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Abstract
In strip rolling flatness of the final product is controlled inline with a roll sensor placed at the outgoing of the tandem mill to
measure the longitudinal (in the rolling direction) internal stress profile throughout the coil. This profile involves resultant force
and sometimes resultant moment (due to preset anomaly for example) equilibrated by the coiler. When strip is relaxed these two
quantities are eliminated and there remain residual stresses in the strip. Since negative residual stresses are the main origin of
defects, operators subtract the resultant force from measurements to visualize the residual stress profile in real time and detect
negative values, without considering the resultant moment. In this paper we show that to predict flatness defects correctly we
have to subtract resultant moment too. Otherwise, unpredictable defects manifest in the delivered product.
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Introduction

In strip rolling a roll sensor is usually placed at the outgoing of
tandemmill to measure longitudinal residual stress profile Sresxx
in strips [1]. It is placed at few meters away from the bite exit,
where other stress components may be neglected, and it pre-
cedes the coiler that applies tension to the product (see Fig. 1).
Buckling of the structure can happen if residual stresses re-
main excessively compressive and consequently undesirable
flatness defects appear. The strip remains flat in-line if coiler
tension is sufficiently large and full extent as well as geometric
shape of defects appear when tension is unloaded. When de-
fects are unseen by the operators inline, they are called latent
defects and they becomemanifest if they arise in relaxed strip.
Control in real time of residual stresses is performed through
actuator forces (bending forces for example) in order to avoid
compressive areas and ensure flat strips to deliver. When strip
is stretched and looks flat defects are expected where stresses
remain compressive. For this reason, latent defects are usually
related to compressive residual stress measured with roll

sensors. For example, a wavy edge (manifest defect) is pre-
dicted if compressive stresses (latent defect) are located there.

In a previous study [2] authors show how latent defects turn
to manifest defects during tension unloading of rolled strips. A
numerical model based on finite element model using asymp-
totic numerical method algorithm to solve nonlinear problems
is employed. It is mentioned that in some cases defects reveal
surprisingly where residual stresses are measured positive
which makes flatness control difficult and relationship
latent-manifest defects questionable. It is the only study of
flatness defect for a such intricate cases existent in literature
to our knowledge, where this result is evoked but no more.
The purpose of this paper is to go farther and complete works
presented in [2] by deeper analysis of relation latent-manifest
defects to fulfill better inline flatness mastering. This study is
based on the same finite element model used in reference [2].
A representative part of coil is considered (usually mesh
length is equal to four or five times the width). Simulation
begins by stretching the specimen and introducing measure-
ment values of residual stresses provided by roll sensors to
reproduce in-line state of strips. Tensile unloading, which is
the greatest interest of this study, is then performed to simulate
the final quality of product and therefore we analyze the rela-
tion latent-manifest defects. Since roll sensor measures tensile
stress repartition in strip width, conventionally resultant force
is subtracted in order to acquire the residual stress profile. This
work demonstrates that tensile stress could involve resultant
moment which also has to be eliminated. If not, compressive
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regions might be undetected to predict correctly flatness de-
fects, thus relation latent-manifest is imprecise.

Numerical basis of the finite element model

In many cases flatness prediction is uncertain because residual
stress measurements are complex or evenwith regular measure-
ments buckling can happen with unexpected mode in relaxed
strip. Hence, a precise buckling model is necessary to simulate
flatness defects occurred in tensile unloading. The model used
in this work has been presented previously in the reference [2].
It is a finite element model based on quadratic shell and the
enhanced assumed strain formulation [2, 3]. Referring to Fig. 2
the displacement u is a composition of displacement v and
rotation w of the mean surface of the shell:

u θ1; θ2; θ3ð Þ ¼ v θ1; θ2ð Þ þ θ3w θ1; θ2ð Þ ð1Þ
where (θ1, θ2, θ3) are the convective curvilinear coordinates.

The enhanced assumed strain concept (EAS) [3, 4] is used to
improve the performance of elements: the compatible Green-
Lagrange strain field γc is enriched by additional strain field ~γ
chosen linear through the shell thickness and orthogonal to the
stress field. Consequently, the strain field γof the shell is
expressed as:

γ ¼ γc þ ~γ

∫
Ω
St : ~γ dΩ ¼ 0

8
<

:
ð2Þ

where St is the transposition of the second Piola-Kirchhoff
stress tensor S.

The mechanical problem is described in Fig. 3 and its for-
mulation is based on the stationary condition of the Hu-
Washisu functional and we consider a linear constitutive law:

∫
Ω
St : δγc dΩ ¼ λ Pð Þ ∫

∂Ω3

P δu ds

∫
Ω
St : δ~γ dΩ ¼ 0

S ¼ ℂ : γc þ ~γ
� �

þ λ Sð ÞSres

8
>>>>>><

>>>>>>:

ð3Þ

Where ℂ is the matrix of elastic constants,δu is the virtual
displacement field. Parameters λ(P) and λ(S) are scalar param-
eters to vary tension and residual stress levels. The parameter
λ(P) varies from 0 to 1 to stretch the strip and form 1 to 0 to
unload tension. λ(S) varies form 0 to 1 to introduce residual
stresses in stretched state. Boundary conditions are imposed in
edges ∂Ω1, ∂Ω2, ∂Ω3 and ∂Ω4 depending on problems.

The model uses the asymptotic numerical method (ANM)
algorithm, a powerful tool to solve problems with instabilities.
Details of the model formulation with ANM are presented in
the reference [2]. The ANM consists in approximating a non-
linear problem by succession of polynomial approximation as
in the example in Fig. 4 (the PADE approximation is possible
[5]); hence variables are expressed into series according to the
power of the convergence radius a:

U að Þ ¼ U 0 þ aU 1 þ a2U2…
λ að Þ ¼ λ0 þ aλ1 þ a2λ2…

ð4Þ

Here U ¼ u; ~γ; Sð Þ and λ is equal to λ(S) or λ(P).

Problem statement

When flatness defects are masked inline due to large tension,
they are deduced from longitudinal residual stresses Sresxx mea-
sured across the width direction. In practice flatness defects are
expressed by I-Units (flatness index). This quantity is equiva-
lent to a longitudinal elastic deformation developed by buckling
that inducing Bshrinking^ of longitudinal material fibers at each
position yi, caused by Sresxx yið Þ after tension unloading (see
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example in Figs. 5 and 6). There are two possible representa-
tions of I-Units. Either we divide the longitudinal residual stress
profile by the Youngmodulus E of the strip and we use IUσ (see

Fig. 5), or we use lengths of longitudinal material fibers ~L
normalized by a characteristic length L (Fig. 6) and we use
IUg(a scale factor equal to 105 is usually introduced in order
to manipulate integers):

IUσ
yi
¼ Sresxx yið Þ

E
105 ð5Þ

IUg
yi
¼

~L yið Þ−L
L

105 ð6Þ

In many references IUσ and IUg are assumed equivalent as
in [1].

Since
~L yið Þ−L

L
is positive and equivalent to longitudinal elas-

tic deformation of the material fiber i, based on one-
dimensional Hooke’s law we define ψ(yi) as:

ψ yið Þ ¼ −E
~L yið Þ−L

L
ð7Þ

ψ(yi) is equivalent to a longitudinal compressive stress. We

express also ψ as the resultant of ψ(yi) calculated by the rela-
tion below:

ψ ¼ 1

b
∫
b
ψ yð Þ dy ¼

∑
i
ψ yið ÞΔyi

b
ð8Þ

where b is the strip width. Therefore,ψres ¼ ψ yið Þ−ψ denotes a
residual stress field deduced from geometric defects which can
be also expressed as:

ψres yið Þ ¼ −105E � IUg
yi
−ψ ð9Þ

The numerical model has to give ψres(yi) closer to measure-
ments Sresxx yið Þ. In the first test (case 1) we consider longitudinal
residual stress profile measured inline presented in Fig. 7. With
the numerical model we simulate the portion of the strip be-
tween the bite exit and the coiler. The bite side (∂Ω1 in Fig. 3) is
clamped, the coiler side (∂Ω3 in Fig. 3) is simply supported and
edges (∂Ω2 and ∂Ω4in Fig. 3) are free andwe take a length equal
to five times the width. This case is representative of e.g. auto-
motive strip formats (width 1700–1800 mm). The geometric
and mechanical characteristics are presented in Table 1 and
the rolling tension is 40 MPa. We use 60 × 40 elements (60 in
length, 40 in width). The overview of residual stress profile
leads to predict a wavy center defect. Indeed, simulation gives
flat strip inline and a wavy center in relaxed strip with approx-
imately 5 mm of amplitude (see Fig. 8). The global mode
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observed (amplitude approximately equal to 30 mm) is not
qualified as critical flatness defect from industrial point of view
since, as it is a developable defect, it is easily corrected by
levelling. The post-buckling curve λ(P) function of vertical dis-
placement uz of a control node in the center of the structure is
plotted in Fig. 9. This figure shows complex pathway in tensile
unloading where we note the first bifurcation point at λ(P) equal
to 0.0425 and other limit and quasi-bifurcation points. The
comparison between ψres and Sresxx in Fig. 10 shows good
agreement.

This case is relatively easy because prediction of wavy
center defect by operator in real time is immediate. In refer-
ence [2] authors demonstrate that there are intricate situations
where it is not possible to predict flatness shape based on Sresxx
measurements. The example they exposed is a case with the
same boundary conditions and mesh property as well as in
case 1. Geometric and mechanical parameters listed in
Table 2. It is a case with lower width format and rolling ten-
sion equal to 50 MPa. Based on measured residual stress pro-
file presented in Fig. 11 the authors found unpredictable
waves in left edge, because Sresxx is initially tensile there. This
case was analyzed using numerical simulation which shows
that tensile unloading begins with wavy right edge and left
waves reveals at the end of the unloading. In the present work
we take this example again and we note that comparison be-
tween ψres and Sresxx gives good agreement (see Fig. 12). Our
purpose is to understand the origin of unpredictable defects in
such intricate cases and find correlation between residual
stress measurements and flatness shape to improve flatness
control.

Internal stress analysis to understand
the origin of unpredictable defects

Indeed, roll sensors measure longitudinal internal stress pro-
file Sxx(yi), enclosing Sresxx yið Þ and the resultant force F. Only
Sresxx yið Þ ¼ Sxx yið Þ−P is monitored inline, where P ¼ F

hb.
References [6–8] evoked presence of resultant moment in
measurements in some cases. In Figs. 11 and 12 one sees
presence of momentM of F calculated as:

M ¼ ∫
b
h ySxx yð Þdy ð10Þ

The point of application yc of F verifies the relation below:

∫
b
h y−ycð ÞSxx yð Þdy ¼ 0 ð11Þ

In the first caseM is equal to 236.84 Nm and yc is equal to
−4.78 mm. In the second caseM is equal to 232.84 Nm and yc
is equal to −11.66 mm.

Table 1 Case 1 data

Width
b
(mm)

Length
a
(mm)

Thickness
h (mm)

Young
modulus E
(GPa)

Poisson
ratio ν

Mesh Tension
P (MPa)

1736 8680 0.79 200 0.3 60 × 40 40
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The moment M is equilibrated by coiler (or next stand).
Compared to reference [2], P is used non-uniform in y-
direction to apply M on border ∂Ω3 and reproduce reality.
This moment is imposed as transverse gradient of longitudinal
stress, therefore P is a combination between constant pressure

P (equivalent to F ) and non-uniform pressure PM (equivalent

toM ). The transverse shape of PM can have any dissymmet-
ric form, linear for example, to give resultants M.
Nevertheless, it should have the same transverse distribution
as Sresxx to minimize boundary condition perturbation due to

shear stresses produced by transition (form PM yð Þ to Sresxx yð Þ
) of Sxx in x-direction (see Fig. 13).

According to Fig. 14a, measurements (green triangles) are
interpolated on integration points (continuous black curve).
Tension P is applied using λ(P) and then strip is loaded with
Sresxx using λ(S) (refer to relation (3)). Hence, longitudinal inter-
nal stress profile Sxx(y) is calculated and represented by red
circles which roll sensor detects, so in the same figure red
circles coincides with curve with green triangles. If we unload
P we obtain the relaxed strip state. Though, we are interested

to unload only PM (soM ) and let P to show how the moment
is transmitted into the structure. We obtain profile with blue
squares showing that M has significant effect on internal
stress. The difference between internal stress for strip with
(red circles) and without moment (blue square) for case 2 is
visualized in Fig. 14b by curve with red circles showing the
contribution of M on internal longitudinal stress Sxx. This
difference is linear in the width and attain approximately
7 MPa in edges. We conclude that resultant of P (F ) is trans-
mitted in strip by its resultant and bending moment in z-
direction in sense of torsor. The bending moment is identical

to M and characterized by linear distribution of longitudinal

stress of Fig. 14b that we note SMxx yð Þ. Theoretical relation
between SMxx yð Þ and M is deduced from Eqs. (10) and (11)
as following:

SMxx yð Þ ¼ 12M

hb3
y ð12Þ

We demonstrate in this section that moment unloading in-
duces the emergence of negative residual stress at the left edge
in case 2, which explain appearance of unpredictable defects
there in relaxed strip.

Comments on shear stress due
to the resultant moment

The presence of M induces non symmetric transverse shear
stress profile Sxy in the strip. Fig. 15 illustrates Sxy(y) in the
middle of strip for case 2. This profile is quasi constant in x-
direction and it has a resultant moment. In case 2 Sxy has
negligible values compared with Sxx, even thoughwe calculate
its moment. Elementary moment applied on a portion of the
strip (see Fig. 16) is dmxy expressed as:

dmxy ¼ 2hSxydxdy ð13Þ

Table 2 Case 2 data

Width
b
(mm)

Length
a
(mm)

Thickness
h (mm)

Young
modulus E
(GPa)

Poisson
ratio ν

Mesh Tension
P (MPa)

740 8000 0.6 200 0.3 60 × 40 50
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This expression is integrated on the whole surface of the
strip and we obtain for case 2 insignificant mxy equal to
0.197 Nm.

General remark Internal stress components are almost uniform
in x-direction except near to borders 1 and 3 because of
boundary conditions perturbation.

A proposal for an improved residual stress
measurement technique

This study proves that measurements of internal stress Sxx
with roll sensors encloses tension resultant P and its mo-
ment M. In this paper we propose to subtract both of these
quantities from Sxx to deduce residual stress measurements
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to predict correctly defects inline, not only P as commonly
done in industrial plants. In case 2 for example, to predict
left wavy edge operator has to observe curve with blue
squares instead of the one with red circles of Fig. 14a. In
Figs. 17 and 18 we show the proposed measurement tech-
nique versus the usual one for respectively cases 1 and 2. In
the first case the moment effect is negligible so that predic-
tion is possible with standard method as detailed in section
3. Conversely, in the second case we should take into ac-
count resultant moment M to predict buckling in left edge
since proposed method makes negative values of Sresxx yð Þ
visible in this zone.

The same treatment is performed for ψresprofile which has
resultant moment equal to −156.94 Nm in case 1 and
345.23 Nm in case 2. The application point of ψres resultant
force yc is respectively 2.73 mm and −15.79 mm. When
ψres(y) is corrected in the same way as Sresxx yð Þ (elimination

of both resultant ψ and its moment instead of only ψ ), in
Figs. 19 and 20 we note that ψres(y) follows Sresxx yð Þ changes
to be in agreements with it. New residual stress expressions
give negative values where flatness defects manifest.

Conclusion

In strip rolling, measurements of residual stress field in
product are provided by roll sensors placed at the outgoing
of tandem mill. Note that only longitudinal component of
stress fields is measured since others are neglected in this
area. The residual stress profile is the main feature to eval-
uate in real time the strip flatness quality. In fact, because
strips are fabricated under tension, geometric defects are
totally or partially hidden to operator. Roll sensors measure
longitudinal internal stress in strips. Conventionally resul-
tant stress corresponding to rolling tension is subtracted to
determine longitudinal residual stress profile. It is self-
equilibrated and translated to I-Units according to Hooke’s
law in order to relate stress measurements and flatness status
after tension unloading. Measurements Inline alert to de-
fects in presence of compressive regions corresponding to
positive I-Units. Operator has to maintain target residual
stress profile through actuator forces to insure required flat-
ness. However, Abdelkhalek et al. in [2] mention that in
some cases defects after tension unloading appear in tensile
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regions inline (negative I-Units) and this contradiction
makes operator losing reference to control flatness. This
study completes works of reference [2] to overcome this
ambiguity. We highlight two important findings in this
paper:

1. Measurements of internal stress profile contain also resul-
tant moment with more or less significance.

2. This moment is translated into linear transverse variation
of longitudinal stress and in-plane shear stress in the strip.
The second is negligible.

Consequently, we propose to eliminate resultant moment
profile, as well as resultant force, from internal stress measure-
ments to rectify residual stress monitoring in real time.
Examples exposed in this paper show that this improvement
makes negative residual stresses visual for unpredictable de-
fects evoked in reference [2]. Therefore, flatness defect con-
trol becomes more accurate.
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