experimentally. Thermiolished and rough surfaces (28 samples i) tteve been prepared
by surface polishing on Ti-6Al-4V and AISI 1045 gales. Friction and wear have been tested in clalssighere/plane
configuration using linear reciprocating tribometeith very small displacement from 130 to 200 migoAfter an initial
period of rapid degradation, dynamic evolution wfface roughness converges to certain level spdoifa given tribosystem.
However, roughness at such dynamic interface lisistireasing and analysis of initial roughnesduahce revealed that to
certain extent, a rheology effect of interface ¢@nobserved and dynamic evolution of roughness dadffend on initial
condition and history of interface roughness evofutMultiscale analysis shows that morphology tedan wear process is
composed from nano, micro and macro scale roughfidsrefore, mechanical parts working under veryese contact
conditions, like rotor/blade contact, screws, diugtc. with poor initial surface finishing are septible to have much shorter
lifetime than a quality finished parts.

Keywords: dynamic surface roughness, dry frictimughness metrology, surface finishing.

Nomenclature: conditions at interface are constantly changing {8gar
F (Hz) - frequency of sinusoidal displacement, process, abrasion in contact and creation of thirdly will
P (N) - normal load in contact, influence dynamic evolution of interface roughneBer
Q (N) - tangential load in contact, very severe contact conditions [7] often encountere
& (um) - relative displacement in contact, fretting, initial surface will be totally removedd newly
N - number of cycles in fretting test, created surface will usually be very complex due to
S, (um) - Root mean square height, physical and chemical processes taking place atfaue.
Si - Skewness, Therefore, multiscale analysis approach should desl 4o
S« - Kurtosis, evaluate interface morphology. Along with statigtic
S, (um) - Maximum peak height, parameters, used to evaluate roughness heightpatidls
S, (Lm) - Maximum pit height, characteristic, many researchers started to usésgalé
S, (um) - Maximum height, decomposition method [8, 9, 10]. Fourier transform,
S, (um) - Arithmetic mean height, wavelet transformation and fractal methods are mdien
Sinc (MM) - Inverse areal material ratio, used [11, 12, 13, 14]. Taking into account multisca
S (Um) - Extreme peak height, roughness of interface and dynamic nature of &nctnd
Spa (1/mm?2) - Density of peaks, wear processes, it is important to analyze therfate
Spc (1/mm) - Arithmetic mean peak curvature, roughness evolution during sliding and wear [15prr a
S0z (UM) - Ten point height, practical point of view, initial roughness in maacturing
Ssp (M) - Five point peak height, process is much easier to control. It is frequentgd to
Sy (UmM) - Five point pit height. obtain specific functionalites of final parts and
components. Therefore, in this paper, we will focurs
1 Introduction initial roughness and its influence on friction anear
Initial surface roughness can have significantuerfice on process dynamics.

friction and wear processes in tribological corgaghder

fretting conditions [1, 2, 3]. Damage induced bstting is )

considered as a plague for modern industry and bean 2 Experimental procedure
found in many engineering applications [4] for exdenin

transport industry, electrical contacts, bridge ledmes,

rotor/blade contact of jet engine, but also in dént 2.1 Tested materials

implants and brackets [5], hip and knee prosthesis. Two commonly used engineering materials were sedect
Degradation of such contact is a dynamic process an i, this study: low carbon alloy (AISI 1045) andatifum
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alloy (Ti-6Al-4V). Two relatively hard materials e
selected as counterbodies to simplify analysis avaid
high wear rate: AISI 52100 ball bearing steel argOA
ceramic ball. For analysis of initial roughnessluafice

and dynamic evolution of interface roughness threngl
specimens AISI 1045 were tested against AISI 523410
and a plane Ti-6Al-4V specimens against ceramit bal

Abrasive wear

Process 1, AISI1045

Process 2, AlSI1045

Process 2, Ti-6Al-4V

Process 3, AlSI11045

£

2

Figure 1: 3D morphologies with different initialréace roughness (Process 1, 2 and 3) preparedrbgiab polishing on a low
carbon alloy AISI 1045 and titanium alloy Ti-6Al-4West conditions: P=10 N¥=200 um, F=15 Hz, N=5000 cycles, contact
configuration plane/sphere AISI 1045/AISI 52100 dmdAl-4V/Al ,O; respectively.

2.2 Rough surface preparation

The experimental specimens were machined into small
rectangular blocks and they were polished to obtain
uniform roughness on their working surface. Subeatjy
different grit size were involved to produce sueaavith

S, roughness ranging from 0.035 to 6.73 um. Tests
performed to analyze dynamic evolution of surface
roughness were carried out directly on the ‘almmostor’
polished surfaces with,80.035 um. However, influence
of initial surface roughness was also investigatsihg
specimens with different initial roughness rangiiogm
S;=0.282 t0 6.73 pum.

Commercially available spheres from ball bearingewe
used as counterbodies, they are characterized lbpthm
surface of about 0.2 um and no additional treatment
were used in this case.

Preparation of the surface by abrasive polishing ca
generate initial compressive residual stress neathé
surface. However, high local contact stress dufiatiing
will lead to relaxation of initial residual stresfter few
cycles in gross slip regime [16] when whole contaet is
subjected to relative sliding. Therefore, in thitidy
carried out in gross slip regime, the initial reslstress
will not be taken into account.

2.3 Surface Roughness measurements

The initially polished surfaces and the specimerith w
different initial roughness prepared on AISI 104&l &'i-
6AlI-4V were measured by Wyko NT3300S optical
interferometric profiler.Vertical Scanning Interferometry
(VSIl) mode was used to measure the surfaces. The
measurement principle is that unfiltered white tieam

is split in two. Half of a beam is directed through
microscope objective and reflected from the surfand
half is reflected from the reference mirror. Whefiected
beams combine together they produce interfererncgefs,
where the best-contrast fringe occurs at best fdougSl
mode the objective moves vertically to scan thdaser at
various heights. A 3D surface is reconstructed tglysis

of fringes at every pixel. VSI mode uses algorithtos
process fringe modulation data from the intensignal to
calculate surface heights. In our measurements an
objective with 5x magnification was used and resglt
sampling of obtained profile was 1.6 um in X and Y
direction and vertical resolution was 10 nm. Fosults
consistency all measurements were done in VSI mélile.
the surfaces were anisotropic and sliding directietween
plane and sphere was perpendicular to the initisflase
texture. Examples of measured 3D topologies on AISI
1045 and Ti-6Al-4V material are presented in Figlrdt
can be noted that an initial anisotropic surfaceghmess
has been totally removed from the surface duringear
process. Traces of fretting reveals abrasive cheranf
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fretting wear and presence of third body in thetaoh
causing very deep scratches in centre of wear.tidoee
abrasive character can be observed for titaniuay.all

2.4  Experimental setup for friction and wear tests

The experimental analysis of initial surface rouggm
influence on friction, wear and dynamic evolutiofi o
interface morphology were carried out using linescro-
displacement tribometer [17]. Reciprocating displaent
motion with a frequency F of 15 Hz is generated by
electrodynamic shaker. Test is controlled by impgsi
constant displacement. Figure 2 shows schematgratia

of used tribometer and interface contact configonat
During the tests, normal load in the contact wadiag by
fixed mass and was kept constant at P=10 N and.20 N
Tangential force (Q) and relative displacemeijt \fere
recorded continuously, using that signals, various
tribological parameters can be calculated and aégrhent
amplitude is used in feedback loop to keep disphece
amplitude constant during the test (18, 19).

a) Normal load _
Sphere P=10 N Displacement

D=25.4 mm ~ sensor

Plane %
specimen
displacement
amplitude
§"=50-200 um
Tangential

force sensor
b) Full Slip

Fretting Loop

Energy dissipated
in interface E,

Figure 2: Fretting test: (a) contact configuratioft)
fretting loop and (c) fretting wear scar (Ti-6Al-#Vafter
Kubiak et al. 2011 [17]).

3  Reaultsand discussion

Friction and wear are complex phenomena involving
physical and chemical interactions of interface atgb
mechanical deformations of near surface materiatirig
dry contact friction, even for the conditions inviolg only
elastic contact deformation in macroscopic scales tb
roughness of real surface, contact between twdstdike
place first on asperities peaks. Stress distribuiinlocal
contact spots can however exceed the elastic lamit
materials on a smaller scale will be deformed paly.
Therefore, by controlling surface morphology onen ca
control how the contact between solids will takacgl.

3.1 Dynamic evolution of roughness during wear
process

Dynamic evolution of surface morphology has been
evaluated by analysis of surface profiles aftetstegith
different number of cycles. Initially mirror polied
surface of Ti-6Al-4V has been tested in spherefplan
configuration for 2000, 5000, 7500 and 10000 cycles
Profiles of worn plane surface in direction pergeulér to
sliding direction are plotted in Figure 3. Spheriglaape of
wear scars has been removed from profile and only
roughness is plotted and analyzed. Already afterfittst
2000 cycles, a significant surface degradationiaakase

in roughness can be observed. Summary of roughness
parameters evolution can be found in Table 1. &ligh
increase in roughness can be observed between&@D0
5000 cycles, but no further degradation was obsefoe
this configuration. Note that tests were performea
mirror polished surface and therefore influencemitial
roughness is very limited in this case and each wdb
have similar rheological history. Evolution of wean
sphere counterbodies have similar tendency to &walu
on plane surface. Observed wear has abrasive tbarac
and after initial period of intensive degradatioan
equilibrium state between material removal from ksea
and valleys of asperities is reached. Roughnesgearface
will in this case slightly increase but it is aldyaat very
high level.

Length =1.94 mm Pt=0.196 ym Scale =3.00 pm
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Figure 3: Dynamic evolution of roughness profilesidg
wear process, 2D profile taken in a middle crossice in

This is the pre-peer reviewed version of the follgyvarticle: Kubiak K.J., Bigerelle M., Mathia T.@ubois A., Dubar L., Dynamic evolution of interéa
roughness during friction and wear processes. Sugvol 36 (2014) p.30-38, which has been publisimefihal form athttp://onlinelibrary.wiley.com.

30f7



Published in Scanning Vol. 36 Issue 1, (2014) p380

direction perpendicular to contact sliding direntiplane
material Ti-6Al-4V, P=20 N§ =130 um, F=15 Hz).

Table 1: Dynamic evolution of surface morphologyidg
wear process, measured at different number of syiol@
wear trace on surface with removed spherical ford a
filtered with Gaussian filter 0.08mm (plane mateifé
6Al-4V, P = 20 N,5'=130 pm , F=15 Hz).

Cycles Initial 2000 5000 7000 10000
Height Parameters

Sy (um) 0.045 2.09 1.82 15 1.56
Sak 0.229 -0.249 -0.214 -0.228 -0.802
Sw 3.23 3.77 5.05 3.27 5.16
S, (um) 0.197 15.3 19.9 12.4 12.9
S, (um) 0.272 15.3 23.1 16.5 17.2
S, (um) 0.47 30.6 43 28.9 30.2
S, (Um) 0.035 1.61 1.43 1.22 1.23
Functional Parameters

Smc (um)  0.058 2.66 2.17 1.97 1.87
S (M) 0.083 4.72 4.05 3.04 3.52
Feature Parameters

S (/mm2) 277 184 94.7 137 113
Soc (mm) 7.81 319 547 324 422
Si0; (M) 0.32 235 314 18.7 25
S5 (Um) 0.12 10.3 16.1 9.14 9.51
S, (Um) 0.20 13.2 15.3 9.56 15.5
3.2 Influence of initial surface roughness on dynamic

evolution of interface

Influence of initial roughness on dynamic evolutioh
interface morphology was analyzed on specimensapeep
on AISI 1045 and Ti-6Al-4V material with differeimitial
roughness. In this case, tests were carried ouinstga
AISI 52100 sphere. Profiles of the middle crosgisacof
wear scars on Ti-6Al-4V measured in direction
perpendicular to sliding direction are presentedrigure

4. Three surfaces with different initial roughness be
directly compared after the test with identicabdibgical
conditions. Summary of roughness parameters medhsure
inside the fretting scars is presented in Tabla® Bable 3

for Ti-6Al-4V and AISI 1045 material respectively.

It can be noted that there are differences in timéase
roughness inside the fretting traces after the sty are
related to initial surface roughnegsis confirms that the
rheological evolution and history of the contact
degradation have an influence on friction and wear
processes. However, influence of the material and
microstructure should be further investigated.

Table 2: Roughness parameters measured on initi@ce
and inside of wear scars, spherical form of wear save
been removed and Gaussian filter 0.08 were usetriala
Ti-6Al-4V, P=10 N,5 =200 pm, N=5000 cycles, F=15 Hz.

Initial surface Wear trace
Process# 1 2 3 1 2 3
Height Parameters
Sy (um) 1.43 0.441 0.365 188 241 292
S, (um) 6.48 2.2 2.06 144 164 154
S, (um) 6.73 1.61 1.71 10.7 112 196
S, (um) 13.2 3.81 3.77 25,1 275 351
S; (um) 1.11 0.339 0282 143 189 214
Functional Parameters
Sie (LM) 1.79 0554 0.459 2.3 276 3.13
S (LM) 3.13 0.82 0.667 3.85 555 7.97

Feature Parameters

Spe (1/mm2) 280 827 986 314 294 194
Spc (1/mm) 51.9 31.3 29.3 398 436 412
Si0z (M) 725 333 317 187 227 311
S5 (Mm) 3.83 1.85 1.81 104 145 144
S, (Um) 3.41 1.48 1.36 8.29 8.22 16.7
um Length=1.50 mm Pt=11.4 ym Scale =20.0 pm Process 1
1 Initial surface Wear scare Initial surface |
57 PR, I \ " [
PP | ) M\ L\“ dﬂ (WP S
0 - S ﬂ N Tl TV -
-10 T T T T T T T T T T T T T
0 0.2 0.4 0.6 0.8 1 1.2 1.4 mm
um Length=1.53 mm Pt=9.51 um Scale =20.0 pm Process 2
5 ey |
o i \Hﬂ i A/ A
»5; VA LJ\WK/J",/\/"‘J VM‘V‘WI\\A J”\,\,mvw
-10 T T T T T T T T T T T T T T
0 0.2 0.4 0.6 0.8 1 1.2 1.4 mm
um Length =1.50 mm Pt=9.64 um Scale =20.0 um Process 3
10 R N —
54
i
0 | \'W*»‘ \ o i J”J" T
_5: i M“w’vwwm \‘\'”Lv\.,h..v/v'wrw’wm‘ . ﬂ,.u‘\u’
-10 T T T T T T T T T T T T T
0 0.2 0.4 0.6 0.8 1 12 1.4 mm

Figure 4: 2D profiles of fretting wear scar, midgiane
perpendicular to sliding direction at maximum weapth,
material Ti-6Al-4V, for displacement amplitude 2@én.

Table 3: Roughness parameters measured on initi@ce
and inside of wear scars, spherical form of wear bave
been removed and Gaussian filter 0.08 were usetdriala
AlSI 1045, P=10 N§ =200 um, N=5000 cycles, F=15 Hz.

Initial surface Wear trace
Process# 1 2 3 1 2 3
Height Parameters
S; (um) 2.88 052 0377 0974 1.02 0.792
S, (um) 11.7 25 207 919 6.19 351
S, (um) 157 246 146 6.09 523 419
S, (um) 274 497 353 153 114 7.7
S, (um) 216 0.409 0.282 0.712 0.756 0.593
Functional Parameters
Sie (LM) 3.24 0.662 0.466 1.11 1.24 0.93
S (UM) 7 0.982 0.689 1.84 2.02 1.68
Feature Parameters
Sy (I/mm2) 107 800 741 492 437 749
Spe (1/mm) 781 35 277 337 136 118
Si0; (LM) 114 3.82 3.17 11.9 8.8 5.62
Ss; (um) 472 195 188 752 467 256
S, (Um) 6.72 1.87 1.29 4.4 413  3.05
3.3  Multiscale Power spectral density analysis

Further analyses of interface evolution during tivic
process were carried out using power spectral tensi
analysis on 3D measured initial and worn surfades.
represents a square value of amplitudes of surface
roughness profiles as a function of wavelength.tHis
case, an averaged value of the consecutives lih&Do
surface is represented. Therefore, obtained spactvill
depend on the direction of analysis.
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Multilevel analysis is revealing important changes
distribution of Power Spectral Density function imitial
roughness and morphology created during wear psoces
Initial surface morphology prepared by abrasivaghihg

is composed from frequencies corresponding to the
wavelength i.e. peaks on PSD graph in Figure 5.s&he
kind of dominant frequencies are likely to indicateface
anisotropy, which in this case is very high andychl7 %

of isotropy, has been calculated on initial surféégure
8a). Isotropy in tribological contact is increasidgring

the fretting test and after 5000 cycles is about%64
(Figure 8b). The results obtained for initial seda
morphology are rather intuitive and they are simflar
other surfaces prepared by polishing and other
unidirectional processes like milling or turningheve
rather single motif corresponding to the tool feésh, will

be dominant in PSD distribution.

Sliding direction is perpendicular to initial sucéa
roughness texture and as it can be observed ind-lyand
Figure 6 due to wear process initial surface isliyt
removed and new rough surface is created. Howélvisr,

is a very dynamic process and final roughness teffiace

will depend on the history of contact and roughness
evolution during the friction process.

Process 1 pm

AIS| 1045

Direction of
analysis

pm?
04: Averaged PSD along Y axe

0.3

0.2

0.1

A A s AT i S
0 005 01 015 02 02 03 035

Smoathing: : 5
Wavelength: 0444 mm

Figure 5: Surface morphology and Averaged Power
Spectral Density function of AlSI 1045 (Processdiface
before a test.

pree
04 mm
Zoomfactor: x4

Measured value: Anplitude: 0579 pm

Multiscale analysis of surface morphology insides th
fretting scar shows increasing and regularly distied
Power Spectral Density function with tendency tduee

the maximum wavelength in spectrum (Figure 6). This
means that morphology created in wear process is
composed from nano, micro and macro scale roughness
Therefore, abrasive wear process take place ascale
levels. Analyzing obtained PSD for worn surface® oan
expect to find self-similarity at different levelBigure 7
confirms that hypothesis, showing similar roughness
profiles of surface created by abrasive wear pmas
different scale levels.

AIS| 1045, §*=150 pm s, Process 1 um

pm?
0.51

Averaged PSD along Y axe
(inside the wear scar)
0.34

0.2+
0.14
o]

0 0.62 0.64 0.06 0.08 0.1 0.12 0.14 0.‘16

Smoothing: : 5
Wavelength: 0.181 mm

Figure 6: Power spectral density analysis of AlIS43
(Process 1) surface after the test with P=16*N150 um,
F=15 Hz, N=5000 cycles.

T
0.18 mn

Zoom factor: x4

Measured value: Ampitude: 0.410 um

a)pm Length=1.41 mm Pt=92.5 pm Scale = 200 pm

1004

75

50

2517
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b)

um Length =264 um Pt=14.0 ym Scale = 20.0 um

104

759 |

\ /
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-5

-71.5

25 50 75 160 125 1;30 175 260 225 2&"30 ur;1
Figure 7: Example of self similarity of roughnessfies
of worn metallic surface observed at different
magnification. Profiles a) and b) present the samméace
at different scale, AISI 1045, P=10 Ny'=150 um,

F=15 Hz, N=5000 cycles.

Isotropy of worn surface is increasing comparingnital
surface, however first direction of motives charfgem
initial polishing direction to direction of slidingof
interfaces.
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o 90° o
110° 100 80

70°

150°
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180° I

Isotropy: 2.70 %
First Direction: 90.0°
Second Direction: 83.2°
Third Direction: 97.0°

b)

150°

160°

170°

180°

Isotropy: 64.5 %

First Direction: 0.214°
Second Direction: 90.0°
Third Direction: 42.4°

Figure 8: Analysis of texture direction of a) iaitiand b)
worn interface roughness and its variation durireitihg

test with AISI 1045, P=10N,3'=150 um, F=15 Hz,
N=5000 cycles.

4  Conclusions

Dynamic evolution of surface roughness during ifvict
and wear processes has been analyzed using firss s
mirror polished Ti-6Al-4V samples and second seonés
samples with different initial roughness .£8.282 to
6.73 um) prepared on Ti-6Al-4V and AlISI 1045 sarsple
Analysis of dynamic evolution of roughness during
friction process shows that the degradation of naten
abrasive wear process rapidly changes the roughness
tribological contact. After an initial period of pa
degradation, condition of the interface will stasl and
roughness increase is much slower. However, aisabfsi
initial roughness influence revealed that to cargitent a
memory effect of interface exist and dynamic evoluf
roughness will depend on initial condition and bey of
interface roughness evolution. Therefore, mechapiadas
exposed to friction with poor initial finishing are
susceptible to have much shorter lifetime than igual
finished parts. This especially can concern thetspar
working under very severe contact conditions like
rotor/blade contact, screws, clutch etc...

Multiscale analysis shows that new surface credtethg
abrasive wear process is rather uniform at diffeseales.
That confirms that morphology created in wear psscs
composed from nano, micro and macro scale roughness
Depending on specific application, initial surface
morphology can be used to manage the friction aedrw
processes in more controllable way.
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