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This work shows that for temperatures, pressures and shear rates that are common in cold rolling of low-carbon
steel, viscous shear stress significantly contributes to the total friction force. Experiments were carried out to
validate the theory on lubricant film formation and elasto-hydrodynamic lubrication, both with laboratory scale
tribometers and a semi-industrial pilot mill facility. These experiments showed that at high shear rates, that are
common in cold rolling, the lubricant does not behave as a Newtonian fluid anymore; moreover the viscosity at

high pressure cannot accurately be described by a simple exponential law. With the correct relations imple-
mented in a rolling model, both rolling force and forward slip are predicted with good accuracy for hydrody-
namically lubricated cold rolling experiments.

1. Introduction

Rolling is a time and cost-efficient process to reduce the thickness of
steel sheet material and is used in the steelmaking industry worldwide.
Due to its industrial interest and importance, it is the subject of many
studies. The impact of friction on the cold rolling process is well known:
because of frictional shear stress, the hydrostatic pressure changes in the
rolling contact which results in a non-uniform pressure distribution over
the contact length. To underline the root cause, this non-uniform stress
distribution is also called the “friction hill”. In the last decades,
improved control of friction in cold rolling has led to improvement in
strip quality, higher productivity and a decrease of rolling costs.
Therefore, according to Roberts [1]: "Of all the variables associated with
rolling, none is more important than friction in the roll bite ... its control
within an optimum range for each process is essential'. Research into this
subject is still very relevant, recent research works focus on the influence
of friction on mill stability (Heidari et al. [2] or Lu et al. [3]), strip
cleanliness (Mekicha et al. [4] or Montmitonnet et al. [5]), rollability of
hard steel grades (Shimura et al. [6] or Wu et al. [7]), modelling of
lubrication mechanisms (Boemer [8]), lubricant testing (Smeulders [9])
and new lubricant application methods (Bergmann et al. [10] or Laugier
etal. [11]).

The relevant friction mechanisms in a lubricated contact between
rough surfaces (such as the roll bite) are adhesion, ploughing and
viscous shear (Bushhan [12]). A precise quantification of these frictional

forces in cold rolling enables to calculate the exact shape of the friction
hill and therefore enables a better simulation of the cold rolling process.

Von Karman lay the basis of the so called ‘slab-model’ to calculate
the pressure distribution in cold rolling [13]. At first, the role of the
lubricant was not considered explicitly and dry sliding was assumed
between work roll and strip material, described by the Coulomb friction
law. Compared with Coulombs law for sliding friction, other formula-
tions for the frictional force in the roll bite lead to a less steep friction hill
(Roberts [14]).

Nadai [15] was the first to explicitly take the effect of lubricant into
account in his rolling model. Later, more physically based friction
models came in use, whereby the friction depends explicitly on the
lubricant film thickness that is entrained in the roll bite. For a hydro-
dynamic lubricated rolling process, this led to the well-known film
thickness equation by Wilson and Walowit [16], or to a fully hydrody-
namic cold rolling model by Lugt [17]. As cold rolling is best performed
in the mixed lubrication regime, the next step was the development of
mixed-lubrication models. Marsault [18] describes a complete
mixed-lubrication model for cold rolling. In the last decades, these
models were developed further; the work of Boemer [8] appears to be
the current state-of-the-art regarding modelling of the mixed lubrication
regime for cold rolling.

In such physically based friction models, the lubricant properties
become important as they determine (together with the process, strip
and work roll parameters) the lubricant film thickness and the viscous

* Corresponding author at: Tata Steel, Research & Development, IJmuiden, the Netherlands.

E-mail address: leon.jacobs@tatasteeleurope.com (L.J.M. Jacobs).

https://doi.org/10.1016/j.triboint.2023.109102

Received 4 September 2023; Received in revised form 6 November 2023; Accepted 8 November 2023

Available online 10 November 2023

0301-679X/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:leon.jacobs@tatasteeleurope.com
www.sciencedirect.com/science/journal/0301679X
https://www.elsevier.com/locate/triboint
https://doi.org/10.1016/j.triboint.2023.109102
https://doi.org/10.1016/j.triboint.2023.109102
https://doi.org/10.1016/j.triboint.2023.109102
http://crossmark.crossref.org/dialog/?doi=10.1016/j.triboint.2023.109102&domain=pdf
http://creativecommons.org/licenses/by/4.0/

L.J.M. Jacobs et al.

shear stress. Viscosity is a key characteristic of the lubricant. Using
viscous lubricants results in thicker lubricant layers (Wilson and Walo-
wit [16]) as well as a higher shear stress (for a given film thickness and
shear rate). The rate of viscosity increase with pressure is another key
characteristic of lubricants. Azushima [19] describes how hydrody-
namic lubrication is favoured for lubricants with a high
pressure-viscosity coefficient. Furthermore, it is well-known that vis-
cosity decreases significantly with temperature (Azushima [20]).

From the previous it follows that for the purpose of modelling fric-
tion in cold rolling, the exact dependence of viscosity with pressure and
temperature is important. Many developers of mixed-lubrication models
have determined the relevant lubricant properties by fitting their model
with experimental rolling results. However, this method is not desirable
as it could mask other shortcomings in the model. The current consensus
is that these rheological parameters need to be independently
determined.

In the last decade there has been an ongoing debate about the
preferential experimental method to determine these properties. A
direct measurement of viscosity is championed by Bair and co-workers
[21,22]. The other method, long-time used ‘classical EHL’, derives the
rheological parameters from experimental traction curves of an EHL
contact [23]. The advantages and disadvantages of both methods are
discussed in [24-26]. In this work the classical EHL-approach is chosen
and the method by Moes [23] is followed to extract the relevant viscosity
parameters by fitting experimental elastohydrodynamic lubrication re-
sults to theory.

In cold rolling it is generally accepted that viscous shear stresses are
smaller than frictional stresses resulting from direct contact between the
work roll and strip. Many researchers have used this fact to neglect
viscous shear stresses in their mixed lubrication models, but robust
experimental results to justify this assumption have so far not been
presented in the literature.

Here, the dependence of viscosity with temperature and pressure is
determined experimentally for a commercially available rolling oil.
Furthermore, it is investigated if the resulting description of viscosity is
consistent, both in laboratory scale experiments and in cold rolling ex-
periments, both to determine lubricant film thickness as well as viscous
shear stress. Additionally the relative importance of viscous shear is
determined and compared to shear stresses caused by direct interaction
of the work roll and strip. Finally, the measured viscosity-pressure-
temperature relation is integrated in a cold rolling model based on the
slab-method, resulting in a rolling model without the necessary input of
a coefficient of friction (but purely based on measured material, work
roll and lubricant properties). In this study, the accuracy of this rolling
model to predict the rolling force and forward slip is evaluated for hy-
drodynamic lubricated cold rolling processes.

2. Theory

This section describes the theory that is used to analyse the experi-
mental results. The theory related to lubricant viscosity and viscous
shear stress is detailed, as well as the cold rolling model that is used to
interpret the results from the rolling trials.

2.1. Lubricant viscosity

Lubrication theory took off when Reynolds [27] described how the
pressure within a lubricant changes in a converging gap as is the case in
the cold rolling process. The lubricant flow in cold rolling can be
considered as a one-dimensional steady state process, therefore the
original Reynolds Equation can be simplified to a one-dimensional
equation:
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Where x is the coordinate in the rolling direction, p the lubricant density,
h the lubricant film thickness, V,,; the work roll speed, Vy the strip
speed, p the lubricant pressure and finally # is the lubricant’s dynamic
viscosity. For cold rolling, the Reynolds Equation can be solved
numerically as in Marsault [18] with a shooting method or, as in Qiu
et al. [28], with a finite difference method to find the lubricant film
thickness in the roll bite. Patir and Cheng [29] have shown that the
influence of surface roughness can be incorporated with flow factors in
the so-called stochastic Reynolds Equation. In Eq. (1) the strip and roll
velocity are known from the geometry of the process. The lubricant
density depends on pressure (see Dowson and Higginson [30]), but not
as much as the lubricant viscosity. Therefore in this work the lubricant
will be considered as incompressible and only the influence of pressure
and temperature on lubricant viscosity is studied.

Several rheological laws have been proposed to quantify the relation
between viscosity, pressure and temperature. A widely used relation is
the exponential Barus-equation [31]:

n(p) = ’7,;<,,,71.T,4'€0l']J 2)

where 5, . is the dynamic viscosity at atmospheric pressure and

Tref
reference temperature and « is the viscosity-pressure parameter. Tem-
perature dependence can be easily included, resulting in an extended

Barus equation (see for example Azushima [20]):
q(p_ T) = M T PP (T=Try) 3)

with T the temperature, T, the reference temperature and § the
viscosity-temperature coefficient.

Based on measurements with a high-pressure viscometer, Roelands
[32] presents a more precise description of lubricant viscosity as a
function of temperature and pressure. In the simplified Roelands
Equation, which is most often cited, there is no interdependence be-
tween the influence of pressure and temperature on viscosity:

o
(1"(']I’mm-7m/ )+9'67)'{(1+nlr):' (17"):113355) -1 }
np,T) = n,,,1.,¢ Q)

Where s, is the viscosity-temperature index, z the viscosity-pressure
parameter, Ty the reference temperature (T and Ty in °C) and p, a
constant with value 1.962-10° Pa. In this formula NpamT,; 1S in Pa-s and

the pressure p is in Pa. Even more precise is the so-called extended
Roelands equation [32], which accounts for a (small) interdependence
of the term related to temperature and the term related to pressure; z in
Eq. (4) now becomes an equation of the lubricant temperature:

135
135+ T> )

Z(T) = Drok + Croe*In <
Where Dror and Crop are two constants that must be determined by
fitting Eqs. (4) and (5) with measurements. Other conceptual relations
between viscosity, pressure and temperature are also used, such as the
physically based WLF-equation (Williams et al. [33]). As will be shown
later in this article, the viscosity-pressure-temperature relation of the
investigated cold rolling lubricant can be captured accurately enough
with the (extended) Roelands equation.

In this work a setup is used where two surfaces, separated by a hy-
drodynamic lubricant film, are sliding against each other. The viscosity-
pressure-temperature relation can be determined because the viscosity
relates the viscous shear stress with the shear rate. Often it is assumed
that the lubricant behaves as a Newtonian fluid, meaning a proportional
relation between viscous shear stress 7,5 and shear rate y:

Tvise = ’70” T)J’ (6)

At very high shear rates (7 >10% s71), the relation between 7, and j
usually becomes non-linear. Bell et al. [34] found that this behaviour
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was well described by the Eyring equation:

Tyise = To (p7 T)asmh(%) (7)

Where 7 (p, T) is the so called limiting Newtonian shear stress (the stress
above which the Newtonian assumption is not valid anymore). This
equation was used for example by Sutcliffe [35] in his mixed lubrication
cold rolling model; as will be shown later, it also describes well the
viscous shear stress of the currently investigated rolling oil. Also other
relations between viscous shear stress and shear rate are known, Gelinck
[36] provides a good overview of different classes of rheological lubri-
cant behaviour and the relevant models (linear viscous, non-linear
viscous, viscoelastic and viscoplastic behaviour). For the lubricant
investigated in this work, the Deborah number [37] remains well below
1, hence elastic effects in the lubricant can be neglected compared to the
viscous effects. Furthermore, as 7,5 continuously increases with y in our
experiments, it can be concluded that the ultimate strength (or limiting
shear strength) of the lubricant has not been reached.

Ball-on-disk instruments are used for the laboratory-scale experi-
ments; the theory developed by Hertz is used to determine the contact
radius between ball and disk (Spikes [38]):

Feontact = (3'L~R//2.E’)1/3 (8)

Where L is the applied load, R the equivalent radius of curvature (equal
to ball radius for a ball-disk contact) and E the equivalent elastic
modulus. With this contact radius, the average pressure and shear stress
can be determined from the measured load and frictional force. These
average values will be used to determine the viscosity-pressure-
temperature relation.

To analyse the experiments, the speed difference of the ball and disk
must be converted to a shear rate, therefore the lubricant film thickness
must be known. This film thickness is estimated with the well-known
formula by Moes [23] which is detailed in the appendix. Although the
Moes formula as specified in the appendix is valid for a point contact, it
is derived from the more general film thickness equations for an ellip-
tical contact geometry. The pressure-viscosity coefficient is an input
parameter of the Moes formula. If Barus equation is assumed, this
parameter is equal to « (see Eq. (2)), whereas if Roelands equation (Egs.
(4) and (5)) is assumed this parameter still depends on the pressure. To
circumvent this, Blok [39] has defined an ‘equivalent pressure-viscosity
coefficient’ a* as:

« ”Pmm-'l'wf } -
at = d, 9
{ o ) 7

This parameter can be used in the Moes-formula to predict the
lubricant film thickness when the lubricant viscosity is described with
the (extended) Roelands equation. Moes [23] gives an approximation of
a* for the Roelands equation, expressing a* in 2(T):

In(x +9.67)40)
a*(T) ~ ( ( pmm,m,)lg(r) ) o .
14— =0

101, Ty )+9.67)<(1)

again with NMpam. T,y 10 PS.

From the previous it follows that in the analysis of a single ball on
disk experiment, the lubricant viscosity is used twice: once in the Moes
formula and once to relate viscous shear stress with shear rate. In this
research an iterative approach is followed to numerically determine the
viscosity (for a given lubricant pressure and temperature), so that the
results represent the best fit with the experimental results and they are
consistent with both Eq. (7) and Eq. (A.7). A flow chart of this iterative

procedure is shown in Figure Al in the appendix.
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2.2. Hydrodynamic cold rolling model

A hydrodynamic rolling model based on the slab method is used to
analyse the hydrodynamic cold rolling experiments. According to
Montmitonnet [40], for the rolling conditions described in this work, a
slab model accurately describes the cold rolling process. The rolling
model can be split up in two parts:

1) A model to determine the lubricant flow, primarily in the inlet zone
of the contact.

2) A model to describe the deformation of the work roll and strip in the
work zone.

Obviously, both parts are strongly coupled because the pressure in
the lubricant is regulated by the strip deformation and also because the
friction between work roll and strip results from the lubricant film
thickness (and its rheological properties). See Fig. 1 for the geometry of
the cold rolling process and the definition of the different zones in the
contact.

The first part, the model that calculates the lubricant flow, solves the
Reynolds Equation (Eq. (1)) in the inlet zone of the roll bite. In this work,
the model is not described in detail (see Lugt [17] or Boemer [8] for
details), but its main features are highlighted:

- In the inlet zone, the geometry of the converging gap is determined
taking into account both elastic work roll deformation (via the
Boussinesq approach, Eq. (12)) and elastic strip deformation (via the
elastic von Karman equation, [17]). An iteration loop is used to
simultaneously solve the elastic deformation and the Reynolds
Equation.

The model wuses the viscosity-pressure-temperature relation
described by the extended Roelands equation (Egs. (4) and (5)) with
fit parameters determined in this work.

- The influence of strip and work roll roughness on lubricant flow in
the rolling process is taken into account by flow factors [29,41]. The
used flow factors are based on Gaussian distributed roughness
characterised by a Peklenik number [42] of 9, representing the
longitudinal lay of the ground work roll surface.

The lubricant temperature is the average of the work roll tempera-
ture and strip temperature, which are both assumed to be constant in
the inlet zone.

Contrary to Lugt [17], the 1D Reynolds Equation is solved with a
Finite Difference method, similar as in Cassarini [43].

In this way, the lubricant film thickness at the entry of the roll bite is
obtained. When the rolling process is in the hydrodynamic lubrication
regime, the film thickness anywhere in the roll bite can then be deduced
from mass conservation of the lubricant:

Vstri  +V,
h(x) — hemry' stripentry roll (11)
V:m'p ()C) + Vyoll

where h(x) is the lubricant film thickness at position x in the roll bite,
Vsrip(X) is the strip speed at that position, hensy is the lubricant film
thickness at the entry of the roll bite as determined from the model and
Vserip.eniry 1S the strip speed at the entry of the roll bite. As the pressure
gradient in the work zone is small, it is assumed that any backflow of
lubricant can be neglected [16].

The second part of the model describes the mechanics of strip and
work roll. Again, this part of the model is not described in detail (see
Montmitonnet [40]), but again its main features are highlighted here:

- The material work hardening behaviour is modelled as described by
Van Liempt [44]. The Hill48 yield criterion [45] is used to take
anisotropic yielding behaviour into account. The relevant mechani-
cal properties for the materials used in the experiments, yield stress
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Fig. 1. geometry of cold rolling process; division of contact zone in inlet zone, work zone and outlet zone.

and the Lankford parameter Ry, were measured by Jacobs et al. [46]
and are reproduced in Fig. 5.

Work roll flattening defines the strip thickness in each segment.
Based on the local strip thickness, the local strip speed can be
determined by considering mass conservation of the strip. For cold
rolling, usually elastic work roll deformation is described by the
Hitchcock equation [47]. In this work, some rolling experiments
were carried out with very small thickness reduction. This results in a
small bite angle, which helps to approach pure hydrodynamic
lubrication conditions during rolling. For such rolling processes
Hitchcock is not a valid assumption. Then, elastic deformation of the
work roll can be obtained by a Boussinesq approach, so by integra-
tion of the deformation caused by point forces representing the
contact pressure distribution, as for example described by Johnson
[48]:

w(x) = 72(17_02)/:” p(s)In

nE ©

X —

ds+c 12)

N
Xo— 9§

Where c is an integration constant. Lugt [17] shows that this equation
can be discretized as follows:

-
w(x;) = T ;szpj 13

Where Ky = (i —j+0.5)A(In(ji —j+0.5))A = 1) — (i—j — 0.5)A (In (|
i—j—0.5)A —1 and A is the grid size.

- At the end of the roll bite, an elastic recovery zone is integrated in the
model.

Usually in slab models, the Coulomb friction law is used. In this work
a physically based friction law for hydrodynamic conditions is used,
based on the measured lubricant properties. The lubricant film
thickness at the entry of the roll bite is calculated in the first part of
the model, Eq. (11) is used to determine the lubricant film thickness
in the rest of the roll bite. With the lubricant film thickness the shear
rates can be determined and the viscous shear stress in each element
is determined with Eq. (7).

Heat is generated during the rolling process because of plastic
deformation and friction. An adiabatic model is used, the generated
heat in one segment is distributed uniformly over the strip in that
segment. The lubricant temperature is taken equal to the average of
the local strip temperature and the isothermal work roll temperature.

The main outputs of the complete rolling model are the lubricant film
thickness, the rolling force and the forward slip (defined as: (Vsrip / Vion —
1)-100%), which can be compared to the values measured in the ex-
periments.

3. Experimental set up

One objective of this work is to characterise the viscosity-pressure-
temperature relation of a commercially available cold rolling oil, with
the underlying goal of implementing this relation in the cold rolling
model. The rolling oil that is used for this investigation is TotalEnergies
RK1832DR, a rolling oil typically used in a Double Cold Rolling mill. The
dependence of dynamic viscosity with temperature, at atmospheric
pressure, is shown in Fig. 2. The best fit with the Roelands equation is
obtained with values for n,, . —of 0.03245Pa-s at 40°C and the
temperature-viscosity coefficient sy of 1.031, the resulting fit is also
shown in Fig. 2. The dependence of viscosity with pressure for
RK1832DR is determined in the experiments described in Section 3.1.
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Fig. 2. viscosity-temperature relation for RK1832DR at atmospheric pressure.
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3.1. Ball-on-disk experiments

The laboratory-scale experiments were carried out on two different
ball-on-disk instruments at TotalEnergies laboratory. The MTM (Mini
Traction Machine) was used to measure the viscous shear stress and
deduce from that the viscosity as function of pressure and temperature.
The EHL-rig (ElastoHydrodynamic Lubrication rig) was employed to
directly measure the lubricant film thickness, which can be used to
validate the measured viscosity obtained on the MTM. Both machines
are commonly used for experimental tribological research, a schematic
overview is shown in Fig. 3.

The MTM can be used to study the frictional behaviour in all three
lubrication regimes (boundary, mixed and elasto-hydrodynamic), but in
this work only hydrodynamic lubrication is considered. The R,-value of
both ball and disk are approximately 10 nm, so that the process is in the
hydrodynamic lubrication regime for lubricant films thicker than
50 nm. The used MTM accessories are a 19.05 mm diameter steel ball
and a 46 mm diameter steel disc. The experiment is setup by loading the
ball against the flat surface of the disc at an inclined axis to prevent spin
within the contact. Ball and disk are placed in a steel pot to which
approximately 50 ml of lubricant is added, so that the contact is
immersed in lubricant. Ball and disk are then driven separately, allowing
to achieve any ratio of rolling and sliding speed.

During a single MTM-experiment, the pressure and temperature are
controlled at the set values. Furthermore the sum speed (ball speed +
disk speed) remains constant so that, according to the theory, the
lubricant film thickness remains constant (see for example the Moes
equations in the Appendix). It was experimentally verified that the
viscosity, as deduced from the MTM-experiments, is independent of the
chosen sum speed. For the experimental results presented in this work,
all MTM-trials were carried out at a sum speed of 1 m/s. By changing the
relative speed of ball and disk, the shear rate in the lubricant film is
varied (up to 107 s~ approximately). The frictional force is continuously
measured and can be related to this shear rate, from which the viscosity
(at that specific temperature and pressure) can be determined as out-
lined in Section 2. The methodology is also well described by Spikes
[38].

Such experiments were repeated for a range of lubricant tempera-
tures and pressures. Table 1 gives an overview of all test conditions
together with the relevant material properties and dimensions of ball
and disk. The achieved range in shear rate, temperature and pressure
covers almost the entire range that is common in the cold rolling of low-
Carbon steel.

The EHL-rig can be used to directly measure lubricant film thickness
in the elastohydrodynamic lubrication regime. The used EHL accessories
are a 19.05 mm steel ball and a highly reflective glass disk. Roughness of
both surfaces is low: the ball has an R,-value of 15 nm and the disk an R,-
value of 5nm, so that for film thickness higher than approximately
70 nm the process is in the hydrodynamic lubrication regime. The
experiment is setup by adding 120 ml of lubricant to the reservoir and
then heating it up to the desired temperature; the ball must be half

a)

b)
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Table 1
overview of process conditions and disk/ball properties of MTM-experiments.
Parameter Value
Ball diameter [m] 0.01905
R,-value ball/disk [m] 1.10°8
Youngs modulus ball/disk [Pa] 2.07-10™
Poisson ratio ball/disk [-] 0.29

Sum speed [m/s] 1
Applied Force [N] 2.5, 5, 10, 20, 30, 40, 50
Lubricant Temperature [°C] 40, 60, 80, 110, 150

immersed in lubricant. Once the load is set, the microscope and spec-
trometer are adjusted to obtain a clear spectral image of the contact. To
avoid damaging the disk, the ball and disk speeds are kept equal
throughout the experiment.

During a single EHL-experiment, the pressure and temperature are
controlled at the set values. By increasing the speed of ball and disk, the
lubricant film increases as well. The lubricant film thickness is contin-
uously measured by optical interferometry method whereby the focused
white light is reflected from two areas: the reflective chromium layer in
the disc and the steel ball. The methodology is also well described by
Van Leeuwen [50]. Such experiments were repeated for other lubricant
temperatures. Table 2 gives an overview of all test conditions together
with the relevant ball and disk material properties and dimensions.

3.2. Rolling experiments

The rolling experiments are carried out on the Tata Steel pilot mill,
see Fig. 4 for a photo and a schematic presentation.

In these experiments, the stand-alone mill operates in a two-high
configuration (i.e. without backup rolls). The work rolls have a diam-
eter of 397 mm and a ground roughness with an Ry-value of 0.07 um.
Entry and exit tension are generated by the uncoiler and coiler.

The materials that were used in the trials are 100 mm wide tinplate
grades. The mechanical properties were measured by Jacobs et al. [46]
and are reproduced in Fig. 5. Fig. 5a shows the measured yield stress at

Table 2
overview of process conditions and disk/ball properties of EHL-
experiments.
Parameter Value
Ball diameter [m] 0.01905
Ball Ra-value [m] 1.5.10°8
Disk Ra-value [m] 510°
Youngs Modulus Ball [Pa] 2.07-10'
Youngs Modulus Disk [Pa] 7.5.10'°
Poisson Ratio Ball [-] 0.29
Poisson Ratio Disk [-] 0.22
Applied Force [N] 20
Range Speed [m/s] 0.03-3
Lubricant Temperature [°C] 20, 40, 60, 80

white light
|

W v

spectrometer

1

Fig. 3. a) schematic overview of MTM, b) schematic overview of EHL-rig, both figures adapted from De Laurentis et al. [49].
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Fig. 4. a) schematic layout of the pilot mill, b) photo of the pilot mil.
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Fig. 5. a) stress-strain curve of the material used in the pilot mill trials; the markers are tensile test results at a strainrate of 0.01 s~ ! (each datapoint is the average of
2-4 tensile tests), the lines are results of the constitutive model as implemented in the rolling models (at strain rate of 0.01 s 1. b) Lankford parameter in rolling
direction as measured by the tensile tests (each datapoint is a separate measurement).

various level of equivalent strain, as well as the fit with the material
model described by Van Liempt [44]. This constitutive model takes
viscoplastic effects into account, all results shown in Fig. 5 are obtained
at a strain rate of 0.01 s™!. The same model is implemented in the cold
rolling models that are used to analyse the rolling trials. Fig. 5b shows
the Lankford parameter in rolling direction as function of equivalent
strain; Jacobs et al. [46] show that this parameter has a significant in-
fluence on the cold rolling force.

Two types of cold rolling experiments were carried out: droplet trials
and hydrodynamic lubrication trials. The oil droplet method was first
used by Saeki and Hashimoto [51] and described by Azushima [52]. A
droplet of oil with a known volume is placed with a calibrated pipette on
the strip before rolling. During rolling, the droplet is rolled out to an
ellipse-shaped spot on the strip, the surface area of the spot is estimated
by measuring the length of the two principal axes of the ellipse. The
average lubricant film thickness at the exit of the roll bite is then
determined as the quotient of the known droplet volume and the
measured surface area of the spot after rolling.

The volume of the applied droplet must be exactly known. Therefore,
any oily residues on the strip must be removed prior to rolling. In our
tests, the entire coil is degreased before each pass; the spot where the
droplet is placed is further cleaned manually with acetone. All relevant

process details of the droplet experiments are given in Table 3.

Good reproducibility of the droplet trial has been reported (for
example by Cuperus et al. [53]), but usually the agreement between
experimental results and model results was quite poor. Sutcliffe [35]
measured lower lubricant film thickness than his model predictions,
while Aggerwal and Wilson [54] measured up to 4 times higher lubri-
cant film thickness than their model predictions. Jacobs et al. [55] found
that asymmetric material entrance was the root cause of the discrepancy
between theory and experiments. They found a correction factor, to
correct the measured lubricant film thickness under asymmetric strip
feeding conditions to film thickness for symmetric feeding conditions
(which corresponded to model results). In this work the same droplet
trials are used to validate the theory and MTM-results, therefore the
same correction factor is applied for experiments with asymmetric strip
feeding.

Contrary to the droplet trials, the hydrodynamic lubrication trials
were carried out by applying an abundance of the lubricating oil
RK1832DR. Rolling conditions were chosen to enhance lubricant film
formation and rolling in the hydrodynamic regime (i.e. relatively low
reduction, high speed and low temperature). These rolling conditions
are specified in Table 4. Table 6 presents the calculated film thickness
for each experiment, showing that for trial 1A-1D the process is in the
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Table 3
process parameters of the droplet trials.
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Test Nr. t;, (mm) tous (Mmm) Rolling Force (kN) Tension In/Out (kN) R, strip (micron) Rolling Speed (m/s) Average Temp (°C)"
la 1.6 1.41 630 5/10 0.4 0.1-0.2-0.4-0.8-1.6 b

1b 1.3 1.00 815 5/10 0.3 0.1-0.2-0.4-0.8-1.6 b

1c 0.7 0.63 700-950-1200 5/10 0.1 0.4-1.6 b

1d 1.3 1.20 500 5/10 0.5 0.2-0.4-0.8 b

le 1.1 1.01 500 5/10 0.4 0.2-0.4-0.8-1.6 b

2a 1.5 1.37 500 75/75 0.4 0.2-0.4-0.8-1.6 24.3+0.1

2b 1.5 1.24 650 75/75 0.4 0.2-0.4-0.8-1.6 24.0 £ 0.3

3a 0.84 0.76 700 7.5/75 0.1 0.2-0.4-0.8-1.6 21.8 +£ 0.4

3b 0.84 0.80 500 75/75 0.1 0.2-0.4-0.8-1.6 22.24+ 0.5

@ This column shows the average temperature (of roll and strip) of all droplet experiments within that test number.
b The roll temperature was not measured for these passes. In the model calculations an average temperature of 23°C was assumed, which is the average temperature in the passes

where the temperature was measured.

Table 4

average process parameters of hydrodynamic lubrication trials. The graphs and
model simulations in Sections 4 and 5 are based on the actual measured values.
Test 1A-1D are carried out with material grade A, test 2A-2E are carried out with
material grade B. In test 1A and 1B the rolling speed is varied, in test 1 C and 1D
the entry tension is varied (the number of variations is indicated in the table).

Test Entry / Exit Entry / Exit Rolling Strip / Strip /
Nr. Thickness Tension Speed (m/ Roll R, Roll
(mm) (MPa) s) (um) Temp
Q)

1A 0.95/0.89 33/111 4 and 6 0.52/ 35/35
0.10

1B 0.59 / 0.56 104 /177 5and 6 0.39 / 35/35
0.10

1C 0.95/0.89 53-105 / 6 0.41 / 36 /30

112 0.10
1D 0.55/0.53 74 and 92 / 6 0.35/ 40/ 34
189 0.10

2A 1.40 /1.20 42 /83 6 0.42/ 21/ 30°
0.70

2B 1.20 / 1.00 50 /101 7 0.70 / 30/ 30°
0.70

2C 1.00 / 0.90 59 /111 7 0.76 / 30/ 30°
0.70

2D 0.90 / 0.80 67 /125 8 0.74 / 29 /30"
0.70

2E 0.66 / 0.50 91 /199 10 0.78 / 33/ 30°
0.70

@ Test 2 was cooled with an emulsion at the exit side, with temperature of 30 °C,
which kept the roll temperature relatively constant at 30 °C.
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hydrodynamic lubrication regime, while for trial 2A-2E the lubrication
is almost hydrodynamic.

4. Results
4.1. Results MTM

A typical result of an MTM-experiment is shown in Fig. 6 where the
frictional shear force F, is plotted as a function of the slide-roll-ratio
(SRR) which is defined as SRR = 2-|upan — Ugisk|/ (Upan + Udisk)-

The shear force is converted into a shear stress by dividing the shear
force by the Hertzian contact area. The SRR can be converted into a
shear rate using the film thickness calculated by Moes-formula. This
allows to plot the shear stress vs. shear rate as in the right graph of Fig. 6.
The best fit for a Newtonian fluid (Eq. (6)) and the best fit with the
Eyring-equation (Eq. (7)) are also shown. That last fit directly yields the
viscosity and limiting Newtonian shear stress at the specified tempera-
ture and pressure.

Fig. 6 shows that at high shear rates, the viscous shear stress is not
accurately predicted with the Newtonian fluid assumption. For even
higher shear rates, the shear stress decreases because the lubricant
temperature increases as a result of viscous shear heating. This ‘thermal
regime’ is not modelled in any way by Eq. (7) (or Eq. (6)), Fig. 6 shows
that the thermal regime was not reached in that experiment.

Analysis has shown that with this fitting procedure, 5(p,T) can be
determined from the MTM-measurements with an accuracy better than
5%.

The procedure to obtained viscosity and limiting Newtonian shear
stress from the measurements (as detailed in Section 2.1) was carried out

b) 30 T T 3
® MTM-experiment :
P Fit Eyring ]
-------- Fit Newtonian fluid

N
o
T
L

Shear stress (MPa)

Shearrate [s'1]

Fig. 6. a) typical result of an MTM-experiment (for a load of 20 N at a temperature of 40°C), friction force Fy as a function of slide-roll-ratio SRR; b) MTM-results
expressed as shear stress vs. shear rate, the best fit for a Newtonian fluid (Eq. (6)) and the best fit with the Eyring equation (Eq. (7)).
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for all experiments, i.e. all combinations of lubricant pressure and
temperature. The obtained parameters are plotted as function of pres-
sure and temperature in Figs. 7 and 8, together with the best fit of the
corresponding rheological relation which will be used for the analysis of
the other experiments.

In Fig. 7, the best fit of the measurement results with the extended
Roelands equation is shown. There is good agreement between mea-
surements and fit, except for the experiments at low pressure and high
temperature (which is quite an uncommon combination in industrial
cold rolling). The parameters of this best fit are given in Table 5.

Fig. 8 shows that the limiting Newtonian shear stress 7o increases
with lubricant pressure, however the influence of lubricant temperature
is not clear. The following fit function, also shown in Fig. 8, will be used
to validate the hydrodynamic rolling trials at the pilot mill:

79 = 0.0061-pyy, + 0.4MPa a4

Such a linear relation between the limiting Newtonian shear stress
and pressure was also measured on a two-disk machine by Evans [56] for
some of his lubricants.

These results now fully characterise the viscosity and viscous shear
stress of the RK1832DR lubricant as a function of pressure and tem-
perature. In Sections 4.2 to 4.4, this characterisation will be used to
validate both film thickness measurements on the EHL-rig, as well as
film thickness measurements and cold rolling experiments on the pilot
mill.

In this section another result of the MTM-experiments is shown. To
determine the relevance of viscous shear in cold rolling, compared to
other friction mechanisms (such as adhesive friction and ploughing
friction), the coefficient of friction (COF) resulting from viscous shear in
the MTM-experiments is plotted as function of temperature and pressure
in Fig. 9.

From Fig. 9 it can be concluded that:

- Only for a combination of low temperature (40°C) and high pressure
the thermal regime is reached. The data points in the thermal regime
are not considered when determining 5(p, T) and 79(p, T) via the
procedure detailed in Section 2.

For many combinations of temperature, pressure and shear rate that
are common in cold rolling of steel, the viscous COF is of the same
order of magnitude as the total COF in the cold roll bite (which
ranges typically between 0.015 and 0.06 according to Yuen et al.
[571). It must be concluded that the contribution of viscous shear
stress to the overall COF cannot be neglected.

10* T T /
o 10°F - i
2
L ]
2: —— T=20°C, Roelands fit
) = T=40°C, Roelands fit
S T=60°C, Roelands fit
0 ol e A g ¥ T=80°C, Roelands fit
> |——T=110°C, Roelands fit
L g vy, AT T=150°C, Roelands fit
g ® T=40°C, MTM
c = T=60°C, MTM
a ¢ T=80°C, MTM
v T=110°C, MTM
A T=150°C, MTM
10 : : : : ! :
0 200 400 600 800 1000 1200 1400

Pressure (MPa)

Fig. 7. markers: MTM-results of viscosity as function of temperature and
pressure, lines: Roelands equation that fits best with measurement results. The
Roelands parameters are given in Table 5.
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Fig. 8. limiting Newtonian shear stress values, determined with the MTM-
experiments, as a function of lubricant pressure and temperature. The line
represents the fit that is used in the cold rolling model.

Table 5
parameters in Roelands equation, resulting in best agreement with MTM-results.

Roelands parameters Value deduced from MTM-experiments

M T [Pa-s]* 0.03245 (at 40°C)
so [-1” 1.031

Croz [-] -0.04825

Dror [-] 0.4990

a Mpaom Ty and so were determined by the standard viscometer at ambient pressure
and temperatures between 20 and 80°C.

- Viscous shear stresses vary significantly in the roll bite: around the
neutral point the shear rate is low and viscous shear stresses can be
neglected, at the roll bite entry the shear rate can easily be as high as
107 s7! and viscous stresses are significant, even up to very high
temperature.

4.2. EHL-rig

Disk speed and ball speed are kept equal during the EHL-
experiments. In Fig. 10 the measured lubricant film thickness is
plotted against this process speed for various lubricant temperatures.
The pressure-viscosity coefficient a*(T) can be determined with the
Roelands parameters in Table 5 and Egs. (5) and (10), enabling the
determination of the predicted film thickness based on Moes [23] for-
mula (Eq. (A.7)), which is also shown in Fig. 10.

As shown in Fig. 10, especially at low process speed the measure-
ments correspond fairly well with the modelled film thickness. At higher
process speed, the measured film thickness is lower than the predicted
value which is probably related to heat generation due to high shear rate
in the lubricant film, this is not taken into account in the Moes equation.
The average error in the film thickness prediction is 20%, Moes [23]
mentions that the accuracy of his formula is within 10%, especially at
higher speed the differences between model and measurement are
slightly higher.

Overall, it can be concluded that the viscosity as determined by the
MTM-experiments allows to predict the film thickness in the EHL-
experiments reasonably well. It can be concluded that the presented
method, to derive lubricant properties from the MTM-experiments, is
feasible.
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Fig. 9. viscous coefficient of friction (COF) as function of pressure, speed and lubricant temperature; a) 40 °C, b) 80 °C, ¢) 110 °C, d) 150 °C.
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Fig. 10. film thickness measurements on EHL-rig as function of process speed
and comparison with Moes formula (Eq. (A.7)). The markers indicate the

measurements, the lines indicate the results from the Moes equation.

4.3. Droplet trials

Jacobs et al. [55] showed that without any correcting measures, the
strip material is likely to enter the roll bite asymmetrically which has a
significant influence on the measured lubricant film thickness. This
insight was obtained during the currently described research, therefore
in this work also droplet trials were carried out with asymmetric feeding
(in test 1,2 and 3) while symmetric strip feeding was applied only in the
third test. Jacobs et al. [55] compared droplet trials with symmetric and
asymmetric strip feeding to establish a correction factor. This correction
factor, that only seems to depend on the strip thickness, is then used to
‘correct” the droplet trials that were carried out under asymmetric
feeding conditions, it is given by:

Clty) = Pioom —0.4946-1;, + 1.2635 0.53mm < t,, < 1.6mm
hlub,asym (15)
C(ty) =1 ti < 0.53mm

Where hyyp sym and Ay asym are the measured lubricant film thickness at
the roll bite exit if the strip is fed symmetrically resp. asymmetrically to
the roll bite. With the model described in Section 2.2 (and Eq. (11)), the
film thickness for each droplet experiment was determined. Obviously,
the model used again the viscosity-pressure-temperature relation ob-
tained from the MTM-experiments, as summarised in Table 5. The
comparison between model and measurement is shown in Fig. 11. For
transparency, a different marker is used for each test and to indicate
uncorrected results for processes with symmetric strip feeding and
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Fig. 11. measured lubricant film thickness at the exit of the roll bite as function
of the modelled lubricant film thickness.

corrected results for processes with asymmetric strip feeding.

Fig. 11 shows a good agreement between theoretical and experi-
mental results, the average error in the lubricant film thickness predic-
tion is 0.07 um (for droplet test 2 and 3, in which the strip and roll
temperatures were recorded, the average error is only 0.03 um). This
shows that the lubricant film thickness in cold rolling can be predicted
accurately enough when an accurate viscosity-pressure-temperature
relation is used.

4.4. Hydrodynamic lubrication trials

The model used in the previous section to calculate lubricant film
thickness for the droplet trials, is also used in this section to determine
the lubricant film thickness for the hydrodynamic lubrication trials. The
results of these calculations are given in Table 6 together with the
combined strip and work roll roughness and the A-parameter which is
indicative of the lubrication regime (4 = hentry/Rg comy) While the com-
bined roughness is calculated with [8]:
+R

g.roll

RZ

g,strip

(16)

Rq,mmb =

With Ry oy and Ry g, the Ry-values of the surface topography of strip
and roll. For 4 > 3 the lubrication regime is hydrodynamic (see for
example Boemer [8]); for the first test this is achieved because of the
small thickness reduction and low strip/roll roughness. In the second
test the lubrication regime is almost hydrodynamic, but some contact
between work roll and strip asperities can be expected.

For each rolling experiment, the measured rolling force and forward
slip are averaged over time. The forward slip is defined as sy = (Vstrip,exit/
Vo — 1)-100%, low rolling force and low forward slip are both indica-

Table 6
calculated film thickness, measured Rgcomy and derived A-value for each hy-
drodynamic rolling trial.

Test nr hentry (pm) Rg comp (pm) A
1A 1.7 0.7 2.5
1B 1.5 0.5 3.1
1cC 1.6 0.5 3.0
1D 1.7 0.5 3.8
2A 1.5 0.8 1.4
2B 1.5 1.0 1.2
2C 1.8 1.0 1.4
2D 2.0 1.0 1.6
2E 1.8 1.0 1.4
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tive of a well lubricated contact. A comparison between the measured
and modelled rolling force and forward slip is given in Fig. 12.

Fig. 12 shows that not only the model converges for each rolling
process, but it also gives a fairly good prediction, both of rolling force
and forward slip. The average difference between predicted and
measured forward slip is 1% point, while the accuracy of the calculated
rolling force is 10% of the measured force. This indicates that the
(viscous) shear stresses are more or less correctly taken into account in
the model. It should be reminded here that this rolling model does not
contain a coefficient of friction anymore, hence there is no “fit-param-
eter” in the model. Normally cold rolling models rely heavily on such a
coefficient to match modelled results with experiments. This model is
purely based on theoretical relations and measured material properties
such as the stress-strain curve in Fig. 5 and the viscosity from the MTM-
experiments.

Because of elastic recovery, the strip speed slightly decreases at the
roll bite exit. As shown in Fig. 12, this can result in the model predicting
a small negative forward slip. The measured slip can become much more
negative. The rolling model could be extended with the possibility to
predict such high negative forward slip (similar as [58]), but in this
version of the model, because of the chosen method of iteration, it is not
possible.

For the last process, experiment 2E, the evolution of the coefficient of
friction due to viscous shear stress over the contact length as well as the
resulting friction hill is given in Fig. 13.

According to Fig. 13, in these hydrodynamic lubrication experiments
the friction hill is much less pronounced than usual for a cold rolling
process. This is due to the low friction and the high exit tension
(compared to entry tension) which is necessary to avoid skidding of the
work rolls. Furthermore, Fig. 13 clearly shows that for a large part of the
roll bite, the viscous shear stresses are not negligible, as was already
shown in Fig. 9.

5. Discussion

In the previous section it was shown that the viscosity-pressure-
temperature relation, as derived from MTM-experiments, enabled a
good prediction of film thickness and viscous shear, both on the EHL-rig
and on the pilot mill. This resulted in a cold rolling model without any fit
parameters, that gives good prediction of forward slip and rolling force
in a hydrodynamic cold rolling process. The experimental results are
further discussed in this section.

5.1. Measured viscosity-pressure-temperature relation

The results presented in Fig. 7 show that the MTM-results can be
accurately described by the Roelands equation. Only for the combina-
tion of high temperature and low pressure, the measured viscosity is
significantly higher than the best fit with the Roelands equation. It
cannot be excluded that this is related to the experiment because for
these conditions the lubricant film thickness becomes so small that
elastohydrodynamic lubrication is not guaranteed anymore. For a
lubricant temperature of 150°C, the lubricant film thickness according to
the Moes-formula is only between 30 and 40 nm. Although no signs of
wear were observed, there may have been incidental contact between
the ball and disk in the MTM-experiments. Furthermore, as remarked by
Liu et al. [59], at low pressure the contact region is underestimated by
Hertzian theory (while at high pressure the Hertzian approximation is
valid [59]). In any case, the combination of low pressure and high
temperature is unlikely to exist in a cold rolling mill for low Carbon
steel, therefore the discrepancy between the measurements and the
Roelands equation is of little practical importance for the cold rolling
industry.

An often-made assumption is that the Barus formula (Eq. (2)) can be
used to describe the lubricant viscosity at high pressure. To investigate
this assumption, the viscosity according to the Roelands equation is
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compared with Barus-equation in Fig. 14. The results with the Barus
equation are based on the equivalent pressure-viscosity coefficient a* as
defined in Eq. (9). Fig. 14 shows that, depending on lubricant temper-
ature, the Barus equation rather accurately predicts the viscosity up to a
pressure of 200-400 MPa. At higher pressure the Barus-equation over-
estimates the viscosity as determined in the MTM-experiments.

It can be concluded that for the rolling of softer metals, where the
average rolling pressure does not exceed a few hundreds MPa, the Barus
equation gives an accurate description of the pressure-viscosity relation.
For the rolling of low Carbon steel, where the pressure can easily be as
high as 1 GPa, the Barus equation significantly overestimates the
lubricant viscosity at high pressure and the Roelands equation should be
preferred. Obviously, these conclusions are based on the measurement
results for the RK1832DR oil, for another lubricant the conclusions could
be different.

It is interesting to discuss how the results of Fig. 14 relate to a direct
measurement of viscosity at high pressure. In his measurements, Bair
finds that for all glass-forming lubricants the #, p-graph shows an in-
flection point, from slower to faster than an exponential law [21]. It is
stated that this inflection occurs at a material-specific viscosity [25] and
it can be inferred that it occurs at a pressure of approximately 1 GPa. As
the pressures in Fig. 14 are lower than 1 GPa, these can also be described
by the Roelands law that clearly captures only the part where the vis-
cosity increase is slower than exponential. Nevertheless, it cannot be
excluded that a small error in the prediction of viscosity (by the Roe-
lands equation) is offset by a small error in the coefficients for the Eyring
equation.

5.2. Discussion of experimental results

The relatively small deviations between experimental results (on
EHL-rig and pilot mill) and theory could well be related to the temper-
ature control during the experiments. As shown in Fig. 7, a small devi-
ation in lubricant temperature leads to a relatively large change in
viscosity and hence in measured lubricant film thickness or viscous
shear stress. Although it is not straightforward, in the MTM and EHL-
experiments provisions are foreseen to control the temperature. How-
ever, in the rolling experiments the temperature cannot be controlled as
a significant amount of energy is dissipated because of plastic defor-
mation and friction. In the droplet experiments, the temperature in the
inlet zone is most relevant so the influence of plastic deformation is only
limited. However, in the hydrodynamic rolling experiments it is relevant
how the lubricant temperature evolves in the roll bite. Therefore, as-
sumptions need to be made; Boemer [8] gives different thermal sce-
narios for the lubricant in the roll bite:
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- Isothermal: the lubricant temperature remains equal to its applica-
tion temperature.

- The lubricant temperature is equal to its application temperature,
but if the strip temperature is higher the lubricant takes over the strip
temperature.

- The lubricant temperature increases due to frictional heat generated
in the lubricant.

Another likely scenario is that the lubricant temperature is the
average of work roll and strip temperature. To decide between these
different possibilities, it is insightful to determine the thermal penetra-
tion depth of the lubricant. According to Faghri and Zhang [60], for a
semi-infinite body this depth is given by:

S = V8Dt a7
Where D is the thermal diffusivity and t is the contact time. The thermal
diffusivity of a paraffin oil (at room temperature) is approximately
0.08 mm?/s [61]. In an actual rolling process, a typical contact time of
the sheet and the roll is in the order of 1 millisecond. This corresponds
with a penetration depth of 25 ym, much larger than the lubricant film
thickness. It is therefore reasonable to assume that the lubricant tem-
perature is regulated by the temperature of the work roll and the strip.
The validity of this method is further confirmed by experiments of Liu
etal. [62], who show that the initial lubricant temperature has relatively
little influence on elastohydrodynamic lubricant film build up, however
the temperature of the disk has great influence on the lubricant film
build up.

In experiment 1 C the entry tension was changed in 6 steps, which
had a marked influence on the measured forward slip. Fig. 12 shows that
the influence of entry tension on forward slip is not perfectly predicted
by the model. Fig. 15 shows model results for experiment 1 C but with a
lubricant temperature that is 10 °C higher than in Fig. 12, this figure
shows how sensitive the forward slip (and hence friction) is for a rela-
tively small change in temperature, for clarity the results are plotted
against the measured slip values as in Fig. 12.

For a rolling process in the mixed lubrication regime, the influence of
temperature on forward slip should be less. An increase in temperature
still leads to a smaller contribution of viscous shear, but this is offset by a
larger true contact ratio because also the film formation will be lower.
Therefore in industrial cold rolling, the influence of a small error in the
temperature prediction should be less than the results shown in Fig. 15.
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Fig. 15. influence, according to the rolling model, of a relatively small change
in lubricant temperature on the prediction of forward slip for experiment 1 C.
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5.3. Relevance of viscous shear in industrial cold rolling

The relevance of this work for industrial cold rolling mills, that
operate in the mixed lubrication regime, should be discussed. Most
generally it can be stated that in the mixed lubrication regime the as-
perities carry a part of the rolling load and the friction in the roll bite can
be calculated with the equivalent of the load sharing relation [63]:
7(x) = Aty + (1 = A)Tyi5e = ATogp + (1 — A)70(p,s T)-asinh(w)

70(p, T)

In this equation A is the true contact ratio, 7., is the average shear
stress at the asperity contacts and 7, is the viscous shear stress given by
Eq. (7). The term (1 —A)7y; is the contribution of viscous shear stress in
a mixed lubricated rolling contact.

As in the Mixed Lubrication regime A > 0, at first sight it appears
that the contribution of viscous shear stress is lower than in a purely
hydrodynamic contact. However, the shear rate in the lubricant, 7, is
higher because the lubricant film thickness is lower. Wilson and Chang
[64] showed that the lubricant pressure increases very quickly after the
plastic deformation starts, in what they call the ‘transition zone’. Ac-
cording to this accepted theory, even at very low rolling speed, the
lubricant film becomes fully pressurized and hence hydrodynamic ef-
fects play a role. As a consequence, the available lubricant in the rolling
contact will always be pressurized up to a pressure equal to the average
pressure in the contact. Therefore in the biggest part of the
strip/roll-contact, both zo(p, T) and 5(p, T) in Eq. (18) do not substan-
tially depend on the lubrication regime.

The relation between true contact ratio and average lubricant film
thickness is determined by the surface topographies of roll and strip
surface. A normally distributed surface topography can be approximated
by a Christensen topography, with the following height distribution

function [65]:
2
1 h
3Rq,cr}mh

Where h is the height of the combined roughness. This equation can be
used to determine the relation between true contact ratio and average
lubricant film thickness which is shown in Fig. 16a. With this relation it
is then possible to determine the contribution of viscous shear in a mixed
lubrication contact. This exercise has been carried out for the process of
trial 2E. Fig. 16b shows the contribution of viscous shear stress in a
mixed lubricated rolling contact with true contact ratios fixed at 0.25,
0.5 and 0.75. For easy comparison, the values are divided by the vertical
pressure so that, analogous to Fig. 13, a viscous coefficient of friction is
obtained.

In a cold rolling process the true contact ratio is not constant but
increases towards the roll bite exit. Fig. 16b shows that up to fairly high
true contact ratios, the contribution of viscous shear stress (to the total
friction) cannot be neglected as it is in the same order of magnitude as
the total COF in the cold roll bite. It should be mentioned that in reality a
sticking zone exists, especially when the thickness reduction is small
[66]. Obviously there is no contribution of viscous shear stress in such a
sticking zone. The sticking zone is positioned around the location where
the classical rolling model finds a neutral point and therefore low
viscous shear stress. Therefore the influence of a sticking zone on the
distribution of viscous shear stress is only limited.

The presented rolling model assumes that the shear in the lubricant is
low enough so that the thermal regime is not reached. In the thermal
regime so much heat is developed in the lubricant film that the viscosity
decreases considerably with a further increase in shear rate. As a
consequence also the viscous shear stress (and the lubricant film thick-
ness) will decrease. In the presented MTM-experiments, the thermal
regime was only observed at a lubricant temperature of 40°C. The results
presented in Fig. 9 suggest that the thermal regime starts when
Uyise =~ 0.03, but measurement at even higher shear rates would be

18)
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Fig. 16. a) relation between true contact ratio A and normalised film thickness for a Christensen surface topography, b) calculated contribution of the viscous shear
to the overall coefficient of friction in a mixed lubricated cold rolling contact. For the calculation the data of experiment 2E were used.

necessary to determine when the thermal regime starts at higher lubri-
cant temperatures. In an industrial mill it is therefore not so likely that
the thermal regime will be reached, but it cannot be totally excluded
either. More experimental effort would be needed to integrate this
possibility in the cold rolling model.

6. Conclusions

Usually viscous shear stress is neglected in Mixed-Lubrication cold
rolling models for low-carbon steel. This work investigates the relevance
of viscous shear as a friction mechanism in a mixed lubricated cold
rolling contact. Experiments have been carried out, both on laboratory
equipment and a semi-industrial pilot mill. The following conclusions
can be drawn from the work presented in this article:

- The presented work shows that in a typical industrial cold rolling
process, the viscous shear stress substantially contributes to the total
coefficient of friction.

At pressures, temperatures and shear rates that are common in cold
rolling of low Carbon steel, the investigated lubricant shows non-
Newtonian behaviour. The observed behavior can be described
with the Eyring equation (Eq. (7)) for viscous shear stress.

It is not sufficient to use the commonly used Barus-equation (Eq. (2))
to model the cold rolling process of low-carbon steel. The rheological
behaviour of the investigated lubricant can better be described with
the extended Roelands equation (Egs. (4) and (5)).

Both the viscosity-pressure-temperature relation as well as the shear
behavior of a cold rolling lubricant can be accurately characterised
with MTM-experiments.

The measured rheological relations are integrated in a cold rolling
model. The developed model is purely based on measured properties

Appendix A. , Moes-formula

of strip, work roll and lubricant, no (unknown) friction factor is
necessary anymore. For hydrodynamic rolling, the model predicts
the forward slip with an average deviation of 1% point from the
measured values, while the accuracy of the calculated rolling force is
10% of the measured force.
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The Moes equation was developed to describe the film thickness in the EHD-regime, it is based on the theoretical asymptotic solution of the central
film thickness in 4 cases (i.e. Hg; for the rigid isoviscous case, Hg for the elastic isoviscous case, Hgp for the rigid piezoviscous case and Hgp for the
elastic piezoviscous case). The ‘asymptotic’ solutions for these cases are all expressed in 2 parameters Nyjoes and Ly, that summarize the process and

lubrication conditions. Nyes and Lyges are defined as:

) 075
v _ R F ([ ER
Moes — R, E -R? M pain ey v
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Here R, and R, are the equivalent radii of curvature in x,y-direction, which are obviously equal in the MTM-experiments. Furthermore F is the load
on the ball and U is the sumspeed of disk and ball. The asymptotic solutions (for ﬁ—; = 1) are then given by:

Hyy = 145-(1.796) 7/ .N; 2. (A.3)
Hp = 3.18:(1.63) /2N, 2P (A.4)
Hyp = 1.29-(1.691) 3123 (A.5)
Hpp = 1.48-(1.63) /2N M2 L3 (A.6)

The central film thickness can then finally be calculated with the following fit, which is necessary to provide a smooth transition between the
asymptotic solutions:

, -0.5
E-R
h/: =R, <X> “Hitoes (A~7)

nﬁamnrlu/ :

Where H consists of the fit function with the different asymptotic solutions:

3 273 s
Hyioes = {H* + (i +0.0) 10 o (fgh o+ ) " *8)
And s defined as:
_ 2s5/3 s
s = {H 4 (Hgt 4+ 0.0) 1 () (A.9)

For the settings in the MTM-experiments, Moes 2000 reports that this fit corresponds within 10% to numerical calculations.

The minimum film thickness is approximately % of the central film thickness, but as the minimum film thickness occurs only very locally, it is
common to use the central film thickness to analyse the MTM and EHL experiments.

The iterative procedure to determine the rheological parameters 7o and z from the MTM-experiments is visualised in Figure Al. For a given value of
2, the viscosity can be determined with the Roelands equation.

Experiment: measured friction force -
and ball/disk speed W
Hertz (eq. 8): Texp = —F;""’as
T contact
| Choose 74 and z-parameter |<7
‘ Blok (eq. 10): 2 a* ‘ ‘ Roelands (eq. 4): 2> n ‘
| Moes (eq. A.1-A.9): > h, | ‘ Eyring (9. 7): = Teneory ‘
Shear rate y = Whauvaiskl
he
Tiex"jtheory minimized (all ¥)?
exp

Yes No

| Ty and z-parameter found

Fig. Al. schematic presentation of the iterative procedure to determine the rheological parameters 7, and z from the MTM-experiments.
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