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A/ :°°[:;+ G+ zîW+ AG[y+z 3P8� wW•k[:°+y+/z +/H[kè[ +/ :°Ky[/[Ky� : •z• G•ê+°XWW• w+°X/ K/ jH[zz:;+

/X/ kX/ê+/z[X//+° +/ G+Kœ •z:W+wq m: WH+y[±H+ •z:W+ wc+wz G•HXK°•+ ~ 2ph8اα W+/G:/z 8�9 è� :°XHw QK+

°: w+kX/G+ ~ 22h8اα GKH:/z pèq m+ y:z•H[:K jH[zz• :[/w[ X,z+/K� : +/wK[z+ •z• jXH;• ~ 2P88اα� wXKw K/+

kè:H;+ G+ 98 %; +z :ê+k K/+ è:Kz+KH G+ kèKz+ G+ PP8 yy� :j[/ G+ jH:;y+/z+H °+w :;H•;:zw G+w

kXyWXw:/zw GKHwq 6WH±w jXH;+:;+� K/ H+kK[z GcèXyX;•/•[w:z[X/ : •z• H•:°[w• ~ h88اα� W+/G:/z 2�9èq

m: z+kè/[QK+ G+ kX/wX°[G:z[X/ kXyWH+/G K/+ y[w+ +/ wX°Kz[X/ ~ 28h8 αا +z K/ ê[+[°°[ww+y+/z ~ h88اα�

w+°X/ G[jj•H+/zw z+yWw G+ y:[/z[+/q m+w z+kè/[QK+w Gc:/:°îw+ W:H G[jjH:kz[X/ G+w H:îX/w É eCRÉu +z

°+w X,w+Hê:z[X/w :K y[kHXwkXW+ •°+kzHX/[QK+ ~ ,:°:î:;+ elσ5u :ê+k :/:°îw+w w+y[nQK:/z[z:z[ê+w

eσCôu X/z W+Hy[w G+ H•ê•°+H °c[yW:kz G+w :]XKzw Gc:°Ky[/[Ky +z GK ê[+[°°[ww+y+/z� wKH °c•êX°Kz[X/

y[kHXwzHKkzKH:°+ GK y:z•H[:Kq mc:°°[:;+ jH[zz• kX/z+/:/z 9�P9r 6° WH•w+/z+ K/+ wzHKkzKH+ kXyW°+œ+

kXyWXw•+ GcK/+ y:zH[k+ y•z:°°[QK+ Ȗ� GK k:H,KH+ G+ kèHXy+ αHPpα0 +z GcK/+ ;H:/G+ ê:H[•z•

Gc[/z+Hy•z:°°[QK+w ,[/:[H+wq l:°;H• k+°:� °: y[w+ +/ wX°Kz[X/ : WHXêXQK• K/+ G[wwX°Kz[X/ WH+wQK+

kXyW°±z+ G+ k+w kXyWXw•w +z� W:H kX/w•QK+/z� K/+ w:zKH:z[X/ GK H•w+:K kK,[QK+ GK /[k%+°q A/+

[/z+/w[j[k:z[X/ GK Wè•/Xy±/+ G+ WH•k[W[z:z[X/� GK+ ~ °: jXHy:z[X/ G+ °c[/z+Hy•z:°°[QK+ Ȗل eg[� αXupe6°�

7[u� WK[w GK k:H,KH+ G+ kèHXy+ :°°[• eαH� αX� g[� lX� 7[uPpα0� : kX/GK[z ~ K/ GKHk[ww+y+/z /Xz:,°+ G+

°: y:zH[k+ :Kwz•/[z[QK+� :zz+[;/:/z K/+ y[kHXGKH+z• G+ 388 LT8�2q

àRWV FOpV � kXyWXw[zes ~ ,:w+ G+ g[� jH[zz:;+ /X/ kX/ê+/z[X//+°� G•w[/z•;H:z[X/� kX/wX°[Gtion,

y[kHXwzHKkzKH+� WH•k[W[z•w� y[kHXnGKH+z•
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7è+ :°Ky[/Kyn+/H[kè+G kXyWXw[z+ â[zè zè+ kXyWXw[z[X/ Xj AG[y+z 3P8 :°°Xî â:w G+ê+°XW+G Kw[/;
:/ K/kX/ê+/z[X/:° zâXnwz+W w[/z+H[/; WHXk+wwq 7è+ j[Hwz XkkKHH+G :z 2ph8اα jXH 8q9 è :/G zè+ w+kX/G
:z 22h8اα jXH p èq 7è+ w[/z+H+G y:z+H[:° â:w zè+/ jXH;+G :z 2P88اα K/G+H : °X:G Xj 98 %d :/G â[zè
: j:°° è+[;èz Xj PP8 yy� [/ XHG+H zX :kè[+ê+ zè+ k°Kwz+Hw jH:;y+/z:z[X/ Xj è:HG kXyWX/+/zw� jX°°Xâ+G
,î zè+ èXyX;+/[]:z[X/ ://+:°[/; :z h88اα jXH 2q9 èq 7è+ kX/wX°[G:z[X/ z+kè/[QK+ [/k°KG+G
wX°Kz[X/ zH+:zy+/z :z 28h8اα :/G :;[/; :z h88اα â[zè ê:H[XKw èX°G[/; z[y+wq 7è+ [/ê+wz[;:z[X/
z+kè/[QK+w ,î ÉnH:î G[jjH:kz[X/ :/:°îw[w eÉRCu :/G X,w+Hê:z[X/w K/G+H : wk://[/; +°+kzHX/
y[kHXwkXW+ eôσlu â[zè w+y[nQK:/z[z:z[ê+ :/:°îw+w eσCôu è:ê+ Xjj+H+G zè+ WXww[,[°[zî zX H+ê+:° zè+
:°Ky[/Ky :GG[z[X/لw [yW:kz :/G zè+ èX°G[/; z[y+ :;[/; X/ zè+ y:z+H[:°لw y[kHXwzHKkzKH:° +êX°Kz[X/q
7è+ w[/z+H+G :°°Xî â[zè : è[;è 6° kX/z+/z e9qP9 ru +œè[,[zw : kXyW°+œ wzHKkzKH+ kXyWXw+G Xj y+z:°°[k
y:zH[œ Ȗ� zè+ kèHXy[Ky k:H,[G+ αHPpα0� :/G : °:H;+ ê:H[+zî Xj ,[/:Hî [/z+Hy+z:°°[kwq
C+wW[z+ zè[w� zè+ wX°Kz[X/ zH+:zy+/z k:Kw+G :/ :°yXwz kXyW°+z+ G[wwX°Kz[X/ Xj zè+w+ kXyWXK/Gw� :/G
kX/w+QK+/z°î� : w:zKH:z[X/ Xj zè+ /[k%+° kK,[k °:zz[k+q 6/ [/kH+:w+ [/ WH+k[W[z:z[X/ Wè+/Xy+/X/ â:w�
GK+ zX zè+ jXHy:z[X/ Xj zè+ [/z+Hy+z:°°[k Ȗل eg[� αXupe6°� 7[u� :/G zè+/� zè+ :°°Xî+G kèHXy[Ky k:H,[G+
eαH� αX� g[� lX� 7[uPpα0� °+G zX : /Xz[k+:,°+ è:HG+/[/; Xj zè+ y+z:° y:zH[œ� H+:kè[/; : y[kHXè:HG/+ww
Xj 388 LT8q2q
'+îâXHGw( kXyWXw[z+ g[ ,:w+G� K/kX/ê+/z[X/:° w[/z+H[/;� G[w[/z+;H:z[X/� kX/wX°[G:z[X/�
y[kHXwzHKkzKH+� WH+k[W[z:z+w� y[kHXè:HG/+ww
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IH UHPHUFLH HQ SUHPLHU OLHX WRXWH O¶pTXLSH SpGDJRJLTXH GX
GpSDUWHPHQW GH JpQLH GHV PDWpULDX[ HW PpWDOOXUJLH�

CRQVLHXU RFzMBRDTB GDSMl VDQV YRXV MH VXLV FRQYDLQFXH TXH MH
Q¶DXUDLV MDPDLV SX DERXWLU j WHUPH GH FH WUDYDLO HW FHOD JUkFH

j YRWUH SpGDJRJLH REMHFWLYHl YRWUH VRXWLHQ LQFRQGLWLRQQHO HW
VXUWRXW YRV FRQVHLOV SUpFLHX[� CBKES CS//B Bk zTB OFSG�

IH P¶LQFOLQH DYHF JUDWLWXGH GHYDQW FH MXU\ KRQRUDEOH HW MH
UHPHUFLH VHV PHPEUHV SRXU OHXU OHFWXUH DWWHQWLYH GH PD WKqVH

HW OHXUV UHPDUTXHV EpQpILTXHV�

zQ UHPHUFvPHQW VSpFLDO j O¶pFROH QDWLRQDOH VXSpULHXUH GHV
PLQHV HW PpWDOOXUJLH�

DYHF WRXWHV PHV UHFRQQDLVVDQFHVl MH YRXV SULH GH UHFHYRLU

PDGDPH /BCRFzR O¶H[SUHVVLRQ GH PD FRQVLGpUDWLRQ

UHVSHFWXHXVH SRXU YRWUH FROODERUDWLRQ HW YRWUH VRXWLHQ�

IH WLHQV j UHPHUFLHU WRXW SDUWLFXOLqUHPHQW HW j WpPRLJQHU WRXWH
PD UHFRQQDLVVDQFH DX SHUVRQQHO GH O¶zKCDl j PDGDPH

R�âKDGLMDl U�DCB/ HW CU NKHULUHGLQH �

IH UHPHUFLH OH GLUHFWHXU GHV DCC DLQVL WRXWHV OHV SHUVRQQHV TXL
P¶RQW DFFXHLOOL DX VHLQ GH FHWWH XQLWp GH WUDLWHPHQW WKHUPLTXH
HW IRUJHDJH HW TXL RQW FROODERUp j OD UpDOLVDWLRQ G¶XQH SDUWLH
DVVH] LPSRUWDQWH GH FH WUDYDLO QRWDPPHQW b DNCBMl NDKSKSl

ENBKSO HW CDMDTS�

CRQ IUqUH MU DLVVD RHQVHOKRXEl MH WH GLV JUDQG PHUFL� kX P¶DV
pWp G¶XQH DLGH VHFRXUDEOH�



.e.80:05

IH GpGLH FH PRGHVWH WUDYDLO j PD IDPLOOH TXL P¶D GRWpH G¶XQH pGXFDWLRQ

GLJQHl VRQ DPRXU D IDLW GH PRL FH TXH MH VXLV DXMRXUG¶KXLl j PHV SDUHQWV HQ

JXLVH GH UHFRQQDLVVDQFH HW GH JUDWLWXGH SRXU OHV VDFULILFHV TX¶LOV RQW IDLW

SRXU PRLl j FHX[ TXLl TXHOV TXH VRLW OHV WHUPHV HPEUDVVpVl MH Q¶DUULYHUDLV

MDPDLV j OHXU H[SULPHU PRQ DPRXU VLQFqUH�

¬ PD IHPPH HW PD SULQFHVVH /LOL HW SULQFH /DLWKl TXL P¶RQW YUDLPHQW DLGp

HW HQFRXUDJp SRXU IRQFHU GDQV FHWWH UHFKHUFKH DLQVL OHXU VXSSRUW TXRWLGLHQ�

¬ PRQ yDyD FKpULl PRQ SUpFLHX[ RIIUH GX GLHXl OD OXPLqUH LOOXPLQDQW PRQ

LWLQpUDLUHl TXL GRLW PD YLHl PD UpXVVLWH HW WRXW PRQ UHVSHFW�

¬ PRQ DGRUDEOH PDPDQ TXL D VRXIIHUW VDQV PH ODLVVHU VRXIIULUl TXL Q¶D

MDPDLV GLW QRQ j PHV H[LJHQFHV HW TXL Q¶D pSDUJQp DXFXQ HIIRUW SRXU PH

UHQGUH KHXUHXVH�

¬ PD EHOOH IDPLOOH TXL IDLW GH PRQ XQLYHUV XQH PHUYHLOOHl MH OHXU VRXKDLWH

XQ DYHQLU UDGLHX[ HW SOHLQ GH SURPHVVHV�

¬ PRQ IUqUH MMDOHOl TXH GLHX OH SUpVHUYH HW OH JDUGH SRXU WUqV ORQJWHPSV

HQFRUH HW TXL OH GRQQH FH TXL¶LO HQ YRHX[�

¬ PRQ IUqUH DPL MMHGDLGL KBMD�
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B–9لا ا09 /–7Xا9ص

7[;KH+ vvqP ôkè•y: G+ WH[/k[W+ G+w WHXk•G•w T:kKKy v/GKkz[X/ l+°z[/; e:u� σ°+kzHX ô°:;

7[;KH+ v C•ê+°XWW+y+/z G+ °: H•w[wz:/k+ zè+Hy[QK+ G+w :°°[:;+w +/zH+ 2δ’8 +z 2δδ8

3P8 rxtl[w+ +/ •ê[G+/k+ G+ +j°K+/k/]ل° GK g,� GK lX +z GK αH wKH °: H•w[wz:/k+ :u
j°K:;+ eh20اαγ00là:u GلK/ :°°[:;+ ê[+[°°[ ~ ,:w+ G+ +;:]°°:ل° 3P8

G[jj•H+/zw :°°[:;+w +œW•H[y+/z:Kœ ê[+[°°[w :î:/z WXKH ,:w+ °: kXyWXw[z[X/ G+ l'alliage

7[;KH+ vq2 l:[°°+w kH[wz:°°[/+w G+w Wè:w+w Ȗ� Ȗل+z Ȗلل
7[;KH+ vqP m: y:[°°+ K/[z:[H+ GK WH•k[W[z• Ȗ QK+ /Xل° zHXKê+ G:/w °+w wKW+H:°°[:;+w 7+Hn
g[k%+° z+°w QK+ vg32hل° +z vg380ل°
7[;KH+ vqp l[kHX;H:Wè[+ X,z+/K+ wKH lσ5n7σd [°°KwzH:/z °: yXHWèX°X;[+ +z °:
G[wzH[,Kz[X/ G+w Wè:w+w GKHk[ww:/z+w Ȗل+z Ȗلل G:/w +;:]°°:ل° 3P8
7[;KH+ vq’ e:un lXHWèX°X;[+ G+ °: kXnWH•k[W[z:z[X/ Ȗللé Ȗلq e,un ôkè•y:z[w:z[X/ G+ °:
yXHWèX°X;[+ kXyW:kz+
7[;KH+ vq9 e:un àè:w+ į WH•k[W[z•+ :Kœ ]X[/zw G+ ;H:[/w f e,un àè:w+ į ;°X,K°:[H+ +z
:WW:KêH[ww+y+/z GK GKHk[ww+y+/z wzHKkzKH:° f eku n àè:w+ į wXKw jXHy+ Gل:[;K[°°+w
7[;KH+ vq0 αXnWH•k[W[z:z[X/ G+ °: Wè:w+ ı +z Ș G:/w +;:]°°:ل° 3P9
7[;KH+ vq3 6°[;/+y+/z G+ k:H,KH+w WH[y:[H+w w+°X/ °+w ]X[/zw G+ ;H:[/w

7[;KH+ vqh σêX°Kz[X/ GK W:H:y±zH+ G+ y:[°°+ G+ °: y:zH[k+ :Kwz•/[z[QK+ G+ g[ +/ jX/kz[X/
G+ °: wX°K,[°[z• G+ G[jj•H+/zw •°•y+/zw Gل:°°[:;+ F08S

7[;KH+ vqδ v/j°K+/k+ GK 7[ +z GK g, wKH °+w WHXWH[•z•w G+w wKW+H:°°[:;+wq C[:;H:yy+
zH:k• ~ W:Hz[H Gل:°°[:;+w +œW•H[y+/z:Kœ H+y[w +/ wX°Kz[X/ +z ê[+[°°[w G+ kXyWXw[z[X/ G+ ,:w+
8�829rα� 9δn0prg[� 2δrαH� 8�P9r6°� δrlX� ,:°q7+ erWGwu [61]
7[;KH+ vq28 σjj+z G+ °: z+/+KH +/ rWGw G+ g, wKH °: °[y[z+ •°:wz[QK+ G+ G+Kœ wKW+H:°°[:;+w
G:/w G+Kœ •z:zw y[kHXwzHKkzKH:Kœ ( H+y[w +/ wX°Kz[X/ +z H+y[w +/ wX°Kz[X/ WK[w ê[+[°°[w

7[;KH+ vq22 σjj+z GK g, +z GK 7[ wKH °: H•w[wz:/k+ ~ °: G•jXHy:z[X/ W°:wz[QK+ G+ Ȗل
7[;KH+ vq2P v/j°K+/k+ G+ °: z+/+KH +/ 6°é7[ wKH °+w WHXWH[•z•w y•k:/[QK+w +/ zH:kz[X/ GلK/
wKW+H:°°[:;+ G+ kXyWXw[z[X/ 9pg[� P2αH� 5:°q7+� ’g,� PlX erWGwu :WH±w H+yise
+/ wX°Kz[X/ +z ê[+[°°[ww+y+/z Fh’S
7[;KH+ vq2p v/j°K+/k+ G+ °: z+/+KH +/ αH wKH °: ê[z+ww+ G+ j°K:;+ wXKw :H;X/ ~ p08اα G:/w
K/+ y:zH[k+ g[n7+

7[;KH+ vq2’ rβt αXKH,+w Gل+ww:[w G+ j°K:;+ ~ h20اα� wXKw K/+ kè:H;+ G+ 9Plà: WXKH

7[;KH+ vq29 v/j°K+/k+ G+ lX +z GK αH wKH °+w WHXWH[•z•w G+w wKW+H:°°[:;+wq C[:;H:yy+
zH:k• ~ W:Hz[H Gل:°°[:;+w +œW•H[y+/z:Kœ H+y[w +/ wX°Kz[X/ +z ê[+[°°[w� G+ kXyWXw[z[X/ G+
,:w+ 8�829rα� 9δn0prg[� prg,� 2�P9r7[� 8�P9r6°� ,:°q7+ erWGwu

7[;KH+ vvq2 αXyW:H:[wX/ G+w WHXWH[•z•w y•k:/[QK+w +/ zH:kz[X/ +/ jX/kz[X/ G+ °:
z+yW•H:zKH+ e:u +z e,u +z +/ j°K:;+ ~ 0h8اαγ0δ8là: eku WXKH G[jj•H+/zw :°°[:;+w
+œW•H[y+/z:Kœ F28S



R+y+°z[/; e,u +z T:kKKy 6Hk R+y+°z[/; eku

7[;KH+ vvq’ àHXk•G• Gل•°:,XH:z[X/ W:H y•z:°°KH;[+ G+w WXKGH+w
7[;KH+ vvvq2 TK+ G+ °: WH+ww+ G+ kXyW:kz:;+ ~ jHX[G

7[;KH+ vvqp C[:;H:yy+ 777 G+ +;:]°°:ل° 3P8

7[;KH+ vvvqP R•;[y+ G+ jH[zz:;+� G+ zH:[z+y+/z zè+HyXy•k:/[QK+ +z G+ zH:[z+y+/zw
7[;KH+ vvvqp R+WH•w+/z:z[X/ wkè•y:z[QK+ GK jXKH G+ jH[zz:;+ /X/ kX/ê+/z[X//+°
7[;KH+ vvvq’ TK+ ;•/•H:°+ GK y[kHXwkXW+ •°+kzHX/[QK+ ~ ,:°:î:;+
7[;KH+ vvvq9 TK+ ;•/•H:°+ GK GKHXy±zH+ v//Xê:z+wz
7[;KH+ vTq2 ôW+kzH+ G+ G[jjH:kz[X/ G+w H:îX/w É X,z+/K wKH /kè:/z[°°X•ل° ôP� :ê+k ’�P9 ràGw 6°
7[;KH+ vTqP l[kHX;H:Wè[+ G+ /kè:/z[°°X•ل° ôP X,z+/K+ :K y[kHXwkXW+ •°+kzHX/[QK+ ~ ,:°:î:;+ +z
α:HzX;H:Wè[+ É GK g[
7[;KH+ vTqp l[kHX;H:Wè[+ G+ /kè:/z[°°X•ل° ôP X,z+/K+ :K y[kHXwkXW+ •°+kzHX/[QK+ ~ ,:°:î:;+
+z k:HzX;H:Wè[+ É GK αX� α +z 7[
7[;KH+ vTq’ l[kHX;H:Wè[+ G+ /kè:/z[°°X•ل° ôP X,z+/K+ :K y[kHXwkXW+ •°+kzHX/[QK+ ~ ,:°:î:;+
+z k:HzX;H:Wè[+ É GK αH� 6° +z 7+
7[;KH+ vTq9 l[kHX;H:Wè[+ G+ /kè:/z[°°X•ل° ôP X,z+/K+ :K y[kHXwkXW+ •°+kzHX/[QK+ ~
,:°:î:;+ +z k:HzX;H:Wè[+ É GK x +z lX
7[;KH+ vTq0 l[kHX;H:Wè[+ X,z+/K+ :K y[kHXwkXW+ •°+kzHX/[QK+ ~ ,:°:î:;+ lσ5�
[°°KwzH:/z °: jH:;y+/z:z[X/ GK k:H,KH+ αHPpα0 eWu °XHw GK jXH;+:;+ e:u +z H•wK°z:zw G+w
:/:°îw+w σCô WX/kzK+°°+w +/H+;[wzH•w wKH °+ k:H,KH+ e,u
7[;KH+ vTq3q 7+œzKH+ GK ;H:[/ :Kwz•/[z[QK+ X,z+/K :WH±w jXH;+:;+ e:u +z H•wK°z:zw G+ °c:/:°îw+
σCô +/H+;[wzH•w wKH °c•kè:/z[°°X/ jH[zz• ôP e,u
7[;KH+ vTqh ôW+kzH+w G+ G[jjH:kz[X/ G+w RÉ G+ °c•kè:/z[°°X/ ô8 ~ °c•z:z zH+yW• e:u +z ~ °c•z:z
zH+yW• +z ê[+[°°[ W+/G:/z P’ è e,u
7[;KH+ vTqδ ôW+kzH+w G+ G[jjH:kz[X/ G+w RÉ X,z+/Kw ~ W:Hz[H G+ °c•kè:/z[°°X/ ôp ~ °c•z:z zH+yW• e:u� ~
°c•z:z zH+yW• +z ê[+[°°[ W+/G:/z h è e,u� ~ °c•z:z zH+yW• +z ê[+[°°[ W+/G:/z 20 è eku +z ~ °c•z:z +z zH+yW• +z
ê[+[°°[ W+/G:/z P’ è eGu
7[;KH+ vTq28 C•z:[°w GK k:H,KH+ G+ kèHXy+ G:/w °: y[kHXwzHKkzKH+ G+ °c•kè:/z[°°X/ ôp zH+yW• +z
ê[+[°°[ ~ hh8اα W+/G:/z 20 è
7[;KH+ vTq22 C•z:[°w G+ °: y:zH[k+ G:/w °: y[kHXwzHKkzKH+ G+ °c•kè:/z[°°X/ ôp zH+yW• +z ê[+[°°[ ~ hh8اα
W+/G:/z 20 è
7[;KH+ vTq2P "êX°Kz[X/ GK W:H:y±zH+ G+ H•w+:K G+ Wè:w+ Ȗ +/ jX/kz[X/ GK z+yWw G+ ê[+[°°[ww+y+/z
G+w •kè:/z[°°X/w ô8 e:u +z ôp e,uq
7[;KH+ vTq2p "êX°Kz[X/ G+ °: GKH+z• T[k%+Hw +/ jX/kz[X/ GK z+yWw G+ ê[+[°°[ww+y+/z WXKH
°+w •kè:/z[°°X/w ô8 e:u +z ôp e,u
7[;KH+ vTq2’ vy:;+ H•j•H+/k+ ( l[kHX;H:Wè[+ X,z+/K+ wKH lσ5n7σd [°°KwzH:/z °:
yXHWèX°X;[+ +z °: G[wzH[,Kz[X/ G+w Wè:w+w GKHk[ww:/z+w Ȗل+z Ȗلل G:/w +;:]°°:ل° 3P8
7[;KH+ vTq29 l[kHX;H:Wè[+ G+ +;:]°°:ل° ôp kX/z+/:/z 9�P9r àGw 6°� ~ °c•z:z +z zH+yW• +z ê[+[°°[
W+/G:/z P’ è



B–9لا ا09 5SG9لSXت

5SG9لSX 3pmp 4K+°QK+w WHXWH[•z•w Wèîw[QK+w GK g[ +z G+w •°•y+/zw y•z:°°[QK+w +/

5SG9لSX 333pmی α:H:kz•H[wz[QK+w G+w WXKGH+w utilisées
5SG9لSX 333pDیαXyWXw[z[X/ +/ WX[Gw G+w :°°[:;+w +œW•H[y+/z:Kœ

wK,wz[zKz[X/ G:/w °+ g[ ekqjqku

5SG9لSX 3pDp αXyWXw[z[X/ +/ •°•y+/zw Gل:°°[:;+ G+w G[jj•H+/z+w Wè:w+w kX/z+/:/z GK g,
G:/w +;:]°°:ل° 32h :WH±w ê[+[°°[ww+y+/z G+ hè ~ αا308

5SG9لSX 3pOp σjj+zw G6ل° +z 7[ wKH °+w WHXWH[•z•w y•k:/[QK+w +/ zH:kz[X/ GلK/ wKW+H:°°[:;+
3P8 :ê+k 9rWGw G+ g, :WH±w H+y[w+ +/ wX°Kz[X/ +z ê[+[°°[ww+y+/z



oXص9ل$ صXا 9ص–خلا–8¶ل ا09 اS79–للSص9لXا

m+ WHX;H±w G+w wKW+H:°°[:;+w : G•,Kz• G:/w °+w ://•+w 2δp8 +/ σKHXW+ eRXî:Ky+nA/[�

7H:/k+� 6°°+y:;/+u +z :Kœ "z:zwnA/[w� yXz[ê•w W:H °: /•k+ww[z• Gc:°°[:;+w W°Kw H•w[wz:/zw ~ °:

kè:°+KH WXKH °+w zKH,Xy:kè[/+w F2Sq m+w wKW+H:°°[:;+w W+Kê+/z –zH+ Kz[°[w•w G:/w °+w H•:kz+KHw

/Kk°•:[H+w� °+w wXKwny:H[/w� °+w k+/zH:°+w ~ ê:W+KH� +z °+w Kw[/+w kè[y[QK+w� y:[w °+KH Kz[°[w:z[X/

°: W°Kw kXKH:/z+ w+ w[zK+ G:/w °+w zKH,[/+w ~ ;:] z+HH+wzH+w +z :•HX/:Kz[QK+wq m: kH•:z[X/ G+w

wKW+H:°°[:;+w : •z• wKHzXKz [/j°K+/k•+ W:H °+w +œ[;+/k+w G+w zKH,[/+w :•HX/:Kz[QK+w� QK[ [yWXw+/z

°+w /XHy+w °+w W°Kw wzH[kz+w +/ y:z[±H+ G+ WHXWH[•z•w y•k:/[QK+w ~ è:Kz+ z+yW•H:zKH+q

m+ g[yX/[k h8 : •z• W:Hy[ °+w WH+y[+Hw wKW+H:°°[:;+w G•ê+°XWW•w ~ W:Hz[H G+w :°°[:;+w

kX/z+/:/z P8r G+ /[k%+° +z G+ kèHXy+� G:/w °+w ://•+w 2δ’2n’Pq α+ wKW+H:°°[:;+ +wz kX/w[G•H•

kXyy+ °c:/k–zH+ G+w :°°[:;+w GKHk[w ~ è:Kz+ z+yW•H:zKH+ G+ °: w•H[+ WH•k[W[z:z[X/ G+ °: Wè:w+ Ȗc�

GX/z °cAG[y+z 3P8 j:[z W:Hz[+q v° +wz H+/jXHk• W:H K/+ wX°Kz[X/ wX°[G+ G+ kèHXy+ G:/w °+ /[k%+° +z

W:H GK z[z:/+ jXHy:/z G+w k:H,KH+w :Kœ [/z+Hj:k+w G+ ;H:[/w� :[/w[ QKcK/+ j:[,°+ WHXWXHz[X/ G+

WH•k[W[z•w Ȗcq

m+w G•ê+°XWW+y+/zw K°z•H[+KHw G+w wKW+H:°°[:;+w w+ wX/z WH[/k[W:°+y+/z kX/k+/zH•w wKH

°c:K;y+/z:z[X/ G+ °: QK:/z[z• G+ WH•k[W[z•w Ȗc +/ [/kXHWXH:/z GK z[z:/+� G+ °c:°Ky[/[Ky� GK z:/z:°+�

GK /[X,[Ky +z GK kX,:°z� zXKz +/ G[y[/K:/z °: z+/+KH +/ kèHXy+ kXyy+ G:/w °: j[;KH+ v F2Sq

7[;KH+ v C•ê+°XWW+y+/z G+ °: H•w[wz:/k+ zè+Hy[QK+ G+w :°°[:;+w +/zH+ 2δ’8 +z 2δδ8
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مخ–ل0XÈخصلم3

C+w kXyWXw[z[X/w wW•k[:°+w wX/z /•k+ww:[H+w WXKH H•WX/GH+ ~ k+w +œ[;+/k+w� ;Hùk+ ~ °:

jXHy:z[X/ GcK/+ wzHKkzKH+ :WWHXWH[•+ QK[ ;:H:/z[H:� :WH±w G+w zH:[z+y+/zw :G•QK:zw� °+w WHXWH[•z•w

wXKè:[z•+wq m+w WH[/k[W:Kœ •°•y+/zw +/zH:/z G:/w °: kXyWXw[z[X/ G+ k+w :°°[:;+w wX/z °+ g[� °+

αX XK °+ g[ é αX� QK[ jXHy+/z °: y:zH[k+ y•z:°°[QK+� +/H[kè[+ Gc:]XKzw z+°w QK+ αH� lX� x� 7[�

6°� +zkq

C:/w °: W°KW:Hz G+w k:w� °+w k:H:kz•H[wz[QK+w H+QK[w+w wX/z X,z+/K+w W:H G+w kXyWXw[z[X/w

:G:Wz•+w :K WHXk•G• G+ j:,H[k:z[X/ +z :Kœ zH:[z+y+/zw zè+HyXy•k:/[QK+w +z zè+Hy[QK+w

:WW°[QK•wq m: ;:yy+ k°:ww[QK+ G+ j:,H[k:z[X/� QK[ y+z +/ +KêHم K/+ WH+y[±H+ jKw[X/ wXKw :Hk

•°+kzH[QK+ wK[ê[+ GcK/+ w+kX/G+ jKw[X/ wXKw °:[z[+H •°+kzHXnkX/GKkz+KH WXKH :zz+[/GH+ K/+ WKH+z•

y:œ[y:°+� +wz °cK/+ G+w y•zèXG+w °+w W°Kw Kz[°[w•+w WXKH WHXGK[H+ k+w :°°[:;+w wW•k[:Kœq m:

G+Kœ[±y+ ;:yy+� ,:w•+ wKH °: y•z:°°KH;[+ G+w WXKGH+w� Kz[°[w+ K/+ WXKGH+ WH•:°°[•+ GX/z °:

W:Hz[kK°+ WXww±G+ °: kXyWXw[z[X/ yXî+//+ GK wKW+H:°°[:;+q

C:/w k+ k:w� °+w W[±k+w wX/z X,z+/K+w W:H kXyWH+ww[X/ K/[:œ[:°+ XK [wXwz:z[QK+ ~ jHX[Gq

m+w kXyWH[y•w wK,[ww+/z +/wK[z+ K/ jH[zz:;+ +/ Wè:w+ wX°[G+� wK[ê[ GcK/ jXH;+:;+� WXKH :zz+[/GH+

°: G+/w[z• wXKè:[z•+ ;Hùk+ :K Wè•/Xy±/+ G+ k[k:zH[w:z[X/ G+w WXH+wq m: kX/wX°[G:z[X/ G+ °:

y:zH[k+ y•z:°°[QK+ Ȗ H+WXw+ Gc:,XHG wKH °: G[wwX°Kz[X/ G+w :GG[z[X/w G:/w °+ H•w+:K kK,[QK+ GK

/[k%+°� :ê+k WXKH +jj+z °: G[wzXHw[X/ GK H•w+:K +z °+ GKHk[ww+y+/z G+ °: y:zH[k+q m+ zH:[z+y+/z

wz:/G:HG� QK[ kXyWH+/G °: y[w+ +/ wX°Kz[X/ wK[ê[+ GcK/ ê[+[°°[ww+y+/z� :wwKH+ °: kX/wX°[G:z[X/

j[/:°+ W:H WH•k[W[z:z[X/ G+ kXyWXw•w [/z+Hy•z:°°[QK+w kXè•H+/zw G:/w °: y:zH[k+ y•z:°°[QK+q
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m+w wKW+H:°°[:;+w wX/z G+w y:z•H[:Kœ de composition complexe spécialement conçus

résistance au fluange. La stabilité dimensionnelle à haute température et la robustesse à

pour fonctionner dans des environnements sévères tels que les hautes températures et les 

l'oxydation à chaud.

Ils deviennent  alors des matériaux de prédilection pour la production de pièces pour les turbines 
terrestres et aériennes ou pour d'autres mécanismes travaillant à chaud.

 
contraintes élevées. Par conséquent, ils doivent répondre à des critères spécifiques tels que la

m: k:W:k[z• G+w :°°[:;+w ~ ,:w+ G+ /[k%+° ~ H•w[wz+H :K j°K:;+ +wz [/j°K+/k•+ W:H °: wXHz+

Gc[/z+Hy•z:°°[QK+w� /Xz:yy+/z g[p6° eȖcu� :[/w[ QK+ °+KH G[y+/w[X/ +z G+ °+KH G[wW+Hw[X/ G:/w

°: y:zH[k+ y•z:°°[QK+. De surcroît, les phases secondaires telles que le carbure Cr23C6 et les 
carbures de type MeC, tels que TiC, WC ou (TI, W)C, ont également un impact positif sur la 
résistance à haute température d'alliage.



N/ W+Kz GX/k H+z+/[H QK+ °cX,]+kz[j WH[/k[W:° G+ zXKz+w k+w •zKG+w +wz °:

y:ΔzH[w+ +z °: kXyWH•è+/w[X/ G+w G[ê+Hw W:H:y±zH+w QK[ ;XKê+H/+/z °: jXHy:z[X/ G+ °: wzHKkzKH+

GcK/ wKW+H:°°[:;+� G:/w °+ G+ww+[/ Gc:kkHXΔzH+ °: H•w[wz:/k+ :K j°K:;+ +z °: GKH:,[°[z• G+w

kXyWXw:/zwq

7XKz+jX[w� °XHwQK+ °: z+/+KH +/ :°Ky[/[Ky GK wKW+H:°°[:;+ +wz :K;y+/z•+� °+ H:WWXHz ȖγȖc

G+ê[+/z K/ W:H:y±zH+ [yWXHz:/z °XHw G+ °: kX/wX°[G:z[X/ W:H WH•k[W[z:z[X/ Gل[/z+Hy•z:°°[QK+wq

v° kX/ê[+/z •;:°+y+/z G+ /Xz+H QK+� W:Hy[ °+w H+kè+Hkè+w wKH °+w wKW+H:°°[:;+w ~ ,:w+ G+

/[k%+°� QK+°QK+w •zKG+w X/z •z• kX/w:kH•+w ~ °c[yWXHz:/k+ G+w zH:[z+y+/zw zè+HyXy•k:/[QK+w

G:/w °: jH:;y+/z:z[X/ Gc:;H•;:zw G+ kXyWXw•w GKHw� z+°w QK+ °+w [/z+Hy•z:°°[QK+w XK °+w k:H,KH+w�

G:/w °+ k:GH+ G+ °c•êX°Kz[X/ G+ °: wzHKkzKH+q

à:H kX/w•QK+/z� °cX,]+kz[j G+ k+zz+ •zKG+ G+ H+kè+Hkè+ +wz Gc:/:°îw+H G+w W:Hz[kK°:H[z•w

y[kHXwzHKkzKH:°+w GK wKW+H:°°[:;+ AG[y+z 3P8� [/z+/z[X//+°°+y+/z +/H[kè[ +/ :°Ky[/[Ky +z

WHXGK[z W:H K/ jH[zz:;+ /X/ kX/ê+/z[X//+°� wK[ê[ GلK/ jXH;+:;+ +z G+w zH:[z+y+/zw zè+Hy[QK+w

:G•QK:zwq

C:/w k+ k:w WH•k[w� °: jXHy:z[X/ GلK/+ Wè:w+ °[QK[G+ zH:/w[zX[H+ e6°u ~ ,:ww+ z+yW•H:zKH+�

WXKHH:[z W:°[+H :Kœ [/wKjj[w:/k+w GK+w :K jH[zz:;+ G+w kXyWH[y•w G+ y•°:/;+w G+ WXKGH+w WKH+wq

α+ QK[ kX/j±H+ ~ k+zz+ zè±w+ [/z[zK°•+ © TOβxRUβWLRQ HW αβUβαWpULVβWLRQ G¶XQ VXSHUβOOLβJH j xβVH

GH QLαNHO ª� zXKz+ •XH[;[/:°[zل° H+kè+Hkè•+q

α+ y•yX[H+ +wz wzHKkzKH• +/ QK:zH+ kè:W[zH+w� :kkXyW:;/• GcK/+ kX/k°Kw[X/ wî/zè•z[w:/z

°+w WH[/k[W:Kœ H•wK°z:zw +z GcK/+ ,[,°[X;H:Wè[+q

m+ kè:W[zH+ v : •z• kX/w:kH• ~ +îw°:/:ل° ,[,°[X;H:Wè[QK+ WXHz:/z wKH °+w wKW+H:°°[:;+w z:/z

C:/w °+ kè:W[zH+ vv� X/ H+zHXKê+ K/+ WH•w+/z:z[X/ G+w /XKê+°°+w kXyWXw[z[X/w G+

wKW+H:°°[:;+w +z °+KHw z+kè/[QK+w Gل•°:,XH:z[X/� W:Hz[kK°[±H+y+/z °: jKw[X/ wXKw °:[z[+H •°+kzHX

kX/GKkz+KH +z °: H+jKw[X/ wXKw ê[G+q mلX,z+/z[X/ G+w wKW+H:°°[:;+w ê[: °+w WHXk•G•w G+

y•z:°°KH;[+ G+w WXKGH+w : •z• :,XHG•+q α+ kè:W[zH+ : •z• :kè+ê• W:H °: WH•w+/z:z[X/ G+ °:

WHX,°•y:z[QK+ :î:/z w+Hê[ G+ ,:w+ :K kèX[œ GK jH[zz:;+ /X/ kX/ê+/z[X//+° WXKH /XH:z[X,:°•ل°

GلK/ wKW+H:°°[:;+ G+ zîW+ AG[y+z 3P8q

m: G+wkH[Wz[X/ G+w WHXWH[•z•w G+w WXKGH+w Kz[°[w•+w +/ z:/z QK+ y:z[±H+w WH+y[±H+w�:[/w[

QK+ G+w y•zèXG+w G+ jH[zz:;+ +z Gc:/:°îw+ GK WHXGK[z j[/[� X/z •z• présentés  G:/w °e kè:W[zH+ pq

m+ kè:W[zH+ vT : •z• kX/w:kH• :Kœ H•wK°z:zw +œW•H[y+/z:Kœ +z ~ °+KH G[wkKww[X/q

à:Hy[ k+w kX/k°Kw[X/w� X/ wXK°[;/+ °c[yWXHz:/k+ G+ °c:y•°[XH:z[X/ G+ °: kXyWXw[z[X/ G+ °c:°°[:;

+ AG[y+z 3P8 ~ ,:w+ Gc:°Ky[/[Kyq� G:/w /z+/w[j[k:z[X/]ل° GK Wè•/Xy±/+ G+ GKHk[ww+y+/z W:H
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GK WX[/z G+ êK+ kXyWXw[z[X/s, transformations� +z W:Hz[kK°[±H+y+/z °+w zH:/wjXHy:z[X/w +z

phas+w QK[ +/ résultant, que des traitements thermomécaniques et thermiques appliqués.



WH•k[W[z:z[X/ G+ +z+Hy•z:°°[QK/]ل° kXyW°+œ+ e6°� 7[upeg[� αXuq m+w WH[/k[W:Kœ H•wK°z:zw X/z •z•

H•wKy•w G:/w K/+ kX/k°Kw[X/ j[/:°+q

γ4qhBxE$53δαx

C+WK[w W°Kw[+KHw ://•+w� °c6°;•H[+ : :,XHG• °: QK+wz[X/ G+ °c[//Xê:z[X/ +z G+ °c[/GKwzH[:°[w:z[X/

G:/w °+ ,Kz G+ w+ WXw[z[X//+H :K y–y+ /[ê+:K QK+ °+w W:îw +/ G•ê+°XWW+y+/zq α+W+/G:/z�

:zz+[/GH+ k+z X,]+kz[j� +œ[;+ °: y[w+ wKH W[+G GلK/+ [/GKwzH[+ y•k:/[QK+� ê•H[z:,°+ j+H G+ °:/k+

G+w kX/wzHKkz[X/w :KzXyX,[°+� j+HHXê[:[H+� /:ê:°+� :•HX/:Kz[QK+ +z :KzH+wq 6Kww[� °+w K/[z•w G+

yX/z:;+ G+w zKH,[/+w z+HH+wzH+w WXKH °+w wXk[•z•w ôX/+°;:] +z ôX/:zH:kè w+ GX[ê+/z� ~ �ê+/[H:ل°

+z W:H wXKk[w Gل•kX/Xy[+� Gل•°:,XH+H °Xk:°+y+/z °+KHw :°°[:;+w wW•k[:Kœ� W°Kw wW•k[:°+y+/z °+KHw

wKW+H:°°[:;+wq l:°;H• °: kXyW°+œ[z• G+w z+kè/X°X;[+w Gل•°:,XH:z[X/ °: j:,H[k:z[X/ G+

kXyWXw:/zw wW•k[j[QK+w z+°w QK+ °+w W:°+w G+ zKH,[/+ XK °+w G[wQK+w G+ zKH,[/+ +œ[;+ K/+

+œW+Hz[w+ :WWHXjX/G[+ G:/w °+ WHXk+wwKw G+ WHXGKkz[X/ G+w wKW+H:°°[:;+w +z G+w :°°[:;+w

wW•k[:Kœq

à:H kX/w•QK+/z� /XKw +wz[yX/w QKcK/+ •zKG+ G+ H+kè+Hkè+ :WWHXjX/G[+ wKH °: j:,H[k:z[X/

G+ k+w :°°[:;+w� QKc+°°+ wX[z •°X[;/•+ XK WHXkè+� w+H:[z +œzH–y+y+/z ,•/•j[QK+ WXKH °c[/GKwzH[+

•y+H;+/z+ +/ 6°;•H[+q αل+wz wXKw k+z :/;°+ QK+ °+ zè±y+ G+ k+zz+ zè±w+ [/z[zK°•+ ا σ°:,XH:z[X/

+z k:H:kz•H[w:z[X/ GلK/ wKW+H:°°[:;+ ~ ,:w+ G+ /[k%+° ح : •z• :,XHG•q

mل•°:,XH:z[X/ GلK/ wKW+H:°°[:;+ ~ ,:w+ G+ /[k%+° êX°X/z:[H+y+/z +/H[kè[ +/ :°Ky[/[Ky�

ê[: °+w z+kè/X°X;[+w G+ °: y•z:°°KH;[+ G+w WXKGH+w� ,:w•+ wKH K/ jH[zz:;+ /X/ kX/ê+/z[X//+°� w+H:

GلK/ :WWXHz k+Hz:[/ G:/w °: kX//:[ww:/k+ +z °: y:[zH[w+ G+w y[kHXwzHKkzKH+w� [wwK+w GK jH[zz:;+ +z

G+w zH:[z+y+/zw zè+HyXy•k:/[QK+w +z zè+Hy[QK+wq
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V8S9صل–ل 3
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3pEpلSللXا909–7ص اS79–للSص9لXا

C:/w k+zz+ W:Hz[+ /XKw y+zzX/w :K ]XKH °+w WH[/k[W:°+w Wè:w+w +/zH:/z G:/w °: kXyWXw[z[X/ G+w

wKW+H:°°[:;+w ~ ,:w+ G+ g[q

3pm ESصل–È9 SXلاpل–م–TX9 Ȗ

v° wc:;[z GcK/+ wX°Kz[X/ wX°[G+ dont la structure de son réseau est cubique à faces centrées 

A1 (fig I.1)q σ/ jX/kz[X/ G+ w: kXyWXw[z[X/� °+w W:H:y±zH+w G+ y:[°°+ W+Kê+/z ê:H[+H 

Ge :Ȗβp�9Pp ç WXKH °+ /[k%+° WKH F2S� FPS ~ :Ȗβp�02 ç WXKH °: wX°Kz[X/ wX°[G+ G+°c:°°[:;+ A3P8 

FPSq

α+W+/G:/z� k+ G+H/[+H +wz G•jXHy• +/ H+yW°:µ:/z °+ /[k%+° W:H Gc:KzH+w •°•y+/zw 

y•z:°°[QK+w z+°w QK+ 7+� αH� lX +z 6° FpSq

m+w W:H:y±zH+w G+ y:[°°+ MyXî+/wM wX/z G•z+Hy[/•w W:H °: wK,wz[zKz[X/ G+w :zXy+w G+ 

/[k%+° W:H k+Kœ Gc:KzH+w •°•y+/zw kX/wz[zKz[jw G+ °c:°°[:;+q mc•k:Hz +/zH+ °+w H:îX/w :zXy[QK+w 

WHXêXQK+ K/+ G[wzXHw[X/ GK H•w+:K� k+°: kX/zH[,K+ ~ H+/jXHk+H °: wX°Kz[X/ wX°[G+q m: wzHKkzKH+ 

y[kHXwkXW[QK+ G+w wKW+H:°°[:;+w ~ ,:w+ G+ /[k%+° H+WXw+ wKH k+zz+ y:zH[k+ Ȗq

6ê:/z G+ G[wkKz+H G+ °: y[kHXwzHKkzKH+ G+w :°°[:;+w +œ:y[/•w� /XKw :°°X/w :,XHG+H °: 

y•z:°°KH;[+ Wèîw[QK+ G+ °c:°°[:;+ A3P8 +/ y+zz:/z +/ H+°:z[X/ °+w •°•y+/zw QK[ °+ kXyWXw+/z 

:ê+k °+w G[jj•H+/z+w Wè:w+w WH•w+/z+wq à:H °: wK[z+� °c[yW:kz GcK/+ jXHz+ kX/k+/zH:z[X/

Gca°Ky[/[Ky G:/w k+z :°°[:;+ w+H: :/:°îw•q

σ/ H±;°+ ;•/•H:°+� °: G[y[/Kz[X/ G+ °: z:[°°+ G+w ;H:[/w G+ °: y:zH[k+ kX/GK[z ~ K/+

y•k:/[QK+w wK[ê+/z °: H+°:z[X/ G+ L:°° +z à+zkè F’Sq v° +wz GX/k +ww+/z[+° G+ wKHê+[°°+H °: 

z:[°°+ G+w ;H:[/w G+ k+w :°°[:;+w :j[/ Gc:]Kwz+H k+zz+ WH+y[±H+ G[y+/w[X/ G+ °: y[kHXwzHKkzKH+ :Kœ

•zKG+w X/z G•yX/zH• QK+ °c:°°[:;+ 3P8 XK 3P8m[ wX[z WH•k[W[z• XK /X/� w+w propié z•w          

G+w:y•°[XH:z[X/ G+w k:H:kz•H[wz[QK+w y•k:/[QK+w G+w :°°[:;+w ~ ,:w+ G+ /[k%+°q à:H +œ+yW°+� 

 

 

k:H:kz•H[wz[QK+w wXKè:[z•+w.

àXKH °+w wKW+H:°°[:;+w� °: y:zH[k+ +wz H+/jXHk•+ wX[z W:H °: WH•k[W[z:z[X/ G+ Wè:w+w G+

H+/jXHk+y+/z� wX[z W:H °: WH•k[W[z:z[X/ G+ k:H,KH+wq
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7[;KH+ vq2l:[°°+w kH[wz:°°[/+w G+w Wè:w+w Ȗ� Ȗل+z Ȗلل

3pD γصpÈ–ل–لpا Ȗ¶

kXyWXw• Gc6°� 7[ +z g, F’Sq m+w •°•y+/zw z[z:/+ +z :°Ky[/[Ky ]XK+/z K/ Hس°+ G•z+Hy[/:/z

w+ wK,wz[zK+ ~ °c:°Ky[/[Kyq à:H :[°°+KHw� °: kXyWXw[z[X/ G+ k+zz+ phase w+H: ;H:/G+y+/z

:jj+kz•+ W:H k+°°+ G+ °c:°°[:;+q ô: jXHyK°+ kè[y[QK+ yXî+//+ +wz g[pe6°� 7[u F9Sq

G:/w °: wzHKkzKH+ +z °: wz:,[°[z• GK WH•k[W[z•� z:/G[w QK+ °+ /[X,[Ky� WH•w+/z G:/w k+w Wè:w+w�

m: Wè:w+ kH[wz:°°X;H:Wè[QK+ G+ wzHKkzKH+ kK,[QK+ w[yW°+� kX//K+ wXKw °+ zîW+ m2P

ej[;q 2qPu� WH•w+/z+ K/ W:H:y±zH+ G+ y:[°°+ :Ȗc G+ p�9δ eéγn8�Pu çq σ°°+ +œWXw+ K/+

kXyWXw[z[X/ kè[y[QK+ G+ zîW+ 6p5 G:/w °:QK+°°+ 6 +wz WH[/k[W:°+y+/z GK /[k%+° +z 5 +wz

C:/w °c:°°[:;+ 3P8� k+zz+ Wè:w+ w+ jXHy+ W:H WH•k[W[z:z[X/ ~ K/+ z+yW•H:zKH+ Gc+/ê[HX/
αا098 ek+zz+ ê:°+KH G•W+/G G+ °: kXyWXw[z[X/ wW•k[j[QK+ G+ °c:°°[:;+uq σ°°+ •y+H;+ G+ °:

wX°Kz[X/ wX°[G+ wXKw K/+ jXHy+ wWè•H[QK+ XK kK,[QK+� +/ H:[wX/ G+ °c:HH:/;+y+/z kè[y[QK+

G+w •°•y+/zw H+wW+kz:/z °+w H+°:z[X/w Gc•W[z:œ[+ wK[ê:/z+w F0S(

e222uȖل γγ e222uȖ

Fn228SȖل γγ Fn228SȖ

m+w W:H:y±zH+w GK zH:[z+y+/z zè+Hy[QK+ ezè+HyXy•k:/[QK+u :KHX/z K/+

[yWXHz:/k+ k:W[z:°+ G:/w °: kH•:z[X/ G+w jXHy+w� G+w z:[°°+w +z G+w G[y+/w[X/w G+ k+w

WH•k[W[z•w F0Sq m+w W:H:y±zH+w GK zH:[z+y+/z zè+Hy[QK+ ezè+HyXy•k:/[QK+u ]XK+HX/z
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              °: H•GKkz[X/ G+ k+°°+nk[ +wz GK+ ~ °: WHXœ[y[z• G+w ê:°+KHw G+w W:H:y±zH+w G+ y:ille
Cependant, en fonction de la composition de l'alliage, de la nature du précipité et du
traitement thermomécanique subi par l'alliage, cette variation peut s'étendre de 0,3% à
1% [5].

αc+wz K/+ Wè:w+ wz:,°+ +z cohérente avec la y:zH[k+� GX/z °: G[ê+H;+/k+ W:H:y•zH[QK+ :vec

Emanuel Lamba
𝛄 et 𝛄’.



K/ Hس°+ kHKk[:° G:/w °: jXHy:z[X/ G+w yXHWèX°X;[+w� G+w QK:/z[z•w +z G+w G[y+/w[X/w

G+ k+w WH•k[W[z•w F3Sq C:/w G+w kX/G[z[X/w G+ WH•k[W[z:z[X/ /XHy•+w WXKH °c:°°[:;+

A3P8� °+w WH•k[W[z•w WH+//+/z ;•/•H:°+y+/z K/+ jXHy+ wWè•H[QK+q

σ/j[/� k+w WH•k[W[z•w wX/z QK:°[j[•w G+ GKHk[ww:/z k:H [°w kX/zH[,K+/z ~

kX/zH[,Kz[X/ :K H+/jXHk+y+/z wzHKkzKH:° ;°X,:° /+ G•W:ww+ W:w 28 ~ P8 r Fh� δSq m+

lc:y•°[XH:z[X/ G+w k:H:kz•H[wz[QK+w y•k:/[QK+w G+w :°°[:;+wq 7XKz+jX[w� °+KH     

WH[/k[W:° y•k:/[wy+ G+ GKHk[ww+y+/z :wwXk[• ~ k+w WH•k[W[z•w w+ H:WWXHz+ ~ °:

+z °+w yXG[j[k:z[X/w G+ kXè•H+/k+ +/zH+ °: y:zH[k+ +z °+w WH•k[W[z• F28-2P].

Certains wKW+H:°°[:;+w wX/z H+/jXHk•w +œk°Kw[ê+y+/z W:H k+zz+ Wè:w+ F2pSq

jXHy:z[X/ G+ W:HX[ Gc:/z[Wè:w+ +wz k:Kw•+ W:H °+ W:ww:;+ G+ G[wW°:k+y+/zw W:Hz[+°°+w

3pDpm γصpÈ–ل–لpا Ȗ¶¶

α+zz+ Wè:w+ WH•w+/z+ K/+ wzHKkzKH+ kH[wz:°°X;H:Wè[QK+ GcXHGH+ CNPP k+/zH•+

QK:GH:z[QK+ ej[;q vqPu :ê+k G+w W:H:y±zH+w G+ y:[°°+ ( :Ȗccβp�9δ ç +z kȖccβ3�’8 çq m:

F2p� 2’Sq ô: WH•w+/k+ G:/w °+w :°°[:;+w 3P8 +z 0P9é H•wK°z+ GcK/+ jXHz+ kX/k+/zH:z[X/

jXHyK°+ kè[y[QK+ ;•/•H:°+� g[pg,� W+Kz ê:H[+H +/ jX/kz[X/ GK H+yW°:k+y+/z GK g,

W:H GK 7[� 7: XK 6°� QK[ X/z K/+ wX°K,[°[z• wKW•H[+KH+ G:/w Ȗcc kXyW:H:z[ê+y+/z ~ Ȗ

+/ g,q

αc+wz K/+ Wè:w+ y•z:wz:,°+� XH;:/[w•+ +z w+y[nkXè•H+/z+ QK[ yX/zH+ K/+ G•wXH[+/z:z[X/

K/ WHXk+wwKw G+ H•:HH:/;+y+/z kè[y[QK+� w+ WH•w+/z:/z wXKw °: jXHy+ G+ disques y[nces d'un

G+w ê:H[:z[X/w G+ W:H:y±zH+w °+ °X/; G+w :œ+w : +z k� °: Wè:w+ ȖM •y+H;+ G+ °: wX°Kz[on wX°[G+ W:r

kH[wz:°°X;H:Wè[QK+ w[;/[j[k:z[ê+ W:H H:WWXHz ~ l'alignement de  °: y:zH[k+ selon °c:œ+ k. En raison

88

7[;KH+ vqP m: y:[°°+ K/[z:[H+ GK WH•k[W[z• Ȗ ''  QK+ /Xل° zHXKê+ G:/w °+w wKW+H:°°[:;+w 7+Hn          

g[k%+° z+°w QK+ ل° vg32h +z ل° vg380



G[:y±zH+ yXî+/ G+ 08 /y +z GcK/+ •W:[ww+KH ê:H[:/z +/zH+ 9 +z 29 /y ej[;q vqpu F2’Sq 7XKz kXyy+

WXKH Ȗc� °: yXHWèX°X;[+� °: z:[°°+ +z °+ z:Kœ G+ WH•k[W[z:z[X/w wX/z [/j°K+/k•w W:H °+w W:H:y±zH+w

GK zH:[z+y+/z zè+Hy[QK+ F29Sq

7[;KH+ vیp l[kHX;H:Wè[+ X,z+/K+ wKH lσ5n7σdy+zz:/z +/ °Ky[±H+ °:
yXHWèX°X;[+ +z °: G[wzH[,Kz[X/ G+w Wè:w+w G+ GKHk[ww+y+/z Ȗc +z Ȗcc G:/w °c:°°[:;+
3P8 F29S

6K w+[/ G+w kX/G[z[X/w G+ WH•k[W[z:z[X/ è:,[zK+°°+w WXKH °c:°°[:;+ 32h� w: W:Hz

êX°Ky[QK+ wc•°±ê+ ~ 28 r ~ 29 r ew+°X/ °: WHXWXHz[X/ +/ jX/kz[X/ G+w :KzH+w Wè:w+wu F20Sq

à:H :[°°+KHw� zXKz kXyy+ Ȗc� °: WHX;H+ww[X/ G+w WH•k[W[z:z[X/w Ȗلل wK[z °+w H+°:z[X/w

GcXH[+/z:z[X/ wK[ê:/z+w F23S(

e222u Ȗ γγ e22Pu Ȗلل

Fn228S Ȗ γγ Fn228S Ȗلل

«882= Ȗ γγ e882u Ȗلل f o288) Ȗ γγ F288S Ȗلل

σ/ H:[wX/ G+ °: wzHKkzKH+ G+w WH•k[W[z:z[X/w� X/ X,w+Hê+ zHX[w k:z•;XH[+w XK ê:H[:/z+w G+

α+zz+ phase ]XK+ K/ Hس°+ kHKk[:° G:/w °: wz:,[°[z• y•k:/[QK+ G+w :°°[:;+w 3P8q σ/ +jj+z� w:

Wè:w+ Ȗc F23Sq m: j[;KH+ vqp WH•w+/z+ K/+ y[kHX;H:Wè[+ lσ5n7σd QK[ y+z +/ °Ky[±H+ zXKz+w

k+w zHX[w ê:H[:/z+w °+/z[kK°:[H+wq

WH•w+/k+ w[yK°z:/•+ :ê+k °: Wè:w+ Ȗc G:/w °+ j[°y 3P8 XK [wX°•y+/z G:/w Gل:KzH+w wKW+H:°°[:;+w

W:HX[w Gc:/z[Wè:w+w QK[ +/ G•kXK°+/z� zXKz kXyy+ K/+ G•jXHy:z[X/ G+ kXè•H+/k+ F2δ� P8Sq

~ ,:w+ G+ /[k%+°� W:H +œ+yW°+ °c:°°[:;+ 0P9é +wz °: WH[/k[W:°+ j:µX/ G+ GKHk[H k+w :°°[:;+w eÅh8n

δ9ru F2hSq m+ GKHk[ww+y+/z WHXêXQK• W:H k+w WH•k[W[z:z[X/w +wz °[• ~ °: y:/[±H+ GX/z °+w

WH•k[W[z•w zH:ê+Hw+/z °+w G[w°Xk:z[X/w ek[w:[°°+y+/z XK kX/zXKH/+y+/zu +z ~ °: jXHy:z[X/ G+w

m: Wè:w+ Ȗc� +/ z:/z QK+ kXyWXw• [/z+Hy•z:°°[QK+ [wX°•� H+wz+ wz:,°+ ]KwQKc~ G+w

z+yW•H:zKH+w +œzH–y+y+/z è:Kz+wq α+W+/G:/z� K/+ jX[w WH•k[W[z•+ G:/w °: y:zH[k+ Ȗ� [° +wz

/•k+ww:[H+ G+ H+êX[H w: wz:,[°[z• ~ è:Kz+ z+yW•H:zKH+q σjj+kz[ê+y+/z� ~ z+yW•H:zKH+ •°+ê•+� °+w

y•k:/[wy+w ;:H:/z[ww:/z °: kXè•H+/k+ GK WH•k[W[z• +z k+Kœ QK[ °+ yXG[j[+/z +z °+ G[wwXk[+/z wX/z
99



+/ kX/kKHH+/k+q C+w j:kz+KHw y•z:°°KH;[QK+w °Xk:Kœ kXyy+ °c•kHXK[ww:;+ W+Kê+/z j:êXH[w+H

k+Hz:[/w G+ k+w WHXk+wwKwq

mc[yW:kz G+ °: G[wkKww[X/ wKH °: wz:,[°[z• •/+H;•z[QK+ G+ °X/;K+ GKH•+ G+ °: Wè:w+

Ȗc +wz H+/jXHk• W:H °c:WW:H[z[X/ wKH °+ y:Hkè• GcK/ :°°[:;+ ,:w• wKH °c:°°[:;+ 3P8� :î:/z G+w

WHXWH[•z•w w[y[°:[H+w +z H•w[wz:/z ]KwQKc~ �αا388 QK[ /+ WH•k[W[z+ W:w G+ Ȗccq

α+Hz:[/w kè+Hkè+KHw G:/w °+w wKW+H:°°[:;+w ~ ,:w+ G+ g[ FP2S X/z H•ê•°• K/+

wzHKkzKH+ G+ kXnWH•k[W[z:z[X/ zXz:°+y+/z [/•G[z+ G:/w °c:°°[:;+ 32hq σjj+kz[ê+y+/z� [°w

G•yX/zH+/z k°:[H+y+/z QK+ °XHwQK+ °+ H:z[X G+w •°•y+/zw GKHk[ww:/zw e7[é6°uγg, er :zqu

+wz kXyWH[w +/zH+ 8�δ +z 2� G+w WHXk•GKH+w zè+Hy[QK+w W:Hz[kK°[±H+w :,XKz[ww+/z ~ °:

WH•k[W[z:z[X/ G+w Wè:w+w G+ GKHk[ww+y+/z QK[ w+ WHXGK[w+/z G:/w K/+ wzHKkzKH+ kH[wz:°°[/+

kX//K+ wXKw °+ /Xy G+ kK,[QK+ kXyW:kzq

j:k+w GcK/ ;+Hy+ Ȗou l–y+ w[ k+zz+ wzHKkzKH+ G+ WH•k[W[z:z[X/ WHXGK[z G+w k:H:kz•H[wz[QK+w

y•k:/[QK+w °•;±H+y+/z [/j•H[+KH+w ~ k+°°+ G+ °c:°°[:;+ zH:G[z[X//+°� [° : •z• G•yX/zH•

QKc+°°+ WH•w+/z+ K/+ wz:,[°[z• /Xz:,°+ +/ è:Kz 7 ekuq

7[;KH+ vی’ e:un lXHWèX°X;[+ G+ °: kXnWH•k[W[z:z[X/ Ȗللé Ȗل
e,unôkè•y:z[w:z[X/ G+ °: yXHWèX°X;[+ kXyW:kz FPPS

1010

α+zz+ wzHKkzKH+ kXyW:kz G•kXK°+ G+ °: ;+Hy[/:z[X/ G+ °: Wè:w+ Ȗc ' :KzXKH G+  la w[œ



σ/ H•:°[z•� °: H•W:Hz[z[X/ G+w :zXy+w Gc:°Ky[/[Ky +z G+ z[z:/+� QK[ +wz kHKk[:°+ WXKH

°+ WHXk+wwKw G+ WH•k[W[z:z[X/ +z G+ kHX[ww:/k+ G+ °: Wè:w+ Ȗc� +wz [yW:kz•+ W:H °: WH•w+/k+

G+ °: Wè:w+ ȖM +/zXKH:/z °+ WH•k[W[z• Ȗcq m: Wè:w+ ȖM +wz ;•/•H:°+y+/z W+HµK+ kXyy+ K/

X,wz:k°+ ~ °: G[jjKw[X/� H:°+/z[ww:/z :[/w[ °: kHX[ww:/k+ XK °: G[wwX°Kz[X/ G+ k+zz+

kX/j[;KH:z[X/ G+/w+q

3pO γ8S9ا į
m: Wè:w+ XHGX//•+ į +œè[,+ K/+ wzHKkzKH+ XHzèXHèXy,[QK+ G+ zîW+ CN:� :ê+k °+w W:H:y±zH+w G+

y:[°°+ wK[ê:/zw ( :įβ9�2’ ç� ,įβ’�Pp ç +z kįβ’�9p çq α+°: °: H+/G W:Hz[+°°+y+/z kXè•H+/z+ XK

[/kXè•H+/z+ :ê+k °: y:zH[k+ Ȗ FPpSq ô: kXyWXw[z[X/ kè[y[QK+ G:/w wX/ +/w+y,°+ +wz w[y[°:[H+ ~

k+°°+ G+ °: Wè:w+ Ȗ eg[pg,u� GX/z °: jXHy+ +wz wz:,°+q

N/ : wK;;•H• G+Kœ WHXk+wwKw WXKH °+ G•ê+°XWW+y+/z G+ °: Wè:w+ įq m+ WH+y[+H y•k:/[wy+

Gc+yW[°+y+/z G+ Ȗللq ô+°X/ W°Kw[+KHw :Kz+KHw FPp-P9S k+ WHX,°±y+ Gc+yW[°+y+/z est azzH[bué

aK ا k[w:[°°+y+/z G+ Ȗ ح wK[z+ ~ K/+ G[w°Xk:z[X/ W:Hz[+°°+ GK zîW+ :γ0o2nP2)q α+w erreurs se

WHXGK[w+/z W+/G:/z °+ ê[+[°°[ww+y+/z zè+HyXy•k:/[QK+ G+ °c:°°[:;+� XK zXKz :K °X/; du

H+WXw+ wKH °: ;+Hy[/:z[X/ G+ k+zz+ •z:W+ +/ XH;:/[w:/z ;•Xy•zH[QK+y+/z °: w•QK+/k+

WHXk+wwKw Gc•°:,XH:z[X/ :ê:/z wX/ :WW°[k:z[X/ eW:H +œ+yW°+� °XHw GcK/ •kHXK[ww:;+uq

C+w wW•k[:°[wz+w G:/w k+ GXy:[/+ FP0S X/z H•k+yy+/z G•êX[°• °+ w+kX/G y•k:/[wy+� QK[

H+WXw+ wKH G+w X,w+Hê:z[X/w +/ lσ7 G+ è:Kz+ H•wX°Kz[X/q v°w X/z +/wK[z+ G•yX/zH• QK+ °: Wè:w+

į WXKê:[z WH•k[W[z+H G[H+kz+y+/z G+WK[w °: y:zH[k+ ;Hùk+ ~ K/+ XH;:/[w:z[X/ w:/w /•k+ww[z• GcK/+

wzHKkzKH+ y•z:wz:,°+ Ȗ� k+ QK[ wXK°[;/+ °+ Hس°+ kHKk[:° G+w G[ê+Hw[z•w kXyWXw[z[X//+°°+w G:/w °+

y:z•H[:Kq α+w G+Kœ WHXk+wwKw G+ jXHy:z[X/ w+ kXyW°±z+/z yKzK+°°+y+/zq α+W+/G:/z� °+w

kX/G[z[X/w G+ zH:[z+y+/z zè+Hy[QK+ +z zè+HyXy•k:/[QK+w wX/z j:êXH:,°+w à  °cK/ et à °c:KzH+q

N/ W+Kz X,w+Hê+H k+zz+ Wè:w+ G:/w °+w :°°[:;+w G+ ,:w+q v° W+Kz –zH+ G•kH[z G+ G+Kœ

GK ;H:[/ FP3� PhSq TX[k[ °+w °[+/w G[H+kz+KHw +/zH+ °: y:zH[k+ +z k+ zîW+ G+ Wè:w+ į 

y:/[±H+w ( K/+ y:/[±H+ :k[kK°:[H+ ej[;q vq9 nku� +z K/+ y:/[±H+ ;°X,K°:[H+ +/ ;:°+zw ej[;q vq9 :n,uq

m: yXHWèX°X;[+ :k[kK°:[H+ w+ G•ê+°XWW+ WH[/k[W:°+y+/z :Kœ ]X[/zKH+w G+ ;H:[/w� WK[w wc•z+/G ~

°c[/z•H[+KH GK ;H:[/ wXKw °: jXHy+ Gc:[;K[°°+w wK[ê:/z °+w W°:/w G+/w+w G+ °: y:zH[k+ «212=q σ°°+

: •;:°+y+/z °: k:W:k[z• G+ ;+Hy+H :Kœ [/z+Hwz[k+w G+w ;H:[/w� +/ j:Kkè:/z °: Wè:w+ Ȗc ~ °c[/z•H[+KH

FPδS (

e222uȖ γγ e828uį

Fn228S Ȗ γγ F288Sį

1111



m: wzHKkzKH+ K/[ê+Hw+°°+ w+ jXHy+ WH[/k[W:°+y+/z :K /[ê+:K G+w ]X[/zw G+ ;H:[/w +/ H:[wX/

G+w G[jj•H+/k+w kè[y[QK+w WH•w+/z+w :K y[°[+K GK ;H:[/ +z °+w ]X[/zw +Kœny–y+wq

A/+ :KzH+ wXKHk+ G+ k+zz+ jXHy+ +wz °: jH:;y+/z:z[X/ G+w :[;K[°°+w QK[ :ê:[+/z •z• WH•k[W[z•+w

:KW:H:ê:/z °XHw GcXW•H:z[X/w zè+HyXy•k:/[QK+wq

7[;KH+ vq9 e:u n àè:w+ į WH•k[W[z•+ :Kœ ]X[/zw G+ ;H:[/w f e,u n àè:w+ į ;°X,K°:[H+ +z

:WW:KêH[ww+y+/z GK GKHk[ww+y+/z wzHKkzKH:° f eku n àè:w+ į wXKw jXHy+ Gل:[;K[°°+w

σ/ zè•XH[+� G+Kœ ;HXKW+w G+ yXHWèX°X;[+w wX/z [G+/z[j[•+w +/ jX/kz[X/ G+ °: kè:°+KH G+
jXHy:z[X/ ( à+/G:/z °+w W•H[XG+w G+ wKHkè:Kjj+ eδ88اαn7wX°êKw įu� /XKw •êXQKX/w °: Wè:w+ įèz
eè:Kz+ z+yW•H:zKH+u QK[ w+ G[wz[/;K+ W:H K/+ wzHKkzKH+ WH[/k[W:°+y+/z ;°X,K°:[H+q à:H kX/zH+�
°XHw GK wKHê[+[°°[ww+y+/z GK y:z•H[:K ez+yW•H:zKH+w ê:H[:/z +/zH+ 088 +z δ88اαu� /XKw
•êXQK+HX/w °: Wè:w+ į,z e,:ww+ z+yW•H:zKH+u QK[ w+ y:/[j+wz+ W:H K/+ wzHKkzKH+ WH[/k[W:°+y+/z
:k[kK°:[H+ Fp8� p2Sq

m: Wè:w+ į wK,[z K/+ è:Kww+ :K G•zH[y+/z G+ °: Wè:w+ Ȗc ej[;q vqc n,u� QK[ w+ kX/ê+Hz[z +/

kè:°+KH G+ WH•k[W[z:z[X/ G+ °a phase Fp2Sq σ°°+ H•GK[z °+w WHXWH[•z•w y•k:/[QK+w °Xk:°+w GK
y:z•H[:K +/ G[y[/K:/z °Xk:°+y+/z °+ WXKHk+/z:;+ êX°Ky[QK+ G+ °: Wè:w+ Ȗcq σ/ XKzH+� w:

g, WXKH w: jXHy:z[X/q m: G•°[y[z:z[X/ G+ k+zz+ ]X/+ +wz G•z+Hy[/•+ W:H °+ jX/G+y+/z +z °:

WH•w+/k+ WXKHH:[z [/j°K+/k+H °: H•w[wz:/k+ ~ °: G•;H:G:z[X/ +z ~ °: G•;H:G:z[X/ wXKw kX/zH:[/z+ G+
°c:°°[:;+ FpPSq
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7[/:°+y+/z� wXKw w: jXHy+ :k[kK°:[H+� +°°+ +wz kX/w[G•H•+ kXyy+ G•j:êXH:,°+ WXKH °:

C:/w °+ WHXk+wwKw G+ kX/k+Wz[X/ +z G+ j:,H[k:z[X/ G+w k:H:kz•H[wz[QK+w G+ j°K:;+ G+ k+z :°°[:;+. 

C:/w °c•°:,XH:z[X/ +z °: WHXGKkz[X/ G+ /Xy,H+Kw+w W[±k+w G+wz[/•+w :K GXy:[/+ /Kk°•:[H+      

XK :•HX/:Kz[QK+� k+w G+H/[+Hw :zzH[,Kzw G+ °: Wè:w+ į wX/z WH[w +/ kX/w[G•H:z[X/ WXKH y:œ[y[w+H

H•w[wz:/k+ G+ °c:°°[:;+ +/ WHXêXQK:/z K/+ WHXW:;:z[X/ G+ j[wwKH+ FppSq 7XKz+jX[w� +/ QK:/z[z•

H•GK[z+ +z G[wkX/z[/K+ WH•k[W[z•+ :Kœ ]X[/zw G+ ;H:[/w� k+zz+ •z:W+ W+Hy+z G+ H•;K°+H °: G[y+/w[X/

GcK/ :zz:kè+y+/z y•k:/[QK+ G+w ]X[/zw G+ ;H:[/ W+Kz kX/GK[H+ ~ K/ H:jj[/+y+/z GK ;H:[/ G:/w

k+z :°°[:;+� k+ QK[ WXKHH:[z WXz+/z[+°°+y+/z :y•°[XH+H w+w WHXWH[•z•w G+ j°K:;+q

°+w yXHWèX°X;[+w +z °+w G[y+/w[X/w GK ;H:[/ [35]q

q

3pC γ8S9ا Ș

m: Wè:w+ Ș WH•w+/z+ :K G[wWXw[z[j kH[wz:°°X;H:Wè[QK+ è+œ:;X/:°+ XHGX//•+ G+ zîW+ CNP’q

ô: kXyWXw[z[X/ kè[y[QK+ +wz g[p7[q σ°°+ w+ G•ê+°XWW+ è:,[zK+°°+y+/z °XHw GK ê[+[°°[ww+y+/z

WHX°X/;• G:/w G+w :°°[:;+w Xم °+ H:WWXHz 7[γ6° +wz G+ y:/[±H+ w[;/[j[k:z[ê+� XK +/ H:[wX/ G+ °:

wX°[G[j[k:z[X/ G:/w G+w :°°[:;+w kX/z+/:/z G+w ]X/+w G+ w•;H•;:z[X/ Xم k+ z:Kœ +wz •;:°+y+/z

kX/w[G•H:,°+ Fp0Sq

ôKH °+w [/z+Hj:k+w G+ ;H:[/w jXHz+y+/z G•wXH[+/z•+w� °c[/[z[:z[X/ G+ °: Wè:w+ Ș w+ WHXGK[z�

wK[ê[+ W:H w: WHXW:;:z[X/ wXKw jXHy+ Gc:[;K[°°+w +/ G[H+kz[X/ GK kX+KH GK ;H:[/ XK °+ °X/; G+w

]X[/zw G+ ;H:[/w Fp3Sq m: jXHy+ ;°X,K°:[H+ /+ G•ê+°XWW+ :KkK/+ °[:[wX/ •W[z:œ[:°+ wW•k[j[QK+

:ê+k °: y:zH[k+� :°XHw QK+ °: jXHy+ :k[kK°:[H+ w+ jXHy+ w+°X/ °+w H+°:z[X/w GcXH[+/z:z[X/

y+/z[X//•+w k[nG+wwXKw +/ °[+/ :ê+k °: y:zH[k+q
e222uȖ γγ e8882uȘ

o2n28) Ȗ γγ o22nP8)Ș

v° WH•k[W[z+ +z w+ G•ê+°XWW+ :K G•zH[y+/z G+w Wè:w+w Ȗلل +z Ȗل� k+ QK[ G[y[/K+ °+w

k:H:kz•H[wz[QK+w y•k:/[QK+w G+ q+;:]°°:ل° σ/ XKzH+� X/ °: kX/w[G±H+ kXyy+ K/ +/GHX[z WH[ê[°•;[•

WXKH °+ G•,Kz G+ j[wwKH+w ~ è:Kz+ z+yW•H:zKH+ q 7[/:°+y+/z� °+ αH +z °+ lX WH•w+/z:/z K/+

wX°K,[°[z• °[y[z•+ °XHw G+ k+zz+ Wè:w+ w+HX/z H+WXKww•w ê+Hw °: y:zH[k+ +z kX/zH[,K+HX/z ~ +/H[kè[H

°+w ]X/+w w[zK•+w :Kœ :°+/zXKHw G+ °: Wè:w+ Ș Fph� pδSq ô+°X/ °: kXyWXw[z[X/ kè[y[QK+ °Xk:°+�

wXKê+/z� K/+ kXnWH•k[W[z:z[X/ G+ kXyWXw:/zw wzHKkzKH:°+y+/z kXyW:kz+w z+°°+w QK+ °+w Wè:w+w

ĮαH XK ı W+Kz •;:°+y+/z k:Kw+H G+w WHX,°±y+w ~ °: H•w[wz:/k+ y•k:/[QK+ ej[;q vq0uq
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m: Wè:w+ Ș /+ WH•k[W[z+ W:w G:/w °+w :°°[:;+w 3P8 kX/z+yWXH:[/wq 7XKz+jX[w� +°°+ :

°: k:W:k[z• G+ w+ kX/wz[zK+H +/ W°Kw[+KHw :KzH+w :°°[:;+w� kXyy+ °c:°°[:;+ 3P8m[q

7[;KH+ v0ی αXnWH•k[W[z:z[X/ G+ °: Wè:w+ ı +z Ș G:/w +;:]°°:ل° 3P9 FpδS

3pT γ8S9ا Į Vص ل9 9ا8Sل ı

m: Wè:w+ ĮαH +wz K/+ wzHKkzKH+ kH[wz:°°[/+ kK,[QK+ G+/w+ GXz•+ G+ j:k+w k+/zH•+w G+

y:[°°+w wX/z :βh�hh ç +z kβ’�08 çq α+zz+ phase WH•w+/z+ K/+ kXè•H+/k+ w+y[nXK /X/ kXè•H+/z+

lXuœeg[� αXuî� Xم œ +z î W+Kê+/z w+ w[zK+H +/zH+ K/ +z w+Wz +z Xم œ)î F’2Sq

F’8Sq σ°°+ wc:kk•°±H+ GX/k :K /[ê+:K G+ k+w phases Xم °+ αH +z °+ lX WH•w+/z+/z K/+ y[/[y+

wX°[G[z•q ô+°X/ °: kXyWXw[z[X/ °Xk:°+ G+ °c:°°[:;+� k+zz+ Wè:w+ W+Kz WH•w+/z+H K/+ [/wz:,[°[z• XK

]XK+H °+ Hس°+ G+ /Xî:K WXKH °c•êX°Kz[X/ G+ °: Wè:w+ ıq m: Wè:w+ ı +wz •;:°+y+/z kXyW:kz GK WX[/z

G+ êK+ zXWX°X;[QK+q C:/w K/+ wzHKkzKH+ kH[wz:°°X;H:Wè[QK+ QK:GH:z[QK+ Ch,� °+w W:H:y±zH+w G+w

y:/[±H+ zXWX°X;[QK+q σ°°+ +wz H[kè+ +/ chrome +z w+ y:/[j+wz+ °XHw G+ w•;H•;:z[X/w [/z+/w+w

k:Kw•+w W:H °: kX/wX°[G:z[X/ XK °+w WHXk+wwKw G+ GKH:,[°[z• WHX°X/;•+ W+Kê+/z +/zH:Δ/+H K/+

yXG[j[k:z[X/ G+ °: kXyWXw[z[X/ °Xk:°+ G+ °: y:zH[k+ ;Hùk+ ~ °c:WW:H[z[X/ G+w Wè:w+w į� Ȗc� Ȗcc� Șq

:ê+k °: y:zH[k+q ô: kXyWXw[z[X/ kè[y[QK+ W+Kz ê:H[+H� y:[w +°°+ +wz k:H:kz•H[w•+ W:H eαH�

m+w °[+/w G+ G[H+kz[X/ °[:/z °: Wè:w+ ı +z °: y:zH[k+ X/z •z• •z:,°[+w G+ °: y:/[±H+

wK[ê:/z+F’PS (

e222u Ȗ γγ e 882u ı f F822S Ȗ γγ F228S ı

•°+ê•+w F’PSq N/ : •;:°+y+/z X,w+Hê• QK+ °+ kX/z:kz +/zH+ °: Wè:w+ ı +z °: y:zH[k+ kX/wz[zK:[z K/

+/GHX[z j:êXH:,°+ WXKH K/+ G•j:[°°:/k+ W:H j°K:;+ ~ •/+H;[+ zè+Hy[QK+ •°+ê•+q
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α+zz+   phase êK°/•H:,°+ :jj+kz+ /•;:z[ê+y+/z °: H•w[wz:/k+ y•k:/[QK+ ~ G+w z+yW•H:zKH+w



C+ W°Kw� +/ H+z[H:/z °: y:zH[k+ Ȗ G+ αH� +°°+ H+wzH+[/z °+ WHXk+wwKw G+ GKHk[ww+y+/z W:H

kè[y[QK+ kX/zH[,K+/z ~ H•GK[H+ °c+œ[wz+/k+ G+ k+w phases.

+œk+ww[ê+ G+ k+zz+  phase  G:/w °+w °[/;Xzw +/zH:ê+H: °+ WHXk+wwKw G+ jXH;+:;+q A/+

èXyX;•/•[w:z[X/ :G•QK:z+ +z K/ ê[+[°°[ww+y+/z :WWHXWH[• +/ jX/kz[X/ G+ °: kXyWXw[z[X/

wX°Kz[X/ wX°[G+ F’pSq 7[/:°+y+/z� W+/G:/z °: j:,H[k:z[X/ G+w wKW+H:°°[:;+w� K/+ QK:/z[z•

3pTpm γ8S9ا 09 BSا9م

GKH:/z K/+ W•H[XG+ G+ ê[+[°°[ww+y+/z WHX°X/;•+ F’’� ’9Sq v° wc:;[z GcK/+ wzHKkzKH+

kH[wz:°°X;H:Wè[QK+ è+œ:;X/:°+ GcK/ zîW+ α2’ eW:HjX[w G+ zîW+ α29u :ê+k K/+ jXHyK°+ ;•/•H:°+

I.5.2  Carbures et  Carbonitrures

m+KHw H+kè+Hkè+w G•yX/zH+/z QKcK/ j[°y WH+wQK+ kX/z[/K G+ k:H,KH+w ;•/±H+ K/+ HXKz+

WH[ê[°•;[•+ WXKH °: j[wwKH:z[X/� W:Hz[kK°[±H+y+/z w+°X/ °+w ]X[/zw G+ ;H:[/wq Cc:KzH+w H+kè+Hkè+w

X/z :Kww[ H•ê•°• °c[/j°K+/k+ G•j:êXH:,°+ G+w k:H,KH+w [/z+H;H:/K°:[H+w +z wK,wKHj:k+w wKH °:

H•w[wz:/k+ ~ °: G•;H:G:z[X/ wXKw kX/zH:[/z+ G+ °c:°°[:;+ 32h F92� 9PSq mcXœîG:z[X/ G+ k+w

k:H,KH+w WHXêXQK+H:[z G+w °[y[z:z[X/w G+ kHX[ww:/k+ w[;/[j[k:z[ê+w ~ °: °[:[wX/ +/zH+ °+w k:H,KH+w

+z °: y:zH[k+� wKwk+Wz[,°+w G+ G•k°+/kè+H K/+ j[wwKH+ G:/w °: y:zH[k+q
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7îW[QK+y+/z� K/+ phase G+ °:ê+w w+ y:/[j+wz+ °XHw GK WHXk+wwKw G+ wX°[G[j[k:z[X/ XK

eαH� 7+� g[uPeô[� 7[� g,� lXuq v° +wz WXww[,°+ Gc•ê[z+H k+zz+ phase  w[� W:H +œ+yW°+� °+w

kX/k+/zH:z[X/w +/ ô[ +z +/ g, wX/z j:[,°+w F’9Sq mc•z:,°[ww+y+/z G+ k+w Wè:w+w /K[z :Kœ

k:H:kz•H[wz[QK+w GK y:z•H[:K� k:H [° +wz [/zH[/w±QK+y+/z êK°/•H:,°+� WH[ê+ °+ y:z•H[:K Gc•°•y+/zw

Gc:°°[:;+ wX°[G[j[:/z +z XjjH+ •;:°+y+/z K/+ [/z+Hj:k+ G•°[k:z+ :ê+k °: y:zH[k+q 6[/w[� +°°+ +wz K/

+/GHX[z WH[ê[°•;[• WXKH °+ G•,Kz +z °: WHX;H+ww[X/ G+w j[wwKH+w F’0Sq 7XKz+jX[w� +/ y:ΔzH[w:/z °+w

y•zèXG+w Gc•°:,XH:z[X/ +z GcèXyX;•/•[w:z[X/� X/ W+Kz H•GK[H+ °: jXHy:z[X/ G+ k+w phases.

Les alliages analysés, qui contiennent environ 0,03% de C, sont parsemés de 
carbures intra ou intergranulaires. On distingue les carbures primaires et les carbures 
secondaires en se basant sur leur structure géométrique. Que les carbures soient de 
nature primaire ou secondaire, la fonction des superalliages est complexe. Ils sont de 
forme globulaire et se trouvent aux joints de grain, contribuant activement au blocage 
des interfaces, entravent la croissance des grains et peuvent augmenter la résistance en 
fluage en retardant le mouvement entre les granules [48]. 

   Toutefois, une présence importante de ces substances a été considérée comme 
nuisible pour le matériau, comme en témoignent les recherches menées par certains 
chercheurs. [49, 50].



� VSصGXا9ص ل9 ÈSصGصل–مخXا9ص ا9ص–PS–صل

Au cours de la solidification, les carbures primaires se forment et coulent non 

seulement à partir des agglomérations interdendritiques accentuées par les indices de 

distribution des éléments d'alliage, mais aussi en raison des interactions entre le 

creuset et le lingot. [53, 54]. De forme cubique (B1), ils présentent une grande 

stabilité (jusqu'à 1250°C) et sont généralement insensibles aux traitements 

thermiques subis par l'alliage suite à son processus de fabrication [55]. L'indication 

MX (M = Ti, Nb, Mo, etc.) signale que la structure de ces phases est sphérique 

lorsque le taux de carbone est faible en azote, tandis qu'elle tend à devenir plus 

anguleuse quand sa concentration en azote augmente. Il est courant de faire la 

distinction entre les carbures de Nb et les carbonitrures de Ti et Nb. Selon Gao et ses 

collègues [56]� [°w X/z wXK°[;/• °+ °[+/ +/zH+ °: WH•j•H+/k+ WXKH°+w k:H,KH+w g,α +z °: 

y:zH[k+ :Kwz•/[z[QK+ Ȗ wK[ê:/z+ (

e882uȖ γγ e882u g ,α F8P8SȖ γγ FPP8Sg ,α

� VSصGXا9ص 9ص–0Sمخ9Èا

Avec certains procédés thermiques, des carbures dits secondaires de formule M6C, 

« feuillets de carbures » de type M23C6  , a été mise en exergue [59].

M7C3 et M23C6 peuvent précipiter [57]. Selon la composition de l'alliage, en particulier sa 

teneur en Mo, W et Cr, il est possible d'encourager la production de ces carbures. Leur 

concentration en Ni, Nb, Mo et Cr est souvent associée à une diminution significative de la 

matrice environnante en composants d'alliage comme le Cr et le Nb (par exemple pour 

l’alliage U720) [58]. Ils peuvent précipiter dans les joints de particules, dans les joints de 

macles ou dans la matrice et ont habituellement une forme globulaire. Une structure 

appelée 
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7[;KH+ v3ی 6°[;/+y+/z G+ k:H,KH+w WH[y:[H+w w+°X/ °+w ]X[/zw G+ ;H:[/w F9hSq N/
H+zHXKê+ jH•QK+yy+/z G+w Wè:w+w G+ zîW+ l0α� l3αp +z lPpα0 G:/w °+w :°°[:;+w
0P9 +z 3P8� y:[w [° +wz W+K kXKH:/z G+ êX[H k+w Wè:w+w WH•k[W[z+H G:/w A3P8

3pR Bu–PلصخلSمÈ9 09 XP–م–XPلuSل ل9 ا09 ÈخPاخلSالم ا9ص–SلSÈص/pص

0Sام ا9ل Sلل–S79ا GS9ا Q– j 0XصÈ–9ااP9لم لSصXلXÈصلا

v° +wz /•k+ww:[H+ Gc:]Kwz+H °: kXyWXw[z[X/ kè[y[QK+ G+ k+w :°°[:;+w :j[/ QKل[°w H•WX/G+/z

/X/ w+K°+y+/z :Kœ +œ[;+/k+w +/ y:z[±H+ G+ y[kHXwzHKkzKH+ y+/z[X//•+w WH•k•G+yy+/z� y:[w

:Kww[ +/ y:z[±H+ G+ WHXWH[•z•wq C:/w k+ k:w� °+w kXyWXw:/zw H•w[wz:/zw wX/z G+w kXyWXw:/zw

kè[y[QK+w +ww+/z[+°w G:/w °+ GXy:[/+ G+w wKW+H:°°[:;+w� k:H [°w ]XK+/z K/ Hس°+ kHKk[:° G:/w °:

wz:,[°[z• y•k:/[QK+ G+w wKW+H:°°[:;+w wX/z wXKy[w ~ G+w z+yW•H:zKH+w •°+ê•+w +z ,:ww+wq

m+KH WH+y[+H Hس°+ G:/w °+ kXyWXHz+y+/z G+ k+w :°°[:;+w H•w[G+ G:/w °c:y•°[XH:z[X/ G+ °:

y:zH[k+ W:H K/+ wX°Kz[X/ wX°[G+q αX/jXHy•y+/z :K z:,°+:K vq2� °+ êX°Ky+ G+ k+w :zXy+w

wK,wz[zK:/z °+w :zXy+w G+ g[ +/zH:Δ/+ K/+ yXG[j[k:z[X/ G+ °: y:[°°+ kK,[QK+ ~ j:k+w k+/zH•+w G+

°: y:zH[k+q m+ H+/jXHk+y+/z +/ wX°Kz[X/ wX°[G+ /+ H•wK°z+ W:w +œk°Kw[ê+y+/z G+ °c+jj+z wz•H[QK+�

[° +wz •;:°+y+/z /•k+ww:[H+ G+ kX/w[G•H+H °+ G+;H• GcXœîG:z[X/ eê:°+/k+uq

g[ g, 6° 7[ αH lX
l:ww+ êX°Ky[QK+ ;γkyp h�δ h�’ P�0δ ’�92 3�92 28�P
R:îX/ :zXy[QK+ Wy 20P P8h 2hP P88 2h9 P82

m[y[z+ G+ wX°K,[°[z•r:zy ~
°: z+yW•H:zKH+ G+
wX°K,[°[z• y:œ[y:°+

n 2’ P2 29 98 P3

7+yW•H:zKH+ G+ °:
wX°K,[°[z•y:œ[y:°+ αا n 2P38 2ph9 2Ph3 2p’9 2p29

5SG9لSX 3pmpα+Hz:[/+w k:H:kz•H[wz[QK+w Wèîw[QK+w GK /[k%+° +z G+w kXyWXw:/zw

y•z:°°[QK+w wK,wz[zK•w G:/w °: wzHKkzKH+ kK,[QK+ ~ j:k+w k+/zH•+w GK /[k%+° F9δSq

m: j[;KH+ vیh [°°KwzH+ /êX°Kz[X•ل° GK W:H:y±zH+ G+ °: y:[°°+ G+ /[k%+° eȖu� wK[z+ ~ °:
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WH•w+/k+ GcK/ •°•y+/z Gل:°°[:;+ +/ wX°Kz[X/q C+w :zXy+w kXyy+ °+ g,� °+ lXqqq yXG[j[+/z

H:W[G+y+/z k+ W:H:y±zH+ +z W+Kê+/z –zH+ W°Kw XK yX[/w wX°K,°+w� z:/G[w QK+ °+ αX /+ j:[z QKcK/+

yXG+wz+ •êX°Kz[X/ W:H H:WWXHz :Kœ êX°Ky+w +/ wX°Kz[X/ QKc[° +wz k:W:,°+ Gc:zz+[/GH+q àXKH

[°°KwzH+H k+zz+ j[;KH+� X/ W+Kz y+/z[X//+H °+w H+kè+Hkè+w y+/•+w W:H dAN +z wX/ •QK[W+ F08S QK[

X/z +œW°[QK• QK+ G:/w K/ :°°[:;+ g[nP8αH� °+ W:H:y±zH+ G+ y:[°°+ G+ °: y:zH[k+ wK,[ww:[z G+w

kè:/;+y+/zw G+ 8�p90p/y +/ WH•w+/k+ Gc8rWGw G+ g, ~ 8�p932/y +/ WH•w+/k+ G+ P�’0r WGw

G+ g,q

α+zz+ :K;y+/z:z[X/ GK W:H:y±zH+ w+ y:/[j+wz+ W:H K/+ è:Kww+ Gc+/ê[HX/ ’’

là: Gc•°:wz[k[z•� wKH K/ zXz:° G+ 398 là:q

7[;KH+ vیh T:H[:z[X/ GK W:H:y±zH+ G+ y:[°°+ G+ °: wzHKkzKH+ :Kwz•/[z[QK+ GK /
[k%+°+/ H+°:z[X/ :ê+k °: wX°K,[°[z• G+ G[ê+Hw •°•y+/zw Gc:°°[:;+ F08S

mc[yWXHz:/k+ G+w •°•y+/zw H•w[wz:/zw +/;°X,+ •;:°+y+/z Gc:KzH+w :zzH[,Kzwq à:H +œ+yW°+�

°: j[;KH+ vqδ y+z +/ •ê[G+/k+ °+w ]X/+w G+ kX/k+/zH:z[X/ GK 7[ +z GK g, QK[ kX/j±H+/z :Kœ

wKW+H:°°[:;+w ~ ,:w+ G+ g[ °+KHw WHXWH[•z•w y•k:/[QK+w +z +/ê[HX//+y+/z:°+w °+w W°Kw

w•GK[w:/z+w� :[/w[ QK+ °+w ]X/+w Xم G+w WHXk+wwKw G+ G•;H:G:,[°[z• WXKHH:[+/z H•GK[H+ °+KH GKH•+

G+ ê[+q
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7[;KH+ vیδ σjj+z GK z[z:/+ +z GK /[X,[Ky wKH °+w k:H:kz•H[wz[QK+w G+w wKW+H:°°[:;+w

m+ G[:;H:yy+ : •z• •°:,XH• ~ W:Hz[H Gc•kè:/z[°°X/w Gc:°°[:;+w +œW•H[y+/z:Kœ QK[

X/z •z• y[w +/ wX°Kz[X/ WK[w ê[+[°°[w� +z QK[ X/z K/+ kXyWXw[z[X/ G+ ,:w+ GX//•+q m:

kXyWXw[z[X/ kè[y[QK+ G+ °c:°°[:;+ +wz °: wK[ê:/z+ ( 8�829r G+ k:H,X/+� 9δn0pr G+ /[k%+°�

2δr G+ kèHXy+� 8�P9r Gc:°Ky[/[Ky� δr G+ yX°î,G±/+� °+ H+wz+ •z:/z GK j+H er +/

WX[Gwu F02Sq

C:/w k+zz+ W:Hz[+� /XKw :,XHG+HX/w °: jX/kz[X/ G+w kXyWXw:/zw kX/zH[,K:/z :K GKHk[ww+y+/z

QK:/z[z•w +zγXK H:WWXHzw 6°γ7[ (r :z)q +z e6°é7[uγg[ (r :z)q

wzHKkzKH+° G+w wKW+H:°°[:;+w� ~ w:êX[H �Ky[/[Ky°:ل° °+ z[z:/+ +z °+ /[X,[Ky� +/ w+ ,:w:/z wKH °+KHw

3pRpm 9ل}4 0X Q–خG–XP
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m+ g[X,[Ky +wz K/ •°•y+/z H•w[wz:/z� WH[/k[W:°+y+/z +yW°Xî• G:/w °+w wKW+H:°°[:;+w ej[;. I.10) [62].

~ K/ WHXk+wwKw G+ ê[+[°°[ww+y+/z +jj+kzK•� °c[yW:ct G+ °: WHXWXHz[X/ êX°Ky[QK+ G+ °: Wè:w+ WH•k[W[tée

w[;/[j[k:z[j WXKH °+w G+Kœ :°°[:;+w 3P8q à:H kX/zH+� K/+ jX[w K/ w+K[° G+ kXyWXw[z[X/ :zz+[

mc+jj+z G+ °c:GG[z[X/ G+ /[X,[Ky wKH °c•°:wz[k[z• G+ °: wX°Kz[X/ wX°[G+ e•z:t hypertrempé) est peu

/z +z wK[te

G+ê[+/z /Xz:,°+q



7[;KH+ v28ی  σjj+z G+ °: z+/+KH +/ rWGw G+ g, wKH °: °[y[z+ •°:wz[QK+ G+ G+Kœ
wKW+H:°°[:;+w G:/w G+Kœ •z:zw y[kHXwzHKkzKH:Kœ ( H+y[w +/ wX°Kz[X/ +z H+y[w +/

wX°Kz[X/ WK[w ê[+[°°[w F0PS

� x//9ال 0X Q–خG–XP صXا Sل P–ÈصلاخصXÈلX9ص
T:,°+:K vqP [°°KwzH+ °: QK:/z[z• G+ g, G:/w °+w Wè:w+w WH•k[W[z•+w G:/w °c:°°[:;+ 3P8�

wK[z+ ~ K/ ê[+[°°[ww+y+/z G+ h è+KH+w ~ αا308 F04Sq m: G[wzH[,Kz[X/ GK /[X,[Ky ~ zH:ê+Hw °+w

G[jj•H+/z+w •z:W+w y+z +/ °Ky[±H+ °: kXyW°+œ[z• G+ °: y[kHXwzHKkzKH+ G+ °c:°°[:;+� +/ W:Hz[kK°[+H

w+w k:H:kz•H[wz[QK+w y•z:°°KH;[QK+w wW•k[j[QK+wq ewX°êKw� k:H:kz•H[wz[QK+w G+ y:[°°+�

k:H:kz•H[wz[QK+w y•k:/[QK+w� wz:,[°[z• zè+Hy[QK+uq

�_vvà 1c Ѹv|l aѴ Ѹv|l 2b Ѹv|l Tà Ѹv|l bu Ѹv|l γoѸv|l 5b Ѹv|l
Ô ƐķƖƕ ƏķƕƓ ƏķƔƑ ƑƒķѶ ƑƑķƏ ƑķƓƐ ƏķѵƓ
ÔĽ ƐƏķƑ ѶķƏƏ ƖķƓƏ ƑķƐƔ ƏķƔ ƏķƓƖ ƏķƒƔ
ÔĽĽ ƑƔķƐ ƏķƓƓ ƓķƖƑ ƏķѶѵ Əķƕѵ ƐķƏƔ ƏķƏƐ
Õ ƑƏķƓ ƏķѶ ƒķƏƏ ƔķƒƏ ƒķƓ ƑķƑ ƏķƐ

Mv�àv ƐѶķѶ ƏķƐƏ Əķѵ ƐƔ ƐƔķƒ ƐƏķƑ ƓķƔ
γbŖ ƐƓķѵ ƏķƐ ѶƏ ƏķƖ ƐķƖƏ ƏķƔƏ ƐķƖƏ

Ŗ bàu|vbmv uvuc�uàv uom|bàmmàm| 7à ѴĽv�o|à àm voѴ�|bom 7vmv Ѵv r_vvà 7Ľmvàu|bomĺ
bàu|vbmv om| �m |làmߗѴߗ lߗ|vѴѴbt�à f�vt�Ľޢ ѶƓѸv|l 7à 1cĺ

5SG9لSX 3pDp m: kXyWXw[z[X/ +/ •°•y+/zw Gc:°°[:;+ G+w G[ê+Hw+w Wè:w+w kX/z+/:/z GK
/[X,[Ky G:/w °c:°°[:;+ 32h :WH±w K/ zH:[z+y+/z G+ ê[+[°°[ww+y+/z G+ h è+KH+w ~ αا308 F0’Sq

� x//9ال 0X Q–خG–XP صXا Sل مخ–لSل–ل–pÈصل ا09 ا9ا8Sل 0XصÈ–ااSا9لم

m: WHXWXHz[X/ êX°Ky[QK+ G+ °: Wè:w+ Ȗc +wz jX/G:y+/z:°+y+/z °[•+ ~ °: jH:kz[X/ y:ww[QK+

GK g, WH•w+/z G:/w °c:°°[:;+q ô[ °+ z:Kœ G+ g, G:/w °c:°°[:;+ +wz zHXW j:[,°+� w+K°w °: Wè:w+ Ȗc +z °:

wX°Kz[X/ wX°[G+ W+Kê+/z :wwKH+H °+ GKHk[ww+y+/z wzHKkzKH+°q C+ W°Kw� ô[yw +z w+w kX°°:,XH:z+KHw

F09S G•yX/zH+/z QK+ WXKH °+w :°°[:;+w ~ ,:w+ G+ g[� K/+ QK:/z[z• y[/[y:°+ G+ g,� w[zK•+ +/zH+

pr +z p�9rWGw +wz H+QK[w+ WXKH °: jXHy:z[X/ G+ k+w WH•k[W[z:z[X/wq
2020



Cc:KzH+ W:Hz� y–y+ w[ °+ g, /c[/z+Hê[+/z W:w G[H+kz+y+/z G:/w °: WH•k[W[z:z[X/ G+ °: Wè:w+

Ȗc� w: WH•w+/k+ WXKHH:[z j:êXH[w+H °c:K;y+/z:z[X/ G+ w: WHXWXHz[X/ +z :y•°[XH+H w: wz:,[°[z•q dKX

+z w+w kX°°:,XH:z+KHw F00S G•yX/zH+/z QK+ °: WH•w+/k+ G+ g, G:/w °: y:zH[k+ :Kwz•/[z[QK+ Ȗ

G[y[/K+ °: wX°K,[°[z• G+w +wW±k+w 7[ +z 6°� k+ QK[ °+w WXKww+ WH•j•H+/z[+°°+y+/z ~ w+ WH•k[W[z+H

wXKw jXHy+ Ȗلq v° kX/ê[+/z •;:°+y+/z G+ wXK°[;/+H QK+ °+ g, ê: :Kww[ :kkHXΔzH+ °: G[jj•H+/k+

W:H:y•zH[QK+ +/zH+ Ȗc +z °: y:zH[k+� k+ QK[ H+/jXHk+H: °+ Hس°+ G+ k+zz+ phase F03Sq

C:/w °+KH H+kè+Hkè+ wKH °: Wè:w+ Ȗc� G+w kè+Hkè+KHw F0hS G•yX/zH+/z •;:°+y+/z °c[yW:kz

G+ °: z+/+KH +/ g, wKH w: wz:,[°[z•� /Xz:yy+/z W:H G+w kè:/;+y+/zw G:/w w: z+yW•H:zKH+ wX°êKwq

m: j[;KH+ v22ی[°°KwzH+ k°:[H+y+/z °c[yW:kz GK g, wKH °: H•w[wz:/k+ ~ °: G•jXHy:z[X/ W°:wz[QK+q

7[;KH+ v22ی σjj+z GK g, +z GK 7[ wKH °: H•w[wz:/k+ ~ °: G•jXHy:z[X/ W°:wz[QK+ G+ ȖلF 0δS

� x//9ال 0X Q–خG–XP صXا Sل pل–ل–SGلا ا09 ÈSصGXا9ص

αXyy+ [/G[QK• :KW:H:ê:/z� °+w k:H,KH+w ]XK:[+/z K/ Hس°+ [yWXHz:/z G:/w °: kXyWXw[z[X/

G+w :°°[:;+w G+ ,:w+q v°w kX/zH[,K+/z ~ °: H•;K°:z[X/ G+ °: z:[°°+ G+w ;H:[/w °XHw G+w XW•H:z[X/w G+

jXH;+:;+ +z G+ WHXk•G•w zè+Hy[QK+wq L:,[zK+°°+y+/z� k+w k:H,KH+w XK k:H,X/[zHKH+w kX/z[+//+/z

K/+ jXHz+ z+/+KH +/ 7[ +z w+ kXy,[/+/z :ê+k °+ g,q α+ g, :wwKH+ °: wz:,[°[z• G+w k:H,KH+w

WH[y:[H+w� +/ H+z:HG:/z °+KH zH:/wjXHy:z[X/ +/ k:H,KH+ w+kX/G:[H+ F38� 32Sq α+°: W+Hy+z K/+

y:ΔzH[w+ +jj[k:k+ G+ °: G[y+/w[X/ GK ;H:[/ w[ °+w k:H,KH+w wX/z Kz[°[w•w G:/w k+zz+ XWz[QK+q



•°•y+/zw Gc:°°[:;+ +ww+/z[+°w G+ °: y:zH[k+� k+ QK[ G[y[/K+ °+w WHXWH[•z•w +z °: GKH:,[°[z• GK

y:z•H[:K F3P� 3pSq

7[/:°+y+/z� °cK/ G+w [yW:kzw GcK/+ kX/k+/zH:z[X/ •°+ê•+ +/ /[X,[Ky +wz °: w+/w[,[°[z•

G+ °: z+yW•H:zKH+ G+ wX°Kz[X/ G+w Wè:w+w H[kè+w +/ /[X,[Kyq à:H +œ+yW°+� αXwz+ F3’S y+z +/

•ê[G+/k+ K/+ :K;y+/z:z[X/ w[;/[j[k:z[ê+ G+ °: z+yW•H:zKH+ GK wX°êKw G:/w °: Wè:w+ į +/

H+°:z[X/ :ê+k °: QK:/z[z• G+ g,q 6[/w[� WXKH X,z+/[H K/+ y[kHXwzHKkzKH+ K/[jXHy+� [° +wz

+ww+/z[+° Gc:]Kwz+H °+w WHXk•G•w •/+H;•z[QK+w +z °+w zH:/wjXHy:z[X/w ~ kè:KG +jj+kzK•w wKH °+

wX°êKw G+w Wè:w+w kX/k+H/•+w +/ jX/kz[X/ G+ °: z+/+KH +/ g, G+ °c:°°[:;+q

� x//9ال 0X Q–خG–XP صXا 9ل ÈخP9لصخلP9لم j مخ–ل0S\تخ¶ل

5[+/ QK+ °: y:z[±H+ :[z wK,[ G+w zH:[z+y+/zw zè+Hy[QK+w èXyX;±/+w °XHw G+ wX/

•°:,XH:z[X/ +z G+ w: zH:/wjXHy:z[X/� °+w H+kè+Hkè+w G+ F39, 30S X/z wXK°[;/• K/+ w•°+kz[ê[z•

GK g, :Kœ ]X[/zw G+ ;H:[/q v° : •z• G•yX/zH• W:H K/ +œW+Hz QK+ °: QK:/z[z• +/ g, :KzXKH G+w ]X[/zw

G+ ;H:[/ +wz QK:zH+ jX[w W°Kw •°+ê•+ QK+ k+°°+ :K k+/zH+ GK ;H:[/� k+ QK[ [/G[QK+ K/+ WH•k[W[z:z[X/

G+w Wè:w+w kX/z+/:/z °+ W°Kw G+ g, :Kœ :°+/zXKHw G+ k+w G+H/[+Hwq

C:/w °+w Wè:w+w H[kè+w +/ g,� [° +wz kX/w[G•H• kXyy+ H+wWX/w:,°+ G+ °: j[wwKH:z[X/

[/z+H;H:/K°:[H+� wXKz+/K+ W:H °cXœîG:z[X/ ~ è:Kz+ z+yW•H:zKH+ e988n388اαu GK y•°:/;+ 3P8q

σjj+kz[ê+y+/z� °+w k:H,KH+w g,α +z Gc:KzH+w kXyWXw:/zw kX/z+/:/z GK g, G:/w °+w ]X[/zw G+

;H:[/w êX/z w+ G•kXyWXw+H XK w+ H•XœîG+H WXKH kH•+H K/ j[°y GcXœîG+ G•°[k:z G+ zîW+ g,PN9�

H+wWX/w:,°+ G+ °: jXHy:z[X/ G+ j[wwKH+w +wz j:êXH[w•+ W:H °c[/z+H:kz[X/ G+w kX/zH:[/z+w y•k:/[QK+w

F33Sq

3pRpD 9ل}4 ا09 pلpP9الم ل$ ل9 5–

àXKH °+w :°°[:;+w ~ ,:w+ G+ g[ ~ GKHk[ww+y+/z wzHKkzKH+°� °+ kXKW°+ 6°n7[ +wz °:H;+y+/z

+œ:y[/• F3hnh’Sq C±w °c•°:,XH:z[X/ G+w :°°[:;+w G+ GKHk[ww+y+/z wzHKkzKH+° kX/z+/:/z GK g,� K/

kè+Hkè+KH : yX/zH• °+KH [/j°K+/k+ wKH °c:y•°[XH:z[X/ G+w k:H:kz•H[wz[QK+w y•k:/[QK+w Fh’Sq m:

j[;KH+ v2یP +z °+ 7:,°+:K vqp wXK°[;/+/z °c[yWXHz:/k+ G+ kX/zHس°+H °+KH kX/k+/zH:z[X/ WXKH °+w

k:H:kz•H[wz[QK+w y•k:/[QK+w G+ °c:°°[:;+ 3P8 ~ z+yW•H:zKH+ :y,[:/z+q à:H +œ+yW°+� w[ K/+ è:Kww+

GK kXKW°+ 6°é7[ kX/GK[z ~ K/+ :K;y+/z:z[X/ G+ °: H•w[wz:/k+ y•k:/[QK+� K/ kXKW°+ zHXW jXHz

z+/G ~ G[y[/K+H °: GKkz[°[z• GK kXyWXw:/zq

2222

Une trop grande quntité de Nb pourrait entraver le renforcement structurel des

H•:°[z•� G+w kX/k+/zH:z[X/w +œk+ww[ê+w G+ /[X,[Ky j:êXH[w+/z °: jXHy:z[X/ G+w Wè:w+w G+ m:ê+w�

:[/w[ QK+ G+ °: Wè:w+ į +z G+ °: Wè:w+ Ș G:/w k+Hz:[/w :°°[:;+wq α+k[ +/zH:Δ/+ K/+ W+Hz+ G+w

wKW+H:°°[:;+w ~ ,:w+ G+ g[ +z [/j°K+/k+H °+KH H•:kz[X/ G:/w °+w +/ê[HX//+y+/zw kXHHXw[jwq σ/

• Effets indésirables du Nb sur la microstructure



7[;KH+ v2یP mc[yW:kz G+ °: kX/k+/zH:z[X/ +/ 6°é7[ wKH °+w k:H:kz•H[wz[QK+w
y•k:/[QK+w +/ zH:kz[X/ GcK/ wKW+H:°°[:;+ G+ kXyWXw[z[X/ 9pg[� P2αH� 5:°q7+� ’g,�

PlXerWGwu :WH±w H+y[w+ +/ wX°Kz[X/ +z ê[+[°°[ww+y+/z Fh’S

8�29r6°
8�09r7[

8�29r6°
2�’9r7[

8�39r6°
8�09r7[

8�39r6°
2�’9r7[

Ry elà:u 2pδδ 2920 2’’3 298p

RW8�Pr
elà:u

22’2 2P9h 2228 2PP3

6HKWzKH+ r pδ�8 P’�8 P3�8 δ�9

5SG9لSX 3pOp σjj+zw G6ل° +z 7[ wKH °+w WHXWH[•z•w y•k:/[QK+w +/ zH:kz[X/ GلK/
wKW+H:°°[:;+ 3P8 :ê+k 9rWGw G+ g, :WH±w H+y[w+ +/ wX°Kz[X/ +z ê[+[°°[ww+y+/z Fh’Sq

� x//9ال 09 ل$ ل9 5– صXا Sل P–ÈصلاخصXÈلX9ص

mc[/z•H–z y:]+KH G+ k+ kXKW°+ H•w[G+ G:/w °: kH•:z[X/ G+ °: Wè:w+ Ȗل� wz:,°+ +z GKHk[ww:/z+�

6ê:/z °+w travaux G+ k+Hz:[/w kè+Hkè+KHw Fhh� 89]  °+w •zKG+w X/z G•]~ G•yX/zH•

:ê+k Ky[/[Ky°:ل° e6°u kXyy+ kXyWXw:/z WH[/k[W:° +z °+ z[z:/+ e7[u� kXyy+ kXyWXw:/z

wKWW°•y+/z:[H+ ej[;q v22یuq α+W+/G:/z� 6° +z 7[ kX/zH[,K+/z •;:°+y+/z ~ °: wz:,[°[z• GK

GKHk[ww+y+/z zXz:° +/ [/j°K+/µ:/z °+w WH•k[W[z:z[X/w Ȗc:[/w[ QK+ °+w WH•k[W[z:z[X/w Ȗcc Fh9, h0Sq

αc+wz °: H:[wX/ WXKH °:QK+°°+ G+ /Xy,H+Kw+w H+kè+Hkè+w X/z •z• y+/•+w :K kXKHw G+w zH+/z+

G+H/[±H+w ://•+w� G:/w °+ ,Kz Gc:kkHXΔzH+ °+w z+yW•H:zKH+w GcKz[°[w:z[X/ G+ k+w :°°[:;+w XK

Gc•z+/GH+ °+KH °X/;•ê[z• :Kœ kX/G[z[X/w :kzK+°°+w Fh3Sq

2323

QK+ °+ H:WWXHz e6°é7[uγg, (% :z.u [/j°K+/k+ °c•êX°Kz[X/ G+w WH•k[W[z•w� °: jXHy:z[X/ G+ °: structure
compact         et la stabilité des propriétés lors du vieillissement. 

Emanuel Lamba
𝛄’+𝛄’’



� x//9ال 09 ل$ ل9 5– صXا 9ل ÈخP9لصخلP9لم j مخ–ل0S\تخ¶ل

mc:]XKz G+ 7[ ê[w+ +ww+/z[+°°+y+/z ~ XWz[y[w+H °+w k:H:kz•H[wz[QK+w y•k:/[QK+w� XKz[:ل°

G6ل° G:/w °+w wKW+H:°°[:;+w ,:w+ g[ ê[w+ :Kww[ ~ WH•w+Hê+H XK [/z+/w[j[+H °: H•w[wz:/k+ G+ k+w

:°°[:;+w j:k+ ~ °: kXHHXw[X/ w±kè+ +/ kH•:/z K/+ wzH:z+ WHXz+kzH[k+ GلXœîG+ 6°PNp Fδ8Sq C:/w

°c[/GKwzH[+ :•HX/:Kz[QK+ XK :•HXwW:z[:°+� °+w wKW+H:°°[:;+w kX/wz[zK:/z k+ H+ê–z+y+/z WHXz+kz+KH

wX/z kXKH:yy+/z +yW°Xî•w ~ G+w z+yW•H:zKH+w •°+ê•+w +z wX/z XWz[y[w•w WXKH H+/jXHk+H °+w

k:H:kz•H[wz[QK+w G+ °cXœîG+ ekXyy+ w: /:zKH+� w: ê[z+ww+ G+ kHX[ww:/k+ +z wX/ :Gè•w[X/uq m+w

:°°[:;+w ~ ,:w+ G+ /[k%+° GX[ê+/z kX/z+/[H K/+ QK:/z[z• wKjj[w:/z+ Gc:°Ky[/[Ky WXKH W+Hy+zzH+

°+KH Kz[°[w:z[X/ G:/w k+w :WW°[k:z[X/wq

3pRpO 9ل}4 0X Vص

C+ W°Kw� [° +wz [yWXHz:/z G+ y:[/z+/[H XK Gc:K;y+/z+H °c+/GKH:/k+ G+ k+w :°°[:;+w ~ °:

G•;H:G:z[X/q αX/jXHy•y+/z ~ G+w wW•k[:°[wz+w G:/w °+w wKW+H:°°[:;+w ~ ,:w+ G+ /[k%+° Fδ2S� °+

αH WH•w+/z G:/w K/+ y:zH[k+ g[n7+ : °: k:W:k[z• G+ G[y[/K+H °+w z:Kœ G+ G•jXHy:z[X/ +z

Gc+/GXyy:;+y+/z °XHwQKc[° +wz wXKy[w ~ K/+ wX°°[k[z:z[X/ G+ j°K:;+ ej[;q v2یpuq

7[;KH+ vq2p v/j°K+/k+ G+ °: z+/+KH +/ αH wKH °: ê[z+ww+ G+ j°K:;+ wXKw :H;X/ ~
p08اα G:/w K/+ y:zH[k+ g[n7+ Fδ2S

2424



� 3PلSÈال 09 مخ–ل–uS00ل 09 È8خصP9 صXا Sل P–ÈصلاخصXÈلX9ص

σ/ G•W[z G+ w+w k:H:kz•H[wz[QK+w� °c:]XKz GK αH G:/w K/ wKW+H:°°[:;+ ~ ,:w+ G+ /[k%+°� +œ[;+

K/+ :zz+/z[X/ W:Hz[kK°[±H+q σjj+kz[ê+y+/z� kXyy+ y+/z[X//• :KW:H:ê:/z� /GG[z[X:ل° GK αH G:/w

°c:°°[:;+ W+Kz +/;+/GH+H °: kH•:z[X/ G+ Wè:w+w w+kX/G:[H+w� °+w w[zK:z[X/w G+ k+ zîW+ wX/z wXKê+/z

jH:;[°[w:/z+wq à+/G:/z °+w •z:W+w G+ j:,H[k:z[X/ +z G+ WHXk•G• zè+Hy[QK+� °+w G[wwXk[:z[X/w G+

kèHXy+ W+Kê+/z kX/GK[H+ ~ °: jXHy:z[X/ G+ Wè:w+w G+ zîW+ °:ê+w +z G+ Wè:w+w ı eXK Į αHu� QK[

w+ G[wz[/;K+/z W:H °+KH jH:;[°[z• :kkHK+q m+w k:H,KH+w kXyy+ °+ αH3αp XK °+ αHPpα0 W+Kê+/z

•;:°+y+/z w+Hê[H ~ :/kH+H °+w ]X[/zw G+ ;H:[/w +z H•GK[H+ :[/w[ °+ yXKê+y+/z [/z+H;H:/K°:[H+q

à+/G:/z °+ WHXk+wwKw G+ ê[+[°°[ww+y+/z +/ w+Hê[k+� [° w+ WHXGK[z °: kX:°+wk+/k+ G+ °: Wè:w+

Ȗc +zγXK °: WH•k[W[z:z[X/ G+ °: Wè:w+ į� Xم °+ kèHXy+ +wz W+K wX°K,°+� W+Kê+/z WHXêXQK+H K/+

wKH:,X/G:/k+ +/ αH +z g[ G:/w °+w H•;[X/w :KzXKH G+ k+w WH•k[W[z:z[X/wq α+ H+/jXHk+y+/z W+Kz�

W:H kX/w•QK+/z +/;+/GH+H °: kH•:z[X/ G+w Wè:w+w ı eXK ĮαHu� :°z•H:/z G+ k+ j:[z °+w

k:H:kz•H[wz[QK+w y•k:/[QK+w +z •°+kzHXkè[y[QK+w G+ °c:°°[:;+q

à:H :[°°+KHw� °+ αH +wz H+kX//K WXKH G[y[/K+H °: G[jj•H+/k+ W:H:y•zH[QK+ +/zH+ °+w WH•k[

W[z•w GKHk[ww:/zw ȖcγȖcc +z °: y:zH[k+ Ȗq C+ W°Kw� [° G[y[/K+ °c•/+H;[+ G+ W:HX[ :/z[Wè:w+ G+ k+w y

–y+w WH•k[W[z•w� H•GK[w:/z W:H kX/w•QK+/z� °+KHw +jj+zw G+ GKHk[ww+y+/z FδPSq

� x//9ال 0X Vص صXا مخ–ل0S\تخ¶ل

m+ Hس°+ kHKk[:° GK kèHXy+ G:/w °+w :°°[:;+w G+ /[k%+° +wz G+ H+/jXHk+H °+KH H•w[wz:/k+ ~ °:

kXHHXw[X/� QKc+°°+ wX[z w±kè+ XK èKy[G+ +z ~ °cXœîG:z[X/q σ/ +jj+z� °XHwQKc+°°+ +wz +œWXw•+ ~ K/

+/ê[HX//+y+/z XœîG:/z� w: WH•w+/k+ +/kXKH:;+ °: jXHy:z[X/ GcK/+ kXKkè+ GcXœîG+ G+ kèHXy+

QK[ +wz ~ °: jX[w kXyW:kz� WHXz+kzH[k+� :Gè•w[ê+ +z W:ww[ê+q αX/k+H/:/z °+w :°°[:;+w G•H[ê•w G+

°c:°°[:;+ 0P9� K/+ kXyWXw[z[X/ Gc+/ê[HX/ P8r :wwKH+ K/+ wz:,[°[z• [G•:° +wz :zz+[/z °XHwQK+ °:

W•H+//[z• wzHKkzKH+°°+ +z °c+/GKH:/k+ ~ °: G•;H:G:z[X/ wX/z w[yK°z:/•y+/z :wwKH•+w G:/w °+w

kX/G[z[X/w G+ jX/kz[X//+y+/z è:,[zK+°°+w FδpSq

3pRpC 9ل}4 0X Eخ

mc[/kXHWXH:z[X/ G+ lX : •z• kX/w[G•H•+ kXyy+ j:êXH:,°+ WXKH °: H•w[wz:/k+ y•k:/[QK+

z:/z ~ z+yW•H:zKH+ :y,[:/z+ QKc~ è:Kz+ z+yW•H:zKH+� QK+ k+ wX[z G:/w °+ GXy:[/+ G+ °: zH:kz[X/�

GK j°K:;+ Fδ’S XK G+ °: H+°:œ:z[X/q N/ : G•yX/zH• wX/ Hس°+ G:/w °: è:Kww+ G+ °c•/+H;[+ +/ k:w

Gc+yW[°+y+/z ej[;q vq2’n: +z ,u Fδ9Sq α+Hz:[/w wXK°[;/+/z G+ y:/[±H+ /+zz+ °c [/j°K+/k+ GK g,� GK

lX +z� ~ K/ G+;H• yX[/GH+ GK αH wKH °+w k:H:kz•H[wz[QK+w G+ j°K:;+ G+w :°°[:;+w ~ ,:w+ G+ /[k%+°q

2525



7[;KH+ v2ی’ rβt αXKH,+w Gل+ww:[w G+ j°K:;+ ~ h20اα� wXKw K/+ kè:H;+ G+ 9Plà: WXKH
G[jj•H+/zw :°°[:;+w +œW•H[y+/z:Kœ ê[+[°°[w :î:/z kXyy+ ,:w+ °: kXyWXw[z[X/ G+
+;:]°°:ل° 3P8 f rxt l[w+ +/ •ê[G+/k+ G+ +j°K+/k/]ل° GK g,� GK lX +z GK αH wKH °:
H•w[wz:/k+ :K j°K:;+ eh20اαγ00là:u GلK/ :°°[:;+ ê[+[°°[ ~ ,:w+ G+ +;:]°°:ل° 3P8 Fδ9S

� x//9ال 0X Eخ صXا Sل P–ÈصلاخصXÈلX9ص

m+ lX°î,G±/+ WH•w+/z+ K/+ y[kHXwzHKkzKH+ w[y[°:[H+ ~ k+°°+ GK αèHXy+ +/ k+ QK[

kX/k+H/+ °: jXHy:z[X/ G+w Wè:w+w G+ °:ê+w +z ı eXK ĮαHu� :[/w[ QK+ °: ;•/•H:z[X/ G+w k:H,KH+w

z+°w QK+ °+ lXPpα0q α+W+/G:/z� °: w[y[°:H[z• +/zH+ °+ kèHXy+ eαHu +z °+ yX°î,G±/+ elXu w+

°[y[z+ ~ °: H•GKkz[X/ G+ °c•k:Hz W:H:y•zH[QK+ +/zH+ °+w W:Hz[kK°+w kX/wX°[G:/z ȖcγȖM +z °: y:zH[k+

Ȗ Fδ0Sq v° +wz +/ +jj+z H+kX//K QK+ °: G[jj•H+/k+ +/zH+ °+ αH +z °+ lX kX/zH[,K+ ~ H+/jXHk+H °:

k:W:k[z• G+ GKHk[ww+y+/z G+ °: Wè:w+ Ȗc +/ H+yW°:µ:/z °+w :zXy+w G+ g[� zXKz +/ :y•°[XH:/z

°c•/+H;[+ G+ ,:HH[±H+ :/z[Wè:w+q α+ H+yW°:k+y+/z +/zH:Δ/+H: K/+ è:Kww+ GK wX°êKw G+ °: Wè:w+

Ȗc� k+ QK[ H+/jXHk+H: w: wz:,[°[z• zè+Hy[QK+ +z :y•°[XH+H: °+w WHXWH[•z•w y•k:/[QK+w +/ j°K:;+

Fδ0� δ3Sq

� x//9ال 0X Eخ صXا 9ل ÈخP9لصخلP9لم j مخ–ل0S\تخ¶ل

NKzH+ k+°:� °+lX +wz [/z•;H• :Kœ :°°[:;+w ~ ,:w+ G+ /[k%+°� +/ H:[wX/ G+ w: j:kK°z• Gc•°:H;[H

°+KH kè:yW Gc:WW°[k:z[X/ ~ K/+ ê:H[•z• G+ y[°[+Kœ kXHHXw[jw Fδ3Sq αc+wz WXKHQKX[ [° +wz WH•w+/z

G:/w °+w :°°[:;+w +yW°Xî•w +/ kè[y[+� +/ W•zHXkè[y[+ +z +/ •/+H;[+q g•:/yX[/w� [° kX/ê[+/z G+

/Xz+H QK+ jj+z+ل° ,•/•j[QK+ GK lX w+ °[y[z+ ~ K/+ ]X/+ G+ kX/k+/zH:z[X/ WXKH °:QK+°°+ [° /cî :

W:w G+ jXHy:z[X/ G+ Wè:w+w WH•]KG[k[:,°+w GلK/ WX[/z G+ êK+ •°+kzHXkè[y[QK+
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FδhSq m: j[;KH+ v29ی [°°KwzH+ °+w ]X/+w G+ kX/k+/zH:z[X/w +/lX +z :Kww[ +/ αH QK[ kX/j±H+/z :Kœ

wKW+H:°°[:;+w ~ ,:w+ G+ /[k%+° A3P8, le changement des propriétés.

7[;KH+ v29ی v/j°K+/k+ G+lX +z GK αH wKH °+w WHXWH[•z•w G+w wKW+H:°°[:;+wq C[:;H:yy+
zH:k• ~ W:Hz[H Gل:°°[:;+w +œW•H[y+/z:Kœ H+y[w +/ wX°Kz[X/ +z ê[+[°°[w� G+ kXyWXw[z[X/
G+ ,:w+ 8�829rα� 9δn0prg[� prg,� 2�P9r7[� 8�P9r6°� ,:°q7+ erWGwu FδhS
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V8S9صل–ل 33
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33p VمخÈ9مخ–لل 09 ت9SXمXخم Sلل–S79اi9لÈ8م–TX9ا 0¶pلSGصخSمخ–ل

33pmi 9ل}4 ا09 pلpP9الم 0¶Sلل–S79

m+ G•ê+°XWW+y+/z G+w :°°[:;+w +z wKW+H:°°[:;+w Kz[°[w•w :K]XKHGcèK[� +wz °:H;+y+/z

j:kz+KHw : jXHz+y+/z •°:H;[ °+ kè:yW Gc:WW°[k:z[X/ G+ k+w y:z•H[:Kœq
v° :WW:H:Δz °X;[QK+ G+ w+ jXk:°[w+H wKH °+w zH:ê:Kœ :kzK+°w ê[w:/z ~ kH•+H G+ /XKê+:Kœ

:°°[:;+w XK ~ H•ê[w+H k+Kœ G•]~ +œ[wz:/zwq N/ W+Kz G•kH[H+ °+w WH[/k[W:°+w y•zèXG+w WXKH XWz[y[w+H
°: wzHKkzKH+ G+w wKW+H:°°[:;+w WX°îkH[wz:°°[/w +/ yXG[j[:/z °+KH kXyWXw[z[X/ kè[y[QK+ +/ :;[ww:/z
wKH ( m+ kXKW°+ 6°n7[� °+ kXKW°+ lXnx +z :KzH+wqqq

kX/wz:z• °: jXHy:z[X/ GcK/+ Wè:w+ kX/z+/:/z ,+:KkXKW G+ lXγx +z °: H•:kz[X/ G+ k+zz+ Wè:se 
j:k+ ~ wX/ +/ê[HX//+y+/z G+y+KH+ ~ G•z+Hy[/+Hq

7[;KH+ vvq2 αXyW:H:[wX/ G+w WHXWH[•z•w y•k:/[QK+w +/ zH:kz[X/ +/ jX/kz[X/ G+ °:
z+yW•H:zKH+ e:u +z e,u +z +/ j°K:;+ ~ 0h8اαγ0δ8là: eku WXKH G[jj•H+/zw :°°[:;+w
+œW•H[y+/z:Kœ F99S

mc6° +z °+w kXyWXw:/zw H•w[wz:/zw ]XK+/z K/ Hس°+ kHKk[:° G:/w °: j:,H[k:z[X/ G+w wKW+H:°°[:;+w
:K g[q mc:y•°[XH:z[X/ G+ °+KH kX/k+/zH:z[X/ W+Hy+zzH: GcX,z+/[H G+w :°°[:;+w G+ ;H:/G+ ê:°+KH�
GXz•w G+ y[kHXwzHKkzKH+w kX/zHس°•+w +z G+ k:H:kz•H[wz[QK+w y•k:/[QK+w :WWHXWH[•+wq α+W+/G:/z�
°+ kX/k+Wz G+ kXيz G+ H+ê[+/z /c: W:w •z• zH:[z•� y:[w G+y+KH+ K/ j:kz+KH kHKk[:° WXKH °+w

2929

aê:/z:;+Kœ +/ W°Kw G+w +jj+zw G+ °c:°Ky[/[Ky wKH °: H•w[wz:/k+ y•k:/[QK+ GK j°K:;+q mc[yW:kz
ô+°X/ °+w H+kè+Hkè+w H•k+/z+w G+ J. A Haynes F99S� °+ x WXKHH:[z ]XK+H K/ Hس°+

zH:kz[X/ +z +/ j°K:;+ +wz H•wKy• W:H la figure II.1q g•:/yX[/w� G:/w k+w H+kè+Hkè+w� X/ :
G+ k+ ;+/H+ G+ kè:/;+y+/z wKH °+w k:H:kz•H[wz[QK+w y•k:/[QK+w GcK/ :°°[:;+ G+ ,:w+ 3P8 +/

[/j°K+/k• W:H °+w éléments H•jH:kz:[H+wq l:°;H• K/+ kXyWH•è+/w[X/ °[y[z•+� °c[/j°K+/k+ G+ k+w



[/GKwzH[+°w °XHwQKc[°w kX/k+ê:[+/z G+w :°°[:;+wq
m+ 7[ +z °c6°� W:Hy[ k+w kXyWXw:/zw� ]XK+/z K/ Hس°+ kHKk[:° +/ k+ QK[ kX/k+H/+ °+KHw

k:H:kz•H[wz[QK+w y•k:/[QK+wq m+ lX� QK[ [/j°K+/k+ °•;±H+y+/z k+w G+H/[±H+w� ]XK+ •;:°+y+/z K/
Hس°+ G:/w °+ kXyWXHz+y+/z G+ °: kXHHXw[X/ G:/w G[ê+Hw y[°[+Kœq N/ •ê:°K+ WH[/k[W:°+y+/z °+
Hس°+ GK αH +/ k+ QK[ kX/k+H/+ wX/ kXyWXHz+y+/z +/ y[°[+K kXHHXw[jq

33pD γخصÈp0pا 0¶pلSGصخSمخ–ل

m+w Wè:w+w X,w+Hê:,°+w G:/w °+w wKW+H:°°[:;+w ,:w+G+ /[k%+° X/z °: kXyWXw[z[X/ kè[y[QK+

k:H:kz•H[w:z[X/ G+w y:z•H[:Kœ +/ QK+wz[X/� G+ k+H/+H °+KH è[zXH[QK+ G+ °: y•k:/[QK+ zè+Hy[QK+q

33pDpm eلSGصخSمخ–ل ا09 الخ7م–ل

m+w ,X,[/+w G+ wKW+H:°°[:;+ ~ ,:w+ G+ /[k%+° WX°îkH[wz:°°[/ wX/z è:,[zK+°°+y+/z WHXGK[zw +/

WHX,°±y+w WXKê:/z G•kXK°+H G+w WHXk+wwKw G+ w•;H•;:z[X/� QKc[°w wX[+/z y:]+KHw XK mineurs,

G+Kœ •z:W+w G+ jKw[X/� ,[+/ QK+ W:HjX[w +/ zHX[wq α+zz+ GXK,°+ jKw[X/ GK °[/;Xz W+Hy+z G+ H•GK[H+
le taux d'impuretés. Ainsi, [° +wz +ww+/z[+° G+ WH+/GH+ G+w y+wKH+w WXKH WH•ê+/[H G[ê+Hw

:[/w[ QK+ Gc:KzH+w [yW+Hj+kz[X/w :wwXk[•+w ~ °: wX°[G[j[k:z[X/exè[z+ wWXzwu Fδ3Sq

7[;KH+ vvqP ôkè•y: G+ WH[/k[W+ G+w WHXk•G•w T:kKKy v/GKkz[X/ l+°z[/; e:u� σ°+kzHX
ô°:; R+y+°z[/; e,u +z T:kKKy 6Hk R+y+°z[/; eku Fδ3S

m: WH+y[±H+ Wè:w+ G+ jKw[X/ kX/w[wz+ +/ K/+ y•zèXG+ Tvl eT:kKKy v/GKkz[X/ l+°z[/;u�
Kz[°[w•+ +/ kH+Kw+z� ê[w:/z ~ WH•W:H+H °+ y:z•H[:K wXKw jXHy+ Gc•°+kzHXG+ ej[;q vvیPn:uq N/
WHXk±G+ +/wK[z+ ~ °: H+jX/z+ G+ k+zz+ •°+kzHXG+� QK+ k+ wX[z ê[: °+ WHXk+wwKw σôR eσ°+kzHX ô°:;
R+y+°z[/;u wXKw K/ °:[z[+H •°+kzHXkX/GKkz+KH ej[;q vvیPn,u� XK ê[: °+ WHXk+wwKw T6R e T:kKKy
6Hk R+y+°z[/;ekuu ~ °c:Hk ej[;q vvیPuq

C:/w k+Hz:[/w k:w� X/ XWz+ WXKH °+ y•k:/[wy+ σôR WK[w T6Rq αè:QK+ y•zèXG+ : •z•

3030

 issue du  WHXk+wwKw G+ WH•k[W[z:z[X/q à:H kX/w•QK+/z� ,[+/ QK+ °: G[wzH[,Kz[X/ +z °+w êX°Ky+w  
Gc:°°[:;+w ]XK+/z K/ Hس°+ y:]+KH, °: WH•w+/k+ XK °c:,w+/k+ G+ k+Hz:[/+w Wè:w+w dans les
WHXGK[zw� :[/w[ QK+ °c[/j°K+/k+ G+w y•zèXG+w G+ WHXGKkz[X/ wKH °: y[kHXwzHKkzKH+ G+w WHXGK[ts, 
H+wz+/z G+w j:kz+KHw WH•GXy[/:/zwq v° +wz •;:°y+/z +ww+/z[+°� :ê:/z Gc:,XHG+H °:



:y•°[XH•+ G+ y:/[±H+ ~ :wwKH+H K/ kX/zHس°+ :G•QK:z /X/ w+K°+y+/z G+ °: kXyWXw[z[X/ kè[y[QK+�

Gc•°[y[/+H °+w [/k°Kw[X/w [yWXHz:/z+w zXKz +/ WHXGK[w:/z K/+ G+/w[z• :kkHK+ G+ W+z[z+w [/k°Kw[X/wq
WHXk•G• σôR kX/zH[,K+ ~ G[y[/K+H °+w w•;H•;:z[X/w wX/ X,]+kz[j +wz G+ y[/[y[w+H °+w w•;H•;:z[ons

kXyWXw[z[X/q Le WHXk•G• Tvl W+Hy+z Gc:G:Wz+H °: kXyWXw[z[X/ G+ °c:°°[:;+ zXKz +/ H+z[H:/z
k+Hz:[/w kXyWXw•w êX°:z[°w [/G•w[H:,°+w kXyy+ °+ W°Xy, XK °+ y:;/•w[um. De son côte le

y:[w :Kww[ G+ °: y[kHXwzHKkzKH+q σ/ wKHê+[°°:/z :zz+/z[ê+y+/z °+ WHXk+wwKw G+ jKw[X/ GK y•z:°
G:/w °+ ,:[/ kè:KG� :[/w[ QK+ °+w [/z+H:kz[X/w kXyW°+œ+w QK[ w+ WHXGK[w+/z +/zH+ °+ y•z:° +/
jKw[X/ +z °+w y:z•H[:Kœ H•w[wz:/zw QK[ î wX/z :]XKz•w WXKH kX/zHس°+H °: z+yW•H:zKH+ +z °:

C+ W°Kw� °: H•:kz[X/ :ê+k °+ °:[z[+H W+Hy+z Gc:jj[/+H °: kXyWXw[z[X/ G+ °c:°°[:;+q 7[/:°+y+/z�
°+ WHXk•G• T6R +wz +yW°Xî• W:Hk+ QKc[° :[G+ ~ :jj[/+H °: y[kHXwzHKkzKH+ +z ~ G[y[/K+H °: QK:/z[z•
GcèîGHX;±/+� Gc:]Xz+ +z GcXœî;±/+ WH•w+/z+w G:/w °+ °[/;Xzq l:°;H• °c:y•°[XH:z[X/ ;•/•H:°+ G+ °:
WHXWH+z• GK °[/;Xz W:H k+ WHXk+wwKw� [° +wz WXww[,°+ QK+ G+w °:H;+w [/k°Kw[X/w w+ y:/[j+wz+/z
°Xk:°+y+/z +/ j[/ G+ WHXk+wwKw Fhδ, δ’Sq

33pDpD eلSا9ل 09 مخ–لPSصخ/امSصل

A/+ jX[w QK+ °+ °[/;Xz : •z• kX/µK +z H+/GK èXyX;±/+� [° +wz +/wK[z+ wXKy[w ~ G[ê+Hw
WHXk+wwKw G+ zH:/wjXHy:z[X/ :j[/ G+ WHXGK[H+ G+w :Hz[k°+w w+y[nj[/[w z+°w QK+ G+w W°:QK+w� G+w
,[°°+zz+w +z G+w ,:HH+wq α+w •z:W+w G+ zH:/wjXHy:z[X/ W+Hy+zz+/z G+ GX//+H :K °[/;Xz °: jXHy+ +z
°+w k:H:kz•H[wz[QK+w /•k+ww:[H+w WXKH °: j:,H[k:z[X/ G+w WHXGK[zw j[/:Kœq m+w WH+y[±H+w Wè:w+w
G+ y•z:yXHWèXw+ +jj+kzK•+w +/ z+yW•H:zKH+ [/k°K+/z °+ jXH;+:;+ +zγXK °+ °:y[/:;+ ~ kè:KGq
C+w •z:W+w G+ zH:/wjXHy:z[X/ ~ jHX[G wX/z °+w wK[ê:/z+w (

33pDpO الم9P9ل–Sص5 اP–TX9ص89ل

6WH±w °+w Wè:w+w [wwK+w G+w zH:[z+y+/zw zè+HyXy•k:/[QK+w� X/ WHXk±G+ ~ G+w
zH:[z+y+/zw zè+Hy[QK+w WXKH j[œ+H °: y[kHXwzHKkzKH+ j[/:°+ G+w y:z•H[:Kœ QK[ °+KH :zzH[,K+H:
°+w k:H:kz•H[wz[QK+w recherchéesq N/ W+Kz G[wz[/;K+H G+w zH:[z+y+/zw zè+Hy[ques tels que
°+ H+kK[z� °: H+y[w+ +/ wX°Kz[X/ eXK èîW+HzH+yW+u +z °+ ê[+[°°[ssement ou
H+/XKê+°°+y+/zq N/ W+Kz G[jj•H+/k[+H °+w zH:[z+y+/zw zè+Hy[QK+w W:H °+ H+kK[z� °:
H+y[w+ +/ wX°Kz[X/ eXK èîW+HzH+yW+u +z °+ ê[+[°°[ww+y+/z eXK H+/XKê+°°+y+/zuq

7XKw k+w zH:[z+y+/zw zè+Hy[QK+w X/z •z• kX/j[;KH•w +/ w+ ,:w:/z wKH °+w G[:;H:yy+w
777 +z 7Rα G+w :°°[:;+w +yW°Xî•wq 7XKz+jX[w� [° +wz [yWXHz:/z G+ WH+/GH+ +/ kXyWz+
°+w G[jj•H+/k+w G+ kXyWXw[z[X/ kè[y[QK+ +z G+ wzHKkzKH+ y•z:°°KH;[QK+ QK[ +œ[wz+/z
+/zH+ °+w :°°[:;+w ;•/•H[QK+w +z k+Kœ QK[ wX/z Kz[°[w•wq α+w ê:H[:z[X/w W+Kê+/z :êX[H K/
[yW:kz w[;/[j[k:z[j wKH °+w WHXWH[•z•w +z °+w W+HjXHy:/k+w G+w y:z•H[:Kœ� +z [° +wz GX/k
+ww+/z[+° G+ °+w :/:°îw+H +/ G•z:[° WXKH ;:H:/z[H °: QK:°[z• +z °: j[:,[°[z• G+w WHXGK[zw
j[/:Kœq àXKH [°°KwzH+H� °: 7[;KH+ 2δ H+;HXKW+ °+w H+kè+Hkè+w G+ G[ê+Hw kè+Hkè+KHw +z
wXK°[;/+ °+ °[+/ +/zH+ °+ G[:;H:yy+ 777 G+ °c:°°[:;+ 32h +z w: kXyWXw[z[X/ kè[y[QK+
F09� 3p� 30Sq
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7[;KH+ vvqp C[:;H:yy+ 777 G+ +;:]°°:ل° 3P8 F30S

33pDpC لم9P9ل–Sص5 P–TX9ص89ل 09 ل–9ÈXص

α+w WHXk•GKH+w zè+Hy[QK+w wX/z ;•/•H:°+y+/z G+w Wè:w+w G+ W:ww:;+ +/zH+ G[ê+Hw+w
y•zèXG+w G+ jXHy:;+ G:/w °+ ,Kz G+ w[yW°[j[+H k+w G+H/[±H+wq m+w WHXk•GKH+w zè+Hy[QK+w G+
H+kK[z� •;:°+y+/z :WW+°•+w zH:[z+y+/zw Gc:GXKk[ww+y+/z� ê[w+/z ~ •°[y[/+H °+w G•j:Kzw wzHKkzKH+°w
+z G+ G•jXHy:z[X/ k:Kw•w °XHw G+w WHXk+wwKw G+ jXHy:z[X/q

Cc:WH±w °+w kH[z±H+w GK zH:[z+y+/z G+ H+kK[z� [° w+H: WXww[,°+ G+ H+wz:KH+H XK G+

wXKê+/z des z+yW•H:zKH+w G+ zH:[z+y+/ts /•k+ww:[H+w ~ °: H+G[wsX°Kz[X/ G+ °: Wè:w+ įq                      
α+°: •z:/z� [° +wz [yW•H:z[j G+ WH+/GH+ +/ kXyWz+ °XHw G+ °: kX/j[;KH:z[X/ G+ k+ zH:[z+y+/z

kX/wz:yy+/z wKW•H[+KH+ ~ k+°°+ G+w Wè:w+w [/z+Hy•z:°°[QK+w GKHk[ww:/z+w Ȗc�Ȗcل +z se rapproche
H+kH[wz:°°[w+H °+ y:z•H[:K F77Sq L:,[zK+°°+y+/z� °: z+yW•H:zKH+ G+ zH:[z+y+/z +wz

°c•/+H;[+ wzXk%•+ °XHw GK WHXk+wwKw [/[z[:° +z °: y[kHXwzHKkzKH+ wXKè:[z•+� +/ W:Hz[kK°[+H °+w
G[y+/w[X/w G+w W:Hz[kK°+w� zXKz +/ z+/:/z kXyWz+ G+ °: kXyWXw[z[X/ G+ G•W:Hz +z G+ °:
y[kHXwzHKkzKH+ ê[w•+� /Xz:yy+/z °: z:[°°+ G+w W:Hz[kK°+wq A/+ jX[w °: y•z:yXHWèXw+ :kè+ê•+�
K/+ K°z[y+ •z:W+ G+ H+kK[z� ,:Wz[w•+ WHXk•G• G+ y[w+ +/ wX°Kz[X/� W:H:kè±ê+ ;•/•H:°+y+/z °+
WHXk+wwKwq q

33pDpT لم9P9ل–Sص5 P–TX9ص89ل 09 9ا–9Pص م9 مخ–لXلخا

mلèîW+HzH+yW+ +wt H•:°[wée WXKH X,z+/[H K/+ y[kHXwzHKkzKH+ j[/+ +z K/[jXHy[w•+�
G•WXKHêK+ G+ Wè:w+w +z Gc:/Xy:°[+w [/G•w[H:,°+wq à:H kX/w•QK+/z� °: z+yW•H:zKH+ G+ H+y[w+ +/
wX°Kz[X/ eQK[ ê:H[+ +/zH+ δ99اα +z 28δ9اα WXKH °c:°°[:;+ A 3P8u +wz G•z+Hy[/•+ W:H °+ wX°êKw G+w
G[ê+Hw+w Wè:w+w +/ WH•w+/k+� °+QK+° +wz jXHz+y+/z zH[,Kz:[H+ G+ °: kXyWXw[z[X/ kè[y[QK+ G+ °:
y:zH[k+q

v° +wz +ww+/z[+° G+ /Xz+H QK+ °: kè:°+KH +z °: W•H[XG+ GK WHXk•G• zè+Hy[QK+ wX/z j[/+y+/z
:]Kwz•+w WXKH XWz[y[w+H ~ °: jX[w °: G[wwX°Kz[X/ G+w Wè:w+w +z °: z:[°°+ G+w W:Hz[kK°+w G•w[H•+wq q σ/
H•:°[z•� +/ G•W[z G+ °: k:W:k[z• G+w k:H,KH+w WH•w+/zw G:/w °+w ]X[/zw G+ ;H:[/w ~ ;:H:/z[H °+KH
j[œ:z[X/ y•k:/[QK+� +/ k:w G+ zH:[z+y+/z WHX°X/;• XK G+ z+yW•H:zKH+w zHXW è:Kz+w� °+w ;H:[/w
W+Kê+/z w+ G•ê+°XWW+H H:W[G+y+/z +z :°z•H+H °+w k:H:kz•H[wz[QK+w y•k:/[QK+w GK y:z•H[:Kq

3232



ô+°X/ °cKz[°[w:z[X/ G+ °c:°°[:;+� °: y[w+ +/ wX°Kz[X/ w+H: +jj+kzK•+ :KnG+wwKw XK wXKw °:

m: WXKGH+ +wz X,z+/K+ wX[z W:H :zXy[w:z[X/ :K yXî+/ GcK/ ;:] [/+Hz+ ewXKê+/z °c:H;X/u� wX[z W:H
[/jKw[X/ k+/zH[jK;+q m+ y•z:° °[QK[G+ w+ zH:/wjXHy+ +/ W+z[z+w ;XKzz+w QK[ w+ j[;+/z GKH:/z °+KH
W:HkXKHw G:/w °: zXKH Gل:zXy[w:z[X/q "z:/z GX//• QK+ °: H:W[G[z• G+ wX°[G[j[k:z[X/ +wz [yWXHz:/z+

z+yW•H:zKH+ wX°êKw G+ °: Wè:w+ įq àXKH wz:,[°[w+H °c•z:z y[kHXwzHKkzKH:°� °c:°°[:;+ +wz H:W[G+y+/z
H+jHX[G[ +/ G+èXHw GK jXKHq A/ WHXk+wwKw zè+Hy[QK+ G+ ê[+[°°[ww+y+/z +wz H•:°[w•� WXKH k°XH+ °+
kîk°+ G+ zH:[z+y+/zwq

 
X/z •z• +jj+kzK•+w WXKH [G+/z[j[+H °+w kH[z±H+w G+ k+ zH:[z+y+/z zè+Hy[QK+ wKH °c:°°[:;+ 3P8� G:/w
QK[ GX//+HX/z :K y:z•H[:K les meilleures k:H:kz•H[wz[QK+w y•k:/[QK+wq à°Kw[+KHw H+kè+Hkè+w

°+ ,Kz Gc:y•°[XH+H w+w k:H:kz•H[wz[QK+w y•k:/[QK+w +z G+ ;:H:/z[H w: wz:,[°[z• zè+Hy[QK+q

m+ WHXk•G• zè+Hy[QK+ °+ W°Kw kXKH:yy+/z +yW°Xî• +wz k+°K[ GK ê[+[°°[ww+y+/z kXyWH+/G
G+Kœ •z:W+w +/ z+yW•H:zKH+ wXKw ;:] /+KzH+ (

n kè:Kjj:;+ ~ p8اαγy[/ ]KwQKل~ °: z+yW•H:zKH+ G+ hh8اα
n y:[/z[+/ W+/G:/z P ~ 20è ~ hh8اα
n H+jHX[G[ww+y+/z °+/z ejXKH •z+[/zuq

m: WH+y[±H+ •z:W+ G+ kè:Kjj+� ~ hh8 �αا XHkè+wzH+ °: jXHy:z[X/ y:ww[ê+ +z
w[yK°z:/•+ G+w WH•k[W[z•w Ȗcq

αXyy+ y+/z[X//• :KW:H:ê:/z� Gc:KzH+w y•zèXG+w G+ ê[+[°°[ww+y+/z zè+Hy[QK+ WXKH °+w
wKW+H:°°[:;+w� °+KH kX/j±H+/z G+w k:H:kz•H[wz[QK+w G[wz[/kz+wq mcXWz[X/ GcK/ zH:[z+y+/z zè+Hy[QK+
G+ ê[+[°°[ww+y+/z G•W+/G kX/wz:yy+/z GK kXyWHXy[w +/zH+ °+ yXG+ G+ wX°°[k[z:z[X/w�
°c+/ê[HX//+y+/z GcKz[°[w:z[X/ +z °: k:W:k[z• GK y:z•H[:K ~ H+wW+kz+H zXKz+w °+w +œ[;+/k+wq

33pO fp9للخل9مP9لم صSل PpلSللX9–7ص ا09 ا9صX0خل

àXKH GXW+H °+w k:W:k[z•w G+w wKW+H:°°[:;+w� G+w jXHyK°+w [/•G[z+w� +/H[kè[+w GcK/ •ê+/z:[°

°: w•W:H:z[X/ kè[y[QK+ +wz H+wzH+[/z+q

A/ kH[,°:;+ G+w WXKGH+w G+w ;H:/K°:zw +wz :°XHw XW•H•� :j[/ Gل•°[y[/+H °: ;H:/G+ y:]XH[z•
G+w H•w[GKw G+ k•H:y[QK+ WHXê+/:/z G+w kH+Kw+zw +z XKz[°w Kz[°[w•w °XHw G+w Wè:w+w WH•k•G+/z+wq
α+w •°•y+/zw :;[ww+/z +jj+kz[ê+y+/z kXyy+ G+w [yW+Hj+kz[X/w :K w+[/ G+w •°•y+/zw G[y[/K:/z
kX/w[G•H:,°+y+/z °+KH k:W:k[z• ~ +/k:[ww+H °+w •WH+Kê+w H•W•z•+wq m+ y•°:/;+ W+Hy+z
jH•QK+yy+/z GcX,z+/[H G+w WXKGH+w GcK/+ ;H:/K°Xy•zH[+ :êX[w[/:/z °+w yqqو39

àXKH •ê[z+H zXKz+ kX/z:y[/:z[X/� °+w WXKGH+w wX/z kX/w+Hê•+w G:/w G+w kX/z+/+KHw +/

3333

°: ê:H[:z[X/ G+w k:H:kz•H[wz[QK+w y•k:/[QK+wq Ils montrent aussi une mielleure ductilité et sont
plus simples à réaliser.

m+w G[ê+Hw+w Wè:w+w G+ k+ WHXk+wwKw G+ j:,H[k:z[X/ wX/z +œW°[QK•+w k[n:WH±w ej[;q vvq4u [77]q         

mcX,]+kz[j GK zH:[z+y+/z zè+Hy[QK+ G+ ê[+[°°[ww+y+/z +wz Ge précipiter °+w Wè:w+w GKHk[ww:/z+w     

WXKGH+w wل+wz H•ê•°• kXyy+ +/Kل° G+w H:H+w wzH:z•;[+w WXKH H+y•G[+H ~ k+w +/]+Kœq m+w y•z:Kœ
[wwKw G+ k+zz+ y•zèXG+ WHXj[z+/z GلK/+ :K;y+/z:z[X/ G+ °cèXyX;•/•[z• kè[y[QK+ G[y[/K:/z :[/w[

kHX[ww:/z Gc•°•y+/zw� X/z êK °+ ]XKHq mل:kkHX[ww+y+/z des WHXWH[•z•w y•k:/[QK+w G+w nouveaux
matériaux� /Xz:yy+/z °: H•GKkz[X/ G+ °: GKkz[°[z•� H+/G+/z °+ jXH;+:;+ W°Kw :HGKq ل k+zz+          
kX/zH:[/z+ wل:]XKz+/z G+w WHX,°±y+w G+ w•W:H:z[X/w kè[y[QK+wq mلKw[/:;+ ê[: °: y•z:°°KH;[+ G+w



:k[+H [/XœîG:,°+ wk+°°•w G+ y:/[±H+ •z:/kè+q mc:kz[X/ kX/]K;K•+ G+ °: WH+ww[X/ +z G+ °:
z+yW•H:zKH+ y•z:yXHWèXw+ °+w WXKGH+w +/ y:z•H[:Kœ kXyW:kzw G:/w G+w kKê+w� :ê:/z °+KH
zH:/wjXHy:z[X/ j[/:°+ W:H K/+ WH+ww+ kX/ê+/z[X//+°°+q

N/ w+ WHXkKH+ K/ y:z•H[:K W°Kw GKkz[°+ WXww•G:/z K/+ y[kHXwzHKkzKH+ K/[jXHy+q σ/ XKzH+�
°+ j[°:;+ kX/zH[,K+ ~ H•W:Hz[H °+w [/k°Kw[X/w k•H:y[QK+w +z °+w H•w[GKw XH;:/[QK+w zXKz +/
H+wzH+[;/:/z °+KH G[y+/w[X/q

m+ jXH;+:;+ [wXzè+Hy+ wkK°Wz+ °: W[±k+ G:/w w: jXHy+ G•j[/[z[ê+q α+zz+ y•zèXG+ +œW°X[z+
K/+ jXKHkè+zz+ G+ z+yW•H:zKH+ +z G+ z:Kœ G+ G•jXHy:z[X/ wW•k[j[QK+w� k:H:kz•H[wz[QK+w GK
jXH;+:;+ +œzH–y+y+/z W°:wz[QK+� ;Hùk+ ~ °: j[/+ww+ GK ;H:[/q α+zz+ :WWHXkè+ [/;•/[+Kw+ W+Hy+z
G+ H+kXKH[H ~ G+w WH+ww+w GcK/+ WK[ww:/k+ •zX//:yy+/z yXG+wz+ eG+ 9 888 ~ h 888 zX//+wu�
kXyW:H:z[ê+y+/z :Kœ y:wzXGX/z+w G+ p8 888 ~ 98 888 zX//+w H+QK[w W:H °+ jXH;+:;+ zH:G[z[X//+°q
m+ W:°+z X,z+/K :jj[kè+H: K/ ;:,:H[z w[y[°:[H+ ~ k+°K[ GK G[wQK+ G•j[/[z[jq

7[;KH+ vvq’ àHXk•G• Gل•°:,XH:z[X/ W:H y•z:°°KH;[+ G+w WXKGH+w [77]

m: y•z:°°KH;[+ G+w WXKGH+w ( K/+ °X/;K+KH Gc:ê:/k+ wKH °+ yXK°:;+njXH;+ +/ y:z[±H+

Gc:ê:/z:;+wq

ا R•GKkz[X/ G+w è•z•HX;•/•[z•w kè[y[QK+w f

ا l[kHXwzHKkzKH+ èXyX;±/+ f

ا 6jj[/+y+/z G+ °: z:[°°+ G+w ;H:[/w f

ا NWz[y[w:z[X/ G+w H+wwXKHk+w f

ا 6y•°[XH:z[X/ G+ °: °[y[z+ Gc•°:wz[k[z•

ا 5X//+ H•w[wz:/k+ ~ °: j:z[;K+ f

ا R•w[wz:/k+ ~ °: G[jjKw[X/ G+ jH:kzKH+w

33pCi.لXS79

m+w +œ:y+/w G+ j°K:;+ wX/z ;•/•H:°+y+/z H•:°[w•w wXKw kè:H;+ wz:z[QK+ kX/wz:/z+� ~ °c:[G+
G+ y:kè[/+w GcK/+ k:W:k[z• G+ P8 XK p8 %gq m+ kè:Kjj:;+ H+WXw+ wKH K/ wîwz±y+ H•w[wz[j� +z °:
;+wz[X/ WH•k[w+ G+ °: z+yW•H:zKH+ +wz :wwKH•+ W:H zHX[w zè+HyXkXKW°+w W°:k•w :K W°Kw WH±w G+
WHXKê+zz+q•ل° mc•kè:Kjj+y+/z +wz :yXHk• +/ :WW°[QK:/z K/+ WH•kè:H;+ H+WH•w+/z:/z
:WWHXœ[y:z[ê+y+/z 28r G+ °: y:ww+ zXz:°+q

A/+ jX[w °: z+yW•H:zKH+ XWz[y:°+ W:Hê+/K+� °+ jXKH +wz wz:,[°[w• W+/G:/z K/+ è+KH+� WK[w
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°+w z+wzw wX/z °:/k•w :ê+k K/+ kè:H;+ G+ ’ là:γwq α+zz+ k:H:kz•H[wz[QK+ :wwKH+ K/ :]Kwz+y+/z
H:W[G+ +z kX/z[/K G+w WX[Gw� +œW°XH:/z :[/w[ zXKz °+ wW+kzH+ G+w kX/zH:[/z+w WXww[,°+w w:/w °:
yX[/GH+ [/z+HHKWz[X/q mل+œz+/wXy±zH+ j[œ• :Kœ kX°°+H+zz+w� GXz• GcK/ k:Wz+KH mTC7 K°zH:nWH•k[w
e8�29 yو WXKH K/ G•W°:k+y+/z G+ م 9 yyu� :wwKH+ K/ wK[ê[ WX[/zK G+ X/;+y+/z°°:ل° G+
WHXKê+zz+q•ل° C+Kœ XHG[/:z+KHw +/H+;[wzH+/z °+w GX//•+w zH:/wy[w+w W:H k+z +œz+/wXy±zH+ +z W:H
°+ wX/G+ zè+Hy[QK+ k+/zH:°q q
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7[;KH+ vvq9 ôkè•y: GلK/+ y:kè[/+ G+ j°K:;+ [77]



V8S9صل–ل 333
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333p ESلpص–SXت ل9 اTX9–م9È8ل 0¶pلSGصخSمخ–ل ل9 09 ÈSصSÈلpا–صSمخ–ل

333pm ESلpص–SXت

m+ z:,°+:K vvvq2 WH•w+/z+ °+w k:H:kz•H[wz[QK+w G+w WXKGH+w Kz[°[w•+w WXKH °:
kX/j+kz[X/ G+w kXyW:kz•w ~ ê+Hzq

àXKGH+ dH:/K°Xy•zH[+ eوyu àKH+z• eru NH[;[/+

g[ pn3 δδ�8 dXXG 7+°Xâ

αX pn3 δδ�9 dXXG 7+°Xâ

αH o’9 δδ�8 dXXG 7+°Xâ

x 288 δδ�δ9 dXXG 7+°°Xâ

lX P δδ�δδ dXXG 7+°°Xâ

7[ o’8 δδ�8 6°j: 6+w:H

6° ’9 δδ�9 6°j: 6+w:H

7+ ’9 δδ�8 6°j: 6+w:H

dH:Wè[z+ 2nP n 6°j: 6+w:H

m+w kXyWXw[z[X/w +œW•H[y+/z:°+w� k:H:kz•H[w•+w W:H K/ +/H[kè[ww+y+/z +/ :°Ky[/[Ky +z j:[w:/z

X,]+zل° G+ k+zz+ •zKG+� wX/z WH•w+/z•+w W:H °+ z:,°+:K vvvqPq

7:,°+:K vvvqP( αXyWXw[z[X/ +/ WX[Gw G+w :°°[:;+w +œW•H[y+/z:Kœ

σ°•y+/z
eràGwu

αXG+ αH αX x lX 7[ ل$ 7+ dH:Wè[z+ g[

αXyWXw[z[X/ 2
ewz:/G:HGu

ô8 2h�8 2’�h 2�P9 p�8 9�8 DbDT 8�P 8�8p H+wz+

αXyWXw[z[X/ P ô2 2h�8 2’�h 2�P9 p�8 9�8 CbDT 8�P 8�8p H+wz+

αXyWXw[z[X/ p ôP 2h�8 2’�h 2�P9 p�8 9�8 TbDT 8�P 8�8p H+wz+

7:,°+:K vvvqP αXyWXw[z[X/ +/ WX[Gw G+w :°°[:;+w +œW•H[y+/z:Kœ
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7:,°+:K vvvq2 α:H:kz•H[wz[QK+w G+w WXKGH+w Kz[°[w•+w



333pD V9/مخÈمخ–ل ا09 ا9لل–لاSل

m+w kXyWH[y•w G+wz[/•w :K jH[zz:;+ X/z •z• X,z+/Kw w+°X/ °: WHXk•GKH+ wK[ê:/z+ (

nm+w WXKGH+w kX/wz[zK:/z °+w G[jj•H+/z+w kXyWXw[z[X/w ez:,°q vvvq2u X/z •z• w•kè•+w ~

αاh8ن38 W+/G:/z P’ è WXKH •°[y[/+H °+w yX°•kK°+w Gc+:K +z GcXœî;±/+ :GwXH,•+w ~ °: wKHj:k+w

k+w W:Hz[kK°+wq m+w y•°:/;+w X/z •z• W+w•w +z èXyX;•/•[w•w G:/w K/ y•°:/;+KH ~ ,[°°+w W+/G:/z

h è ez:,°q vvvqPuq

nC+w W:wz[°°+w G+ P8 yy G+ G[:y±zH+ +z P9 yy G+ è:Kz+KH X/z •z• j:µX//•+w +/

wXKy+zz:/z °+w :ww+y,°:;+w +œW•H[y+/z:Kœ ~ K/+ kX/zH:[/z+ K/[:œ[:°+ G+ h88 là: G:/w K/

yXK°+ +/ k:H,KH+ G+ zK/;wz±/+q m+w kXyWH[y•w kHKw WH•w+/z+/z K/+ G+/w[z• H+°:z[ê+ Xwk[°°:/z

:KzXKH G+ 98 ~ 99 rq

7[;KH+ vvvq2 TK+ G+ °: WH+ww+ G+ kXyW:kz:;+ ~ jHX[G

m: j[;KH+ vvvq2 WH•w+/z+ K/+ êK+ Gل+/w+y,°+ G+ °: WH+ww+ G+ kXyW:kz:;+ ~ jHX[G Kz[°[w•+ WXKH
kX/j+kz[X/ G+w W:wz[°°+w ~ W:Hz[H G+w y•°:/;+w G+ WXKGH+wq

333pO S79لل–ص. مخم Èل9ممخ–لم9ممخ

m+ jH[zz:;+ : •z• H•:°[w• w+°X/ K/ H•;[y+ /X/ kX/ê+/z[X//+° ej[;q vvvq2uq m+w •kè:/z[°°X/w

X/z •z• WH•:°:,°+y+/z y:[/z+/Kw ~ 2ph8اα W+/G:/z 8�9 èq αXyWz+ z+/K G+ °: z+yW•H:zKH+ G+

jKw[X/ G+ °c:°Ky[/[Ky e00pاαu� K/+ Wè:w+ °[QK[G+ zH:/w[zX[H+ :WW:H:Δz :K kXKHw G+ k+zz+ WH+y[±H+

•z:W+ GK jH[zz:;+ ej[;q vvvqPuq

mXHw GcK/ w+kX/G W:°[+H ~ 22h8اα� GKH:/z p è� Ky[/[Ky°:ل° °[QK[G+ H•:;[z :ê+k °+w :KzH+w

kXyWXw:/zw GK y•°:/;+ WXKH jXHy+H G+ /XKê+°°+w Wè:w+w W°Kw H•jH:kz:[H+wq m+ jH[zz:;+ +wz :kè+ê•

W:H H+jHX[G[ww+y+/z °+/z G+w •kè:/z[°°X/w� ~ °c[/z•H[+KH GK jXKHq 6j[/ Gc•ê[z+H °cXœîG:z[X/ G+ °:

wKHj:k+ G+w W:wz[°°+w� K/ j°Kœ Gc:H;X/ : •z• y:[/z+/K G:/w °: kè:y,H+ zK,K°:[H+ GK jXKH� GKH:/z

zXKz+w °+w •z:W+w GK jH[zz:;+q

3838



7[;KH+ vvvqP R•;[y+ G+ jH[zz:;+� G+ zH:[z+y+/z zè+HyXy•k:/[QK+ +z G+ zH:[z+y+/zw

zè+Hy[QK+w G+w •kè:/z[°°X/w

m: j[;KH+ vvvqp WH•w+/z+ K/ wkè•y: w[yW°[j[• GK G[wWXw[z[j G+ jH[zz:;+ /X/ kX/ê+/z[X//+°

Kz[°[w• G:/w °: WH•w+/z+ •zKG+q m+ yXKê+y+/z èXH[]X/z:° GK zK,+ j:k[°[z+ °+ W:ww:;+ GK WH+y[+H

y:[/z[+/ ~ z+yW•H:zKH+ G+ 2ph8 αا e72u :K w+kX/G y:[/z[+/ ~ 22h8 αا e7Puq

7[;KH+ vvvqp R+WH•w+/z:z[X/ wkè•y:z[QK+ GK jXKH G+ jH[zz:;+ /X/ kX/ê+/z[X//+°

333pC لم9P9ل–Sص5 TX9–مPpÈSخPص89ل

m+w •kè:/z[°°X/w jH[zz•w wK,[ww+/z W:H °: wK[z+� K/ jXH;+:;+ °[,H+ ~ 2P88 αا wXKw K/+

kè:H;+ kX/zHس°•+ G+ 98 %;� zXy,:/z+ ~ W:Hz[H GلK/+ è:Kz+KH G+ PP8 yyq α+zz+ XW•H:z[X/ : •z•

H•:°[w•+ G:/w °+ ,Kz G+ jH:;y+/z+H °+w :;H•;:zw G+w kXyWXw:/zw GKHw z+°w QK+ °+w k:H,KH+w XK °+w

[/z+Hy•z:°°[QK+w +z :jj[/+H :[/w[ °: wzHKkzKH+ G+ q+;:]°°:ل°

α+zz+ •z:W+ wc:kkXyW:;/+ •;:°+y+/z GcK/+ G+/w[j[k:z[X/ wKWW°•y+/z:[H+ GK y:z•H[:K

;Hùk+ ~ °: j+Hy+zKH+ G+w WXH+w W:H •kXK°+y+/z ê[wQK+Kœ G+ °: y:zH[k+ y•z:°°[QK+q C+ W°Kw� k+

zH:[z+y+/z kX/GK[z ~ K/+ y+[°°+KH+ H•W:Hz[z[X/ G+w G[jj•H+/zw kXyWXw•w G:/w °: y:zH[k+

y•z:°°[QK+q

333pT الم9P9ل–Sص5 اP–TX9ص89ل

m+w •kè:/z[°°X/w jXH;•w wX/z wXKy[w ~ K/ H+kK[z ~ h88اα W+/G:/z 2�9 è� :j[/ Gل:wwKH+H °:

H+kH[wz:°°[w:z[X/ G+ °: wzHKkzKH+ GK y:z•H[:K +z G+ H•GK[H+ :Kz:/z QK+ WXww[,°+ °+w è•z•HX;•/•[z•w

kè[y[QK+wq

mXHw G+ °c•z:W+ j[/:°+ GK WHXk+wwKw� °+w •kè:/z[°°X/w H+kK[zw wX/z kX/wX°[G•w W:H G+w
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zH:[z+y+/zw zè+Hy[QK+w� +/ G+Kœ •z:W+w (

n LîW+HzH+yW+ ~ 28h8اα W+/G:/z 2 è� wK[ê[+ GcK/ H+jHX[G[ww+y+/z H:W[G+ èXHw jXKH wXKw

j°Kœ Gc:H;X/ ]KwQKc~ �αا298 :ê+k K/+ ê[z+ww+ G+ H+jHX[G[ww+y+/z G+ h8اαγy[/q α+zz+ •z:W+ : WXKH

X,]+kz[j °: y[w+ +/ wX°Kz[X/ GلK/ WXKHk+/z:;+ y:œ[y:° Gل•°•y+/zw Gل:GG[z[X/� W:Hz[kK°[±H+y+/z

Ky[/[Ky°:ل° +z °+ z[z:/+ G:/w °+ ,Kz Gل:wwKH+H °: jXHy:z[X/ G+w [/z+Hy•z:°°[QK+w G+ zîW+ 6p5q

α+zz+ WHXk+wwKw j:êXH[w+ •;:°+y+/z °: G[wwX°Kz[X/� :K w+[/ G+ °: y:zH[k+ Ȗ� G+w •°•y+/zw

H•jH:kz:[H+w +z k:H,KH[;±/+w z+°w QK+ °+ kèHXy+� °+ yX°î,G±/+ +z °+ zK/;wz±/+� +ww+/z[+°w WXKH

kX/j•H+H ~ k+w :°°[:;+w °: H•w[wz:/k+ :K j°K:;+ QKcX/ °+KH G+y:/G+q

n T[+[°°[ww+y+/z G+w •kè:/z[°°X/w ~ hh8اα� :ê+k G[jj•H+/zw z+yWw G+ y:[/z[+/ eP� ’� 0� h�

20 +z P’ èu� wK[ê[ GcK/ H+jHX[G[ww+y+/z kX/zHس°• G:/w °+ jXKH wXKw :zyXwWè±H+ Gc:H;X/� :ê+k K/+

ê[z+ww+ G+ P ~ pاαγy[/q

m: wzHKkzKH+ j[/:°+ G+ +;:]°°:ل° w+H: :°XHw G•z+Hy[/•+ W:H °+ H•wK°z:z GK Wè•/Xy±/+ G+

WH•k[W[z:z[X/ G+w [/z+Hy•z:°°[QK+w +z :KzH+w k:H,KH+w kX/wX°[G:/z ~ kè:KG °: y:zH[k+ :Kwz•/[z[QK+q

m: j[;KH+ vvvqP GX//+ K/+ H+WH•w+/z:z[X/ ;H:Wè[QK+ GK kîk°+ ;°X,:°� kXyWH+/:/z °+

jH[zz:;+� °+ zH:[z+y+/z zè+HyXy•k:/[QK+ +z °+w zè+Hy[QK+w :WW°[QK• :Kœ •kè:/z[°°X/w y:z•H[:Kœ

•zKG[•w G:/w k+ zH:ê:[°q

333pR Technique de caractérisation 

Les échantillons frittés et traités ont été préparés en suivant les procédures de polissage 

nécessaires à l'analyse métallographique par microscope optique, microscope électronique à 

balayage (MEB) et analyse semi-quantitative (EDS).

Afin de réaliser cela, les échantillons destinés à l'analyse d'image ont subi un polissage 

mécanique graduel sur une polisseuse dont la vitesse de rotation oscillait entre 75 et 600 tours/

min, utilisant des papiers abrasifs à granulométrie variée de carbure de silicium, allant de 400, 

600, 800, 1000, 1200, 2000 jusqu'à 4000. Pour achever le processus, une suspension d'alumine 

(1μm) a été disperse sur un papier feutré.

L'usage du sulfate de cuivre et de l'acide sulfurique dans l'attaque chimique a révélé la 

structure microscopique des échantillons de superalliage.

m+w X,w+Hê:z[X/w G•z:[°°•+w ~ jXHz ;HXww[ww+y+/z X/z •z• H•:°[w•+w :ê+k K/ y[kHXwkXW+ 

•°+kzHX/[QK+ ~ ,:°:î:;+ +/ê[HX//+y+/z:° 7σvn4K:/z: P98 ej[;q vvvq’uq àXKH °+w :/:°îw+w W:H 

G[jjH:kz[X/ G+w H:îX/w É eCRÉu� G+wz[/•+w ~ [G+/z[j[+H °+w Wè:w+w jXHy•+w :WH±w jH[zz:;+ +z °+KH 

•êX°Kz[X/ °XHw G+w G[jj•H+/zw zH:[z+y+/zw zè+Hy[QK+w� K/ G[jjH:kzXy±zH+ àè[°[Ww de type Éc à+Hz : 

été utilisé.
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7[;KH+ vvvq’ TK+ ;•/•H:°+ GK y[kHXwkXW+ •°+kzHX/[QK+ ~ ,:°:î:;+

α+zz+ :/:°îw+ : •z• H•:°[w•+ G:/w °+w kX/G[z[X/w wK[ê:/z+w ( H:îX//+y+/z αK 'Į G+

°X/;K+KH GcX/G+ G+ 8�29’ /y +/zH+ ا28 ~ �ا288 :ê+k K/ W:w G+ 8�8hاq

mل:/:°îw+ G+w GX//•+w G+ G[jjH:kz[X/ : •z• j:k[°[z• ;Hùk+ ~ /œW°X[z:z[X+ل° GK °X;[k[+°

L[;èôkXH+ G+wz[/• ~ +îw°:/:ل° G+ G[jjH:kz[X/ G+w H:îX/w Éq

α+w +œ:y[/:z[X/w X/z °+ê• °+ êX[°+ wKH °: /:zKH+ G+w Wè:w+w +/ WH•w+/k+ °XHw GK jH[zz:;+ /X/

kX/ê+/z[X//+°� +z °+KH •êX°Kz[X/� GKH:/z °+w G[jj•H+/zw zH:[z+y+/zw zè+Hy[QK+w :WW°[QK•wq

m+ Wè•/Xy±/+ G+ WH•k[W[z:z[X/� wKH °+QK+° +wz ,:w•+ °: kX/wX°[G:z[X/ G+ °: y:zH[k+

:Kwz•/[z[QK+ G+w wKW+H:°°[:;+w +wz •zHX[z+y+/z °[•+ :K z:Kœ Gل•°•y+/zw Gل:GG[z[X/w y[w +/

wX°Kz[X/ G:/w °: y:[°°+ kK,[QK+ G+ /[k%+°q

C+ k+ j:[z� zXKz+ G[°:z:z[X/ G+ k+zz+ y:[°°+ w[;/[j[+ K/+ :K;y+/z:z[X/ G+ °: QK:/z[z•

Gل•°•y+/zw G[wwXKzw G:/w Ȗ ekqjqkquq α+ QK[ w+ zH:GK[z W:H K/+ [/z+/w[j[k:z[X/ G+ °: WH•k[W[z:z[X/

G+w Wè:w+w kX/wX°[G:/z+w ~ kè:KG z+°w QK+ °+w [/z+Hy•z:°°[QK+w +z °+w k:H,KH+w� +/;+/GH:/z K/+

:y•°[XH:z[X/ G+ °: z+/K+ :K j°K:;+ G+ k+ zîW+ Gل:°°[:;+wq α+ QK[ ]Kwz[j[+ °+ k:°kK° GK W:H:y±zH+

ا : ح G+ °: y:[°°+ kK,[QK+ GK /[k%+°q

mc[/k[G+/k+ G+ °: W•H[XG+ G+ y:zKH:z[X/ wKH °+ W:H:y±zH+ G+ y:[°°+ kK,[QK+ ~ j:k+w

k+/zH•+w GK /[k%+° : GX/k •z• G•z+Hy[/•+ ~ °c:[G+ G+w W[kw G+ G[jjH:kz[X/ e222u� eP88u +z ePP8uq

m+ W:H:y±zH+ :� : •z• G•z+Hy[/• wKH °: ,:w+ G+w •k:Hzw G+w ê:°+KHw G+ PĬq

m: G[wz:/k+ [/z+HH•z[kK°:[H+ +wz k:°kK°•+ w+°X/ /QK:z[X•ل° G+ 5H:;; e2u (

e2u

Nم ( ཱྀ n :/;°+ G+ G[jjH:kz[X/� eG+;H•wu
྄ n °X/;K+KH GلX/G+w� eçu G n G[wz:/k+ [/z+HH•z[kK°:[H+
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àXKH °: y:[°°+ kK,[QK+� °+ W:H:y±zH+ kH[wz:°°X;H:Wè[QK+ ا : ح +wz °[• ~ °: G[wz:/k+
[/z+HH•z[kK°:[H+ ا G ح W:H °: H+°:z[X/ ePu (

G  βu
ePu

m: G•z+Hy[/:z[X/ GK W:H:y±zH+ G+ °: y:[°°+ kqjqkq G+ °: y:zH[k+ +z wX/ •êX°Kz[X/ GKH:/z

°+ kîk°+ Gل•°:,XH:z[X/� +z G+ zH:[z+y+/zw G+w :°°[:;+w +œW•H[y+/z:Kœ +/H[kè[w +/ :°Ky[/[Ky�

W+Hy+zzH: Gل:WWH•k[+H °+ Wè•/Xy±/+ G+ WH•k[W[z:z[X/ G+w Wè:w+w GKH+w +/ jX/kz[X/ G+ °: z+/+KH

Gل:°Ky[/[Ky [/zHXGK[z+w G:/w °+ y•°:/;+w G+ G•W:Hz +z� W:H kX/w•QK+/z Gل•ê:°K+H °:

GKHk[ww+y+/z GK y:z•H[:Kq

mل+jj+z GK GKHk[ww+y+/z G+w •kè:/z[°°X/w :WH±w ê[+[°°[ww+y+/z : •z• ~ y[w :K ]XKH W:H G+w

y+wKH+w G+ GKH+z• T[k%+Hwq

m: WHXk•GKH+ G+ ]:ww+ل° G+ GKH+z• T[k%+Hw +wz ,:w•+ wKH °+w y+wKH+w G+w G[:;X/:°+w G+

+yWH+[/z+ل° +z /zHXGKkz[X/]ل° °: ê:°+KH G+ °: kè:H;+ :WW°[QK•+ G:/w °+w k:°kK°w w+°X/ °+w jXHyK°+w

k[nG+wwXKw (

ഀഎ پڃڄڇڀپٿ  ഘ
ഖځ

�8 Ĺ t�uà|ߗ 8buhàuv

T Ĺ Touuà vrrѴbtߗ�à àm 1
7Ĺlo�àmmà 7àv 7bv]omvѴàv 7à ѴĽàlruàbm|à àmll

ڷڲڼ ټጐڅڂڀٻ
ഀഎ پഘځ  ځ پ ഖ࠷ځ

ങ
�� Ĺ t�uà|ߗ 8buhàuv

T Ĺ Touuà vrrѴbtߗ�à àm 1
d : γo�àmmà 7àv 7bv]mvѴàv 7à ѴĽàlruàbm|à àmll
]ĹƖĺѶƏѵѵƔƐ
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7[;KH+ vvvq9 TK+ ;•/•H:°+ GK GKHXy±zH+ v//Xê:z+wz

m+w +ww:[w G+ GKH+z• T[k%+Hw X/z •z• H•:°[w•w wKH K/ :WW:H+[° v//Xê:z+wz ej[;q vvvq9u� wXKw
K/+ kè:H;+ G+ 8�2 %;q 6j[/ G+ H•GK[H+ °+w +jj+zw G+ •è•z•HX;•/•[zل° G+ °: wzHKkzKH+ wKH °+w ê:°+KHw
G+ GKH+z•� 28 y+wKH+w X/z +jj+kzK•+w wKH kè:QK+ •kè:/z[°°X/q
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V8S9صل–ل 3σ
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3σp 4eηαB5$5η x5f3ηVαηη3qQ

3σpmp x5$5 .4355x

m: jXHy:z[X/ G+ /XKê+°°+w Wè:w+w °XHw GK jH[zz:;+ /X/ kX/ê+/z[X//+° +wz H•;[+ W:H

°c:WW:H[z[X/ GcK/+ Wè:w+ °[QK[G+ zH:/w[zX[H+ e6°uq mXHw G+ °: yX/z•+ +/ z+yW•H:zKH+� °c:°Ky[/[Ky

jX/G ~ 00pاα +z H•:;[z :ê+k °+w kXyWXw:/zw wX°[G+w GK kXyWXw[z+� k+ QK[ +/zH:Δ/+ °: jXHy:z[X/

G+ W:Hz[kK°+w [/z+Hy•z:°°[QK+w wX°[G+wq mc:°Ky[/[Ky °[QK[G+� :°XHw kX/w[G•H• kXyy+ K/+ Wè:w+

G+ zH:/w[z[X/� G[wW:H:Δz WHX;H+ww[ê+y+/z :K jKH +z ~ y+wKH+ QK+ G+ /XKê+:Kœ kXyWXw•w

[/z+Hy•z:°°[QK+w w+ jXHy+/zq

à°Kw[+KHw j:kz+KHw [/j°K+/k+/z °c:WW:H[z[X/ G+ k+w /XKê+°°+w Wè:w+wq m: WXww[,[°[z•

Gc[/z+H:kz[X/ +/zH+ °c:°Ky[/[Ky +z °+w •°•y+/zw Gc:°°[:;+ z+°w QK+ °+ g[� αH� αX +z 7[� kX/GK[z ~ °:

jXHy:z[X/ G+w wX°Kz[X/w wX°[G+w °[y[z•+wq σ/ kX/w•QK+/k+� [° î : G•ê+°XWW+y+/z G+ kXyWXw•w

[/z+Hy•z:°°[QK+w� °XHwQK+ °+w °[y[z+w G+ wX°K,[°[z• wX/z :zz+[/z+w� kXyy+ °+ yX/zH+/z °+w

G[:;H:yy+w Gc•QK[°[,H+ ,[/:[H+w e6°ng[u� e6°nαXu� e6°n7[u +z e6°nαHuq

mc:WW:H[z[X/ G+ k+w kXyWXw•w [/z+Hy•z:°°[QK+w +wz wXKê+/z j:êXH[w•+ W:H °+ k:H:kz±H+

+œXzè+Hy[QK+ G+w H•:kz[X/w ~ °: ,:w+ G+ k+w /XKê+°°+w Wè:w+w q NKzH+ k+°:� °: WH•w+/k+ Gc•°•y+/zw

:î:/z K/+ jXHz+ :jj[/[z• WXKH °+ k:H,X/+� kXyy+ °+ z[z:/+ e7[u� j:êXH[w+ °: wî/zè±w+ GK k:H,KH+

7[αq mc•zKG+ G+ °c•z:z jH[zz• : •z• H•:°[w•+ wKH °c•kè:/z[°°X/ ôP� kX/z+/:/z K/+ z+/+KH [/z+Hy•G[:[H+

+/ :°Ky[/[Ky G+ ’�P9 r e7:,°q vvvqPuq

7[;KH+ vTq2 ôW+kzH+ G+ G[jjH:kz[X/ G+w H:îX/w É X,z+/K wKH /kè:/z[°°X•ل° ôP� :ê+k ’�P9

ràGw 6°

m+w H•wK°z:zw G+ °c:/:°îw+ W:H G[jjH:kz[X/ G+w H:îX/w É G+ /kè:/z[°°X•ل° ôP� WH•w+/z•w G:/w

°: j[;KH+ vTq2� X/z k°:[H+y+/z H•ê•°• G+w W[kw WHX•y[/+/zw :zzH[,K•w ~ °: y:zH[k+ y•z:°°[QK+ ~

,:w+ G+ /[k%+°q 5[+/ QK+ H+°:z[ê+y+/z yX[/w [/z+/w+w� G+w W[kw αHPpα0 X/z •z• •;:°+y+/z

[G+/z[j[•wq α+W+/G:/z� G[ê+Hw+w Wè:w+w [/z+Hy•z:°°[QK+w H•wK°z:/z G+w kX/z:kzw W:Hz[kK°+nW:Hz[kK°+

jXHy•w °XHw G+ °c:HH:/;+y+/z :°•:zX[H+ G+w W:Hz[kK°+w G:/w °+ kXyWH[y• ~ ê+Hz� X/z •z• •;:°+y+/z

H•ê•°•+wq v° wل:;[z G+ W°Kw[+KHw W[kw G+ W°Kw j:[,°+ [/z+/w[z•� kXHH+wWX/G:/z ~ G+w [/z+Hy•z:°°[QK+w�

z+°w QK+ g[p6° +z 6°2pαX’ jXHy•w GKH:/z °+ jH[zz:;+ ej[;q vTq2uq
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m+w H•wK°z:zw G+ °c:/:°îw+ w+y[nQK:/z[z:z[ê+ σCô� H•:°[w•+ :K w+[/ G+ °: y:zH[k+

y•z:°°[QK+ G+ °c•kè:/z[°°X/ jH[zz• ôP wX/z WH•w+/z•w W:H °+w j[;KH+w vTqP� vTqp� vTq’ +z vTq9q

7[;KH+ vTqP l[kHX;H:Wè[+ G+ /kè:/z[°°X•ل° ôP X,z+/K+ :K y[kHXwkXW+ •°+kzHX/[QK+ ~ ,:°:î:;+
+z α:HzX;H:Wè[+ É GK g[

7[;KH+ vTqp l[kHX;H:Wè[+ G+ /kè:/z[°°X•ل° ôP X,z+/K+ :K y[kHXwkXW+ •°+kzHX/[QK+ ~ ,:°:î:;+
+z k:HzX;H:Wè[+ É GK αX� α +z 7[

7[;KH+ vTq’ l[kHX;H:Wè[+ G+ /kè:/z[°°X•ل° ôP X,z+/K+ :K y[kHXwkXW+ •°+kzHX/[QK+ ~ ,:°:î:;+
+z k:HzX;H:Wè[+ É GK αH� 6° +z 7+
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7[;KH+ vTq9 l[kHX;H:Wè[+ G+ /kè:/z[°°X•ل° ôP X,z+/K+ :K y[kHXwkXW+ •°+kzHX/[QK+ ~

,:°:î:;+ +z k:HzX;H:Wè[+ É GK x +z lX

N/ W+Kz kX/wz:z+H QKcK/+ W:Hz[+ G+w •°•y+/zw Gc:°°[:;+� ~ w:êX[H αH� αX� 7[� 6° +z lX� +wz

K/[jXHy•y+/z G[wzH[,K•+ G:/w °: y:zH[k+ ,:w+G+ g[q α+°: wK;;±H+ QK+ W+/G:/z °+ WHXk+wwKw G+

 

àXKH ê:°[G+H °+w H•wK°z:zw G+ CRÉ� K/+ k:HzX;H:Wè[+ G+w H:îX/w É : •z• H•:°[w•+ wKH °+w

kX/;°Xy•H:zw G+ kXyWXw•w ;•/•H•w :K w+[/ G+ °: y:zH[k+ y•z:°°[QK+ ej[;q vTqP� vTqp� vTq’ +z

vTq9uq m: j[;KH+ vTqP, kX/j[Hy+ °: G[wzH[,Kz[X/ ;°X,:°+ G+ zXKw °+w •°•y+/zw WH•w+/zw G:/w °:

kXyWXw[z[X/ GK kXyWXw[z+ •zKG[•� wX[z +/ wK,wz[zKz[X/ G:/w °+ H•w+:K kqjqkq GK /[k%+°� wX[z

wXKw jXHy+ G+ kXyWXw•w :K w+[/ G+ °: y:zH[k+ y•z:°°[QK+q

m: jXHy:z[X/ GcK/+ wX°Kz[X/ wX°[G+ zXz:°+ +/zH+ °+ /[k%+° +z °+ kX,:°z +wz ,[+/ ê[w[,°+ ~

zH:ê+Hw °: G[wzH[,Kz[X/ K/[jXHy+ GK αX G:/w °: y:zH[k+ ~ ,:w+ G+ /[k%+° ej[;q vTqpGuq Cc:KzH+ W:Hz�

°: z+/+KH :kkHK+ +/ :°Ky[/[Ky G:/w °+w kXyWXw[z[X/w G+ G•W:Hz j:êXH[w+ °+ G•ê+°XWW+y+/z G+w

[/z+Hj:k+w 6°nαX G:/w +G[j[k•ل° G+w W:Hz[kK°+w GK kXyWH[y• ~ ê+Hzq α+ QK[ j:êXH[w+� GKH:/z °+

jH[zz:;+� °c•y+H;+/k+ K°z•H[+KH+ G+w [/z+Hy•z:°°[QK+w αXÉ6°E� z+°w QK+ °+ kXyWXw• 6°2pαX’ ej[;q

vTq2uq

m+ k:H,X/+� •°•y+/z °•;+H +z WH•w+/z ~ j:[,°+ QK:/z[z• G:/w °: kXyWXw[z[X/ [/[z[:°+� /c:

W:w •z• k°:[H+y+/z H•ê•°• W:H °+w :/:°îw+w σCô ej[;q vTqp+uq σ/ H+ê:/kè+� °: WH•w+/k+ G+ z[z:/+

: •z• k°:[H+y+/z •z:,°[+ ej[;q vTqpjuq 5[+/ QK+ °+w H•wK°z:zw +îw°:/:ل° W:H G[jjH:kz[X/ G+w

H:îX/w É ej[;q vTq2u /c[/G[QK+ W:w +œW°[k[z+y+/z °: WH•w+/k+ G+ k:H,KH+ G+ z[z:/+� w:

wî/zè±w+ °XHw GK jH[zz:;+ /+ W+Kz –zH+ +œk°K+q

m: z+/+KH [yWXHz:/z+ +/ kèHXy+� :[/w[ QK+ w: ,X//+ wX°K,[°[z• G:/w °: Wè:w+ Ȗ� :wwKH+/z
K/+ G[wzH[,Kz[X/ K/[jXHy+ G:/w °: y:zH[k+ y•z:°°[QK+q 4K[ W°Kw +wz� °: G[jjH:kz[X/ G+w H:îX/w É

H•ê±°+ w:/w •QK[êXQK+ +œ[wz+/k+ل° G+ k:H,KH+ G+ kèHXy+ αHPpα0 ej[;q vTq2uq C+ W°Kw�

4747

jX/kz [X/ G+ w: kX/k+/zH:z[X/ [/[z[:°+ G:/w °c:°°[:;+ +z G+ wX/ w+K[° G+ wX°K,°+ G:/w °+ /[k%+°q

de °: Wè:w+ Ȗq m: WHXWXHz[X/ G+ kè:QK+ kX/wz[zK:/z G[wwXKw G:/w °: wzHKkzKH+ y•z:°°[QK+ +wz

jH[zz:;+ /X/ kX/ê+/z[X//+°� k+w •°•y+/zw w+ wX/z jX/GKw :K kمKH G+ °: wzHKkzKH+ cubique à face centré (C.F.C)



°: k:HzX;H:Wè[+ É H•ê±°+ K/+ G[wWXw[z[X/ wW•k[j[QK+ G+w H•;[X/w H[kè+w +/ kèHXy+ +z kX/z+/:/z

GK z[z:/+ ej[;q vTqPuq

α+k[ wK;;±H+ °cèîWXzè±w+ GcK/+ WH+y[±H+ jXHy:z[X/ G+ 7[α� :;[ww:/z kXyy+ w[z+w G+

/Kk°•:z[X/ WH[y:[H+ WXKH °+ k:H,KH+ G+ kèHXy+ αHPpα0q α+zz+ WHXWXw[z[X/ +wz H+/jXHk•+ W:H °+w

+/zè:°W[+w G+ jXHy:z[X/ G+w kXyWXw•w H+wW+kz[jwq à°Kw WH•k[w•y+/z� 7[α WH•w+/z+ K/+ +/zè:°W[+

G+ jXHy:z[X/ G+ ǻLjPδh' β n2h’�’ %bγyX°+� kXyW:H•+ ~ ǻLjPδh' β nh2�9 %bγyX°+ WXKH °+ k:H,KH+

αHPpα0 F2hS eà[+HwX/ LN�2δδ0u� XjjH:/z K/ :ê:/z:;+ zè+HyXGî/:y[QK+ ~ °: jXHy:z[X/

WH•°[y[/:[H+ G+ 7[α� kXyy+ wKWWXHz G+ ;+Hy[/:z[X/ /•k+ww:[H+ :K G•ê+°XWW+y+/z GK k:H,KH+

G+ kèHXy+q

σ/ kX/w•QK+/k+� X/ X,w+Hê+ K/+ yXHWèX°X;[+ wW•k[j[QK+� Xم [° î : wKW+HWXw[z[X/ GK

k:H,KH+ G+ kèHXy+ eαHPpα0u +z GK k:H,KH+ G+ z[z:/+ e7[αu� kXyy+ °+ yX/zH+ k°:[H+y+/z °: j[;KH+

vTq’;q α+k[ +œW°[QK+ °c:,w+/k+ G+ W[kw GK k:H,KH+ G+ z[z:/+ wKH °+w wW+kzH+w G+ G[jjH:kz[X/ ej[;q

vTq2uq

m: j[;KH+ vTq’è [°°KwzH+ °: G[wzH[,Kz[X/ G+ °c:°Ky[/[Ky G:/w °: y:zH[k+ y•z:°°[QK+q 6 °c•z:z

jH[zz•� K/+ W:Hz[+ G+ °c:°Ky[/[Ky H+wz+ +/ wX°Kz[X/ wX°[G+ :K w+[/ GK H•w+:K kqjqkq GK /[k%+°q

α+W+/G:/z� °c:°Ky[/[Ky +wz •;:°+y+/z H+zHXKê• wXKw jXHy+ G+ w•;H•;:z[X/w :K w+[/ G+ °: y:zH[k+

G+ /[k%+°q α+w X,w+Hê:z[X/w X/z •z• kX/j[Hy•+w W:H °+w H•wK°z:zw G+ G[jjH:kz[X/ G+w H:îX/w É Xم X/

/Xz+ °: WH•w+/k+ G+ W[kw kXHH+wWX/G:/z ~ °c[/z+Hy•z:°°[QK+ g[p6° ej[;q vTq2uq

m: k:HzX;H:Wè[+ É GK yX°î,G±/+ +z GK zK/;wz±/+ H•ê±°+ K/+ G[wzH[,Kz[X/ èXyX;±/+ +/

wX°Kz[X/ wX°[G+ :K w+[/ G+ °: y:zH[k+ y•z:°°[QK+ ej[;q vTq9] +z vTq9%uq α+W+/G:/z� k+°: /c+œk°Kz

W:w °+KH kX/zH[,Kz[X/ ~ °: jXHy:z[X/ G+ k:H,KH+w kXyW°+œ+w� z+°w QK+ e7[� lX� xuαq m+ j+H

•z:/z WH•w+/z +/ j:[,°+ QK:/z[z• G:/w °+w kXyWXw[z[X/w +œW•H[y+/z:°+w e7:,°q vvvqPu� [° +wz

+/z[±H+y+/z G[wwXKw G:/w °: y:zH[k+ y•z:°°[QK+ ej[;q vTq’[uq

C+ W°Kw� [° j:Kz /Xz+H +yWXHz:/k]ل° G+w WXww[,[°[z•w G+ wK,wz[zKz[X/ +/zH+ °+w G[jj•H+/zw

•°•y+/zw kXyWXw:/z q+;:]°°:ل° 6[/w[� °: wX°K,[°[z• zXz:°+ XK W:Hz[+°°+ +/zH+ °+ /[k%+° +z Gc:KzH+w

•°•y+/zw� :[/w[ QK+ °+w [/z+H:kz[X/w +/zH+ °+w •°•y+/zw Gc:GG[z[X/� W+Kê+/z kX/GK[H+ ~ G+w

wK,wz[zKz[X/w :K w+[/ G+w H•w+:Kœ kH[wz:°°X;H:Wè[QK+wq

6[/w[� G+w kXyWXw•w kXyW°+œ+w� z+°w QK+ °+w k:H,KH+w G+ zîW+ l+Ppα0 XK eαH� g[�

αXuPpα0� °+w k:H,KH+w G+ zîW+ l+α XK e7[� x� lXuα +z °+w [/z+Hy•z:°°[QK+w G+ zîW+ 6p5 kXyy+

eg[� αXupe6°� 7[u� W+Kê+/z WXz+/z[+°°+y+/z w+ jXHy+Hq α+zz+ WXww[,[°[z• : G•]~ •z• kX/j[Hy•+ W:H

G+w H+kè+Hkè+w :/z•H[+KH+w q
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3σpD x5$5 .q41Ê

m+ zH:[z+y+/z zè+HyXy•k:/[QK+ G+w •kè:/z[°°X/w jH[zz•w QK[ : •z• G•kH[z G:/w °+w
z+kè/[QK+w Gc•°:,XH:z[X/ : W°Kw[+KHw X,]+kz[jwq à:Hy[ °+w X,]+kz[jw G+ k+zz+ XW•H:z[X/� [° î : °:
jH:;y+/z:z[X/ G+w :y:w G+ kXyWXw:/zw GKHw z+°w QK+ °+w k:H,KH+w XK °+w [/z+Hy•z:°°[QK+wq m:
j[;KH+ vTq0: yX/zH+ °: yXHWèX°X;[+ GcK/ :y:w G+ k:H,KH+ αHPpα0 jH:;y+/z•� Xم °c+jj+z
GK jXH;+:;+ +wz k°:[H+y+/z [°°KwzH•q m+w H•wK°z:zw G+w :/:°îw+w σCô X/z kX/j[Hy• °: /:zKH+ G+
k+ kXyWXw• +z X/z W+Hy[w Gل•z:,°[H QKc[° wc:;[z GK k:H,KH+ G+ kèHXy+ :°°[• eαH� g[� 7+uPpα0q

7[;KH+ vTq0 l[kHX;H:Wè[+ X,z+/K+ :K y[kHXwkXW+ •°+kzHX/[QK+ ~ ,:°:î:;+ lσ5�
[°°KwzH:/z °: jH:;y+/z:z[X/ GK k:H,KH+ αHPpα0 eWu °XHw GK jXH;+:;+ e:u +z H•wK°z:zw G+w
:/:°îw+w σCô WX/kzK+°°+w +/H+;[wzH•w wKH °+ k:H,KH+ e,u

N/ W+Kz /Xz+H QK+ °+ WHXk+wwKw G+ jXH;+:;+ j:êXH[w+ °c:WW:H[z[X/ GcK/+ z+œzKH+ wW•k[j[QK+
k:H:kz•H[w•+ W:H K/+ G•jXHy:z[X/ W°:wz[QK+ +z K/ :°°X/;+y+/z GK ;H:[/ :Kwz•/[z[QK+ G:/w °:
G[H+kz[X/ /XHy:°+ ~ k+°°+ G+ °: kè:H;+ :WW°[QK•+q m+w kX°X/[+w G+ k:H,KH+ G+ kèHXy+ w[zK•+w :Kœ
]X[/zw G+ ;H:[/w WH•w+/z+/z K/+ yXHWèX°X;[+ +/ MwQK+°+zz+M ej[;q vTq3:uq mل:/:°îw+ σCô
H•ê±°+ QK+ °: W°KW:Hz G+w •°•y+/zw kX/wz[zKz[jw G+ °: y:zH[k+ y•z:°°[QK+ ~ ,:w+ G+ /[k%+°
wX/z ,[+/ [/z•;H•w +/ wX°Kz[X/ wX°[G+q ej[;q vTq3,uq
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7[;KH+ vTq3 7+œzKH+ GK ;H:[/ :Kwz•/[z[QK+ X,z+/K :WH±w jXH;+:;+ e:u +z H•wK°z:zw G+

°c:/:°îw+ σCô +/H+;[wzH•w wKH °c•kè:/z[°°X/ jH[zz• ôP e,u

à:H °: wK[z+� °+w •kè:/z[°°X/w jXH;•w wK,[ww+/z K/ zH:[z+y+/z G+ H+kK[z G+ H+kH[wz:°°[w:z[X/

~ h88اα W+/G:/z 2�9 è� ê[w:/z ~ :zz•/K+H °+w è•z•HX;•/•[z•w kè[y[QK+wq v° kX/ê[+/z zXKz+jX[w G+

/Xz+H QK+ k+ zH:[z+y+/z : K/ [yW:kz °[y[z• wKH °: z+œzKH+ :kQK[w+ °XHw GK WHXk+wwKw G+ jXH;+:;+q

3σpO e5$5 54xEγe x5 σ3x3BB3

m+ zH:[z+y+/z zè+Hy[QK+ XK zH:[z+y+/z G+ kX/wX°[G:z[X/ G+w •kè:/z[°°X/w Gل:°°[:;+w ~

,:w+ G+ /[k%+°� X,z+/Kw W:H jH[zz:;+ /X/ kX/ê+/z[X//+°� kX/w[wz+ +/ WH+y[+H °[+K +/ °: G[wwX°Kz[X/

G+w •°•y+/zw Gc:GG[z[X/ G:/w °: y:zH[k+ ~ ,:w+ G+ /[k%+°q α+zz+ Wè:w+ +wz G•z+Hy[/:/z+ WXKH

kX/j•H+H :K y:z•H[:K °+w WHXWH[•z•w H+kè+Hkè•+w °XHw G+w WHXk•G•w zè+HyXy•k:/[QK+w +z

zè+Hy[QK+w K°z•H[+KHw� +/ wc:WWKî:/z wKH °+w y•z:yXHWèXw+w wzHKkzKH+°°+w QKc[° wK,[zq

mc•zKG+ G+ °c•z:z zH+yW• : •z• H•:°[w•+ wKH °: kXyWXw[z[X/ ô8q m: j[;KH+ vTqh: WH•w+/z+ °+w

G[:;H:yy+w G+ CRÉ G+ °c•kè:/z[°°X/ ô8 ~ °c•z:z zH+yW• +z ~ °c•z:z zH+yW• +z ê[+[°°[ W+/G:/z P’ è

ej[;q vTqh,uq

v° :WW:H:[z k°:[H+y+/z QK+ WXKH °c•z:z zH+yW• G+ °c•kè:/z[°°X/ ô8� °+w WH[/k[W:°+w Wè:w+w

jXHy+°°+y+/z [G+/z[j[•+w wX/z °: wX°Kz[X/ wX°[G+ G+ wK,wz[zKz[X/ ~ ,:w+ G+ /[k%+°� G:/w °:QK+°°+

°: y:]XH[z• G+w •°•y+/zw wX/z G[wwXKwq

σ/ kXyW:H:[wX/ :ê+k °c•z:z jH[zz• ej[;q vTq2u� °+w W[kw kXHH+wWX/G:/z :Kœ [/z+Hy•z:°°[QK+w

/cX/z W:w •z• G•z+kz•w :WH±w zH+yW+� WHX,:,°+y+/z +/ H:[wX/ G+ °+KHw G[y+/w[X/w +z G+ °+KH

G[wW+Hw[X/ :K w+[/ G+ °: y:zH[k+ y•z:°°[QK+q
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7[;KH+ vTqh ôW+kzH+w G+ G[jjH:kz[X/ G+w RÉ G+ °c•kè:/z[°°X/ ô8 ~ °c•z:z zH+yW• e:u +z ~

°c•z:z zH+yW• +z ê[+[°°[ W+/G:/z P’ è e,u

g•:/yX[/w� ,[+/ QKcK/+ W:Hz[+ w[;/[j[k:z[ê+ G+w kXyWXw•w wX[z G[wwXKz+ G:/w °+ /[k%+°�

[° +wz WH:z[QK+y+/z [yWXww[,°+ Gc:êX[H K/+ G[wwX°Kz[X/ kXyW°±z+ W+/G:/z °: W•H[XG+ G+ °:

z+yW•H:zKH+ kX/wz:/z+ q à:H kX/w•QK+/z� °: WH•w+/k+ Gc[/z+Hy•z:°°[QK+w G:/w °: y:zH[k+ wXKw

jXHy+ G+ W:Hz[kK°+w /X/ G[wwXKz+w� H+wz+ W°:Kw[,°+� GK j:[z QK+ °+ WHXk+wwKw G+ zH+yW+ [yW°[QK+

G+Kœ Wè•/Xy±/+w w[yK°z:/•w +z XWWXw•w (

ن °: G•kXyWXw[z[X/ G+w [/z+Hy•z:°°[QK+w GK+ ~ °: HKWzKH+ G+w °[:[wX/w +z ~ °: G[wwX°Kz[X/

G+w :zXy+w G:/w °+ H•w+:K kqjqkq GK /[k%+°�

n °: H•GKkz[X/ G+ °c•/+H;[+ G+ wKHj:k+ G+w kXyWXw•w [/z+Hy•z:°°[QK+w� kX/GK[w:/z :K

Wè•/Xy±/+ k°:ww[QK+ G+ kX:°+wk+/k+ G+ j[/+w W:Hz[kK°+w Gل[/z+Hy•z:°°[QK+wq

ôKH °+w wW+kzH+w G+ G[jjH:kz[X/ G+w H:îX/w É G+ °c•kè:/z[°°X/ ô8 zH+yW• +z ê[+[°°[ ej[;q

vTqh,u� °+w W[kw kXHH+wWX/G:/z :K /[k%+° W+Hw[wz+/z y:[w wc:kkXyW:;/+/z G+ °c•y+H;+/k+

G+ /XKê+:Kœ W[kw G+ g[p6°q m+ k:H,KH+ G+ z[z:/+ e7[αu +z °+ k:H,KH+ G+ zK/;wz±/+ exαu /cX/z

W:w •z• jXHy+°°+y+/z [G+/z[j[•wq v° +wz •;:°+y+/z [yWXHz:/z G+ /Xz+H QK+ °+w kXyWXw•w

6°ÉαXE� wXKê+/z ~ °cXH[;[/+ G+ °: jH:;[°[w:z[X/ G+w y:z•H[:Kœ� /+ w+ jXHy+/z W:w G:/w k+ k:wq

mc+jj+z G+w :]XKzw Gc:°Ky[/[Ky : •z• •zKG[• wKH °c•kè:/z[°°X/ ôp� kX/z+/:/z 9�P9r àGw 6°

e7:,°q vvvqPuq

m+w wW+kzH+w G+ G[jjH:kz[X/ G+w H:îX/w É G+ °c•kè:/z[°°X/ zH+yW•� WH•w+/z•w W:H °: j[;KH+q

’qδ:� H•ê±°+/z °+w W[kw °+w W°Kw [/z+/w+w kXHH+wWX/G:/z ~ °: wX°Kz[X/ wX°[G+ ~ ,:w+ G+ /[k%+° +z :K

k:H,KH+ αHPpα0q
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7[;KH+q vTqδ ôW+kzH+w G+ G[jjH:kz[X/ G+w RÉ X,z+/Kw ~ W:Hz[H G+ °c•kè:/z[°°X/ ôp ~ °c•z:z zH+yW•

e:u� ~ °c•z:z zH+yW• +z ê[+[°°[ W+/G:/z h è e,u� ~ °c•z:z zH+yW• +z ê[+[°°[ W+/G:/z 20 è eku +z ~ °c•z:z

+z zH+yW• +z ê[+[°°[ W+/G:/z P’ è eGu

A/ ê[+[°°[ww+y+/z G+ 20 è ej[;q δku : H•ê•°• °: WH•w+/k+ G+ °: wX°Kz[X/ wX°[G+ ~ ,:w+ G+

/[k%+°� GK k:H,KH+ αHPpα0 +z GK kXyWXw• [/z+Hy•z:°°[QK+ g[p6°q m+ kXyWXw• [/z+Hy•z:°°[QK+

g[p6° +wz W:Hz[kK°[±H+y+/z H+kè+Hkè• +/ H:[wX/ G+ wX/ [yW:kz WXw[z[j wKH °: z+/K+ :K j°K:;+ XK

H•w[wz:/k+ ~ è:Kz+ z+yW•H:zKH+ G+ q+;:]°°:ل°

m+w kXyWXw•w [/z+Hy•z:°°[QK+w /Xk[jw H•wK°z:/z G+ °c[/z+H:kz[X/ :°Ky[/[KynkX,:°z /cX/z

W:w •z• G•z+kz•wq σ/j[/� °+w y–y+w Wè:w+w ~ w:êX[H °: wX°Kz[X/ wX°[G+ ~ ,:w+ G+ /[k%+°� °+ k:H,KH+

αHPpα0 +z °c[/z+Hy•z:°°[QK+ g[p6° W+Hw[wz+/z G:/w °: wzHKkzKH+ G+ °c•kè:/z[°°X/ ôp� :WH±w K/+

zH+yW+ +z K/ ê[+[°°[ww+y+/z G+ P’ è ej[;q δGuq

m: j[;KH+ vTq28 WH•w+/z+ °+w H•wK°z:zw G+ +îw°:/:ل° y[kHXwzHKkzKH:°+ wXKw

y[kHXwkXW+ •°+kzHX/[QK+ ~ ,:°:î:;+ elσ5u :ê+k K/+ :/:°îw+ w+y[nQK:/z[z:z[ê+ G+

°c•kè:/z[°°X/ ôp� wXKy[w ~ K/+ zH+yW+ +z K/ ê[+[°°[ww+y+/z ~ hh8اα W+/G:/z 20 èq ôKH °:

y[kHX;H:Wè[+ X,z+/K+ :K lσ5�
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°+w k:H,KH+w G+ kèHXy+� /+zz+y+/z H•ê•°•w :Kœ ]X[/zw G+ ;H:[/w G+ °: y:zH[k+ :Kwz•/[z[QK+�

:WW:H:[ww+/z wXKw jXHy+ Gc:y:w jH:;y+/z•wq

7[;KH+ vTq28 C•z:[°w GK k:H,KH+ G+ kèHXy+ G:/w °: y[kHXwzHKkzKH+ G+ °c•kè:/z[°°X/ ôp
zH+yW• +z ê[+[°°[ ~ hh8اα W+/G:/z 20 è

7[;KH+ vTq22 C•z:[°w G+ °: y:zH[k+ G:/w °: y[kHXwzHKkzKH+ G+ °c•kè:/z[°°X/ ôp zH+yW• +z
ê[+[°°[ ~ hh8اα W+/G:/z 20 è

à:H °: wK[z+� G+w :/:°îw+w WX/kzK+°°+w ~ G+w +/GHX[zw WH•k[w H•ê±°+/z °: WH•w+/k+ G+ G+Kœ

ê:H[:/z+w G[wz[/kz+w GK k:H,KH+ G+ kèHXy+ αHPpα0q ل °c+yW°:k+y+/z 6 ej[;q vTq28u� °+ k:H,KH+

G+ kèHXy+ WH•w+/z+ K/+ G[wwX°Kz[X/ W:Hz[+°°+ Gc•°•y+/zw z+°w QK+ g[� αX� 7+� lX� x +z 7[q
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ل °c[/ê+Hw+� ~ °c+yW°:k+y+/z 5� K/+ :K;y+/z:z[X/ /Xz:,°+ G+ °: kX/k+/zH:z[X/ G+w •°•y+/zw

Gc:°°[:;+ +/ wX°Kz[X/ +wz X,w+Hê•+� +/ W:Hz[kK°[+H lX� x +z 7[q α+w H•wK°z:zw X/z jXHy+°°+y+/z

•z:,°[ °+ Hس°+ GK y•k:/[wy+ G+ °: wK,wz[zKz[X/ G:/w °: jXHy:z[X/ GK k:H,KH+ G+ kèHXy+ kXyW°+œ+

eαH� αX� g[� 7+� lX� x� 7[uPpα0q

m: y:zH[k+ y•z:°°[QK+ ~ ,:w+ G+ /[k%+°� w[±;+ G+ °: WH•k[W[z:z[X/ :K kXKHw GK WHXk+wwKw

G+ ê[+[°°[ww+y+/z� : •z• +œ:y[/•+ wXKw y[kHXwkXW+ •°+kzHX/[QK+ ~ ,:°:î:;+ elσ5u� :ê+k :/:°îw+

WX/kzK+°°+ w+y[nQK:/z[z:z[ê+q

mل:/:°îw+ : y[w +/ °Ky[±H+ G+Kœ [/k:H/:z[X/w G[wz[/kz+w GK k:H,KH+ G+ kèHXy+ ( GلK/+

W:Hz� G+w jH:;y+/z:z[X/w y:ww[ê+w XK G+w kX/;°Xy•H:zw °Xk:°[w•w :Kœ ]X[/zw G+ ;H:[/w� +z Gc:KzH+

W:Hz� wXKw jXHy+ G+ WH•k[W[z•w j[/w G[wW+Hw•w G:/w °: y:zH[k+ y•z:°°[QK+q

m+w y[kHX;H:Wè[+w lσ5 X/z H•ê•°• QK+ °+w WH•k[W[z•w WH•w+/z+/z G+w jXHy+w wWè•H[QK+w

XK ا +/ jXHy+ G+ ,ùzX//+zw qح

mc:/:°îw+ WX/kzK+°°+ w+y[nQK:/z[z:z[ê+ :Kœ WX[/zw eGu +z eju ej[;q vTq22u : kX/j[Hy• °:

/:zKH+ GK k:H,KH+ G+ kèHXy+ kXyW°+œ+ αHPpα0q α+w j[/w WH•k[W[z•w G+ k:H,KH+ G+ kèHXy+

kX/zH[,K+/z G+ y:/[±H+ w[;/[j[k:z[ê+ :K H+/jXHk+y+/z G+ °: y:zH[k+ :Kwz•/[z[QK+ :K kXKHw GK

ê[+[°°[ww+y+/z GK y:z•H[:K� :y•°[XH:/z °: GKH+z• G+ °: y:zH[k+ Ȗ +z °: H•w[wz:/k+ :K j°K:;+q

NKzH+ k+°:� [° +wz ~ /Xz+H QK+ °+w [/z+Hy•z:°°[QK+w kXyW°+œ+w G+ zîW+ 6p5� z+°w QK+ eg[�

αXupe6°� 7[u� GX/z °: WH•w+/k+ : •z• jXHy+°°+y+/z •z:,°[+ W:H G[jjH:kz[X/ G+w H:îX/w É� /cX/z W:w

•z• °Xk:°[w•w W:H /XzH+ :/:°îw+ y[kHXwkXW[QK+ •°+kzHX/[QK+ ~ ,:°:î:;+� WHX,:,°+y+/z +/ H:[wX/

G+ °+KHw G[y+/w[X/w ~ °c•kè+°°+ /:/Xy•zH[QK+q

m: j[;KH+ vTq22 v°°KwzH•+w W:H G+w kXKH,+w •°XQK+/z+w� °+w j°KkzK:z[X/w GK W:H:y±zH+ ا : ح

G+ °: y:[°°+ kqjqkq G+ °: Wè:w+ Ȗ� wX/z H•ê•°•+w +/ jX/kz[X/ GK z+yWw G+ ê[+[°°[ww+y+/z� WXKH °+w

•kè:/z[°°X/w ô8 eéP�P9r àGwq 6°u +z ôp eé9�P9ràGwq 6°u [wwKw GcK/ jH[zz:;+ /X/ kX/ê+/z[X//+°q

v° +wz ê[w[,°+ QK+� QK+°°+ QK+ wX[z °: kX/k+/zH:z[X/ Gc:°Ky[/[Ky G+ G•W:Hz� °+w kXKH,+w

;•/•H•+w yX/zH+/z K/+ G[y[/Kz[X/ GK W:H:y±zH+ G+ H•w+:K :ê+k °c:K;y+/z:z[X/ GK z+yWw G+

ê[+[°°[ww+y+/zq α+W+/G:/z� °: ê:°+KH y:œ[y:°+ e: β p�08h2 çu : •z• +/H+;[wzH•+ :WH±w °: zH+yW+

G+ °c•kè:/z[°°X/ ôp QK[ WH•w+/z+ K/ +/H[kè[ww+y+/z w[;/[j[k:z[j +/ :°Ky[/[Ky G+ 9�P9 ràGwq

e7:,°q vvvqPuq 6K jKH +z ~y+wKH+ QK+ °: W•H[XG+ G+ ê[+[°°[ww+y+/z wc:°°X/;+� °+ H•w+:K z+/G ~ H+ê+/[H

~ K/ •z:z W°Kw •QK[°[,H•� k:H:kz•H[w• W:H °+ H+]+z Gc•°•y+/zw y[w WH•k•G+yy+/z +/ wX°Kz[X/ +z W:H

°: WH•k[W[z:z[X/ G+ /XKê+°°+w Wè:w+w eWè•/Xy±/+ G+ WH•k[W[z:z[X/uq
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m+w ê:°+KHw °+w W°Kw •°+ê•+w GK W:H:y±zH+ G+ y:[°°+ X/z •z• X,w+Hê•+w :WH±w °: zH+yW+ G+

°c•kè:/z[°°X/ ôp kX/z+/:/z 9�P9 r àGwq Gc6°q 6WH±w °+ y:[/z[+/ °: zH+yW+� °+ W:H:y±zH+ G+ y:[°°+

kqjqkq :zz+[/z p�08h2 ç� wX[z K/+ :K;y+/z:z[X/ G+ P�9 r W:H H:WWXHz :K W:H:y±zH+ G+ H•j•H+/k+

GK H•w+:K kqjqkq GK /[k%+° WKH GX/z °: ê:°+KH +wz G+ p�9P çq

7[;KH+ vTq2P "êX°Kz[X/ GK W:H:y±zH+ G+ H•w+:K G+ °: Wè:w+ Ȗ +/ jX/kz[X/ GK z+yWw G+

ê[+[°°[ww+y+/z G+w •kè:/z[°°X/w ô8 e:u +z ôp e,u

àXKH °c•kè:/z[°°X/ ô8� QK[ WH•w+/z+ K/+ z+/+KH y[/[y:°+ +/ :°Ky[/[Ky G+ P�P9 r àGwq�

°c+œW:/w[X/ GK H•w+:K :zz+[/z 2�33 rq

α+ Wè•/Xy±/+ wK;;±H+ QK+ °c+/H[kè[ww+y+/z +/ :°Ky[/[Ky GK y•°:/;+ G+ G•W:Hz

kX/GK[z ~ K/+ :K;y+/z:z[X/ WHXWXHz[X//+°°+ G+ °: QK:/z[z• Gc:°Ky[/[Ky y[w+ +/ wX°Kz[X/ G:/w

°+ H•w+:K kqjqkq GK wX°ê:/z GKH:/z °c•z:W+ G+ y:[/z[+/q C:/w °c[/z+Hê:°°+ G+ ê[+[°°[ww+y+/z G+ P ~

P’ è� °+ W:H:y±zH+ ا : ح WH•w+/z+ K/+ G[y[/Kz[X/ yX/XzX/+ :ê+k °c:K;y+/z:z[X/ G+ °: GKH•+ G+

ê[+[°°[ww+y+/z ej[;q vTq2puq

α+zz+ kX/zH:kz[X/ GK H•w+:K W+Kz –zH+ :zzH[,K•+ :K H+]+z Gc:zXy+w +/ +œk±w G+ °: y:zH[k+

y•z:°°[QK+� kX/GK[w:/z ~ °: WH•k[W[z:z[X/ G+ /XKê+:Kœ kXyWXw•wq àXKH °c•kè:/z[°°X/ ôp jXHz+y+/z

+/H[kè[ +/ :°Ky[/[Ky� °+ WH•k[W[z• GXy[/:/z +wz °c[/z+Hy•z:°°[QK+ g[p6° XK Ȗc ej[;q vTqδuq

5555



7[;KH+ vTq2p "êX°Kz[X/ G+ °: GKH+z• LT +/ jX/kz[X/ GK z+yWw G+ ê[+[°°[ww+y+/z WXKH

°+w •kè:/z[°°X/w ô8 e:u +z ôp e,u

α+W+/G:/z� kXyWz+ z+/K GK WXz+/z[+° G+ wK,wz[zKz[X/ W:Hz[+°°+ GK g[ W:H °+ αX +z G+

°c:°Ky[/[Ky W:H °+ z[z:/+� k+z [/z+Hy•z:°°[QK+ WXKHH:[z WH+/GH+ °: jXHyK°+ eg[�αXupe6°�7[uq m:

WH•k[W[z:z[X/ +wz [/ê:H[:,°+y+/z kXHH•°•+ ~ K/+ •êX°Kz[X/ G+w WHXWH[•z•w y•k:/[QK+w� +/

W:Hz[kK°[+H G+ °: GKH+z•qq

m: j[;KH+ vTq2p [°°KwzH+ °+w ê:H[:z[X/w G+ GKH+z• T[k%+Hw +/ jX/kz[X/ GK z+yWw G+

ê[+[°°[ww+y+/z G+w •kè:/z[°°X/w ô8 ~ z+/+KH wz:/G:HG G+ P�P9 r +/ 6° +z G+w •kè:/z[°°X/w ôp

+/H[kè[w +/ :°Ky[/[Ky :ê+k K/+ z+/+KH G+ 9�P9q

6 WH+y[+H :,XHG� °+w G+Kœ :°°[:;+w WH•w+/z+/z K/+ :K;y+/z:z[X/ [yWXHz:/z+ G+ °: GKH+z•�

:WH±w K/ WHXk+wwKw G+ ê[+[°°[ww+y+/z G+ 20 è� :zzH[,K•+ ~ °: WH•k[W[z:z[X/ G+w [/z+Hy•z:°°[QK+w�

/Xz:yy+/z g[p6° XK eg[� αXupe6°� 7[u� :[/w[ QK+ G+w k:H,KH+wq g•:/yX[/w� [° +wz •ê[G+/z QK+

+;:]°°:ل° ôp� k:H:kz•H[w• W:H K/+ z+/+KH +/ :°Ky[/[Ky W°Kw •°+ê•+� WH•w+/z+ G+w ê:°+KHw G+ GKH+z•

w+/w[,°+y+/z W°Kw •°+ê•+wq

α+w H•wK°z:zw wX/z kX/jXHy+w ~ /êX°Kz[X•ل° GK W:H:y±zH+ G+ H•w+:K w+ °: y:zH[k+

:Kwz•/[z[QK+ X,w+Hê• WH•k•G+yy+/zq
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m: kX/k+/zH:z[X/ •°+ê•+ +/ :°Ky[/[Ky [/GK[z K/+ +œW:/w[X/ w[;/[j[k:z[ê+ GK H•w+:K�

+/zH:Δ/:/z� W:H kX/w•QK+/z K/+ :K;y+/z:z[X/ /Xz:,°+ GK êX°Ky+ G+w WH•k[W[z•w 6p5 XK eg[�

αXupe6°� 7[u� kX/zH[,K:/z :[/w[ ~ K/ +jj+z G+ GKHk[ww+y+/z W:H WH•k[W[z:z[X/ W°Kw [/z+/w+q

6KnG+°~ G+ °: GKH•+ G+ ê[+[°°[ww+y+/z G+ 20 è� °+ Wè•/Xy±/+ G+ kX:°+wk+/k+ +/zH+

WH•k[W[z•w wل[/z+/w[j[+� kX/GK[w:/z ~ K/+ G[y[/Kz[X/ G+ °: GKH+z• GK y:z•H[:Kq

7[;KH+ vTq2’ vy:;+ H•j•H+/k+ ( l[kHX;H:Wè[+ X,z+/K+ wKH lσ5n7σd [°°KwzH:/z °:
yXHWèX°X;[+ +z °: G[wzH[,Kz[X/ G+w Wè:w+w GKHk[ww:/z+w Ȗل+z Ȗلل G:/w +;:]°°:ل° 3P8 F29S

7[;KH+ vTq29 l[kHX;H:Wè[+ G+ +;:]°°:ل° ôp kX/z+/:/z 9�P9r àGw 6°� ~ °c•z:z +z zH+yW• +z
ê[+[°°[ W+/G:/z P’ è

m: j[;KH+ vTq2’ WH•w+/z+ °: y[kHXwzHKkzKH+ G+ +;:]°°:ل° ôp +/H[kè[ +/ :°Ky[/[Ky� ~ °c•z:z +z

zH+yW• +z ê[+[°°[ W+/G:/z P’ èq N/ W+Kz /+zz+y+/z X,w+Hê+H QK+ °+w W:Hz[kK°+w Gل[/z+Hy•z:°°[QK+w
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wX/z G+ +XHGHل° GK y[kHXy±zH+ +z W°Kw� kXyW:H•+w ~ °: y[kHXwzHKkzKH+ H•ê•°•+ W:H bq lq α°XK• +z

:KzH+w ej[;q vqpu Xم z:z•ل° /:/Xy±zH[QK+ G+w WH•k[W[z•w +wz ,[+/ ê[w[,°+q C+ k+ j:[z� °: kèKz+ G+

GKH+z• wKH °: kXKH,+ [°°KwzH:/z /êX°Kz[X•ل° G+ °: GKH+z• T[k%+Hw +/ jX/kz[X/ GK z+yWw G+

ê[+[°°[ww+y+/z +wz +/z[±H+y+/z kX/j[Hy•+ ej[;q vTq2puq
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VمخÈلXمخ–ا 7pمpصS9ل

6WH±w °+ jH[zz:;+ /X/ kX/ê+/z[X//+°� +;:]°°:ل° G+ kXyWXw[z[X/ AG[y+z 3P8 WH•w+/z+ K/+

wzHKkzKH+ kXyW°+œ+ ,:w•+ wKH K/+ y:zH[k+ y•z:°°[QK+ kX/wz[zK•+ GلK/+ wX°Kz[X/ wX°[G+ G+ /[k%+°

eȖu� kX/z+/:/z G+w •°•y+/zw Gc:°°[:;+ +/ wK,wz[zKz[X/ +z GK k:H,KH+ G+ kèHXy+ αHPpα0 w[zK• :Kœ

]X[/zw G+ ;H:[/wq à°Kw[+KHw [/z+Hy•z:°°[QK+w� z+°w QK+ g[p6° +z 6°2pαX’� X/z •z• H•ê•°•w G:/w °:

y:zH[k+ y•z:°°[QK+� /Xz:yy+/z G:/w °: kXyWXw[z[X/ ~ è:Kz+ z+/+KH +/ 6° e9�P9ràGwquq

6WH±w jXH;+:;+ °[,H+� °: wzHKkzKH+ GK y:z•H[:K w+ G[wz[/;K+ W:H K/+ z+œzKH+ wW•k[j[QK+

k:H:kz•H[w•+ W:H K/ :°°X/;+y+/z G+w ;H:[/w :Kwz•/[z[QK+w G:/w °+ w+/w G+ °c•kXK°+y+/z GK y•z:°�

:[/w[ QK+ W:H K/+ jXHz+ jH:;y+/z:z[X/ G+w :y:w G+ k:H,KH+ G+ kèHXy+ αHPpα0q

6WH±w jXH;+:;+� °+ H+kK[z GcèXyX;•/•[w:z[X/ H•:°[w• ~ h88اα W+/G:/z 2�9 è� /c+/zH:Δ/+

:KkK/ kè:/;+y+/z /Xz:,°+ G+ °: jXHy+ G+w kXyWXw:/zw GK y:z•H[:Kq

mXHw G+ °: zH+yW+� °: wzHKkzKH+ +wz °+ w[±;+ Gc[yWXHz:/z+w yXG[j[k:z[X/w X/z °[+K (

n kX/k+H/:/z +;:]°°:ل° :ê+k K/+ z+/+KH wz:/G:HG +/ :°Ky[/[Ky eP�P9ru� °+

y:[/z[+/ [wXzè+Hy+ ~ 28h8اα kX/GK[z ~ °: G[wwX°Kz[X/ G+ °: QK:w[nzXz:°[z•

G+w kXyWXw•w� H•ê•°•w :WH±w °+ jH[zz:;+ f

n :WH±w zH+yW+� °: wzHKkzKH+ +wz kX/wz[zK•+ G+ °: wX°Kz[X/ wX°[G+ ~ ,:w+ G+

/[k%+° eȖu f

n k+W+/G:/z� °c[/kXHWXH:z[X/ G+ 9�P9r àGw 6° G:/w °: kXyWXw[z[X/ G+ G•W:Hz

[/GK[z K/+ +œW:/w[X/ w[;/[j[k:z[ê+ GK W:H:y±zH+ G+ °: y:[°°+ kqjqkq GK

/[k%+°� GK j:[z G+ w: w:zKH:z[X/ +/ :°Ky[/[Kyq C+w zH:k+w GK kXyWXw•

6°2pαX’ W+Hw[wz+ G:/w °: wzHKkzKH+ G+ +;:]°°:ل° zH+yW•q

mc+jj+z GK ê[+[°°[ww+y+/z ~ hh8اα +wz X,w+Hê:,°+ :WH±w h èq m: WH•k[W[z:z[X/ G+ g[p6° eȖcu

G+ê[+/z WH•GXy[/:/z+ :WH±w 20 èq m: wzHKkzKH+ w+H: :°XHw +ww+/z[+°°+y+/z kX/wz[zK•+ G+ °:

wX°Kz[X/ wX°[G+ ~ ,:w+ G+ /[k%+° eȖu� GK k:H,KH+ αHPpα0 :Kœ ]X[/zw G+ ;H:[/w +z G+ WH•k[W[z•w G+

g[p6° G:/w °: y:zH[k+ y•z:°°[QK+q

A/ GKHk[ww+y+/z y:œ[y:° G+ °: y:zH[k+ y•z:°°[QK+ e388 LT8�2u +wz +/H+;[wzH• wKH

+;:]°°:ل° +/H[kè[ +/ 6° e9�P9ràGwqu +z ê[+[°°[ W+/G:/z 20 èq α+zz+ GKH+z• +wz GK+ :K H+/jXHk+y+/z

G+ °: y:zH[k+ y•z:°°[QK+ W:H G+w WH•k[W[z•w /:/Xy•zH[QK+w G+ zîW+ g[p6° +z G+w k:H,KH+w

y[kHXy•zH[QK+w z+°w QK+ αHPpα0q m+ Wè•/Xy±/+ G+ kX:°+wk+/k+ G+ k+w WH•k[W[z•w G•,Kz+ :WH±w

K/ y:[/z[+/ [wXzè+Hy+ G+ 20 èq

m+w •zKG+w y•z:°°X;H:Wè[QK+w ôσl +z °+w :/:°îw+w w+y[nQK:/z[z:z[ê+w eσCôu X/z H•ê•°•
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QK+ °c+jj+z G+ wK,wz[zKz[X/ +wz H+wWX/w:,°+ G+ °: jXHy:z[X/ G+ G[ê+Hw kXyWXw•w kXyW°+œ+w G:/w

°: y:zH[k+ :Kwz•/[z[QK+� z+°w QK+(

n °+ k:H,KH+ G+ kèHXy+ : •z• [G+/z[j[• wXKw G+Kœ jXHy+w� /X/ :°°[• eαHPpα0u

+z :°°[• eg[� αX� αH� g[�αXuPpα0 f

n °c[/z+Hy•z:°°[QK+ g[p6° eȖcu :WW:H:Δz +/ j:[z wXKw °: jXHy+ kXyW°+œ+ G+

eg[� αXupe6°� 7[uq
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4p/pم9صÈ9ا

F2S αq 7q ô[yw� gq ôq ôzX°Xjj :/G xq αq L:;+°� +Gw� 2XSHUβOOR\V AA» fLJK 0HPSHUβWXUH
BβWHULβOV IRU IHURVSβαH βQG AQGXVWULβO RRZHU eg+â EXH%( bXè/ x[°+î :/G ôX/w�
2δh3uq
FPS lq CKH:/Gnαè:HH+� 0KHBLαURVWUXαWXUH RI 2XSHUβOOR\V e6ywz+HG:y( dXHGX/ i
5H+:kè ôk[+/k+ àK,°[wè+Hw� 2δδ3uq
FpS àq g:wè� +Gq� RKβVH hLβJUβPV RI :LQβU\ NLαNHO IOOR\V el:z+H[:°w à:H%� NL( 6ôl
v/z+H/:z[X/:°� 2δδ2uq
F’S 6q7q C[/wG:°+� ôd7σ G:z: jXH WKH+ +°+y+/zw� HβOSKβG� mT e2δδ2uq
F9S mq ':Kjy:/ :/G Lq 5+H/wz+[/� HRPSXWHU HβOαXOβWLRQ RI RKβVH hLβJUβPV eg+â
EXH%( 6k:G+y[k àH+ww� 2δ38uq
F0S bq Nq 6/G+HwwX/� 7q L+°:/G+H� mq LX;°K/G� àq 7q ôè[ :/G 5q ôK/Gy:/� 7è+HyXnα:°k
:/G Cvα7R6( kXyWKz:z[X/:° zXX°w jXH y:z+H[:°w wk[+/k+� HβOSKβG� DR eP882uq
F3S gq ô:K/G+Hw� àè:w+ G[:;H:y k:°kK°:z[X/w jXH è[;ènz+yW+H:zKH+ y:z+H[:°w�
RKLORVRSKLαβO 0UβQVβαWLRQV RI WKH 8R\βO 2RαLHW\ RI DRQGRQ I� OTm e2δδ9uq
FhS 'q bq 5°X,:Ky� Cq T:/ L++HG+/� 6q bq d:ê+/w :/G 7q àq x+[èw� 6°γg[ jXHy:z[X/
H+:kz[X/w( kè:H:kz+H[w:z[X/ Xj zè+ y+z:wz:,°+ 6°δg[P Wè:w+ :/G :/:°îw[w Xj [zw
jXHy:z[X/� IαWβ BβWHULβOLβ� Tm eP88puq
FδS ôq Nkè[:[� Eq Nî: :/G 7q ôK]K%[� 6°°Xî[/; ,+è:ê[XKH Xj g[p6°� IαWβ BHWβOOXUJLαβ�
OD e2δh’uq
F28S 'q LX/X� àH[ê:z+ kXyyK/[k:z[X/� 7è+ g:z[X/:° v/wz[zKz+ Xjl:z+H[:°w ôk[+/k+�
7wK%K,: ôk[+/k+ α[zî� b:W:/ eP88puq
F22S Rq xq α:è/� àq 6q ô[+y+Hw :/G bq σq d+[;+H� 7è+ XHG+HnG[wXHG+H zH:/wjXHy:z[X/ [/
g[p6° :/G g[p6° n 7+ :°°Xîw( 2q C+z+Hy[/:z[X/ Xj zè+ zH:/w[z[X/ z+yW+H:zKH+w :/G
zè+[H H+°:z[X/ zX GKkz[°[zî� IαWβ BHWβOOXUJLαβ� OT e2δh3uq
F2PS 7q bq 5H+y+H� lq 5+îww :/G Lq x+/]°� 7è+ XHG+HnG[wXHG+H zH:/w[z[X/ Xj zè+
[/z+Hy+z:°°[k Wè:w+ g[p6°� RK\VLαβ 2WβWXV 2ROLGL� mm�$ e2δhhuq
F2pS ôq Tq àH[%èXG%X :/G 6q bq 6HG+°°� αX:Hw+/[/; Xj ;:yy: WH[y+ [/ g[n6° :°°Xîw :;+G
K/G+H K/[:œ[:° kXyWH+ww[X/( vvvq αè:H:kz+H[w:z[X/ Xj zè+ yXHWèX°X;î� IαWβ
BβWHULβOLβ� Tm eP88puq
F2’S Rq 6q R[k%w� 6q bq àXHz+H :/G Rq αq σkX,� 7è+ ;HXâzè Xj ;:yy: WH[y+ WH+k[W[z:z+w
[/ /[k%+°n,:w+ wKW+H:°°Xîw� IαWβ BHWβOOXUJLαβ� Om e2δhpuq
F29S σq σq 5HXâ/ :/G Cq Rq lK]î%:� g[k%+°n[HX/ :°°Xîw� [/ αq 7q ô[/w� gq ôq ôzX°Xjj :/G
xq αq L:;+°� +Gw� 2XSHUβOOR\V AA» fLJK 0HPSHUβWXUH BβWHULβOV IRU IHURVSβαH βQG
AQGXVWULβO RRZHU eg+â EXH%( bXè/ x[°+î :/G ôX/w� 2δh3uq
F20S bq xq 5HXX%w :/G àq bq 5H[G;+w� l+z:°°KH;[k:° wz:,[°[zî Xj v/kX/+° 32h� [/ Cq gq CKè°�
dq l:KH+H� ôq 6/zX°Xê[kè� αq mK/G :/G ôq R+[kèy:/� +Gw� 2XSHUβOOR\V e�éé
ex:HH+/G:°+� à6( 7è+ l+z:°°KH;[k:° ôXk[+zî� 2δhhuq
F23S Rq αX]:H :/G 6q à[/+:K� lXHWèX°X;î Xj ;:yy: WH[y+ :/G ;:yy: GXK,°+ WH[y+
WH+k[W[z:z+w :/G zè+Hy:° wz:,[°[zî Xj v/kX/+° 32h zîW+ :°°Xîw� BHWβOOXUJLαβO
0UβQVβαWLRQV� C e2δ3puq
F2hS Rq αq R++G� lq àq b:k%wX/ :/G Eq ôq g:� αè:H:kz+H[w:z[X/ :/G yXG+°°[/; Xj zè+
WH+k[W[z:z[X/ Xj zè+ w[;y: Wè:w+ [/ AG[y+z 3P8 :/G AG[y+z 3P8m[� BHWβOOXUJLαβO
βQG BβWHULβOV 0UβQVβαWLRQV� O�$ e2δδδuq
F2δS 6q 'q ô[/è:� 7XWX°X;[k:°°î k°Xw+nW:k%+G wzHKkzKH+w Xj zH:/w[z[X/ y+z:° :°°Xîw�
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RURJUHVV LQ BβWHULβOV 2αLHQαH� mT e2δ3Puq
FP8S ôq 7[/� 7q lq àX°°Xk% :/G xq 7q '[/;� α:H,X/ :GG[z[X/w :/G ;H:[/ ,XK/G:Hî
jXHy:z[X/ [/ è[;è H+jH:kzXHî /[k%+°n,:w+ w[/;°+ kHîwz:° wKW+H:°°Xîw� [/ 7q lq àX°°Xk%�
Rq Cq '[ww[/;+H� Rq Rq 5Xây:/ HW βOu� +Gw� 2XSHUβOOR\V gppp ex:HH+/G:°+� à6( 7è+
l[/+H:°w� l+z:°w :/G l:z+H[:°w ôXk[+zî e7lôu� P888uq
FP2S 4q Dq αè+/ :/G Cq lq '/Xâ°+w� 7è+ y[kHXwzHKkzKH+w Xj ,:w+γyXG[j[+G RRP83P ôÉ
wKW+H:°°Xîw :/G zè+[H +jj+kzw X/ kH++W WHXW+Hz[+w :z +°+ê:z+G z+yW+H:zKH+w� IαWβ
BβWHULβOLβ� T� eP88Puq
FPPS 6q '+°°î� dq xq dHXê+w :/G àq '[GG� HU\VWβOORJUβSK\ βQG HU\VWβO hHIHαWV� H+ê[w+G
+G/ eαè[kè+wz+H� A'( bXè/ x[°+î i ôX/w� P888uq
FPpS 7q 6q lXè:y+G :/G 7q dq m:/;GX/� 7è+ zH:/w[z[X/ jHXy G[w°Xk:z[X/ k°[y, zX
ê[wkXKw ;°[G+ [/ kH++W Xj wX°[G wX°Kz[X/ :°°Xîw� IαWβ BHWβOOXUJLαβ� O� e2δ3’uq
FP’S àq αq bq d:°°:;è+H� 7è+ [/j°K+/k+ Xj :°°Xî[/;� z+yW+H:zKH+ :/G H+°:z+G +jj+kzw X/ zè+
wz:k%[/; j:K°z +/+H;î� BHWβOOXUJLαβO 0UβQVβαWLRQV� m e2δ38uq
FP9S mq C+°+èXK]++ :/G 6q C+HKîzz+H+� 7è+ wz:k%[/; j:K°z G+/w[zî [/ wX°[G wX°Kz[X/w
,:w+G X/ kXWW+H� w[°ê+H� /[k%+°� :°Ky[/[Ky :/G °+:G� IαWβ BHWβOOXUJLαβ� mT e2δ03uq
FP0S xq xîk[w% :/G lq 7+°°+Hn'/[+Wy+[+H� 4K+/kè[/; +œW+H[y+/zw [/ è[;è WKH[zî g[�
PRXUQβO RI NXαOHβU BβWHULβOV� RLôA� e2δ3huq
FP3S Rq Nq ô[yyX/w :/G Rq xq 5:°°Kjj[� l+:wKH+y+/zw Xj +QK[°[,H[Ky ê:k:/kî
kX/k+/zH:z[X/w [/ :°Ky[/Ky� RK\VLαβO 8HYLHZ� mmA e2δ08uq
FPhS 5q bX/wwX/� 6ww+wwy+/z Xj zè+ yX,[°[z[+w Xj αH� 7+ :/G g[ [/ ,[/:Hî 7αα αHn7+ :/G
αHng[ :°°Xîw� 2αβQGLQβYLβQ PRXUQβO RI BHWβOOXUJ\� DC e2δδ9uq
FPδS lq ôq 6q ':HK/:H:z/+� àq α:Hz+H :/G Rq αq R++G� v/z+HG[jjKw[X/ [/ zè+ 7ααn62 Wè:w+
Xj zè+ g[nR+� g[n7: :/G g[nx wîwz+yw ,+zâ++/ δ88 :/G 2p88 G+; α� BβWHULβOV
2αLHQαH βQG TQJLQHHULQJ� $D(m eP888uq
Fp8S lq ôq 6q ':HK/:H:z/+ :/G Rq αq R++G� v/z+HG[jjKw[X/ Xj zè+ W°:z[/Ky ;HXKW
y+z:°w [/ /[k%+° :z +°+ê:z+G z+yW+H:zKH+w� IαWβ BβWHULβOLβ� Tm eP88puq
Fp2S αq mq 7K� Rq αq R++G� 6q b:/Xzz[ :/G lq 'Hky:H� N/ zè+ G[jjKw[X/ Xj :°°Xî[/;
+°+y+/zw [/ zè+ /[k%+°n,:w+ wKW+H:°°Xîw� [/ 'q 6q dH++/� 7q lq àX°°Xk%� Lq L:H:G:�
HW βOu� +Gw� 2XSHUβOOR\V gpp� ex:HH+/G:°+� à6( 7è+ l[/+H:°w� l+z:°w :/G l:z+H[:°w
ôXk[+zî e7lôu� P88’uq
FpPS 6q b:/Xzz[� lq 'Hky:H� αq mq 7K :/G Rq αq R++G� ôX°Kz+ G[jjKw[X/ [/ y+z:°w( °:H;+H
:zXyw k:/ yXê+ j:wz+H� RK\VLαβO 8HYLHZ DHWWHUV� LD eP88’uq
FppS àq 6q 7°[//� 7è+XHî Xj G+jXHy:z[X/ [/ wKW+H°:zz[k+w� 0UβQVβαWLRQV RI WKH
BHWβOOXUJLαβO 2RαLHW\ RI IABT� Dm( e2δ08uq
Fp’S 5q Lq '+:H� 6q 7q d[:y+[� bq lq ô[°kXk% :/G Rq 'q L:y� ô°[W :/G k°[y, WHXk+ww+w [/
;:yy: WH[y+ WH+k[W[z:z[X/ è:HG+/+G /[k%+°n,:w+ :°°Xîw� 2αULSWβ BHWβOOXUJLαβ� D
e2δ0huq
Fp9S 5q Lq '+:H� 6q 7q d[:y+[� dq Rq m+ê+H:/z :/G bq lq N,°:%� N/ [/zH[/w[kγ+œzH[/w[k
wz:k%[/; j:K°z W:[Hw [/ zè+ m2P °:zz[k+� 2αULSWβ BHWβOOXUJLαβ� O e2δ0δuq
Fp0S Cq àq àXW+ :/G ôq ôq σ]]� l+kè:/[k:° WHXW+Hz[+w Xj g[p6° :/G /[k%+°n,:w+ :°°Xîw
â[zè è[;è êX°Ky+ jH:kz[X/ Xj Ȗ � AQWHUQβWLRQβO BHWβOV 8HYLHZV� DL e2δh’uq
Fp3S 7q Rq gq g:,:HHX :/G Lq mq G+ T[°°[+Hw� 0KH RK\VLαV RI HUHHS emX/GX/( 7:î°XH :/G
7H:/k[w� 2δδ9uq
FphS 5q Lq '+:H :/G Lq dq 7q x[°wGXHj� C[w°Xk:z[X/ kX/j[;KH:z[X/w [/ W°:wz[k:°°î
G+jXHy+G αKp6K :°°Xîw� 0UβQVβαWLRQV RI WKH BHWβOOXUJLαβO 2RαLHW\ RI IABT� DDC
e2δ0Puq
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FpδS 'q 6X%[ :/G Nq v]Ky[� C+j+kz wzHKkzKH+w :/G °X/;nH:/;+ XHG+H W:H:y+z+Hw [/
XjjnwzX[kè[Xy+zH[k g[p6°� RK\VLαβ 2WβWXV 2ROLGL� OD$ e2δ39uq
F’8S Lq gKy:%KH:� gq 'KH[z: :/G lq 'X[â:� N/ zè+ XH[;[/ Xj zè+ :/+°:wz[k H+°:œ:z[X/
+jj+kz [/ g[p6°� RKLORVRSKLαβO BβJβ]LQH� AL$ e2δδδuq
F’2S 6q bq 5H:G°+î :/G 6q 7:î°XH� 6/ œnH:î :/:°îw[w Xj zè+ /[k%+°n:°Ky[/[Ky wîwz+y�
RURαHHGLQJV RI WKH 8R\βO 2RαLHW\ RI DRQGRQ� $mTL e2δp3uq
F’PS 6q lXKH[wkX� gq 5:°Kk� bq 5X//+ê[°°+ :/G Rq ôkè:°°+H� l+kè:/[k:° °Xww wW+kzHKy Xj
g[pe6°d 7:u w[/;°+ kHîwz:°w� BβWHULβOV 2αLHQαH βQG TQJLQHHULQJ� $DOLnDC� e2δδ3uq
F’pS 5q R+WW[kè� ôXy+ /+â :wW+kzw kX/k+H/[/; W:Hz[k°+ è:HG+/[/; y+kè:/[wyw [/ Ȗ
WH+k[W[z:z[/; g[n5:w+ :°°Xîw ن v 7è+XH+z[k:° kX/k+Wz� IαWβ BHWβOOXUJLαβ� O� e2δhPuq
F’’S 5q R+WW[kè� àq ôkè+WW :/G dq x+è/+H� ôXy+ /+â :wW+kzw kX/k+H/[/; W:Hz[k°+
è:HG+/[/; y+kè:/[wyw [/ Ȗ WH+k[W[z:z[/; g[n5:w+ :°°Xîw ن vv σœW+H[y+/zw� IαWβ
BHWβOOXUJLαβ� O� e2δhPuq
F’9S σq g+y,:kè� 'q ôK]K%[� lq vkè[è:H: :/G ôq 7:%+Kkè[� v/nw[zK G+jXHy:z[X/ Xj zè+
;:yy: WH[y+ è:HG+/+G wKW+H:°°Xî g[yX/[k àσ20 [/ è[;ènêX°z:;+ +°+kzHX/
y[kHXwkXW+w� RKLORVRSKLαβO BβJβ]LQH� Tm$ e2δh9uq
F’0S σq g+y,:kè� RβUWLαOH 2WUHQJWKHQLQJ RI BHWβOV βQG IOOR\V eg+â EXH%( bXè/ x[°+î
:/G ôX/w� 2δδ3uq
F’3S 7q 'HKy°� σq αX/jXHzX� 5q mX à[kkX°X� Cq α:[°°:HG :/G bq mq l:Hz[/� 7HXy G[w°Xk:z[X/
kXH+w zX wzH+/;zè :/G âXH% è:HG+/[/;( : wzKGî Xj ,[/:Hî g[p6°� IαWβ BβWHULβOLβ� T�
eP88Puq
F’hS 6q bq 6HG+°°� àH+k[W[z:z[X/ è:HG+/[/;�BHWβOOXUJLαβO 0UβQVβαWLRQV� mR$ e2δh9uq
F’δS xq LKzè+H :/G 5q R+WW[kè� v/z+H:kz[X/ Xj G[w°Xk:z[X/w â[zè kXè+H+/z� wzH+wwnjH++�
XHG+H+G WH+k[W[z:z+w� ZHLWVαKULIW I� XU BHWβOONXQGH� RL e2δ3huq
F98S Cq LK°° :/G Cq bq 5:kX/� AQWURGXαWLRQ WR hLVORαβWLRQV� ’zè +G/ eô+ê+/X:%w(
5Kzz+HâXHzènL+[/+y://� P882uq
F92S lq àq b:k%wX/ :/G Rq αq R++G� L+:z zH+:zy+/z Xj AG[y+z 3P8m[( zè+ +jj+kz Xj
y[kHXwzHKkzKH+ X/ WHXW+Hz[+w� BβWHULβOV 2αLHQαH βQG TQJLQHHULQJ� $DTL e2δδδuq
F9PS 5q R+WW[kè� à:Hz[k°+ wzH+/;zè+/[/;� [/ Rq xq α:è/� àq L::w+/ :/G σq 7q 'H:y+H� +Gw�
BβWHULβOV 2αLHQαH βQG 0HαKQRORJ\� vROXPH k» ROβVWLα hHIRUPβWLRQ βQG mUβαWXUH
ex+[/è:y� d+Hy:/î( TαL� 2δδpuq
F9pS Rq dq C:ê[+w :/G gq ôq ôzX°Xjj� N/ zè+ î[+°G wzH+ww Xj :;+G g[n6° :°°Xîw�
0UβQVβαWLRQV RI WKH BHWβOOXUJLαβO 2RαLHW\ RI IABT� DOO e2δ09uq
F9’S 5q bq à[+:Hk+î� 5q Lq '+:H :/G Rq xq ôy:wè+î� αXHH+°:z[X/ Xj wzHKkzKH+ â[zè
WHXW+Hz[+w [/ : G[H+kz[X/:°°î wX°[G[j[+G /[k%+°n,:w+ wKW+H:°°Xî� 0UβQVβαWLRQV RI WKH
IPHULαβQ 2RαLHW\ IRU BHWβOV� R� e2δ03uq
F99S àq 5+:HGyXH+� Rq dq C:ê[+w :/G 7q mq bXè/wzX/� N/ zè+ z+yW+H:zKH+ G+W+/G+/k+ Xj
zè+ j°Xâ wzH+ww Xj /[k%+°n,:w+ :°°Xîw� 0UβQVβαWLRQV RI WKH BHWβOOXUJLαβO 2RαLHW\ RI
IABT� DCT e2δ0δuq
F90S lq Lq EXX� N/ zè+ zè+XHî Xj :/Xy:°XKw î[+°G ,+è:ê[XKH Xj g[p6° ن +jj+kz Xj +°:wz[k
:/[wXzHXWî� 2αULSWβ BHWβOOXUJLαβ� D� e2δh0uq
F93S 5q Lq '+:H :/G Lq dq 7q x[°wGXHj� C[w°Xk:z[X/ kX/j[;KH:z[X/w [/ W°:wz[k:°°î
G+jXHy+G WX°îkHîwz:°°[/+ αKp6K :°°Xîw� 0UβQVβαWLRQV RI WKH BHWβOOβOOXUJLαβO
2RαLHW\ RI IABT� DDC e2δ0Puq
F9hS 6q σq ôz:zX/n5+ê:/ :/G Rq Cq R:â°[/;w� 7è+ G+jXHy:z[X/ ,+è:ê[XKH Xj w[/;°+
kHîwz:° g[pe6°d 7[u� RK\VLαβ 2WβWXV 2ROLGL� DL$ e2δ39uq
F9δS àq T+îww[+H+� E[+°G wzH+ww :/Xy:°[+w [/ XHG+H+G :°°Xîw( : H+ê[+â Xj y[kHXwzHKkzKH:°
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j[/G[/;w :/G H+°:z+G èîWXzè+w+w� BβWHULβOV 2αLHQαH βQG TQJLQHHULQJ� $O�L±Om�
eP882uq
F08S àq T+îww[+H+ :/G dq ô::G:� l[kHXwkXWî :/G W°:wz[k[zî Xj zè+ m2P Ȗ Wè:w+� [/ 7q Rq gq
g:,:HHX :/G lq ôq CK+w,+Hî� +Gw� hLVORαβWLRQV LQ 2ROLGVd vROXPH ep» m2P CUGHUHG
IOOR\V e6ywz+HG:y( σ°w+ê[+H� 2δδ0uq
F02S Rq 6q lK°jXHG :/G Cq àq àXW+� 7è+ î[+°G wzH+ww Xj g[pe6°dxu� IαWβ BHWβOOXUJLαβ� Dm
e2δ3puq
F0PS àq Lq 7èXH/zX/� Rq dq C:ê[+w :/G 7q mq bXè/wzX/� 7è+ z+yW+H:zKH+ G+W+/G+/k+ Xj
zè+ j°Xâ wzH+ww Xj zè+ Ȗ Wè:w+ ,:w+G KWX/ g[p6°� BHWβOOXUJLαβO 0UβQVβαWLRQV� m
e2δ38uq
F0pS ôq ôq σ]]� Cq àq àXW+ :/G Tq à:[G:H� 7è+ z+/w[X/ kXyWH+ww[X/ j°XânwzH+ww :wîyy+zHî
[/ g[pe6°d g,u w[/;°+ kHîwz:°w� IαWβ BHWβOOXUJLαβ� O� e2δhPuq
F0’S Cq àq àXW+ :/G ôq ôq σ]]� l+kè:/[k:° WHXW+Hz[+w Xj g[p6° :/G /[k%+°n,:w+ :°°Xîw
â[zè è[;è êX°Ky+ jH:kz[X/ Xj Ȗ � AQWHUQβWLRQβO BHWβOV 8HYLHZV� DL e2δh’uq
F09S ôq ôq σ]]� Cq àq àXW+ :/G Tq T[z+%� 6wîyy+zHî Xj W°:wz[knj°Xâ [/ g[pd: w[/;°+
kHîwz:°w� IαWβ BHWβOOXUJLαβ� OT e2δh3uq
F00S Cq αq αèH]:/ :/G lq bq l[°°w� Cî/:y[kw Xj G[w°Xk:z[X/ yXz[X/ [/ m2P kXyWXK/Gw�
[/ 7q Rq gq g:,:HHX :/G lq ôq CK+w,+Hî� +Gw� hLVORαβWLRQV LQ 2ROLGVd vROXPH ep» m2P
CUGHUHG IOOR\V e6ywz+HG:y( σ°w+ê[+H� 2δδ0uq
F03S Éq ôè[� CXkzXH:° 7è+w[w� A/[ê+Hw[zî à:H[wngXHG� 7H:/k+ e2δδ9uq
F0hS àq 5q L[Hwkè� 6 yXG+° Xj zè+ :/Xy:°XKw î[+°G wzH+ww jXH e222u w°[W [/ m2P :°°Xîw�
RURJUHVV LQ BβWHULβOV 2αLHQαH� OR e2δδPuq
F0δS xq Cq b+/%[/w� 7q dq C[;;+w :/G αq Rq bXè/wX/� αH++W Xj è[;è WKH[zî /[k%+°� PRXUQβO
RI 8HVHβUαK RI WKH NβWLRQβO :XUHβX RI 2WβQGβUGV� TO e2δ9’uq
F38S 6q Lq α°:K+H :/G 5q 6q x[°kXœ� ôz+:Gînwz:z+ kH++W Xj G[wW+Hw[X/nwzH+/;zè+/+G
/[k%+°� BHWβO 2αLHQαH� m e2δ03uq
F32S Lq bq 7HXwz :/G lq 7q 6wè,î� hHIRUPβWLRQ’BHαKβQLVP BβSV» 0KH ROβVWLαLW\ βQG
HUHHS RI BHWβOV βQG HHUβPLαV eNœjXHG( à+H;:yX/ àH+ww� 2δhPuq
F3PS 6q 'q lK%è+H]++� bq σq 5[HG :/G bq σq CXH/� σœW+H[y+/z:° kXHH+°:z[X/w jXH
è[;ènz+yW+H:zKH+ kH++W� 0UβQVβαWLRQV RI WKH IPHULαβQ 2RαLHW\ IRU BHWβOV� RD
e2δ0δuq
F3pS bq àq àX[H[+H� HUHHS RI HU\VWβOV» fLJK 0HPSHUβWXUH hHIRUPβWLRQ RURαHVVHV LQ BHWβOVd
HHUβPLαV βQG BLQHUβOV eα:y,H[G;+( α:y,H[G;+ A/[ê+Hw[zî àH+ww� 2δh9uq
F3’S bq x++Hzy:/� αH++W Xj [/G[Ky� °+:G :/G wXy+ Xj zè+[H :°°Xîw� 0UβQVβαWLRQV RI WKH
BHWβOOXUJLαβO 2RαLHW\ RI IABT� Dm( e2δ08uq
F39S bq x++Hzy:/ :/G bq Rq x++Hzy:/� l+kè:/[k:° WHXW+Hz[+w� wzHX/;°î z+yW+H:zKH+
G+W+/G+/z� [/ Rq xq αXè/ +Gq� RK\VLαβO BHWβOOXUJ\ eg+â EXH%( bXè/ x[°+î i ôX/w�
2δ09uq
F30S dq ôq C:+è/� Lq 5H+èy� Lq m++ :/G 5nôq m[y� 6 yXG+° jXH kH++W ,:w+G X/
y[kHXwzHKkzKH:° °+/;zè wk:°+ +êX°Kz[X/� BβWHULβOV 2αLHQαH βQG TQJLQHHULQJ� O(A
eP88’uq
F33S Lq 5H+èy :/G dq ôq C:+è/� 6 jH:y+âXH% jXH yXG+°[/; kH++W [/ WKH+ y+z:°w�
BHWβOOXUJLαβO βQG BβWHULβOV 0UβQVβαWLRQV� OD$ eP882uq
F3hS bq bq d[°y:/� BLαURPHαKβQLαV RI mORZ LQ 2ROLGV eg+â EXH%( lkdH:ânL[°°� 2δ0δuq
F3δS bq xq l:Hz[/ :/G Rq Cq CXè+Hzî� 2WβxLOLW\ RI BLαURVWUXαWXUH LQ BHWβOOLα 2\VWHPV
eα:y,H[G;+( α:y,H[G;+ A/[ê+Hw[zî àH+ww� e2δ30uq
Fh8S lq x[//[/;� dq dXzzwz+[/ :/G mq ôq ôèê[/G°+Hy:/� N/ zè+ y+kè:/[wyw Xj ;H:[/
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,XK/G:Hî y[;H:z[X/� IαWβ BβWHULβOLβ� T� eP88Puq
Fh2S Rq xq σê:/w :/G 5q x[°wè[H+� HUHHS RI BHWβOV βQG IOOR\V emX/GX/( 7è+ v/wz[zKz+ Xj 
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