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Exploring the Stochastic Performance of Metallic Microstructures

With Multi-Scale Models

Arulmurugan Senthilnathan

(ABSTRACT)

Titanium-7%wt-Aluminum (Ti-7Al) has been of interest to the aerospace industry owing to
its good structural and thermal properties. However, extensive research is still needed to
study the structural behavior and determine the material properties of Ti-7Al. The homog-
enized macro-scale material properties are directly related to the crystallographic structure
at the micro-scale. Furthermore, microstructural uncertainties arising from experiments
and computational methods propagate on the material properties used for designing aircraft
components. Therefore, multi-scale modeling is employed to characterize the microstruc-
tural features of Ti-7Al and computationally predict the macro-scale material properties
such as Young’s modulus and yield strength using machine learning techniques. Investiga-
tion of microstructural features across large domains through experiments requires rigorous
and tedious sample preparation procedures that often lead to material waste. Therefore,
computational microstructure reconstruction methods that predict the large-scale evolution
of microstructural topology given the small-scale experimental information are developed
to minimize experimental cost and time. However, it is important to verify the synthetic
microstructures with respect to the experimental data by characterizing microstructural
features such as grain size and grain shape. While the relationship between homogenized
material properties and grain sizes of microstructures is well-studied through the Hall-Petch
effect, the influences of grain shapes, especially in complex additively manufactured mi-

crostructure topologies, are yet to be explored. LUU00IOOOI 0OMI QOO0 0OOODO0OC COO 00O
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the synthesized microstructures are modeled through crystal plasticity simulations to de-
termine the material properties. However, such crystal plasticity simulations require sig-
nificant computing times. In addition, the inherent uncertainty of experimental data is
propagated on the material properties through the synthetic microstructure representations.
Therefore, the aforementioned problems are addressed in this work by explicitly quantify-
ing the microstructural topology and predicting the material properties and their variations
through the development of surrogate models. Next, this work extends the proposed multi-
scale models of microstructure-property relationships to magnetic materials to investigate
the ferromagnetic-paramagnetic phase transition. Here, the same Ising model-based multi-
scale approach used for microstructure reconstruction is implemented for investigating the
ferromagnetic-paramagnetic phase transition of magnetic materials. The previous research
on the magnetic phase transition problem neglects the effects of the long-range interactions
between magnetic spins and external magnetic fields. Therefore, 00I0 00000 O0CI0 00 0O00O
0 JOIDI0D0000 000000 000iD0Oo D000 0000 000 000000 oo f0bDOooobooo 100boooonono
0000000 0000000 0000 0bho 00o0oboo foooooo



Exploring the Stochastic Performance of Metallic Microstructures

With Multi-Scale Models

Arulmurugan Senthilnathan

(GENERAL AUDIENCE ABSTRACT)

Titanium-Aluminum (Ti-Al) alloys are lightweight and temperature-resistant materials with
a wide range of applications in aerospace systems. However, there is still a lack of thorough
understanding of the microstructural behavior and mechanical performance of Titanium-
Twt%-Aluminum (Ti-TAl), a candidate material for jet engine components. This work in-
vestigates the multi-scale mechanical behavior of Ti-7Al by computationally characterizing
the micro-scale material features, such as crystallographic texture and grain topology. The
small-scale experimental data of Ti-7Al is used to predict the large-scale spatial evolution of
the microstructures, while the texture and grain topology is modeled using shape moment in-
variants. Moreover, the effects of the uncertainties, which may arise from measurement errors
and algorithmic randomness, on the microstructural features are quantified through statis-
tical parameters developed based on the shape moment invariants. A data-driven surrogate
model is built to predict the homogenized mechanical properties and the associated uncer-
tainty as a function of the microstructural texture and topology. Furthermore, the presented
multi-scale modeling technique is applied to explore the ferromagnetic-paramagnetic phase
transition of magnetic materials, which causes permanent failure of magneto-mechanical
components used in aerospace systems. Accordingly, a computational solution is developed
based on an Ising model that considers the long-range spin interactions in the presence of

external magnetic fields.
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2.1

Multi-scale modeling as a cross-disciplinary approach to study material be-
havior [36, 37, 38, 39, 40]. This dissertation work develops numerical methods
to study the multi-scale mechanical and magnetic behavior of Ti-Al alloys and

ferromagnetic materials widely used in aerospace systems. . . . .. ... ..

Outline of a surrogate model developed for predicting mechanical properties

as a function of moment invariants representing microstructural features

MRF as an undirected graphical model. The circles show the pixels of an
image. The bonds are used to connect the neighbors: (a) Ising model with
the nearest neighbor interactions. (b) A square window on a simple Ising
model with a pixel of interest located at the center (Red) connected to all
neighbors (blue) within the window. (c) A higher-order Ising model. The
microstructure reconstruction performed in this work is based on the MRF

method, which is a higher-order Ising model [56]. . . . . . ... ... .. ..
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a resolution of 100x100 pixels, (b) Additively manufactured image with a
resolution of 93x93 pixels, (¢) Reconstructed forged image of 100x100 pixels
using window size (WS) of 5 with error percentages of 1=1.09%, »=12.35%,

3=238.51%, 4=77.60%, 5=97.78%, §=96.32%, 7=82.56%. (d) Recon-
structed additively manufactured image of 93x93 pixels with WS of 5 with er-
ror percentages of 1=0.25%, »=1.49%, 3=69.87%, 4=25.30%, 5=80.80%,

6=329.81%, 7=53.71% [56]. . . . . . . ..

Original experimental forged image (100x100 pixels) versus the same-size re-
constructed images (100x100 pixels) of Ti-7TAl. (a) Original image. Recon-
structed images: (b) Type 1 acceptable image of WS 5, (¢) Type 2 acceptable
image of WS 5, (d) Eliminated image of WS 5, (e) Type 1 acceptable image
of WS 7, (f) Type 2 acceptable image of WS 7, (g) Eliminated image of WS
7, (h) Type 1 acceptable image of WS 9, (i) Type 2 acceptable image of WS
9, and (j) Eliminated image of WS 9 [56]. . . . ... ... ... .. ... ..

Original additively manufactured experimental image (93x93 pixels) versus
the same-size reconstructed images (93x93 pixels) of Ti-7Al. (a) Original im-
age. Reconstructed images: (b) Type 1 acceptable image of WS 5, (¢) Type
2 acceptable image of WS 5, (d) Eliminated image of WS 5, (e) Type 1 ac-
ceptable image of WS 7, (f) Type 2 acceptable image of WS 7, (g) Eliminated
image of WS 7, (h) Type 1 acceptable image of WS 9, (i) Type 2 acceptable
image of WS 9, and (j) Eliminated image of WS 9 [56]. . . . . . ... .. ..
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(b) Type 1 acceptable image of WS 5, (c) Type 2 acceptable image of WS
5, (d) Eliminated image of WS 5, (e) Type 1 acceptable image of WS 7, (f)
Type 2 acceptable image of WS 7, (g) Eliminated image of WS 7, (h) Type
1 acceptable image of WS 9, (i) Type 2 acceptable image of WS 9, and (j)
Eliminated image of WS 9 [56]. . . . . . . . .. ...

Original additively manufactured experimental image (93x93 pixels) versus
1.5x reconstructed images (69x69) of Ti-7Al. (a) Original image from which a
46x46 image is cut from the center for reconstruction. Reconstructed images:
(b) Type 1 acceptable image of WS 5, (c) Type 2 acceptable image of WS
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22/ BMi?2/2bB;MX >2M+2-BiBb+ m+B HiQ BMp2biB; i2r? ib2i C
+ M VB2H/ KB+ 'Qbi'm+im 2 rBi? /2bB 2/ ?QKQ;2MBx2/ K i2'B H T ¢
2tT2 ' BK2Mi HK2 bm 2K2Mib Q7i2M H2 /iQ mM+2 i BMivBM i?2 KB+
i?22M T°QT ; i2b QM i?2 +QKTmi2/ Kk@RXBhR2T 2@ Q22i-BAM¢2 i BMiv Bb
b MBKTQ'i Mi7 +iQ  BM /2bB;MBM ;k@X +JQ7R2OQET-QM2MiBDIi PKB+ m
i BMiB2b + M HbQ T'QT ; i2 QM i?2 K i2'B HT QT2 iB2b +QKTmi2/
2H2/ rBi? bvMi?2iB+ KBkd@BX mPem2ZIQ{(2- BM Q' /2 iQ BKT Qp2i?2
T2'7Q°K M+2 ii?2K +' Q@b+ H2 M/ +?B2p2 2+QMQKB+ 72 bB#BH
+?  +i2 BbiB+ 72 im 2b Q7 i?2 TQHv+ vbi HHBM2 K i2'B Hb?QmH/
i?7°Qm;? T?vbB+b@# b2/ M/ /i @/ ' Bp2M KmHiB@b+ H2 KQ/2Hb r?B
mM+2 i BMivX

JMHIiB@b+ H2 KQ/2HBM; Bb + Qbb@/Bb+BTHBM v TT Q +? i? i :
H2M;i? b+ H2 iQ mM/2 bi M/ i?2 #2? pBQ Q7 bvbi2K i MQi?2 - i?2
ir22M /B772 2Mi H2M;i? RN 2 UNBAaBR; 2tT2 ' BK2Mi H Bi2  iBQMb
KQ/2HBM; HQr2 b i?2 +Qbi M/ iBK2 "2[mB 2/ 7Q K i2 B Hb /2bB;M
KQ/2HBM; T'QpB/2b "QQK 7Q  BMMQp iBQM BM /2bB;M i? i rQmH/ E
M/ [m HBivX Pp2  i?2 v2 "b-i?2 TTHB+ iBQMb Q7 KmHiB@b+ H2 K
7B2H/b bm+? b KiNQMOKYQLVI?VvbE¥b*?2KBEKY (M/ K Mv KQ 2X

AMi?2 7B2H/ Q7 K i2'B Hb b+B2M+2-i?2 TTHB+ iBQM Q7 KmHiB@b
i2°> mM/2 bi M/BM; Q7 bi'm+im 2@Tj9X 2mHiB@® HhB QMRbKQ/2HBM; #2
bQHPBM;i?2K + Q@b+ H2 T'Q#H2Kb ii?2 +QKTQM2Mi H2p2H #v m}
72 im2b Q7K i2'B HiQTQHQ:v ii?2KB+ Q@b+ H2X 6Q  BMbi M+2-
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6B;m 2 RXR, JMHIiB@b+ H2 KQ/2HBM; b + Qbb@/Bb+BTHBM v T1
Ge-jd-j3-jN9YX h?Bb /Bbb2i iBQM rQ F /2p2HQTb MmK2 B+ H K2i?Q.
b+t H2 K2+? MB+ H M/ K ;M2iB+ #2? pBQ Q7 hB@ H HHQvb M/ 72"
mb2/ BM 2 °QbT +2 bvbi2KbX

i? i 7°2[Mm2MiHv 2tT2 ' B2M+2 7 iB;m2 HQ /BM; T2 7Q'KrQ b2 M/ 2p2
7 BHM 2Q7K i2°B Hb+ M#2 ii B#mi2/ /B 2+iHviQi?2B KB+ Qbi™m
h?Bb Bb #2+ mb2i?2 ?QKQ;2MBx2/ UpQHmMK2@ p2 ;2/VT QT2 iB2b
"2 /2i2° KBM2/ #vi?2 mM/2 HVBM; KB+ Qbi m+im> H72 im2b UBX2)>
7 +i-i?2 ;" BM bBx2 M/ b? T2 Q7 TQHvV+ vbi HHBM2 KB+ Qbi m+i
2Q0KQ;2MBx2/ K i2 B j)X2bTQMb2 (

+H bbB+ 2t KTH2 Bb i?27 BHmM 2 Q7 /m+iBH2 K i2°'B Hb/m2iQ i?21
pQB/b 1i?72 KB+ "QH2p2H mT QMRXtlDW BMQ?2BMbR2M+2 Q7 2ti2"M H
T 2b2M+2 Q7 b2p2° HFBM/b Q7 +'vbi HHQ; T?B+ /272+ib + M BMT7F
T QT2 iB2bX AMp2 'b2Hv- QM2+ M/2bB;Mi?2K i2°'B HiQ? p2/2bB":
IQTQHQ;v Q7 KB+ Qbi m+im 2bX h?2 "2+ vbi HHBx iBQM T Q+2bb -
Ki2'B Hr?B+? BKT Qp2b i?2 /m+iBHBiv Q7 i?2 K i2'B HX h?mb- #v
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T?2MQK2MQM- K + Q@b+ H2 [m HBiB2b Q7 K i2 B Hb + M #2 /2bB ;N
Q7 ;" BM bBx2 M/ ?QKQ;2MBx2/ K i2'B H T QT2 iB2b 2 r2HH@bim
27728)X >Qr2p2 - i?2 BM7HmM2M+2b Q7 ;" BM b? T2b- 2bT2+B HHv |
"2 v2iiQ #2 2tTHQ 2/X

RXR JQiBp iBQM

h?BbrQ'F7Q+mb2b QM /2p2HQTBM; KmHiB@b+ H2 KQ/2Hb 7Q  mM/
T 'Q#H2KbX h?2 7B bi BMpQHp2b JB+ Qbi'm+im 2 *? * +i2 Bx iBQNM
i2+?MB[m2bX AMQ /2 iQb p2i?2+Qbi M/iBK2 '2[mB '2/7Q  2tT2'B
Q/b "2 /2p2HQT2/iQ 2+QMbi m+ibvMi?2iB+ KB+ Qbi m+im 2b BMH
im> H72 im 2b "2 pBbm HBx2/ rBi? BMbi mK2Mibbm+? b MQTiB+
i"TQM JB+ Qb+QT2 UallJV- h® MbKBbbBQM 1H2+i"QM JB+ Qb+QT2 U
+ Qb+QTv U9BIYX 6Q  K2i HHB+ KB+ Qbi'm+im 2b- 1H2+i'QM " +F
Ul"a.\09989e9d93 M/ s@ Vv /B779NSMBBRRM Q@ T ' 2/QKBM MiHvVv mb2/iQ
i2’KBM2i?2 ;" BMQ B2Mi iBQMBM7Q K iBQMX JQ 2Qp2 - K Mv Qi?
iQ /2i2+ii?2 ;" BM BKBI-BRIX (

>Qr2p2 - KB+ Q@b+ H2 2tT2 'BK2Mib mbBM; 2tT2MbBp2 BMbi mK2N
+QMbmKBM:; b KTH2 T 2T ~ iBOQM T ' Q+2/m 2bi? iQ7i2MH2 /iQ K i2’
+Qbi M/ iBK2 2[mB 2K2Mib Q7 i?2b2 H “;2@b+ H2 2tT2 BK2Mib- +1
"2+QMbi'm+iBQM K2i?Q/b 2 TTHB2/iQ T 2/B+ii?2 KB+ Qbi m+im"
'Bp2M i?2 bK HH@b+ H2 2tT2 BWXMi2ki BM202K VBIQMN(Bx2/ KB+ Qb
"2 mb2/iQ /2i2°KBM2i?2 K i2’B HT QT2'iB2bi?°Qm;? +QKTmi iBQ
+ vBM; Qmi +QK#BM iBQM Q7 i bFb BMpQHpBM; KB+ Qbi m+im
TH biB+Biv bBKmH iBQMb Bb 2tT2MbBp2X //BiBQM HHv- i?2 BM?2
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BK :2bT QT ; i2/QMi?2K i2’B HT ' QT2'iB2b pB "2+QMbi'm+i2/b K
K2i?Q/QHQ;viQ [m MiB7vi?2 KB+ Qbi'm+im'2iQTQHQ;vX h?2°27Q
/1"2bbBM; i?2 7Q 2K2MiBQM2/ T Q#H2Kb M/ +QMi ' B#mi2b iQr */ |/
"P1i2+?MB[m2b 7Q° KB+ ' Qbi'm+im 2 "2+QMbi " m+iBQM #v 2tTHB+BiH
i?72 bvMi?2iB+ KB+ Qbi ' m+im 2b M/ /2p2HQTBM; bm "Q; i2 KQ/2Hb i
b 7mM+iBQM Q7 KB+ Qbi m+im 2828id8 28 N¢f)KOQATBHQQ F 7Q+mb2
QM hB@d H- + M/B/ i2 7Q° TTHB+ iBQMb BM i?2 2°'QbT +2 BM/m
M/ #2ii2° bi 2M;i? 1 ?B;?22 iREXh?Pml2eb. 0 KTH2b Q7 hB@d H mb2/
rQ'F BM/B+ i2 +HQb2@iQ@  M/QKHv Q' 'B2Mi2/ KB+ Qbi'm+im™ H
BM i?2 i2tim 2b Q7 /B772 2Mi b KTH2bX h?2 T 2b2Mi2/ b+?2K2 rB
KB+ Qbi m+im 2b ? pBM; MvivT2 Q7 ;" BMbi m+im 2 M/ ?2 2 BirB
M/ //IBiBp2Hv K Mm7 +im 2/ b KTH2b Q7 i?2b K2 K i2'B H-r?B+? B

PMi?2 Qi?2 2 M/-i?2 b2+QM/ 2b2 "+? T'Q#H2K BMpQHp2b BMp2bi
72°°QK ;M2iB+@T ~ K ;M2iB+ T? b2 i  MbBiBQM BM K2i HbX 62 " Qk
2tBbi BM K ;M2iB+ /QK BMb r?2°2 HH Q7 i?2 bTBMb BM 2 +? /QK B
/B 2+iBQMX h?2b2 K i2 B Hb 2t?B#Bi T2 'K M2Mi K ;M2iB+ T QT2 iB
K :M2iB+ 7B2H/X 62 QK ;M2iB+ K i2'B Hb 2 mb2/ BM p "BQmb 2
J ;M2iQ _2bBbi M+2 U:J_V /2pB+2b BM B '+ 7i/m2iQ i? 2BXbi QM;
JQ 2BKTQ i MiHV-i?2TQr/2°2/72 "Bi2b “2embR/BM 7BEBR #BM:" 7]
Ji22BHU_JVi? i +QMp2 ibi?2 BM+QKBM: /" r p2b BMiQ 22 i M/

bi2 Hi? B+  7iX PMHv 72r K i2'B Hb BM+Hm/BM; B QM- +Q# Hi.
K i2'B Hb 2t?B#Bi i?Bb 72 "QK ;M2iB+ T QT2 ivX

>Qr2p2 - i?2 2ti'2K2 2MpB " QMK2Mi +QMi B#mi2b iQ 772+iBM; i?2
Ki2'B Hb i? i "2 mb2/ BM + BiB+ H +QKTQM2MibX q?2M i?2 i2KT
FMQrM b i?2*m B2 i2KT2  im 2-72 QK ;M2iB+ K i2°'B Hb HQb2 i?:
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i* MbBiBQM BMiQ r2 FK ;M2iB+ T? b2 FMQrM b T ' K ;M2iB+ K i2"|
i?72T? b2i° MbBiBQM Bb " i?2° xQM2i? M bBM;H2 TQBMi/m2 iQ k
*QMp2MiBQM HHv- H iiB+2@# b2/ KQ/2H Bb mb2/iQ bimjfv i?2 K ;
e9 MM/2  i?2 2772+ib Q7 MBBREXEEIbMBENMDIZ M H K ;M2éBlay7B2H/ (

dRdkdj))X L2p2 i?2H2bb-i?2 +QKTmi iBQM H iBK2 "2bi'B+ib Q#i BM
i?72 K :M2iB+T? b2i° MbBiBQM T Q#H2K mM/2 i?22772+ib Q7 HQM
#v mMbBM; MmK2'Qmb TT QtRK-iBBMQ?B® BHE (?2 K ;M2iB+ T? b2 |
T Q#H2K Bb bQHp2/ 2Bi?2  7Q  b?Q i@ M32NeERBJRE®IY) ZBi?2" rBi
rBi?2Qmi M2ti2 M HK 82eBI9XBRHIQm;? bQK2 MQi #H2rQ Fb ? p2 i
iQ BM+HmM/2 HOQM;: @ Md2dBMi2BbhiBOMEBAp2HQTb MmK2'B+ H TT®
QTiBKBx iBQM i2+?MB[m2b BM+HmM/BM; i?2 T '2b2M+2 Q7 M 2ti2 M
i?2 K ;M2iB+ T? b2i° MbBiBQM T Q#H2K Bb HbQ bQHp2/7Q i?2j. K
Q7 0?2 2ti2°M H K ;MeAB+ ?B22H7/Q 2- i?Bb rQ F #mBH/b i?2 i?2Q v 7¢
K ;M2iB+ T? b2 i’ MbBiBQM T 'Q#H2K mbBM; M QTiBKBx iBQM TT°
iQ bim/vi?2j. TQHv+ vbi HHBM2 K i2°'B Hb r?BH2 ++QmMiBM; 7Q" i
i?72 7mim 2X

RXk *QMi'B#miBQMb

h?2 +QMi'B#miBQMb Q7 i?Bb bim/viQi?2bi i2@Q7@i?2@ i KmHiB
HBbi2/ M2ti,
RXm MiBi iBp2Hv +? ~ +i2 "BxBM; i?2 KB+ Qbi'm+im 2 iQTQHQ ;v

Ch?BbrQ F/2p2HQTDb irQ@bi ;2K2i?Q/QHQ;vi? ibi iBbiB+ H
bi'm+i2/ KB+ ' Qbi'm+im 2 BK ;2brBi? "2bT2+iiQ p BH #H2 b



+KNzy 1 SYBMi'Q/m+iBQM

/i X h?2 p HB/ iBQM Bb +?B2p2/ #v [m MiB7vBM; i?2 k. M
Q7 TQHV+'vbi HHBM2 KB+ Qbi'm+im 2b mbBM; i?2 +QM+2Ti
S'BM+BTH2 1B;2Mp HmM2 JQK2Mib US1JV "2BMi'Q/m+2/ b M
"2T 2b2MiBM; i?2 KB+ Qbi'm+im 2 iQTQHQ:vX h?2 /2p2HQT
+QKTmi iBQM HiQQHb mb2/iQ BMp2biB; i2 i?2 Ki2'B H #27
HHQvVb HBF2 hB@d H-r?B+? "2Q7 ;2 iBMi2 2biiQi?2 2 Qt
i?72 /2p2HQT2/ K2i?Q/QHQ;B2b "2 HbQ /2bB;M2/iQ #2 m#B[1
Mv FBM/ Q7 KB+ Qbi'm+im 2 BM+HmM/BM; +QKTQbBi2b- +2°

KXZ2m MiB7vBM; i?2 mM+2'i BMiv Q7 i?2 KB+ Qbi m+im 2 iQTQHQ;

Ch?BbrQ" FT'QTQb2b S1J # b2/ QdM >m KQKRRBIB+ H /2b+ " BTi
iQ[m MiB7vi?2 mM+2'i BMiv Q7 KB+ Qbi m+im™> H72 im 2b
iB2b "BbBM; 7 QK i?2 2tT2 BK2Mi H/ i M/ +QKTmi iBQM H
bvMi?2iB+ KB+ Qbi'm+im 2bX h?2b2 T ° K2i2°'b "2 miBHBx2/
p HM2b Q7 i?2 KB+ Qbi'm+im> H 72 im 2b BM //BiBQM iQ i?:
i?72 mM+2'i BMiB2bX h?2b2 bi iBbiB+ HT ~ K2i2°'b+ M HbQ
M/ M Hvx2 i?2 [m HBiv Q7 i?2 KB+ Qbi'm+im 2 "2+QMbi ™ m
/IB772 2MiJ_6T  K2i2'b-BM+HmM/BM; i?2 rBM/Qr bBx2 M/ B

i XAMp2biB; iBM: i?2 2772+ib Q7 iQTQHQ:;v M/ Bib mM+2'i BMiv Q
2iB2b

C bm "Q; i2KQ/2H # b2/ QM : mbbB M S ' Q+2bb RNRBIWHBQM L
[2p2HQT2/iQ T 2/B+ii?2 K i2°'B HT ' QT2'iB2b M/ i?2 bbQ+]
TmM+iBQM Q7 S1Ji? i[m MiB7B2b i?2 KB+ Qbi m+im 2 i2tir
bm "Q; i2 KQ/2H Bb HbQ mb2/iQ +QKTmi2i?2p "B iBQMb Q7
iB2b b "2bmHIi Q7 i?2 KB+ Qbi m+im 2 mM+2 i BMivX h?2 Z
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6B;m 2 RXk, PmiHBM2 Q7 bm "Q; i2 KQ/2H /2p2HQT2/ 7Q T 2/B+i

TmM+iBQM Q7 KQK2Mi BMp "B Mib "2T 2b2MiBM; KB+ Qbi' m+im’ F
iQ Qi iBQM- a+ H2 M/ h® MbH iBQM U_ahV "2 T'QTQb2/ b
2T 2b2MiBM; KB+ Qbi'm+im> H i QTQHQ;vX |IbBM; ah BMp
+°Qbi'm+im® HIiQTQHQ;v# BM;bbB;MB7B+ Mi/ i "2/m+iBQN
BK ;2@# b2/ i° BMBM; T2 7Q K2/ mbBM; +QKTmi iBQM HHv
i2+?MB[m2bX



*? Ti2 K

JA* Pah I*hl 1
_1*PLah I*hAPL L.
*> *h1l Aw hAPL

h?2 iIQTQHQ;v Q7 K2i HHB+ KB+ Qbi'm+im 2b Bb +QMp2MiBQM HH
989e9d9Nd3 i? i b+ Mb bK HH b KTH2 bm 7 +2b BM M all /2pB+2
T QpB/2b /i b2i +QMi BMBM; BM7Q K iBQM #Qmi i?2 + vbi HHQ;
Ki2’B HX PM2 bm+? BKTQ i Mi KB+ Qbi m+im> " H 72 im 2 Bb i?2 ;
1?2°Qm;? 1?72 AMp2 b2 SQHEZNBBhM22ABAX6VTBM; B/2MiB7B2b i?2 + vb
Q' B2Mi iBOQM BM7Q K iBQM Q7 i?2 KB+ Qbi'm+im 2i?2°Qm;? i?2 _2/
bvbi2KX h?mb-1"a. b2 p2b b TQr2 7mHIQQHBM 2ti° +iBM; pBi HE
+? ° +i2'Bx iBQMX >Qr2p2'- Bi "2[mB"2b 'B;Q°Qmb M/ i2/BQmb b K
6m i?2°KQ 2- QT2 iBM; TQr2 ' 7mH /2pB+2b-bm+? b2H2+i'QM KB+"
Q7 2[mB BM; pB;Q QmbHvi>  BM2/?mK MrQ ' F M/ miBHBxBM; i?2 /
Qi?2°? M/- +QKTmi iBQM HK i2°'B Hb+B2M+2 Q772 ' b 277B+B2Mi b(
i Hi2+?MB[m2bX PM2bm+? 2t KTH2rQmH/ #2i?2 KB+ QbBy+im 2 "Z
3j-39383e3d333NNY3R3) /2p2HQT2/iQ T 2/B+i KB+ Qbi'm+im"> H 2pQ
/IQK BMb mbBM; i?72 bK HH@b+ H2 BM7Q K iBQM +? ~ +i2 BxBM; i?2

AM i?2 T bi- i?2 "2 Q7 JB+'Qbi'm+im 2 *? ° +i2°'Bx iBQM M/ _2+C

Ry



RR

#22M rB/2Hv BMpRIXBI*i2Bb # b2/ QM i?2 MQiBQM i? i B7 T ° K2i2
i?72 +? ° +i2 ' BbiB+ 72 im 2b Q7 KB+ Qbi m+im 2 +QMi BMb 2MQm;
+ ' Qbi'm+im®> HIiQTQHQ;v-Bi+ M #2 miBHBx2/iQ +°2 i2 bi iBbiB+ |
h?2 " TB/Hv 2pQHpBM; 7B2H/ Q7 J*_? b#2,mMrBi? bQK2 TBQM22"  r
T K2i2'bi? i "2b2iiQ+ Tim2i?2BM7Q K iBQM #Qmii?2 KB+ Qb
BiHVX 1t KTH2b BM+HmM/2 irQ@TQBMi +Q "2H iBQMBIBIPRRrBi? bB}
NkN) Q i?2 T? b2 "2+Qp2 WONPQ Bl/I?IRZ 0Q " QMQB i2eN2XHh 1B M (
Bb 7TQHHQr2/ #v i?2 miBHBx iBQM Q7 i?2 ;2QK2i v@# b2/ b? T2 /2b
B938X aQK2 Qi?2  MQi #H2 i2+?MB[m2b BM\HH M /2 BX2tZ BNB® I VB Mi E
"2+QMbi'm+iBQM i? Q3NRXKBHHBM; (

KQ'2 /p M+2/ +? > +i2"Bx iBQM i2+?MB[m2 BMpQHp2b i?2 BKTH2K.
MBiBQM H;Q'Bi?K i?2°'Qm;? i?2 amTTQ i 82+i/22T H2BMIBW LIV (
bmT2 pBb2/ K +?BM23NNyMRBRjZ+?MB[m2bX h?2 +QKTH2t M/ BKTH
Q7J +?BM2 G2 "MBM; UJGV # b2/ K2i?Q/QHQ;B2b K F2i?2 '2+QMbi
+ Qbi m+im 2 BK ;2b/B77B+mHiX PMi?2 Qi?2 ? M/-i?2BK ;2@# b.
2 70mMM/ iQ T2 7Q K #2ii2° i? Mi?2 #Qp2@K2MiBQM2/ K2i?Q/b #\
+? ° +i2 'BXxBM; i?2 iQTQHQ:v rBi?Qmi +QKT QKBbBM: i?2 T?vbB+ H
im™- H 72 ikdRbAGI /Q2b bQ #v mbBM; M2B;?#Q BM; M HvbBb UL V |
T K2i2 " Bb /27BM2/X PM2 bm+? 2t KTH2 rQmH/ BM+HmM/2 i?2 J "F(
K2i?QKIRYyyRY-RYykRY)X 6m i?2 KQ 2- bQK2 JG@# b2/ i2+?MB[m2b b1
H2 "MBMR-;{mT2 pBb2/3@R- MBMIJNpQHMIBQM HL2m HBR2ipQ F U*LL
HbQ #22M mb2/7Q  J* _rBi? MQM@T * K2i'B+ TT ' Q +?X >Qr2p2" -
Hr vb "2[mB 2 H ;2 KQmMi Q7 /i b KTH2b 7Q i  BMBM; M2m  H
T Q# #BHBbiB+ ;° T?B+ HKQ/2H i? i " 2[mB'2b "2H iBp2Hv KBMBKm
BMi?Bbbim/viQ '2+QMbi'm+ii?2 KB+ ' Qbi'm+im 2b Q7 k. 1"a. BK ;2



Rk +NZy § IYKB+ Qbi'm+im 2 2+QMbi'm+iBQM M/ +? ~ +i2 "Bx iB

h?2 Q'; MBx iBQM Q7 *? Ti2  k Bb b 7QHHQrb, a2+iBQM kXR /Bb+r
AbBM; KQ/2HX a2+iBQM kXk BMi"Q/m+2bi?2 "2+QMbi"m+iBQM Q7 K
a2+iBQM kXj T'2b2Mib i?2 KB+ Qbi'm+im" H +? ~ +i2°Bx iBQM i2+?
"2+QMbi m+i2/ KB+ Qbi m+im 2bX

kXR AbBM; KQ/2H

h?2 AbBM; KQ/2H r b BMBiB HHv /2p2HQT2/ #v 1°M2bi AbBM; 7Q" 1
T? b2 i MbB)EQMZ AbBM; KQ/2H +Q "2bTQM/b iQ H iiBkZ@# b2/ I
U VVX h?2H iiB+2 TQBMib "2 b2iQ7 T2 BQ/B+ HHVHQ+ i2/ TQBMi
+QMM2+iBM; i?2 H iiB+2 TQBMib Bb + HH2/ M 2/:2 M/ Bi 2M+HQb?
h?mb- i?22 H iiB+2 > M;2K2Mi Q7 i?2 KQ/2H + M #2 i?2Qm;?i b Q7
Q7 i?2 H iiB+2 b[m "2 +QMM2+iBM; 7Qm " H iiB+2 TQBMib 7Q KBM; |
MMBi +2HH rQmH/ #2 i?2 H iiB+2 +m#2 +QMM2+iBM: e TQBMibX h?2
7Q° Mv KQ/2HNBBB2?QBK2MHBQIMD- M3X MQi?2 BKTQ i Mi +QM+:
Q7 i?2 AbBM; KQ/2H Bb i?2 M2 “2bi M2B;?#Q b r?B+74V 20/2?77BM2/ 7
BKK2/B i2 M2B;?#Q BM; |l HR+2iPOBMitHHB p BH #H2 /B 2+iBQMbX
d=1-2- M3-i?2 MmK#2 b Q7 M2 “2bi M2B-2# Q- HB2DT 2+iBp2HVX h?2
M2 “2bi M2B;?#Q b "2 HbQ FMQrM Db i?2 7B bi@Q /2" M2B;?#Q bX
+QMbiBimi2 i?2 M2ti H2p2H Q7 +HQb2 M2B;?#Q bX

h?2 2/;2b 2M+HQbBM; i?2 7B bi M/ b2+QM/ M2 “2bi M2B;?#Q b 7Q"
UTBV2H M 2t KTH2 rBM/Qr rBi? bBx2 Q7 R Bk BBH#HMXb i6 kT M 6B ;1
M2 “2bi M2B;?#Q - i?2 rBM/QrkoBIXPR =MW 2H X " OEr2p2 - 7Q  i?2 H iiB+
TQBMib QM i?2 #QmM/ “v- i?2 M2B;?#Q" ?QQ/ rBM/Qr Bb MQi b[m "2
rBM/Qr Bb #2Mi ++Q /BM; iQ i?2 MmK#2 Q7 p BH #H2 H iiB+2 TQ
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UV aBKTH2 AbBM; KQ/2H

U#V aBKTH2 AbBM; KQ/2H rBi? a[m "2 rBM/Qr

U+Vv >B;?2 Q' /2" AbBM; KQ/2H

6B:m 2 kXR,J 6 b MmM/B 2+i2/:> T?B+ HKQ/2HX h?2 +B +H2b b~
h?2 #QM/b "2 mb2/iQ +QMM2+i i?2 M2B:?#Q b, U V AbBM; KQ/2H
BMi2" +iBQMbX U#V b[m 2 rBM/Qr QM bBKTH2 AbBM: KQ/2H rBi-
i 1?72 +2Mi2° U_2/V +QMM2+i2/iQ HH M2B:?2#Q b U#Hm2V rBi?BM i?
AbBM: KQ/2HX h?2 KB+ Qbi'm+im 2 "2+QMbi m+iBQM T2 7Q K2/ BM
K2i?Q/-r?B+? Bb ?B;?2 @QY@XAbBM; KQ/2H (
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i?72 #QM/BM; +QMM2+iBM; i?2 H iiB+2 TQBMib QM i?2 #QmM/ "vX q?
"2 +Qp2 2/ #FWM2ABH?#Q" TQBMib- i?2 #QmM/ v H iiB+2 TQBMib ;2i +
Q7 i?2 KQ/2HX >Qr2p2°- AbBM; KQ/2Hb "2 TTHB2/ Q7i2M 7Q" H
bK HH 7 +iBQM Q7 i?2iQi HMmK#2 Q7 H iiB+2 TQBMib Q++mTB2b
>2M+2-i?2 bbmKTiBQM Q7 /Dmbi #H2 rBM/Qr bBx2 7Q  i?2 H iiB+2
M/ +Q M2 b Bb ++2Ti #H2X

M BK ;2NQ7N /BK2MbBQMb Bb K i?2K iB+tNHHW rBd{?2 B#+Q2H2K2Mi

Q7 i?2 K i'Bt +QMi BMBM; i?2 TBt2H BMi2MbBivp Hm2 Q7 i? i T "iB
M/ ;> vb+ H2 BK ;2 ? p2 bBM;H2 +? MM2H 2T 2b2MiBM; bBM;H?2
i?°22 U _:"V +? MM2HbX h?2 TBt2H BMi2MbBiv Q7 ;  vb+ H2 Q' M _
p Hm2b ° M;BM@B5QK " 2 +? +?2 MM2H r?BH2 i?2 #BM v BK ;2 ? b QM
2Bi7Q1X bBKTH2 KQ/2H Bb BHHNKXB i\2X BoVh BIB2MKD "2- 7Q"° KQ/2
KB+ Qbi'm+im 2b- ?B;?2°@Q /2  AbBM; KQ/2Hr?2 2 HHi?2MQ/2b
b BHHmbi i2/ BXB6B/,-mMBB bbmK2/iQ BM+HmM/2 i?2 HQM; @ M;2 BMi

AM Q /2 iQ 2+QMbi m+ii?2 bvMi?2iB+ KB+ Qbi m+im 2 BK ;2b- 1?2
i?72° /2p2HQT2/ b T Q# #BHBbiB+:  T? KQ/2H #v TTHVBM; +QM/Bi
iQJ "FQpObk¥IXHR?2M i?2 H iiB+2 TQBMib M/ i?2 2/;2b + M #2 i?2Qm;
p "B #H2b U _obV M/ +Q "2H iBQM 7mM+iBQMb- "2bT2+iBp2Hv-i?2 A
i?72 KB+ Qbi'm+im> HBK ;2bX "2+ mb2-BM M BK ;2-i?2 TBt2Hb "2
B8eéeX
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6B2H/b

" T?B+ HKQ/2H U:JVBb +H bb Q7K +?BM2 H2 "MBM; mb2/iQ bim/
;7 T?B+ H TT'Q +?X aBM+2:J+ M?2HTBM+Q TQ i2i?2mM+2°i BM
7Q KQ/2HBM; KB+ Qbi m+im 2 BK ;2b 7Q° "2+QMbi m+iBQM rBi?
:JBb :2M2° H 7  K2rQ'Fi? i? b /2+H " iBp2 2T 2b2Mi iBQM Q7
+QMbi m+iBQM Q7 Dbvbi2KX h?2 KQ/2H +QMi BMb i?2 FMQrH2/;2 Q
b2K MiB+b M/ H;Q Bi?Kb 2 /2p2HQT2/7Q "2 bQMBM; i?2 KQbi T’
1?72 /2p2HQT2/ ;" T?BRY)BKKQ/2H (

h?2°2 "2irQivi2b Q7 T Q# #BHBbiB+ ;" T?B+ HKQ/2Hb M K2Hv i?2
U.:JV M/ i?2 IM/B 2+i2/ :> T?B+ H JQ/2H UI:JVX h?2 /B772 2M+2 #
i72 bbB;MK2Mi Q7 /B 2+iBQM iQ i?2 2/;2b +QMM2+iBM; irQ ° M/Q}
KQ/2H bm+? b " v2bB M M2irQ F "2HB2b QM i?2 ?BbiQ v Q7 i?2 T°
#b2M+2 Q7 /B 2+iBQM T p2bi?2r v 7Q /27BMBM; M2B;?2#Q°?2Q0Q
KQ/2HbX h?2°27Q°2-i?2 1:J bQH2HV /2T2M/b QM Bib +m  2Mi bi i2>
HbQ FMQrM bJ "FQp M2irQ Fb # b2/ QM r?B+?i?2J 'FQp _ M/QK 6E
Bb /2p2HQT2/X

h?2°2 "2 KmHiIBTH2 "2 bQMb iQ T°272°J_6 7Q KB+ Qbi'm+im>2 2
2 b M2/:2 Qp2 i?2 Qi?2  ivTi2b Q7 "2+QMbi m+iBQM i2+?MB[m2b L
Bib H;Q Bi?K 2M #H2b i?2 "2+QMbi m+iBQM Q7 KmHiIBTH2 b KTH2b
Q7 2tT2 ' BK2Mi H/ i X HbQ-J _6b KTH2b "2 mb27mH bQm +2 iQ
Q7 2TBbi2KB+ M/ H2 iQ B+ mM+2'i BMivX 6m i?2°KQ 2- J_6 “2[m
2tT2 BK2Mi H/ i iQ bvyMi?2bBx2 i?2 KB+ Qbi'm+im 2bX >2M+2- J_|
iQ ;2M2 i2 bvMi?2iB+ KBae&AB3BNG X 21?Q J_6 "2+QMbi m+iBQM ? b
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TTHB2/BM i?2 T bi 7Q  #Qi? bT iB H M/ iRB BM H ~:2+/@Nb B Vb nBaBN
bK HH@b+ H2 2tT2'BK2Mi H/ i X h?Bb rQ ' F 7Q+mb2b QM mbBM; i
k3 7Q i?2bT iB H 2+QMbi m+iBQM Q7 hB@d H KB+ Qbi'm+im 2 Bk
J 6 H;Q Bi?K 7QHHQrb i?2 T RPRQjXbhrAR Bi#tm{im 2 Q7 i?2 H:Q B
2tTH BMA/J#W( Bb /2b+ B#2/ 22 2 BM # 2pBivX

hQ TTHVi?2J 6 H;Q Bi?K-i?2 KB+ 'Qbi'm+im '2BK :2BbK i?2K iB-
M AbBM; KeQQRHT2 27Q 2- 1?2 BK ;2 BbN/2INBHMiZB+H2 MBi?XpgHmM2b
+QMi BMBM; MwQMOQH2p2Hb BMR?2XXN-DbR;M2/iQ 2 +?BT "iB+H:
Q7 i?2 H iiB+2X AM M AbBM; KQ/2H 7Q KB+ Qbi m+im" H BK ;2b-
TBt2Hb +QM/BiBQM HHvV /2T2aX QW BRib? RI2BQ ?4Q 18 Z 2/:2 +QMM2 +]
T 'iB+H2b Q7 i?2 H iiB+2 Bb #b2Mi B7 i?2v #Qi? 2 +QM/BiBQM HH
2 +? T 'iB+tH2 Q7 M AbBM; KQ/2H Bb +QMM2+i2/iQ BikXRB/;R#Q" b
>Qr2p2 -7Q KQ/2HBM; KB+ ' Qbi m+im 2b- ?B;?2 Q /2  AbBM; KQ|
H iiB+2 TQBMib b BHHmMKXB+3eBM B8Bbnmbi2m+im 2 /27BM2b M J_6r?
DQBMi T ' Q# #BHBiv /2MbBiv Q7 HH T 'iB+H2b Bb /27BM2/ #v i?2 H
BM/B+ i2bi? ii?2 T'Q# #BXBiB7QNM/BMBDOW HHv BM/2T2M/2Mi Q7
i?7 i "2TH +2/ QmibB/2 Q7 Bib M2B;?#Q bX h?2 ;" T?B+ HM2irQ F B
+QM/BiBQM H /2T2M/2M+2 QM Bib M2B;?#Q b 2t?B#BiBM; DQBMi ]
MBKTQ i Mi 72 im 2 Q7i?2J_6 H;Q Bi?KAMBWIXRAGBM/QTERMEL2 W i?.
bBx2 Q7 b[m "2 M2B;?#Q ?QQ/ rBM/Qr "QmM/ TBt2H Q7 BMi2 2b
#QM/BM; Bi iQ 2p2'v Qi?2 TBt2H rBi?EKMB2Y VEMH Q2 tBB/Gr DBx2 B
+ m+B H /Dmbi #H2 T ~ K2i2 " /m"'BM; J_6 "2+QMbi m+iBQMX gq?BH.
+ mMb2 KQ'2 mM+2'i BMiviQ T'QT ; i2 QM i?2 bvMi?2iB+ KQ/2H- +2C
Bb +QKTmi iBQM HHv 2tT2MbBp2X >2M+2- /2i2 "' KBMBM; M QTiBKn
"2+QMbi'm+i bvMi?2iB+ KB+ Qbi ' m+im 2bX
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