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A B S T R A C T

Many functional properties of a cold rolled strip such as wear resistance, friction in a forming process, and
optical properties depend on its surface finish. Accurate modelling of the real contact area is critical in predicting
the surface finish of strips after cold rolling processes. The aim of this work is to experimentally verify existing
contact models to predict the surface finish of industrially cold rolled strips. For this purpose, rolling trials were
done on a two high mill under boundary lubricated conditions at several combinations of thickness reduction,
rolling speed, and roll and strip roughness. The surface finish of the rolled strip for a given rolling condition is
predicted using selected contact models. Further, a new deterministic approach to calculate the average asperity
slope is proposed. Statistical properties of the three dimensional surface topography of rolled strips are compared
with surfaces predicted employing selected contact models. The surface finish of measured and model-predicted
surfaces showed very good agreement for strips rolled with a smooth roll. However, for strips rolled with rough
rolls, a significant difference was observed in the surface height distribution between the measured and model-
predicted surfaces. It was shown in these experiments that a non-uniform rise of valleys plays an important role
on the surface finish of strips rolled with a rough roll.

1. Introduction

The surface quality of sheet metals produced by cold strip rolling is
a crucial aspect not only for aesthetic reasons but also essential for
optimal product performance in many markets, such as the automotive
and packaging industries. Surface finish and cleanliness are two aspects
of the surface quality of a rolled sheet metal. Predicting the surface
finish changes during the cold rolling process is important in order to
fulfil the specific surface finish requirements of certain rolled sheet
products as well as to estimate friction and wear accurately. One of the
main factors that reduce strip surface cleanliness are iron fines, com-
prised of mainly the strip material, which are produced due to the re-
lative sliding of the roll asperities through the strip surface in the roll
bite. To optimally tailor the surface quality of a cold rolled steel strip to
a given specification, a detailed and comprehensive understanding of
the tribological behavior of the roll-strip interface is necessary.

The real area of contact, which is typically a small fraction of the
nominal contact area, plays a vital role in characterizing friction, wear

and material transfer of tribological contacts. Accurate modelling of the
real contact area is the basis for characterizing the tribological behavior
of cold rolling processes such as estimating the rolled strip surface
finish, friction, and wear rate. The nature of contacts in cold rolling
processes depends on rolling parameters, lubrication condition and
lubricant properties, surface chemistry, roughness and material prop-
erty of the roll and the strip. Cold rolling processes generally operate in
the mixed or boundary lubrication regimes with the asperities of the
strip and the roll mainly governing the contact. The focus of this paper
is on rolling processes operating in the boundary lubrication regime,
where all the rolling load is carried by direct metal-to-metal contact
between the strip and the work roll.

During rolling, the strip deforms plastically in the roll bite. It is well
known that the asperities flatten considerably more, under a given
contact pressure, in the presence of sub-surface bulk deformation than
in the absence of bulk deformation. This phenomenon is caused by the
lowered effective hardness of the asperities as a result of bulk straining
the underlying material. Thus, the real contact area changes throughout
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the roll bite as bulk deformation grows. Full analysis of asperity flat-
tening with associated bulk deformation has been difficult. The me-
chanics of contacting asperities in rolling processes is further compli-
cated by two factors: firstly, there is interaction between the
neighboring contacting asperities due to the high contact pressure in-
volved, secondly there is slip between the roll and the strip surfaces.
Therefore, understanding how the real contact area changes as a
function of bulk deformation in the presence of sliding with friction is
very important in cold rolling processes.

Several authors developed analytical asperity flattening models
taking into account bulk deformation. Wilson and Sheu (1988) used an
upper bound analysis to study the effect of bulk deformation on flat-
tening of asperities parallel to the direction of bulk strain. Sutcliffe
(1988) presented a slip-line field analysis of flattening of asperities
aligned perpendicular to the direction of bulk deformation and pro-
posed an alternative deformation model for Wilson and Sheu’s long-
itudinal asperities. Kimura and Childs (1999) proposed kinematically
admissible velocity fields for the crushing of asperities aligned parallel
to the direction of bulk deformation on a plastically flowing bulk by
applying an energy minimization method. The above analytical models
can be used to estimate the real contact area ratio as a function of bulk
plastic strain. The main assumptions of these models are: (i) triangular
shaped asperities with equal height and spacing; (ii) the asperities de-
form in a rigid perfectly plastic way; (iii) the slope of the triangular
asperities does not change during subsequent deformation, i.e. non-
contacting valleys rise uniformly or the deformed volume disappears in
the deforming bulk; (iv) the asperities are flattened by a smooth rigid
counter-face and (v) asperities have the same mechanical properties as
the bulk. Furthermore, analytical calculation of the real contact area in
the presence of bulk deformation is possible only when a plane stress or
a plane strain deformation of asperities is assumed. The main limita-
tions of those analytical models are: (i) roughness peaks are simulated
by ideal asperities which is a very rough approximation of the true
roughness profile; (ii) frictionless contacts are assumed or implied; (iii)
a perfectly plastic asperity deformation behavior assumption over-
simplifies the deformation. In reality, the strip has a certain strain
hardening that influence asperity crushing. In particular, this strain
hardening plays an amplification role because the top of asperities are
subjected to a higher strain than the bulk material; (iv) the assumption
of asperities having the same mechanical behavior as the bulk is not
accurate because a ground or shaped surface usually has a hardened
surface layer; and (v) the mode of deformation is chosen such that the
velocity field satisfies the boundary conditions; however, many alter-
nate modes of deformation can be formulated.

These limitations of analytical models led to the use of numerical
analysis to simulate the flattening process of surface asperities in the
presence of bulk strain. In numerical models, the effect of strain hard-
ening can be taken into account and non idealized asperity shapes can
be modelled. However, they cannot give direct analytical expressions.
Makinouchi et al. (1988) carried out a two dimensional finite element
analysis of a model specimen using three triangular asperities with free
side edges for perfectly lubricated conditions under plane strain con-
ditions. The deformation of these few asperities, which may be strongly
influenced by the presence of free side edges, is not representative of
the asperities in actual surfaces. In actual surfaces, most of the aspe-
rities are far away from any side edge. Ike and Makinouchi (1990) later
extended the model by increasing the number of asperities to five as
well as introduced a single asperity model with periodic boundary
conditions and studied the effect of lateral compression and tension on
flattening of asperities. In another study, Korzekwa et al. (1992) used
finite elements to analyze the general case where components of strain
are present in directions both longitudinal and transverse to the as-
perity direction. Recently, Nielsen et al. (2016) performed a two di-
mensional finite element numerical study of the real contact area ratio
as a function of tensile and compressive subsurface bulk strain at dif-
ferent normal pressures. They simulated an up scaled millimeter sized

triangular asperities and treated both plane stress and plane strain
conditions.

Note that in all of these analytical and numerical studies, the con-
tact geometry is represented by an array of identical triangular aspe-
rities. It is assumed that all the roughness resides on the strip and the
roll is smooth. In reality, both the strip and the roll surfaces are rough.
Work roll surfaces are commonly prepared by grinding in the cir-
cumferential direction. This leads to a longitudinal roll roughness with
asperities running parallel to the rolling direction. Wilson (1991) ex-
tended Wilson and Sheu (1988) model by including the roughness of
both contacting surfaces. He showed that the presence of sliding can
reduce the flattening rate of strip asperities. Nevertheless, for high
contact pressures and low sliding speeds, roll roughness and sliding
have little effect on the real contact area. Sutcliffe (1999) analyzed the
flattening of random rough surfaces using a model of a surface con-
sisting of short wavelength asperities superimposed on longer wave-
length asperities. He used the power spectral density of the roughness
to choose the amplitudes of the two wavelengths. Engineering surfaces
contain irregularities with a wide range of wavelengths in several or-
ders of magnitude, ranging from the order of interatomic distances to
shape deviations, and corresponding amplitudes. Since there is no es-
tablished criteria to choose the two wavelengths to characterize the
roughness, the two wavelengths were selected arbitrarily. Recently,
Legrand et al. (2016) have developed a semi-analytical model to predict
roughness transfer in cold and temper rolling processes by combining
the Abbot curves of the incoming strip and the work roll, and coupling
the roughness transfer equations with the roll gap model. Comparison
of their model results with temper rolling experiments showed rea-
sonable agreement in terms of average roughness (Ra) value. However,
their model was not validated for other roughness parameters and cold
rolling processes.

While it is scientifically important to examine flattening of model
asperities and changes in individual asperity areas, industrial require-
ments are related to average surface parameters. So far, to the authors’
knowledge, a detailed experimental study has not been done on the
accuracy of these models in predicting surface finish of industrially cold
rolled steel strips.

The aim of the present work is to study experimentally the real
contact area surface finish for boundary lubricated cold rolling of low
carbon steel. For this purpose, rolling trials were carried out on a two
high mill using a low carbon steel strip. Rolling trials were performed
using several combinations of thickness reduction, strip and roll
roughness and rolling speed. The effect of rolling parameters that have
a significant influence on the real contact area ratio, i.e. thickness re-
duction and roll and strip roughness, have been investigated. In addi-
tion, the influence of rolling speed on the rolled strip surface finish was
studied. The three dimensional surface topography of the in-going strip,
the work roll and the rolled strip were measured using confocal mi-
croscopy. After that a detailed topographic and statistical surface
roughness analysis of the rolled strips was done. The surface finish and
roughness of rolled strips are compared with the surfaces predicted
using the Wilson and Sheu (1988) analytical and Korzekwa et al. (1992)
numerical models.

2. Contact model

An overview of the procedure for calculating the real contact area
and the surface topography of the rolled strip is provided in Fig. 1. The
solution procedure starts by defining the rolling parameters (rolling
speed, thickness reduction and contact pressure), strip material beha-
vior, strip and roll surface height data (step 1). Once the input para-
meters are known, the real area of contact due to normal loading and
the separation are calculated (step 2), section 2.1. In step 3 (section
2.2), the increase in real area of contact due to bulk strain is calculated.
The average asperity slope is calculated by characterizing the contact
patches by elliptical paraboloids (section 2.3). The surface topography
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of the rolled strip can be calculated if the real contact area and the
surface height distribution of the roll and the strip are known. It should
be noted that the surface topography of the rolled strip is predicted by
assuming the roll surface topography is imprinted on the strip surface.
The effect of ploughing due to sliding is not taken in to account. For
rolling processes with a small forward slip (i.e. the neutral point close to
the roll bite exit), there will be a short sliding distance after the neutral
point. Furthermore, the effect of ploughing due to sliding is expected to
be negligible in the current experiments because of the longitudinal
roughness of the rolls from the grinding. Therefore, the imprint of the
roll grinding marks will be the dominant features as demonstrated by
Smits and Smeulders (2016). In reality, the asperity flattening due to
normal loading and due to bulk deformation will occur simultaneously
during rolling.

2.1. Contact area due to normal loading

When rolling a relatively thick strip, the friction hill may be ne-
glected and the apparent contact pressure (Pnom) is approximately equal
to the yield stress of the strip in plane strain condition. The deformation
at micro-contacts is assumed to be fully plastic and the effect of elastic
asperity deformation is neglected. The roll is assumed as rigid and the
strip as a rigid-plastic, incompressible surface. Similar to Pullen and
Williamson (1972), it is assumed that the flattened asperities cause
uniform rise of the non-contacting asperities. In this work, the rough-
ness texture of the roll and the strip surfaces are modelled as bars which
can represent any arbitrary shaped asperities. A schematic of a surface
texture modelled as bars and uniform rise of non-contacting asperities is
depicted in Fig. 2. The real contact area due to normal loading is cal-
culated by using a simple linear plastic model. The maximum normal
pressure a deforming strip asperity can carry is assumed to be equal to
its hardness Hstrip, which is approximately equal to 3 times its uniaxial
yield stress (σy) for steel. Hence, the real contact area ratio for pure
normal loading (α) without bulk deformation and sliding is given by:

=α P H/nom strip (1)

Neglecting the friction hill and assuming the apparent contact
pressure to be the same as the yield strength of the strip material, the
ratio of real contact area and nominal contact area due to normal
loading is approximately 0.33. Because there are two unknown vari-
ables, the separation D and the constant rise of non-contacting aspe-
rities U (see Fig. 2), another equation is required to compute D and U.
Volume conservation is used as the second equation, i.e. the indented

volume reappears as a uniform rise in the non-contacting surface.
To translate micro contact modelling into macro contact modelling,

the contact is described by stochastic parameters. The normalized
surface height distribution of the roll and the strip surfaces was used for
this purpose. For a given contact pressure, the separation, the amount
of indentation of roll asperities into strip asperities, and the uniform rise
of valleys can be calculated by solving the load balance and volume
conservation equations simultaneously. A MATLAB code has been
written and the Newton-Raphson procedure was used to solve these
equations.

2.2. Increase of contact area due to bulk strain

Since the work roll surface was prepared by grinding (see section
3.1), the analytical model of Wilson and Sheu (1988) and the numerical
model of Korzekwa et al. (1992) for the case of asperities parallel to the
bulk strain direction, have been chosen for comparison with experi-
mental results. Using these asperity flattening models, the real contact
area is calculated as a function of the rolling conditions, strip material
properties and the surface topography of the roll and the strip. The
surface topography of the rolled strip can be predicted by applying the
hypothesis of a uniform rise of non-contacting valleys.

In the Wilson and Sheu (1988) model plane strain similar to that in
rolling with no side spread is assumed, as illustrated in Fig. 3. In their
paper, asperity flattening has been analyzed as an indentation problem.
For small asperity slopes, the pressure required for indentation of the
strip surface is equal to that required for flattening strip asperities. This
is representative of the strip surface in the case of rolling.

For triangular asperities running parallel to the rolling direction, the
rate of change of real contact area with bulk strain (dα dε/ bulk) is given
by:

=dα dε W θ/ /tanbulk (2)

where W is the non-dimensional local asperity flattening rate and θ is
the asperity slope (see Fig. 3).

Wilson and Sheu (1988) derived the following semi empirical re-
lation for the flattening rate as a function of the non-dimensional
contact pressure and the real contact area ratio:

= −W Pf α Pf¯ /(2 ¯ )1 2 (3)

= + −f α α0.515 0.345 0.861
2 (4)

= − − −f α α α1/(2.571 ln(1 ))2 (5)

Fig. 1. Solution procedure for the contact model.
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where =P P k¯ /nom is the non-dimensional mean contact pressure and k is
the shear strength of the strip Korzekwa et al. (1992) developed an
asperity flattening model using a visco-plastic finite element analysis of
two and three dimensional asperities. The asperity flattening was
modelled as a function of the contact pressure and the straining di-
rection. Asperity flattening was modelled as the indentation of a flat
surface by a rigid punch. The model assumes an infinite array of wedge
shaped asperities of uniform height and wavelength that lie along a
principal strain axis, similar to Fig. 3. For wedge shaped asperities
parallel to the rolling direction, which is the case for work roll aspe-
rities prepared by grinding, Sutcliffe (1999) extracted the asperity
flattening rate function from the results of Korzekwa et al. (1992) and
fitted their results by:

= − + +W P α α α C P C Pα C Pα( ̿, ) (1 )( ̿ ̿ ̿ )1 2 3
2 (6)

= − +C P P PWhere 5.1206 ̿ 4.5258 ̿ 3.5599 ̿1
2 3 (7)

= − + −C P P P9.5761 ̿ 11.3854 ̿ 8.6069 ̿2
2 3 (8)

= − +C P P P8.3193 ̿ 11.7954 ̿ 7.6475 ̿ and3
2 3 (9)

= = =P P σ P k P̿ / /2 0.5 ¯nom y nom (10)

Eq. (2) is again used to relate the asperity flattening rate to the
change of real contact area ratio as a function of the nominal strain.
Korzekwa et al. (1992) compared their results with Wilson and Sheu
(1988) for the condition where the direction of strain is parallel to the
longitudinal asperities. Their results show good agreement with the
upper bound results. A comparison of the two equations (Eqs. 3 and 6)
for a perfectly plastic material with a non-dimensional contact pressure
P̄ of 2 and asperity slope of 10° is presented in Fig. 4(a). In both cases,
the real contact area ratio increases monotonically with the bulk strain,
eventually approaching unity asymptotically. For small strains
( <ε 0.3bulk ), Wilson and Sheu’s empirical relation (Eq. 3) gives higher
flattening rate, and hence higher real contact area ratio for a given
contact pressure and asperity slope. However, the two equations give
approximately similar results at high strain values and low asperity
slopes.

The value of asperity slope θ has a significant influence on the real
contact area ratio. Korzekwa et al. (1992) used a slope of 1, 2, 5 and
10o for calculations. Wilson and Sheu (1988) used a slope of 10° as this
value was shown to match the results of their experiments. Fig. 4(b)
shows the effect of asperity slope on the real contact area ratio for a
bulk strain of 0.1 and 0.4 and a non-dimensional pressure of 1 using Eq.
(3) and Eq. (6). The asperity flattening rate is inversely proportional to
the asperity slope. Eq. (6) gives lower contact area, particularly at high
asperity slopes and low bulk strain values, as compared to Wilson and
Sheu’s (Eq. 3).

2.3. Asperity slope calculation

Determining the slope of the asperities is not a simple task for real
surfaces. In the current work, we implement a scale independent, de-
terministic approach to calculate the average asperity slope. This is
achieved by fitting each contact patch with an equivalent elliptical
paraboloid as described by de Rooij et al. (2013) and calculating the
slope of each paraboloid in the rolling direction. The average of these
slopes is taken as the asperity slope of the contact and it is assumed that
this slope doesn’t change during deformation.

The roll and strip surfaces are represented in a height matrix of
pixels and the non-contacting valleys are assumed to rise uniformly.
The contact patches are identified by calculating the separation and
amount of indentation of roll asperities into strip asperities for pure
normal loading at the onset of bulk deformation. The separation is
calculated from the load balance by equating the sum of the load car-
ried by each micro-contact to the applied nominal contact load. The
onset of strip deformation occurs when the normal contact pressure is

Fig. 2. Schematic of the contact between rough strip and rough roll surfaces, surface roughness represented as bars.

Fig. 3. The idealized triangular shaped geometry of asperities, after Kimura and
Childs (1999).
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the same as the strip yield stress (section 2.1). Each contact patch is a
cluster of points that are in contact at that given separation and con-
nected together at least with one edge. Merging of the several adjacent
asperities into a single micro-contact with increasing real contact area
is automatically taken into account. After the contact patches are
identified, they are modelled as elliptical paraboloids. This choice was
made because it allows a more precise description of surface topo-
graphy than other asperity geometries such as spherical or conic shaped
asperities. An example of contact patch identification and character-
ization is provided in Fig. 5. The roll and the strip surfaces are real
measured surfaces which covers an area of 4mm by 2.4 mm. The
contact condition is pure normal loading with a contact pressure equal
to the yield stress of the strip. The ratio of the real contact area to the
nominal contact area is 0.33.

The geometrical parameters of the contact patch such as the minor
and major radius of the ellipse, the orientation angle and the total

volume of this contact patch can be obtained using a deterministic
approach. The base ellipse is characterized by mapping its centroid to
that of the cluster of contacting points. The major and minor radius
lengths and the orientation angle of this ellipse are calculated such that
this ellipse has the same second central moments as the original region.
The height of the paraboloid is determined from the total volume of the
contact patch, which is derived by summing up the pixel height within
this contact patch. The details of identification and characterization of
the contact patches and the equations to calculate the geometrical
parameters can be found elsewhere (de Rooij et al., 2013). Some of the
statistical values of the geometric parameters calculated for the ex-
ample in Fig. 5 are tabulated in Table 1.

Fig. 4. Comparison of Eqs. (3) and (6); (a) the effect of bulk strain on real contact area and (b) the effect of asperity slope on real contact area.

Fig. 5. Identification and characterization of contact patches by elliptic paraboloids; (a) in-going strip surface, (b) roll surface replica, (c) contact patches identi-
fication (white= contact), (d) contact patches characterized by elliptical paraboloid, (e) histogram of the asperity slope for the contact patches in the rolling
direction.
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3. Experimental procedure

3.1. The rolling mill and materials

The rolling trials were carried out using a two high pilot mill setup
in Tata Steel, Research & Development, Ijmuiden the Netherlands. The
work roll diameters were 400mm and were non-chrome plated. Two
sets of rolls with a surface r.m.s. roughness of 0.3 μm and 3.2 μm were
prepared by grinding in the circumferential direction. Hereafter, these
rolls will be referred to as smooth roll and rough roll, respectively. The
roughness of a freshly ground roll decreases rapidly in the start of the
roll-life, after that it remains constant. To avoid this undesired change
of roughness and ensure the roll has a constant roughness, a pickled low
carbon steel coil (3.3 mm thick) was rolled with a 9% thickness re-
duction using the freshly grinded work rolls followed by another pass of
9% reduction. The roughness of the rolls stated above were measured
after these two passes.

The strip material was a Titanium-Stabilized Ultralow Carbon
(TiSULC) steel. This steel grade was chosen because it is a typical steel
grade extensively used in automotive applications owing to its high
formability. Two coils, already rolled from 3.3 mm to 2.7mm in two
passes, were used as the in-going strip for the rolling experiments. One
coil had a surface r.m.s. roughness of 0.9 μm and the other one 2.6 μm.
Hereafter, these coils will be referred to as smooth strip and rough strip,
respectively. The coils were 100mm wide and the in-going strip was at
room temperature. The stress - strain curve of the strip material, ob-
tained from standard tensile tests, is defined and extrapolated by a
modified Bergstrom - van Liempt hardening relation (van Liempt,
1994). Using this hardening relation, the yield stress can be calculated
as a function of strain, strain rate and temperature. The simple rolling
conditions in the current experiments (i.e. thick strip and soft steel
grade) justify why the friction hill is neglected and a sophisticated roll
gap model is not necessary to compute the roll gap pressure profile.

3.2. Rolling parameters

To examine the effect of rolling parameters on the real contact area
ratio, and hence surface topography and surface roughness, rolling
trials were performed using several combinations of thickness reduc-
tion, rolling speed, and strip/roll roughness. No lubricant was applied
during the rolling experiments. However, no degreasing was done on
the rolls or the strips before the rolling experiments. Therefore, the oil
residues on the strips from previous processes provide boundary lu-
brication. Rolling experiments were carried out at four different
thickness reductions; approximately 10%, 20%, 30% and 40%. For each
thickness reduction, two rolling experiments were conducted at a
rolling speed of 0.5m/s and 2.0 m/s. All of the above rolling trials were
performed under the same conditions of reduction and rolling speed
using two different combinations of roll and strip roughness: (i) rough
roll and smooth strip and (ii) smooth roll and rough strip. A summary of
the details of the rolling trials are provided in Table 2. The rolling force
and the slip are acquired from the data acquisition system of the rolling
mill. The specific roll pressure is calculated by dividing the vertical

component of rolling force by the nominal projected area. The length of
arc of contact is calculated considering Hitchcock’s elastic roll flat-
tening analysis (Hitchcock, 1935).

3.3. Surface roughness measurement

For each rolling trial, the three dimensional surface topography of
the in-going strip, roll surface and rolled strip was measured. A non-
contact three dimensional height profiler (Sensofar S-neox confocal
microscopy) was used to measure the surface topography. The surface
roughness of the work rolls was measured by taking the replica of the
roll surface using a surface replicating compound. The surface re-
plicating was done as follows: (i) the roll surface was cleaned with
ethanol, (ii) a fast curing, two component silicon-rubber (RepliSet-F5
from Struers) was applied using a dispensing gun, (iii) once the re-
plication compound is dry, it was carefully peeled off from the roll
surface. The same image size (4 mm by 2.4 mm) and pixel resolution
(2.58 μm lateral resolution and 1 nm height resolution) was used for all
roughness measurements. The surface topography measurements were
done at three random locations for each sample. Form removal was
done on the roughness measurements to remove roll form error and
long wavelength components associated with lack of flatness.

4. Results

4.1. Surface topography

A visual comparison of the representative surface topography
(height images) of the in-going strip, roll surface replica and rolled
strips are presented in Fig. 6. Note that the images are taken at random
locations and are representative of the typical surface texture for the
given rolling condition. The images clearly show the way the roughness
of the roll is transferred to the strip surface as the strip conforms to the
roll surface in the roll bite. Roll grinding marks are the dominant fea-
tures on the surface finish of the rolled strips with most in-going strip
topographic characteristics becoming obliterated. The long grooves are
the inverse imprints of the ground roll on the strip surface. This is a
typical strip surface morphology for cold rolling done under boundary
lubrication conditions.

Roll marks on the strips are straight peaks or valleys running a
significant distance in the rolling direction. The size of these valleys and
peaks increases as the thickness reduction increases. While rough rolls
indent and plough through the strip (Fig. 6 (a, b)), smooth rolls flatten
the strip asperities (Fig. 6 (c, d)). As expected, a trend of increasing the
rate of asperity crushing with increasing thickness reduction is ob-
served. The effect of rolling speed is not discernable from the height
images.

Another main surface feature observed on the strips are micro pits.
These micro-pits mainly originate from the surface roughness of the in-
going strip. Some pits could also be formed during rolling due to strip
surface fracture induced by reduced ductility as new surface is being
created during rolling. In addition to affecting the visual appearance of
the strip, these pits may act as lubricant trapping pockets in subsequent
sheet forming processes. Irrespective of the rolling speed and roll/strip
roughness, pits persist even at the highest (40%) thickness reduction.
Atala and Rowe (1975) also reported that deep and narrow valleys
persist much longer while the hills are very easily flattened. However,
the size and frequency of pits decreases as the thickness reduction in-
creases. This behavior is noticed for strips rolled with both rough and
smooth rolls. A similar observation was reported by Ahmed and
Sutcliffe (2000) for cold rolled stainless steel strips, at multiple passes.
Rolling speed, on the other hand, did not show any pronounced influ-
ence on the micro-pits.

Table 1
Statistical values of the geometric parameters of the contact patches.

Number of
contact patches

Mean Minimum Maximum

Area (μm2) 648 5469 67 474908
Major axis length (μm) 648 150 11 4669
Minor axis length (μm) 648 17 3 158
Aspect ratio 648 7 1 63
Paraboloid height (μm) 648 2 0.2 12
Asperity slope in the rolling

direction (°)
648 28 8 89
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4.2. Statistical analysis of roughness of rolled strips

Description of some of the functional properties of a surface can be
derived from the amplitude characteristics of the surface topography.
Some amplitude parameters are analyzed in this section in order to

quantitatively describe the difference in surface topography between
strips rolled using different rolling parameters. The parameters chosen
for the analysis are the r.m.s. roughness (Sq), the normalized surface
height distribution function and bearing area curves. Sq describes sta-
tistical characteristics of surface height while surface height

Table 2
Parameters for rolling experiments.

In-going strip, Sq
(μm)

Roll, Sq
(μm)

Rolling speed, Vr
(m/s)

Trial number Thickness reduction, r
(%)

Total strip strain,
ε [-]

Specific roll pressure, P
(MPa)

Slip (%)

Rough roll and Smooth
strip

0.9 3.2 0.5 1 13 0.14 562 1.6
2 21 0.23 599 2.5
3 31 0.37 636 3.3
4 38 0.48 663 3.9

2.0 5 11 0.12 600 0.4
6 17 0.19 612 2.5
7 28 0.32 626 3.0
8 38 0.47 637 3.4

Smooth roll And Rough
strip

2.6 0.3 0.5 9 13 0.14 560 1.9
10 19 0.22 612 2.4
11 30 0.36 643 2.5
12 41 0.52 644 2.6

2.0 13 16 0.17 549 −0.1
14 21 0.24 572 1.2
15 32 0.39 589 1.1
16 43 0.56 601 1.5

Fig. 6. Typical surface topography of the strips, rolled with rough rolls (a, b) and smooth rolls (c, d).
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distribution and bearing area curves describe the shape of the surface
height distribution. The r.m.s. roughness evolution with respect to bulk
strain (thickness reduction) and specific roll pressure are presented in
Fig. 7.

Fig. 7(a, b) shows the roughness evolution of strips rolled with
rough rolls. As expected, the roughness of the strip increases with
thickness reduction, confirming the visual observation from the three
dimensional images (Fig. 6(a, b)). Although the micro pits contribute to
the roughness, it is dominated by the imprint of the roll grinding marks.
As mentioned earlier, bulk deformation of the underlying material
greatly enhances the flattening and indentation of strip asperities. This
means more real contact area, and hence, more conformity to the roll
surface as the thickness reduction increases. Similarly, for strips rolled
with smooth rolls, the roughness of the rolled strips decreases as the
thickness reduction increases, see Fig. 7(c, d). Rolling speed didn’t show
a substantial effect, this attests that the rolling trials were indeed per-
formed in the boundary lubrication and there was no hydrodynamic
effect in the roll bite.

Fig. 7(b, d) show that increasing speeds caused a reduction of the
rolling force needed to achieve a given thickness reduction, particularly
for strips rolled with a smooth roll. The smaller rolling force needed for
the same thickness reduction at 2.0m/s can be explained by the lower
forward slip of rolling trials done at high speed (Table 2). Low forward

slip is commonly related to low friction coefficient in the roll gap. It is
well known that the roll pressure decreases with decrease in coefficient
of friction. On average, an increased roll roughness leads to an increase
in the rolling force on the rolling mill. This again can be explained by
the higher friction coefficient of rolling experiments done with rough
rolls. This is reflected by the higher forward slip, see Table 2. When
rough rolls are used, the asperities will be sharper and the ploughing
component of friction force is expected to increase.

The normalized surface height distribution and bearing area curves
of the in-going strip, roll surface replica, and rolled strip are shown in
Fig. 8. As expected, the surface height distribution and bearing area
curve of rolled strips approach the negative of the roll surface with the
increase in thickness reduction. The surface height distribution of strips
rolled with rough rolls have a longer tail at the upper side of the mean
plane indicating the presence of a few spikes on the surface. This is also
reflected on the bearing area curves by the relatively large concave
curvature of the surface in the right side of the mean plane. These
spikes, which could flatten or wear quickly in contact with another
surface, are formed by the strip material filling the deep valleys of the
roll surface during rolling. The negatively skewed curves of the roll
surface (i.e. positively skewed curve for the roll surface replica) is re-
presentative of ground surfaces with deep troughs dominating the
parameter variation. On the other hand, the surface height distribution

Fig. 7. Surface roughness evolution of the strips rolled with rough rolls (a, b) and smooth rolls (c, d) as a function of bulk strain (εbulk) and specific roll pressure.

M.A. Mekicha, et al. Journal of Materials Processing Tech. 275 (2020) 116371

8



curves of strips rolled with smooth rolls are negatively skewed. This
negative skewness is due to the few deep pits. The surface becomes
smoother and the height distribution curve sharper as the thickness
reduction increases.

5. Discussion

5.1. Rolling parameters and asperity flattening

Surface topography features greatly influence the functional prop-
erties of the strip, as well as the optical and coating properties of cold
rolled products. Moreover, the different features of the surface topo-
graphy of the strip can be used to obtain a qualitative impression about
the lubrication regimes and friction coefficient in cold rolling process.
The main features of the rolled strip under the current rolling condi-
tions are the inverse imprints of the roll (grooves) and the micro-pits
originated from the in-going strip. The relative proportions of the
grooves and the pits affect the surface brightness of cold rolled strips.
When the pits are dominant the surface may be qualified as “dull”,
while when the grooves are dominant it may be qualified as “bright”.
From the results of the present experiment (Fig. 6), the amount of pits
decreases as the thickness reduction increases. This is due to more pits
being flattened as a result of the increased roll pressure at high re-
ductions. A similar decrease of micro-pits as the thickness reduction
increases is reported by Kenmochi et al. (1997) and Ahmed and
Sutcliffe (2001). Additionally, Kenmochi et al. (1997) showed that
rough roll surface decreases the area ratio of the micro-pits. The in-
fluence of roll roughness on the area ratio of the micro-pits is not clearly
evident from visual inspections in the current experiments. The effect of

roll roughness in the first case was attributed to the squeezing out of the
rolling oil from the roll bite through the grooves formed by the rough
roll. This phenomenon is not applicable under the current rolling con-
ditions, which were done in the boundary lubrication regime.

The effect of rolling speed on micro-pits was not significant. This is
however not surprising considering the rolling experiments were done
in boundary lubricated conditions and it proves that there was no film
build up in the roll bite. The rate at which micro-pits are eliminated in
the roll bite depends mainly on the mechanics of asperity crushing. The
role of the lubricant in retention of the micro-pits on the strip surface is
small under the present rolling conditions.

The influence of rolling parameters on the flattening behavior of the
strip asperities during rolling is reflected in the roughness, surface
height distribution and bearing area curves. The roughness changes
(Fig. 7(a, c) show that thickness reduction is the prime rolling para-
meter that determines the real contact area ratio. Under current rolling
conditions, the rolling speed and roll and strip roughness only had a
minor influence on the asperity flattening rate. Fig. 7(b, d) show that
the local contact pressure (i.e. the rolling force) changes substantially
with rolling speed, which is related to the reduced friction. Never-
theless, the roughness evolution seems to be mainly dependent on the
thickness reduction regardless of the rolling force. Therefore, con-
sidering the asperity flattening as a function of only the local contact
pressure, ignoring the effect of bulk strain is not appropriate, as already
indicated by many authors. The effect of rolling speed and strip and roll
roughness is more pronounced for cold rolling processes operating
under mixed or hydrodynamic lubrication. In these cases, they play a
crucial role in the amount of rolling oil introduced into the roll bite and
in the occurrence of oil-pits in the roll bite.

Fig. 8. Normalized surface height distribution (L) and bearing area curve (R) of strips rolled with rough rolls (top) and smooth rolls (bottom), Vr=0.5m/s.
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5.2. Comparison of experimental results with the model

The real contact area ratio for the rolling trials calculated using
Wilson and Sheu (1988) (Eq. 3) and Korzekwa et al. (1992) (Eq. 6)
contact models is provided in Fig. 9. The real contact area ratio

increases with bulk strain, from approximately 0.5 at a thickness re-
duction of 10% to almost full contact ( ≈α 0.9) at 40% thickness re-
duction. At any given bulk strain, as described in section 2.2, Eq. (6)
gives lower real contact area ratio as compared to Eq. (3). Rolling trials
done with a smooth roll (trials 1–4 and 5–8) show higher real contact

Fig. 9. Real contact area ratio of rolling trials; (a) Vr=0.5m/s and (b) Vr =2m/s.

Fig. 10. Roughness evolution of the strips rolled with rough rolls (a, b) and smooth rolls (c, d), Measured vs Model; (a, c) Vr= 0.5m/s and (b, d) Vr =2m/s.
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area ratio than rolling trials done using a rough roll (trials 9–12 and
13–16). This is due to the dependence of the real contact area ratio on
asperity slope (section 2.2), which in turn is dependent on the com-
bined roll-strip roughness (Sqcombined). The combined r.m.s. roughness of
the rough strip and smooth roll is 2.6 μm, while the combined rough-
ness of the smooth strip and rough roll is 3.3 μm. For the rough strip and
smooth roll combination the average asperity slope was 25°, while for
smooth strip and rough roll combination it was 28°. Rolling speed does
not have a significant influence on the real contact area ratio.

A comparison of the measured and model predicted surface
roughness is given in Fig. 10. The measured surfaces and the surfaces
predicted using Wilson and Sheu (1988) semi-empirical relationship
(Eq. 3) show good agreement for both rolling trials done with smooth
and rough rolls. Eq. (6), on the other hand, gives a lower roughness
values for strips rolled with a rough roll (Fig. 10(a, b)) and higher
roughness for strips rolled with a smooth roll (Fig. 10(c, d)). This in-
dicates that Eq. (6) underestimates the real contact area ratio.

As shown in Fig. 10, the measured surfaces and the surfaces pre-
dicted using Eq. (3) show good agreement in terms of roughness. The
surface height distribution and bearing area curve comparison of
measured surfaces and those predicted using this equation are given in
Fig. 11. For strips rolled with a smooth roll, the surface height dis-
tribution and the bearing area curve of the model results and mea-
surements are in good agreement. Although the model corresponds in
terms of Sq with the experiments, strips rolled with a rough roll show a
different behavior in terms of surface height distribution and bearing
area curve as compared to the surfaces predicted using the contact
model. The measured surfaces have spiky ridges while the model

predicts surfaces that have plateaus. This is reflected by the long tail of
the surface height distribution of the measured surfaces. The main
cause of this difference is the non-uniform rise of non-contacting val-
leys. A comparison of the surface texture of the measured and model
predicted rolled strips is provided in Fig. 12 which corroborates the
statistical analysis.

5.3. Uniform rise hypothesis in predicting surface finish

The uniform rise hypothesis was employed to predict the surface
finish of rolled strips. For strips rolled with smooth roll, this assumption
gives good estimation of roughness and surface height distribution
(Figs. 10 and 11). However, the surface height distribution of strips
rolled with rough rolls is notably different from the height distribution
predicted with the uniform rise hypothesis. The measured surfaces had
spiky ridges while the model predicted surfaces with plateaus (Fig. 11).
The main cause of this difference is the non-uniform rise of non-con-
tacting valleys due to inhomogeneous deformation field at the contact
interface. Elastic recovery of the pressed asperities may also have a role.
As the strip deforms in the roll bite, the strip material flows to conform
to the roll surface topography. This flow of strip material at the contact
interface is a complex, dynamic, asperity interaction process. There is
interaction between neighboring contacting asperities and the local
deformation field depends on the exact surface topography of the roll
and the strip at the contact spot. Considering all these factors, it is very
difficult to describe the non-uniform rise of valleys in a simple model.

In summary, a simplistic uniform rise model can provide a very
quick way to anticipate the rolled strip surface finish during cold rolling

Fig. 11. Normalized surface height distribution (L) and bearing area curve (R) of strips rolled using rough rolls (top) and smooth rolls (bottom), Measured vs Model.
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processes. Also, it can be extended for rolling processes operating in
mixed-lubrication and the effect of sliding (friction) can be included.
The limitations of the model are: it cannot predict (a) the pits that can
possibly form during rolling from surface fracture, (b) asperity persis-
tence phenomena described by Childs (1977), and (c) the micro scrat-
ches due to ploughing. Since cold rolling is typically done in lubricated
condition and low forward slip, the ploughing effect on the texture of
the strip is expected to be small.

6. Conclusion

An experimental investigation on the accuracy of the commonly
used contact models for cold rolling processes to predict the surface
finish of cold rolled strips has been conducted. The rolling trials were
done under boundary lubricated condition.

• Thickness reduction was observed to be the prime rolling parameter
that determines the real contact area ratio and surface finish of cold
rolled strips.

• Rolling speed had little influence on the surface finish of the rolled
strip under the current rolling conditions.

• The strip/roll roughness influences the real contact area by chan-
ging the asperity slope.

• The proposed deterministic asperity slope calculation combined
with Wilson and Sheu (1988) upper bound model and uniform rise
hypothesis gave a good estimation of the surface finish of the cold
rolled strips.

• The uniform rise hypothesis was observed to over-simplify the as-
perity interaction, especially for strips rolled with a rough roll.

• This simple approach can provide a very quick way to predict the
surface finish of cold rolled strip, knowing roll and strip topo-
graphies, thickness reduction, lubrication condition, and strip ma-
terial property.

• It can be used as a design module to predict the surface finish of the
rolled product in parallel to other rolling models.
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