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This paper focuses on the analysis of surfaces resulting from thickness reduction of aluminium 

strips, provided with lubricant reservoirs, and deformed with diǟerent lubricant viscosities and 

drawing velocities, by a speciýc experimental drawing process. During reduction, the lubricant 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 proýle length. Since these 

two parameters are found not accurate enough to identify regions where diǟerent lubrication 

phenomena occurred, a method based on roughness peaks and valleys curvature radii 

estimation, recently developed by some of the present authors, is applied.  
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Abstract  

The acquired surfaces are assumed as fractal surfaces and a multiscale decomposition of the 

peaks and valleys curvature radii of roughness proýle is performed, for each experimental 

test. Then the analysis of the deformed surfaces is achieved and the eǟects of the diǟerent 

testing conditions on the curvature radii are highlighted. During this study, this method has 

been of great help to qualitatively deýne the diǟerent contacts nature, i.e. severe or not, and 

to link the diǟerent regions to a lubrication regime.  
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1. Introduction  

Metal forming operations generally require mixed lubrication regime to reduce the friction at 

the tool/workpiece interface and to improve the visual aspect and roughness of the ýnal 

surfaces [1]. The peculiarity of this lubrication regime lies in the fact that only the  
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micro-cavities, inherent from surfaces roughness [2], are ýlled with lubricant during the con-

tact, and thus the peaks of both surfaces are in dry contact. In plane strain processing, when 

plastic deformation occurs, the cavities ýlled with lubricant are pressurized and release 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.  

The concept of Micro Plasto Hydrodynamic Lubrication (MPDHL) was ýrst proposed by 

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 ýlled with lubricant. The lubricant dynamic behaviour was observed 

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 coeǣcient, 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 þuid escape during drawing, by means of a Fluid Structure Interaction model. 

Other studies focusing on related phenomena in drawing process like friction, lubrication, 

roughness etc. have been carried out [7ï11]. In the present study, the experimental results 

produced by Dubar et al. [6] are used to analyse the eǟects of lubricant escape on the ýnal 

roughness of the worked surfaces.  

As classical tribological parameters such as the arithmetic roughness (Ra) or the developed 

proýle length (RL0) do not allow clear identiýcation of regions where diǟerent phenomena 

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 measurement scale, it becomes difýcult to give a physical 

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 diǟerent 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 radius of curvature along a given topographical proýle 

is described. Then, based on the prior multiscale decomposition, the analysis of the results is 

carried out to quantify the eǟects 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 ýnal surfaces. Finally the link between this radius of curvature and the lubrication regime 

is presented, with comparisons to regions outside of the pockets row and to initial proýles. 

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 ɓ =3
Ἀ 

to apply the thickness reduction. The hardened glass is used as delivered in 

shape of circular disc of dimensions Һ50 × 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. identiýcation of the 

occurrence of MPHSL and MPHDL, location of the onset and direction of escape or front 

wave speed. The testing device is illustrated in ýgure 1.  

 

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

The provided strips dimensions are l0 × L0 × t0 = 450 × 20 × 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 tribological contact properties and þuid escape, as 

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 Ŭ =5
Ἀ 

for the ýrst set of specimens, and Ŭ = 10
Ἀ 

for the second one. The 

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 ýgure 2.  

 

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

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 (Ŭ =5
Ἀ 

and Ŭ = 10
Ἀ

), the 

lubricant, which is a pure mineral oil with two viscosities (ɖ = 60 cSt and ɖ = 660 cSt at 40 
Ἀ

C) 

and the drawing velocity (Vs =5 mms
Ӈ1 

and Vs = 50 mms
Ӈ1

). 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
Ӈ1

, and fr = 1500 fps at Vs = 50 mms
Ӈ1 

.  

2.2. Deformed surfaces topography acquisition  

The surfaces topography were acquired using a Zygo NewView 7300 [16] proýlometer which 

is a Vertical Scanning Interferometer (VSI). The measurement principle is that unýltered white 

light beam is split in two: half of the beam is directed through a microscope lens and reþected 

from the surface, and the other half is reþected from the reference mirror. When reþected 

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.  

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 with range of 160µm is used to reýne the height resolution going down to 0.1 nm. 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 × 2 mm
2 

with spatial resolution (x, y) 

of 1.1µm [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 

illustrated in ýgure 3.  

 

Figure 3: Illustration of measurements location and extent.  

An example of surface measured before drawing is given in ýgure 4a. It clearly shows the 

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 (ýgure 4b) the strias due to cold rolling have  

 

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

Ŭ = 5° Vs = 5 mm sӇ1 ɖ = 60 cSt 5TDC1 

 
 ɖ = 660 cSt 5TDC2 

Vs = 50 mm sӇ1 ɖ = 60 cSt 5TDC3 

  ɖ = 660 cSt 5TDC4 

Ŭ = 10° Vs = 5 mm sӇ1 ɖ = 60 cSt 10TDC1 

 

 ɖ = 660 cSt 10TDC2 

Vs = 50 mm sӇ1 
ɖ = 60 cSt 10TDC3 

ɖ = 660 cSt 10TDC4 
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been þattened and the resulting plateaus surface is smoother than the original surface. It  

can also be observed that the shape of the lubricant pockets has changed after processing, 

and two new regions can be identiýed, labelled 2 and 4 (ýgure 4b). Initially, those surfaces 

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: Illustration of strips surfaces before (a) and after (b) drawing.  

In this kind of deformation process, the surface roughness will change leaving a speciýc 

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 speciýc technique of transition from 3D surface to 2D surface 

proýles analysis has been developed. Given a 3D surface, it consists in generation of series of 

2D proýles in the y-direction of this surface. Once the proýles are extracted, diǟerent 

parameters can be calculated from individual proýles such as the classical arithmetic rough-

ness or the developed length of the roughness proýle, as described in [12] and illustrated in 

ýgure 5. Though, as described in [12], using a simple amplitude parameter such as the 

arithmetic roughness (Ra) can not clearly distinguish all contacting regions. The developed 

length of roughness proýle (RL0) is able to distinguish them with slight variations, but is not 

clear enough to perform a reliable analysis.  

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


This is a pre-print of the paper published by Elsevier in Tribology International, Vol. 82 part B (2015) p. 375-386 
kris@kubiak.co.uk   https://doi.org/10.1016/j.triboint.2014.04.035 
 

 

Figure 5: Roughness parameters Ra and RL0 calculated on individual proýles, extracted in y-direction from 

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 proýle curvature radius  

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  

rc =lx2/8ly     (1) 

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

of the proýle. lx corresponds to the distance between points B and C, ly is the distance  
between line (B, C) and  

point A, 
andthedistance 
rc īly 

correspondstoth
edistancebetwe
en  

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

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

illustrated in ýgure 6 on a regular proýle.  

 

Equation 1 is obtained by assuming that ly is suǣciently small so that condition ly << lx is 

satisýed.  

For fractal curves, rc depends on the scale at which the observation is made, and as we 

postulate that the curvature radius can be deýned at a given scale, the parameter lx is 

assumed to be the measurement scale, calculated as follows:  

 
Figure 6: Deýnition of parameters used to calculate the local radius of curvature (after [12]).  

The application of Pythagorasô theorem to the triangle 

OBI gives  lx 2 2 + (rc ī ly)2 = rc 2 , leading to rc = ly 2 
+ lx 2 8ly .  (2) (3)  
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1. A horizontal straight line is chosen at a given level h that crosses the measured proýle 
and a set of values of lx is built with the intersections of the straight lines intercepting the 
proýle.  
 
2. For each value of lx the local maximum peak (i.e. the maximum value of the proýle) is 
obtained, giving the corresponding value of ly.  
 3. The curvature radius of the peak rc is calculated according to equation 1.  
 4. The sequence (1ï3) is repeated m times for m other horizontal straight lines chosen 
randomly.  

Experimentally, the fractal dimension ȹ is obtained as a slope by ýtting the discretised data of 

the function log rc(lx)= f(log lx) obtained by the algorithm described above. If the regression line 

ýt well (usually with a coefýcient of correlation R ranging in [0.95, 1]), the experimental data 

then allow writing the scale law  

rc(lx)= ɚlx 
ȹ 

. (4)  

The multiscale decomposition will be performed by means of this scale law.  

3.2. Application on an initial proýle  

The algorithm is introduced with a 2D proýle while the acquired data are surfaces, and thus 

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 RL0 (ýgure 4), the algorithm will be applied on all proýles in the width direction and 

theobtainedvalueofthecurvatureradiusofpeakswillbereportedona log rc(lx)= f(xproýle) graph for 

several values of the measurement scale log lx, ranging from 0.35 to 3.0.  

As discussed earlier, the radii of curvature of the proýle peaks are an important indicator of 

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, but the curvature radius of valleys wonôt change 

signiýcantly. On the contrary for severe contact conditions, the peaks will þatten leading to 

increased curvature radius, as well as the valleys. To compute the radius of the proýle valleys, 

the same algorithm as for the peaks is applied after initial transformation of the surface z(x, y) 

into īz(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  

R = 
rcP 

, (5) rcV  

with rcP and rcV 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
 

= log R = log rcP ī log rcV . (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 then the valleys, except if the valleys are ýlled with 
third body particles, 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 

illustrated in ýgure 4a, and reported in ýgure 7, along with a top view of the surface 

topography and a 2D proýle of this surface, taken in its middle.  
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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
 

.  

It can be seen on the graph of ýgure 7 that the curvature radii of peaks rcP and valleys rcV are 

very close, if not equal. The analysis and explanations of the diǟerent parameters is  
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given below:  

Å Logically, regions that have been cold rolled have high curvature radii since cold 
rolling apply large plastic deformation to the strips leading to important þattening of both 
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.  
Å The regions aǟected 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 þattening the strip surface.  

Å For both regions, the ratio R
 

of peaks and valleys curvature radii (equation 6) is 
thus close to zero, ranging from ī0.2 to +0.2 for all measurement scales.  

These values of the peaks and valleys curvature radii and ratio for this initial proýle will be 

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 is to ýnd the scale i.e. the lx value at which the ratio R
 

of peaks and valleys curvature radii 

must be analysed. To determine this scale, appropriate statistical analyses are performed. For all 

proýles, all values of individual peaks and valleys curvature radii are taken into account, giving 

452, 861, 509 peaks and 452, 861, 510 valleys, so about 9 × 10
8 

asperities. From these analyses, 

it is decided to test if the diǟerence between peaks and valleys is more signiýcant for all 

measurement scale values lx and this for all maps and all x-positions. Then analyses of variance 

are proceeded to ýnd where is the more relevant measurement scale lx from which diǟerence 

between peaks and valleys curvature are more signiýcant and thus all cases (horizontal x-position 

and each sample). Only the most signiýcant values are retained. The mean value of F (Fisher 

variate of the analysis of variance) variation versus the measurement scale lx (in logarithmic 

values) are plotted on the graph of ýgure 8. Higher F correspond to higher diǟerence between 

peak and valley curvatures. As it can be observed in ýgure 8, two maximum values are reached: 

the ýrst one around log lx =0.35 (lx =2.24µm) and the second one around log lx =2.5 (lx = 

315.23µm). 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 eǟect of the topography, we will retain the measurement scale log lx =0.35.  

4. Analysis of the deformed surfaces and identiýcation of lubrication regimes  

This section concerns the analysis of the specimens after drawing, for all conýgurations 

detailed in table 1. It is divided into 3 sub-sections: the ýrst one is dedicated to the analysis  
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Figure 8: Determination of the most relevant scale to observe the multiscale decomposition.  

of the eǟect of the lubricant viscosity, the second one will concern the drawing velocity and 

the third sub-section will ýnally be aimed at the identiýcation of the different lubrication 

regimes that are encountered in this speciýc kind of tribological contact, by comparisons with 

measurements performed out of the pockets rows. The ýrst two sub-sections will also deal 

with the eǟect 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. Eǟect 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 eǟect of the high viscosity lubricant (ɖ = 660 cSt) is thus smaller curvature radii 

for both peaks and valleys belonging to the strips plateaus (closer to the initial proýles) than 

for a low viscosity lubricant (ɖ = 60 cSt). A comparison for testing conditions 5DTC1 and 

5DTC2 is given in ýgure 9a and 9b, which correspond to low velocity tests with small and high 

lubricant viscosity, respectively. On this ýgure, it can be seen that, even if not constant, the 

value of log rcP is higher for the low viscosity lubricant (5DTC1, ýgure9a)andrangesin [1.3, 

1.8] (rcP  ɴ[19.95, 63.1]µm), thanforthehighviscositylubricant (5DTC2, ýgure 9b), for which log 

rcP å 1.1 (rcP å 12.59µm). The same observation can be made for the value of log rcV , which 

ranges in [0.8, 1.3] (rcV  ɴ [6.31, 19.95]µm) for ɖ = 60 cSt and in [0.6, 1.1] (rcV  ɴ [3.98, 

12.59]µm) for ɖ = 660 cSt.  
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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  

lubricant viscosities, respectively. For these conýgurations the radius of curvature of peaks is 

log rcP å 1.3 (rcP å 19.95µm) for the low viscosity lubricant while log rcP å 0.8 (rcP å 6.31µm) 

when using a high viscosity lubricant. For the valleys, log rcV ranges in the interval [0.8; 1] (rcV 

 ɴ[6.31, 10.00]µm)fortestswithlowviscositywhile log rcV å 0.6 (rcV å 3.98µm) 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 Ŭ = 10
Ἀ 

(i.e. tests conditions names 10DTCx, x being 

the test combination) show the same trend: compared to the initial strips state (ýgure 7), the 

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 Ŭ = 10
Ἀ  

, 

theobservedcurvatureradiiareslightlyhigherthanforstripswithpocketsangle Ŭ =5
Ἀ

, and 

especially for the peaks curvature radius. The multiscale decompositions for two identical 

running conditions but with two diǟerent angles are given in ýgure 10a and 10b, for Ŭ =5
Ἀ 

and 

Ŭ = 10
Ἀ 

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 Sørensen et al. [18], the angle to the edge of the lubricant reservoirs 16  
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