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A B S T R A C T   

In this paper, the influence of rolling parameters on the generation of wear particles is studied experimentally 
using a pilot scale rolling mill. Further, a multi-scale wear model is proposed to predict the amount of wear 
particles generated in cold rolling processes operating under the boundary lubrication. Rolling experiments 
revealed that thickness reduction and roll roughness are the two dominant process parameters that control wear 
particles generation in cold rolling processes. Analysis of the wear particles size distribution showed that most of 
the wear particles are less than 5 μm in diameter. The proposed model captures the trend correctly and give 
values in the same order of magnitude as the experiments in terms of the volume of wear particles generated.   

1. Introduction 

High surface quality is desired for cold rolled sheet metals, particu
larly for applications in the automotive sector (e.g. outer body parts) and 
packaging sector (e.g. food and beverage cans). Surface cleanliness, 
which can be defined as the absence of undesirable material on the 
surface, is one measure of the surface quality of a cold rolled sheet metal. 
A cold rolled sheet metal with poor surface cleanliness can have a 
negative impact on the final product as well as adversely affect subse
quent processes such as annealing, galvanizing and forming. For 
example, it can cause extreme dross inclusions and/or locally weakened 
zinc coating in hot dip galvanizing lines [1,2]. One of the key factors that 
decrease sheet metal (strip) cleanness are wear particles, which are 
generated during cold rolling due to the relative sliding of the roll and 
the strip in the roll bite [3,4]. The roll-strip contact in cold rolling is 
illustrated in Fig. 1a. The strip metal is drawn into the roll bite by the 
exit tension and the frictional force between the roll and the strip. The 
relative speed between the roll and the strip surface varies throughout 
the roll bite. The peripheral speed of the rolls and the speed of the strip 
are equal only at the neutral point. The roll moves faster than the strip 
before the neutral point, whereas the strip moves faster than the roll 
after the neutral point, as illustrated in Fig. 1b. In other words, the roll 
moves forward and backward relative to the strip before and after the 
neutral point, respectively. As a result, the roughness peaks of the much 
harder roll plough through the soft strip material being rolled. This leads 
to the formation of wear particles, which originate mainly from the sheet 
being rolled [2,5]. 

Increasing demands in higher surface quality of cold rolled sheet 
metals requires increased understanding and control of wear debris 
formation. The whole cold rolling tribological system, which involves a 
dynamic interaction of the rolls, the sheet metal and the lubricant/ 
coolant, governs the sheet surface cleanliness. Process parameters (such 
as rolling pressure, pass reduction and rolling speed) as well as the 
surface roughness of the rolls and the sheet, material properties, surface 
treatment of the rolls (coated or not), and lubricant type and composi
tion control the tribological behavior and the total amount of wear 
particles generated. Therefore, a thorough understanding of the rolling 
tribological system and the main process parameters that influence wear 
particles generation is crucial to control and tailor the surface cleanli
ness of a cold rolled sheet metal. 

Many experimental studies have been conducted to investigate the 
wear mechanism and the influence of rolling parameters on the rate of 
wear particles formation in cold rolling processes. Jacobs et al. [2,3] 
carried out extensive rolling experiments on pilot rolling mills and 
studied the origin and composition of wear particles. Moreover, they 
studied the influence of roll roughness, Cr plating the rolls, thickness, 
rolling speed, incoming strip temperature and lubricant composition on 
strip cleanliness. Dubar and co-workers developed a laboratory experi
mental setup to simulate cold rolling contact conditions and investigated 
the influence of several rolling parameters such as thickness reduction 
and stress reversal [6], roughness and lubricant entrapment [7,8], 
interface temperature [8], and forward slip [6,8] on wear particles 
formation. Labiapari et al. [5] performed laboratory cold rolling ex
periments and investigated the influence of thickness reduction ratio, 
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lubricant temperature as well as the hardness, previous annealing and 
surface finish of the sheet on the formation of wear debris in stainless 
steel cold rolling. 

Although these studies provide an insight on the influence of rolling 
parameters on the rate of wear particles formation, little or no attempt 
has been made to develop a wear model for cold rolling processes to 
estimate the amount of wear particles generated. The dynamic and 
complex nature of cold rolling with many interacting variables makes it 
very challenging to develop a wear model. Huart et al. [7] attempted to 
relate the rate of wear particles formation to the accumulated plastic 
strain energy in the strip asperities by modelling the plastic behavior of 
the (strip) asperities using two dimensional finite element method 
(FEM) simulations in the case of a rigid smooth roll and a deforming 
rough strip. However, developing a wear model for cold rolling pro
cesses has the prerequisite that the macroscale rolling parameters that 
define the contact conditions at the microscale as well as the microscale 
wear mechanism at asperity level are both taken into account. 

It has been repeatedly shown in literature [2,9–12] that abrasive 
wear is the dominant wear mechanism and is the main cause of wear 
particles formation in lubricated cold rolling processes. The total 
amount of wear particles generated due to abrasive wear in lubricated 
contacts depends on the real contact area, the geometry of the micro
scale contacting asperities, the sliding distance, lubricant and material 
properties, and surface treatment of the interacting surfaces. In cold 
rolling, the rolling force, thickness reduction and forward slip define the 
real contact area and the sliding distance. The roughness of the rolls and 
the strip determine the geometry of the microscale contacting asperities. 
The strip material, pretreatment of the strip and the rolls (e.g. pickling 
and coating respectively), roll material and hardness, temperature, and 
lubricant composition collectively determine the (degree and type of) 
wear at each micro-contact. Thus, any model that attempts to estimate 
the rate of wear particles formation in cold rolling should take into ac
count the rolling parameters that have the most influence on the wear 
debris formation. 

In this paper, a multi-scale wear model is proposed to predict the 
severity of wear particles generation due to abrasive wear for cold 
rolling processes operating under boundary lubrication. Boundary 
lubrication corresponds to the lubrication regime in the first stand of a 
tandem cold rolling mill, which has been empirically observed to be a 
stand where most of the wear particles are formed. It is therefore of most 
relevance. The film thickness parameter, for typical first stand rolling 
conditions, was calculated to be between 0.1 and 0.15 using Wilson and 
Walowit’s equation [13]. In addition to operating in the boundary 
lubrication regime, this stand is where the largest thickness reduction 
occurs. High thickness reduction means harsher contact conditions, with 
high contact stresses and increased contact area and slip, which leads to 

more wear. Moreover, the typical input strip in this stand is soft (hot 
rolled and pickled) and has very irregular surface roughness features 
created by pickling. The proposed wear model combines a 
semi-analytical deterministic multi-asperity contact model and wear at 
microscale single asperity contact. Furthermore, cold rolling experi
ments were conducted, using a semi-industrial cold rolling pilot mill, to 
study the influence of rolling parameters on wear particles formation. 
The rolling experiments were done at several combinations of roll 
roughness, lubrication condition, rolling speed and exit tension. Finally, 
the model results are compared with the experimental measurements. 

2. Computational procedure 

The flow diagram of the proposed wear model is illustrated in Fig. 2. 
The inputs to the model are the three-dimensional (3D) strip and roll 
roughness topography (obtained using confocal microscopy measure
ments), constitutive equation of the strip material, thickness reduction, 
rolling speed, forward slip, and entry and exit tension. First, the real area 
of contact between the roll and the strip surface is calculated by 
employing a fully plastic contact model, in which the real contact area 
due to normal loading and bulk deformation of the strip are taken into 
account. The roll is assumed to be rigid and the strip as rigid-plastic. The 
details of the contact model and its experimental validation can be found 
in our previous publication [14]. The mean contact pressure, which is an 
input to the contact model, is determined from the friction hill calcu
lations made using slab analysis under plane strain conditions [15]. In 
the friction hill calculations, the rolling force, contact pressure distri
bution, relative velocity between the roll and the strip, length of arc of 
contact, and bite angle are determined. The outputs of the contact model 
are the real contact area ratio, identification of the micro contacts and 
the surface finish of the rolled strip. Note that the real contact area varies 
throughout the roll bite as the bulk strain and the contact pressure vary 
across the roll bite. However, for simplicity and computational speed, 
the real contact area at the roll bite exit is used for wear calculations. 
This may lead to a slight overestimation of the real contact area, and 
consequently, the amount of wear particle generated. Similarly, the 
roll-strip contact is dynamic and the shape and size of micro-contacts 
may vary throughout the roll bite. Nevertheless, it is reasonable to as
sume, on average, that the number of micro-contacts and their size 
distribution remain constant for a given rolling condition. 

In the next step, the volume of material removed as wear debris at 
each micro contact is determined. To attain this objective, each con
tacting asperity is approximated by an elliptical-paraboloid. The size 
and shape of the elliptical-paraboloid is determined using the least 
squares fit through the measured height data of the contacting asperity. 
Next, the degree of penetration of each micro-contact is computed. The 

Fig. 1. a) schematic of the multiscale contact geometries during cold rolling, and b) an example of the speed differences between the sheet (blue) and roll surface 
(red) throughout the roll bite as a function of the arc of contact (0 = exit). (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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degree of penetration (dp), which is the ratio of indentation depth (d) 
and the semi-axis of the contact spot in sliding direction (a) is a 
commonly used non-dimensional measure of the sharpness of an 
indenting asperity [16,17]. For a spherical indenter, dp is defined by 
(also see Fig. 3a): 

dp = d
/

a (1) 

The degree of penetration calculation of the elliptic paraboloid as
perities is made by adjusting the value of degree of penetration of a 
sphere by introducing the shape and the orientation (θ) of the asperity 
with respect to the sliding direction as described in Ref. [17]. The 
semi-axis of the contact in the sliding distance is expressed in terms of 

the orientation of the asperity and the semi-minor and semi-major axis 
of the contact (see Fig. 3b) as: 

a
′

x =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
a2

x .a2
y
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a2
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(2)  

with this, Eq. (1) becomes: 

dp = d
/

a
′

x = d
/ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(

a2
x .a2

y

/(
a2

x .sin 2 θ + a2
y .cos 2 θ

)√ )
(3) 

Next, the proportion of material removed as wear debris, denoted by 
the degree of wear (dw), at each micro contact is evaluated. The degree 

Fig. 2. Flow diagram of the computational approach used to model wear in cold rolling.  

Fig. 3. a) degree of penetration for a spherical indenter, b) an elliptic micro-contact: x’ is the sliding direction, ax and ay are the semi-minor and semi-major axis, 
respectively, and c) cross section of a scratch wear scar. 
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of wear for a given contact geometry and normal load depends on ma
terial properties and surface treatment of the interacting surfaces, sur
face chemistry, contact temperature and lubricant composition. 
Because dw depends on many variables, the values are obtained in this 
work by performing scratch experiments using an indenter made from a 
tool steel, having a similar composition as commonly used work roll 
material, sliding against a polished strip material surface. The details of 
the scratch experiments are discussed in section 3.2. dw can be calculated 
from the average two-dimensional scratch cross section (illustrated in 
Fig. 3c) by: 

dw =
(
Ag − As

)/
Ag (4) 

The volume of material removed due to wear at each micro contact is 
the product of the degree of wear, frontal area of the groove (Ag), and the 
sliding distance (L). The sliding distance is determined in the friction hill 
calculations from the relative sliding speed of the roll and the strip 
surface in the roll bite. The frontal area of the groove Ag can be 
approximated by eq. (5) [18], see also Fig. 3c: 

Ag =
2
3
.w.d

′

+ d
′ 3
/

(2.w) (5) 

Finally, the total volumetric wear (V) caused by all asperities is 
calculated as the sum of the volume of material removed due to abrasive 
wear at each micro contact: 

V =
∑N

i=1

(
L.dw.Ag

)
(6)  

where, N is the number of micro-contacts. 

3. Materials and experiments 

3.1. Rolling experiments 

The objective of the rolling experiments was to validate the proposed 
wear model and to investigate the effect of rolling parameters such as 
roll roughness, thickness reduction, lubrication, entry/exit stresses and 
rolling speed on strip cleanliness. The rolling experiments were carried 
out on a two-high configuration, semi industrial rolling mill in Tata 
Steel, The Netherlands. An illustration of the rolling mill configuration is 
presented in Fig. 4. Two sets of work rolls with r.m.s. roughness (Sq) of 
0.1 μm (‘smooth’ rolls) and 1.2 μm (‘rough’ rolls) were prepared to study 
the effect of roll roughness on wear particles generation. The roughness 
peaks of a freshly ground roll wear off quickly in the beginning of its 
service life. To avoid this undesired roughness change, dummy rolling 
experiments were conducted before the main experiments. The diameter 
of the rolls is 400 mm. The strip material was an industrially hot-rolled 
and pickled Titanium-stabilized interstitial-free (Ti-IF) steel, a steel 
grade widely used in automotive outer body part applications. The entry 
strip was 3 mm thick and 100 mm wide. A fully formulated industrial 
rolling (mineral) oil that contains anti wear and extreme pressure ad
ditives was used in the rolling experiments. Pure oil was used instead of 
an emulsion to avoid the influence of undesired oil concentration vari
ation and emulsion contamination during circulation. However, note 

that using an emulsion is a common practice in industrial production. 
The lubricant was applied on the strip before entering the roll bite using 
a direct application unit (Fig. 4). The oil temperature was maintained 
between 43 ◦C – 45 ◦C. There was no oil circulation. The rolling force, 
torque, thickness, rolling speed, entry and exit strip speeds, and entry 
and exit tension forces were measured during the experiments. 

The effect of thickness reduction was examined by performing roll
ing experiments at 5%, 10%, 20% and 35% thickness reduction. The 
rolling speed was varied between 0.5 and 2.0 m/s. The experiments were 
carried out both in lubricated and dry (non-lubricated) conditions. The 
effect of forward slip was studied by varying the exit tension between 10 
and 40 kN (83–167 MPa) while keeping the entry tension constant at 20 
kN (67 MPa). Varying the entry and exit tension affects the location of 
the neutral point, and thereby, the forward slip [15]. Forward slip (Sfwd) 
is defined as the relative difference between the peripheral roll speed 
(Vr) and strip exit speed (Vexit), and is given by: 

Sfwd =(Vexit − Vr)
/

Vr (7) 

Prior to the rolling experiments, the coils were degreased and 
cleaned using a commercial cleaner (3% concentration) to remove oil 
residues from previous processes, using a direct application unit. The 
cleaner was applied using a flat jet nozzle at the entry side of the mill. 
The cleaner is then blown off with an air knife while moving at a speed of 
0.2 m/s on the exit side of the mill. A summary of the process parameters 
of the rolling experiments are presented in Table 1. A total of 400 m of 
strip was rolled, 10 m for each rolling experiment. 

The 3D surface roughness of the strip before and after rolling as well 

Fig. 4. Schematics of the pilot-mill used for the rolling experiments.  

Table 1 
Process parameters of the rolling experiments.  

Experiment 
No. 

Roll 
roughness, 
Sq (μm) 

Lubrication 
condition 

Thickness 
reduction 
(%) 

Rolling 
speed 
(m/s) 

Exit 
tension 
(kN) 

1–4 0.1 Dry 5, 10, 20, 
35 

0.5 10 

5–7 20 0.5 20, 30, 
40 

8–10 20 1.0, 1.5, 
2.0 

10 

11–14 Lubricated 5, 10, 20, 
35 

0.5 10 

15–17 20 0.5 20, 30, 
40 

18–20 20 1.0, 1.5, 
2.0 

10 

21–24 1.2 Dry 5, 10, 20, 
35 

0.5 10 

25–27 20 0.5 20, 30, 
40 

28–30 20 1.0, 1.5, 
2.0 

10 

31–34 Lubricated 5, 10, 20, 
35 

0.5 10 

35–37 20 0.5 20, 30, 
40 

38–40 20 1.0, 1.5, 
2.0 

10  
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as the rolls was measured using a Sensofar S-neox confocal microscope. 
The surface roughness of the rolls was measured by replicating the roll 
surface using a surface replicating compound. Form removal was per
formed on the roughness measurements to remove tilt and eliminate the 
long-range wavelengths associated with lack of flatness. 

The surface cleanliness of the rolled strip was evaluated using two 
widely used methods in the steel industry. The first one is the “reflection 
tape” method. In this method, an adhesive tape is applied on the surface 
of the rolled strip (with a thumb). The tape is then removed and it is 
taped on a white paper. Afterwards, a light source is directed to the tape 
on the paper and the reflected light is measured. The fraction of the 
reflected light is a measure for the degree of cleanliness of the strip. The 
reflection is 100% for an entirely transparent tape and 0% for an entirely 
black one. The better the surface cleanliness of the strip, the higher the 
reflection value. Typical reflection values for steel rolling are between 
40% and 80% [3]. The second method, known as “iron tape method”, 
involves measuring the weight of (iron) wear particles per unit area. 
Wear particles in steel cold rolling consist mostly of iron [2]. The wear 
debris are removed from the rolled strip surface using an ash-less ad
hesive tape. The tape is burnt afterwards and the weight of the 
remaining wear debris is measured. 

Both the reflection tape and iron tape method do not provide infor
mation about the size and shape of wear particles. Hence, analysis of the 
quantity and size distribution of the wear particles was performed using 
image processing. This was done first by taking a color microscopy 
image of the wear particles collected on a transparent adhesive tape, 
which is placed over a black sample holder to facilitate particle identi
fication and extraction, at high magnification. The images are then 
converted into a gray scale image. The wear particles are extracted from 
the image based on contrast information by removing the background. 
Next, the area and size of each particle is measured. Finally, particle size 
distribution analysis is carried out. 

3.2. Scratch experiments 

Scratch experiments were performed to evaluate the volume of ma
terial removed as wear debris at each micro contact when a roll asperity 
ploughs through the strip surface. The scratch experiments were 
designed to resemble the roll asperity-strip contact in the roll bite of cold 
rolling processes. The experiments were executed using a Multi-purpose 
tribometer (Bruker’s UMT Tribolab). The experiments were conducted 
using conical indenters with a hemispherical tip under lubricated con
ditions, which represents the roll asperity, sliding against a polished flat 
strip substrate, as depicted in Fig. 5. The hemispherical tip has a radius 
in the order of a single roughness asperity of the roll (175 μm). The strip 

samples were polished to a mirror like surface finish with an average r. 
m.s. roughness of less than 20 nm. The scratch indenters were made of a 
hardened and tempered medium cold working tool steel (60–62 HRC) 
that has similar composition to a commonly used work roll material. The 
substrate was a piece of strip obtained from the hot rolled and pickled Ti- 
IF steel coil used in the rolling experiments. The same oil-type used in 
the rolling experiments was used in the scratch experiments. 

The strip sample and the indenters were degreased and cleaned using 
acetone and isopropanol prior to the scratch experiments. Next, an oil 
film was applied on the strip sample. Each scratch was made by applying 
the desired normal load under load-controlled conditions. The load 
needed to obtain the intended dp was determined on the basis of the 
radius of the indenter tip and hardness of the strip material. The 
scratches were performed using a constant normal load, ranging be
tween 3 and 39 N. The sliding speed was kept constant at 1 mm/s. The 
length of each scratch is 15 mm. The normal force, the tangential force 
and the friction coefficient were measured during the experiments. 

The three-dimensional height profile of the scratches was measured 
using confocal microscopy (S neox 3D Optical Profiler from Sensofar). 
Tilt correction and shifting the reference plane to z = 0 was carried out 
employing the flat section away from the wear track which is unaffected 
by the scratches. The amount of material removed as wear debris, for 
each individual scratch, was measured from the wear groove profile by 
calculating the degree of wear (dw) from the ratio of the groove volume 
and shoulder volume, see Eq. (4). 

4. Results & discussion 

4.1. Rolling experimental results 

4.1.1. Roughness changes 
The surface roughness topographies of the rolled strip are presented 

in Fig. 6 and Fig. 7. The r.m.s. roughness (Sq) of the strip after cold 
rolling is plotted in Fig. 8. The following points can be noted from these 
figures: (i) thickness reduction is the predominant rolling parameter that 
determines the real contact area, and hence, the roughness of the rolled 
strip (Figs. 6 and 8); (ii) rolling speed and exit tension had little impact 
on the rolled strip roughness for a given thickness reduction, both in the 
lubricated and dry experiments (Figs. 7 and 8); (iii) the real area of 
contact is much higher in the case of dry rolling experiments than the 
lubricated ones for a given thickness reduction, see Figs. 6–8. These 
observations are preliminary indicators of which rolling parameters may 
potentially have major influence on wear particles formation (strip 
cleanliness). 

The roll marks become predominant and the strip asperity flattening 

Fig. 5. Scratch experiment setup.  
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Fig. 6. Roughness topography of the rolled strip as a function of thickness reduction in dry and lubricated conditions, using smooth and rough rolls.  

Fig. 7. Roughness topography of the rolled strip as a function of: a) rolling speed (at 20% thickness reduction and 10 kN exit tension) and b) exit tension (at 20% 
thickness reduction and 0.5 m/s rolling speed). 
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and/or indentation intensify with an increase in the thickness reduction. 
This translates to a higher real contact area ratio (i.e. the ratio of the real 
contact area to the apparent contact area) and more conformity of the 
strip to the roll surface with an increase in thickness reduction. It is 
known that bulk deformation dramatically increases asperity flattening 
and indentation [14,19]. The roughness topography of the incoming 
strip is completely obliterated at 20% thickness reduction in the dry 
rolling experiments, indicating full contact between the strip and the 
roll. On the other hand, roughness features of the strip from the pickling 
process, particularly the cavities, are still clearly visible in the lubricated 
rolling experiments at 35% thickness reduction. This is even more 
pertinent on the strip rolled using smooth rolls. Rolling speed is expected 
to have no or little impact on the real area of contact for a rolling process 
that operates under the boundary lubrication regime, as there are 
basically no velocity dependent effects. The little impact of the rolling 
speed on the rolled strip roughness confirms that the current lubricated 
rolling experiments were indeed operating mainly under boundary 
lubrication conditions. Similarly, the variation of the exit tension did not 
affect the roughness of the rolled strip. This is expected as the thickness 
reduction was kept constant. 

One factor that plays an important role in the real contact area ratio 
difference between the dry and the lubricated experiments is the lubri
cant trapped in the cavities [20,21]. Huart et al. [7], using two dimen
sional FEM simulations, demonstrated that a trapped lubricant avoids 
the total flattening of asperities and limits the real contact area ratio. 
With the roll-strip relative motion, lubricant may be trapped in a closed 
volume at the entry of the roll bite, particularly for smooth rolls. It is 
squeezed and dragged into the roll-strip interface resulting in the so 
called micro-plastohydrodynamic lubrication (MPHL) [21–24]. MPHL is 
the trapping of lubricant in closed surface cavities and the subsequent 
permeation of the trapped lubricant into the neighboring real contact 

area due to deformation. This lubricant film prevents direct metal to 
metal contact and allows the conservation of the cavity geometry. Due to 
the strong directionality on the roughness, lubricant trapping can be 
expected to be negligible in the rolling experiments when rough rolls are 
used, as the squeezed lubricant can escape through the grooves created 
by the roll roughness [25]. This is clearly visible at the highest thickness 
reduction, where a relatively low number of cavities are seen on the strip 
surface rolled using rough rolls (Fig. 6). Another contributing factor that 
explains the difference in the real contact area ratio between the dry and 
the lubricated experiments is junction growth. Tabor [26] has demon
strated that the real area of contact increases as the tangential force is 
increased. Junction growth continues until the tangential shear stress 
reaches the interface shear strength, where macroscopic sliding onsets. 
Obviously, a higher tangential force is needed for macroscopic sliding to 
occur in the dry rolling experiments than the lubricated ones. Hence, the 
real contact area is higher in the dry rolling experiments. 

Another characteristic of the dry rolling experiments is the material 
pickup that occurred for the rolling experiments with rough rolls at 35% 
thickness reduction. This is evidenced by the “scratches” that started to 
appear on the rolled strip surface topography at 35% thickness reduction 
(Fig. 6) and the increase of the Sq value (Fig. 8a). Once full contact is 
reached, which is already achieved at 20% thickness reduction, the Sq is 
expected to stay constant. However, the Sq increased at 35% thickness 
reduction. This can only be attributed to the increase of the roll 
roughness due to material pickup. This roughness change is also re
flected in the subsequent experiments, see Fig. 7. Deep scratches, 
although few, that indicate material pickup by the roll are also seen on 
the strips rolled using smooth rolls (Fig. 7). This observation may be 
explained by the fact that rough rolls provide much more surface ir
regularities and surface defects that serve as an initiation point for 
material transfer (galling) than the smooth rolls [27]. This indicates that 

Fig. 8. R.m.s. surface roughness of the rolled strip as a function of: a) thickness reduction, b) rolling speed, and c) exit tension.  
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a combination of rough roll and high thickness reduction are not 
favorable in terms of strip cleanliness as this may lead to galling and 
more wear. 

4.1.2. The effect of rolling parameters on wear particles formation 

4.1.2.1. Thickness reduction, roll roughness and lubrication. The plots of 
iron tape and reflection tape values, indicating surface cleanliness of the 
sheet material after the rolling experiments, as a function of thickness 
reduction are provided in Fig. 9. The amount of material removed as 
wear particles increases with the thickness reduction; higher thickness 
reduction leading to higher wear and dirtier strip. Higher thickness 
reduction means harsher contact conditions, i.e. higher rolling forces 
(Fig. 10a) and higher contact stresses (Fig. 10b), higher real area of 
contact, increased length of the arc of contact, higher sliding lengths, 
higher interfacial temperature, and higher depth of indentation by roll 
asperities. In addition, high thickness reduction increases the roll bite 
angle which may reduce the amount of trapped lubricant [7]. These 
contact conditions promote higher rate of wear particles formation. 
Furthermore, higher thickness reduction may result in more material 
pickup as it increases the sliding length, normal stress and contact time 
which promote adhesion and adhesive wear [11]. This was manifested 
in the roughness profiles of the rolled trip, particularly for the dry rolling 
experiments, as discussed earlier in section 4.1.1. 

The impact of thickness reduction on strip cleanliness is far greater 
for the rolling experiments using rough rolls than for smooth rolls. When 
the thickness reduction was increased from 5% to 35% in the lubricated 
experiments, the amount of wear particles (mg/m2) increased by 
approximately 9 times for the rough rolls while it increased only 3 times 
for the smooth rolls, see Fig. 9a. Likewise, the amount of wear increased 
by 7.5 times for the rough rolls and by only 2.5 times for smooth rolls in 
the dry experiments. The amount of wear at 35% thickness reduction in 
the case of rough rolls is 15 times higher than in the case of smooth rolls 
in the lubricated experiments, while it is only 2.4 times in the dry ones. 
These results clearly demonstrate that roll roughness has a major in
fluence on wear particles formation and strip cleanliness in particular. 
The smoother the work roll, the better is the strip cleanliness. The as
perities of rough rolls plough deeper into the strip material, increase the 
frictional stress [28] and result in more wear. These results corroborate 
with earlier studies [3,5] which demonstrated that strip cleanliness 
strongly deteriorates when the roll roughness is increased. The propor
tion of asperities operating in the cutting and wedge forming abrasive 
wear regimes (i.e., the wear regimes which lead to wear particles gen
eration) increases with the increase in the roughness of the rolls. This is 
related to an increase in the average degree of penetration (dp) of the 
roughness asperities as the roughness of the rolls increases. A schematic 
representation of the different abrasive wear modes as a function of dp 

and interfacial shear strength ratio f (i.e. ratio of interface shear strength 
over shear strength of the softer material) is depicted in Fig. 11. 

Although it is sometimes possible to roll without lubrication, in 
general lubricant is applied during cold rolling (in the form of an 
emulsion) to act as a coolant, to prevent surface damage and to control 
friction. Nevertheless, the deformation of surfaces under unlubricated 
conditions provides a useful starting point for lubricated rolling, and 
points up the key features in the mechanics of asperity deformation. The 
influence of lubrication on strip cleanliness is also clearly seen in Fig. 9. 
The strips rolled under lubricated conditions have a lower surface 
cleanliness than those in dry conditions at a given thickness reduction 
for the rolling experiments using rough rolls. On the contrary, the strips 
rolled using smooth rolls in lubricated experiments are cleaner than the 
dry ones. This can be explained by the differences in the active abrasive 
wear modes in dry and lubricated conditions, the effect of lubrication on 
the real contact area, and the average degree of penetration of the 
roughness asperities of the rough and smooth rolls. The main cause of 
this difference is the difference in the interfacial shear strength between 
the dry and the lubricated contact, which affects the local contact 
pressure and friction stress on each asperity. 

Under dry rolling the friction is high, and therefore f is high, and as a 
result mainly wedging and cutting takes place, see Fig. 11 [16]. Lubri
cation reduces the shear strength at the contact interface. The reduced 
interfacial shear strength results in the transition of the wear mode from 
wedge forming to cutting for the asperities with dp higher than the 
critical degree of penetration corresponding to the transition from 
ploughing to wedge forming/cutting (dp pwc). For asperities with 
dp < dp pwc, lubrication has little influence on the wear mechanism and 
they stay in the ploughing wear mode [29]. Thus, the roll asperities 
operate primarily either in ploughing or cutting regime in the lubricated 
rolling experiments. A higher proportion of the wear groove volume is 
removed as wear particles in the cutting wear mode than in wedge 
forming [16,29,30]. Owing to the higher average dp of the rough roll 
asperities than the smooth ones, more asperities will transition from 
wedging to cutting in the former as a result of the lubrication. This ex
plains the higher wear of the lubricated experiments compared to the 
dry ones when using rough rolls. In contrast, a small proportion of as
perities are expected to have a dp greater than dp pwc in the smooth rolls, 
hence little increase in wear particles is expected as a result of the 
lubrication. The decrease of the wear particles in the lubricated exper
iments compared to the dry ones when rolling using smooth rolls can be 
explained by the reduction in the real area of contact due to lubricant 
entrapment, see section 4.1.1. More lubricant trapping is expected when 
smooth rolls are used compared to the rough rolls, as the lubricant can 
easily escape on the deep ridges created by the rough roll asperities. 
Moreover, the lubrication regime of the smooth rolls will be more to
wards the mixed lubrication regime, resulting in less real contact area 

Fig. 9. Iron tape a) and reflection tape b) values as a function of thickness reduction.  
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between the roll and the strip, and hence, less friction and wear. This is 
attested by the lower rolling force (Fig. 10a) and lower forward slip 
(Fig. 10c) of the rolling experiments using smooth rolls. Low forward 
slip is commonly associated with low friction coefficient [31]. 

4.1.2.2. Rolling speed. Reflection tape and iron tape values as a function 
of the rolling speed are plotted in Fig. 12. The thickness reduction was 
kept constant at 20%. Rolling speed did not show any substantial in
fluence on the strip cleanliness. In literature [3], a positive influence of a 
high rolling speed on surface cleanliness is reported. This influence can 

be expected for a very large increase in the rolling speed for lubricated 
cold rolling. As this may result in thicker oil film in the roll bite and 
affect the lubrication regime (possibly change from boundary lubrica
tion to mixed lubrication) and therefore reduce the real contact area. 
The fact that the rolling speed did not significantly affect the strip 
cleanliness in the current experiments affirms that the rolling was 
indeed carried out in boundary lubrication regime and the variation of 
the rolling speed was not big enough to considerably influence the film 
thickness and the lubrication regime. Both the rolling force and forward 
slip were not influenced notably by the rolling speed (Fig. 13), corrob
orating the strip cleanliness measurements. The small increase in the 
rolling force as the rolling speed is increased (Fig. 13a) is probably 
caused by the strain rate hardening behavior of the strip material. The 
slight decrease of the forward slip observed in Fig. 13b, particularly for 
the lubricated rolling experiments with smooth rolls, indicates that there 
might be a marginal increase in film thickness. 

4.1.2.3. Exit tension. The exit tension was varied, keeping the entry 
tension constant, to investigate the influence of forward slip on strip 
cleanliness. Increasing the exit tension moves the neutral point towards 
the roll entrance and increases the forward slip [15]. One effect of 
varying the forward slip is on the sliding length before and after the 
neutral point. The strip asperities are deformed by the ploughing roll 
asperities in the rolling direction before the neutral point. Strip asper
ities are deformed opposite to the rolling direction after the neutral 
point, as the relative velocity of the roll asperities relative to the sheet 
surface is reversed. The effect of changing the exit tension on forward 
slip is illustrated in Fig. 14. The rolling speed and thickness reduction 
were kept constant at 0.5 m/s and 20% respectively. As expected, the 
forward slip increased with an increase in the exit tension. Besides, the 
increase in forward slip is much higher for the lubricated rolling ex
periments than the dry ones. This can be ascribed to the lower friction 

Fig. 10. Relation between: (a) thickness reduction and rolling force, (b) thickness reduction and mean contact pressure and (c) thickness reduction and forward slip.  

Fig. 11. Schematic representation of abrasive wear mode diagram, after Hok
kirigawa and Kato [16,29]. 
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coefficient of the lubricated experiments which allows easy slip between 
the roll and the strip surface. 

The amount of wear debris produced as a function of the forward slip 
is plotted in Fig. 15. No clear influence of the forward slip on the rate of 
wear particles formation is witnessed in the current experiments. Con
tradicting results are reported in literature on the influence of forward 
slip on strip cleanliness. Some studies [6,7] reported increasing the 

forward slip increases the amount of wear particles generated. Others [3, 
8] reported no influence of forward slip on the quantity of wear parti
cles. The current result agrees with the latter. Deltombe et al. [6] and 
Huart et al. [7] claimed that increasing the forward slip contributes to 
the increase in quantity of wear particles produced, with its influence 
being more pronounced at high thickness reductions and high forward 
slip. This was attributed to the large sliding distance in the backward 
direction. However, the forward slip in their study is much higher (>0.1 
and >0.2) than the one experienced in the current experiments (<0.08). 

4.1.2.4. Reflection tape vs iron tape. In order to study the reproducibility 
and suitability of the two strip cleanliness characterization techniques, 
the relationship between the reflection tape and iron tape measurement 
values is plotted in Fig. 16. They seem to show an exponential rela
tionship. The exponential relationship can be linked to the fact that 
overlapping wear particles cannot be measured in reflection tape mea
surements, whereas all the particles are measured in the iron tape 
measurements. One effect of this relationship is that the reflection tape is 
less sensitive for unclean strips. Note that the lubricated and the dry 
experiments do not lie on the same curve. The reflection tapes of the 
lubricated experiments are darker than the dry ones for the same 
amount of iron tape value. This is expected as the lubricant makes the 
tape darker in the lubricated experiments. Jacobs et al. [3] has evaluated 
the accuracy of the reflection tape and iron tape method. They showed a 
linear relationship between these two methods in a semi-logarithmic 
scale. 

4.1.3. Wear particle size distribution 
Analysis of the size distribution of wear particles has been done using 

Fig. 12. Iron tape a) and reflection tape b) values as a function of the rolling speed.  

Fig. 13. Influence of rolling speed on: a) rolling force and b) forward slip.  

Fig. 14. Influence of exit tension on forward slip.  
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microscopy imaging and image segmentation. This allows to visualize 
the shape and/or size of the wear particles, and to study how the 
characteristics of the particles change (if any) with process parameters. 
The typical acquired color images are presented in Fig. 17a. The wear 
particles are clearly brighter than the background. After converting the 
color image into gray scale, the wear particles are extracted from the 
image based on contrast information by thresholding to remove the 
background. It is necessary to know the distribution of the pixel values 
to obtain an appropriate threshold. The histogram of the image in 
Fig. 17a is shown in Fig. 18. The distribution of the background is 
concentrated around and below the highest peak of the histogram dis
tribution. The distribution of the pixel values in all the images taken 
show a peak approximately in the same range as in Fig. 18 because the 
background luminescence is adjusted during image acquisition. Conse
quently, the pixels corresponding to the wear particles can be distin
guished from those belonging to the background by the following 
condition: 

Pixel value > ζ (8)  

where, ζ is the appropriate threshold. 
The wear particles can be extracted by selecting the pixels which 

Fig. 15. Strip cleanliness as a function of exit tension.  

Fig. 16. Reflection tape vs iron tape values.  

Fig. 17. a) typical color microscopy images of the wear particles of the rolling experiments, and b-d) the corresponding images after wear particle extraction 
(represented by light yellow) by applying several threshold (ζ) values. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 
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satisfy the conditional expression in Eq. (8). Fig. 17b-d shows the result 
when the wear particles are extracted from the images in Fig. 17a for 
several ζ values. A closer look of the images shows that part of the 
background is falsely identified as a wear particle at ζ = 77 (30% of the 
maximum pixel value) (Fig. 17b) and some wear particles (mainly 

contaminated small wear particles) are falsely identified as background 
at ζ = 128 (50% of the maximum pixel value). A threshold value of ζ =

102 (which is 40% of the maximum pixel value) was chosen for further 
analysis as this value appears to minimize false interpretation of the 
background as a wear particle and vice versa. After the particles are 
identified from the input image, the size (area and equivalent diameter) 
of each particle and the number of particles on each image is deter
mined. The image processing was executed in MATLAB. 

Fig. 19 illustrates the spread of wear particles on the adhesive tape at 
several thickness reductions, roll roughness and lubrication condition. A 
lot of small and a few big wear particles are seen dispersed throughout 
the tape. Previous study [2] has shown that these particles consist 
mostly of iron. The size and quantity of wear particles increase as the 
thickness reduction increases. This is consistent with the iron tape and 
reflection tape measurements. The increase in the size of wear particles 
as the thickness reduction is increased can be ascribed to the roll as
perities ploughing deeper and sliding longer distance. Many more par
ticles are formed when rough rolls are used, in agreement with the iron 
tape and reflection tape measurements. Moreover, it can be seen that the 
proportion of small wear particles is larger in the lubricated experiments 
than the dry ones. The two factors that may contribute to this difference 
are: (i) the difference in the predominant abrasive wear mode in lubri
cated and dry contact and (ii) the small wear particles can easily disperse 
in the oil in the lubricated experiments. Cutting is expected to be the 
dominant abrasive wear mechanism in the lubricated experiments and 
wedge forming in the dry ones (see Fig. 11). Cutting promotes formation 

Fig. 18. Histogram of pixel values of the image in Fig. 17a (top).  

Fig. 19. The variation of wear particle distribution as a function of thickness reduction, roll roughness and lubrication.  
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of a small size flake-type wear particles [16]. Whereas, in wedge form
ing, wear debris are detached when the wedge growing ahead of the 
ploughing asperity reaches a critical size, see for example [29]. 

The statistical results of the size and quantity distribution of the wear 
particles is presented in Fig. 20. The microscopy images were taken at 
four different locations (for every rolling condition), each covering an 
area of 473 μm × 356 μm, to get a representative distribution of the 
particles. The size of the wear particles is defined by an equivalent 
diameter, which is the diameter of a circle with the same area as the 
particle. The wear particles with <5 μm in diameter constitute nearly 
99% of the total number of wear particles and 80%–97% of the total area 
covered by wear particles. In contrast, particles bigger than 10 μm 
constitute only a very small fraction, less than 2% and 7% of the total 
area in the lubricated and dry experiments, respectively. The amount of 
big wear particles (>5 μm) increases with thickness reduction from 
about 5% of the total area at 5% thickness reduction to 19% at 35% 
thickness reduction. The roll asperities plough deeper into the strip 
surface and slide larger distance as the thickness reduction is increased, 
leading to the formation of bigger wear particles observed at high 
thickness reductions. 

Fig. 21 compares the proportion of the surface area of the adhesive 
tape (strip) covered by wear particles. It exhibits good agreement with 
the iron tape measurements (Fig. 9). Less than 2% of the strip area is 
covered by wear particles when smooth rolls were used, irrespective of 
the thickness reduction. On the contrary, the wear particles cover an 
area as high as 7.5% of the strip surface at high thickness reduction 
when rough rolls were used under lubricated conditions. 

4.2. Scratch experimental results 

Modelling wear in cold rolling requires relating the influence of 
rolling parameters on the macroscale contact behavior and the micro
scopic wear mechanism at asperity level. The scratch experiments pro
vide information about the microscopic wear mechanism and the 
volume of material removed as wear debris at single asperity contact. 

The fraction of material removed (dw) as a function of the degree of 
penetration (dp) in the scratch experiments is graphed in Fig. 22. As 
expected, the degree of wear increases with increasing dp. However, dw 

starts to fluctuate heavily with increasing dp. This is due to the high 
ductility of the material under investigation (Ti-IF steel), where the 
formed chips (sometimes) do not break off but remain next to the wear 
track, resulting in this fluctuation. Similar observation is reported in 
Ref. [17]. 

It is necessary to define the relationship between dw and dp in a 
mathematical equation to incorporate the scratch experiment results 
into the wear model (see section 2). Referring to Hokkirigawa et al. [30] 
experimental results obtained by sliding a spherical indenter on various 

Fig. 20. Wear particle size distribution of the rolling experiments at several thickness reductions (5%, 10%, 20% & 35%): a) smooth roll – dry, b) smooth roll – 
lubricated, c) rough roll – dry, d) rough roll - lubricated. 

Fig. 21. The percentage area of the strip surface covered by wear particles.  
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heat treated steels, the degree of wear is expected to increase from 0 to a 
maximum value following an S-shaped curve, in which the maximum 
value depends on the material being scratched. Considering this, the 
experimental results are fitted by a logistic function, which has a char
acteristic S-shaped curve, following a least squared method curve fitting 
approach. The resulting equation is given by Eq. (9) and is plotted as a 
dashed line in Fig. 22. 

dw = 0.253 − 0.253
/(

1+
(
dp
/

0.143
)4.348

)
(9)  

4.3. Model results 

Comparison of the measured amount of wear and the model results 
for the lubricated rolling experiments are provided in Fig. 23. The model 
results presented here are an average of 18 simulations. Dissimilar 
surface roughness measurements (1.6 mm × 1.2 mm, lateral resolution 
0.52 μm) of the roll and the strip were used for each simulation. The 
model results confirm that roll roughness and thickness reduction are 
the predominant rolling parameters that determine the amount of wear 
particles formation, rough roll and high thickness reduction giving the 
most wear. The observed higher wear when using rough rolls than 
smooth rolls is attributed to the higher dp of asperities in the former. 

Fig. 24 illustrates an example of the dp distribution at 20% thickness 
reduction for smooth and rough rolls. When smooth rolls are used, most 
asperity contacts will be in the ploughing regime and wear will occur 
only for relatively small number of asperity contacts which are sharp 
enough to operate in cutting or wedge forming wear mechanism. The 
high rate of wear particles formation at high thickness reductions is due 
to the increased severity of contact, i.e. the increased real area of contact 
and sliding distance at high thickness reduction. The high standard de
viation of the model results suggests that the variation of the local roll 
roughness significantly influences the amount of wear. This can be, 
however, improved by utilizing surface roughness measurements 
covering a bigger area. 

The model captures the trend correctly and give values in the same 
order of magnitude as the experiments. Nevertheless, noticeable dif
ferences are observed in terms of the exact amount of wear between the 
measured and the model results. The model underestimates the wear 
volume when using smooth rolls at all thickness reductions and at low 
thickness reductions when using rough rolls. Conversely, the model 
overestimates the wear volume when using rough rolls at high thickness 
reductions. In the current model, only abrasive wear is considered. 
Although abrasive wear can be regarded as the prime wear mechanism, 
it has to be emphasized that usually several wear mechanisms act 
simultaneously and the wear mechanisms interact. Adhesive, fatigue, 
corrosive and erosive wear are the potential other wear mechanisms 
may also contribute to wear in cold rolling operations [10]. Addition
ally, third body abrasive wear, caused by the hard oxide particles/hard 
phases like carbides from the strip which are broken away and dragged 
long the rolls also influence the mechanics, dynamics and chemistry of 
the sliding surfaces [32]. Plus, the scratch experiments were done for 
spherical asperities. However, the roughness asperities are irregular and 
this shape may affect the wear mechanism and the degree of wear. 
Kayaba et al. [33] studied the three dimensional shape effect on abrasive 
wear (both wear mode and wear rate) as a function of the attack angle 
and the dihedral angle. They showed that wear rate is sensitive to the 
change of both attack angle and dihedral angle. It has also to be noted 
that the influence of other rolling parameters such as roll diameter and 
lubricant temperature cannot be neglected as it affects the lubricant film 
thickness and performance of lubricant additives [5,8]. 

The slight underestimation of the wear volume by the model when 
using smooth rolls at all thickness reductions and at low thickness re
ductions when using rough rolls is most likely caused by the fact that 
hard oxide particles and carbides from the strip, which can break away, 
are not modelled. The overestimation of the model at high thickness 
reductions when using rough rolls is probably caused by the use of the 
real contact area at the exit of the roll bite, which is an overestimation of 
the actual real contact area. Another aspect of the varying relative speed 
throughout the roll bite is that a roll asperity that is directly behind the 
one ahead along the rolling direction will catch up and slide already 
created wear groove by the latter. This reduces the effective degree of 
penetration, and consequently, the wear volume. Besides, the degree of 
wear was measured in the scratch experiments for an ideal asperity, an 
approximate of the real shape of asperities. 

In summary, the model covers the main physical phenomena related 
to wear particle generation and showed a good agreement with the 
experimental results. It can be developed further by including the in
fluence of several other rolling parameters and influencing factors. For 
example, it can be extended for different material grades and cold rolling 
processes operating in the mixed lubrication regime. 

5. Conclusion 

Cold rolling experiments were conducted in dry and lubricated 
conditions at several thickness reductions, rolling speed and exit tension 
using smooth and rough rolls to investigate the effect of rolling pa
rameters on the quantity of wear particles. Moreover, a wear model that 
combines macroscale contact model and wear at single asperity contact 

Fig. 22. Degree of wear as a function of degree of penetration.  

Fig. 23. Wear as a function of thickness reduction for the lubricated rolling 
experiments: Measured vs Model. 
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is proposed. Rolling experiments revealed that thickness reduction and 
roll roughness are the two dominant process parameters that control 
strip cleanliness/wear particles generation in cold rolling processes 
operating under boundary lubrication regime. The combination of rough 
rolls and high thickness reduction under lubricated contact resulted in 
the worst strip cleanliness. Rolling speed and exit tension (forward slip) 
exhibited little influence on strip cleanliness in the current experiments. 
Analysis of the wear particles size distribution showed that most of the 
wear particles are less than 5 μm (in diameter), constituting nearly 99% 
of the total number of the wear particles and 80%–97% of the total area 
covered by wear particles. 

The proposed wear model covers the main physical phenomena 
related to wear particle generation. Furthermore, it captures the trend 
correctly and give values in the same order of magnitude as the exper
iments in terms of the volume of wear particles generated. 
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