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Abstract

There is a strategic importance for the steel rolling indut get a better understanding of the strip-roll inter-
action to improve roll-gap models, increase strip qualitg @ecrease roll degradation. This requires roll-gap
sensors able to measure this interaction under industiialg conditions and in real time in order to propose a
feed-back control of process parameters. To reach theds, gloia paper proposes a new roll-gap friction sen-
sor based on an inverse method that interprets Optical Bieyg Gratings (FBG) strain measurements under
the roll surface (fully embedded), which enables to evalaintact stresses with very short computation times,
compatible with real-time interpretation. This elastigerse method is analytical and relies on plane-strain and
isothermal assumptions. The experimental apparatus dletittechnical issues are clearly exposed as well as
calibration procedures. Several pilot cold rolling testsenbeen performed at various rolling speeds afiérdint
strip thicknesses in order to demonstrate the industragifality. Resulting evaluations of contact stresses are
then compared with numerical simulations. Reasonablesawgat is obtained for normal stress (i.e., pressure)
but not for shear stress (only an order of magnitude is obtBin
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Table 1: Nomenclature

Rs Outer radius (radius of the roll)

Rn Inner radius (radius of the measurements by Optical Fiber)
d Depth of Optical Fiber Bragg Grating Sensors

L Roll width

I Strip width

r,o Polar coordinates

z=rexp(d) Complex coordinate

o,¥ Holomorphic potential

Err> Eges Egy Measured strains at the inner radis
Err» Eros E00 Strain tensor in the roll
o, 019, 009 Stress tensor in the roll

A, u Lameé codficients
E,v Young and Poisson moduli
w Rotation speed
f Data acquisition frequency
to Strip entry thickness
ty Strip exit thickness

to—t . . .
T= Ot L Thickness reduction ratio

1

lc Contact length
Fr Rolling force
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o, Strip entry tension
o, Strip exit tension

—o -

1. Introduction

Future customer requirements for higher quality of flatalproducts (i.e. strip thickness, strip flatness and
strip surface free from defects) need a better understgrafithe interaction between strip deformation in the
roll bite and work roll surface (Figure 1). This need is alse do the current trend of rolling mills to combine
higher rolling speeds, larger reduction, harder steel@gauhd thinner rolled strips, that atfect the three strip
qualities (thickness, flatness and surface). The final gotd decrease product yield associated to these rolled
strip quality defects and to improve mill productivity bymirnizing roll degradation. Typically, three main rolling
conditions are used to produce flat steel products: hot,armddemper rolling. Thick strips (thickness from 30 cm
to 1 cm) are rolled at around 1500 K under hot rolling condiioThe contact between the strip and the roll is a
few centimeters long. Thinner strips (thickness from 5 mrh tom) are rolled at around 400 K under cold rolling
conditions. Shorter contact lengths are obtained (aronehh). Finishing steps, for packing for instance, are
done under temper rolling conditions for very thin stripge@ hundreds of micrometers) with very short contact
lengths (a few millimeters). Product quality is quantifigdtbrms of flatness, defect free surface and thickness
homogeneity. The dlierent rolled materials (low or high alloy steels, low or higirbon steels, stainless or special
steels) behave flerently with respect to defects. Rotation speed of worlsradlling force (pressure applied by
backup rolls), incoming strip speed, strip temperatureling and lubrication systems orientation are significant
parameters regarding quality issues. Modern rolling neitismbine higher rolling speeds, larger reduction ratios,
harder steel grades and thinner rolled strips. Empirictiings do not apply anymore, thus to ensure a better
product quality, knowledge of friction and lubrication inetroll gap becomes a very significant issue. Indeed,
unknown shear stress and normal pressure as well as lubricainditions take place in the sthipll contact,
where plastic deformations are generated, determinindyatogquality. Many numerical simulations have been
developed in order to characterize contact conditions as@ibn of rolling parameters. An interesting review of
numerical simulations dedicated to the rolling processdeesn published by Montmitonnet (2006). For example,
Jiang and Tieu (2001) proposed a rigid plgsigco-plastic FEM and Hacquin (1996) published a 3D thermo-
mechanical strifoll stack coupled model called LAMBEC3 developed by Cemef, Transvalor, ArcelorMittal
Research and Alcan. Abdelkhalek et al. (2011) computeddkemte buckling of the strip, which is added to the
older simulation of Hacquin (1996), in order to predict aately flathness defects. Shahani et al. (2009) simulated
a hot rolling process of aluminum by FEM and used an artifis@alral network in order to predict the behavior
of the strip during the rolling process (the artificial nduratwork being trained by the simulation). Numerical
simulations adapted for particular hot rolling of largegérhave been proposed by Wang et al. (2009).

Backup roll
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Product
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Figure 1: Rolling process

Such predictive models are necessary to understand pheaofmaterial flow in the roll gap, strain, stress
and temperature rate fields) in order to establish rollingtsgies for better productivity and quality. However,



contact conditions (friction) of these numerical simwas do not have experimental validation in industrial or
semi-industrial conditions. Moreover, the roll-strip tact is usually described by Coulomb or Tresca friction laws
which are over-simplified to describe the complexity of thteiface. Furthermore, a closed-loop control of rolling
parameters depending on real-time measurements of caotaditions would be a substantial improvement of the
process. Thus, the development of one-line roll gap serstapted for measuring in real-time contact stresses
(pressure and shear stresses) is motivated by this doshile: imodel validation on the one hand and monitoring
and controlling rolling parameters through feed back adrdn the other hand. To reach these goals, a European
project RFS-PR-08051 (2014) has been launched with the@ihevelop three complementary roll gap sensors
for measuring simultaneously the mechanical, thermal ahddation conditions at the roll-strip interface. The
present work, which is part of this European project, preséme development of the mechanical sensor for
measuring contact stress during pilot rolling tests. Pitsees already provide measurements of contact stresses,
although the presence of the pin disturbs the local lubtiftaw at the interface, and the contact strongly marks
the strip; industrial use is therefore impossible. Newdeks, many investigators have designed direct friction
pin sensors such as Jeswiet and Rice (1982) for normal sirdss et al. (2002) for shear stress or Andersen
et al. (2001) who developed a commercial transducer. Arréatlimeasurement that does not degrade contact
conditions has been preferred in this study. More preci@elywverse method, that interprets strain measurements
under the roll surface performed by Optical Fiber Sensdigémbedded inside the roll body, has been developed.
Consequently, marks on the strip are limited and contactlitions are preserved. Technical issues related to
Optical Fiber Sensors insertion under the roll surface, elbag equipment and design are detailed. A calibration
procedure is proposed and clearly exposed. Then, pildhgolests are presented and the evaluation of contact
stresses obtained by inverse method is compared with ncaheimulations done with LAMJ@EC3 proposed by
Hacquin (1996). In previous works, Weisz-Patrault et 201(P) developed an analytical inverse method adapted
for rolling processes that interprets stresses at only osgipn under the roll surface, in order to obtain contact
stresses. Weisz-Patrault et al. (2012a) also proposedvarsénmethod that interprets temperature data under
the roll surface in order to infer heat fluxes in the roll gapd @ thermoelastic coupling have been proposed
by Weisz-Patrault et al. (2013a). An extension in three disiens (with several points aligned along the roll
axis) has been also developed by Weisz-Patrault et al. (0dB stresses and Weisz-Patrault et al. (2014b) for
temperature. Pilot tests have been performed for thermatse problems dedicated to heat flux determination
in the roll gap by Weisz-Patrault et al. (2012b) and Legranal.e(2012a) with detailed experimental apparatus
(insertion of the thermocouple under the roll surface ¢tand calibration procedures, and by Legrand et al. (2013)
with a specific study on thermal fatigue of rolls. More retgneisz-Patrault (2015) proposed a semi-analytical
inverse method based on conformal mapping techniquesealdioli latent flatness defect detection during rolling
process. In this paper, contact stresses are evaluatatgthstrain measurements obtained by several Optical
Fiber Sensors inserted into the roll, at only one locatiodeurihe roll surface (around 2 mm under the surface).
An isothermal assumption is made since cold rolling testssaurdied here: temperature increase in the roll bite is
suficiently moderate not to propagate at sub-surface so thse fensors measure only the mechanical roll strain.
The inverse method used for inputs interpretation is basetti@ isothermal inverse method proposed by Weisz-
Patrault et al. (2011), however a substantial adaptatios nequired in order to deal with some measurement
issues of an Optical Fiber Sensor (radial strain measurgme&hus, additional mathematical developments are
detailed in this study. In the field of inverse methods dedito rolling processes, one can mention the work of
Schnur and Zabaras (1990) and Bezerra and Saigal (199pgctaely based on Finite Element Method (FEM)
and Boundary Element Method (BEM) and iterative calcutatidowever, computation times exhibited by these
methods are incompatible with real-time interpretatiord ao conclusive tests have been done with severe rolling
conditions (i.e., small contact length and steep strestigmg. An analytical inverse method has been proposed by
Meierhofer and Stelson (1987) and evaluated by simulatydreigrand et al. (2012b) on severe rolling conditions.
Results are acceptable, however computation times arenjpaiible with real-time interpretation and technical
issues are very limiting because two sets of Optical Fibes8es are needed at twdidirent radii under the roll
surface. On the contrary, the inverse method proposed bg2AARatrault et al. (2011) and adapted in this paper,
enables a real-time computation and simplifies signifigathi instrumentation of the work roll with only one set
of Optical Fiber Sensors inserted under the roll surface.

2. Inverse method

In this section, general principles that underlie the isgamethod are presented as well as specific develop-
ments, considering the fact that the radial Optical FibersBe was not usable as explained in Section 4. The
original inverse method published by Weisz-Patrault ef28111) was to measure radial and shear stresses under



the roll surface (at a radiug,, wherem meananeasurejiwith three Optical Fiber Sensors: radial, circumferdntia
and at 45 degrees, so that a strain gauge is obtained ancctiesid-surface strain tensor of the work roll can be
measured at one inner roll radius. The three sensors fireisntly close to each other, so that only one measure-
ment point can be considered, thus successive measureanemgsrformed during each cycle using the rotation
of the work roll, as presented in Figure 2a. It is assumeddbatact stresses evolution isBciently slow, so that
during each cycle, contact stresses are roughly time-gntignt even though it can evolve from cycle to cycle.
An analytical solution based on series expansion is detextiin the sub-domain defined by the disk of radRys
Since the solution exists in the whole domain (disk of radRyls Ry), fields are extended by continuity towards
the roll surface, and especially at radies where contact stresses are inferred as shown in Figure 2b.

Va

Optical Fibers

(a) Successive measurements (b) Extension by continuity

Figure 2: Principle of inner roll successive measurementdtegidextension by continuity to roll surface

The analytical solution relies on plane strain assumptiod @lastic calculations. Muskhelishvili (1953)
demonstrated, on the basis of Airy’s potential theory, #lastic plane problems can be written with complex
formalism. Weisz-Patrault et al. (2014a) published rdgeant extension in 3D of this classical elastic complex
formalism, using the 4D quaternionic algebra and the canaemonogenic functions (extension of holomorphy
in quaternionic algebra). However, since only one set oidapEiber Sensors is inserted under the roll surface
at the middle of the axial direction, the classical complestrfulas under plane strains assumption are used as
follows:

{ O + 099 = 2((1)(2) + @) (1)

—0 + 0gg + 2iorg = 2exp(20) (¥(2) + 20 (2))

whereo, oy andog represent the stress field= r exp(6) represents the complex coordinates érahd¥ are
two holomorphic potentials to be determined by means of thagurements. The holomorphy of both potentials
on a disk enables to write power series expansions:

®(2) = gcpk(R—zm)k and ¥(2) = gwk (Rim)k @)
Hence:

+00 k
o (1, 60) + oe(r, 0) = 2 ; (le) (@« exp(ike) + @y exp(-ika)) o
+00 k
= (1, 0) + oge(r, 6) + 2iory(r, 0) = 2 ; (é) (Prexp(i(k + 2)0) + kdy exp(ikd))

Unknown codficients are determined with the measured condition, thatsay that at the inner radi&%, radial
and shear stresses (Ry, 6) andos(Rm, 8) should match measured radial and shear stresses denotefi( &y
ando( () (wherem meanameasuredl Since:

1 (= . 1 if k=0
%fo exp(|k0)d9={o i K20 (4)
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codficients are evaluated as follows:

1
o= o fo o™ (6)do

o (6) +io(0)
kz " f exp(|k9)6 ao ®)

k>0 Yy = -

1 (2 2+ Ko@) +iko™(6)
2n f exp(i(k + 2)9) —

These latter integrals can be computed veficiently using Fast Fourier Transforrfit] as detailed by Weisz-
Patrault et al. (2011), which is the main reason of the veprtstomputation times obtained with the presented
method (time displayed by Scilab Enterprises (2012): 0e@®1d for a quadcore CPU running at 2.8 GHz). How-
ever, Optical Fiber Bragg Gratings do not directly meastresses, but strains and with three strain measurements
in different directions, one can obtain stresses. However, agedetaSection 4, the radial Fiber Bragg Grating
measurements are not consistent with the two other stra@sumements (circumferential and at 45 degrees), and
cannot be used with confidence (this is mainly due to somaglissues). Therefore to overcome thiffidulty,

the inverse method must be modified in order not to use thalratlain measurement. From (3) the stress tensor
is obtained component wisely:

+00 k
o (r,0) = % (er) ((2 — K)@y exp(iko) + (2 — k) exp(—ikd) — Py exp(i(k + 2)0) — P exp(—i(k + 2)9))
k=0
+00 k
are(r,6) = —% (RLm) (—chk exp(ike) + kd, exp(—ikd) — P exp(i(k + 2)0) + Py exp(—i(k + 2)9)) (6)
k=0
+00 k
oeg(r, 0) = % (%) ((2 + KDy exp(iko) + (2 + k)P exp(-iko) + P exp(i(k + 2)6) + P exp(—i(k + 2)0))
k=0

The isotropic behavior is given by:

A

=0 - tr 1 7
2ue =0 - matr(0)1 Q)
where bold symbols are vectors, bold underlined symbol2%rerder tensorsg is the stress tensas, is the
strain tensorl is the identity tensor, A, ) are Lan& codficients. Thus, the strain tensor is obtained component
wisely as a function of the unknown dtieients®y and¥y:

et i [% (_) (2 - KD exp(ik) + (2 - KD exp(—ike) — P exp(i(k + 2)9) — P exp(=i(k + 2)9))
k=0
(R_m) (<I>k exp(ikd) + Oy exp(- |k9))}
ot - _% ) (RL*" (~kay exp(ike) + ki exp(~ike) — Ficexp(i(k + 2)6) + Fiexp(-i(k + 2)6)) ®)
Py
2uegy(r,0) = Z [% (R_m) (2 + K)Dy exp(iko) + (2 + K)Dy exp(—ike) + Py exp(i(k + 2)6) + Py exp(—i(k + 2)9))
Py
k
_ (RLm) - i (<Dk exp(ike) + @, exp(— |k6))}

Fiber Bragg Gratings enable to measure at the inner rajjusie following strains:e(6), j.(6) andeg,(0) as
shown in Figure 3. Thus, a simple tensorial calculation gjive

Err t &g

E45 = —Erg + 2 (9)
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Figure 3: Optical Fiber Bragg Grating Sensors orientation

Thus, strains according to the available directiang &éndeg) are written as follows:

= k
2uegy(r,0) = Z [% (RLm) ((2 + KDy exp(ikd) + (2 + k) exp(-ike) + P exp(i(k + 2)0) + P exp(—i(k + 2)9))
k=0
k
_ (RLm) ﬁ (@ exp(ike) + Ekexp(—ike))}
r

400 k (10)
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2i \Ry,

k=0
k
+ (L) /lﬂT,u (cbk exp(ikd) + ()Tkexp(—ike))}

The measured condition, which requires that calculatednstmatch measured strains, is introduced. Thus, mea-
sured strains are expressed at the inner radius in corréspairections as a function of the unknown ffae@ents
O and¥,:

21
l—lf 82"9(9)exp(—ik9)d9=q)k(2+k Pl ) ¥,
T Jo

2 A+u 2

Yk > 1, o (11)
L ik dg = [ K o ) He2
ﬂjo‘ £45(0) exp(-ikd) dd = ch( 5t +/1) o
Hence:
A+u 2 A+ u 2
D = o epy(0)do = o fo eqs(6)do
i 2t £ (6) — iem (0
Vk>1 @ = (L+i0)(A+p) f &45(0) .'360( ) (12)
2r 0 exp(iko)

i) (7 Qu+ (K )+ p)ER(0) — (2 + ik + 2)( + p)aR(6)
Yk>0 Wy=- o L ;)?p(i(k+ 2)6) Y

This latter expression (12) of cfieients®, and¥y depends only on exploitable measured strains and replaces
the expression (5). Obviously, the Fast Fourier Transfoam lze used as well for venyfieient computations.
Finally contact stresses (i.e., pressure and shear st)emsedetermined by takirmg= R in (6).

Nevertheless, all inverse methods are ill-posed, in otlwedsy there is a lack of stability: thus very small input
variations (for example measurement noise or even quadrattors) can lead to very large output variations. As
explained by Weisz-Patrault et al. (2011), this inversehmetusing series expansions, the ill-posedness is easily
identifiable. Indeed, the computation of gdeients®y and ¥y according to (12) leads to quadrature errors. Let
explain the underlying ideas with a random error of order afjnitudee > O: for each term of sums involved
in (6), the error is amplified b§Rs/Rm)¥, thus the resulting stress components are roughégted by the following
error:

N Rs k
ex é (a) W, oo (13)

In order to overcome stability problems, regularizatiocht@ques are used. Most of the time for iterative meth-
ods that aim at minimizing a cost function representing fifieeence between measurements and computations,



regularization consists in adding an additional condifiothe cost function; for example the derivatives of the
searched fields, which tend to smooth them, large oscifiati®ing a typical clue of bad conditioning. For analyt-
ical inverse methods with series expansions, it is clearrégularization techniques simply consist in truncating
sums. Two concurrent trends can be mentioned: convergentigecone hand: the truncation order should be
large enough so that truncated sums are good approximati@osresponding infinite sums, and lack of stability
on the other hand: the truncation order should not be to@laggthat amplified errors do noffect too much
the solution. A compromise should be found. Weisz-Patreiudtl. (2011) proposed a rule of thumb in order to
determine automatically the appropriate truncation ovdér some simple criteria related to the inputs. However,
amplified codicients|®y| (Rs/Rn)¢ and|¥y| (Rs/Rm)* are more directly related to ill-posedness. Thus, the hest o
tion is likely to truncate sums according to the evolutiothefse amplified cdicients as shown in Figure 14 that
corresponds to pilot tests described in Section 5. In thigpahe truncation order has been determined manually.
No algorithm that automatically selects the appropriatedation order, according to the amplified flagents,
has been developed, however this aspect should be investifga future industrial applications.

3. Experimental apparatus

In this section the measurement loop is described. Its lyidgrprinciple relies on Optical Fiber Bragg
Grating (FBG) strain sensors. Mechanical performancesB& Eensors such as tensile and fatigue properties
have been studied recently by Frieling and Walther (2018}his study, FBG sensors are glued into blind bores
beneath the surface of@ 42 mm diameter cylindrical piece of metal (the plug). Thiggls then inserted into
the roll as shown in Figure 4a in order to perform real-timaistmeasurements during the rolling process, a few
hundreds ofun close to the roll contact surface. In this section the megsant loop is described. Its underlying
principle relies on Optical Fiber Bragg Grating (FBG) straensors. Mechanical performances of FBGs such as
tensile and fatigue properties have been studied gluedlirtd bores beneath the surface ofa2 mm diameter
cylindrical piece of metal (the plug). This plug is then irted into the roll as shown in Figure 4a in order to
perform real-time strain measurements during the rolliragess, a few hundreds pi close to the roll contact
surface.

The FBG acts as a local sensor characterized by its Bragglevepth Agragg = 2Neff A, Wherenes is the
effective refractive index of the core of the optical fiber, andhe pitch of the grating. At a usual scale (a few
tenths of Kelvin and a few hundreds @fh/m), this sensor is mainly sensitive to both temperatureatiansAT
and longitudinal strain variationse, and to a lesser extent, to hydrostatic pressure variati®wsccording to the
following relationship (Ferdinand et al. (2009)):

AL a~078x10°% (umym)?
Bragg _ L - 6 1

—— =ale+bAT +cAP with: § b=77x10° K (Aeragg Centered on 1550 nn (14)
Bragg C~-294x10° bar?

In our configuration, the wavelength shifslgaqq Of the FBGs glued into the plug mainly depend on the
longitudinal strainAe, even if an hydrostatic pressuréfext could also be observed, but this last component is
usually negligible in most applications, therefore legdio a first and simplified relationship:

Aeragg,
— % =~ a{Ag}AS + b[Ag}AT +M (15)
———

/lBragg{Ag,
neglected

FBG strain sensitivity calibration experiments are firstfpened at room temperature on the optical fiber itself
before being glued into the plug. To do so, calibrated massase attached to the optical fiber, pulling with
vertical forceFs = mg In such configuration, the longitudinal straiie and the sensitivitya can be expressed
according to:

5 . .
AL Eind? g =9.81m.s< gravitational acceleration
Ae(m) = 4m92 = a=— Bragg 2 T owith:] ¢ = 125um bare fiber diameter
SHOr Bragg MY Ef ~72GPa optical fiber Young's modulus

Measurements performed with twelvdtdrent Fiber Bragg Gratings, with massesanging from 0 kg (reference
state) up to 0.263 kg (equivalent Az ~ 0.29% which is greater than the yield strain of usual steel ggadjive
an average sensitivia) close to 072 with a standard deviation close to 0.008, which is notiantly different
from the usual 0.78 value (14).



Strain gradients, especially in the radial direction dgnioll rotation, are very steep in the contact vicinity.
Therefore, short 1 mm long FBGs were preferred (insteadssital 8 mm long FBGS) in order to limit as much
as possible gradienttects leading to a stretch of the FBG reflected spectrum, hendifficulties to accurately
identify the characteristic Bragg wavelengthragg. The other advantage of such short Fiber Bragg Gratings is
a broader reflected spectrum, with a FWHM closer to 800 pm, mpasison to typically 250 pm for standard
gratings (as detailed by Martinez (1999)). Optical measerg systems can therefore take benefit from additional
information in the spectral domain, leading to a more adeuBaagg wavelength detection, despite the fact that
significant less optical power is reflected by shorter ggatin

From the practical point of view, gluing Optical Fibers in@@m long and 40Q@m diameter hole, furthermore
closed at its erfd is a technical challenge: this has been achieved usingraysyequipped with a precision tubing
long enough to, first, inject the glue from the bottom of théehia order to eliminate any bubble and wet the
whole surface, and second, to accurately place the FBGsiagtkpected position below the external surface. At
last, the glue is cured according to a specific recipe, taldgg into account degassing issues (Figure 4b).

This @ 400um hole diameter (in comparison, bare fiber diameteis equal tog 125um) is in fact a good
compromise between machining technical feasibility (tang. diameter ratio is equal to 100) and relaxation
times after mechanical compressions of the plug: this caexipéained if we consider that strain transduction
mechanisms from the plug to the FBGs mainly involve sheassgs, whose strength is roughly inversely propor-
tional to the thickness of the film of glue surrounding thei€gitFibers (the thinner the better).

< Plug

narani

Bragg Grating
1 mm

Plug - Polishing

Bare fibre

mim Glue

Polyimide coating

Work roll

Evacuation
of wires
(a) Instrumented plug installed into the work roll

(b) Typical FBG position into plug’s hole

Figure 4: Instrumented work roll, FBG sensors in the surfaceity

Several tests have been performed to select the glue. Theanitgiria were the ability to get an homogenous
bonding without air voids (as shown in Figure 5a) and to eixlgibod fatigue performances to resist to fatigue
solicitation during roll revolutions. Compression fatégtests have also been performed with typically up t 10
cycles at diterent strain levels (6@m/m, 120um/m, 600um/m and 120Qum/m) and diferent rates (5 Hz, 10 Hz,

15 Hz and 20 Hz), compliant with rolling experiments (thermechanical fatigue tests could be performed for
hot rolling conditions in further investigations). Somergdes used for these tests are presented in Figure 5b.
Finally, amongst a set of four candidates, the glue thatxéed the best compromise in terms of bonding without
significant residual strain gradients after cure (which rheydue, but not exclusively, to the presence of voids),
good fatigue performances was selected.

Iwhich may also require to add an optical amplifier in the measurelmep for a better signal to noise ratio.
2This is required to avoid significant marks on the strip dutlmgrolling process.



(a) Typical air void defect into the glue at the interfdbg Typical bodies used to test simultaneously four dif-
with a transparent precision tubing ferent glues during fatigue tests

Figure 5: Selecting the glue

As mentioned previously, three Optical Fiber Bragg Gratidgdicated to strain measurements are glued into
the plug (Figure 6a). However, even if the problem is assutodik isothermal in this paper dedicated to cold
rolling process, this experimental apparatus is also @dna be used in hot rolling conditions: therefore, it will
have to face very steep temperature gradients, generatitiamal thermal strains in the pléigand consequently
along the FBGs. This must be taken into account.

Several solutions can be considered, but the easiest temngpit is probably to use a fourth FBG free from
stress located in the very close vicinity of the first three€3SBtherefore acting, once calibrated, as a local temper-
ature sensor. The additional informatidgtagg,,, Provided by this grating, in combination with (15), can bedis
to compensate first order temperature cross-sensitiffitgts on the strain measurements:

A/lBraggAT, _ b{AT}AT s Ae e 1 [A/lBragg{Ag, 3 b{Ag} A/lBraggAT,

ABragg,r, Are) \ ABragg,,  DiaTy Asragg,r,

However, even if the four FBGs are very close one to anothgu(g 6a), their measurements do not correspond
exactly to the same physical area. This small distance leetviwwo gratings therefore introduces some time
and space discrepancies in the measurements. This is afidhetrue in transient states, especially with steep
temperature gradients, considering the fact that the tespanse and the sensitivity to temperature of a FBG
dedicated to strain measurements (glued to the plug) aved#terent from the “free from stress” temperature
compensation FBG. These discrepancies still exist in gtetates, however in some extent, one can consider
that they are reproducible from cycle to cycle, thereforabding additional elaborated numerical compensation
techniques to be implemented to take into account theseoptema.

The plug shown in Figure 6a has been designed keeping in matdatl the four out-coming Optical Fibers
must be kept aligned with the plug axis (radial directiondiider to be easily routed (without any break) to the roll
center and then to the external data acquisition statioretasled in the following. The FBG used for temperature
compensation and the FBG measuring the radial stfaire inserted one close to another into two separate holes
aligned with the plug axis. The two other Optical Fibers datid toey, andej; measurements are inserted into
the plug according to a more complicated scheme in orderttthgeappropriate FBG orientations in the surface
vicinity. The curvature radii are limited &y, = 10 mm to avoid mechanical fatigue breaks as well as significan
optical signal power losses, two reasons which may prevantreeasurement. Technically, such a complicated
path cannot be drilled inside the plug body besides the lfattthe Optical Fibers would be veryfidtult to insert.
That is the reason why two slots on the sides of the plug sisesade with specific shapes at the bottom, then a
thin hole is drilled from the slot with the right orientatioém roll surface. Optical Fibers are inserted at the bottom
of the slots, and then inserted and glued in the hole with d&ingesprocedure as the two radial ones. A picture of
manufactured plugs is presented in Figure 6b.

3This additional thermal strain should be taken into accouitit athermoelastic coupling as proposed by Weisz-Patraalt €2013a).



d=2.175 mm

Fibre optics

(a) 3D CAD plug design (b) Manufactured plugs

Figure 6: Plug design and the manufactured plugs with thelighed holes for Optical Fibers insertion

Two successive Optical Fibers are spaced 1.25 mm along thedisection. It is considered that the stress
field is suficiently homogeneous along the axial direction at this scaehat one can consider all Optical Fibers
at the same axial position. A first test of the plug beforeiitise inside the roll body is performed under press
and a picture is presented in Figure 7a. FBGs responseqpkesg good linearity as shown in Figure 7b, where
F is the vertical force (in Newton) applied by the press apdepresents the deformation of the FBG free from
stress dedicated to temperature cross-sensitivity cosgpen (no significant sensitivity under pressure at room
temperature can be noticed in comparison with the other FBGs
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1 Epr
-0.03—: /

-0.04
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(a) Plug under press (b) Strain linearityvs. compression force

Figure 7: Testing FBGs response

The plug is inserted by compression at room temperature ior& voll hole that has been initially drilled
(Figure 4a). To obtain a strong fixation of the plug in the,rtile diference of diameter between plug and hole
is 1 %o (hole diameter smaller than plus diameter by 1 %0). Onegthg has been inserted in the work roll, the
surface is re-ground to be flat (Figure 8a) so that marks gussdre limited. After this roll re-grinding, the Bragg
gratings are located at 2.175 mm under the roll surface.

Optical fibers signals are extracted from the roll centerretadl the four FBG reflected spectra are gathered
together on a single optical fiber using an optical coupléusrall the four FBGs can be interrogated simultane-
ously. Bragg wavelength of each FBG has been determined@sgiect to the expected spectral range during the
roll tests, in order to prevent two spectra to overlap, ihextstill possible to identify each optical fiber even if, for
any reason, only one reflected spectrum (instead of fourategkis transmitted through the optical coupler. This
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signal is then transmitted from the rotating roll to an exéfixed data acquisition station through a Fiber Optic
Rotary Joint (FORJ). One can see this rotary joint and theouting optical fiber in Figure 8b.

(b) Fiber Optic Rotary Joint installed in the instru-
mented work roll axis

(a) Work roll with its instrumented plug

Figure 8: Pictures of the work roll

4, Sensor calibration

The whole measurement system (composed of the work rollpling, the FBGs and the data acquisition
system) has been calibrated with twdtdient data acquisition systems working at twéfedent frequencies:
960 Hz and 3378 Hz. Both systems must be calibrated separéteget calibration test conditions close to rolling
conditions, the instrumented work roll is motorized andates directly against the other work roll that rotates
freely (no motorization or brace) as shown in Figure 9a. Nbrgh between both rolls occurred during calibration
tests, and shear stress in the froll contact can be neglected because most of tangentieddaapplied in the
contact are used to spin the lower roll and do not generatéfisignt shear stress in the roll body. Thus, in these
conditions, the classical Hertz contact formulas are appin order to model calibration tests: Hertz formulas
enable here to get a known contact stress distributionlsudhce to calibrate sub-surface optical fibers response.
Three rolling forces, corresponding to 25 tons, 50 tons d@ntbiis (or alternatively 833.3/m, 1666.6 NMmm
and 2500 Mmm since the work roll width is 300 mm) have been applied dugalibration. However since
linearity is good, as detailed in Section 3, all three testgetthe same conclusions. The Hertz cylific@mder
contact formulas are summarized in Table 2, where the expidheefers to Hertz. Contact pressures for the three
rolling forces are presented in Figure 9b.
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(a) Cylindeycylinder (b) Hertz contact pressures

Figure 9: Calibration test

Table 2: Hertz contact theory cylindeylinder

FT  (N/mm) | Force per unit lengtH
1_,2
M (mm) Contact length M= \/4FHRS = 4
T
L
" (rad) Contact angle Me|-—, =
Rs' Rs
H w_ 2F" 2
o (MPa) Contact pressure | o} = ("7 (IM)* - R2gH
T

With the Hertz contact pressuee’, a very simple elastic model enables to compute strainseindh body
and especially at the inner radi&®,. Multiplicative calibration cofficientsKs, K¢y and K, are obtained by
matching computed strains (at the inner radiaywith measured strains. Matching process is done by mitigiz
the relative error. The computed calibration fiméents are listed in Table 3. It should also be mentioned that
measured signals are not perfectly synchronized with coedstrains at the inner radi&®,. There is a slight time
difference between measured straifisandey;. This is likely due to cumulativeftects of a slight mispositioning
of the circumferential Optical Fiber, that may have not bglered perfectly at the bottom of the hole, and a slight
misalignment during the insertion of the plug inside thé. réhus, FBGs (circumferential and at 45 degrees) are
not perfectly aligned along the axial direction and do ndeethe roll gap simultaneously as shown in Figure 10.
Calibration tests enable to quantify this misalignmentdpds ~ 1.74 mm wherel,,;ssdenotes the distance along
the circumferential direction between FBGs measusifigandey;. Therefore measured signals can be shifted in
order to correct this misalignment and obtain a good ovesttpyeen computations and measurements.
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The comparison between direct computations and measutefoethe test at 75 tons is presented in Figure 11
for the data acquisition station at 3378 Hz (very similautessare obtained for 25 tons and 50 tons and for the
other data acquisition station). It is clear thgl andey, are consistent and well calibrated, the strain peak is
accurate and very good overlap between computations ansumegaents is obtained after shifting one signal in
order to correct the misalignment of the plug. HowesBrobviously presents a lack of trueness (Joint Committee
for Guides in Metrology (2012)) because the peak spreadswurch larger angular zone than expected. Probably,
this FBG is not perfectly glued at its expected position i tiole, or residual air voids in the vicinity of the FBG
compromise measurements, but other explanations arpatiible. Most of the time, when inconsistent data are
measured, the inverse interpretation needs a projectitmedhconsistent inputs on the set of consistent data. In
the presented experimental tests, it has been considenptesito remove the signal} from the inputs because
the simple adaptation of the inverse method proposed byA¥asrault et al. (2011) presented in Section 2 was

dmi.v: /:*~.

Misalignment

Figure 10: Mispositioning of the circumferential OpticabEr and plug misalignment once inserted into the work roll

available. The radial signaf} is not used in the following.
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Figure 11: Calibration results

Table 3: Calibration cd@cients

calibration coéficient | Data acquisition station (960 Hz) Data acquisition station (3378 Hz)
Kas 4.7 1.44
Koo 14 0.96
Kir - —
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5. Pilot rolling tests

Several tests have been performed at the ArcelorMittabrekecenter at Maigres-es-Metz on a cold pilot
rolling mill. For all tests, strips of low carbon steel graffleickness= 2.8 mm) and strips of aluminium killed
grade (thickness: 0.75 mm) and hardened by an initial cold rolling reductionenheen used and lubrication
was made by emulsion. During trials various rolling speestisp exit tensions and thickness reduction ratios
were tested. Comparisons between measurement inversdatiaic and LAM3 numerical simulations (Hacquin
(1996)) are proposed. The geometrical and material paeamédr all diferent tests are listed in Table 4. It
should be noted that thermal conditions are very homogenand thermal compensation is negligible for these
isothermal tests. However, thermal compensation will beesgary for dierent rolling conditions, even though
this paper focuses on isothermal interpretation. Furtherstigations have to focus on hot rolling conditions with
thermal compensation, and an inverse method using a thelastic coupling as developed by Weisz-Patrault
et al. (2013a).

Table 4: Geometrical and material parameters

Rs (mm) | 1955 Outer radius
Ry (mm) | 193.325| Inner radius

d (mm) | 2.175 Depth

E (MPa) | 210000 | Young modulus
v ) 0.3 Poisson ratio

L (mm) | 300 Roll width

I (mm) | 100 Strip width

5.1. Influence of rolling speeds

Various rotation speeds are tested under similar coldngltionditions. Rolling parameters are listed in Ta-
ble 6, and tests are summarized in Table 5. Rotation speed®afrom very slow experimental conditions (strip
speed: 25 pmin) to semi-industrial conditions (strip speed: 400hmm). Rolling forces are relatively similar
(from 6220 Nmm to 7200 Nmm). These tests aim at demonstrating the applicabilithefnverse method with
the detailed experimental apparatus in high speed industmditions, with rotation speeds around 7(¢/sambrre-
sponding to 800 yimin strip speed. Therefore, data acquisition frequencykiygpoint for relevant measurement
interpretation. In this section the data acquisition aystéth the higher frequency = 3378 Hz is used.

Table 5: Tests summary

Test | Strip speed (fmin) | Rotation speed (rads) | Rolling forceFg (N/mm)
1 25 2.13 6220
2 50 4.26 6430
3 100 8.53 6660
4 300 25.58 7050
5 400 34.00 7200

Table 6: Rolling parameters

f (Hz) 3378 | Data acquisition frequency
tp (mm) | 2.8 Strip entry thickness

t1  (mm) | 2.154 | Strip exit thickness

T (%) 30 Thickness reduction ratio
oy (MPa) | 39.4 | Strip entry tension

o] (MPa)| 117.5] Strip exit tension

lc (mm) | ~14 | Contactlength

Measured strains for four cycles are presented in the cbwignity for test 1 and test 5 in Figure 12. Re-
producibility is excellent from one cycle to another (sianifigures are obtained for tests 2, 3 and 4). Detailed
measured signals in the contact vicinity are presenteddnrgil3 for the first cycle. Of course the number of
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measurement points and the time interval under the conéacedses when the rotation speed increases. Although
represented in Figure 13, radial strafp is not used in this paper. Measurement noise is limited. titeah, all

the relevant information is located in the contact vicinibyis measured signals are cleaned by applying a filtering
window that selects strain variations only near the contact
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Figure 12: Measurements overlapping during 4 cycles
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Figure 13: Detailed measured deformations
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Then, the inverse method presented in this paper is appliedter to evaluate stresses at the roll surface and
especially along the roll-strip contact length. The regaétion of the inverse method is obtained by truncating the
infinite sums involved in (6), by plotting the amplificatioactors|®y|(Rs/Rm)* and |[¥y|(Rs/Rm) that determine
the ill-posedness of the inverse method (i.e., instabditg to small errors on the inputs leading to large errors on
the outputs) as shown in Figure 14. It should be noted thaatin@itude of normal contact stress is much larger
than the amplitude of contact shear stress. Thereforeyiexpetal errors done on cficients®y and ¥y (used
for both normal and shear stresses) are more critical fogthkiation of shear stress than for normal stress. Thus,
the order of truncation determined for the regularizatibthe inverse method is smaller for shear stress than for
normal stress. It should be noted that in this work the autimnpaocedure of the truncation process has not been
used and should be developed for future industrial apjdicat

Since the inverse method is based on truncated sums, itialdg obtain unwanted large oscillations just
before and after the stress peak (alike the reconstructithrReurier series of a rectangular signal). However, this
classical issue is overcome by applying a filtering windowrider to focus on contact stresses only. The contact
lengthl is evaluated by using the strip entry and exit thicknegsaadt;, the rolling force and the approximate
deformed roll radius as established classically by Hitckc1935). Thus, the filtering window is set such as
the contact is selected. Contact stresses presented irefi@bé and 16 are evaluated with the inverse method
developed in this paper and the measured strains preserfglire 13. Very classical peak of pressutg(Rs, 6)
and sign change of shear stresg(Rs, ) are obtained in the roll gap. Amplitudes of shear stresscamdact
pressure do not have the same order of magnitude along thactdength, which was predicted by numerical
simulations. Furthermore, the high-speed data acquisftiequency enables the evaluation of contact stresses
at semi-industrial rolling speeds (test 5) without any gigant quality loss. The shear stress reconstruction is
somewhat a bit poorly reconstructed compared to normadsstidue to insficient number of harmonics used
for reconstruction; however thisfticulty may be overcome by increasing the acquisition frequenf Optical
Fibers and by correcting the radial strain measuremeneisuesent results are anyway promising for future
adaptation on high speed industrial mills. Pilot tests @mé=d in this Section can be modeled numerically using
the software LAM3 based on Hacquin (1996) as mentioned irrttieduction. The strip is modeled by FEM
with elasto-visco-plastic behavior and the roll remairesgt. The coupling between strip and roll deformations
are taken into account as well as rolling force, rotatioresipentry and exit tension applied to the strip, entry and
exit thicknesses etc... The outputs are, amongst othersjriulated contact stresses. Rolling conditions of test 2
are modeled with LAM3 and contact stresses are extracted@ngared with the experimental evaluations based
on the inverse method and the experimental apparatusetetiaithis paper. Since all tests from 1 to 5 are very
similar (apart from rotation speeds), all tests are congatith this single numerical simulation. Good agreement
is obtained as shown in Figures 15 and 16. It can be noticedctirdact shear stress have the right order of
magnitude, however the simulated discontinuity of she@sstdue to a Coulomb friction law is not evaluated
with the inverse method interpreting strain measuremertiss is due to the fact that the order of truncation (as
presented in Figure 14) cannot be sdfisiently large (because of ill-posedness), thus sharp disugties like
shear stress near the neutral point cannot be reproducgeérpyrdndeed Weisz-Patrault et al. (2011) demonstrated
for a very common cold rolling condition that around 500 teame needed for a good evaluation by inverse method
(study without measurement noise), whereas only aroundet@s are considered in the present study.
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Figure 15: Evaluation of contact pressure by inverse methdccamparison with numerical simulation
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Figure 16: Evaluation of contact shear stress by inversegdathd comparison with numerical simulation

5.2. Influence of strip exit tension

The influence of strip exit tension is investigated in thistem. Two cold rolling tests have been performed
with same rolling parameters but the strip exit tension stedi in Tables 7 and 8. Much thinner strips are rolled
for these tests than for test from 1 to 5. The acquisitionesysivorking at 960 Hz has been used. Details of
measurements are presented in Figure 17. Amplificatioffic@ats and truncation orders are given in Figure 18.
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Both tests 6 and 7 are simulated numerically using LAM3 HatlR96). The metal flow is constant in the
roll gap, thus the strip speed is higher at the exit of the adriength than at its entry. Thus, the relative speed
between strip and roll and so the shear stress present atdhéstc sign change in the contact. The neutral point
is defined as the position where shear stress sign changesthcontact length. When the exit tension increases
(and the entry tension remains constant), there is a shifteofieutral point towards the entry of the contact. This
usual behavior is due to the fact that thé&felience between the entry and exit applied forces corresponithe
resultant tangential force in the contact length that diesere when the exit applied tension increases. Numerical
simulations of both tests 6 and 7 are compared with the exjatial evaluation based on the present inverse
method as shown in Figure 19. Reasonable agreement is ettéon pressure, however as explained in the
previous section, shear stress does not reproduce thé&eladiscontinuity at the neutral point. Even though the
neutral point shift (when the exit applied tension increase evaluated with the inverse method, contact shear
stress is not diiciently accurate to give a reliable experimental evidekementioned above, this limitation is
mainly due to a too low truncation order (i.e. high regulatian level of the inverse method).

Table 7: Tests summary

Test | Strip exit thicknes$; (mm) | Strip exit tensioan (MPa)
6 0.643 184.7
7 0.619 265.2

Table 8: Rolling parameters for tests 6 and 7

f (Hz) 960 Frequency of acquisition
to  (mm) 0.75 Strip entry thickness
o, (MPa) | 117.72] Strip entry tension
lc  (mm) =7 Contact length

Fr  (N/mm) | 5831 | Rolling force

w (rads) | 4.26 Rotation speed
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Figure 17: Detailed measured deformations
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Figure 19: Evaluation of contact stress by inverse methoccantparison with numerical simulation

5.3. Influence of thickness reduction ratio

Two additional cold rolling tests are presented in ordetivsthe influence of the thickness reduction ratio
(from 10 % for test 8 to 80 % for test 9). Thin strips are rollditeatests 6 and 7 and rolling parameters are
presented in Tables 9 and 10. Unfortunately, these tests besn performed with the acquisition station at
960 Hz. Thus, for test 8 with short contact length (6.25 mmyJew measurement points are recorded in the
contact vicinity as shown in Figure 20. Then amplificatiorfficients are presented in Figure 21 and resulting
evaluation of contact stress is presented in Figures 22 @&dAlke for others tests, numerical simulations have
been performed using the Finite Element model developeddngtin (1996). Good agreement is observed for
pressure and an approximate order of magnitude is obtaoresh&ar stress for test 3 = 80%). However it

should be mentioned that shear stress cannot be evaluaieeebse method for test 8k = 10%), likely because
there is too few measurement points in the contact vicinity.

Table 9: Tests summary

Test | to (mm) | t; (mm) | Tr (%) | Fr (N/mm) | Ic (mm)
8 0.75 0.682 10 5011 6.25
9 0.75 0.417 80 11684 11.4
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Table 10:

Rolling parameters for tests 8 and 9

(Hz)

960

Frequency of acquisition

(MPa)

117.72

Strip entry tension

(MPa)

186.4

Strip exit tension

SEIN

(rads)
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Figure 20: Zoom of measured deformations

0.001
0.0005 +
0
-0.0005 o
-0.001 o
-0.0015 o
-0.002 4
-0.0025 +
-0.003 .
time (s)
T T T T T T
0.314 0.316 0.318 0.32 0.322 0.324
. m m
(a) Test 8: measured, 7, ande]]
@) (B
k
R,
15 o 0_
ro %
10 - 5 0, %
E; s Yrr # %
& F
& Iy i +
¥ oF %
viF %
5] i f k
+F
iy
4
iy k
0 T T T T T T T
0 50 100 150 200 250 300 350 400
4000 k
R £
%
3000 «‘ Ylk‘ —_ %
R +
# +
F +
F +
2000 F +
i 4
i %
oF
1000 4 t* F
oo
F
¥ k
o T T T T
250 300 350 400

T T T
100 150 200

(a) Test 8: amplification factors

k
R,
20 - ﬂ :
4 % Order of truncation
F;
i %
15 b
% Opy Oy ey
% P ﬁ
* F * *
10 Y 0% F %
kA + tF +
% + + F +
%" py Y F Y
— " + 1
54 i E* + 4
% 7 +4|
5 ¥ +
0 ks +
T T T T T T
0 50 100 150 200 250 300 350 400
5000
k 5
R £3
4000 «‘ 5[/‘ s % Fot
AR, FE T S
3000 | R
+ o+ E
+ Far +
N
2000 - 4 4
+ + +
+ o
+ ++
1000 M . I .
W :
+
0 T T T T T T
100 150 200 250 300 350 400

(b) Test 9: amplification factors

Figure 21: Amplification factors and ill-posedness
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Figure 22: Evaluation of contact pressure by inverse methddcamparison with numerical simulation
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Figure 23: Evaluation of contact shear stress by inverseadethd comparison with numerical simulation

6. Conclusions and per spectives

In this paper, a technical solution has been developed ierdodmeasure in real tifi€ontact stresses during
cold rolling process. The solution is based on inverse aigtiat interprets strain measurements done by Optical
Fibers Sensors (FBG) inserted inside the roll body (fullypedded). Thus, the main advantage is that contact
conditions are not degraded as the strip is nhot marked in #esarement area (however, strip is marked by the
plug contour). The experimental apparatus and technisaésare detailed as well as mathematical developments
for the inverse method. Several pilot cold rolling testsehbeen performed at fiiérent rolling speeds (from 25
mymin to 400 nimin), different exit applied tension (from 184.7 MPa to 265.2 MPa) affdreént strip thicknesses
(from 2.8 mm to 0.75 mm). Resulting evaluated contact stegsesent characteristic pressure peak in the roll
gap and sign change for shear stress. Numerical simulatians been performed using the rolling software
LAMS3 (Hacquin (1996)). Reasonable agreement is obtainéwdsn contact pressure evaluated by the inverse
method interpreting strain measurements on the one hantharglmulation on the other hand. Therefore, the
experimental apparatus coupled with the inverse methodaidated and results can be considered relevant for
contact pressure. However, shear stress discontinuitesigbed by numerical simulations are not reproduced
with the inverse method. Thus, shear stress experimerdhlaion gives only a satisfactory order of magnitude
but not a detailed profile. However, improvements can beargeor shear stress evaluation if the problem on the
radial strain measurement is corrected and if fibers stigimats are acquired at a higher frequency of acquisition

40.05 geycle: time displayed by Scilab Enterprises (2012) with adgose 2.8 GHz
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so that the order of truncation used in the inverse methodbeancreased, these are being investigated for future
trials.

This first indirect measurement of contact stress giveseastang perspectives for the steel industry. Indeed
if an industrial version of the sensor can be implementedh wifficient robustness, a close loop control can
be proposed in order to monitor and adapt rolling paramétensal time during the process. This paper already
demonstrates the applicability of the measurement systelmaerse interpretation for semi-industrial conditions
Automation issues should be broached, such as for instar@tomatic determination of the order of truncation
(for inverse method regularization).
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