
!!!!!!!!!!!!!"#$%&!'(!)'*+!*,-,.$%/0&!
!!!!!!!1'*0!23*$2-2!4,(5'*',()

!"#$%&'()*+(,-&."#/01*%-&2"3"#')4415*%-&6"&$)7819-
&2"#:7*1%;-&2"#$0<=0>?*%-&@"#A0;<%,,%-&A&B0?*59)%-

!"#$%&'($%)*+,

C/:D.E@-&EF@:-&GH&0I%;)%&:"&.1;J,%1;&KLMHH&N1++%)*?0;;%-&B*0;<%&

!"#$%&'()*+!$,-.(/$0123#(045%*"!

6$2&47)0*!'*+!8!*9!:!;%40!<=>?



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!<

C$2$)A(&D-!E!F%''!G*'.!(&&A$(#D

6789:!,(>(JO&J+1<%-&J%<,1(;
;<=>?!9*0P=QO&,(&8*1,%

4*(>&:;<1%;,&R*%%S

@AA%(!BC!D,$-%4E!FG,+*0!@H$'4%I
G'$!J,5H$2&!KC!L,+()H'2A5!FM('*25!N'(.5,-I

OH,$!*02!52P2A,/-2(*!,H!4,-/+*2$!%))')*25!*,-,.$%/0&O!FDQI
RSTS!K,U2A!V$'W2!H,$!V0&)',A,.&!,$!B25'4'(2

R!4-



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!H

C$2$)A(&D-

*%4%*J&,(&1>091;9&?T&
J%<,1(;J&(*&J%<,1(;1;9-&
,=*()9=&,=%&)J%&(4&0;T&
S1;7&(4&P%;%,*0,1;9&80I%"

OQ,-,.$%/0&!V$'(4'/A2!XAA+)*$%*',(O!U&!Y*$3C
F1'E'/25'%I!



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!I

C$2$)A(&D-!1!*,(2&'*



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!8

C$2$)A(&D-!1!*,(2&'*

Z24,()*$+4*',( G2.-2(*%*',(



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!:

JK$%9!9$2$)A(&D-!1!)*$2*9A4*+

[%U,$%*,$& G&(40$,*$,(



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!L

U(,0,1(;&:V1J

U%<(;J,*)<,1(;

A%,%<,(*

W*0T&@()*<%

@#D*2(/#!MA(-!9$2$)A(&D-

!\]^

R_]^

`_]^

a_]^

b_]^

\_]^

c_]^

T_]^



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!N@3@324240(4A4A*!"#$%&'&'()*+!$,-.(.(/$/$012323#(04045%*"!B!B!6$2&4&47)7)0*!'!'*+!8!*9!:!;%4%40!<=>?!1!!N

MA(-!9$2$)A(&D-!A*#$0+9A%#/$0

X(,3!H,%-



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!?

<O!A*#$0+9A%#/$0!P!+42&'*!#(+*

D,+$*2)&!,H!dC![%40%-U$2!eB@QfXG

X-%.2!)A'42

)'(,.$%-2

g%4E!
/$,h24*',(

i'A*2$25!
U%4E!

/$,h24*',(



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!>=

<O!A*#$0+9A%#/$0!P!+42&'*!#(+*

D,+$*2)&!,H!dC![%40%-U$2!eB@QfXG

X-%.2!)A'42

g%4E!
/$,h24*',(

i'A*2$25!
U%4E!

/$,h24*',(



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!>>

MA(-!9$2$)A(&D-!1!*,(2&'*+

D,+$*2)&!,H!dC![%40%-U$2!eB@QfXG

!0J,&1*(;

R*0P=1,%&1;<+)J1(;

!0J,&:+

$0*9%&P(*(J1,T

:+&4(0>

XP%;&<%++&P(*(J1,T



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!><

JK$%9!M!A(-+

j!k'E'/25'%!#!G/24*$2!lA24*$,-%.(l*'m+2

j!"#$%&!$%5',.$%/0!,H!
k'A02A-!D,($%5!
Z,2(*.2(n)!1'H2!FRoS\I



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!>H

QD-+4#('!$A4)40!$F!(R*0%(/$0

@3@324240(4A4A*!"#$%&'()*+!$,-.(.(/$/$012323#(04045%*"!B!B!6$2&47)0*!'!'*+!8!*9!:!;%4%40!<=>?!1!!>H>H

0**/pqq111C(')*C.,Pq/-Aq5%*%q3$%&4,2Hq'(523C4H-

i,$!f!U2*122(!`!%(5!`__!E2r

!(>P,(;&J<0,,%*1;9

V0,*,2A24*$'4!2HH24*

! U0T+%19=&YD=(>J(;Z&J<0,,%*1;9
! !(>P,(;&

J<0,,%*1;9
! [=(,(%+%<,*1<&

%44%<,
! [01*&0;1=1+0,1(;



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!>I

6(+*!$F!0*%9A$0+SSS



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!>:

!!"#$%&'()*+#$*,&"-."&/012,&#3#-0#4-0-*5&666
C$2$)A(&D*+!E!T(K$A(9$4A*!U+S!@-0#DA$9A$0+



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!>L

C$2$)A(&D*+!E!T(K$A(9$4A*!U+S!@-0#DA$9A$0+

! &U\J(+),1(;&>1;1&O&H-]&^>
! &!(;1<&?%0>
! &:<_)1J1,1(;&,1>%#O&4*(>&4%8&
>1;),%J&,(&4%8&=()*J

j!VA%*2H,$-2!*,-,.$%/0'm+2s!A%U,$%*,'$2!B@QfXG



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!>N

!"#$!%&#2(#D40*+

j!V2A*'2$

j!L,*!Qt!Q$%4*',(

j!Q$%4*',(qD,-/$2))',(

j!uP2()

j!L'.0*!)/225

j!D$&,



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!>?

`$0<=0>?*%&+-$!./&&

[*(<"&@(<"&4(*&.VP"&/%<="&@P*1;9%*&

GHM]a

`')4415*%&%,&0+"&/0,"@<"&D%<="&GHHKa

!"#$!%&#2(#D40*+

j!i%*'.+2



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!<=

!"#$!%&#2(#D40*+



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!<>

!"#$!%&#*,&*A42*09

aT_!___!

4&4A2)

Hb LHb



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!<<

!"#$%&'$($")*+*,&-



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!<H



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!<I

!L'.0!)/24'H'4!)+$H%42!

:PP+1<0,1(;J&O&&<0,0+TJ,-&
J%;J(*-&41+,*0,1(;-&%+%<,*(7%&4(*&
?0,,%*T&0;7&<0P0<1,(*-&%;%*9T&

=0*I%J,1;9

B240%('4%A)!/$,/2$*'2)!

:PP+1<0,1(;J&O&+19=,c8%19=,1;9

$1_)17&>%,0+&7%0++(T1;9&
d(8&<0;&8%&7%0+&81,=&<(>>(;&>%,0+J#e

F0;(P(*()J&9(+7&%+0?(*0,%7&4*(>&&:)
GK
:9

fg&

0/$1*.+2!'(+*$+-$!./3$4!-&*+$567$89776:$5;7<5;6

Q$A$%+!2*9('+!
/(*90;%
/(S=,0*1
[=A



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!<8

/%,0++1<

/%+,&

[
*%
<)
*J
(*

F1
!"

/9

B%

!*

/
1V
,)
*%

/1V,)*%

@
%
P
0
*0
,1(
;

Y2%AA,&'(.!Q$'%(.A2!

7"# !"#$

7$# !"#$!
(>
P(J1,%

T45%4.!2*9('!.*(''$-40)!&A40#4&'*!!



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!<:

h)0*,i&,)?%&

@,%%+&J,1<S

[*%<)*J(*&
J0>P+%

81#+*9&*14%&

/9&4+0S%J&

.VP%*1>%;,0+&P0*0>%,%*J
&&.j]k"M&S%N
&&EA&MM&.@UB&

'"#$!%&!.*(''$-40)!E!M1A(-!.4VA(#/$0!



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!<L

81#+*9&*14%&

h)0*,i&,)?%&

@,%%+&J,1<S

[*%<)*J(*&
J0>P+%

.VP%*1>%;,0+&P0*0>%,%*J
&&&.jGkS%N
&&&[*(l%<,1(;J&O&MHHM
&&&.VP(J)*%&,1>%&O&GH&>J&
&&&N(V%+&J1i%&O&H"]G&^>

/9&4+0S%J&

'"#$!%&!.*(''$-40)!



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!<N

&&&&&-jgk&J&&&&&&&&&&&&&&-jMKk&J&&&&&&&&&-jGkk&J&&&&&&&&&-j]gk&J&&&&&&&&

MHH&^>

[*%<)*J(*&J0>P+%&&&&&&&&/9&&&&&A%0++(T%7&+0T%*
MHH&^>

'"#$!%&!.*(''$-40)!1!W,&*A42*09!



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!<?

!j&]"f

! $190>%;,J&0;7&P(*%&J1i%&<0;&?%&P*%71<,%7&

@P%<141<&J)*40<%&
@&!g"&MHk&>mn>]

%&'()*+"')*',-&'./*&'0,*)1&'
23'456778'9:;;<9:39

[(*(J1,T&o&0,p&F1&
1;&,=%&P*%<)*J(*&

X$(2!2$A&D$'$)-!

&&&

:%;+ &&!(+%
<7
=7
>7

MH&^>



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!H=

AA&&&&

&&&&&&&&&

&&&&&&&&&

&&&&&&&&&

&&&&&&&&&

GH&^>         
                             
                             
                             
                             
     

T_i2D$#B.!!

k&^>            
                             
                             
                             
                             
  

a_i2D$#B.!!

iDD

gDD

Q(A/('!.*(''$-40)!F$A!H!240



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!H>

!!!!!!!!

!!!!!!!!

!!!!!!!!

B.!A'm+'52

a_i2D$#K'!!!!!!!!!

&Y')/A%4'P2!
*$%()H,$-%*',(

!!!!!!!!

!!!!!!!!

!!!!!!!!

!!!!!!!!

!!!!!!!!

B.!A'm+'52!

T_i2D$#K'!!!!     

&Y'HH+)'P2!
*$%()H,$-%*',(

YA(40!F$A2(/$0!2*#D(04+2



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!H<

MA(-!9$2$)A(&D-!E!*,(2&'*+P!O%#/'*!.(2()*

j!Y%-%.2!'(!B2*%A)!G*+5'25!U&!L'.0#$2),A+*',(!'(!)'*+!Q,-,.$%/0&!#!fGZis!XYRS

MZ&R%*>1;0,1(;
GZ&R*(8,=
]Z&!(0+%J<%;<%nP%*<(+0,1(;

v!U$+*%A!H%'A+$2

w



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!HH

j!fGZis!,A5!XY``s!(,1!XYRcg

Z$4.+![%#'*(/$0!1!\4)D9!A*+$'%/$0!1!J'



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!HI

K%(,!*,-,!F%A+-'('+-!R`__I

R__!x-

Z$4.+![%#'*(/$0!1!\4)D9!A*+$'%/$0!1!J'



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!H8

YA$]9D!E!+9A(40!^$]!(0.!+D(&*!*U$'%/$0



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!H:

YA$]9D!E!+9A(40!^$]!(0.!+D(&*!*U$'%/$0



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!HL

kHH&>1<*(;J

&,%;J1+%&,%J,&

81,=&7%&#$jMHc]&JcM
,%;J1+%&,%J,&

81,=&7%&#$jMHc]&JcM

*U$'%/$0!$F!9D*!(#5%4+4/$0!/2*

j!\!-'(+*2) j!`_!)24

j!fGZi!XYR\

j!G[G!Q,-4%*

j!Rc!)24 j!_s_\!)24



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!HN

X(4''%A*!E!X(+9!9$2$

j!G[Gs!Q,-D%*
j!*$%4*',(!'(!)'*+!!XKG@#B@QfXG

! U(,0,1(;#O&MHdi
! :<_)1J1,1(;#O&qMHSdi
! GH&I(+)>%JnJ
! MGJ&(4&0<_)1J1,1(;
Y<T<+1<&?)44%*Z



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!H?

X(4''%A*!E!X(+9!9$2$

j!@4m+')'*',(!!`_!LW

j!$2%A!*'-2!RR)

j!1'*0!Z!B,E),

j!G[G!Q,-4%*



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!I=

X(4''%A*!E!X(+9!9$2$

`__!P,A+-2)

`__!P,A+-2)



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!I>

X(4''%A*!E!X(+9!9$2$

j!`_!LW!"#$%&!*,-,.$%/0&!5+$'(.!%(!'(!)'*+!*2()'A2!*2)*s!fC!B%'$2!y!DC![2!g,+$A,*!y!dC!@5$'2(!y!@C!
B,$*2()2(!y!ZC!B,E),s!Xdi!F`_RcI



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!I<

! .,'/('",,0+-'.,/(12%3'4.3567

! T$+9!F$(2!#(+/0)!&A$#*++

! 8&09&:;+'0<#9(="#0>'">?'*0-:''';&?%*#0>

T6X!(9!_2$.*A(9'-`!D4)D!9*2&*A(9%A*



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!IH

T6X!(9!_2$.*A(9'-`!D4)D!9*2&*A(9%A*



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!II

a(9*A4('!24#A$+9A%#9%A*

j!D,AAC!KC!['-,5'(!fCDC!['AA2

! V,$2)



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!I8

a(9*A4('!24#A$+9A%#9%A*
! V,$2)
! D+//2$!/0%)2!#!@A

`
D+



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!I:

a(9*A4('!24#A$+9A%#9%A*
! V,$2)
! D+//2$!/0%)2!#!@A

`
D+

! X$,(!'(*2$-2*%AA'4)



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!IL

! @A;&&'?(9&>-(0>",'9(*;0-:;%*:%;&B

a(9*A4('!24#A$+9A%#9%A*
! V,$2)
! D+//2$!/0%)2!#!@A

`
D+

! X$,(!'(*2$-2*%AA'4)
! f+*24*'4!G'



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!IN

@0>P+%

D%;J1+%&+(07

B)*;0<%

=$*!>$2+!%

!D&@<0;J &&&&U
r
&j&H-M &&&s&j&H-M&di

oooB
(
*<
%

D1>%

U%+0V0,1(;

$///

o ooooooo o

! .@UB&EAML

! ]k&t%N

! N(V%+&J1i%+&j&G-fk&^>

! @<0;&7)*0,1(;&j&gk&J"

! [!X&<0>%*0

! @P"nA%,%<,(*&71J,0;<%&j&GHH&
>>

! D%>P%*0,)*%&*0;9%&)P&,(&&&&&&&
&&&&&&&&&&&&&&&&GkHb!

W,&*A42*09('

j!GC!Y2W24,*!2*!%AC!G4$'/*%!B%*2$C!`_Rc



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!I?

W,&*A42*09('

j!D,AAC!@C!N,)*2$!FfKBVI



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!8=

'

O(2()*!2*#D(04+2+



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!8>

! &D%>P%*0,)*%&O&GkHb!
! &!=0?(<=%&+08
! &$1;%0*&%+0J,1<1,T
! &F(;&+1;%0*&S1;%>0,1<&
=0*7%;1;9

&&&&&Y1;<+)71;9&*%<(I%*TZ
! &F(*,(;&4+(8
20,,CDCE"%;&,'4FGEH7'!C/=9+:I"'4H/.7

a$.*''40)



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!8<

J>&,"-#*'-:;"(>'">?'-:;&--':;("K(",(:+'
S.Dezecot et al. Acta Mater. 2017

a$.*''40)



@3240(4A*!"#$%&'()*+!$,-.(/$0123#(045%*"!B!6$2&47)0*!'*+!8!*9!:!;%40!<=>?!1!!8H

L0*",'<;0M&-'

!Cracks initiate at large strain heterogeneities  → experimental values?
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!Multiscale strategy:
! Scale “n”: a macrovoxel = average of 2nx2nx2n voxels
! Scales 4 to 3: homogeneous transformations
! Scales 2 to 0: local transformation
! Regularization: median filter

YADICS (http://yadics.univ-lille1.fr/wordpress/) Dahdah et al. Strain (2016)  
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