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Abstract 
 
The micro crack of aluminum sheet during cold rolling lubricated with emulsions is investigated. Experi-
ments show that micro cracks occur after cold rolling process and this is attributed to various parameters, for 
instance, the thin oxide film formed at the sheet surface. The micro crack spacing thus becomes an important 
parameter which deserves more concerns. The aspect ratio of these micro cracks is then analyzed theoreti-
cally, which takes into consideration of the oxide fracture process. The good agreement between the obser-
vations and the theoretical predictions validates the analysis. The approach can shed some new lights on the 
mechanical process of aluminium sheet during cold rolling. 
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1. Introduction 
 
Aluminium alloy sheets are widely used in the car, ship 
building and aerospace industries as substitutes for steel 
sheets and fiber reinforced plastic panels, due to their 
excellent properties such as high strength, corrosion re-
sistance, and weld abilities [1]. Cold rolling is one of the 
fundamental methods for introducing plastic deformation 
of alloys such as aluminium, zirconium, titanium alloys, 
etc. The importance of tribology of the flat process in 
aluminium sheet manufacture is considered in economic 
terms. One of the important parameters in the forming of 
aluminium sheets is lubrication. Control of lubrication is 
the main barrier to improving productivity and surface 
quality. 

Friction and the surface quality of the rolled strip are 
closely related to the amount of oil drawn into the bite 
and the surface roughness on the rolls and the in-going 
strip [2]. The most common procedure to measure the 
pressure and frictional stress distribution in the roll gap 
in favor of frictional conditions is to use pin-type sensor. 
By using a strain gages, the elastic deformation of the 
roll is measured and is used to calculate the stresses be-
tween the sheet and the roll [3]. In common sense, the 
averaged frictional coefficient depends critically on a 

large number of variables. Speed of rolling, which is 
identified as the most important parameter when the fric-
tion coefficient is concerned, the Lai-Seng et al’s ex-
periments [4] tells. 

Friction models are used in the cold metal rolling in-
dustry to increase productivity and to improve surface 
quality via better online control and off-line scheduling. 
Measurements of changes in surface roughness during 
cold rolling with mixed lubrication by Sutcliffe et al. 
show that short wavelength components persist longer 
than long wavelength components, mirroring the results 
for dry rolling [5,6]. A two-dimensional frictional model 
has been developed for cold metal rolling in the mixed 
regime to account for the experimental outcomes, where 
the hydrodynamic pressure in the lubricant is solved by 
using Reynolds’ equation coupled with the crushing 
process of the two-wavelength roughnesses [7]. In an-
other analysis model, the average Reynolds for Chris-
tensen surfaces, which is developed as a convenient ap-
proximation for the Gaussian distribution, with the arbi-
trary Peklenik surface pattern parameter is combined 
with an analysis flattening under conditions of bulk plas-
tic flow to treat lubrication in the mixed regime [8]. 

Elastic deformation of the sheet plays a very signifi-
cant role in film thickness formation where elastic de-
formation of the rolls results in some interesting phe-
nomena such as lengthening of the work zone and the 
occurrence of a pressure spike [9]. Saeed et al. made a 
comparison of cold rolling theories based on the equilib-
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rium approach, without using average constant frictional 
coefficients [10]. Cambiella et al. discovered that the 
interactions between metal surface and emulsifier mole-
cules, which are related to the pH value of the surfactant 
solution, play key roles in the mechanism of emulsion 
lubrication [11]. Second-order average Reynolds equa-
tion, eliminating the need to introduce an unknown flow 
constant is adopted, by Qiu et al. [12]. The equation was 
further extended to incorporate variable yield stress 
characteristics of the workpiece in the roll bite to allow 
for work-hardening effect. 

The trapped and pressurized lubricant, which is to of-
fer “hydrostatic” load-carrying ability and to reduce the 
conformation of the workpiece to the tool, tends to re-
duce the contact area and friction stress, but it may also 
interfere with the transfer of surface texture to the work-
piece. The amount of escaping lubricant from the mi-
cro-pools usually dominates the pattern of surface finish 
[13]. In literature, a secondary lubrication mechanism, 
called micro-plasto hydrodynamic lubrication or micro- 
pool lubrication, associated with the trapped lubricant is 
proposed by Mizuno and Okamoto [14]. Ahmed and Su- 
tcliffe described a method to analyze three-dimensional 
surface topography obtained from cold-rolled stainless 
steel samples to identify hydrodynamic pits and roll marks 
on the surface, by considering the local differences in 
height between the pits and the un-pitted regions [15]. 
The results suggest that hydrodynamic action may pre-
vent the elimination of the pits [16], and it applies to the 
aluminium foil rolling, where roll marks are the domi-
nant feature. 

With sufficiently high viscosity and sliding speed, the 
lubricant trapped in the micro-pools between the tool and 
the workpiece can be drawn into the interface [17,18]. 
Furthermore, the mechanism of pit elimination in strip 
drawing and rolling of stainless steel strips was investi-
gated, and strip drawing tests with artificial indents con-
firm the role of micro-plasto-hydrodynamic lubrication 
in allowing pits to be reduced in size and depth. It is 
suggested that the presence of an oil film in the unpitted 
region prevents generation of pressure differences be-
tween the pits and the unpitted regions [19]. There are at 
least three mechanisms in rolling which determine the 
lubricant pressure in the pits and their potential elimina-
tion: 1) hydrodynamic entrainment of oil in the inlet zone, 
2) hydrodynamic action inside the pits due to relative 
sliding in the bite, and 3) hydrostatic action in isolated pits.  

All metals and alloys form some kind of transfer layer 
(TL) in rolling processes, first manifested in practice by 
a colour change of the roll surface. By using the plain 
strain compression test (PSCT) of aluminium strip in 
conjunction to surface analysis techniques including 
time-of-flight secondary ion mass spectroscopy (ToF- 

SIMS), experimental investigation is conducted by Sut-
cliffe [20]. A few indents later, a transfer layer built up 
on the tool, leading to a significant fall in friction factor. 
In fact, mechanically mixed layers (MMLs) and transfer 
layers are presented in the metal forming industry, for 
instance, in rolling processes among others. The occur-
rence of one or the other layer depends mostly on lubri-
cant (average oil film thickness and efficiency of addi-
tives) and the nature of the rolled alloy, either by the 
presence of hard, TL-abrading second phase particles, or 
the ductility or brittleness of the oxide layer [21]. Such a 
transfer is also commonly encountered in cold rolling 
practice, for example, Chambat et al. examined used 
rolling lubricants and confirmed that a variety of chemi-
cal reactions involving aluminium and boundary addi-
tives took place during aluminium cold rolling [22]. All 
these phenomena are made possible by the fracture of the 
surface oxide layer and exposure of fresh metal surface. 
An oxide film is formed on aluminium very rapidly when 
it is exposed in air. The effect of oxide film thickness on 
the oxide layer fracture and metal extrusion behaviour 
are established, by generating a thicker anodized oxide 
film on the aluminium to facilitate the observation of the 
fracture behaviour of the oxide film during rolling [23]. 

The lubrication with emulsions in cold aluminium 
rolling has drawn broad investigations [24-29]. Emul-
sions are composed of three primary ingredients: the oil, 
the water phase, and the emulsifier. Most metal working 
emulsions are oil-in-water (o/w) emulsions where the oil 
is the dispersed phase and the water is the continuous 
phase. The fundamental problem in the use of emulsions 
is the behavior of the oil particles. Al-Sharif et al. mod-
eled lubrication with liquid-liquid emulsion, including 
o/w emulsion and its inversion, i.e., water-in-oil (w/o) 
emulsion [24]. In Elastohydrodynamic (EHD) mode, the 
film thickness varies linearly with the logarithm of the 
droplet radius, and also with the inlet volume fraction 
[27]. During metal working process, lubricant may be 
entrapped in microscopic surface pockets or pits to offer 
“hydrostatic” load-carrying ability and to reduce the 
conformation of the workpiece to the tool (the roll). Oil 
pooling can occur in cold rolling with inlet oil volume 
fraction as little as 0.1, and an increase in the yield stress 
of the workpiece leads to increased volume fraction, i.e., 
enhanced pooling ahead of the conjunction [25]. When 
the emulsion is formed, the hydrophilic groups orient 
towards the water phase and the lipophilic hydrocarbon 
chains orient toward the oil phase. A model for o/w 
emulsion has been developed by Lo et al., based on a 
group of viscosity coefficients transiting smoothly and 
incessantly from the thick film region to the thin film 
region [29].  

The purpose of the present work is to investigate the 
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characteristics of aluminium sheet rolling with a micro 
emulsion, wherein the micro crack features are explored 
and modeled in detail. 
 
2. Experimental Procedure 
 
2.1. Equipment 
 
Two kinds of rolling mill with the same roll radii R are 
used, i.e., model 1400 mm and model 2800 mm. The 
radius of the roller is about 325 mm. The width of the 
roll with model 2800 is of 2800 mm, having a ground 
circumferential finish with a root mean square surface 
roughness (Rq) of about 0.5 um. The roll hardness is 95 
HS (~67 HRC). 
 
2.2. Aluminium Alloy 
 
Flat aluminium sheet with alloy compositions, 5052, 
summarized in Table 1 is used in the cold rolling condi-
tion [30]. The width of the aluminium sheet is about 
1000 mm - 1500 mm. Aluminium sheet is cold rolled 
from 6 mm to 3 mm (with totally reduction of 50%) in 
thickness through three passes. The cold rolling routine 
is described as follows: 6→4.9→3.9→3 (mm). 
 
2.3. Lubricant 
 
Rolling was carried out with lubricant of micro emulsion 
wherein water is the continuous phase and the oil dis-
perse phase to form oil-in-water emulsion. The maxi-
mum emulsion supplying rate is of 220 L/min. The fluid 
pressure at exit is 2kg/mm. The under load applied is 500 
- 700 tons. 

The base oil of the micro emulsion includes synthetic 
ester and mineral oil. Additives are listed below: Oleyl 
alcohol EO4 Phosphate ester, Methyl laurate, Sorbitan 
monooleate, Hexaoleyl sorbitate EO50, Oleic acid, Alkyl 
amine EO2, C12-14 tert Alkyl amine EO5, and Dioc-
tyldiphenylamine. The further exact chemical formula-
tions of the emulsions are proprietary and have not been 
disclosed to the researchers. The viscosity of the micro 
emulsion is 2.02 cst at 90˚C with 95 wt%. 
 
3. Experimental Results 
 
Typical optical micrographs of the sheet surfaces are 
shown in Figure 1. Micro cracks are seen in the oxide 
film near the entry, running perpendicular to the rolling 
direction, even though they are somewhat skewed by the 
initial roughness. The results also show how the micro 
cracks open up through the bite and aluminium is ex-
truded through the cracks, leaving a sheet surface which 

is a combination of porous oxide fragments and brighter 
areas of extruded aluminium metal. 

Oxide films are fractured during rolling process. In all 
cases micro cracks occur at the entry to the roll bite. Ox-
ide films thinner than 1.5 um are broken again into 
smaller pieces in the roll bite, with a final aspect ratio of 
length to thickness equal to about 10. Aluminium is ex-
truded through the cracks in the roll bite as the cracks 
open up and the substrate deforms. Thus the final sheet 
surface is made up of oxide fragments and newly gener-
ated metal surfaces. 

 
Table 1. Compositions of 5052 aluminium alloy (in wt%). 

Si Fe Cu Mn Mg Cr Zn Ti Al 

0.25 0.4 0.1 0.1 2.8 0.25 0.1 0.15 rest

 

 
(a) 

 
(b) 

Figure 1. Micrographs showing micro-cracks on the sheet 
surfaces: (a) with Model 1400 mill used; (b) with Model 
2800 mill used. 
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X-ray photoelectron spectroscopy (XPS) is a quantita-
tive spectroscopic technique that measures the elemental 
composition, chemical state and electronic state of the 
elements that exist within a material. XPS result of Alu-
minium sheet rolled by Model 2800 mill is shown in 
Figure 2. XPS analysis shows that nearly none of C ele-
ment can be seen. This tells that corrosion is of little pos-
sibility during cold rolling. Furthermore, substrate alu-
minium will extrude through cracks. 
 
4. Model Analysis 
 
It must be assumed that the material is incompressible in 
the plastic state and obeys the von Mises criterion of 
plastic flow and its associated flow rule. The oxide film 
of the out layer of the aluminium sheet is assumed to be 
inextensible. It will be assumed that the rolls have a lon-
gitudinal roughness lay, the roll and sheet surfaces have 
similar autocorrelation lengths initially and are uncorre-
lated, and the surface slopes are relatively small. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 2. SEM and XPS photos of aluminium sheet (5052) 
rolled by Model 2800 mill. 
 

The crack spacing is an important parameter to model 
as it determines the way in which fresh aluminium be-
comes exposed to additives in the lubricant and ulti-
mately makes contact with the roll surface. In the next 
section, the model process is divided into following two 
steps. 

Step 1: Modeling the initiation of micro cracks at the 
roll bite 

A model accounting for the initiation of micro cracks 
in the entry bite region is followed with the works of Le 
and Sutcliffe [23]. The geometry at the entry point is 
shown schematically in Figure 3. The elastic plastic na-
ture of the deformation induces deformation (sinkage) of 
the sheet ahead of the contact, with associated stretching 
of the oxide film layer. A priori micro crack is located 
the PP’ plane in the oxide film layer of thickness tc 
(which is typically of about 1 um in thickness deduced 
from the SEM results). As it moves forward, the devel-
opment of stresses in the intact oxide film layer is exam-
ined to predict when the next crack will occur and the 
corresponding crack spacing. It is found that the longitu-
dinal stress in oxide layer film develops as the plane PP’ 
approaches the bite, due to elastic stretching of the sur-
face of the aluminium sheet. The maximum longitudinal 
stress in the oxide film layer occurs at a plane OO’, with 
a distance d behind PP’, where the shear stress on the 
interface changes sign. 

A crack will initiate in the brittle oxide film layer at 
the location of maximum stress when the maximum 
stress reaches the strength of the oxide film σ f. Such a 
crack will relieve the stresses in the inlet, with stresses 
able to rise again once the crack has travelled into the 
bite. The corresponding distance between the location of 
the maximum stress and the previous crack plane gives 
the micro crack spacing. For constant oxide strength a 
fall in crack spacing will occur with reducing oxide film 
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thickness. A more detailed analysis of the stresses at the 
leading edge of the oxide film layer (in the presence of a 
crack) would be needed to quantify the dependence of 
the crack spacing on the oxide film layer thickness and 
material properties. 

Step 2: Modeling the cracking within the roll bite 
A model similar to ‘shear lag’ models used in com-

posite material theory to predict fibre cracking is devel-
oped. The geometry of an oxide fragment of length λ at 
the interface between roll and aluminium sheet is shown 
in Figure 3. 

Because the length of the oxide fragment is short 
compared with the roll radius, the roll and oxide surface 
can be modeled as flat. The normal pressure acting on 
the top and bottom surfaces of the oxide film is taken as 
constant along the oxide fragment and approximated by 
the plane strain yield stress Y of the bulk substrate. 

Within the roll bite the substrate metal (aluminium) 
extends plastically in the rolling direction. It is assumed 
that the oxide fragment does not elongate significantly in 
the bite. Hence there is relative slip between the oxide 
fragment and the substrate and an interfacial shear stress 
τi is developed between the oxide and substrate. We as-
sume that the oxide film is well bonded to the substrate, 
with a shear strength equal to the shear strength k (= Y/2) 
of the substrate. Although there may be a region of 
sticking between the oxide and the substrate in the mid-
dle, the extent of this region will be small due to the 
large difference in strains. Hence it is assumed that there 
is slipping all along the interface, with the interfacial 
shear stress τi equal to the limiting value of k. In addition 
a friction stress τr acts between the top surface of the 
oxide and roll. This acts along the rolling direction over 
the whole length of the oxide fragment, because the roll 
surface is moving faster than the sheet in the entry region. 
This contact is modeled using a Coulomb friction law 
(because of the fact that the lubrication is in typically 
boundary lubricating state or in the mixture lubricating 
state), i.e., r p Y    . 

The surface tractions give rise to a longitudinal tensile 
stress σ within the oxide fragment. For the conditions 
illustrated in Figure 4, there is a position along the frag-
ment where the oxide and substrate travel at the same 
speed. At this point the sign of the interfacial shear stress 
τi changes to the opposite, so that a friction hill is devel-
oped similar to that predicted for rolling. The distances 
to the neutral point from the two ends of the fragment are 
denoted with ξA and ξB, respectively. The overall balance 
of lateral forces on the oxide fragment gives the follow-
ing relation 

  A i r B i r                   (1) 

Since A B  

Entry Oxide layer

Bulk sheet layer
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Figure 3. Schematic view for the crack initiation. 
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Figure 4. Model for roll bite oxide film fracture due to ex-
tension of the bulk metal. 
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As the oxide is assumed to be flat, the lateral stress in 
the film does not vary through the thickness of the oxide 
fragment. The maximum tensile stress σm in the oxide 
occurs at the neutral point, with a value of 

B
m i

ct

 r                   (3) 

The fragment will break into smaller pieces when this 
stress equals the tensile strength of the oxide film σf. 
Hence, by using Equations (1) - (3) and introducing the 
assumed interfacial stresses relation r k Y   , the 
maximum aspect ratio c ct  of the oxide fragment which 
does not break can be derived as 

 2

2

1 4

fc

ct k







               (4) 

Equation (4) shows that the critical aspect ratio is de-
termined by the ratio of the oxide tensile strength to the 
shear yield stress of the substrate. It also indicates that  , the neutral point is located a 
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the effect of frictional stresses is not critical as long as 
the effective friction coefficient is significantly less than 
0.5. 

For the experimental conditions described above, the 
shear yield stress of the substrate is about 170 MPa - 215 
MPa. Using a value of the friction coefficient 0.2 and an 
oxide tensile strength of 500 MPa, it predicts a critical 
aspect ratio of about 6.84. This agrees well with meas-
urements of crack spacing presented in Figure 1. This 
means that the proposed model is valid in case of alu-
minium cold rolling with micro emulsions used as 
boundary lubricant and coolant. 
 
5. Conclusions 
 
Aluminium sheets are cold rolled with two models of 
mills: Model 1400 and Model 2800. The micro-cracks 
running perpendicular to the rolling direction are formed 
near the entry of the bite, leaving a sheet surface which is 
a combination of porous oxide fragments and brighter 
areas of extruded aluminium metal. 

Models of the oxide fracture has been developed 
which show good agreement with measurements in case 
of aluminium sheet cold rolling with micro emulsions 
used as boundary lubricant and coolant. 
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