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t. The aim of this paper is to validate a novel DIC method whi
h allows to
apture kinemati
 �elds of potentially 
ra
ked poly
rystalline aggregates. A key featureof the method introdu
ed is that intergranular and intragranular e�e
ts 
an be 
onsideredexpli
itly in the data pro
essing. In this paper, we mainly fo
us on the validation pro
e-dure, whi
h was performed on numeri
al examples asso
iated to 
ra
ked poly
rystallineaggregates.1 Introdu
tionSurfa
e displa
ement �eld measurements of materials subje
ted to various loadings(e.g. me
hani
al loading or thermal loading) are an important task for experimentalists
ondu
ting resear
h in the �eld of solid me
hani
s. Aside from the widely used straingauge te
hnique, various full-�eld non-
onta
t opti
al monitoring methods [1℄, in
ludingboth interferometri
 te
hniques and non-interferometri
 te
hniques, have been developedand applied for this purpose.In re
ent years, we have witnessed an in
reasing number of spe
ta
ular developmentsin opti
al full-�eld measurement te
hniques [2℄. The interferometri
 te
hniques involvedeli
ate pro
edures whi
h are not always suited for experiments in 
onventional testinglaboratories. Conversely, the Digital Image Correlation (DIC) method widely 
onsideredas a representative non-interferometri
 opti
al te
hnique, has been widely a

epted and
ommonly used as a powerful and �exible tool for the surfa
i
 strain measurement in the�eld of experimental solid me
hani
s [3, 4, 5℄.1
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ity is usually used as the 
onstitutive model to des
ribe the responseof 
rystal grains. The obje
tive of single 
rystal plasti
ity is to introdu
e knowledgeof dislo
ation theory into plasti
ity of a 
ontinuum of solids [6℄. In material s
ien
e,
rystal plasti
ity is now 
lassi
ally used to des
ribe the single 
rystal me
hani
al responseinvolving its slip system a
tivity. One major interest of mi
rome
hani
s of heterogeneouspoly
rystalline materials is to a

ess lo
al me
hani
al �elds in a given mi
rostru
tureasso
iated to surfa
i
 strain �elds that 
an be measured [7, 8, 9℄, in order to 
ontributeto a better understanding of the mi
rostru
ture dependen
e of yield behaviour during theme
hani
al loading at granular s
ales, and to assess lo
al stress �elds in view of developingphysi
ally based damage models.In this paper, a new method is proposed to perform the lo
al strain �eld measurementsrelying on DIC algorithms, with a spe
i�
 treatment of intergranular and intragranulardis
ontinuities. The obje
tive of this paper is to present and to validate this novel pro-
essing method, whi
h allows us hen
eforth to evaluate the material behaviour at both ami
ro and ma
ro s
ales.2 Numeri
al Validation2.1 Numeri
al example generationIn order to validate the proposed methodology on heterogeneous strain �elds, it was
hosen to use 
omputer-generated spe
kle 
ra
ked images asso
iated to a 
ompletelyknown strain �eld.The strain �eld was obtained by dire
t 
rystal plasti
ity Finite Element (FE) analysisfor a given 
rystal plasti
ity law [10℄ and for a given set of boundary 
onditions and grainorientations. For this numeri
al study, a realisti
 aggregates of 50 grains was generatedby using a 
lassi
al Voronoï tessellation, the 
hosen material behaviour obeys to theMéri
-Cailletaud model, des
ribed in [10℄. The simulation of experimental tensile testwas performed using the �nite element pa
kage Aster with a mesh of 11300 quadrati
triangular elements in a bi-dimensional framework under a plane strain assumption [11℄.The aim of this FE 
omputation is to provide realisti
 kinemati
 �elds asso
iatedto equilibrated stress �elds. Afterwords, the simulated displa
ement �eld was then in-trodu
ed in the virtual image generation pro
edure, as des
ribed in [4℄, to mimi
 thea
quisition of the series of spe
kle images by a digital visible 
amera. It was 
hosen notto introdu
e any image distortion in the syntheti
 images.2.2 Spatial dis
retization of the syntheti
 imageIn order to determine pre
isely the lo
al strain �eld, parti
ular 
are should be givenon the meshing. With a known mi
rostru
ture (Figure 1a), where the 
ra
k is indi
atedusing a 
yan 
olor line, the spatial dis
retization is performed using an unstru
tured meshin order to represent the grain boundaries of the material (Figure 1b).In this unstru
tured mesh (Figure 1b), the smallest mesh unit is 
alled "element",2



L. Li, F. Latourte, J.-M. Mura

iole, L. Waltz, L. Sabatier and B. Wattrisse

200 400 600 800 1000 1200

100

200

300

400

500

600

700

800

900

1000

1100(a) Mi
rostru
ture for syntheti
 image 200 400 600 800 1000 1200

100

200

300

400

500

600

700

800

900

1000

1100 (b) Unstru
tured meshFigure 1: Mi
rostru
ture with unstru
tured mesh. Initial 
ra
k is indi
ated using a 
yanline.whi
h is the equivalent of the Correlation Zone (CZ) for 
lassi
al DIC te
hnique. Ea
helement is 
onstituted by a set of pixels within a polygon. The elements' boundaries aredetermined a

urately and retained in order to apply spe
i�
 adja
en
y 
ondition withother elements. Knowing the grain boundaries for the material, with this mi
rostru
turaldis
retization method, no element belongs to more than one grain. Therefore, this is asuitable 
omputational mesh for dealing with dis
rete stru
ture problem (poly
rystallinemetalli
 materials, et
.).3 Numeri
al ResultsOn
e the 
omputational mesh is obtained, we introdu
e the di�erent kinemati
 
onti-nuity 
onstraints in order to des
ribe the me
hani
al features of material at the di�erentphysi
al s
ale.The �rst solution is to impose no 
ontinuity 
onstraints at all between elements (seeFigure 2b, where the displa
ement �eld is 
ontinuous only inside element). The se
ondpossibility is to impose normal and tangential 
ontinuity on the boundaries of all elementsbelonging to a given grain. The displa
ement �eld is thus 
ontinuous within ea
h grain butpossibly dis
ontinuous between two adja
ent grains (see Figure 2
). The third possibilityproposed here is to enfor
e the normal and tangential 
ontinuity of the displa
ement �eldat the boundaries of all elements, ex
ept the ones 
orresponding to the 
ra
k (see Figure2d).Figure 2 shows the equivalent strain �eld maps in the Von Mises sense for the 
ra
kedpoly
rystalline aggregates.The Finite-Element referen
e 
omputations whi
h are performed with the 
ra
ked ag-gregate up to 2% ma
ros
opi
 strain is represented in Figure 2a. And Figure 2b, 2
, and3
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(b) Intra-element 
ontinuity
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(d) Inter-granular 
ontinuityFigure 2: Equivalent Von Mises strain �elds for the 
ra
ked poly
rystal aggregates
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ed with thethree di�erent 
ontinuity levels. In the DIC 
omputation, the kinemati
 shape fun
tionis bi-linear. The mesh is made of 1513 elements distributed in the 50 grains.The less 
onstrained situation 
orresponds to no 
ontinuity 
ondition ex
ept inside ea
helement (Figure 2b), whi
h 
orresponds to 
lassi
al lo
al DIC approa
hes [4, 12℄, and thedispla
ement �elds are des
ribed by 1513×4×2 = 12104 Degrees Of Freedom (DOFs). Inthis 
ir
umstan
e, the 
omputation is suitable for des
ribing the intragranular behaviourof the poly
rystalline aggregates, but it is very sensible to the noise (the noise sensitivityis not dis
ussed in the present paper).The most 
onstrained situation is asso
iated with the intergranular 
ontinuity, whi
h isvery similar to the global DIC approa
hes proposed in [5, 13℄, ex
ept that the 
ontinuityof the displa
ement �eld is enfor
ed in the real spa
e and not in the isoparametri
 spa
eof the referen
e element. This leads to mu
h 
onstrained displa
ement �elds 
ompared tothe above mentioned global approa
hes. For our study, the kinemati
 �elds are des
ribedusing only 170 DOFs. Figure 2d shows that this set is too small to represent a

uratelythe displa
ement �elds. In this 
ase, the 
ontinuity 
onditions should be restrained inorder to improve the a

ura
y of the measurements.The intermediate situation 
onsists of intragranular 
ontinuity (Figure 2
) whi
h 
orre-sponds to 1372 DOFs. It is thus more robust with respe
t to image noise. This situationis parti
ularly suited to des
ribe intragranular strain heterogeneities and intergranulardis
ontinuities (su
h as grain boundary slip).4 Con
luding CommentsThe 
omparison of strain �elds 
al
ulated by DIC and obtained by FE simulationis 
on
lusive to validate our methodology. Furthermore, this method will be validatednumeri
ally on the noisy images before applying to experimental visible images 
olle
tedduring a tensile test on a poly
rystalline aluminum sample, whi
h 
ould pro
ess the full-�eld kinemati
 data grain per grain in order to establish the relationship between lo
alstrain �elds and mi
rostru
ture at grain s
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