
!"#$%&'()*%(#$'+,-%./0)1,+2"#)340)5'-#.)673896:4;0)<44=

!!!"#!!$%&!'&((()*(+,"-!'.!!&/0123(!.)("4&56.)!!'.(4),3 33333(+,"

!"#$%&'(#!%"
789:;<3=956>?:@A3B?CA;:;D;<3?C<3?=3;E<36?A;39<659F5>G<3=?96A3

?=3:C?9H5C:B3A<G=#5AA<6>G83=?DC@3:C3C5;D9<.30E=DI:35C@3J:BF59@3
K)!!'L3@<!3C<@3;E<3;<M;D9<3:C3;<96A3?=3;E9<<3AN<B:!3B35;;9:>D;<A23K(L3
ANE<9?:@5G3;?3AD>#ANE<9?:@5G36:B9?AB?N:B3BGDA;<9A3KDN3;?3)'!3μ6L3
?=3K)L3(!"3;?3(!+3@:AB9<;<36:B9?B98A;5GA3?=3N89:;<3KO<P)LQ35C@3K"L3
RE:BE359<3>5A:B5GG835GG3<SD5C;Q3<SD:@:6<CA:?C5GQ35C@3<SD:6?9NE:B3
KO:H.3(L.3O956>?:@5G3N89:;<3:A3D>:SD:;?DA3:C3T59:?DA3H<?G?H:B5G3
<CT:9?C6<C;AQ3ADBE35A35CB:<C;3A<@:6<C;59839?BFA3?=3U9BE5<5C3
5H<3K<.H.Q3V5GG>5D<93(,4+LQ39<B<C;3659:C<35C@3G5BDA;9:C<3DCB?C#
A?G:@5;<@3A<@:6<C;A3K<.H.Q3PR<<C<835C@3W5NG5C3(,X"Y37<99835C@3
7<@<9A<C3(,,"LQ35C?M:B3R5;<93B?GD6CA3K<.H.Q3J?AA35C@3/<H<CA3
(,X$Y3ZD956?;?3 <;3 5G.3 (,,(Y3[:GF:C3 5C@3\59C<A3 (,,XY3PD:;A3
5C@3[:GF:C3 (,,4LQ3 E8@9?;E<965G3 ?9<3 @<N?A:;A3 K<.H.Q3W5C<E:953
5C@3\5BE:CAF:3(,+XY30A;R5G@35C@3]CHG5C@3(,XXY3]CHG5C@35C@3
0A;R5G@3(,,"LQ35C@3T?GB5C:B39?BFA3K^?T<35C@3U6A;D;_3(,+,L.3
P:6:G593=956>?:@#G:F<35HH9<H5;<A3?=36:B9?B98A;5GG:C<3N89:;<3E5T<3
><<C3N9?@DB<@3<MN<9:6<C;5GG83K<.H.Q3PR<<C<835C@3W5NG5C3(,X"Y3
`95E5635C@30E6?;?3(,,$Y3[:GF:C35C@3\59C<A3(,,+Y3\D;G<935C@3
J:BF59@3)!!!5Y30E=DI:3)!!$Y30E=DI:35C@3J:BF59@3)!!'L.
789:;<3=956>?:@A3@:ANG583;R?3B?C;95A;:CH3:C;<9C5G3A;9DB;D9<A3

65@<3DN3?=3B?CA;:;D<C;36:B9?B98A;5GA23K(L35C3?9@<9<@3A;9DB;D9<3
KO:HA.3 (53 5C@3(>L3 B?6N?A<@3?=3 ;E<36:B9?B98A;5GA3 ;E5;3 59<3 59#
95CH<@3:C;?35C35G6?A;3DC:=?9636?9NE?G?H:B5G35995835C@3K)L353

@:A?9@<9<@3A;9DB;D9<3KO:H.3(BL3R:;E3C?3?>T:?DA3:C;<9C5G3?9@<9:CH.3
1C3 ;R?#@:6<CA:?C5G3 K)/L3 =956>?:@3 A<B;:?CAQ3 ;E<36:B9?B98A;5G3
?9@<9:CHA359<3DAD5GG83?>A<9T<@35A3BD>:B35C@3E<M5H?C5G3N5;;<9CA3
K^?T<35C@3U6A;D;_3(,++Y3W5GG:?F?AF:35C@3a5;EG<A3(,+,Y3J:BF#
59@3(,X!Y30E=DI:35C@3UF5:3)!!)L35C@35A3N595GG<G3G:C<593N5;;<9CA3
K^?T<35C@3U6A;D;_3(,++Y30E=DI:3)!!$L3:C3RE:BE3;E<3:C@:T:@D5G3
6:B9?B98A;5GA3E5T<3;E<3A56<3?93T<983A:6:G5936?9NE?G?H:B5G3?9:<C#
;5;:?CA3KO:H.3(5L.3bE<3;E9<<#@:6<CA:?C5G3K"/L359BE:;<B;D9<3?=3;E<3
9<HDG5936:B9?B98A;5G35995CH<6<C;A3E5A3><<C3@<6?CA;95;<@3=9?63
;E<36?9NE?G?H:B5G3N?:C;3?=3T:<R35A3<:;E<93K(L3BD>:B3BG?A<3N5BF:CH3
KBBNL3?93K)L3:B?A5E<@95G3N5BF:CH3K0E=DI:35C@3UF5:3)!!)L.31C;<9<A;#
:CHG8Q3;E<A<3;R?3N5BF:CH3A;9DB;D9<A359<3B?66?CG83?>A<9T<@3:C3
A8C;E<;:B3C5C?#AB5G<@36<;5G3BGDA;<9A3?=3UDQ3UHQ35C@37;3N59;:BG<A3
KPN:<H<G65CC35C@37?;<5D3(,,)Y3^D35C@3b5C5F53(,,XY3c5B565C3
<;35G.3)!!(LQ3RE:BE3B?CA:A;3?=3@<CA<G83N5BF<@35;?6A.
U365I?9Q35C@3E:;E<9;?3DC5CAR<9<@Q3SD<A;:?C3:A3RE5;3=956>?:@A3

K<AN<B:5GG83 E:HEG83?9@<9<@3 =956>?:@AL3 5B;D5GG83 59<3 :C3 B98A;5G#
G?H95NE:B3 ?9365;<9:5GA3 AB:<CB<3 ;<96A.3bE<9<3 59<3 C?3ND>G:AE<@3
A;D@:<A3?C3;E<3B98A;5GG?H95NE83?=3=956>?:@A.3\D;G<93K(,,$LQ3:C3
5C3 DCND>G:AE<@37E./.3 A;D@8Q3 9<N?9;<@3 ;E<3 9<ADG;A3 ?=3 53 A:CHG<3
B98A;5G3%#9583 @:==95B;:?C3 K%J/L3 :CT<A;:H5;:?C3 ?=3 =956>?:@A.3
V<39<N?9;<@3AE59N3N?R@<93%J/3N5;;<9CA3=9?63:C@:T:@D5G3N89:;<3
=956>?:@A3=9?63;E<3J566<GA><9H3@<N?A:;.3bE<3:6N?9;5C;39<ADG;3
=9?63\D;G<9!A3R?9F3R5A3;E5;3<T<C3=956>?:@A3@:ANG58:CH3R<GG#
@<!3C<@3:C;<9C5G36:B9?B98A;5G3?9H5C:_5;:?C3KBBN3A;9DB;D9<L3R<9<3
C?;3A:6NG<3A:CHG<3B98A;5GA3:C3%J/3;<96A.3bE:A3R5A3B?C!396<@3>83
539<B<C;3A:CHG<#B98A;5G3%J/3A;D@83?=3N89:;<3=956>?:@A3K0E=DI:3
)!!$L.3\?;E3\D;G<93 K(,,$L3 5C@30E=DI:3 K)!!$L3 B?CBGD@<@3 ;E5;3

d79<A<C;3 5@@9<AA23 `<?@8C56:BA3 J<A<59BE3 a<C;<9Q3 ]E:6<3
eC:T<9A:;8Q3Z5;AD85653 X,!#4'XXQ3 ]E:6<Q3 f5N5C.3 ]#65:G23
?E=DI:gAB:.<E:6<#D.5B.IN

)*+,-*,+./01/1+23405627/89+5*.:/;</.7.-*+0</42-=>-2**.+/6511+2-*50</>*,69

?!$%;@!/%?A'B!CDCE/;F;"/GH/I%JFKCL/&;M!&/BH/G$!%$CL ;"&/&;M!&/$!(@;$&D

(PBE??G3?=3]59;EQ30B<5CQ35C@37G5C<;5983PB:<CB<AQ3a59@:==3eC:T<9A:;8Q3759F37G5B<Q3a59@:==3aO(!3"c]Q3e.W.
)/<N59;6<C;3?=3]59;E3PB:<CB<AQ3eC:T<9A:;83?=3^:T<9N??GQ3^:T<9N??G3^+,3"`7Q3e.W.

;I)#$;(#
bE<3@<;5:G<@3B98A;5GG?H95NE83?=3C5;D95G3N89:;<3=956>?:@A3E5A3><<C3@<;<96:C<@3=?93;E<3!39A;3;:6<3DA:CH3

<G<B;9?C3>5BFAB5;;<93@:==95B;:?C3;<BEC:SD<A.3bE<3B98A;5GG?H95NE:B3?9@<9:CH3?=36:B9?B98A;5GA3B?99<G5;<A3
N?A:;:T<G83R:;E36?9NE?G?H:B5G3?9@<9:CHY3;E<3B98A;5GG?H95NE:B3?9:<C;5;:?CA359<395C@?63:C36?9NE?G?H:B5GG83
@:A?9@<9<@3=956>?:@A35C@359<35G6?A;3?9@<9<@3:C36?9NE?G?H:B5GG83?9@<9<@3=956>?:@A.3Z?9NE?G?H:B5GG83
?9@<9<@3=956>?:@A3:CT?GT<3;R?3;8N<A3?=3A8A;<65;:B36:A?9:<C;5;:?CA35B9?AA3;E<36:B9?B98A;5G3>?DC@59#
:<A23G?R#5CHG<3KB5.3h)!iL35C@3E:HE#5CHG<3KB5.3X!*,!iL36:A?9:<C;5;:?CA.3bE<3G?R#5CHG<36:A?9:<C;5;:?C3
N9?>5>G839<"3<B;A3AG:HE;3NE8A:B5G36:A5G:HC6<C;3?=36:B9?B98A;5GA3:C3;E<3N5BF:CH3A;9DB;D9<Q3RE<9<5A3;E<3
E:HE#5CHG<36:A?9:<C;5;:?C3:A3B?CA:@<9<@3;?39<ADG;3=9?63;E<3@:BE?;?683?=3;E<3N89:;<36:B9?B98A;5GA3E5T:CH3
=?D9=?G@36?9NE?G?H:B5G3A866<;983>D;3?CG83;R?=?G@3B98A;5GG?H95NE:B3A866<;9835>?D;3h(!!j.3bEDAQ3
;E<3B98A;5GG?H95NE:B3?9:<C;5;:?C3?=36:B9?B98A;5GA3:A3C?;3DC:=?96Q3<T<C3:C3E:HEG83?9@<9<@3=956>?:@A.3
bE:A3ADHH<A;A3;E5;3;E<3A<G=#?9H5C:_5;:?C3?=36:B9?B98A;5GA3:C3N89:;<3=956>?:@A3:A3C?;3B98A;5GG?H95NE:B5GG83
B?C;9?GG<@Q3=?93<M56NG<3>83A<SD<C;:5G39<NG:B5;:?C3?=3<M:A;:CH36:B9?B98A;5GAQ3A:CB<3;E:A3R?DG@3C?;39<ADG;3
:C3E:HE3G5;;:B<36:A?9:<C;5;:?C35CHG<A3><;R<<C35@I5B<C;36:B9?B98A;5GA.379<AD65>G8Q3;E<3A<G=#?9H5C:_5;:?C3
N9?B<AA3:A353B?CA<SD<CB<3?=3;E<35HH9<H5;:?C3?=36DG;:NG<3<SD:@:6<CA:?C5G35C@3<SD:6?9NE:B36:B9?B98A#
;5GA3;E5;3E5T<3CDBG<5;<@3:C353!3M<@3T?GD6<.3[<3ADHH<A;3;E5;3;E<39<HDG5935995CH<6<C;3?=36:B9?B98A;5GA3
?BBD9A3>83;E<3NE8A:B5G39?;5;:?C3K9<?9:<C;5;:?CL3?=3:C@:T:@D5G36:B9?B98A;5GAQ3@9:T<C3>83;E<39<@DB;:?C3:C3
AD9=5B<3=9<<3<C<9H83><;R<<C3C<:HE>?9A.



0VOef13]b3U^.23PbJeabeJ]30O3OJUZ\01/U^37cJ1b]23Uk3]\P/3Pbe/c(+,$

;E<3=956>?:@3A;9DB;D9<3R5A3B?6N?A<@3?=3A<T<95G3A:CHG<3B98A;5G3
@?65:CA3B?6N?A<@3?=36DG;:NG<A3?=36:B9?B98A;5GA35GG3N?AA<AA:CH3
;E<3A56<3B98A;5GG?H95NE:B3?9:<C;5;:?C.3V?R<T<9Q36?9<3@<;5:G<@3
B98A;5GG?H95NE:B3:C=?965;:?C3B5CC?;3><3?>;5:C<@3>83%J/.
bE:A3N5N<939<N?9;A3?C35C3:CT<A;:H5;:?C35:6<@35;3@<;<96:C:CH3

;E<3B98A;5GG?H95NE:B3C5;D9<3?=3 =956>?:@A.3J<B<C;G8Q3 ;E<3P]Z#
>5A<@3<G<B;9?C3>5BFAB5;;<93@:==95B;:?C3K]\P/L3;<BEC:SD<3E5A3><<C3
R:@<G839<B?HC:_<@35A353N?R<9=DG3;??G3=?93:CT<A;:H5;:CH36:B9?#
A;9DB;D9<A3:C3H<?G?H:B5G365;<9:5GA3K<.H.Q379:?93<;35G.3(,,,L.31;35GG?RA3
5BSD:A:;:?C3?=35BBD95;<3B98A;5GG?H95NE:B3?9:<C;5;:?C3:C=?965;:?C3
=9?635C359<53;E5;3:A3C?;36DBE3G59H<93;E5C3;E<3<G<B;9?C3N9?><3A:_<3
K:.<.Q353=<R3;<CA3?=3C5C?6<;<9AL3?C3N?G:AE<@3AN<B:6<C3AD9=5B<A3
K79:?93<;35G.3(,,,Q3)!!)Y3PN:<AA3<;35G.3)!!(L.3bE<3]\P/3;<BEC:SD<Q3
B?DNG<@3;?3?9:<C;5;:?C3B?C;95A;3K0aL3:65H:CH3:C3;E<3P]ZQ3E5A3
><<C3@<6?CA;95;<@3;?3><3DA<=DG3=?93:@<C;:=8:CH3<T:@<CB<3?=3NG5A;:B3
@<=?965;:?C3:C3N89:;<3N?9NE89?>G5A;A3K\?8G<3<;35G.3(,,4Y379:?93<;3
5G.3(,,,L35C@36:B9?#AB5G<3;<M;D9<A35C@3A;9DB;D9<A3:C3N?G8B98A;5G#
G:C<3N89:;<Q3ADBE35A3B?GG?=?9635C@3AN?CH835HH9<H5;<A3KO9<:;5H3
<;35G.3)!!$L.31C3;E<3N9<A<C;3A;D@83;E<A<3;<BEC:SD<A3R<9<3D;:G:_<@3
=?93;E<3!39A;3;:6<3;?3@<;<96:C<3;E<3B98A;5GG?H95NE83?=3=956>?:@A.3
[<3DA<@3A56NG<A3=9?63;E<3/<T?C:5C3aE5;;5C??H53AE5G<Q3RE:BE3
B?C;5:CA3<MB<N;:?C5GG83E:HEG83?9@<9<@3KBBNL3=956>?:@A.3bE<39<#
ADG;A3E5T<3:6N?9;5C;3:6NG:B5;:?CA3=?93DC@<9A;5C@:CH3E?R3;E<A<3
:C?9H5C:B5GG83A<G=#?9H5C:_<@3C5;D95G365;<9:5GA3=?96.

KNGK$!OK"#;F G$%(K&'$K)
UGG3=956>?:@A3<M56:C<@3:C3;E:A3A;D@8359<3=9?63;E<3aE5;;5C??H53AE5G<Q3RE:BE3

:A353;E:C3<N:B?C;:C<C;5G3K@<<N3R5;<9L3>G5BF3AE5G<3A<SD<CB<3?=3G5;<3/<T?C:5C35H<Q3
<M;<C@:CH3?T<93T5A;359<5A3?=3;E<3k?9;E3U6<9:B5C3B95;?C3K<.H.Q3@<3[:;;3<;35G.3(,,"L.3
bE<3AE5G<3B?C;5:CA3A?6<3?=3;E<3><A;3?9H5C:_<@3KBBNL3N89:;<3=956>?:@A3FC?RC3K6?A;G83
h('3μ63:C3@:56<;<9Y3O:HA.3(535C@3(>L3K^?T<35C@3U6A;D;_3(,++Y3\D;G<93(,,$Y30E=DI:3
)!!$L.3bE<3AE5G<3AN<B:6<CA3R<9<3B?GG<B;<@3=9?63"44,3F63kQ3+''3F63]Q3ebZ3_?C<3
(+PQ3J?D;<3)XQ35NN9?M:65;<G83,3F63C?9;E3?=3aE5;;5C??H5Q3b<CC<AA<<Q3e.P.U.3bE<3
AN<B:6<CA3R<9<3BD;3:C;?3A65GG3>G?BFA35B9?AA3;E<3><@@:CH3NG5C<AY3N?G:AE<@3;E:C3A<B#
;:?CA3K(!!3μ63:C3;E:BFC<AAL3R<9<365@<3DA:CH3B?CT<C;:?C5G36<;E?@A.3bE<3A<B;:?CA3
R<9<3N?G:AE<@353!3C5G3;:6<3DA:CH3Pcb0k3"3D:@3;?39<6?T<3;E<36<BE5C:B5G3@565H<3
H<C<95;<@3@D9:CH3;E<36<BE5C:B5G3N?G:AE:CH3N9?B<AA3KO8CC35C@37?R<GG3(,X,Y379:?93
<;35G.3(,,+L.3U3N9<G:6:C59835C5G8A:A3?=3?C<3?=3;E<3N?G:AE<@3A<B;:?CA3R:;E353T<983;E:C3
B59>?C3B?5;:CH3<CB?DC;<9<@353A<9:?DA3BE59H:CH3N9?>G<63@D<3;?3;E<3N?9?DA3;<M;D9<3?=3
;E<3AE5G<365;9:MQ3RE:BE3B?CA:A;A365:CG83?=35CE<@95G3SD59;_35C@3!3C<3BG5836:C<95GAQ3
ADBE35A3:GG:;<.3b?3A?GT<3;E:A3N9?>G<6Q3;E<3AN<B:6<CA3R<9<3B?5;<@3R:;E3H?G@#N5GG5#
@:D6Q39<#N?G:AE<@3>83Pcb0k3;?39<6?T<3;E<3B?5;:CH3?C3;E<3N?G:AE<@3AD9=5B<3G58<93
K>D;3G<5T:CH3;E<3B5T:;:<A3A;:GG3B?5;<@3R:;E3H?G@#N5GG5@:D6L35C@3;E<C3R<9<3B?5;<@3
5H5:C3R:;E353T<983;E:C3B59>?C3G58<9.3bE:A3N9?B<AA3R5A3=?DC@3;?39<@DB<3;E<3BE59H:CH3
N9?>G<63A:HC:!3B5C;G835C@35GA?3N9?T:@<@3BG<593@:==95B;:?C3N5;;<9CA.

]\P/35C5G8A:A3R5A3N<9=?96<@3DA:CH353a56PB5C3%'!!3B98A;5G3N9?><3P]Z3
<SD:NN<@3R:;E353;E<96:?C:B3!3<G@3<6:AA:?C3HDC35;3;E<3eC:T<9A:;83?=3^:T<9N??G.3UC3
5BB<G<95;:CH3T?G;5H<3?=3)!3FlQ353><563BD99<C;3?=3)!3CUQ35C@353R?9F:CH3@:A;5CB<3?=3
B5.3)+3663R<9<3DA<@.3bE<3AN<B:6<C3G:<A3E?9:_?C;5GG83:C3;E<3P]Z35C@3;E<3<G<B;9?C3
HDC3:A3:CBG:C<@35;3)!i.3]\P/3N5;;<9CA3R<9<3B?GG<B;<@3=9?639<B;5CHDG593H9:@359<5A3
5;3539<HDG593H9:@3AN5B:CH3?=3><;R<<C3'!3;?3(!!3C6Q3@<N<C@:CH3?C3;E<3A:_<3?=3;E<3
=956>?:@A35C@3;E<3B?CA;:;D<C;36:B9?B98A;5GA.3U;3<5BE35C5G8_<@3N:M<GQ353@:==95B;:?C3
N5;;<9C3R5A35BSD:9<@35C@3W:FDBE:3>5C@A3R<9<3@<;<B;<@35C@3:C@<M<@35D;?65;:B5GG83
DA:CH3aE5CC<G3'.!3A?=;R59<3=9?63VW^3P?=;R59<.3a98A;5GG?H95NE:B3:C@<M:CH3R5A3
B?C@DB;<@3?CG83:=36?9<3;E5C3<:HE;3@<;<B;<@3W:FDBE:3>5C@A3B?99<AN?C@<@3R:;E3;E?A<3
B?C;5:C<@3:C3;E<3A;5C@59@39<"3<B;?93!3G<3=?9353N89:;<3B98A;5G.31C@<M<@3N?:C;A3R<9<3A5T<@3
;?353!3G<35C@3NG?;;<@3?C35C3]DG<9#5CHG<365N3RE:BE3DA<A3J`\3KJ<@Q3̀ 9<<CQ3\GD<L3B?G?93
:C;<CA:;83;?39<N9<A<C;3;E<3]DG<9#5CHG<3AN5B<3Kϕ(Q3ΦQ3ϕ)Q39<N9<A<C;:CH3B98A;5GG?H95NE:B3
?9:<C;5;:?CAL.3J<N<;:;:?C3?=3;E:A35C5G8;:B5G3N9?B<AA3N9?T:@<@353B?G?93?9:<C;5;:?C365N3
=9?63<5BE3A<G<B;<@3H9:@359<5.3b8N:B5GG8Q35>?D;3=?D93N?:C;A3R<9<35C5G8_<@3N<93A<B?C@.3
P<<379:?93<;35G.3K)!!)L3=?93=DGG3@<;5:GA3?=3;E<3@5;53B?GG<B;:?C36<;E?@A.

bE<3B?GG<B;<@365N3@5;53R<9<3N9?B<AA<@3DA:CH3;??GA3:C3;E<3bUk`03B?6N?C<C;3
?=3;E<3aVUkk]^3'.!3A?=;R59<35A3=?GG?RA23K(L353C?:A<#9<@DB;:?C3!3G;<93R5A35NNG:<@3
;?3 9<6?T<3 A:CHG<3R:G@3 AN:F<AY3 K)L3 <M;95N?G5;:?C3R5A3DA<@3 ;?3 9<>D:G@3 H95:CA3 =?93
RE:BE3?CG83N59;:5G3@5;53R<9<3ADBB<AA=DGG83B?GG<B;<@Y3K"L3A8A;<65;:B36:A:C@<M:CH3

!"#$

%"#$

!"#$

&

'

(

A!P'$K/DH3\5BFAB5;;<9<@3 <G<B;9?C3 :65H<A3 ?=3 ;8N:B5G3 9<HDG593 5C@3
C?C#9<HDG5936:B9?B98A;5G3?9H5C:_5;:?C3?>A<9T<@3:C3)/3A<B;:?CA3?=3N89:;<3
=956>?:@A3=9?63;E<3aE5;;5C??H53AE5G<.3K2L3V<M5H?C5G35995CH<6<C;365@<3
DN3 ?=3 BD>?#?B;5E<@95G36:B9?B98A;5GAQ3 5GG3 ?=3RE:BE3 AE59<3 53 B?66?C3
6?9NE?G?H:B5G3 ?9:<C;5;:?C.3 K4L3V<M5H?C5G3 5995CH<6<C;A3 B?6N?A<@3
?=3 ?B;5E<@95G36:B9?B98A;5GA3 KR:;E3 AG:HE;3 m(!!n3 ;9DCB5;:?CL.3k?;<3 ;E5;3
;E<36?9NE?G?H:B5G3 ?9:<C;5;:?CA3?=3 ;E<36:B9?B98A;5GA3 59<3 C?;3 N<9=<B;G83
DC:=?96Y3A?6<359<36?9<3?93G<AA36:A?9:<C;<@3=9?63;E<3?9:<C;5;:?C3;?3RE:BE3
;E<365I?9:;83><G?CH.3 K-L3/:A?9@<9<@3 A;9DB;D9<3B?6N?A<@3?=3 95C@?6G83
5HH9<H5;<@3?B;5E<@95G36:B9?B98A;5GA.



0VOef13]b3U^.23PbJeabeJ]30O3OJUZ\01/U^37cJ1b]23Uk3]\P/3Pbe/c (+,'

R5A39<6?T<@.3bE<3!39A;35C@3A<B?C@3N9?B<AA<A3R<9<3N9<T:?DAG83@<AB9:><@3:C3@<;5:G3
>8379:?93<;35G.3K)!!)L.3bE<3;E:9@3N9?B<AA3:A3C<<@<@3;?3B?99<B;3536:A:C@<M:CH3<99?93
;E5;3B5C3?BBD93R:;E3N89:;<.3UG;E?DHE3N89:;<3<ME:>:;A3;R?=?G@3A866<;983:C3:;A3o(!!p3
@:9<B;:?CAQ3:;35GA?3<ME:>:;A3=?D9=?G@3NA<D@?#A866<;98.3bE:A36<5CA3;E5;3;E<3]\P/3
N5;;<9CA3=?93;R?3N89:;<3B98A;5GA35;3,!i3;?3<5BE3?;E<93E5T<3;E<365I?9:;83?=3W:FDBE:3
>5C@A3:C3B?66?C3K@D<3;?3;E<3=?D9=?G@3NA<D@?#A866<;98LQ35C@3=<R3;E5;3@:==<935C@3
@<!3C<3;E<3;9D<3;R?=?G@3A866<;98.3bR?3ADBE3N5;;<9CA3=9?635@I5B<C;3N89:;<36:B9?B98A#
;5GA359<3AE?RC3:C3O:HD9<3).3Z?A;3W:FDBE:3>5C@A359<3;E<3A56<Q3>D;3A?6<3K599?R<@L3
59<3@:==<9<C;.3bE<3B98A;5GG?H95NE:B3A:HC:!3B5CB<3?=3;E<3@:==<9<CB<A3:A3AD6659:_<@3
>83;E<3Z:GG<931C@<M3G5><GA.3/D9:CH35C83<MN<9:6<C;Q35C3]\P/3N5;;<9C3:A3B?GG<B;<@3

5C@3:65H<35C5G8A:A3A?=;R59<3:A3DA<@3;?3BE??A<3;E<3><A;3<:HE;3>5C@A3:C3;E<3N5;;<9C.3
1=3;E<3<:HE;3>5C@A3@?3C?;3:CBGD@<35C83?=3;E<3>5C@A3@:5HC?A;:B3?=3;E<3;R?=?G@3h(!!j3
A866<;983;E<C3;E<9<3:A3;E<3N?AA:>:G:;83?=353A8A;<65;:B36:A:C@<M:CH3:C3RE:BE3;E<3
A?GD;:?C3:A39?;5;<@3,!i3=9?63;E<3B?99<B;3A?GD;:?C.3b8N:B5GG83ADBE36:A:C@<M<@3@5;53
5BB?DC;3=?93?CG8353A65GG36:C?9:;83K><B5DA<3;E<3<:HE;3>5C@A3DAD5GG83:CBGD@<35;3G<5A;3
?C<3?=3;E<3B9:;:B5G3>5C@AL.3bE<83?=;<C3?BBD935A3A65GG3@?65:CA35;3;E<3<@H<3?93R:;E:C3
53G59H<9359<53R:;E3B?99<B;3T5GD<AQ35A3R:GG3><3@:ABDAA<@3G5;<9.3bE<3bUk`03A?=;R59<3
N9?T:@<A353R583;?3=?939<B?HC:_<35C@3B?99<B;3ADBE3<99?9A.

$K)'F#)

%+5.<*2*50</-0<*+2>*/532Q5<Q
1C3R<GG#N?G:AE<@3=956>?:@3A<B;:?CAQ3;E<3:C@:T:@D5G36:B9?B98A#

;5GA3R<9<3>5A:B5GG83:@<C;:!3<@35A3@:AB9<;<3H95:CA3:C3>?;E3A<B?C@5983
<G<B;9?C3KP]L35C@3>5BFAB5;;<9<@3<G<B;9?C3K\P]L3:65H<A3KO:H.3"5L.3
bE<83R<9<39<B?HC:_<@36?9<3BG<59G83:C3?9:<C;5;:?C3B?C;95A;3K0aL3
:65H<A3DA:CH3=?9<AB5;;<93@<;<B;?9A3KO:H.3">L.3`958#AB5G<30a3:A3
H<C<95;<@3>83;E<3@:==<9<CB<3:C3\P]3A:HC5G3:C;<CA:;8Q3RE:BE3T59:<A3
R:;E3B98A;5GG?H95NE:B3?9:<C;5;:?C3Kf?83(,X$Y3^G?8@3(,4XY3/583
(,,"Y379:?93<;35G.3(,,+L.3bEDAQ3 ;E<3T59:5;:?C3:C3 ;E<30a3?=3 ;E<3
:C@:T:@D5G36:B9?B98A;5GA3KO:H.3">L3ADHH<A;A3;E5;3;E<:93B98A;5GG?#

101

201

1-12

102

112

103

10-1

21-1

10-2

20-1
30-1

2-1-1

A!P'$K/LH3bR?3]\P/3N5;;<9CA3R:;E353,!i36:A?9:<C;5;:?C39<G5;:?CAE:N3
K9?;5;:?C359?DC@3o!(!p35M:AL.3k?;<3;E5;35G;E?DHE3>?;E3N5;;<9CA359<3T<983
A:6:G59Q3;E<3@:A;9:>D;:?CA3?=353=<R3W:FDBE:3>5C@A35A3:C@:B5;<@3>83599?RA3
59<3BG<59G83@:==<9<C;3:C3<5BE3N5;;<9C.31=3?C<3?=3;E<A<3>5C@A3:A3N:BF<@3>83;E<3
A?=;R59<35C@3DA<@3=?935D;?65;:B3:C@<M:CHQ3;E<3B98A;5GG?H95NE:B3?9:<C;5;:?C3
AE?DG@3><3@<;<96:C<@3B?99<B;G8.3bE<3N5;;<9CA3R<9<3B?GG<B;<@365CD5GG83
=9?63;R?35@I5B<C;36:B9?B98A;5GA3:C35C3?9@<9<@3N89:;<3=956>?:@.3bE<3>GD<3
B9?AA3:A3;E<3qN5;;<9C3B<C;9<r3DA<@3>83;E<3aE5CC<G3'.!3A?=;R59<.

10 µm

Sp

Sp

FPy

FPy
FPy

Mrc

Mrc

Mrc

a

b

A!P'$K/RH3\5BFAB5;;<93>3B?C;95A;3K2L35C@3=?9<AB5;;<930a3K4L3:65H<A3
?=3N89:;<3=956>?:@A3KO78L3?BBD99:CH3:C353N89:;<#659B5A:;<3KZ9BL3BGD6N3
<CT<G?N<@3>8365AA:T<3ANE5G<9:;<3KPNL.31C3;E<30a3:65H<Q3;E<3H9<8#AB5G<3
B?C;95A;3 AE?RC3>83 ;E<3 =956>?:@5G36:B9?B98A;5GA3 :C@:B5;<A3 ;E5;3 ;E<:93
B98A;5GG?H95NE:B3?9:<C;5;:?CA359<3T59:5>G<3 :C3<5BE3 =956>?:@.3]DE<@95G3
659B5A:;<3B98A;5GA3AE?R353BE595B;<9:A;:B3A<B;?9<@3A;9DB;D9<.














      




   










  











        




   
  
     
   








          















∼
 








































 













 

X0

Y0

<100> <110>

n = 16390

<111>
Upper hemisphere

<111>
Lower hemisphere

X0

Y0

<100> <110>

n = 9378

<111>
Upper hemisphere

<111>
Lower hemisphere

a

d

h

b c

e f g

2 µm

2 µm

















 












Misorientation angle (degree)

R
el

at
iv

e 
fre

qu
en

cy

908580757065605550454035302520151050

0.034

0.032

0.03

0.028

0.026

0.024

0.022

0.02

0.018

0.016

0.014

0.012

0.01

0.008

0.006

0.004

0.002

0
Th

eo
re

tic
al

 R
an

do
m

Neighbor Pairs (2662 data)
Random Pairs (3000 data)

Misorientation angle (degree)

R
el

at
iv

e 
fre

qu
en

cy

Neighbor Pairs (2814 data)
Random Pairs (3000 data)

908580757065605550454035302520151050

0.034

0.032

0.03

0.028

0.026

0.024

0.022

0.02

0.018

0.016

0.014

0.012

0.01

0.008

0.006

0.004

0.002

0

Th
eo

re
tic

al
 R

an
do

m

a

b

     






10 µm

a

b
c

d e

f

g

h

a b

c d

e f

g h

n = 383

n = 4738

n = 5888

n = 2538

n = 1873

n = 2194n = 2389

n = 5357









 








   ∼  
























∼
















    



   




   





        


  
      
















        





     
























   

      
    









b

a

c

d

0 2 4 6 8 0 2 4 6 80

10

20

30

40

50

60

70

80

90

0

10

20

30

40

50

60

70

80

90

M
is

or
ie

nt
at

io
n 

(d
eg

re
e)

Distance (µm) Distance (µm)

Relative to
the first point

Relative to
the neigboursX1 X1Y1 Y1

Relative to
the first point

Relative to
the neigbours

0 2 4 6 8 0 2 4 6 8
0

10

20

30

40

50

60

70

80

90

0

10

20

30

40

50

60

70

80

90

M
is

or
ie

nt
at

io
n 

(d
eg

re
e)

Distance (µm) Distance (µm)

X3 X3Y3 Y3

Relative to
the first point

Relative to
the neigbours

0 2 4 6 0 2 4 60

10

20

30

40

50

60

70

80

90

0

10

20

30

40

50

60

70

80

90

M
is

or
ie

nt
at

io
n 

(d
eg

re
e)

Distance (µm) Distance (µm)

X2 X2Y2 Y2

X1

X3
X2

Y1

Y3

Y2











  
       






        


      














  


 






     


     

       

          














 

[111]

[011][001]

[101]

[111]

[011][001]

[101]

[111]

[011][001]

[101]

[111]

[011][001]

[101]

[111]

[011][001]

[101]

[111]

[011][001]

[101]

[111]

[011][001]

[101]

[111]

[011][001]

[101]

[111]

[011][001]

[101]

2 - 10o (444 data)

30 - 40o (141 data)

60 - 70o (268 data)

10 - 20o (614 data)

40 - 50o (134 data)

70 - 80o (454 data)

20 - 30o (171 data)

50 - 60o (141 data)

80 - 90o (447 data)

 
  
    
   


a b

(111)
(100)

(111)

      




      
      
    
   










        

     






     


       












     








      




















   














  







   





0 9045

S
ur

fa
ce

 e
ne

rg
y

Misorientation (degree)

      
  
 
   








Fe

S
a = 0.542 nm










 


       
   


      

  




      















































  

























        

    










      



















    






     
   


     
    








































      
       






















  





  












      


    


     





























