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Abstract

Numerical models of many forming processes of metals rely on description of rheological characterization of the metallic alloys, which can
turn very difficult at high temperature. In this work, a direct resistance heating machine (Taboo) has been developed to perform cyclic load-
ings at very low strain rates (10° and 10* s™) between 900 and the solidus temperature. We fir st describe the experimental setup; then
we present several measurement techniques. A specificity of resistance heating machines is to deal with non negligible temperature gradi-
ents around the center of the sample which induce heterogeneous strains. To measure displacements, a specific set-up has been con-
structed using speckle correlation. It has several advantages like full field and non destructive displacement measurement. Thanks to this
method we obtain full field measurements. Electric current and resistivity measurements are also performed all along the heating/cooling
and deformation stages. They can be correlated to phase transformation. Finally, we describe a numerical model for simulating and analys-
ing the tests with a combined electrical, thermal and mechanical model. The main goal is to help designing optimal sample geometry using
to identify mechanical parameters by inverse analysis.
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ment and more efficient to analyse quickly two yies (in
Introduction only few ms). In this paper, first we describe theeri-
mental setup; then we present the measurement tech-

The understanding of solidification crack phenomisna niques. Thanks to these methods we obtain full field
still a technological and industrial challenge. e one  measurements. And finally, we describe a suitableeri-
hand, industrial concerns are considerable, in geah  cal model: the tools and the samples are numeyioadid-
quality and productivity. On the other hand, thisalso a  elled with a combined electrical, thermal and meatal
scientific challenge, because the physical mechamisf ~ solver. The goal of this model in this study is synip
hot tearing are far from being understood. The nedsp  help understanding and visualising the temperaguaeli-
this is that it is a highly metaphysics problem.eOof  ents and displacement fields throughout a sample.
challenges is the rheological characterization lidys,
which is particularly difficult at high temperatuend in ~ Sateof theArt
the semi-solid state. And actually, there are daly data
for consecutive laws of industrial steel for sdihtion Image correlation is a useful tool for measuring-di
conditions (i.e high temperature and very law strand  placement field during mechanical testing; with tsu
strain rate). In this work, the rheological chaegizations  method 2D displacement field can be deduced from re
in solid and semi solid state are carried out usirdjirect  corded images (Sutton et al(1983)). Previous warkutl
resistance heating machine (Taboo) which allowdicyc field measurement a high temperature using optieh-
loadings at very low strain rate (10 10° s') between ods is limited. Some developments and experimerds a
900°C and the solidus temperature. A specificityesfis-  based on the lighting of a structured pattern (gritines)
tance heating machine relies in a high non thetroado-  deposited on the surface of the sample (Sharpg E9%7)
geneity in the central part of the sample. And this or Pinna et al (2007)). The maximum temperature
thermal homogeneity produces a heterogeneous straichieved for accurate strain measurement was around
which has to be known for precise mechanical aealys 700°C. More recently some papers deal about the fu
The speckle correlation photography has severalradva field measurement based on a lighting of the sertas-
tages like full field and non destructive measunetnbut  ture. The surface texture is used like a naturalrandom
this method is classically limited in temperatuago(ind  pattern (Grant et al (2009) or Pan et al (2011)jh\&uch
900°C). Indeed to produce the speckle, a painBngpim-  methods, authors are able to observe displaceredds f
monly used and this does not stand high tempematurefor higher temperatures than 1000°C.

And at high temperatures, these methods which ased In the present study, we describe an optical method
on optical measurements are also very sensitivéhéo based on the lightening of the surface roughnedls avi
visible spectrum, particularly in the red waveldrggtAll green coherent light. The picture recorded durirggrtie-

these limits lead to develop a new method baselhser  chanical test are analysed with a innovative hybrid
produced speckles. A green laser can be used, sieee  method. When imaging surface roughness at high tem-
does not radiate in green wavelengths around 1500°C perature a number of problems are met to measuooe-a
this work a technique is also presented to anglideres  rect displacement field. Among all problems letroen-
based on a cross spectrum method. This method prove®n the two following ones :

more accurate than cross correlation for small ldcsp



- Black body radiation is increased when the temper the desired temperature is reached, the mechatesal

ture increases. The increase of light emission presla
decrease of the contrast on the recorded imageavdid
this radiation a classic way is to use a filterainvave
length where the radiation is the lowest, typicaflythe
green or in the blue wavelength.

starts and the tensile force is measured by adedidThe
measurement of force versus displacement curvesresq

a high temperature extensometry technique. Forpheat
pose, a non-contact method has been developedsand i
presented in the next section.

- The oxidation is another main problem because it
causes changes in terms of surface texture. Todavoi Laser Speckles Set-up (Fig. 2). A laser is projected on

decorrelation problems an inert gas can be useediace
oxidation. The advantage of using intrinsic surfaoa-
trast is also the ability of the method to recandcessive

the area in which the displacement field needsstabas-
ured. The laser beam is enlarged by a microscosettert
allows illuminating a large area on the centralt pdirthe

images. The time between two pictures is then usuall tensile sample (typically 10 x 6 mm, the specimemt

short enough to avoid significant changes of thdase
texture.

Experimental Setup

Taboo Tensile Test Machine. The "Taboo" machine is a
thermo-mechanical simulator which has been devdlepe
Cemef to investigate the behaviour of steels ay \gh
temperature up to the solidus temperature and lgssi
the semi-solid statd~{g. 1).

Loading cell

Electric current
input

Fixed grip

;

Thermocouple
+ sample

Mobile grip

Electrical
current output

Lvdt sensor

Figure 1. Taboo tensile test machine.

Before applying the loading cycle, the sample ieatly
heated by Joule effect using a continuous curréhe
temperature monitoring of the sample is achievedbhs
lows. A thermocouple is welded in the middle of #pe-
cimen. During the heating and loading phases oftekt
the current intensity is dynamically controlleddrder to
prescribe a desired temperature. An alternativeitoimgy
procedure consists in using a thermal camera tesunea
the temperature field on the specimen surface.rigutie
heating stage, the mobile grip displacement is toosl
so that no external force is applied on the spetir@ace

90 mm long and 6 mm wide). Speckle images arigiogf
local interference phenomena due to surface rowgshae
captured by a CCD camera and are simultaneousig-tra
ferred to a computer. The size of analysed pattexasais
1920 x 1080 (about 2 Mpixels). Each pixel can store a
grey scale 8-bit value ranging from 0 to 255. Dgrthe
experiment, a series of patterns can be eitheeatell for
post treatment later on or correlated and analysethe
control loop. The correlation between initial andreat
speckle patterns provides the displacement, asaiequl
in the next section.

Green |
filter

CCD video
camera

Figure 2. The laser speckle set-up

Image Correation Techniques

The surface is considered to change relativeiwliyl
during the experiment. Consequently, over a snialé t
step, strains are low and the observed imagesimapys
translated. In the following paragraph a techniqtién-
age analysis based on a coupled cross-correlationss-
spectrum technique is presented. This techniqueed o
obtain the displacement field from two images. Tdus-
pled method allows characterizing the displaceméthin
a few milliseconds with a sub-pixel resolution fotarge
range of displacement (from less than 1 pixel too20
more pixels).

The cross-spectrum and the cross-correlation adsth
have different advantages. Cross-correlation metisod
less accurate for small displacements and lessl tijain
cross-spectrum method but it is more accurate dagel
displacement.



The Cross-spectrum Method (Petrov et al. (1982), inverse Fourier transform of Equation (3) and thege
Aime (2001)). Consider a plane surface covered by afunctions contain equivalent information. Howevirjs
speckle pattern where the image intensity at tinie de-  more convenient to use the cross-spectrum method to
fined byf(x,y). The Fourier transforr(u,v) is defined as: measure very small displacements (smaller thanl)pixe

Defining the Fourier transform o{u,v) as I (&,7), we

TF{f(xy) }=F(u,v) = j j f(x, y)e 2™ Waxdy (1) write:
Considgr novy a second image Where the in.teas?iyne 1(E.) = J‘J‘l (U, V)& ™) g,
ty = tot 4t is defined ag(xy). If function g(x,y ) is written (4)

as a translation Cffx,y ): IJ“F (u'V)‘Zeziﬂ(u({—xo)w(q—yo)) — T(g - X, ] — yo)

g(xy) = F(X=X, ¥y~ Yo) )
A Coupled Cross-correlation - Cross-spectrum Tech-

nique. As mentioned above and shown king. 4, for a
large displacement (over 10 pixels), the use ofdtoss-

and defining the cross-spectruifu,v) as the multiplica-
tion of F(u,v) by the complex conjugate &f(u,v) (de-

notedG*(uv) ), we get: spectrum method becomes inappropriate. Moreover, a
shear mode might be difficult to analyse. Indeedjiaor
I(u,v) =F(u,v)G* (u,v) displacement in the non-longitudinal direction t¢esaa
noise for the phase in the principal directionthis case,
= F(u,V)F * (u, v)e? ™) = “: (u,v)‘zeﬁﬂ(uwwtn) (3) it is suggested to use a coupled cross-correlatiomss-

spectrum technique (CC-CS). The principle of thehoe
is presented irFig. 4. As shown is this figure, a cross-

Equation(3) shows that the displacement can e e e k )
tcorrelation is first used to determine a displacened the

pressed according to two components corresponding : . . |

two different directions. The phase can consequemsl  ©rder of one pixel. One of the two images is sHi@out

decomposed into two expressions. The displacensent (o€ Pixel and a cross-spectrum analysis is thed tse
determine the sub-pixel scale displacement.

obtained from a linear fit of the expression of fifease
Fig.3 a). It seems quite simple to obtain a measure of the

displacement between two different pictures wittr@ss- Picture 161 Picture 201
spectrum method. But, at high spatial frequencths, St St
noise and/or a bad sampling can lead to a zere\adlthe

phase instead of showing the expected random iariat tse'e?iTﬂfaT“§£‘°'“’°
(between ® and +rt). Moreover, fitting the phase slopes is

not precise when the displacement is larger thpixdl. In
fact, in this case the phase varies betweeand . A
displacement can not be accurately determined when T
poor sampling is added to a slope of the phasd|uas of s plcure
trated inFig.3b.

Coordinates of
sub picture 2
Oy

c Jat Measurement of Translation of sub picture 2
displacement New coordinates (x,+dx,y,+dy)
Pixel scale (dx.dy)
Cross
spectrum

Measurement of
displacement
Sub pixel scale (Dx,Ds

phase

Displacement between
b) picture 1 and 2
; L . . {Dx+dx Dy+dy)

Angular frequency

Figure4. Schematic algorithm of the coupled cross-

Figure 3. a) Example of displacement calculations. The COrrelation cross-spectrum (CC-CS) technique.

phase falls down to 0 for high spatial frequencBsEx-

ample of the phase for a displacement larger thairel. Finally, displacement between two images is catedla

by summing the displacements obtained by the twthme
ods. In the technique presented here, a single @nisg
The Cross-correlation Method. In most papers dealing divided into a grid of sub-pictures. Their size igarbe-
with field measurement (e.g. Chevalier et al (20@Gh)d  tween 8x8 and 256x256 pixels. The algorithm is then
Huan et al (2007)), the cross-correlation techniguee-  applied to each couple of sub-pictures to deterntiree
ported to be used. In practice, the Wienner-Kinehtireo-  |ocal displacement field between them. Therefdre,dize
rem states that the cross-correlation can be wrike the



and number of sub-pictures give the maximum spatiaquence, the heat losses of the two extreme uppér an
resolution of the displacement field. Sub-elemerats be  lower parts of the samples are presented by a ctirdu
perfectly placed side-by-side or overlapped. heat flux:

¢cond = hoond (T _Tgrips) ! (8)
Thenumerical approach

_ ) where h__ =800W.m™2.K tis the constant heat transfer
In the thermo-mechanical tests which are peréotm cond

significant temperature and displacement gradieatsbe coefficient, T the temperature of the boundary surfaces of

observed. To understand the origins of these gnagli@ e sample andr,, the temperature of the grips. A

numerical model has been developed and used. #efini coupled convective and radiative boundary condiii®n

element model has been developed to simulate ttiee en applied on the orther parts of the sample:

experimental process (Favennec et al (2003)). dleistri- _

cal, thermal and mechanical simulation of a tentsgt —KOTA=N(T -T,) + £0,(T* - To). ©)

which used direct resistance can be adapted tgy studti-
hysics phenomena involved in such mechanicalnigsti . ,

?h?/s nurrF:ericaI model allowed to design optimal &p where g, = 56710° W.m™K™is the Stefan-Boltzmann's

geometry and to minimise the temperature gradient§onstant, the emissivity (assumed to be equal to 0.8 in

throughout the samples. Indeed, for a subsequetysis;,  this study),T the temperature of the boundary surfaces and

it is preferable that the deformed area be as hemegus T, the room temperature.

as possible in terms of temperature. Then the nicaler

model is also able to simulate the complete tertsis Temperature Control by PID Numerical Regulation.
including the heating with a temperature controbl®ID. As it is mentioned in the first paragraph, duringaboo
test, the sample is heated by Joule effect, andldHhme

Electrical-thermal problem. Once applied, the electric majintained to a prescribed temperature. Accordinthé
current generates heat in the conducting materedsa  poundary conditions, a zero potential is imposedona
consequence, the electrical potential and the teatyr®@  syrface, and an electrical current density is iredosn the
are strongly dependent, and two coupled probleres arother surface. La phrase précédente est a enlellerdoit
solved. The modeling is based on the charge coasernv  figurer dans le commentaire d'une figure préseritanas.
law,0J=0, and the balanced energy equation. MoreAs it is made on the taboo machine, during a sitimria

precisely, applying Ohm's law: the current density is continuously controlled byPkED
~ ~ algorithm according to the prescribed temperatireach
J=ocE=-¢0U, (5) time, the injected current densilyis calculated as a func-
. tion of the errors between calculated and presdrieen-
whereE = -U , the electric equation is written: peratures :
D[(GeDU)ZO’ (6) J‘=prerr0r‘+K‘Zl:error‘+Kd><(error‘—error“1) , (10
and knowing that the internal source of energyriglpced '70
by the heat generated from Joule effect, the tmats is
written:g_ = J(E. Considering Q O IR*the domain of where K ,K; and K, are the proportional, integral
calculations that covers the whole apparatus, tbgilsb-  and derivative constants. Theeror is calculated as fol-
tion of current and temperature is calculated Hyisg at lows:
each time step the two coupled three-dimensionglapa _ _ 1
differential equations: Oror =T essioes ~ Teac (11)
Oe,0U)=0 on Q
0 [-kOT) +pcpdl:0eHDUH2 on Q' (7) The calculated temperature is measured at a node lo

cated in the center on the sample surface
+ Boundaryconditions

where p is the density and Cp is the specific heat. The
physical properties are dependent of the temperatnd
are implemented as functions of the temperaturutaed

at each step.

Experimental boundary conditions. The 3D experi-
mental geometry was considered in the simulatiothef
electric-thermal coupled problems. To minimize meat
rates in the grips, grips are water cooled. As asee
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Figure5. An example of PID temperature regulation.

Examples of temperature fields obtained with arical
simulations are shown iRig. 6 andFig. 7 for two differ-
ent types of sample geometry.

TEMPERATURE [node]
Unit; CELZIUS
Frin
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Figure 6. Temperature field (°C) along an axi-symetric
sample.
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Figure7. Temperature field (°C) along a flat sample

Analyssof an experimental case

Tests at high temperature have been performed using
Taboo, a resistance heating device. As an exan#le,
monotonic tensile test at 1200°C is presented. Astzmt
ram speed of 0.05 mm/s is imposed over 20 secdnds.
ing the test, the deformation is analysed in thele/lcen-
tral area which is depicted kig. 8. The frame shows a 10
mm long and 6 mm wide area, 6mm being in fact the
width of the sample. Speckles are measured overatieia
are measured and analysed to provide the displateme
and deformation fields. Interestingly, materialrgsi(dots
shown inFig. 8) serve as reference points for a virtual
extensometer.

Figure 8. The frame shows the area over which the field
analysis is performed. The two dots show the refsze
points for the “virtual extensometer”. Specklesidgra
test at 1200°C are also shown.
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Figure 9. Displacement field which is measured in the
central area of a tensile test sample at 1200°€ &fsec-
onds.



This way, local displacements similar to those roess Acknowledgement
using a real mechanical extensometer can be obtaine
Complete displacement maps can also be recorded all

along the test, as shownHing. 9, even for small strains.

This study has been conducted in the framewbithe

After 3 seconds, the accumulated ram motion is onlycOOPerative project “Cracracks” supported by thenkh

150 um. The extension of the control surface is 105,
which means that, even with a temperature gradiaet,
sample also deforms outside this central controiase.
The measurements using the speckles analysis icette
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Concluson
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