
HAL Id: hal-03451967
https://uphf.hal.science/hal-03451967v1

Submitted on 2 Apr 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

The representative topography of worn hot rolling mill
cylinders

Emilie Luc, Maxence Bigerelle, Raphaël Deltombe, Mirentxu Dubar

To cite this version:
Emilie Luc, Maxence Bigerelle, Raphaël Deltombe, Mirentxu Dubar. The representative to-
pography of worn hot rolling mill cylinders. Tribology International, 2015, 82, pp.387-399.
�10.1016/j.triboint.2014.05.031�. �hal-03451967�

https://uphf.hal.science/hal-03451967v1
https://hal.archives-ouvertes.fr


The representative topography of worn hot rolling mill cylinders

E. Luc a, M. Bigerelle b,n, R. Deltombe c, M. Dubar b

a Aperam Stainless Services & Solutions, Service Recherche, 62330 Isbergues, France
b Laboratoire LAMIH/TEMPO, UMR CNRS 8201, Valenciennes, France
c LAMIH, UMR CNRS 8201, Valenciennes, France

a r t i c l e i n f o

Article history:
Received 30 July 2013
Received in revised form
25 April 2014
Accepted 26 May 2014

Keywords:
Roughness
Hot rolling process
Wear
Rolling mill rolls

a b s t r a c t

In this paper, a method is proposed to extract the most representative surface topography from n
surfaces. A criterion is proposed that allows rejecting irrelevant topographical maps. Then, this
methodology is applied on the hot rolling process, on replicas of industrial surfaces. These analyses
have shown the major difference between ICDP and HSS roll behavior in terms of topography. Carbides
oxidation observations correlates lab studies from bibliography. We confirm that this methodology is
relevant to industrial investigations, especially on phenomena requiring non-destructive protocol.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

To minimize topographical error measurements, several rough-
ness measurements are often performed on surfaces. This multi
measurement is even more practiced due to automatism of 3D
roughness apparatus. However, the huge amount of data becomes
more and more difficult to be investigated and visually explored. A
possible alternative consists in analyzing roughness parameters that
may not require the surface observation. However, to the author’s
opinion, the visualization of the surface before computing para-
meters is of major importance to avoid bad measurements. After
roughness parameters computation, surface visualization is also
needed to analyze the physical meaning of parameters obtained by
statistical analyses. In this paper, a method is proposed to extract
the most representative surface from n surfaces.

2. The hot rolling process

2.1. General description of hot rolling

Hot rolling is a conventional manufacturing process of steel
industry that allows obtaining a flat or long semi-product from a
slab or a billet. After melting shop, the goal of this process step is
to transform the slab into a thin sheet (2–4 mm) in successive
reduction rate occurring at high temperatures, between 1300 1C
and 500 1C. After hot rolling, several steps are required to pickle

the metal and to reach accurate mechanical characteristics. Hot
rolling process (Fig. 1) consists in reheating a slab during 3 h up to
temperatures around 1250 1C. At the exit of a walking beam
furnace, the slab is reduced in thickness from 200 mm to 40 mm
in five to seven successive passes in a roughing mill. After this step,
a secondary step of rolling induces a reduction of the product
called transfer bar into a coil of 3 mm thick. This step is realized on
the finishing mill. The strip is then quenched and coiled. The time
required to roll one slab is around 3 min and the temperature of
the transfer bar (before finishing mill) is around 1100 1C and, at the
exit of the finishing mill, it is only 950 1C. Our study focuses on the
finishing mill which is the second reduction step on hot strip
mill line.

2.2. Description of the finishing mill

The finishing mill is a quarto-tandem mill that means that each
stand is composed of two working rolls that are in direct contact
with the product and two backup rolls that are used to support
severe stress by reducing deflection. The finishing mill is a seven
stands tandem mill: it means that the strip is trapped in the seven
stands at the same time. The goal is to reduce the thickness of an
entering product up to 90% in a few seconds, at an increasing
speed of 0.1 m/s to 7 m/s. The transfer bar (intermediary state
between slab and coil) will be introduced in seven successive
stands that will reduce the thickness from 40 mm to 3 mm. During
the rolling, the only controlled instructions of the finishing mill are
the rolling temperature and the strip thickness after stand 7. The
production schedule between stand 1 and 7 is fully automated and
is modified by regulation system that can modify the reduction
ratio and the speed of rolls during rolling in order to match the
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two conditions on strip thickness and temperature after stand 7.
That is the reason why there is no conventional rolling pass
schedule on tandem finishing mills.

2.3. Working rolls

There are two types of working rolls used in the finishing mill:

– HSS (high strength steel) grade located in F1, F2, F3 and F4.
– ICDP (indefinite chilled double pour) grade which is a cast iron

roll located in F5, F6 and F7.

Our study will be focused on stand F4 and F5, where type of
rolls is, respectively, HSS (high strength steels) and ICDP. Chemical
composition of rolls is given in Table 1.

2.3.1. HSS rolls microstructure
Working rolls are composed of a hard matrix (martensitic

structure) and Cr, Mo and V carbides are used to provide them a
high wear resistance.

HSS rolls are mainly characterized by the presence of fine hard
carbides, allowing on one hand to achieve higher shell hardness
and on the other hand, to have higher resistance to wear and
oxidation [1] (Fig. 2).

Carbides results from the addition of elements such as vana-
dium, molybdenum, tungsten and chromium that have a high
affinity with carbon. M7C3 carbides and the molybdenum–vana-
dium type M6C are mainly formed along grain boundaries while
vanadium carbides of MC type are distributed within the grains
[2,3]. M2C carbides (due to the addition of W and Mo) may exist
but are often mixed with the M7C3 and their fraction is so low that
they are most often confused with them. In the matrix, we can also
find some very fine spheroidal carbides of M23C6 type.

SEM examination of HSS roll highlighted (Fig. 2) that carbides
are of different types:

– in white, the molybdenum–vanadium carbides, which are
located on the grain boundaries are representing 9% of the
surface of the roll;

– in black, are represented the MC type Vanadium carbides,
essentially located in the grains, are representing only 2% of
the surface.

Chromium carbides are surrounding the MC type vanadium
carbides in the grains.

2.3.2. ICDP roll microstructure
ICDP rolls have a double precipitation: they have both graphite

and coarse carbides M3C type—Fe3C (cementite-white) (hence the
name “indefinite quenching”). The proportion of graphite is
comprised between 1% and 3%, while the fraction of carbide is
significantly greater, between 35% and 45% (Fig. 3). ICDP rolls have
a mixed martensite/bainite matrix and their particularity is that
the chemical composition of the shell varies with the radius. The
higher the radius, the lower the free C (graphite) content; so, the
lower the carbides amount. This leads to a decrease in shell
hardness with roll wear. The roll hardness decrease leads to a
rapid wear and therefore, to a regular roll change during produc-
tion schedule. The main consequence is a reduction in productivity
and additional cost of consumables. There is no drop in hardness
with decreasing radius of the HSS. Due to high interaction
between the roll and the steel product, we are interested in
characterizing the roughness of the roll in order to understand
well the evolution of roughness on the steel strip. That is why
some investigations on roughness measurement on industrial
working rolls were done.

3. The 3D surface measurements

3.1. Replicas on hot mill roll

In order to better characterize the surface of working rolls, and
because of their large dimensions (from 680 mm to 760 mm in
diameter and 2.5 m long), some replicas onto the surface of the
work roll were performed.

On ferritic stainless steel production schedule, only three
different strip widths are processed on the hot rolling mill of
APERAM. Indeed, samples at four different chosen areas were
taken: the first one was taken in the middle of roll length,
corresponding to the center of the strip (of each width size),
which correspond to the position C. A second sample was taken at

Fig. 1. Hot rolling of stainless steel strips with the seven stands finishing mill.

Table 1
Chemical composition of cylinders.

Cylinder Grade C (%) Ni (%) Si (%) Mn (%) Cr (%) V (%) Mo (%)

HSS 2.0 1.5 0.7 1.0 4.4 5.2 5.4
ICDP 3.0 3.7 0.8 0.8 1.5 0.1 0.3

Fig. 2. SEM examination of HSS microstructure with presence of two carbides
(white and black forms).
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60 cm form the previous position in direction to the motor side,
corresponding to strip width of 1300 mm. A third sample was
taken at 70 cm from the middle of the roll (strip width of
1500 mm). A last sample was taken at 1 m from the middle. No
ferritic strip of 2 m wide are produced, as a result, the surface
taken as last sample correspond to a non-worn part of the roll by
strip rolling. Superior and inferior rolls were analyzed (Fig. 4).
Replicas were made using the Repliset T3 resin (proposed by
Struerss) after cleaning of roll surface with cleaning agent and
ethanol.

Samples were identified by the roll number, the position along
roll length (middle, 1300 mm, 1500 mm, 2 m), strip length rolled
with it. Because HSS rolls have very good surface aspect (by visual
inspection) after the processing of one conventional ferritic
schedule, it was decided to increase the number of coils processed
with the same working roll pair. As a result, we are able to analyze
the evolution of roughness after 50 km processed and after
500 km by the same roll pair.

3.2. Roughness measurements

The white light interferometer (NewView 7300, Zygo) is used
for characterizing and quantifying surface roughness. Optical
resolutions of �20 Mirau objective used are 0.71 mm for x and y
axes based on Sparrow criterion which takes into account the lens
numerical aperture and 0.01 mm for z axis. Indeed, spatial sam-
pling based on camera pixel size (0.55 mm) is lower than the
optical resolution. The inspected surface area is 1200 mm by
900 mm obtained by stitching 16 of each single measurement with
20% overlap. Fig. 5 represents the 3D topography map correspond-
ing to the superior roll of stand F3 after 500 km rolling. Five
surfaces are measured on each sample. Five surfaces are measured
on each surface.

3.3. The multi-scale decomposition

The multiscale decomposition of the surface is particularly
appropriate to analyze machining process [4]. The Gaussian filter
has been recommended by ISO 11562-1996 [5] and ASME B46.1-
1995 [6] standards for determining the mean line in surface
metrology. This filter was adapted in order to filter the 3D surfaces
with a given cut-off value [7]. In this study, only the high pass filter
will be presented (for the sake of simplicity, we omitted the results
of pass band filter because best parameters were not relevant in
this study). Our system is used to filter all surfaces with different
cut-off in order to obtain a multi-scale decomposition. The 30
consecutive steps are used in this decomposition, with a cut-off

varying from 2 mm to 360 mm. Fig. 6 represents three high pass
filters and three low pass one for surface decomposition. When
the cut-off decreases, microscopic details appear on filtered
surfaces.

Then, 3D Roughness parameters are computed. 3D roughness
parameters are defined by the following standards: ISO 25178 [8]
define 30 parameters, EUR 15178N [9] also define 30 parameters
but some of them are identical to those of ISO 25178 [8]. Only 16
parameters are the latest ones. However, Sz (maximum height of
surface roughness) and Std (texture direction) are calculated
differently in both standards. Further, seven 3D roughness para-
meters related to surface flatness are defined by ISO 12781 [10],
and ASME B46.1 [6] defines seven similar parameters as ISO 25178
standard [8] (with different predefined filters) and one new
parameter SWt (area waviness height). To sum up, 56 different
3D roughness parameters will be considered in this study. The 3D
roughness parameters (see Table 2) can be classified into the
following groups: amplitude parameters, spatial parameters,
hybrid parameters, functional parameters, feature parameters,
other 3D parameters.

4. Concept of selection of the representative topography

In a large number of surface studies, several roughness mea-
surements must be proceeded to increase the statistical para-
meters robustness. The variability of roughness parameters can be
split into two classes of variation. The first one can be linked to

graphite

matrix

Carbides: M3C

Fig. 3. SEM Microstructure of ICDP cylinders.

Fig. 4. Position of samples on working cylinder pair.
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roughness apparatus. The topography map can differ even if the
measurements are made on the same surface in the same area.
This provides very smooth systematic instrument errors with
essentially no contribution in the mid to high spatial frequencies
of surface waviness and roughness. The random noise N generally

includes shot noise and electronic noise in the fringe camera,
artifacts from the acquisition process, as well as refractive index
variations in the interferometer due to air turbulence. Further-
more, averaging of measurements reduces the random noise as
long as longer term system drifts or instabilities don’t limit the

Center 1m30

1m50 2m

Fig. 5. Evolution of the topography along the axis cylinder in meter corresponding to the upper third cylinder after 500 km of wear.

250 µm 80 µm 10 µm

H

P

LP

Fig. 6. Examples of multiscale decomposition using Gaussian high pass (HP) and low pass (LP) filtering at cut off 250 mm, 80 mm and 10 mm corresponding to the upper third
cylinder after 500 km of wear measured at the center of the cylinder (see Fig. 1).
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noise reduction. In other part, errors occur from the surface itself.
In our case, as in a number of engineering surfaces, surfaces are
random. This means that amplitude topography map contains a
random part. If the surface was infinite, then roughness para-
meters would be perfectly known. As it is not the case, roughness

parameters computed from experimental maps can be seen as
estimators of the surface topography and possesses a variance due
to sampling. As a consequence, several measurements of surfaces
have to be made in order to estimate the number of surfaces that
enables to reach a good statistical convergence of the roughness
parameters. As roughness apparatus allows automatic measure-
ments of different areas of the surface, one reaches an amount of
topographical maps so large that they cannot be all visualized.
Three ways of dealing with this issue can be chosen:

� Due to the large numbers of maps, only roughness parameters
are analyzed versus physical parameter of the process (process
elaboration, integrity properties, and functionality properties).

� All the surfaces are visualized and perhaps it can be possible to
clearly deduce some properties. However, the number of
surfaces can be very large and such visualization required
software that does not exist yet.

� For only one configuration, only one experimental surface that
represents the entire measured surface is proposed.

The third case will be treated in this article. The basic aspect is
to give a methodology that will only visualize a surface that is the
“closest” (in a topographical sense) to all the measured surfaces
processed in a same condition to compare all different experi-
mental situations. This surface will be called the “relevant surface”.
Conversely, a surface that is “too different” can be seen as
irrelevant surfaces due to error having different causes (scratch,
pit, error measurement, …) will be an irrelevant surface.

The meaning of the expression “relevant surface” must be split
into two groups:

The metrological relevance: in this case, the surface will be
retained to be representative of the group of measured topogra-
phical maps of one surface.

The physical relevance: in this case, the surface will be retained
to be representative of the influence of a given physical parameter
that influences the surface morphology.

5. Selection of the representative metrological topography

5.1. Principle of the method

The aim of this work is to select the topography that is the most
representative of the whole surface. This philosophy allows us to
select only one topography to be visualized that will be more
comfortable to analyze process in other study. For each sample, N
measures are performed. Then, different filtering cut-offs are

Table 2
3D roughness parameters calculated and analyzed in this study.

3D roughness parameters
Symbol Units Name of parameter Standard

Amplitude parameters
Sq mm Root mean square height ISO 25178
Ssk – Skewness ISO 25178
Sku – Kurtosis ISO 25178
Sp mm Maximum peak height ISO 25178
Sv mm Maximum pit height ISO 25178
Sz mm Maximum height ISO 25178
Sa mm Arithmetic mean height Total height ISO 25178
St mm EUR 15178N

Spatial parameters (ISO 25178)
Sal mm Auto-correlation length ISO 25178
Str – Texture-aspect ratio ISO 25178
Std 1 Texture direction ISO 25178
Sal mm Fastest decay autocorrelation length ISO 25178

Hybrid parameters (ISO 25178)
Sdq – Root mean square gradient ISO 25178
Sdr % Developed interfacial area ratio ISO 25178
Sds 1/mm2 Density of summits EUR 15178N
Ssc 1/mm Arithmetic mean summit curvature EUR 15178N
Sfd – Fractal dimension of the surface EUR 15178N

Functional parameters
Sk mm Core roughness depth EUR 15178N
Spk mm Reduced summit height EUR 15178N
Svk mm Reduced valley depth EUR 15178N
Sr1 % Upper bearing area EUR 15178N
Sr2 % Lower bearing area EUR 15178N
Spq – Plateau root mean square roughness EUR 15178N
Svq – Valley root mean square roughness EUR 15178N
Smq – Material ratio at plateau-to-valley

transition
EUR 15178N

Smr % Areal material ratio ISO 25178
Smc mm Inverse areal material ratio ISO 25178
Sxp mm Extreme peak height ISO 25178
Sdc mm Areal height difference ISO 25178

Volume functional parameters
Vm mm3/mm2 Material volume ISO 25178
Vv mm3/mm2 Void volume ISO 25178
Vmp mm3/mm2 Peak material volume ISO 25178
Vmc mm3/mm2 Core material volume ISO 25178
Vvc mm3/mm2 Core void volume ISO 25178
Vvv mm3/mm2 Pit void volume ISO 25178

Functional indices
Sbi – Surface bearing index EUR 15178N
Sci – Core fluid retention index EUR 15178N
Svi – Valley fluid retention index EUR 15178N

Feature parameters
Spd 1/mm2 Density of peaks ISO 25178
Spc 1/mm Arithmetic mean peak curvature ISO 25178
S10z mm Ten point height ISO 25178
S5p mm Five point peak height ISO 25178
S5v mm Five point pit height ISO 25178
Sda mm2 Mean dale area ISO 25178
Sha mm2 Mean hill area ISO 25178
Sdv mm3 Mean dale volume ISO 25178
Shv mm3 Mean hill volume ISO 25178

Other 3D parameters (from Mountain™ software)
Smean mm Mean height in absolute No standard
Sdar mm2 Developed area No standard
Spar mm2 Projected area No standard
– mm3 Mean volume of islands No standard
– mm Mean height of islands No standard
– mm2 Mean surface of islands No standard
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Fig. 7. Analyze of the Fn PDF for the anomalous surface corresponding to the five
surfaces taken at of a worn cylinder Stand F2, 53 km, inferior, center.
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performed to reconstruct roughness and waviness of the surface
leading to computation of pi;ε;c;n roughness parameters related to
the nth surfaces (iA 1…If g) computed at the filter c with a cut off ε.
Then, the mean of each roughness parameter computed from the
N surfaces is evaluated leading to pi;ε;c and standard deviations
σi;ε;c . The indicator qi;ε;c;n is then proposed for the nth surfaces:

qi;ε;c;n ¼
pi;ε;c;n�pi;ε;c

σi;ε;c

� �2

ð1Þ

Then, the optimal surface seen by the pi;ε;c for the n surfaces is
given by:

noptði; ε; cÞ ¼ n
min
nAN

qi;ε;c;n
ð2Þ

The different “best” surfaces noptði; ε; cÞ are counted to plot the
frequency histogram that represents the number of multi-scale
parameters seen as better for the n surfaces and is noticed Fn;opt.

Finally, the most representative nopt surface is given by:

nopt ¼
n

maxnANFn;opt
ð3Þ

This relation claimed that the most representative surface is
close to the mean of all surfaces characterized by all roughness
parameters computed at all scales.

At the contrary, the less representative surface will be given by:

nw ¼ n
maxnANFn;w

ð4Þ

Surface 3 (anomalous surface)

Surface 4 Surface 2

Surface 5 Surface 2

Fig. 8. Similar topographical images on the center of a worn cylinder Stand F2, 53 km, inferior, centre.
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with

nwði; ε; cÞ ¼
n

maxnANqi;ε;c;n
ð5Þ

Surface nw can be considered as irrelevant if statistically
Fnw;w4Fn;w, nAf1…Ng; nanw. This method allows us to find
surfaces that are badly recorded or present some defects and
must be excluded from analyses. We will define these surfaces as
irrelevant surfaces. However, to statistically prove that Fnw ;w4Fn;w,
we have to design an original protocol to construct the probability
density function of each Fn;opt and Fn;w. So, we decide to use the
bootstrap philosophy to setup an estimator of the probability
density function.

5.2. Construction of the relevance function probability density
function,: the bootstrap protocol

In order to include the robustness of roughness parameters
relevance, bootstrap is used. That allows estimating the error in
the computation of statistical modeling coefficients. For these
reasons, we have to introduce a recent technique called the
bootstrap, which is a resampling technique [11,12]. The basic idea
of the bootstrap is to create a new dataset by randomly sampling
with replacement from the original data set and then performing
the same statistical analysis as carried out on the original data set.

5.3. Irrelevant metrological surfaces

Let know search from all measurements (96 series of measures)
if one gets a surface that can be seen as irrelevant. For that, we
process 100 bootstraps. These steps allow us to suppress irrelevant
measures and selected the most representative one. The next step
in the analysis is to compute the mean Probability Density
Function (PDF) of the Fn for all parts of the 14 rolls. Then, visually,
irrelevant surface can be easily found and suppressed from
analyze. For example, a suspicious surface is found and represents
the Stand F2, 53 km, inferior roll, and center. Fig. 7 represents the
value of these Fn PDF for this part of measurement (histograms). F3
is seen higher than others Fn and can be seen as not representative
or irrelevant. It can be observed that the irrelevance is very high
because no overlap appears and surface 3 can be seen as different
from others, so must be excluded. Looking on images (Fig. 8), it can
be observed that this image presents an abnormal smoothing in
the bottom left part: it is due to a bad replication of the surface by
the elastomer.

5.4. The representative metrological surface

Let know search from all measurements (96 series of measures)
if one to select the most relevant surface for all replicas. After
removal of irrelevant surfaces (see Section 5.3), we process again
to new analyses with 100 bootstraps. The next step in the analysis
is to calculate the mean Probability Density Function (PDF) of the
Fn for all parts of the 14 rolls. Let now analyze an example: for
Stand F2, 53 km, inferior roll, 2 m (Fig. 9). Fig. 10 represents the
value of these Fn PDF for this part of measurement (histograms).
F3 is seen lower than others Fn and can be seen as the most
representative surface.

6. Selection of the representative physical topography

6.1. Principle of the method

It is expected that some of the identified parameters are not at
all useful while others are relevant. Hence, it would be appropriate
to consider some weighting, or at least to limit the consideration
of parameters only to those that are relevant. Otherwise, the
optimization cannot give relevant results as an unjustified impor-
tance was given to rather useless parameters. As an example, 5% of
the samples may contain roughness defects. The latter are critical
to understanding roughness evolution, but the optimization
method would treat these as not representative.

In this part we will first define the weighted method and then
analyze the representative surface that depicts the effect of wear,
position on the rolling process and the effect of the lateral position
of the roll. Interaction between these three parameters will not be
treated.

6.2. The weight function

To find the weight function, the analysis of variance (ANOVA)
will be used. It is an implementation of the general linear model,
which is a powerful technique to test the relevance of our
approach. In our case, the ANOVA model can be stated as follows:

piðε; c; k1; k2;…; kp;nÞ

¼ α0þ ∑
p

j ¼ 1
αj;kj ði; ε; cÞþ ∑

p

j ¼ 1
∑
p

l ¼ jþ1
βj;kj ;l;kl

ði; ε; cÞþξk1 ;k2 ;…;kp ;nði; ε; cÞ

ð6Þ
where piðε; c; k1; k2;⋯; kp;nÞ is the value of the roughness parameter
pi of the nth surface when the p process parameters are taken at
levels k1; k2;…; kp, for filtered surface with a c-pass filter of cut off ε;
αj;kj ðε; c; LÞ is the influence of the roughness value of the jth process
parameter at level kj; βj;kj ;l;kl

ði; ε; cÞ is the influence of the interaction
value between both process parameters kj and kl; ξk1 ;k2 ;…;kp ;nði; ε; cÞ
is a Gaussian noise with null mean value and standard deviation σ.

The program will first compute the within-cell variance/covar-
iance matrix of process variables (and covariates). The design
matrix of main effects and interactions is first ortho-normalized,
and then used to compute the sums of square hypotheses (from
the cell means) and sums of square errors (from the within-cell
variance/covariance matrix). The output of the analysis includes
statistical information about the levels of the variable process
under analysis i.e. the degrees of freedom, sum of squares and the
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mean square for the model and for random error. “Root MSE” is
the square root of the mean square for error. Our weight function
will be the Fisher variation Φ½piðε; c; kjÞ� value, which is the ratio
produced by dividing the mean square for the model at config-
uration j. If the model does not really affect the expected value of
the response, then the two mean square values should be about
the same (Φ½piðε; c; kjÞ�ffi1); on the contrary a model mean square
much larger than the error mean square (Φ½piðε; c; kjÞ�b1), indi-
cates that the model does in fact affect the response. To reject the
fact that a process parameter does not modify the surface rough-
ness parameters, the relation Φ½piðε; c; kjÞ�4Φ0ðθÞ must hold,
where Φ0ðθÞ is a Fisher variable at a confidence interval θ. The
higher θ, the lower the probability to affirmwrongly that a process
parameter influences a roughness parameter.

From Eq. (1), the new weighted parameters by the kj process
parameter is proposed:

q̂i;ε;c;kj ¼Φ½piðε; c; kjÞ�
pi;ε;c;n�pi;ε;c

σi;ε;c

� �2

ð7Þ

All the calculations described in Section 5.1 leads to construct
the most representative surface n̂optðkjÞ for the process kj.

6.3. Expression analyses of the weight function

The weight function can be plotted for the three processes
(Fig. 11). As it can be observed, some roughness parameters are
relevant while others are not relevant. The highest value of the

Surface 1 (most representative surface) Surface 4

Surface 5 Surface 2

Surface 3

Fig. 10. Similar topographical images on the center of a worn cylinder Stand F2, 53 km, inferior, 2m.
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weighted function is reported on Table 3. The density of furrows
with low pass filter using a cut off of 75 mm well distinguishes the
effect of stand (Fig. 12). The wear is well characterized by the
number of motifs with a low pass filter using a cut off of 9 mm.
Finally, the effect of the position along the roll is characterized by
the Vmc with a high pass filter using a cut off of 140 mm.

6.4. Visualization of the most representative maps including
processes

6.4.1. Wear effect
Fig. 13 shows the relevant topography at the whole scale and

the relevant scale. As it can be observed, wear effects change
roughness from isotropic structure to anisotropic structure with
large bands.

6.4.2. The stand effect
From Fig. 14, it becomes evident that the effect of stand is

principally due to change between stand F4 and F5. For the four
first stands, roughness is given by large bands having a high
amplitude. At the contrary, for stand F5 to F7, roughness amplitude
is less important and roughness appears to be isotropic.

6.4.3. The position in the roll effect
From Fig. 15, the structure in the center of the roll is more

damaged than those at its tail. Structure amplitude is more
isotropic and fine with lower roughness amplitude on the tail of
the roll (41m30) and less isotropic in the middle of the roll with
band structure and rough amplitude (o1m30).

7. Discussion

The method is then applied to a complex system: the wear of
rolls of a seven stands tandem hot rolling mill. At different zones
of the roll, replicas are done during process on all rolls at different
lateral positions. Our algorithm is then applied. Then the most
representative images are used to analyze wear. Analyze of
replicas gives detailed information of the roll wear. We will focus
topography of roll surface on stand F4 and F5 because this was
shown by our analyses to be different topographies (Fig. 14).

Fig. 11. Plot of the weight function Φ½piðε; c; kjÞ� for the three process conditions
(wear, stands, and cylinder position).

Table 3
Value of the weight function corresponding to the highest value for the three
processes. The roughness parameters with their appropriate scales are sum up in
the table.

Filter Cut off Roughness Process Φ½piðε; c; kjÞ�

c ε piðε; c; kjÞ kj Mean 95th
percentile

Median 5th
percentile

LP 75 mm Furrows
density

Stand 184 211 183 161

LP 9 mm Number of
motifs

Wear 199 288 194 122

HP 140 mm Vmc Position 159 200 158 125
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Fig. 12. Evolution of the roughness parameters corresponding to the maximal
value of the weight function for the three processes wear, cylinder position and
stands.
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7.1. Stand F4

As already explained in Section 2.3, there is no ferritic produc-
tion in 2 m wide. We can observe small dots (in red). These dots
seems to make round shapes on the surface whose diameter is
about 100 mm. Grain size on HSS roll can be observed on Fig. 2, and
have a similar size, around 100–200 mm in diameter. We suspect
that these dots are the carbides located in grain boundaries oxided
by roll heating during rolling. This phenomenon was highlighted
by several authors [13–15] that pointed out that all carbides start
to oxidize before the matrix and within carbides, the MC type
carbides containing Vanadium is the first to be oxidized, at 550 1C
after 30 min in dry air. Moreover, thanks to the description of
carbides oxidation made in [13], we think that dot areas of Fig. 15
(corresponding to unworn areas of the roll) correspond to a grain
covered by vanadium carbides.

The replica corresponding to 1.5 m strip width is quite simple
to analyze. The first production schedule rolled coils up to
1300 mm width and the second one rolled up to 1550 mm coil
width. As a result, we can notice that on the superior and inferior
roll, all replica corresponding to the short campaign (52 km) as
similar to the replica corresponding to 2 m width, inferior roll,
52 km. So, the topography corresponds to the oxidation of carbides
due to thermal conduction in the roll. On replicas corresponding to
the long campaign (500 km), large stripes can be easily found on
the surface. These large stripes are induced by edge rolling.

The replicas corresponding to 1.3 m coil width are more
equivalent between the superior and inferior roll. We clearly
observe a difference between the short (52 km) and the long
campaign (500 km). On the short campaign, stripes seems to be
larger but with a lower density, contrary to the long campaign
where stripes seems to be thinner but the density of these stripes

seems to be higher. It could be explained by the fact that on the
short campaign, these stripes correspond to the rolling of coils
edges of 1300 mm width, representing a side effect. On the long
campaign, stripes due to edge rolling will be affected (partially
erased?) by rolling of wider coils, so the large stripes will be
eroded by the rolling of smoother surfaces. The replicas corre-
sponding to the middle of roll length, so to the middle of the coil,
are more homogeneous. Thin stripes are observed on replicas
corresponding to the short campaign and more severe stripes
(higher amplitude) are observed for the long campaign, translating
a more severe wear.

7.2. Stand F5

Topography of the replica presented in Fig. 14 is different for
the F5 stand than the F4 one. The major difference between the
two stands is that the fifth stand is associated to ICDP rolls for
rolling of ferritic stainless steels. Replicas concerning the 2 m
position are characterized by small (red) dots randomly spread
over the roll surface. There is no specific geometric shape asso-
ciated to the position of these dots. The density of these dots
seems is higher on the replicas corresponding to the long cam-
paign (500 km). The height of these dots is around 7 mm to 16 mm,
which is very high compared to the values found on F1–F4 stands.

We notice that the height of dots tends to decrease with length
of coil rolled on worn areas (center, and 1.3 m width) and between
the ground and worn areas: the higher the wear, the lower the
height of the dots. Nevertheless, these results are opposed in
terms of dots density. The maximal is reached on the replica
corresponding to the center of the roll, the long campaign
(500 km). Based on observations made by Ziehenberger et al.
[16], these dots could be due to oxidation of carbides at roll

Fig. 13. Evolution of the representative topography for small wear (50 km of rolling) and high wear (500 km of rolling). The optimal function q̂i;ε;c;kj is plotted for both stages
of wear.
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Fig. 14. Evolution of the representative topography for different stands in the hot rolling milling. Small wear (50 km of rolling) and high wear (500 km of rolling).
The optimal function q̂i;ε;c;kj is plotted for the seven stands.
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surface. Indeed, with increasing wear, the amount of graphite at
roll surface will increase, leading to an increase of roll roughness.
Based on micrographs of this study, we observed that the
corresponding size of graphite precipitates is around 50 mm which
could correspond to the size of the dots. The possible oxidation
of cementite (Fe3C carbides) was also confirmed by Chaudansson
et al. [17] on ICDP grade at 700 1C.

8. Summary

The method of representative topography allows us to analyze
visually the variation of complex topographies of processes. This
method allows suppressing anomalous topographical data before
using roughness parameters to characterize surface integrities or
functionalities. This tool is of major interest to see the map that is
the more representative and give a relevant tool to select one
topography and to compare with another under different condi-
tion. In fact, it could be false to think that we only treat a single
map without taking account to another. This original multiscale

method allows finding the surface that is experimentally the most
probable. Higher will the number of measurements, more pre-
cisely will be the representative topographical map. However, this
method can be improved in the future by automatically select the
anomalous surface and the most representative one. Fundamental
aspects will be done by trying to determine the real PDF by when
simulated surfaces are used (fractal surfaces).

The method was applied to a practical industrial case: the
wear of HSS and ICDP rolls. The observation of replicas made
directly on industrial roll workshop after a short and a long
rolling campaign allowed us to understand well the degradation
of roll surface. Major observations, as the carbides oxidation on
unworn areas of the roll, confirmed lab studies performed on
equivalent roll materials. The strong interest in this method is to
be able to study wear phenomenon of industrial pieces, having
big dimensions (difficult to analyze in lab) with a non-destructive
protocol. Another major interest is to be able to digest a huge
number of data being sure about the reproducibility of results
that will help us to find physical explanations to the studied
phenomenon.

Fig. 15. Evolution of the representative topography along the axis cylinder corresponding center of the coil; 1.3 m coil width: 1.5 m coil width; 2 m coil width (out of the
worn area). The optimal function q̂i;ε;c;kj is plotted for the four lateral positions.
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In a next step, the representativeness of one roll wear will be
studied in much more details along three successive campaigns.
Finally, the evolution of roughness will be correlated to conven-
tional surface defects size of hot rolling in order to precise some
new defect formation mechanisms.
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