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Abstract This paper presents a simple approach for analysing
the surface texture transfer in cold rolling of metal strips. The
approach made use of the advantages of the slab method and
accommodated the surface roughness effect of a rigid work
roll. A numerically generated rough surface, whose heights
generally follow a Gaussian distribution and distribute trans-
versely, was used in the calculation. The transient distribution
of contact stresses and instant texture transfer were then pre-
dicted. The interface contact pressure and friction stresses pre-
dicted by the established method were verified by the finite
element method under the same rolling conditions. It was
found that the new approach is efficient and cost-effective.
The application of the approach revealed that due to the sur-
face texture of the work roll, the interface stress in the rolling
bite can be discontinuous, and that a higher roughness transfer
ratio can be expected when reduction ratio increases.
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Nomenclature
ca Coulomb friction coefficient
Es Plane-strain Young’s Modulus
δ Local roughness amplitude of a rigid

roll surface
Δt Time increment

l Current slab length in rolling
μa Interface friction coefficient
q Interface contact pressure
R Roll radius
Rq Surface roughness of the rolled strip
Rq, roll Surface roughness of the rigid roll
σx Longitudinal stress of the slab
σy Stress at the slab surface
τ Interface friction stress
u1 Strip velocity at the entry point
V1 Moving speed at the left hand side

of the slab
V2 Moving speed at the right hand side

of the slab
Vave Average moving speed of the slab
Vexp Expansion velocity of each slab
Vcrit Critical relative sliding speed
vs Poisson’s ratio
y Strip half thickness
Y Plane-strain yielding strength of the

strip material
Ya Uniaxial yielding strength
y0 Reference half strip thickness
yun Strip thickness at completely unloading

state of the slab

1 Introduction

The surface roughness of a work roll plays a critical role in
determining the surface finish of a rolled strip. In practice, the
roll surface hardness is much higher than that of a metal strip;
hence the surface texture of the former is prone to be trans-
ferred to the surface of the latter. To date, most investigations
are based on steady rolling analyses, assuming that the
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interface stress and strip thickness in the rolling bite does not
vary with time. In reality, however, the rolling stress is non-
steady and time-dependent, because texture transfer from a
roll surface occurs instantly.

Extensive efforts have beenmade to characterise the rolling
mechanism and explore the effects of surface roughness on
rolling performance. To predict the distribution of interface
contact pressure and friction stress in rolling bite, both slab
method and finite element analysis (FEA) have been widely
used. The slab method was developed based on Von Karman
theory [1]. Due to its simplicity, it has been widely used to
predict the roll-strip interface stress under simplified
conditions [2–5], e.g., plane-strain and homogenous de-
formation. Compared with the slab method, the finite
element analysis (FEA) can deal with complex constitu-
tive models of materials in conjunction with more real-
istic boundary conditions [6–12].

Some efforts have also beenmade by using the slabmethod
and FEA to examine the effect of surface roughness. Wilson
and Sheu [13] studied the real contact area in a rolling bite
based on the assumption of wedge-shape surface asperities.
Sutcliffe [14] also developed a similar model to investigate the
roughness effect on the interface stresses in rolling. By using
the slab method and flattening model of the wedge-shape as-
perities, Wilson and Chang [15], Lin et al. [16] and Sutcliffe
and Johnson [17] characterised the roughness effects on the
mixed lubrication of cold rolling. However, the random con-
tact of surface asperities was not considered in these works.
Therefore, with the aid of the FEA and statistical characteri-
sation of random asperity contact,Wu et al. [11, 12] developed
an efficient method to analyse the interface stresses of ran-
domly rough surfaces in lubricated contact sliding, which
has enabled a unified avenue to deal with full film, mixed
and boundary lubrication regimes and an effective multi-
scale integration of the microscopic surface asperity deforma-
tion and the macroscopic bulk deformation of a workpiece.

While the surface roughness effects have been investigated
to a certain extent, the influence of the texture transfer from a
roll surface to a strip surface is missing.Moreover, it should be
noted that the previous works aforementioned were based on
steady rolling processes. Since the hardness of a roll surface is
usually higher than that of a strip, the roll texture can be easily
transferred to a strip surface. Experimental results have dem-
onstrated that the roughness transfer from a roll surface to a
strip surface can be considerably affected by operation condi-
tions [18–20]. However, theoretical modelling of texture
transfer is difficult. The finite element method has been used
to predict the texture transfer in rolling. For instance, Kijima
et al. [21–23] investigated the mechanism of roll-to-strip tex-
ture transfer at the skin pass. However, such a finite element
analysis usually requires very fine mesh to capture the micro-
scale surface morphology and is often restricted by the afford-
ability of large-scale computations. Thus, a feasible and

effective approach to investigate the roll-to-strip texture trans-
fer and its effect on the rolling performance is required.

This paper aims to develop a simple approach to realise an
efficient texture transfer analysis for cold rolling processes. A
numerically generated rough surface with a Gaussian distribu-
tion of surface height will be used to explore the texture trans-
fer process in rolling. By using the slab method in conjunction
with hybrid boundary conditions, a deterministic method will
be developed to explore the non-steady rolling associated with
instant texture transfer and to enable an accurate determination
of the transient interface stress variation with reduction ratio.
In addition, a finite element analysis (FEA) will be used to
verify the interface stresses and strip profile predicted by the
simplified method proposed in this study.

2 Modelling

2.1 Governing equations

The stress equilibrium for each slab is shown in Fig. 1. By
assuming a homogenous plane-strain deformation across the
strip thickness, the governing equations of each slab can be
written as [24]

d yσxð Þ ¼ −qdy−τdx ð1Þ
σydx ¼ qdx−τdy ð2Þ

where σx is the longitudinal stress averaged over the strip
thickness, q and τ are the interface normal contact pressure
and friction stress, respectively, y is the strip half thickness and
σy is the normal stress in the slab thickness direction. It should
be noted that friction stress τ in Eqs. (1) and (2) can inverse its
direction when the strip pass through the rolling bite. The
coordinate system used in the analysis is also defined in Fig.
1. Under a dry surface contact, the interface contact pressure
and friction stress can be related by

τ ¼ μaq ð3Þ
where μa is the interface friction coefficient. As the strip is
drawn into the rolling bite, a relative slip can occur between
the roll and strip surfaces. ‘Stick’ happens when the relative
sliding speed is zero. Hence, the stick-slip friction coefficient
μa at the roll-strip interface can be described by a bi-linear
stick-slip rule

μa ¼ sign
Vroll−Vave

Vcrit

� �
ca for

jVroll−V avej
Vcrit

> 1 ð4Þ

μa ¼ ca
Vroll−Vave

Vcrit
for

jVroll−V avej
Vcrit

≤1 ð5Þ

where ca is the Coulomb friction coefficient for the complete
sliding,Vave is the average moving speed of the slab, Vroll is the
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surface speed of work roll, Vcrit is the critical relative sliding
speed below which the stick occurs.

2.2 Loading/unloading processes

When a strip is drawn into the rolling bite, it undergoes both
elastic and plastic deformations. In the elastic deformation
regime, as illustrated in Fig. 2, the vertical elastic strain ε of
the slab can be related to σy and σx by [25]

Esε xð Þ ¼ σy−
vs

1−vs
σx ð6Þ

where vs is Poisson’s ratio, Es is Young’s Modulus under the
condition of plane-strain, which is defined asE= 1−v2s

� �
. Here,E

is Young’s Modulus of the strip material. It should be noted that
the elastic strain is associated with the half strip thickness, y.

As the strip undergoes plastic deformation, as shown in
Fig. 2, it is assumed that the yielding strength satisfies
Tresca Yielding criterion [24]

σy−σx ¼ 2Y ð7Þ

where Y is the yielding strength under plane strain condition.

In cold rolling, unloading in a slab can occur because of the
roll surface texture (see Fig. 2). The unloading process is
elastic; thus

Esεun xð Þ ¼ σy−
vs

1−vs
σx ð8Þ

The strip thickness in the rolling bite is determined by both the
geometry condition and the compression state. Hence, the
elastic strain at unloading is determined by

εun xð Þ ¼ y−yun
yun

ð9Þ

where yun is the strip thickness after the complete unloading of
the slab without stress σy and σx. When the strip surface and
roll surface are completely separated due to the microscale
variation of the roll surface texture, stress σy on the non-
contact zone becomes zero, as demonstrated in Fig. 2.
Therefore, Eq. (8) reduces to

Esεun xð Þ ¼ −
vs

1−vs
σx ð10Þ

2.3 Boundary conditions

To solve the interface contact stress and friction stress
governed by Eqs. (1) and (2), boundary conditions at the entry
and exit are required. Generally, two types of boundary con-
ditions can be applied to solve the equations:

(i) Constant inlet and outlet velocities of a strip with varied
longitudinal stress at the entry and exit.

(ii) Constant longitudinal stresses at the entry and exit points
with varied inlet and outlet velocities of a strip.

When the first type of boundary conditions is used, the inlet
and outlet strip velocities are initially assumed. As the texture
of a working roll passes through the rolling bite, σx at the entry

Fig. 1 Slab method for cold
rolling

Fig. 2 Loading/unloading process
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and exit points should be adjusted to satisfy the stress equilib-
rium equation. For the boundary conditions defined by the
type (ii) above, σx at the entry and exit points are given at
the beginning of numerical calculations. Then, the inlet and
outlet velocities of a strip should be adjusted as the texture of a
working roll is transferred to the strip. In this study, hybrid
boundary conditions involving both the above two types of
boundaries will be used in the numerical calculations. At the
entry point, i.e., a constant moving speed is applied to the slab
while σx, outlet is applied to the slab at its exit. Overall, the
hybrid boundary conditions can be described as follows:

Vinlet ¼ u1 at the entry point ð11Þ

σx;outlet ¼ σ2 at the exit point ð12Þ

where Vinlet is the entry speed at the entry, σx, outlet is the
longitudinal stress at the exit. Because of the hybrid boundary
conditions involved in the numerical calculation, the longitu-
dinal stress σx, entry at the entry will be continually adjusted
until the exit longitudinal stress σx, outlet satisfies the
predefined conditions. Then, the interface stress distribution
and instant texture transfer are obtained.

2.4 Moving of rough surface texture

To simplify the analysis, only transverse surface roughness in
the direction perpendicular to the rolling direction was consid-
ered. When the surface roughness of a rigid roll is considered,
the time-dependent profile of a strip thickness in the rolling
bite can be given by

y ¼ y0 þ
x2

2R
þ δ x; tð Þ ð13Þ

where y0 is the reference half strip thickness at x = 0, R is the
roll radius and δ is the roughness amplitude of a rigid roll
surface. When the surface is smooth, the rolling process is at
a steady state because the interface contact stresses do not vary
with time. As the surface roughness is drawn into the rolling
bite, the slab undergoes multiple loading-unloading cycles,
which is governed by Eqs. (6) to (10).

2.5 Strip surface velocity

Based on the above discussion, it can be noted that the inter-
face friction coefficient is dependent on the surface velocities
of the roll and strip. When the strip is under rolling, the strip
velocity can be decomposed into the squeezing velocity be-
tween slabs and the expansion velocity that was the result of
the compression of each slab. By taking the slab shown in

Fig. 3a as an example, the strip average velocity for a steady
state rolling can be given by as follows;

Vave ¼ V1

1−0:5y0
i
l
yi

� � ð14Þ

V exp ¼ Vavey
0
i
l
yi

ð15Þ

V2 ¼ Vave þ Vexp=2 ð16Þ

where Vave is the average moving speed of the central position
of the slab, V1 and V2 are the moving speeds on the left and
right side of the slab, respectively, l is the current slab length in
rolling, Vexp is the expansion velocity of each slab due to the
compression of slab. In reality, V1 and V2 can be considered as
the squeezing velocities between slabs.

When a steady state is obtained, the average moving speed
of each slab within a time increment Δt, as illustrated in Fig.
3b, can be calculated by as follows:

Vave ¼ Δs
Δt

¼ x tð Þ−x t−Δtð Þ
Δt

ð17Þ

where x(t−Δt) and x(t) are the x coordinate of the slab at the
beginning and end of time increment Δt, respectively. The x
coordinate of the slab should be determined according to the
loading-unloading cycle, plastic flow continuity and roll sur-
face texture.

Fig. 3 Strip velocity calculation. a Steady state. b Transient state
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3 Implementation

As discussed above, Eqs. (1) and (2) need to be solved by
considering the hybrid boundary conditions defined by
Eqs. (11) and (12) to obtain the longitudinal stress σx, in-
terface normal contact pressure q and friction stress τ. Eqs.
(1) and (2) are bounded by both the inlet and outlet bound-
aries, which brings about the difficulties in numerical cal-
culation. Alexander [3] used the 4th Runge-Kutta method
to integrate Eq. (1) from inlet to outlet. To consider both
the inlet and outlet boundaries, the double shooting method
[12, 15, 16] has been widely used by adjusting the neutral
point. When the microscale roughness of roll surface is
considered, the determination of neutral point becomes
rather difficult. In this study, therefore, the governing equa-
tion will be solved from the entry to the exit in order to
obtain the converged solution.

The overall numerical procedure for simulating the tran-
sient rolling process is given by the flow chart outlined in
Fig. 4. The interface stresses and strip profile will be solved
node by node from the entry to the exit of the rolling bite. The
initial state of the calculation is with a smooth roll surface, as
illustrated in Fig. 4b. Then, the calculation turns to the tran-
sient state by drawing the roughness roll surface into the
rolling bite, as shown in Fig. 4a. At each time incre-
ment, the entry stress σx,entry is adjusted according to
the boundary conditions. This can be easily achieved

by using the obtained tension stress σx,exit at the exit
and predefined tension stress σx,2, i.e.,

σx;entry ¼ σx;entry þ ω σx;2−σx;exit
� � ð18Þ

where ω is the relaxation factor for adjusting the entry
tension stress. This process continues until the deviation
ξ between σx,2 and σx,exit converges, i.e.,

ξ ¼ σx;2−σx;exit
�� ��≤ε ð19Þ

Then, the movement of the slab in the inlet zone can be deter-
mined by the entry velocity, i.e.,

Δx ¼ u1Δt ð20Þ

Hence, the time increment in this step can be calculated as

Δt ¼ Δx
u1

ð21Þ

The movement of the roll surface roughness within a small
time increment Δt can be calculated by using Eq. (13). The
above process repeats until the surface roughness completely
passes through the rolling bite. During the calculation, the
instant texture transfer from the roll to strip can be obtained
in each time increment. Moreover, the overall distribution of
the longitudinal stress σx, interface contact stress q and shear

Initial steady state solution

START

Input the parameter: R, Es,ca, Vroll, Vcrit, ν, δ, y1, y0, l

Calculate the time increment Δt by Eq. (21)

Draw the roll surface amplitude δ by Eq. (13) 

Obtain the movement of slab in the inlet by Eq (20)

go to Fig. 4 (b)

Transient state solution

Calculate Vave by Eqs. (17)

Calculate μa by Eqs. (4)-(5)

Iteratively check the loading/unloading state of slab and 

solve σy by Eqs. (6)-(10)

Solve σx, q and τ by Eqs. (1)-(3)

Obtain new σx, entry by Eq. (18) and σx, exit

Is σx, exit converged?
No

Yes

End Output

Does time complete?

Yes

No

(a)

Set δ to be zero  and set boundary conditions

Calculate Vave by Eqs. (14)-(16)

Calculate μa by Eqs. (4)-(5)

Initial steady state solution

Iteratively check the loading/unloading state of slab and 

solve σy by Eqs. (6)-(10)

Solve σx, q and τ by Eqs. (1)-(3)

Obtain new σx, entry by Eq. (18) and σx, exit

No

Yes

End go to Fig. 4 (a)

Is σx, exit converged?

(b)Fig. 4 Flow chart. a Numerical
procedure for transient solution. b
Numerical procedure for steady
state solution
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stress τ can be determined as well. It should be noted that the
slab thickness in the rolling direction requires much finer
discretisation compared with the roughness of a working roll
in order to capture the roll-to-strip texture transfer. In this
study, the resolution for working roll roughness is 2.75 μm
and the initial width of each strip slab in the rolling direction is
0.1375 μm. During the calculation, the roll roughness is ap-
proximated by spline curves, as illustrated in Fig. 5a. The
resolution of the approximated spline curves is also demon-
strated in Fig. 5b.

To understand the topography of the numerically gen-
erated rough surface, its surface height distribution is
compared with its statistical characteristics. The statisti-
cal characteristics were obtained by further processing
the digital form of the generated rough surface. For
most engineering surfaces, their surface heights usually
follow a Gaussian distribution, i.e.,

f hð Þ ¼ 1

Rq;roll
ffiffiffiffiffiffi
2π

p exp −
1

2
h=Rq;roll
� �2� �

ð22Þ

where h is the surface height, Rq,roll is the calculated

roughness of the generated rough surface.
Figure 5c clearly demonstrates that the statistical

characteristics of the numerically generated surface
agree with those given by Eq. (22). Since the aim of
this paper is to understand the microscale texture trans-
fer process in cold rolling, a digital form of rough sur-
face was used in this study.

4 Results and discussion

4.1 Model verification

To verify the prediction given by the slab method and dem-
onstrate its computational efficiency, the finite element meth-
od was also used to analyse cold rolling process. The
uniaxial yielding Ya of the strip used in the finite ele-
ment analysis can be related to its yielding strength
under plane strain condition by [3]

Y ¼ Yaffiffiffi
3

p ð23Þ

Fig. 5 Roll roughness. a
Approximated surface roughness.
b Resolution interval. c Height
distribution of numerically
generated rough surface
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To facilitate the comparison, a constant friction coefficient
was used in both the FE and slab methods. The FEA was
conducted by using a commercial FE package, ABAQUS
EXPLICIT. Under the same rolling conditions (smooth roll
surface, and zero front and back tensions), the calculated
von-Mises stress distribution in the strip is given in Fig. 6a.
Figure 6b compares the results from the slab and finite ele-
ment methods. It demonstrates that the normal contact pres-
sure given by the slab method agrees well with that predicted
by the finite element method. The rolling forces given by the
twomethods are 448 N/mm and 426 N/mm, respectively, with
a relative error of 4.94% only. Since a constant friction coef-
ficient was used in the slab method, a sudden change in the
direction of friction stress is not a surprise. Fig. 6c demon-
strates the predicted strip profile under rolling given by the
two methods, showing an excellent agreement. Some differ-
ence can be noted at the entry and exit because the slab meth-
od in this study did not consider the Saint-Venant’s Principle.
Although the influence of elastic strips outside the boundary
of contact does not cease, it seems that such influence does not
substantially affect the predicted rolled strip.

The calculations were conducted on a desktop PC with a
processor of Intel (R) Core i5-3470 CPU @3.2 GHz. Using
the proposed slab method (with MATLAB R2014b), the cal-
culation took 5.3 s; but when using the finite element method

(ABAQUS EXPLICIT 6.12-3), it consumed 762 s. Clearly,
the proposed slab method is much more efficient.

4.2 Strip velocity

The strip velocity was calculated by using Eqs. (14) to (16). To
verify this method, the predicted average strip velocity
was compared with those given by the conventional

Fig. 6 Slab method vs finite
element. a von-Mises predicted
by FEA. b Interface stress
comparison. c Predicted strip
profile

Table 1 Parameters used in the simulation

Name Symbols Value

Roll radius R 0.1 m

Half strip thickness y1 1.0×10−4 m

Rolling Speed Vroll 20 m/s

Yielding strength (Plane strain) Y 400 MPa

Uniaxial yielding strength Ya 692.8 MPa

Young’s’ Modulus E 210GPa

Poisson Ratio υ 0.3

Creep velocity Vcrit 0.05 m/s

Coulomb friction coefficient ca 0.1

Entry velocity u1 19.88 m/s

Exit stress σ2 0 MPa

Roll roughness Rq,roll 0.4 μm
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method. By considering the conservation of material
flow in the rolling bite, the average strip velocity can
also be given by [12, 15, 16]

Vave ¼ y1u1
y

ð24Þ

The parameters for the numerical calculation of steady
state rolling are listed in Table 1. Here, the roll surface
roughness is set to be zero. Figure 7 shows that the
strip velocity given by Eq. (14) agrees well with those
given by the conventional approach.

4.3 Transient solution with surface roughness

With the method verified, the roll-to-strip texture transfer and
its effect on the transient distribution of interface contact
stresses could be accurately determined. The microscale sur-
face roughness was generated randomly by MATLAB, as
shown in Fig. 5c. In this study, the same surface roughness

was used for all the calculations. The parameters for the tran-
sient simulation are listed in Table 1.

Figures 8, 9, and 10 show the transient distribution of the
interface stresses as the roll surface roughness is drawn into
the rolling bite. Figure 8 demonstrates the steady rolling with-
out considering the texture transfer. It can be noted that the
strip thickness in the rolling bite does not vary with respect to
time, as shown in Fig. 8b. The predicted interface stresses are
given in Fig. 8a. Because of the hybrid boundary conditions
used, stress σx,exit at the exit is zero while a negative stress at
the entry is predicted due to the fixed entry slab velocity. As
the roll surface roughness passes through the rolling bite, a
non-continual distribution of interface stresses was observed,
as shown in Fig. 9a. By carefully examining the strip profile,
see Fig. 9b, it can be seen that there is no perfect contact
between roll and strip surfaces. The amplitude of the roll sur-
face roughness brings about non-continual contacts, which
eventually leads to the non-continual distribution of stresses.
Figure 10a, b show the transient interface stress and strip pro-
file in the rolling bite after the rough roll surface has gone
through the whole rolling bite. It is interesting to note that
the surface roughness can considerably enlarge the contact
length in comparison with a steady state rolling process.
This is due to the fact that the random distribution of surface
asperity heights on the roll surface led to the random contacts
at the roll-strip interface. Thus, the contact outside the nominal
contact zone can be expected, as evidenced in Fig. 9b.

Figure 11a illustrates the surface finish of a rolled strip,
which demonstrates the results of the texture transfer from
the work roll surface to the strip surface. Moreover, the deter-
ministic surface finish of a rolled strip can be predicted as well
by using the established method. Since the random distribu-
tion of surface roughness is considered, it is reasonable to see
that the rolling force is also time-dependent. Figure 11b shows
the evolution of the rolling force with respect to time when the
instant texture transfer is taken into account. The rolling force
can be calculated by integrating σy over the contact regime.
The rolling force showed in Fig. 11b corresponds to the total

Fig. 8 Steady state (α = 0.7%). a
Interface stress. b Strip profile

Fig. 7 Velocity verification (α = 0.7%)
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force per millimeter width of strip. It can be seen that the
rolling force increases considerably to a peak before dropping
to a level that is lower than the steady state as the surface
roughness is drawn into the rolling bite. The time-dependent
rolling force has demonstrated that the roll-to-strip texture
transfer has a big influence on the rolling force.

4.4 Roughness transfer ratio

As discussed above, the roll-to-strip surface texture has been
successfully predicted by using the method established above.
Let us now see if the texture in the roll surface can be exactly
transferred to the strip surface or not. This can be examined by
introducing the roughness transfer ratio defined as follows:

ψ ¼ Rq

Rq;roll
ð25Þ

where Rq is the roughness on the rolled strip surface. To obtain
ψ, a set of simulations were carried out. The reduction ratio of
the strip is defined as

α ¼ y1−y0
y1

����
���� ð26Þ

Figure 12 demonstrates the surface finish of the rolled strip
with different reduction ratio α. For a small α, e.g., less than
0.1%, there is not noticeable texture transfer from the roll
surface to the strip surface. This is due to the fact that the
deformation of the strip in the rolling bite is mainly elastic.
As the reduction ratio increases, the strip deforms plastically
and the rolled strip surface becomes rougher because of the
texture transfer process. It can be seen that the deterministic
distribution of the surface finish varies substantially due to the
increase in reduction ratio.

Figure 13a shows the effects of reduction ratio on the sur-
face texture transfer. It can be see that the texture transfer ratio
increases with increasing the reduction ratio. For the reduction
ratio less than 0.7%, the texture transfer ratio varies nearly
linearly with the reduction ratio. However, the texture transfer
ratio will approach a plateau with a further increase in the
reduction ratio. The elastic recovery of the strip material plays
an important role in determining the surface finish, and makes
the complete texture transfer impossible. Figure 13b shows
the transient rolling forces with different reduction ratios.
The rolling force increases substantially as the reduction ratio
rises. However, the force always reaches its peak before de-
creasing for reduction ratios larger than 0.1%. With a small

Fig. 10 Transient state with
completed rolling (α = 0.7%). a
Interface stress. b Strip profile

Fig. 9 Transient state under
rolling (α = 0.7%). a Interface
stress. b Strip profile
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reduction ratio, e.g., − 0.1%, the rolling force increases mono-
tonically as the roughness is drawn into the rolling bite and
levels out after the roughness completely passes through the
rolling bite.

By examining the results given by Figs. 12 and 13a,
it is interesting to see that there is still some texture
transfer at a negative reduction. The transient state of
rolling in Fig. 14a shows that this is due to the surface
roughness which causes some discrete contacts in the
rolling bite, as illustrated in Fig. 14b. As the roughness
passes through the rolling bite, only parts of the roll
surface texture with high roughness amplitudes are in
contact with the strip surface and cause the strip to
deform plastically locally. This is more clearly demon-
strated in Figs. 14c, d.

5 Conclusions

This paper has developed a simple approach to investigate the
surface texture transfer in cold rolling. A transient model has
been developed for analysing the non-steady state of rolling
taking into account the instant texture transfer. A slab method
with hybrid boundary conditions has been used to predict the
interface stresses and strip profile. A numerically generated
rough surface was used in the calculation. In order to account
for the effects of instant texture transfer on rolling, a
time forward method has employed and a multiple
loading/unloading processes in each slab has been incor-
porated into the analysis. In addition, a finite element
analysis was conducted to verify the interface stresses
and strip profile under the same rolling conditions. With

Fig. 12 Surface finish with different reduction ratio

Fig. 11 a Surface finish on a
rolled strip. b Transient rolling
force per millimeter width
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the aid of this method, the roll-to-strip texture transfer
and its effect on the transient distribution of interface
stresses have been predicted. This approach has enabled
us to deeply understand the effects of texture transfer on
the cold rolling performance.

With the aid of the method established, the study has ob-
tained the following major findings:

(i) Under the same rolling conditions, the interface contact
stresses and strip profile predicted by the proposed slab

method agree well with those given by the FEM.
However, the former is much more efficient and cost-
effective.

(ii) The random distribution of the surface asperity heights
on a rigid work roll leads to discrete contacts at the roll-
strip interface, which brings about a non-continual dis-
tribution of interface stresses. Moreover, the surface
roughness enlarges the length of the rolling bite.

(iii) The surface texture of a work roll can be transferred to a
strip surface in rolling. The texture transfer ratio

Fig. 14 Texture transfer with a
negative reduction ratio
(α = − 0.1%). a Strip profile at the
initial state. b Stresses at the initial
state. c Strip profile at the
completed state. d Stresses at the
completed state

Fig. 13 a Transfer ratio plotted
against the reduction ratio. b
Reduction ratio effects on rolling
force
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increases as the reduction ratio rises. The texture transfer
ratio approaches a plateau because of the elastic recov-
ery of the strip material.

(iv) Because of the instant roll-to-strip texture transfer, the
rolling force is time-dependent. Moreover, the rolling
force increases substantially as the reduction ratio in-
creases. For a medium reduction ratio, the rolling force
can reach a peak before decreasing when instant texture
transfer is considered.
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