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A B S T R A C T   

An Integrated Digital Image Correlation (IDIC) method has been applied to the cold rolling process, the images 
clearly visualise the geometry of the roll bite and the inlet zone. A key, novel finding is that despite using coils 
and applying entry tension, the strip can enter asymmetrically in the rolling mill. Moreover, it is shown that 
asymmetric strip feeding results in an uneven lubricant film thickness between top and bottom strip surface. A 
method is detailed to feed the strip truly symmetrically in the mill, a procedure that is necessary for a meaningful 
experimental validation of lubricant film thickness models. For symmetric rolling processes the measured film 
thickness corresponds significantly better with the theory than for asymmetric processes.   

1. Introduction 

In the cold rolling process material is fed through a set of work rolls. 
By exerting force on these work rolls the material thickness is reduced. 
Due to the high speed and semi-continuous operation, the cold rolling 
process is the most widely used process in industry to reduce the 
thickness of steel sheet. From a tribological perspective, cold rolling is 
an interesting process because of the complex tribological behaviour in 
the roll bite [1]. This work provides a detailed analysis of lubrication 
and friction phenomena and in particular the effects of asymmetric strip 
feeding. Roberts [2] rightfully remarks that "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". It is well known that 
high friction results in high rolling force and rolling power, limiting mill 
capability. Other negative consequences are strip thickness variations 
and poor shape [3] or bad strip surface cleanliness [4]. Also, too low 
friction is detrimental to the rolling process: i.e. the motor power cannot 
be transmitted to the strip and ‘skidding’ occurs, possibly leading to 
uncontrolled vibrations [5], strip thickness oscillations [3] and again 
poor strip surface cleanliness [4]. However, not only the level of friction 
is important, friction must also be equally divided between upper and 
lower work roll. Jeng et al. [6] show how the amount of lubricant in
fluences the roughness transfer and also the surface aspect of rolled 

strip, it can be deduced that asymmetric lubrication leads to surfaces 
with different visual aspect. Another problem, particularly for thin 
gauge strip rolling, is that asymmetric lubrication likely results in bow 
problems, i.e. a gradient in residual stress profile over the thickness of 
the strip [7]. It follows that control and regulation of friction are 
extremely important in cold rolling, for this purpose the process is al
ways lubricated; [8] discusses a method for selection of cold rolling 
lubricants. However, not only the type of lubricant is critical, also the 
process conditions greatly influence the lubrication efficiency in cold 
rolling. From a lubrication point of view, a relevant geometrical aspect is 
the angle between strip and roll at the start of the contact, the so called 
“inlet angle” or “bite angle”. The inlet angle has a direct influence on the 
rolling force as it influences significantly the lubricant film thickness 
that is entrained in the roll bite and consequently the friction between 
roll and strip, as shown by Wilson and Walowit [9] for rigid strip and 
work rolls. This monumental work has suscitated a lively interest in 
tribology based cold rolling models and these models have evolved 
enormously over the last 50 years. The influence of elastic deformation 
of work rolls has been investigated by Atkins [10], Lugt [11] describes a 
complete hydrodynamic rolling model where also elastic deformation of 
the strip is taken into account. Another major development is the tran
sition from hydrodynamic rolling models to mixed lubrication models, 
for example by Marsault [12]. More recently, the focus has been on the 
transition of neat oil to emulsion lubrication: Wilson et al. [13] and Szeri 
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and Wang [14] describe lubrication mechanisms typical for emulsion 
lubrication and these are used by Cassarini [15] to formulate a complete 
model for emulsion lubrication that corresponds (at least qualitatively) 
with experimental observations. Boemer [16] provides a good overview 
of the state of the art of mixed-lubrication cold rolling models. 

Experimental validation of a neat oil mixed-lubrication model is 
usually carried out with the droplet method, as first described by 
Azushima [17]. In contrast with the vast amount of literature on model 
development, experimental validation of these mixed lubrication 
models has received relatively little attention. In particular, while all 
mixed lubrication models indicate the importance of the inlet angle for 
lubrication, control of the inlet angle in the experimental validation of 
these mixed-lubrication models is not reported before. The droplet 
method simply assumes that the strip enters the roll bite in a symmetric 
way, i.e. the inlet angles with top and bottom surface are equal. How
ever, Sutcliffe [18] carried out droplet trials on short strips and 
remarked that the strip tends to wrap around the unlubricated (bottom) 
work roll. If this happens, the inlet angle at the top surface significantly 
increases and consequently he measured thinner lubricant films than 
resulting from his (symmetric) model. It is therefore generally accepted 
that droplet trials are better carried out with coils (instead of small 
strips), as this allows the use of horizontal strip tension. Nevertheless, 
Aggerwal and Wilson [19] found that with small work rolls (50 mm 
diameter), the experimentally measured film thickness on coils was 
much bigger than the modelled film thickness. Cuperus et al. [20] used 
work rolls with 400 mm diameter (which is the approximate work roll 
diameter in a typical industrial 4-high mill), nonetheless they also 
measured thicker lubricant films than could be expected based on the 
model. The discrepancy in the experimental validation was always 
thought to be related to the accuracy of the cold rolling lubrication 
model. However a key step, the experimental proof that the strip truly 
enters the roll bite in a symmetric way, has so far never been studied in 
detail. In the current work this aspect is studied in detail. 

Industrial interest in the cold rolling process has led researchers to 
develop models that are used by operators, researchers and scientists to 
better predict, analyse and understand the rolling process. Such models 
consist of modules that describe the elastoplastic strip deformation, the 
elastic work roll deformation and friction at the strip-roll interface. A 
comprehensive overview of different types of rolling models, their basic 
assumptions and their applicability is given by Montmitonnet [21]. 
Validation of rolling models is of great importance but due to their 
complexity, it is more convenient to validate the various sub-modules 

separately. For example, it is desirable to experimentally determine 
the exact contact geometry of the cold rolling process, such as the length 
of the strip-roll contact and the inlet angle. In the rolling model these 
features are directly related to the elastic work roll flattening module. 
Similarly the velocity fields within the deformation zone are directly 
related to the plastic strip deformation module. The validation of these 
sub-models, by experimentally determining the contact length and strip 
velocity gradients, is another objective of this work. 

According to Montmitonnet [21], if the velocity gradients over the 
thickness are small, a slab model (or 1D-model) can be accurately used 
to describe the rolling process. In such a model the von Karman equation 
(resulting from force equilibrium) is solved to obtain the vertical pres
sure distribution in the contact zone [22]. The rolling force, usually the 
main outcome of a rolling model, is determined as the integral of the 
vertical pressure over the contact length. The contact length therefore 
has a significant influence on the rolling force. 

Many different experimental methods have been employed by other 
researchers to measure the contact length between work roll and strip. 
The most straightforward method is to partly roll a piece of strip: after a 
fast mill stop, the shape of the contact is preserved and can be measured 
directly. This method has been employed by Sutcliffe and Rayner [23] 
on plasticine and Li et al. [24] for cold rolling of stainless steel. This 
method is only suitable to measure the plastic material deformation; 
during rolling, the geometry of the contact zone will be different due to 
the contribution of elastic strip deformation in the deformation zone. 

Therefore, also in-situ methods have been developed to measure the 
contact length. An often used method is the ‘inserted pin’-method in 
which a block with a pin protruding through the surface is integrated in 
a work roll, see for example Siebel and Lueg [25] for rolling of lead or 
Al-Salehi et al. [26] for rolling of steel, copper and aluminum. Stresses 
on the pin are measured with strain gauges or piezo-elements, so with 
this method not only the length of contact is measured but also the 
vertical stress and shear stress in the roll bite. Other, indirect, methods 
are to place strain gauges below the roll surface and use a model to 
deduce the stresses at the surface (Weisz-Patrault et al. [27]), to use 
ultrasound waves (Carretta et al. [28]), or to use the stress sensitivity of 
the reflected wave length of Bragg fibre gratings (Weisz-Patrault et al. 
[29]). A possible issue with all these methods is a limited resolution 
because of the finite dimensions of the measurement device. In this work 
the geometry is captured in-situ with a camera, this allows an accurate 
quantitative determination of the contact length and a qualitative 
evaluation of the inlet angle. 

Nomenclature 

Variables 
b Strip width (m). 
D Diameter guiding roll (m). 
E Young’s modulus (Pa). 
E Green-Lagrange strain tensor. 
F Deformation gradient tensor. 
hfilm Lubricant film thickness (m). 
L Length of strip-work roll contact (m). 
P Rolling force (N). 
R0 Work roll radius (m). 
R′ Hitchcock deformed work roll radius (m). 
t Strip thickness (m). 
UDIC Displacement following from DIC-analysis (m). 
v Speed (m/s). 
x Eulerian position vector (m). 
X Lagrangian position vector (m). 
ΔxNP,exit Distance neutral point to entry roll bite (m). 
ΔxNP,entry Distance neutral point to exit roll bite (m). 

α Inlet angle (rad). 
η0 Lubricant viscosity at atmospheric pressure and reference 

temperature (Pa⋅s). 
γ Pressure-viscosity coefficient (Pa− 1). 
ν Poisson ratio of work roll. 
σ Horizontal strip tension (Pa). 
σflow Flow stress of strip material (Pa). 

Subscripts 
x, y, z Cartesian coordinates. 
Roll Work roll. 
Strip Strip material. 
In/Entry Entry side of roll bite. 
Out /Exit Exit side of roll bite. 
NP Position of neutral point. 

Abbreviations 
DIC Digital Image Correlation. 
IDIC Integrated Digital Image Correlation. 
ROI Region Of Interest.  
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Different methods also exist to measure the deformation gradients in 
rolling. A commonly used method is to roll a piece of strip with an 
embedded pin, as done in Das et al. [30]. By comparing the shape of the 
pin after rolling with model results, velocity gradients and an average 
Coefficient of Friction over the contact length can be deduced. A higher 
accuracy can be obtained if a grid is made on the embedded insert, 
which also allows to stop the rolling process with the grid partly rolled as 
shown in Boldetti et al. [31]. Another advantage of these methods is that 
the deformation in the strip center can be measured, where the rolling 
process is plane strain. Both above methods are applied for hot rolling, 
but for cold rolling the velocity gradients over the strip thickness are 
much smaller and the methods are not accurate enough. The desired 
accuracy can be achieved with Digital Image Correlation (DIC), a con
tactless full-field measurement technique that can visualize both the 
contact geometry as well as velocity and strain gradients. DIC is a 
commonly used technique to visualize the deformation of solids in many 
different kind of processes; it can be applied relatively easily, based on 
regular images of the specimen surface. DIC has already been employed 
to visualize the deformation zone in cold rolling by Li et al. [32]. 

Another advantage of DIC is that the velocity gradients provide in
formation about the position of the neutral point. The neutral point is an 
important concept in cold rolling theory, it is the position in the roll gap 
where the local strip speed is equal to the roll surface speed. In Li et al. 
[32] so called “Local DIC” is employed, velocity and strain field are 
determined based on two subsequent images of the rolling process. The 
fact that rolling is a steady state process is not exploited in this method. 
In the current work a recently developed, dedicated, IDIC framework for 
recurring material motion is employed that uses multiple images to 
accurately measure the velocity and strain fields during cold rolling. The 
method is described in detail in Hoefnagels et al. [33], the main 
advantage over local DIC is an improved accuracy and higher robust
ness. This technique is applied to visualize and analyze the cold rolling 
process on a pilot mill. 

Despite the experimental and modelling effort of various researchers 
it must be concluded that the current accuracy of mixed lubrication 
models is not good enough for inline use as a setup model. A more ac
curate, validated, lubrication model for cold rolling would advance the 
steel industry to a higher level of process control. The present work 
offers important insights into the geometry of the strip, notably the inlet 
angle and the length of contact with the work rolls, as well as the ve
locity gradients inside the roll bite which enable to locate the position of 
the neutral point. This has not been studied before in such detail. In this 
work, for the first time, asymmetry with which the strip enters the 
rolling mill is measured in detail. Moreover, this study reveals the 
conditions under which the strip enters the roll bite in a truly symmetric 
way, which is a necessary condition for a meaningful validation of 
mixed-lubrication models. Both the first stand and later stands of a 
tandem mill are experimentally reproduced. It will be shown that there 
is a distinct difference related to the feeding of the strip in these stands. 

The current manuscript is organized as follows: Section 2 describes 
the rolling theory that is necessary to interpret the experimentally 
achieved results. In Section 3 the experimental setup is detailed and the 
results are described in Section 4. Section 5 discusses the employed IDIC- 
method, the observed asymmetric material entrance and the relevance 
for industrial cold rolling mills. In Section 6 the conclusions of the work 
are summarized. 

2. Theoretical background 

Rolling models that neglect velocity, stress and strain gradients over 
the thickness and width could be considered a 1D-model. Such ‘slab 
models’ as firstly described by Orowan [34] neglect any shearing in the 
material, so the principal stress/strain axes remain the rolling direction, 
vertical direction and transversal direction. According to Montmitonnet 
[21] these methods give accurate results when the length of contact 
divided by the strip thickness is greater than 3, as is usually the case in 

cold rolling. 
A description of elastic work roll deformation is an indispensable 

part of any cold rolling model. Due to elastic work roll deformation the 
contact length between roll and strip increases and therefore also the 
rolling force increases. In a slab model the elastic work roll deflection is 
coupled with the (elasto)plastic strip deformation. Convergence can 
typically be obtained by iteratively applying these two modules. Elastic 
deformation is complicated in nature, as any point force exerted on an 
elastic body impacts the deformation over the entire body (see for 
example Johnson [35]), but it can be implemented in a rolling model as 
in Jortner et al. [36]. An often made, accurate, assumption for cold 
rolling is that the work rolls remain circular in the contact zone albeit 
with a greater effective radius R′ that is estimated by the following 
equation from Hitchcock [37]: 

R
′

= R0 • (1+
16 • (1 − ν2

roll)

π • Eroll
•

P
b • (tin − tout)

) (1) 

In this equation, tin is the strip entry thickness, tout the strip exit 
thickness, P the rolling force, b the strip width, R0 the original work roll 
radius and υroll, Eroll are the elastic constants (Poisson ratio and Young’s 
modulus) of the work roll material. 

A schematic overview of the geometry around the contact zone is 
shown in Fig. 1. 

With the assumption of locally circular work rolls, neglecting elastic 
strip recovery and by using simple geometrical relations, relevant pa
rameters such as the contact length L and the inlet angle α and can be 
obtained from: 

L =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R′
• (tin − tout) − 0.25 • (tin − tout)

2
√

≈
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
R′

• (tin − tout)
√

(2)  

sin(α) = L
R′ which can be simplified to : α ≈

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(tin − tout)

R′

√

(3) 

The neutral point is an important concept in cold rolling. It is defined 
as the position in the contact zone where the horizontal strip speed 
equals the horizontal part of the roll speed. As cold rolling is considered 
to be a plane strain process, the assumption of locally circular work rolls 
also defines the strip speed in the deformation zone. Given a certain strip 
exit speed and a certain roll speed, the horizontal position of the neutral 
point can easily be expressed in terms of the deformed work roll radius: 

ΔxNP,exit ≈
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
R′

• (tNP − tout)
√

≈

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R′
•

(
vout • tout

vroll
− tout

)√

(4)  

ΔxNP,entry = L − xNP,exit 

In this equation, ΔxNP,exit is the distance from the neutral point to the 
exit of the roll bite, ΔxNP,entry the distance from the neutral point to the 
entry of the roll bite, tNP the strip thickness at the neutral point, vout the 
exit speed of the strip and vroll the circumferential work roll speed. The 
objective of the IDIC-experiments described in this paper is to measure L, 
α and ΔxNP,exit , in order to validate the corresponding cold rolling theory. 

In this work, IDIC is applied to the cold rolling process as described in 
Hoefnagels et al. [33]. In essence, DIC determines displacement fields by 
comparing two subsequent images. From the displacement fields, the 
deformation gradient tensor F can be determined: 

F =
∂x
∂X

(5) 

Here x is the Eulerian position vector and X the Lagrangian position 
vector, the derivatives in Eq. (5) are made with respect to the initial 
coordinates (Lagrangian approach). The determinant of the deformation 
gradient tensor yields the relative change of volume with respect to the 
initial state: 
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det(F) =
V
V0

(

or, for a plane strain process such as cold rolling : det(F)

=
A
A0

)

(6) 

Here V is the volume of a material element in the deformed state 
while V0 is its volume in the undeformed state (in the 2D-equivalent, A is 
the surface of the element). As cold rolling is, by good approximation, a 
plane strain process it is expected that det(F) ≈ 1, while values slightly 
smaller than 1 correspond to strip widening and values slightly higher 
than 1 correspond to strip narrowing. 

The strain measure used throughout this article is the Green- 
Lagrange strain tensor E, which is related to the deformation tensor by: 

E =
(FTF − 1)

2
(7)  

Where 1 is the unity tensor. 

3. Experimental set up 

The pilot mill and DIC-setup are detailed in Section 3.1. The used 
material is detailed in Section 3.2 while the applied process variations 

are described in Section 3.3. Finally, Section 3.4 details the procedure to 
extract the contact length and neutral point position from the DIC- 
images. 

3.1. Pilot mill and set up of DIC-experiment 

The rolling experiments are carried out on a pilot mill of Tata Steel, 
see Fig. 2 for a photo and a schematic presentation. This stand-alone mill 
is capable of rolling coils up to 300 mm wide. Entry and exit tension are 
generated by the uncoiler and coiler. A set of guiding rolls is used to 
bring the strip at the pass line level, these rolls also measure strip speed 
and strip tension. 

In the experiments the mill is operated in two-high configuration (i.e. 
without backup rolls). The work rolls with 393.4 mm diameter are 
ground to an Ra-value of 1.2 µm. A few coils were rolled before the 
actual experiment to wear off the work roll roughness peaks, this 
decreased the Ra-value to 0.9 µm. 

Fig. 3 shows a schematic overview of the experimental DIC-setup and 
a photo of the camera and lighting inside the mill. The camera is a Basler 
scout scA1400–30gm with a resolution of 1392 × 1040 pixels. The 
maximum possible frame rate during the experiments was 25 frames per 
second. The desired working distance of 130 mm was achieved by 
equipping the camera with an appropriate lens system. A dedicated 

Fig. 1. side view of the strip-roll contact geometry (schematic) with the definitions of the parameters used in Eqs. 1–3. For clarity the various parameters are not 
properly scaled, only the part above the symmetry plane is displayed, only the lower part of the work roll is shown and the vertical deformation is highly exaggerated. 
M indicates the position of the work roll axis. 

Fig. 2. experimental rolling mill: a) schematic layout, b) photo.  

L.J.M. Jacobs et al.                                                                                                                                                                                                                             
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positioning frame has been added to robustly fixate the camera onto the 
lower bearing block while it allows to conveniently bring the side of the 
strip in focus. For sharp images it was determined that one pixel cor
responds with 15.6 µm. The lighting was provided by two LED-lights 
from the side. 

Parameters measured during each rolling experiment were the entry 
strip speed, the exit strip speed, the work roll speed, the strip entry 
tension, the strip exit tension and the rolling force. 

To guarantee sufficient lighting at the strip edge, the strip must be 
rolled off centric as schematically shown in Fig. 3a. The installed strip 
exit thickness measurement cannot be used for this extreme transversal 
position of the strip. The strip exit thickness is therefore deduced from 
the measured strip speeds and the known strip entry thickness by using 
mass conservation. Assuming material incompressibility and plane 
strain deformation yields: 

tout = tin •
vin

vout
(8) 

Two types of experiments were conducted:  

1. Simulation of the first stand of a tandem cold rolling mill. In these 
tests the strip is passed directly from the uncoiler over the guiding 
roll to the roll gap. It will be shown later that bending over the 
guiding roll introduces residual stress in the steel strip, causing the 
strip to be fed asymmetrically in the mill.  

2. Simulation of a later stand of a tandem cold rolling mill. In these tests 
the first pass is rolled in the same way as described above. The strip 
rolled in the first pass is then wound back and rolled again in a 
second pass. It is important to underline here that the piece of the 
strip that is rolled in the second pass has not passed over any guiding 
rolls after being rolled in the first pass, hence no residual stresses are 
introduced after rolling the first pass. Fig. 4 graphically presents this 
procedure, it will be shown that this procedure results in a truly 
symmetrical rolling process. The high acceleration rate of the mill 
assures the experiment is conducted well within the regime of stable 
rolling conditions. 

3.2. Material rolled 

The material used for the trial was a typical Interstitial Free steel 
grade with hot rolled thickness of 3.04 mm. The coil was produced via 
the normal steelmaking route up to cold rolling, then the material was 
slit in coils of 100 mm wide so that it could be used on the pilot mill. An 
approximate stress-strain curve is shown in Fig. 5, this curve is obtained 
from the internal database of Tata Steel, it is the average stress strain 
curve for this type of material. Surface roughness of the material before 
the first pass is characterised by an Ra-value of 1.5 µm. 

Before rolling, the strip side edge was sprayed with graphite powder. 
This has no influence on the rolling process but it is done to provide 
contrast that is necessary for DIC. These graphite spots can clearly be 
seen in photos of the strip during processing (e.g. in Figs. 6, 8 and 10). 

Fig. 3. experimental setup DIC-experiment. a) schematic overview seen from the top, b): side view photo of the setup between the two bearing blocks with view on 
the rolled strip. 

Step 1: rolling first pass     Step 2: winding back part of coil     Step 3: truly symmetric process

Fig. 4. visual presentation of the method to achieve a truly symmetric rolling process on the red part of the coil.  

Fig. 5. expected stress-strain curve of strip material used in the experiment. 
Contribution of dynamic strain hardening is calculated for the reference process 
(as described in Section 3.3). 
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3.3. Overview of process variations 

Rolling processes with different settings were carried out. A refer
ence process was defined for which the entry tension force was 10 kN, 
the exit tension force 20 kN, the rolling force 750 kN and the rolling 
speed 10 mm/s. The rolling speed is significantly lower than in indus
trial rolling processes, which is necessary to limit the material transport 
between subsequent images in order to facilitate DIC. Nevertheless it 
will be shown below that, despite the low rolling speed, much can be 
learned about the industrial rolling process. 

An overview of process deviations with respect to the reference 
process is given in Table 1. The variations in rolling force were mainly 
performed to achieve a wide range in observed contact length, while the 
variations in tension were mainly performed to achieve a wide range in 
observed neutral point position. Therefore these variations allow a 
validation of theory using IDIC-experiments. Two rolling passes were 
carried out, both with the same set of variations. When the IDIC- 

experiment was carried out on a second pass, the first pass was rolled 
with the reference settings. Only for the second (symmetrical) pass it is 
possible to make a comparison of contact length and position of the 
neutral point with the theory described in Section 2. The 1st pass vari
ations were used to validate the IDIC-methodology and are detailed in 
Hoefnagels et al. [33], in this paper also the robustness and accuracy of 
the IDIC-method are described. 

No coolant or lubrication was used, although the trial was started 
with work rolls wetted by a lubricating oil. The mill is rolling force 
controlled, hence the achieved strip exit thickness is the resultant of the 
other process settings and the friction during rolling. The achieved strip 
exit thickness varies therefore from process to process, it can even be 
different if all other process parameters are equal because the initially 
applied lubricant was gradually removed from the work roll. As a result 
the strip entry thickness before pass 2 varied (see Table 1), however this 
has no further influence on the resulting conclusions. 

3.4. Extraction of relevant rolling parameters from the images 

A typical image from the rolling process is shown in Fig. 6. The two 
work rolls and the strip (with speckle pattern) are visible, but despite 
optimised lighting, the image still has a low brightness level and a poor 
contrast (Fig. 10 shows the same photo with adapted contrast). Never
theless, the image quality suffices to execute the IDIC-analysis on images 
similar to Fig. 6, but only after applying a mask [33] to assure that solely 
the strip is used for the DIC-calculation (and not the fixed parts of the 

Fig. 6. image of strip for the reference process.  

Fig. 7. visualisation of relevant steps to determine the contact length. a) average light intensity plot of 20 consecutive images, b) minimum value of the light in
tensity, c) zoom-in entry of roll gap, d) zoom-in exit of roll gap. The vertical dashed lines in all figures indicate the resulting position of the roll bite entry and exit. 

Fig. 8. photo of contact (contrast changed for clarity). Strip feeding conditions are similar to the first pass of a tandem mill.  
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mill or the rotating work rolls). 
In order to determine the contact length in an objective way, the 

average light intensity plot of 20 subsequent images (while running the 
mill) is used. The average light intensity per pixel is shown in Fig. 7a, 
with again the upper work roll, the strip and the gap between these two 
clearly visible. In Fig. 7a only the upper work roll is shown; this part of 
the rolling process is used for the analysis of geometry of the cold rolling 
process, as the lower work roll can obstruct the view on the bottom side 
of the strip in some cases. 

Fig. 7a shows that the bigger the gap between work roll and strip, the 
lower the light intensity in the gap. The minimum value of the averaged 
light intensity (per horizontal position) can therefore be related to the 
gap height at that horizontal position. In Fig. 7b the minimum averaged 
light intensity is plotted against the horizontal position, the sharp in
crease of the minimum light intensity at the left of the graph can be read 
as ‘narrowing of the gap’. Consequently it can be assumed that the entry 
of the roll bite is located at the position where the slope of this line 
changes sharply. For the exit a similar reasoning is made. In Fig. 7b, the 
position of the roll bite entry and exit are shown. Fig. 7c and Fig. 7d 
zoom in on the gap between roll and strip around the entry and exit of 
the roll bite. It can be verified that the position found with this algorithm 
corresponds to what would be found intuitively. 

Applying the IDIC framework for steady-state material motion to 20 
subsequent images gives the average displacement field between two 
subsequent images as explained in Hoefnagels et al. [33]. In order to 
relate this to strip speed, the displacement at the entry respectively exit 
is related to measured strip speeds: 

vin = Cin • Ux,DIC in (9)  

vout = Cout • Ux,DIC out  

Where Ux,DIC_in and Ux,DIC_out are the horizontal displacements following 
from the IDIC-analysis (at entry respectively exit), vin and vout are the 
measured strip speeds and Cin and Cout correction factors. An average 
correction factor is obtained by averaging Cin and Cout . The average 
correction factor could also be determined based on the approximated 
frame rate of the camera (25fps), the factor obtained with Eq. (9) cor
responds within a few percent to this value. The horizontal displace
ments from the IDIC-analysis are corrected by the average correction 
factor to obtain the strip speed in the roll gap. The corrected speed can 
then be compared with the work roll speed to determine the position of 

the neutral point. 

4. Results 

Section 4.1 describes the strip-roll contact geometry for a rolling 
process for which the strip has moved over a guiding roll before being 
rolled. The impact of the resulting asymmetric material entrance is 
shown in Section 4.2. For a truly symmetric rolling process the valida
tion of contact length and position of the neutral point is done in Section 
4.3. 

4.1. Observation of asymmetric strip feeding 

A surprising result was that when material was rolled directly from 
the uncoiler over the guiding roll into the mill, the strip systematically 
entered the mill in an asymmetric way. This asymmetry cannot be 
observed with the naked eye, but it was clearly captured in the full-field 
measurement. An image of such a rolling process, for the reference 
process settings, is shown in Fig. 8. 

In Fig. 8 the points where the rolls and strip come in contact are 
visually estimated and indicated with arrows. There is a clear asym
metry which is consistent over all these rolling trials. The strip arrives 
under an angle from above, consequently the strip always makes contact 
with the upper work first. The inlet angle in Fig. 8 is clearly smaller for 
the top work roll compared to the bottom work roll. It should be 
remarked that the strip always exits the roll bite in a symmetric way, as 
in Fig. 8. 

As mentioned before, Sutcliffe [18] carried out droplet trials with 
short strips instead of coils and remarked that the strips tended to deflect 
at the roll bite entry, in his case increasing the top inlet angle. In this 
work it is demonstrated that asymmetric material entrance can even 
play a role when rolling coils while applying entry tension. 

The root cause of this asymmetric material entrance was clearly 
established by comparing the material entrance for a few experiments. If 
exactly the same rolling experiment is repeated, but the strip material 
has not passed over any guiding roll before entering the mill (as in a 
second rolling stand experiment) the asymmetric behavior is not 
observed (see Fig. 10a). Furthermore it was shown that the asymmetry 
can also be invoked in the second pass, if again the material is passed 
over the guiding roll before rolling. From these observations it can 
definitely be concluded that the asymmetry is related to the passing of 
material over the guiding rolls, most likely because of the residual 
stresses introduced in the strip. 

4.2. Influence of asymmetric strip feeding on lubrication 

Section 4.1 shows that if a strip moves over a guiding roll before 
rolling, it enters the roll bite in an asymmetric way and the inlet angle 
with the top strip surface is smaller than with the bottom surface. The 
inlet angle is particularly relevant when considering lubricant flow. The 
well-known equation by Wilson and Walowit [9] demonstrates that 
smaller inlet angles result in thicker oil layers: 

hfilm =
3 • η0 • γ • (vroll + vout)

α • (1 − e− γ(σflow − σentry))
(10)  

Where hfilm is the lubricant film thickness at the bite entry, η0 is the 
lubricant viscosity at atmospheric pressure and reference temperature, γ 
the viscosity-pressure coefficient as defined by Barus [38], σflow the 
material yield stress and other parameters have been defined before, 
notably the inlet angle α. 

In order to examine the influence of asymmetric strip feeding on 
lubrication an extra pilot mill trial was carried out. A well-known test to 
experimentally determine the oil layer thickness is the droplet test, first 
reported by Azushima [17]. This method consists of rolling an oil droplet 
of a known volume that was placed in the strip center and after rolling 

Table 1 
overview of experiments and the deviation of process conditions in each 
experiment with respect to the reference process. Entry thickness can vary 
slightly because of conditions in the first pass.  

Experiment 
nr. 

Strip entry thickness of 2nd 
pass (mm) 

Deviation compared to 
reference process 

1  2.23 Reference process (2x) 
2  2.23 Rolling force 1000 kN 
3  2.23 Rolling force 500 kN 
4  2.23 Rolling force 1250 kN 
5 *  2.40 Reference process 
6  2.40 Rolling force 1250 kN 
7  2.40 Entry/exit tension 10 kN / 

10 kN 
8  2.40 Entry/exit tension 10 kN / 

30 kN 
9  2.40 Entry/exit tension 15 kN / 

15 kN 
10  2.46 Reference process 
11  2.46 Entry/exit tension 20 kN / 

10 kN 
12  2.46 Entry/exit tension 30 kN / 

10 kN 
13  2.46 Rolling speed 0.02 m/s 

* In this article, all example photos and result graphs for the symmetric process 
are taken from the 5th process. 
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the area of the resulting spot is measured. The average oil film thickness 
at the exit of the bite is determined by taking the quotient of the volume 
and that area. Cuperus et al. [20] have compared several methods to 
experimentally determine the lubricant film thickness during cold roll
ing. They conclude that the droplet method gives the best results (in 
terms of precision and reproducibility). It is thus not surprising that this 
method is the most widely used to validate lubricant film thickness 
models and it was also chosen in the current work to demonstrate the 
difference between symmetric and asymmetric strip feeding conditions. 

Two droplet test series were carried out, with two different lubri
cating oils. For these droplet tests, that were carried out after the IDIC- 
trials, material of other dimensions and steel grade was used. An over
view of all relevant process, strip and oil parameters is given in Table 2. 
In each droplet test the rolling speed was varied as this parameter has a 
clear influence on the lubricant film thickness, so it allows for a good 
comparison of symmetric and asymmetric strip feeding conditions. No 
manifest shape defects were observed during the droplet tests. 

In order to determine the influence of asymmetric feeding on the film 
thickness, in each test two types of rolling processes were performed 
(some tests were repeated to increase statistical significance). For the 
first process, the strip was fed over the guiding roll before being rolled, 
while in the second process the strip was not fed over any guiding roll 
before being rolled, as graphically shown in Fig. 4. Other test conditions 
were exactly equal between the two variants of each test. The measured 
film thickness at the exit of the roll bite is given in Fig. 9, as is common 
for these type of graphs, the log-log scale is used. 

Fig. 9a shows the repeatability and robustness of the droplet method. 
For each process setting, the experiment was repeated 4 times and all 
results are shown in Fig. 9a. The standard deviation in film thickness for 
one process setting ranged between 5% and 9% of the average lubricant 
film thickness. The experiments in Fig. 9b were not repeated, but the 
linear relation between log(v) and log(hfilm) again shows that the mea
surement accuracy of the droplet trials is high. 

To stress the impact of the guiding roll on the feeding conditions, the 
series in Fig. 9 are named “symmetric feeding” when the strip has not 
passed over the guiding roll before being rolled and “asymmetric 
feeding” when the strip has passed over the guiding roll before being 
rolled. The measured film thickness is consistently lower when the strip 
is fed symmetrically in the roll bite. This is consistent with the theory, 
the droplet is always placed on the top surface of the strip and the inlet 
angle with the top surface increases when the strip is fed straight in the 
mill. The difference between symmetric and asymmetric strip feeding 

can be significant: for the 1.40 mm material the lubricant film thickness 
for symmetric feeding is only half of the lubricant film thickness for 
asymmetric feeding. It can also be concluded that for thicker strip ma
terial the difference in film thickness is more important. According to 
Eq. (10), the inlet angle is inversely proportional to the film thickness, 
therefore it can be concluded that in these experiments the inlet angle 
was up to 100% larger for a symmetric rolling process. This corresponds 
to Fig. 8 showing a top inlet angle that is approximately a third of the 
bottom inlet angle. 

These droplet trials show that asymmetric strip feeding not only 
occurs at extremely low rolling speeds (as in the DIC-trials), but also at 
higher rolling speeds. Furthermore, the droplet trials show that the 
observed asymmetry with DIC is not an edge effect (maybe caused by 
bad strip shape), but also the strip center where the droplet is placed 
enters asymmetrically in the contact. 

Fig. 9 also shows the results of the Wilson-Walowit film thickness 
equation, which in all cases corresponds better with the symmetric 
droplet trials than with the asymmetric droplet trials. In the case of 
droplet test 1 (where the symmetric experiment resulted in 50% lower 
film thickness) a very good agreement between the symmetric droplet 
trials and the Wilson-Walowit equation is observed. In the case of 
droplet test 2 the Wilson-Walowit equation underestimates less the 
experimental results for the symmetric droplet trials. It is expected that 
with a more precise mixed-lubrication model (such as described in 
[16]), the agreement between model results and symmetric droplet 
trials are even better. 

From a lubrication viewpoint it is interesting to remark that ac
cording to Eq. (10), the slope of a curve through the data points in Fig. 9 
is expected to be equal to 1. However, in Fig. 9 the slope is close to 0.7, a 
value that is commonly found in EHL-experiments (Montmitonnet [39]), 
highlighting the influence of elastic work roll deformation on the 
lubricant film thickness in cold rolling. Furthermore it is remarked that 
the inlet angle can also be varied by changing the thickness reduction in 
the rolling process. In Fig. 9b results are shown for a rolling force of 
500 kN and a rolling force of 700 kN, resulting in a thickness reduction 
of approximately 3% resp. 10%. The lower the rolling force, the smaller 
the thickness reduction and inlet angle and therefore the thicker the 
resulting lubricant film. This relation, already experimentally observed 
by many other researchers (for example by Azushima [17], and Sutcliffe 
[18]), is consistently replicated in these experiments. 

4.3. Validation of theory for symmetric rolling process 

If material didn’t pass over a guiding roll before being rolled, the 
asymmetric behavior was not observed. Fig. 10 shows a typical image of 
the reference process (with adapted contrast) together with calculated 
displacement and strain fields (the calculated fields are based again on 
20 images). 

The photo in Fig. 10 suggests that the process is symmetrical, 
nevertheless the calculated vertical displacement field and incremental 
strain field reveal some minor asymmetry. This asymmetry is much 
smaller than when the strip passed over a guiding roll (see for com
parison Hoefnagels et al. [33] or the photo in Fig. 8). Therefore, such a 
rolling process will be called “symmetric” in the remainder of this 
article. 

For the cold rolling processes considered in this work, the length of 
strip-roll contact divided by the strip thickness is greater than 3. Ac
cording to Montmitonnet [21] a slab rolling model is accurate for such 
processes. In Fig. 10 it is shown that indeed the horizontal displacement 
gradients over the strip thickness are small. This supports the conclusion 
that a slab rolling model can be used to describe such rolling processes. 
However, a marked difference with the slab rolling model is that in 
Fig. 10 both the horizontal and vertical strip deformation starts before 
the roll bite entry. 

In the photo and graphs of Fig. 10 the entry and exit of the roll bite 
are indicated as well. The contact length between strip and roll is 

Table 2 
relevant process, strip and oil parameters of the droplet trials.  

Parameter Value in first 
droplet test 

Value in second droplet test 

Rolling force, P 650 kN 700 kN and 500 kN 
Entry thickness strip, 

tin 

1.40 mm 0.84 mm 

Exit thickness strip, 
tout 

1.25 mm 0.76 mm when force is 700 kN and 
0.81 mm for a force of 500 kN 

Ra-value incoming 
strip roughness 

0.3 µm 0.15 µm 

Estimated flow stress, 
σflow 

730 MPa 860 MPa 

Oil type Mineral oil Fully formulated rolling oil 
Oil base viscosity, η0 0.058 Pa⋅s at 

40ºC 
0.032 Pa⋅s at 40ºC 

Viscosity-pressure 
parameter, γ 

1.7⋅10− 8 Pa− 1 at 
40ºC 

1.1⋅10− 8 Pa− 1 at 40ºC 

Work roll radius, R0 196.6 mm 196.6 mm 
Ra-value work roll 

roughness 
0.08 µm 0.08 µm 

Entry/Exit tension, 
σentry/σexit 

7.5 kN 7.5 kN 

Rolling speed, vroll 0.4–0.8 m/s 0.2 – 1.2 m/s 
Strip width, b 100 mm 100 mm  
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another crucial parameter in a cold rolling model as it has a significant 
influence on the rolling force. The contact length has been determined 
following the procedure detailed in paragraph 3.4; in this paragraph the 
procedure to determine the position of the neutral point with IDIC has 

also been detailed. For all rolling processes, the measured contact length 
and position of the neutral point are compared with the theoretical 
values (combining Eqs. 1 and 2 for the contact length, or Eq. (4) for the 
neutral point position), the result is shown in Figs. 10 and 11. 

Fig. 9. measured oil film thickness (at the exit of the roll bite) with oil droplet method, both for symmetric and asymmetric strip feeding conditions, as a function of 
the rolling speed. a) droplet test 1, tin = 1.40 mm, b) droplet test 2, tin = 0.84 mm. Open symbols indicate asymmetric feeding conditions, closed symbols indicate the 
corresponding droplet measurements under symmetric feeding conditions. 

Fig. 10. results for the reference rolling process, with symmetric strip feeding conditions. a) photo of contact (contrast changed for clarity), with vertical lines 
indicating the entry/exit of the roll bite. b) measured horizontal displacement field. c) measured horizontal incremental strain field (Δt ≈ 0.04s as the frame rate of 
the camera is 25 s-1). d) measured vertical displacement field. e) measured vertical incremental strain field. 
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Fig. 11 shows good agreement between the experimentally measured 
contact length and the theory. This means that the Hitchcock assump
tion is accurate enough to be used in combination with a slab-method to 
describe the cold rolling process. It was already reported before that the 
contact length can be accurately predicted by Eqs. 1 and 2. These results 
corresponds well with Li et al. [32] who only present DIC-results for one 
rolling process in which they also find a good agreement between the 
theoretical and measured contact length. Also Li et al. [24] report good 
agreement between theory and the contact length deduced from their 
partly rolled strips. Furthermore, Shigaki et al. [40] mention that as long 
as the deformed work roll radius is less than double the initial radius, the 
work roll deformation according to Eq. (1) corresponds well with more 
elaborate (Finite Element) models. In this work the deformed work roll 
radius is only 20–50% higher than the initial work roll radius. 

However, it must be realized that Eqs. 1 and 2 assume ideal plastic 
(non-elastic) material behavior. In reality there will be an elastic re
covery zone at the end of the roll bite and an elastic compression zone at 
the entry of the roll bite. The elastic recovery zone should make the total 
contact length longer than could be expected based on Eqs. 1 and 2. The 
good correlation between the experiments and the theory for rigid- 
plastic material behavior suggest that sink-in occurs at the entry of the 
roll bite (for the concept of sink-in see Oliver and Pharr [41]) and that 
the length of the zone where sink-in occurs must be approximately equal 
to the length of the elastic recovery zone. 

Fig. 11 shows that when the neutral point is further from the entry, 
the IDIC methodology finds smaller values for xNP,entry than predicted by 
Eq. (4). Again this corresponds to results from Li et al. [32] who also find 
the measured neutral point position closer to the roll bite entry than the 
theoretical position of the neutral point. This discrepancy between 
theory and measurement of the neutral point position seems to be 
related to the observation presented in Fig. 10, that according to IDIC 
the deformation already starts before full contact with the work rolls has 
been established. Therefore, even before the roll bite the horizontal strip 
speed already increases and consequently at an earlier position it will 
match the work roll speed. This effect is not taken into account by the 
theory, where it is assumed that the material only starts deforming when 
it enters the roll bite. The question how realistic it is that plastic strip 
deformation occurs before the roll bite is addressed in the discussion. 

5. Discussion 

5.1. Accuracy of the IDIC-methodology 

In this study conclusions are drawn from studying the edge of the 
strip. Cold rolling is primarily a plane strain process, but obviously at the 
strip edges the plane stress state prevails. The determinant of the 
deformation gradient tensor F is related to volume change via Eq. (6) 
and thus to the mode of deformation. For the reference case, the value of 
the determinant of F is calculated over the Region Of Interest (ROI) and 
plotted in Fig. 12. 

At the very boundary of the ROI, det(F) significantly deviates from 1, 
which is an artefact of any DIC-method. Elsewhere, throughout the 
deformation region, the values for the determinant are close to 1, this is 
one of the checks to verify that the IDIC method has been correctly 
implemented. Furthermore it can be concluded that even at the strip 
edge, under plane stress condition, the deformation almost exclusively 
takes place in the rolling direction and the vertical direction. 

Another point of discussion is that with the IDIC-method, horizontal 
and vertical strains are measured already before the strip makes contact 
with the work rolls. The strain values in Fig. 10 suggest that this 
deformation already exceeds the elastic limit, the question remains if 
this is realistic. As the true displacement fields in IDIC are approximated 
by polynomial functions, it is possible that a discontinuous vertical ve
locity change at roll bite is not captured accurately enough. Nevertheless 
it was verified that if higher order terms are allowed in the optimisation, 
the IDIC-results remain approximately the same, i.e. deformation starts 
well before contact with the work rolls is established. Furthermore, 
Fig. 12 shows that det(F) is very close to one in this region, suggesting 
that the IDIC-results are accurate there. Finally, careful examination of 
the photo in Fig. 10 also seems to suggest that the strip becomes already 
thinner well before contact with the work rolls occurs. This suggests that 
the deformation starts already before full contact with the work rolls is 
established. 

In hot rolling, where the strip is thicker and the coefficient of friction 
is higher, the existence of a pre-deformation zone is generally accepted. 
Kim et al. [42] show how to take the existence of this zone into account 
for the calculation of rolling force. Ngo [43] shows with FEM that such a 
zone should also exists in (most) cold rolling processes and the current 
experimental results confirm this new insight. Because this 
pre-deformation zone has a significant influence on strip shape and 
profile [43], experimental confirmation of its existence is an important 
step to initiate further research in this topic. More DIC-experiments, 

Fig. 11. a) comparison of measured contact length with Eq. (2) based on Hitchcock roll flattening (Eq. 1), b) comparison of the measured position of the neutral point 
with theoretical values obtained with Eq. (4). In both graphs, the dotted line indicates where theory exactly corresponds to measurement. 
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likely with improved cameras and comparison with FEM, would be 
necessary to determine the degree of plastic strip deformation in the 
zone before the strip makes contact with the work rolls and the impact 
this has on cold rolling models. Ngo [43] further mentions that on 
profiled strips “the center of the strip is in contact with the roll before the 
edges”. The strips for the IDIC experiments were taken from the middle 
of a 1 m wide strip, therefore the profile over the final strip width of 
100 mm is negligible. This mechanism described by Ngo can therefore 
not play a role in the IDIC experiments. 

5.2. Root cause of asymmetric feeding in pilot mill 

When material is passed over the guiding roll before being rolled, the 
strip feeding in the roll bite is asymmetric. Consistently the strip touches 
the upper work roll approximately 5 mm before it makes contact with 
the bottom work roll, this difference is significant as the total contact 
length is typically 10 mm. Fig. 8 also shows that the inlet angle with the 
top work roll is smaller than with the bottom roll. In all experiments the 
strip exits the roll bite in a symmetric way. The asymmetry appears to 
result from residual stresses induced by plastic bending of the strip over 
the guiding roll between the uncoiler and the mill stand. The top surface 
of the strip is elongated, while the bottom strip surface is compressed. 
After the guiding roll the applied strip tension forces the strip flat, 
resulting in a residual stress gradient over the strip thickness. This stress 
gradient can clearly be seen when cutting the strip between the uncoiler 
and the mill stand because the residual stresses will then relax resulting 
in a strip with downward bow. 

According to (simple) theory, bending a tensionless strip results in 
plastic deformation when: 

tin > D •
σflow

Estrip
(11)  

with D the diameter of the guiding roll, Estrip the Young’s modulus of the 
strip material and σflow the flow stress of the strip material. Typical 
values for the parameters in the right hand side of this inequality, cor
responding to the experiments, are: D = 224mm, σflow ≈ 400MPa and 
Estrip = 210GPa, these values suggest that plastic bending occurs for 
tin > 0.4mm, so indeed for all trials described in this work. If strip tension 
is applied, plastic bending even occurs for (slightly) thinner strip gauges. 

A suggestion for further research is to study how the material 
entrance is exactly affected by a certain distribution of residual stresses 
over the strip thickness. This could be investigated by accurate FEM cold 
rolling models. 

Not only guiding rolls can be responsible for residual stresses in the 
strip, they can also be induced by previous process steps (pickling, 
slitting, coiling). Because the diameter of the guiding roll is small (and is 

positioned just before the roll bite), the guiding roll has the most sig
nificant contribution to the residual stresses. The impact of asymmetric 
strip feeding on the rolling process and the industrial relevance will be 
discussed further in Sections 5.3 and 5.4. 

5.3. Impact of asymmetric strip feeding 

The DIC experiments presented in paragraph 4.1 and 4.3 were car
ried out without lubrication. For dry rolling the impact of asymmetric 
feeding on the rolling parameters is limited. In contrast, industrial cold 
rolling processes are always lubricated and it is well known from Wilson 
and Walowit [9] that the thickness of the lubricant layer that is 
entrained in the roll bite depends on the inlet angle. It was therefore 
anticipated that the asymmetric feeding could have an influence on the 
lubricity and the experiments described in paragraph 4.2 were carried 
out to prove this. The impact of asymmetric strip feeding on lubrication 
is demonstrated in Fig. 9. Clearly the measured lubricant film is thicker 
when the material is fed asymmetrically in the mill. This corresponds 
with the expectations; the droplet is placed on the top strip surface and 
the photo in Fig. 8 show that the inlet angle with the top surface becomes 
smaller because of the asymmetry. Although in the asymmetric droplet 
tests the strip is initially not supported from the bottom, it follows from 
the results that this does not significantly influence lubricant film 
formation. 

As shown in Fig. 9, the experimental film thickness can easily be 
100% higher if the material entrance is asymmetric (compared to 
symmetric). Furthermore this figure shows that the film thickness dif
ference between asymmetric and symmetric feeding is smaller for 
thinner strip. This is logical because the flow stress of thinner strip is 
higher because of work hardening and Eq. (11) indicates that plastic 
bending is less important for hard strip. Furthermore, in the experiments 
a constant tension force is applied, so the tension stress is higher for thin 
strip. Finally, also the strip stiffness decreases with its thickness, there
fore thin strips will be pulled flat more easily than thick strips. For these 
reasons, for thinner strip the difference in inlet angle (between sym
metric and asymmetric feeding) is smaller. 

Mixed-lubrication models, commonly used to quantify the oil film 
thickness in cold rolling, always assume symmetric feeding conditions, 
therefore the possible effect of asymmetric feeding must be taken into 
account when validating any mixed-lubrication model with droplet 
measurements. Accurate quantification of the inlet angle is only possible 
if the strip truly symmetrically enters the roll bite, which is therefore a 
prerequisite for a meaningful experimental validation of mixed- 
lubrication cold rolling models. The procedure detailed in Section 4.3 
can be used to achieve a perfectly symmetric material entrance. 

Also other mechanisms can cause asymmetric lubrication in a rolling 

Fig. 12. determinant of the deformation gradient tensor in the ROI.  
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mill. Notably oil falling from the bottom strip side because of gravity is 
another likely mechanism. Gravity favours lubrication of the top strip 
surface, but asymmetric material entrance could also favour lubrication 
on the bottom strip side if material passes under a guiding roll before 
being rolled. For some mills the lubrication efficiency is better on the 
bottom side, for this reason the authors suspect that the asymmetric 
feeding mechanism is relatively (much) more important than the in
fluence of gravity. Another cause of asymmetric lubrication is that the 
residual stresses in the strip result in a gradient of horizontal tension 
over the strip thickness. According to Eq. (10) this leads to different 
lubricant film thickness on both strip surfaces. However, for common 
values of γ and σflow the entry tension only has a negligible influence on 
lubricant film thickness, certainly much smaller than the observed dif
ference between symmetric and asymmetric strip feeding. 

5.4. Relevance of asymmetric feeding for industrial cold rolling mills 

Plastic strip bending over guiding rolls takes place also in industrial 
rolling mills, as before the first stand usually a guiding roll is used to 
bring the strip to the pass-line level. Therefore, in the first stand of an 
industrial mill this will lead to a difference in inlet angle according to the 
mechanism described in paragraph 5.2, but it could be argued that the 
influence on lubricant film build up is less as the process is still likely in 
the boundary lubrication regime. Another effect of the residual stresses, 
that will be more pronounced in the industrial mill where the strip is 
wider, is that it will result in crossbow (i.e. material bending in the width 
direction). This can give problems in the line because of the upstanding 
edge of the strip. 

Plastic bending of the strip is also possible between later stands in an 
industrial tandem mill as commonly damming rolls and tensiometer 
rolls are placed between two rolling stands. Damming rolls are used to 
remove emulsion from the strip surface and tensiometer rolls are used to 
measure the strip tension. Fig. 13 schematically shows this configura
tion, it is possible that other rolls are present as well. Initial calculations 
show that despite the small contact angle with these rolls, plastic 
bending can occur (depending on the strip thickness). According to these 
calculations, the resulting residual stresses are significantly lower than 
in the pilot mill experiments, so the asymmetry will be less pronounced. 

It is possible that industrial cold rolling defects are directly related to 
the asymmetric material entrance. Asymmetric lubrication in an in
dustrial mill may influence rolling force, mill stability, surface aspect 
and bow problems, as described in the Introduction. The full impact of 
the observed asymmetry on the rolling process should be investigated in 
future research. According to Nakagawa et al. [44], heat scratches, a 
typical lubrication related problem at tin plate mills, occur mostly on the 
bottom side of the strip. This could suggest that lubrication is worse on 
the bottom strip side which is most likely due to asymmetric strip 
feeding. 

6. Conclusions 

IDIC was successfully applied to visualize the contact geometry and 
the velocity gradients in cold rolling. Cold rolling is a steady state pro
cess, therefore particle displacements are based on multiple image pairs. 
This significantly increased the accuracy of the method over a local DIC- 
method. The following conclusions can be drawn from the work pre
sented in this article:  

1. A novel finding was that despite using coils and applying entry 
tension, the strip still can enter asymmetrically in the rolling mill. It 
was shown that this is due to residual stresses resulting from plastic 
bending of the strip over a guiding roll. The degree of asymmetry 
depends on the process conditions and strip dimensions (especially 
entry tension and strip thickness).  

2. Because of the strip curvature, the inlet angle at top and bottom work 
roll is not equal. As a consequence, due to a different inlet geometry, 
the hydrodynamic pressure build up is different. Droplet experiments 
have validated the effect of the inlet geometry on lubricant film 
thickness. A difference up to 100% in lubricant film thickness was 
measured between symmetric and asymmetric strip feeding. This 
effect of asymmetric feeding must be taken into account when vali
dating a mixed-lubrication model with droplet measurements.  

3. For a meaningful experimental validation of mixed-lubrication cold 
rolling models, a truly symmetrical rolling process is crucial. This 
work shows how a truly symmetrical rolling process can be achieved 
by assuring that the strip does not pass over any guiding rolls. For a 
symmetric rolling process the measured film thickness corresponds 
significantly better with the theory than for an asymmetric process.  

4. For symmetrical cold rolling processes, the length of the deformation 
zone obtained with the camera validates the contact length based on 
the Hitchcock radius. The position of the neutral point determined 
with IDIC corresponds fairly well to the theoretical values. This can 
be explained by the observed plastic strip deformation before full 
contact between strip and work rolls has been established, which is 
not taken into account in the slab rolling model. 
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