This is gre-print of the paper published bilsevier in Tribology International, V82 part B (2015) (875386

kris@kubiak.co.uk https://doi.org/10.1016/j.triboint.2014.04.035
|l dentiycation of | ubricad

by multi-scale decomposition

C. Hubert™, K. J. Kubiak’, M. Bigerelle”, A. Dubois™, L. Dubar™

“Univ Lille Nord de France, F-59000 Lille, France "UVHC, TEMPO EA 4542, F-59313
Valenciennes, France Telephone: +33 3 27 51 14 54, Fax: +333 2751 13 17
‘University of Liverpool, School of Engineering, Liverpool L69 3GH, United Kingdom

Abstract

This paper focuses on the analysis of surfaces resulting from thickness reduction of aluminium
strips, provided with lubricant reservoirs, and deformed with diderent lubricant viscosities and
drawing velocities, by a s pe ®Ouripngcredectiop, ¢he lubmant is
pressurized and may escape from its initial cavities and supply the neighbouring ones. The nature
of the lubrication regime is thus locally changed and may vary from boundary to hydrodynamic.
The deformed surfaces are measured by means of a Vertical Scanning Interferometer then
analysed in terms of arithmetic roughness and developed roughness proyl
two parameters are found not accurate enough to identify regions where didaerent lubrication
phenomena occurred, a method based on roughness peaks and valleys curvature radii
estimation, recently developed by some of the present authors, is applied.

The acquired surfaces are assumed as fractal surfaces and a multiscale decomposition of the
peaks and valleys curvature r adi ieacldxpenmeniaf
test. Then the analysis of the deformed surfaces is achieved and the edects of the diderent
testing conditions on the curvature radii are highlighted. During this study, this method has
been of great hel p t odergnucantacts rature, v.ee deyere draagt, rared
to link the didaerent regions to a lubrication regime.

Keywords: Roughness, Friction, Curvature radius, Fractal

1. Introduction

Metal forming operations generally require mixed lubrication regime to reduce the friction at
the tool/ workpiece interface and to impro
surfaces [1]. The peculiarity of this lubrication regime lies in the fact that only the
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micro-c avi ti es, i nherent fr om s uithfubricaatsduringdhe gom-
tact, and thus the peaks of both surfaces are in dry contact. In plane strain processing, when
plastic deformation occur s, t he <cavit ilease the
lubricant towards the drawing direction or in the opposite direction, according to the involved
phenomena: Micro Plasto HydroStatic Lubrication (MPHSL, governed by the pressure gradient
between the cavity and the contact pressure) or Micro Plasto HydroDynamic Lubrication (MPHDL,
mainly governed by the relative speed between the tool and the worked surface), respectively.
The result of this lubricant escape is a local change of lubrication regime that may become
hydrodynamic rather than the initially expected, mixed lubrication regime.

Theconcept of Mi cro Plasto Hydrodynamic L
Mizuno and Okamoto [3] and later by Kudo et al. [2]. Azushima et al. [4] and Bech et al. [5]
proved it in plane strain drawing of aluminium strips on which pyramidal indentations were
manufactured and ylled with l ubri cant. T
through a transparent glass die and recorded by means of a video camera. The aim of the
latter study was to determine the drawing parameters, such as the lubricant viscosity, drawing
speed, back tension or friction coegcient, that lead to MPHSL and/or MPHDL. This study
also showed strong changes in the worked surface roughness where MPHSL and MPHDL
occur, but has not been investigated further. More recently, Dubar et al. [6] carried out similar
kind of experiments, with the same testing device as [5], but with triangular sectioned grooves
as lubricant reservoirs, machined by means of Electro Discharge Machining (EDM). The aim
of this technique was to avoid metal banks due to the indentation process, to avoid any
lubricant escape perturbation due to these banks and to confer true plane strain properties to
the analysis, including the lubricant escape. The drawing parameters investigated in this
study were the drawing speed, the lubricant viscosity and the pockets angle to the edge, with
goal to model numerically the lubricant reservoirs depth reduction due to plastic deformation
and subsequent puid escape during drawing,
Other studies focusing on related phenomena in drawing process like friction, lubrication,
roughness etc. have been carried out [71 11]. In the present study, the experimental results
produced by Dubar et al. [6] are used to analyse the edects of lubricantes c ape on
roughness of the worked surfaces.

As classical tribological parameters such as the arithmetic roughness (Ra) or the developed
proyl e Ropngwohnpt allow cl ear i deaerent ghenamena
occur [12], the method based on roughness peaks curvature estimation, which plays an
important role in contact pressure, recently developed by Bigerelle et al. [12] is applied. This
method considers the specimens surfaces as fractal surfaces and thus allows to perform a
multiscale decomposition of this radius of curvature. Even if the calculation of the radius of
curvature requires smooth surfaces, it is not always the case when dealing with fractal
surfaces, as shown by Mandelbrot and Wallis [13]. Moreover, as all metric parameters rela-
tive to fractal curve depend on the measu

sense of the local radius of curvature for fractal surfaces. And if in tribology contact fractal
surfaces are often used to avoid sensitivity of the measurement scale, this approach is used
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here to identify the regions where diderent contact conditions occurred, especially a local
change in lubrication regime due to either MPHSL or MPHDL.

The present paper is divided into three parts. Firstly, the experimental tests carried out are
described: the testing device functioning is detailed as well as the specimens preparation and
properties, and the testing conditions. Then the methodology for the acquisition of the worked
specimens topographical information is explained. Secondly the methodology to perform the
whole multiscale decomposition of the rad

is described. Then, based on the prior multiscale decomposition, the analysis of the results is
carried out to quantify the eaects of the experimental process parameters (i.e. the lubricant
viscosity, the drawing velocity and the pockets angle) on the radius of curvature measured on
the ynal surfaces. Finally the | i wulkicatioe reginee
i's presented, with comparisons to regions
The results are then discussed and proposals for future works are given.

2. Experimental tests and surfaces topography acquisition

2.1. Testing device and design of experiments

The experimental testing device used in this study has been developed by Bech et al. [5] for
thickness reduction of aluminium strips. The strips are drawn by means of a hydraulic jack
between two dies: the upper one is made of hardened glass so the lubricant behaviour can be
observed during thickness reduction, and the lower die is made of steel with an inclined plane
with angle b =3"to apply the thickness reduction. The hardened glass is used as delivered in
shape of circular disc of dimensions H50 x 11 mm, and the lower die is 80 mm long and 50
mm wide, with polished contacting surface to reduce friction. A high speed video camera is
used to record the lubricant behaviour for subsequent analysis, i.e.i dent i yc a
occurrence of MPHSL and MPHDL, location of the onset and direction of escape or front

wave speed. The testing device is illustr
high speed B die angle V, : drawing speed
video camera Fr: drawing force ¢, : initial strip thickness

ﬂ L.: contact length  f; : final strip thickness

glass die
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Figure 1: Experimental testing device with its intrinsic parameters [14].

The provided strips dimensions are lo x Lo % to = 450 x 20 x 2 mm and their material is a
semi-hardened aluminium AISI 1050 H24. Macro lubricant pockets are manufactured by 3
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means of Electro Discharge Machining to reduce the local residual stresses and to avoid the
formation of banks that would change the
observed in a prior study [15]. The shape of the lubricant pockets is a groove normal to the
drawing direction with triangular cross section. They are 10 mm long and 1 mm wide, with an
angle to the edge U=5f or t he yrst s etU=d0 forshp secondroae She
spacing between each cavity centre is 2 mm, so that the plateaus are 1 mm wide. The strips
are obtained from cold rolling and their raw roughness is preserved all along the specimens
preparation process. An illustration of the manufactured strips and an illustrative picture are
given in ygure 2.

®

A cross section

Rl ey

Figure 2: Groove shaped pockets pattern (a) and picture (b) of two EDM processed strips.

20 mm

In the experiments carried out for this study several testing conditions are applied to analyse
the sensitivity of the lubrication phenomena described above, i.e. MPHSL and MPHDL.: the
pockets angle to the edge applied during the EDM of the specimens (U =5and U= 10), the
lubricant, which is a pure mineral oil with two viscosities (d = 60 ¢St and d = 660 cSt at 40 'C)
and the drawing velocity (Vs=5 mms”and Vs= 50 mms"”). All these parameters are crossed
together so that eight experimental conditions are tested, each testing condition being tripled
resulting in twenty four tests. The design of experiments is summed up in table 1 along with
the name assigned to each testing condition (e.g. 5DTC1 means 5 Degrees, Testing

Condition 1).
During testing global parameters are recorded such as the drawing speed, drawing force, and

the lubricant dynamic behaviour by means of a high speed video camera set to a frame rate
of fr= 125 fps when drawing at Vs =5 mms”, and fr= 1500 fps at Vs = 50 mms”.

2.2. Deformed surfaces topography acquisition

The surfaces topography were acquired usi
is a Vertical Scanning Interferometer (VSI). The measurement principle isthatuny | t er e
l ight beam is split in two: half of the b
from the surface, and the other hal f I S
beams combine together they produce interference fringes, where the best-contrast fringe
occurs at best focus. In VSI mode the objective moves vertically to scan the
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Table 1: Testing conditions and corresponding condition name.

Pocket angle Drawing velocity Lub. viscosity (40°C)  Condition Name

U=5° Vs=5mmsyg  d=60cSt 5TDC1
d = 660 cSt 5TDC2
Vs=50mmsy  d =60 cSt 5TDC3
d = 660 cSt 5TDC4
U=10° Vs=5mmsyg  d=60cSt 10TDC1
d = 660 cSt 10TDC2
d =60 cSt 10TDC3

Vs=30mmsy 4 _ g6 cst 10TDC4

surface at various heights. A 3D surface is then reconstructed by analysis of fringes at every
pixel. VSI mode uses an algorithm to process fringe modulation data from the intensity signal
to calculate the surface heights. The obtained resolution will therefore depend on the precision
of the z-axis positioning. In the case of the Zygo NewView 7300 instrument a piezoelectric
stage withrange of 160um i s used to reyne t he hedilgm. The
spatial resolution depends on the camera size and the used lens; in our case the surfaces
were acquired then stitched together to cover an area of 8 x 2 mm’with spatial resolution (x, y)
of 1.1um [14]. The location of the measurements is chosen so that both deformation and
lubrication regimes are stabilized. It starts at the 15th pocket, in the middle of the strip as

il lustrated in ygure 3.
]5thpocket __________
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Figure 3: lllustration of measurements location and extent.

An example of surface measured before dre
characteristic topography of cold rolling with strias in the working direction (x-axis) on the
plateaus (regions of the surface at zero height) and rough, dull surface state in the lubricant
pockets due to the EDM.

On the surfaces measured after drawing (
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been pattened and the resulting plateaus s
can also be observed that the shape of the lubricant pockets has changed after processing,
and two new regions can be identiyed, | ab
belonged to the lubricant pockets and, due to elastoplastic deformation, they now form part of
a plateau. It is however assumed that because of the large amount of lubricant in this region,
the contact was only partial and thus the topography of regions 2 and 4 is similar to that of the
pockets, labelled 1.

Figure 4: lllustration of strips surfaces before (a) and after (b) drawing.

I n this kind of def ormation process, t he
signature of tribological process that can be revealed with an analysis of the surface rough-
ness. However, direct analysis of 3D surface morphology is computationally more expensive
and less robust than 2D analysis in the case of pure anisotropic surfaces. Therefore, to

analyse surface roughness, a speciyc tech
proyles analysis has been developed. Giver
2D proyleywdiirmctihen of this surface. Qerent
parameters can be calcul ated f r ocalaiithmétic kougd-
ness or the developed | ength of the rough
ygure 5. Though, as described in [12], u

arithmetic roughness (Ra) can not clearly distinguish all contacting regions. The developed
|l ength of r o uRyohis @k $o digtingaishlthem With slight variations, but is not
clear enough to perform a reliable analysis.
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Figure 5: Roughness parameters Raand Rwoc al cul at ed on i ndi vi g-diraction fram
the 3D surface [12].

Thus, an algorithm has been developed to estimate the radius of curvature of a fractal curve
and to establish the dependency of this radius on the scale at which the surface is observed
and its relationship with the fractal dimension of this surface. This work is fully detailed in [12]
and the main lines are given in section 3.1.
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3. Multiscale decomposition of pt

3.1. Methodology

According to Nowicki [17], it is possible to study the roughness of a given surface by
introducing a parameter called radius of asperity, which is determined by the relation

I'c :|x2/8|y (1)

where rcis the radius of a circle with centre O, passing by a crest A and by two points B and C

of t he Ixgomespprideto the distance between points B and C, lyis the distance
between line (B, C) and

line (B, C) and the circle centre O. lyis considered sugciently small so that segment [A, O] is

supposed to be perpendicular to segment [B, C], in its middle I. These parameters are

illustrated in ygure 6 on a regular proyl
- 05
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Figure 6: Deynition of parameters used to calcl!

Equation 1 is obtained by assuming that ly is sugciently small so that condition ly << Ixis
satisyed.

For fractal curves, rc depends on the scale at which the observation is made, and as we
postul ate that the curvatur e r kdtheuparameter rix is
assumed to be the measurement scale, calculated as follows:
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1. A horizontal straight line is chosen at a givenlevelht hat cr osses t he
and a set of values of Ixis built with the intersections of the straight lines intercepting the

P. & dakh&alue of Ixthe local maximum peak (i.e.t he maxi mum val ue
obtained, giving the corresponding value of ly.
3. The curvature radius of the peak rcis calculated according to equation 1.

4. The sequence (11 3) is repeated m times for m other horizontal straight lines chosen
randomly.

Experimentally, the fractal dimensionpi s obt ained as a sl ope b
the function log rc(Ix)= f(log Ix) obtained by the algorithm described above. If the regression line
yt wel | (usual ly wit hRrangiegdned.9%,cl]), tha eéxpernfentat data
then allow writing the scale law

re(lx)= ad”. (4)
The multiscale decomposition will be performed by means of this scale law.

3.2. Application on

The algorithm is introduced with a 2D pro
3D. Meanwhile the experimental tribotest used for this study performs plane strain
deformations, which means that the mechanical behaviour of the specimens is (theoretically)
identical whatever the observation position in the width direction. As done for parameters Ra
and Ro(ygure 4), the bal gorpiltibend winl al | proy
theobtainedvalueofthecurvatureradiusofpeakswillbereportedona log re(lx)= f(Xp r o) geaph for
several values of the measurement scale log Ix, ranging from 0.35 to 3.0.

As discussed earlier, theradiof curvature of the proyl e
contact severity and thus contact pressure. In the same way as developed, another important
indicator may be the radius of curvature of valleys: it is clear that for soft to medium contact the
curvature radius of peaks will change, b
signiycantly. On the contrary for severe
increased curvature radius, as well as the valleys. To compute theradiusof t he pr
the same algorithm as for the peaks is applied after initial transformation of the surface z(x, y)
into 1 z(X, y).

Finally, still based on the radii of curvature of peaks and valleys, a third indicator will be useful
for the interpretation of the results: the dimensionless ratio R between the radius of curvature
of peaks and the radius of curvature of valleys, expressed as

fep
R= , (5) fev

with rep and rev the radii of curvature of peaks and valleys, respectively. In logarithmic scale, as
it will be used in the remainder of this paper, this indicator becomes

R =logR=log rerT log rev. (6)

Three main values can be considered for this indicator:
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1. R > 0: the radius of peaks is greater than that of valleys, meaning that the peaks
have been eroded but not the valleys. The other way may also be considered, i.e. rcv
becomes smaller without change for rcp, but it seems to be inconsistent since any
process starts by eroding the peaks the

third body patrticles, created by the tool/workpiece friction and wear.
2. R =0: means that both radii of curvature (peaks and valleys) are equal.

3. R < 0: the peaks curvature radius has been reduced or that of the valleys has been
increased.

These three indicators, namely the peaks curvature radius, the valleys curvature radius and
the ratio between these last two curvature radii have been computed for the initial strip

il lustrated in ygure 4a, and r epor tthe durface
topography and a 2D proyle of this surfac
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Figure 7: Multiscale decomposition of peaks and valleys curvature radii and parameter R for an initial strip

with pockets angle of 10 .

I't can be seen on the graph of yrgandelleysrctate
very close, if not equal. The analysis and explanations of the diderent parameters is
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given below:
A Logically, regions that have been cold rolled have high curvature radii since cold
rolling apply | arge plastic deformati on

peaks and valleys. Moreover, the work rolls being much harder than the aluminium strip,
they transfer their roughness, which is typical of rolls grinding, to the worked strips.

A The regions aaected by the Electro Discharge Machining also have similar value of
curvature radii of peaks and valleys, but this value is smaller than that encountered for the
strips plateaus. The EDM actually removes aluminium particles almost uniformly instead
of pattening the strip surface.

A For both regions, the ratio R of peaks and valleys curvature radii (equation 6) is
thus close to zero, ranging from 1 0.2 to +0.2 for all measurement scales.

These values of the peaks and valleys cur
kept as reference values for the next analysis of the measurements performed after drawing.

3.3. Determination of the most relevant analysis scale The major interest and key for the following
study i s t oieytmedvalueatwhiehctrelrado R of peaks and valleys curvature radii
must be analysed. To determine this scale, appropriate statistical analyses are performed. For all
proyles, all wvalues of individual peaks and
452, 861, 509 peaks and 452, 861, 510 valleys, so about 9 x 10° asperities. From these analyses,
itis decidedtotestifthediaer ence bet ween peaks and valley
measurement scale values lxand this for all maps and all x-positions. Then analyses of variance
are proceeded to ynd where i s tlhfremwhichd&ereneel e
bet ween peaks and valleys curvatur e ar ex-postion
and each sample). Onlythemost si gni ycant values ar eF(Figsherai
variate of the analysis of variance) variation versus the measurement scale Ix(in logarithmic
valuesyar e plotted on t he ¢ coagsdondwhighgr didereree b8tweenH
peakand valley curvatures. &S, twomaxeanam vales are keached:
the yr st logilke0.35 (ix=x2.24purd) and the second one around log k=2.5 (Ix=
315.23um). These two measurement scale values are linked to the size of the asperities; the
others represent

the macrotopography linked to the structuration of the specimens. As a consequence, to
analyse eaect of the topography, we will retain the measurement scale log Ix=0.35.
4. Analysis of the deformed surfaces and

This section concerns the analysis of t h
detailed in table 1. Itis divided into3sub-secti ons: the yrst one

de
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Figure 8: Determination of the most relevant scale to observe the multiscale decomposition.

of the eaect of the lubricant viscosity, the second one will concern the drawing velocity and
the third sub-secti on wi | | ynally be aimed at tr
regimes that are encountered in this speciyc kind of tribological contact, by comparisons with
measurements performed out of t-dedionpwilcalsedea
with the edect of the pockets angle to the edge, which effects on the curvature radii are linked
with that of the lubricant viscosity and the drawing velocity.

4.1. Edect of the lubricant viscosity

Generally, in mixed lubrication regime, increasing the lubricant viscosity allows to reduce the
friction between the contacting surfaces and may favour a hydrodynamic lubrication regime.
The expected edect of the high viscosity lubricant (d = 660 cSt) is thus smaller curvature radii
for both peaks and valleys belonging to t

for a low viscosity lubricant (d = 60 cSt). A comparison for testing conditions 5DTC1 and
5DTC2 is given in ygure 9a and 9b, which ¢
l ubricant viscosity, respectively. On thi

value of logrecri s hi gher for the | ow viscosity [13)
1.8] (repN [19.95,63.1]um) , t hanforthehighviscosityl ulog
reed 1.1 (rep @ 12.59um). The same observation can be made for the value of log rev, which
ranges in [0.8, 1.3] (rev N [6.31, 19.95]um) for d = 60 cSt and in [0.6, 1.1] (rev N [3.98,
12.59]um) for d = 660 cSt.


mailto:kris@kubiak.co.uk
https://doi.org/10.1016/j.triboint.2014.04.035

This is gre-print of the paper published bilsevier in Tribology International, V82 part B (2015) (875386
kris@kubiak.co.uk https://doi.org/10.1016/j.triboint.2014.04.035

5
£ ) ]
3 3 0
= = _
b b -
= & ]
2 2 =5
E -
a a a
: 5 10—
& & q
] =

|-—logl=035 = — logk=15 log /y=2.5 T—log k=035 — logh=15 log [ =2.5

6—— logix=1.0 - log k=20 -~ log&x=3.0 6——logh=10 —  loghk=2.0 -~ log 5=3.0

T N DN LT

MS decomposition of log 7.p
MS decomposition of log 7.p

_WWMW‘W

% :

1.1-)%WW
0 | | | |

MS decomposition of log 7.
MS decomposition of log -1

log r.p—log 7.y
log 7zp — log rev

R'=
R'=

Position along profile (mm) Position along profile (mm)

Figure 9: Multiscale decomposition of peaks and valleys curvature radii for conditions 5DTC1 (a) and
5DTC2 (b).

Still focusing on the strips plateaus, the same observations can be made for testing 14
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conditions 5DTC3 and 5DTC4, that involve a high drawing velocity and low and high
l ubricant viscosities, respectivel y. offpeaksis
log rerd 1.3 (rer & 19.95um) for the low viscosity lubricant while log ree & 0.8 (rep @ 6.31um)
when using a high viscosity lubricant. For the valleys, log rcvranges in the interval [0.8; 1] (rev
N [6.31, 10.00]um)fortestswithlowviscositywhile log reva 0.6 (reva 3.98um) for tests with high
viscosity lubricant.
Increasing the lubricant viscosity logically protects the contacting surfaces where the peaks
contact pressure should be found smaller than for a low viscosity lubricant.
All tests performed with pockets angle U = 10" (i.e. tests conditions names 10DTCx, x being
the test combination) show the same trend
curvature radius of both peaks and valleys have much increased when using a low viscosity
lubricant than when using a high viscosity lubricant. Meanwhile for U = 10 "
theobservedcurvatureradiiareslightlyhigherthanforstripswithpocketsangle U =5 ", and
especially for the peaks curvature radius. The multiscale decompositions for two identical
running conditions but with two dider e nt angl es are given Uic5?1and_
U= 10"respectively.

Figure 10: Multiscale decomposition of peaks and valleys curvature radii for conditions 5DTC2 (a) and
10DTC2 (b).
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As postulated by Sgrensen et al. [18], the angle to the edge of the lubricant reservoirs 16
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