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1-1l. "Mzt —488&0KRHE

BEMERRICH T ZX e —FR VKRS, HEAPCHEHER DB
MERECOBFBRRINREE R L, Rt afEozoic, MiEM
Bz 22 A= FLriEzFEL, GELo—FZloTWn3, Th
FcoeBEBMEBEICELTE, S, LT LIy LR EMEeRE LT X
—2ic, YEoFMItETHILLEZAERERTH 72, L L,
1700°CHli A 2 — v v AMB L, Zettomvui Tk & & ic A
W R oMEMEICIX, ME, BEWE., TTEECH B R L
ERAMEICL Y ERORFEPER I, ERAES TG A K& L
o CTE -, Pl X, IMEAREME IcIZ, MELHMEL v ZER
2B EE b b A2ADC &, BiA, BE., BEERR, Mgl
HeEr R e T rsmEErEksnz U, 2o X5 X HARM
Blofrfifc "I zvitere -G08 EHEZED T 5,

Nz viterr—A483, KoLk IR Fedk, Cukh o —o
DILHFEEER DL LGS LEIELY, BBOTELZ IR L L 72
EAEGEAGETH DI, HlE. REW AV PrEY-H8TH
% Co20CraoFesoMn2oNiz 5 fece & 41121 Hf,0NboogTasTiz0Zr20 4 bec
GaEy BEoTEOMKILE 1:1:1:1:1 © F = L R 5 O
BRAEFEMHAEETH 2, 20044, Yehb @3 A v berbe—54H480
WMaE2RELAEZIY, Yehb o7 477 3R icRmLZ2F 7 2DH
HT AL F—AGITH DL,

AG = AH — TAS (1)
AHIF T v 20—, TIREE. ASepppl i RAT Y Pu Y —Th 2,
BAadxzvitover—@FrRry~vBEERERRXQLoTEREIND,

AScons = kplnW (2)
kplZ Ay <= v, willarbdbEHTchsr, 2T, fHlAEHED
& B WE TCF D Bon % v T %:Zi—fﬁ@i%@fﬁé%fﬁaﬁ?é
L. RQEBAEBERRE THRiOMKEH W TKRQB)D X 5 i EH

N
ASconf = —RZ xilnxi (3)
l




B1IE

Yeh 3 RB)2LHEIN2EAD T v b v v — AS 2 55 K H 3K
DIFICHRKRMEZ LD, THICKATTTRBNTHE VWIS 2 2 L iciE
H L 7z (Figure 1-1) -4, & & AR AH 13 R 1 B A i ST 23 70 v 72 9
ZoJE PRI FEMEA A Db il cE, RQB)Tko - fH2 2
D FEFEEERMEDAS B 5 & 725, —J7. BEKMHEBEAT 51
BYMHEE ARSI AMED D 2 72D ASeon D F 513 B B EH X
D /NX 7B, foT, Yeh 3 KRE AWM P TEFBNEFF>% Itk
Tk, BEBHEPRENLT 2D S EREL I, 72, Yeh
EEH oI S v — 7 TH D Cantor 5 [HEITEEZHASE DL
EHLVWEETFE] L BATHREEED TEYD, ATV
E—&H&2D0T7 A7 T7HRREINLF 2004 ., Co, Cr, Fe. Mn,
NiDFEELVLECREGELAEVMOAITTRFE L fcc EBKREGEE LT ME
L7202l Yeh o @ E L 72 THEOITE» b K 5 % £ vl K o & & 7k
HHES] 2RI 2o, MIERAH IR, 525U Lot
ReFELCRAGLEBEBEGREHGESG "M v br ey —G&HEE
AN, HEPEALZ 2013 F1C Yeh i3, Ar vy < v EEA (R
BhicagefkzrfRAT s cEHINE R (82K DRA
TV B E—AS? LSRUEDHEEEZ A AV b —G&LH
EF L 7219 (Figure 1-2), 2hick by, I ~nf v ibervev—56%4]
v B, FEEVEBERBEHEAGSICRONZKEZELRD D2 L,
BHEEPCIEFETLEEIEALEL RSO ME o7z, Kim
XTliE, 2013 FLART D EFK T H 5 1Ltk LA L D5 £ v [E 35 4 HH
G [ xR EmBEEBREBHER] EFEHRL, BFO L TV bR Y-
BEOERLXHNIT 2,

BHEL S oMEEr Mz vibre—AficHTaEEZITV. %
O SCHR RS BT IR BB B i n L < v % (Figure 1-3), 2@ X 9
. "Mz vitere—G8r4 oMEFTOEALEED BB D —
DI T, 2006 FIC Yeh 2B RE L [Z xR EmEEBREBEMER] ICHR 2
VU KA & four core effects D 4 v X7+ 23 K & \»[1-6-8]

1. High-entropy effect {K &%

2. Severe Lattice Distortion effect ik &t

3. Sluggish Diffusion effect {K &%

4. Cocktail effect fr &t
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BIE

1 2H @ [High-entropy effect IRt | XL E M ICE 3 2K T
B2, L 72LILRLITHEIEATY b u Y —AS,,DHEMIC X
» (Fig.1-1). 2t £ G CREAERMEILZENLT 2 eREI LTV
5, Bl i, RB)A» O FH XN 25 ASonpld ~TC R F TV EK T
AScons = 0.69RT & % DT L . FIC A FF £ V[ I K T I3 AScons = 1.63R
LY, AR TIE IR D 25 EDAS 08 B EEH O H i =
ANF—fiiicEET i b, 22oHD [Severe Lattice
Distortion effect fxdi | 3. I AEOMEICEHR T 2RFHTH
2, A miREEEBEEREZ. FFrEROBRL2EREHOTLHEL 2
NEhZBICRAINZEEBERCTH 2720, ZJLH D A & EA &
kT, RECEAZERE T ZAE T2 LLREINTE, KT E
HITEBEREEOBEICH A HE T IEBEMLEEBORETH 5 7
O, LItk miREEBEARTIE, KkomEEEBEREGE LT, X
ThEEEALBEL LRI NT WS, 32H® [Sluggish
Diffusion effect fx &t ] FILHCEEZ ICB D 2R TH 5, Tsai b D
MroEic ks e, ZufrmREEEBERTIEZ., BEFME L CEFHEG
REPEZZ ZePBEINZIL, B2 APVMAME L 2L
fth O JR F AL iE“27IC B E) (JLH) 3 5 BRic i, 1AM E L o 1 745 &
vl s BrHL, 22T, YIMLE 1L TDOILHK A IO 4
JRFAz AL - BEME2 COoORATFHa AL —% 1k
LRI, PIE Vo Bz a v F—RicELchbniz. B
BfE2~oBBlic kK h gL F—RNERKINE, LILEEE
EEEERTIZ D X ki b 7y 7HERPEREFORED & C
ATHLE, BRXomEHEEERE T, IBEEIELS 25 LRE
AN Twb, 42HD [Cocktail effect kit | I &5 HEICED 5
R <TdH Y., i, Ranganathan 2° Gum metal PEEH 7 X & »
2 72% 7% &4 % [ multimetallic cocktail| & FL 722 & BB T Y
Thpl, chnoofdeid,. METHEEKROFWL2 L FHI T2 XL
WMz R T sZETHLONT WS, il 21, Gum metal % & A
72 Ti A& 1k Figure 1-4 IR L 72 X 5 i, flidE 482 4.24 fF&
T, ERMEN AMEZEEZ2 R T ErEINLTCw R 2ok
I ERK M AGDEEBICAE L 2IERBEN REH 2, [F L <




B1IE

LR FRGETHEI ATy uE—A8&TOEL B EREE N
TWw5b,

L2rL., fFEREDICON T, T 5D core effects D F1F I —
AL 5 X9 AEBRERPHE I N T %, [High-entropy effect
Wil icEoF X, FEOMHAADE CRIEEEBEAREMHZ2HG O L
5T N, EBCMEINLZLG LRZFELAEDS S
TitEYHOBE AR REINTEY, PEIVKTTEOMAEE L E
BTl ePbh o T&I218 0 Yz | [Severe Lattice Distortion
effect flRat | ICE DT IXESITRE DI R Z 72 [E A 5L 28
I N2, Wu b2 CoCrFeMnNi &% & 2 DiIRERE S D55
B Z2dM L2 E. ZX02FEL CoCrNiAErHEDEWVWIERE %
3522 MEI AL Okamoto ST HAHN & T E 2
DERTHMEDRXL ZRFT VT A — % :MSAD (Mean Square atomic
displacement) # 2K L. Wu b O & MSAD ICIEDHEI A2 & %
ZExEBHS 2 E L (Figure 1-5) 151 = o MSAD ## 1+E A L A
HIoThHhNiE, LRI TOTA2LTLOIEMT 2D
TR erbrd, £, o7 7e—-F& LT, Owen b
i CoCrFeMnNi 20 & icxt L CHHEFRITEBEZITVW, AT
HFELNEBEROIKFELADPZDIRERGELABETH 52 & &G
o 2ol g% [ Sluggish Diffusion effect] O fEICEH L
Tlx, ML CoCrFeMnNi 2 TH o> CHHNK T E2HEBRELD Y
ZOHEMICEH L TREREDL DV T LR W= Four core
effects DML Z DR OREICEH L T XY FEMl hiEimo 4T
H 5,

1-:2. BB EEL2F I 29 iR REBRARGHEGSE

Four core effects IR D g2 1c, " T v o —F81%< 0D

Mo HEZzED 2B, FECELEZERBIMEEZE T 2 I
LA RREEHBAREHEGEOFEEL D 5,

At FREEN fcc HHAL TH 5 CoCrFeMnNi & 4 (GHFF:Cantor
BE)VIEN-RE-LEE AT v X TH SN T3, Figure 1-6 i
Otto b D& L 72 Cantor A4 D5 RABRICH T 2 )51 -0 F H il #R
Zon 3200 ek o fec HBEAAEETH S5 Fer TR ICHPED
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%15

Cro NiZHEMENIA—RATFAPRRAT VL ADERTORK
5158 IS J1 13 ~520MPa, BEWiff Y 12 ~40MPa & &5 & T\ 3 121
xf L €. Cantor &4 1 E R (20°C) < D ik K513 )IG 71 28 ~600MPa,
W 23 ~60% L HRE E D EL L IENR TS, T HIT, i
EPETT %L (-197°C), MELE oL L M ETZ, 20X
DB LPL COAESIEMHASORMHLE L TCEHEZED T %,
—Ic R omE L EHE RN - VA 7 OBBRICH Y. ST
AR O M ZIEE ICEE L v, AL, 0 T b e i ki X oo
TWERAIBEZ 25, PRI THE k28 8 7x & O B A Sk o K ik
I 570, WHEPIIFFEICHELV, EoT, LEHEOERZZDES
ZHMHIC, TP E2EAL, XVEREME-EWH T v X ICHHEE
L 7z Cantor B H & & 23 AR IR FE A2 © v 2 XA R &S Ak &
LTHffIhLTwd, &b, 2oaaicH T 268K ICEAL T
FOE, RUH 6 CHMICHY Kk,

IV EBREET coRHIEL T k&E X — XD Senkov &
ERFEHZED T B, Senkov &4 & i % G4 HINbTaTiZr
a8l MoNbTaVW &2l i H Y. &5 o b bee A
KHEHAGESTH 5, HINDTaTIiZt &2 X EN -T2 T 3T — /.
MoNbTaVW & 4 13K T DO E B EE 1K v 25, & W s i s 28 i &
TN Twpls22l Tseng b ZfEoD Senkov/‘\é%fﬁﬂ&é\b*&
72 X 9 7 HfMoNbTaTiZr 2 &€& o EmEmmEZHEL. wWITioH
BIRES D o ichrHafk & vz Ni %f‘t_/a\ﬁ(CSMX % Inconel)lc
Il 2 mimMEL*HIT 52L& %%&i L 7= (Figure 1-7) 1231 X 5
T, INLDbeccHHEARICI S ICHIELHZEAS 2 2 & T, NI K&
BEEEHE2 2MWMAMEL2HEFEIR TS, 20 X5 CEN KK
WHEEZzE T 24 R RiREBRGBERZBEHGRLE LTHV 2D TR
BT, CLAEMHEEAL, S iCZzoEMIMEEZ ELXE 3
ik & (High-entropy alloy design) 238 4, B ICE Y fT b T »
%,

1-3. High-entropy alloy design & % © &
A ffi<l¥. High-entropy alloy design A& & 2 nicBb 3
HEICOVWTHWL b, "M VvierbrY—GRIIATRUELEoAET




B1IE

BB H, fEERFH O~ »IC Figure 1-8 ic/n L 72K 72 A-B-C-
D # Pyt %R EX PUE A Z H v T, High-entropy alloy design @ %
A2 zHHT 2, koG EFiHET—2oFEHITRICHL ThE
DICHREZRMT 27 7m—FThHH, A, BPCl oz hEXKD
HE2»2oGeREBEZHIKL 2, XL T, High-entropy alloy design
T A-B-C =t R MK RAAEICHFET 25 EEBGBEERZ HRE S
KR OFBELCEMIITE DDOHRMEZIT 5. Yeh ¥ Cantor D W58
B L 7o 72 ko 2 % o0 Rk IR B A R 23 AR B IR RE I e )
HEDOMBMEIZ. CNFEFTCREALERINTC I Ao lzd, &
CICENTBE-EENT v A EK AR GE IR > T % A HE
T2 H 5,

High-entropy alloy design i %2 1C 1. E2HH O M EEHEE 0 13 »
., kG222 Ty 77— P I 2 AMAESOERFHOHFI AT
5, Plz2iE, e L 2RIFZBE-EW T v X% H$ % Cantor &
COERMTOEBEI TN CEBERGIEZE T 2 L REAMA A EAET
N L#EEWZ Ik % PlanarslipHRRICL 2D ThHhbhH, KiETOD
A AL 12 WS ZE T T £ 5 B 7o Al R (L L & . TWIP & &
(Twinning-induced plasticity) i X % $ © & HfE & LT\ % [1-20,
2zl NS OIS TR ICRAGBERCTIEI R, KWERE X E
IANF—Z2 AT LIHERAEETHMHERINL T W28 ok
226, Cantor B I P ILFOBE TCEA—RATFAI FPRAT VL
AEAFZDOERETDH D0, RIEFEBH OB A TIL TWIP 7 & 0 KE
Rz ALF—DEELRESZTH D, fif> T, Cantor B& D%
THLNEZHREZZT YL 22 TWIPH A S0 &Fitic7 4 — F v
7352t TC, REMOTERA»OOHWEBETIHIEZEL X &b o7 RHE
ARG EREEXHFI LT 5,

CokHic, BEMEOLFELELHICHAADE 2= — 27 M
BB 7 2 A fF X v 5 High-entropy alloy design T®H % 28, #iic 2 D
(B2 HME] PR ICEERZENECLC2, ZZTDH
HEEIX, Ko nFEoflad s, ZoRGHEGB) D 28 TH
5, Bz, 60HOEE?» O 2 LR 2 EALMEGE T, 60C=1,770
fHTch s, 5 F2BALHEGY Cs1d 540 Tl Z#E 2 5, X
. Enthnol oGl ofe %z 10at. %4~ TEZ B L,
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BIE

JC% TIE 0~100at.% D 11 M TH 225, AICH TIE 1001 flic £ <°F
T35, ChorxHidabEBrEeHMArbbE LD T, HEH
F 10 Bz kA MlabbeEMorr s, K- FET 2
MEaezERLATNERD R, EROEXREZGETHNIT. KR
BBy TR, KCMHKORERS L o7z, LAL, KXAER
LV EF22CEmVEHEBEEZET 2L LA RER O ERKICIZ
REL2O00HER D2, 1 2HIZ, BEHOMIKD. Thbdb%
2 5 2% TR RERORTLEORETH L, ZoORBICEHL T
X 1-68i,. MUOESETIVFFMIHmMY»TI., LrL. ZoOXKELE
ODREZ 27V TLTH, BREMAGDLDEBEMEP LD X205,
o> T, kDR - ZLFERICNTI2RERHIECCITDNLT
XX Y VRO EMITHEN TIE R <. XEARME
OBRMABFE O 72 o1 ix, WHIEAGE o & v & A b 2 &6l 2 R
DMBICAZ ) —= v Ak [ "M v itebE—5HG&DZDHD
ROy T HEIRGEH | oML AV HEE b, Ko tR:ERIEHBEC
HlzoT, ORBOHKE L A2 SBEEBBEIPEELE 2 R2OH
L, OQFBBREBBREICEAINI 2F MHofftllik., KUQ% T
FREKORTLIEOREVEEL E 2 -,

1-4. BAGHEHMBEAEGEREBICET 2 E1TH%

A fifi ©lx High-entropy design ® i ¥ mi & 72 2 % I % = i & & A
HREHRRT =220 FEZMNT 25, Mo FiElx, Kz,
CALPHAD % (BWG L %)., B HHEFHER., BB YT X — %
FiEMREEE) o 3FBIcHEINS,

CALPHAD i3 ¥ 720 HH T AALF —% TR T 2HEL v T
7t BWG &l (Brag-Williams-Gorsky #2fl) % ~— xic, FF&H ¢k
X%k 3 FiEcd s 13828 CALPHAD (iCcHwbo N 3 8%
e TF e BWGHEMIC O WTIESE 2ECEHEMICHY K5,
CALPHAD iETld, EBCcH oM FHEHRO 7 — %%, BWG
U TEFY) v 273 n-HHAT AL —#Bic 74 v 54 v 27 L.
“auEMOMEERA AT A 2ot oHBI AL F —iRICBE D
LN NT AR RET S, itEBRLLEBRERETEBEA L.
TA YT AVITRELENTA - 2O U NEMHRL 2%, W10




B1IE

TEBRBEROZVHKERCIEREOELAIGELE b, TDOXI %
HCc, CALPHAD iE R EBFE R ICE SO L HER#H M (Phenomelogical)
"7 7R —=—FThdenwzd, b, "MTVviuvvE—5H8DIKE
MgBICHWZ X7 2 =2 LTk, Bicavya—~<— Ko
NFET =2 R=ZAB Y ) —RINTEDH, 2022 FFER T 25
DILHFE S00EU LoHic T 2HHE AL —FHHEARE L & -
T\ 318435 CALPHAD o0t BEE 2 ELG T 2B N%ET — 2 X
—ATHDIN, AV I¥a——jRT —ZRXR=ZAHNDNXT X — 2T
EMERETHY), 2—F - L L2 EFHEHEOBKELE D ICTE RV
HAMEE 7o T 5 1360

B R EHEE D CALPHAD #E MUK FHE TR TH 5 28, FEIR
F—RRBERANTRA— R B HBEICLEL L WD (Theoretical)
BT 7H—FTHDL, itHICEEABELERTNELZ HD 50HK
MO ODERDA V7T Yy POAT, RAMOHEELCHEREHED T
ANF—%RABEI2BAETCH L, ZOFEEH W CHFEEZ
L 2B, BEoOBEBEZT N T ICD W T, X FEE(T=0K)
TONY FEEODZALF—ZFH L, DMV 2V F — (% FF
DRt A GEERAE) 2 RE 2 173837 JH TR E 2 7 v X L 7z [H]
BEMHEZERE T 2561, REEME TN OMBEARY 72 < BAEK
RV EALEEICELS RS XS R T v & L (Special
Quasi-random Structure) OBF A HE L 2207, oz bbb
b EHy i, FRHEFEECEOREREARE T 201k, &
BoOMBHBEL KL R AR N2 - Vv R EHTILEDLD D 72
D, TOFEREFFERBEEEVR, GFREa X b mE L KRB R B
RiICFAMETHLE VD, b, F-FHHEFERENEEC
Ronzdzo, WMEBEMCHEWENTZETFRNGEAD T v IR
E—ASeonp) DRI TERCTE AV, COFRBEICHEHT 2 HEE
FOBZ 2720 1c, F-HEFRICIVkDEZAALF—% T T X
22— I e T, HomERMMHAEHZ ALV - EDFTF 7
TJARXR—DREFHMB L., ZOHRRLE I TIREZ KK, EVTH
nuik, CALPHAD %M T3 ctickoT, HF—HHEDOF — %
FOTHARBRECEFITIEZXF 7RAOHHIANF -2 KD 5 FED D
p-733l e WY TR —DEHEERLIL I ANF — L TV
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b —%k®D2 [ 7722 -Znik] LIRFENEZZDORETOD
Pk EEICE DT 2 T®=Y FALaE] 3, CALPHAD % Gl HLY
PPN HEH AR 2 o/ R FRNOERDBTZ 2 7
O, FHCHEEOGLTETHS, L2rLl, 2ThbDFikzilla
GbEse, IHRLEHEaAIPELSAoTLEI ZLAHEL L
5 T\ % [1-36]

SOHDFHERERB AT A -2 2T 70 —-FTHY,
Hume-Rothery Hll & ¥ 72X D0 HH T AV F —D 2D RKR 5 ~— X
TATTIKEISTVEANT A= 2B REI N TS, Hume-Rothery
HliZ, oA HMoR A, EXEEEES X EFIREE
DEZDDRXRTA—RXPHREEDOIXMEREEZLLTATTTHDY
(=381 Z 11k Miedema £, 5 3 E CTH D & 5 Mendeleev number
REMZREMERICHEHT IKAGBFEDODR—R R oTWwE, Hl 2 X,
Miedema ik T 3. =Jtib &9 @ £ 2 aH/"% Wigner-Seitz cell {f
BMV,0Jt#k A & Wigner-Seitz cell kB V; DItk B 238 fil L 72 R o
Wigner-Seitz cell Rl TD EXEEEZ{AP., B XV cell £ifi D&
TR EZ A Any, % v TREIE 3 B 1039400

1
AHJY = xix3 (1 + 8(xx$)?] (xal/ + xBVZ/B)(_T
nWS ave

R, P, QREBBERO 74 v T4 v 7 IVEOLNEREBEN YT X
—2THhY, fTHEIFT I uFOMAER L ICHNOEREG Z b 5,
S A 7n B G 12 SCRk[1-39,40] 2 2R & Lz v, Miedema £ % B\ T
Ko A3 % C OFRBRFER L RIF 2~ 2 RmT 720, F—{EHE
BhELOFELPLSERTEZ2ETCLIHLNTE 2,

¥/, MMV e —-—568D5 % Tk Hume-Rothery »¥ 7 X —
ZENENDGZ DHLEME LM FINT THL AT 3 HT,

N
i

N d; 2
5= ) xi(t-sr—r
i=1 l( ] 1x]d1>
N N
Ax = Z xi()(i_z, xi)(i)
i=1 i=1

ZZTCVEGIRITRIDO dMEBEOE T E&D -l FIREE. di3E 1P

{-Papy* + 0 (any?)" —r}

2




. yiBEAEEECTCHRLE, —H. FT7ROHBHZIALF —E X=X
ELETATTELT . R@B)2oEHINIEET Y F B E —ASu
WHKEOMHABAER X7 A — X AH*% H \» 72 “"AHp,;," 28 7 A — X7
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Attainable elasticity A, Young’s modulus E and Work hardening ratio W
of Ti-based alloys ['-11],
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Figure 1-5
Relationship between normalized yield stress ogys at OK and average of
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derivative alloys [!"13] 4 indicates shear modulus.
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Concept of High-entropy alloy design in A-B-C-D quaternary phase
diagram tetrahedra.
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Figure 2-1

Schematic illustrations of (a) free energy curve of disorder and order
phases and (b) Xys5Yy5 — Xp5Z05 pseudo phase diagram, respectively.
Xo5(Y,Z)os phase is an ordered structure, while (X,Y,Z) phase is a
disordered structure. 7}2"5305 and T,‘g?}sg indicates the melting

temperature and the order-disorder transformation temperature of Iys/ys

compound, respectively.




Table 2-1

Examples of binary interaction parameters ();; and ternary interaction

parameters (i)Ll-,]-,k at 1000 K [2-9.101

Phase | System Cr-Fe-Ni kJ/mol | Phase | System Cr-Ti-V kJ/mol
Qcrre 11 Qcri 7
Binary Qcr i 5 Binary Qcry -12
bce (Cr)QFe’Nl = bee (CgTi'V ’
Ler peni 16 Lerriy 46
Ternary (Fe)LCr,Fe Ni -9 Ternary (Ti)LCr Tiv 11
“lerpeni | 17 Olermy | 46
Qcrre 3
Binary Qcrni -5
fce (Cr)QFe'Nl >
Ler peni 0
Ternary (FE)LCr'Fe Ni -7
“Lerpeni | 48
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Figure 2-2

Free energy curves of a, f and y phases at 1000K. These curves are
drawn by substituting the values in the lower part of the figure into

Eq.(4) and (5).
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BRAHOEBILEITY), D0 icik, LR FEELVEEEDIR
XMW AEZHMBEIC T 208 R D2, 22 CTORBRIARE L IE.
% L% 5 VA K TIE K 3 % i B A R o A A S & &R R T 3R
R =20 EEER (—XREEK) Lo FEETH 2, Hlx X, AT
FE T VEER O HINbTaTiZr-bee & 4. KX U MoNbTaVW-bee &
BllcigeCcCoMKITEL beccl@Tch 283, LarL., FLK
hitREENLVEBKTH 5 CoCrFeMnNi-fcc A4 B4cix. W IT
#DHIBH Col NildfeccBTH 228, Crit bcc®JBETH Y. Fe
& Mn il beck feccoMmiGoHELZRHIT 583, I oic, &2TOWK
TR CHBELAEAMELPLETDH., CoCuFeMnNi A4 CrNbTaTiZr
BEOXIICEMAS LRI —AbHMEI ATV BB, ok
ST, WK ITE LS L RAERICE T 2 HEROBBERIZHEMCIT A
LV HBHZAAF-H@HICESVZRFTL2LECTH 5, KiFK Tk
hutkEFEENMEBEEROKREXNWAETEICOWTEBRL, LITRFE L
HE TEIBEEAERZER T 2B TROMAADERFITOVT
M 21T 5 72,
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fn 2 T, Phase d1agram inspection £ % X 0 ffE 11T 5 76 D B

BLAaATdn TR w, B 1ETHB7ZEIC, Phase diagram
1nSpect10n{£@¥EZI§ i*j-7/?<7‘./a4k & [X] 1f R @ A T %ﬁ%#ﬁ
BB %2 HEMEST 5 Z o BlZIE. “IAREKEZ M IE. %

L% & %’b‘%)ﬂiﬁv\ﬂﬁ%@n’*ﬂif’\b&ﬁ # 60Cs5~540 ﬁ@FEJE'E%f
60C2=1,770 L THE/NT 2 2L BN TELZDN, —DDHTLFEEICD
2, 5C=10 o "R REXEZRHT LA Th T ao kv, HRD
FECTIEHREREZFACHEMNICHRE T2 40E S0, HitticIEE
ICHREMZELTLES, fEoT. T 1,770 o — T R IREX D 1
MEPHEMLLTVWE~LHEAL CBBE T2 LRERL F 27,
HENICHBE LT WETRHE I NSt EEREH T, BED
MR L R THFE ARG ICEEARREREZZLEDBEALA. =
LR S ARERO XS ICZNZH® 27200 CTH L M EREK%
EETZ22X51Ch2755, 200 iIclE, T XTCOFMRPE—2
DZRIL7 A==y PHICIMAINTVE I EBRXRAITH DL, K
MHETIEZFD7+—~<v b & LT, Pettifor BUFE i~ v 7379
WiFEH L 72, Pettifor G R dE~ Yy 72w T, 3-2-2 i T
(PO

ARETIE, HEO TR REROEHREZHE —D RIL7 + —< v
]‘OCHX&DfC‘}‘vV*—F“C“%Z) [ 3k Pettifor ~» 7] Z{EK L7, C
DF ¥ — b+ %M\ T Phase diagram inspection /£ % Efi % Z
T, ﬁ‘m(/i%)#.{ﬁﬁ‘@'ﬁ(ﬁb.ﬁﬁzk ML, ZicEon
=% ﬁ*m{)&ﬁl{ﬁﬁi@?@ IEHEZR2 LB AEOHMWNTH 5,
3-2-1 fifi ¢k, T&—F%T’E}ﬂiﬁ‘éhﬁﬂfc%%%ﬁ)%HXf%@‘%
BEODHLERCT A —2)ICEHL TRAG)ICHE D W ER % E i
L. [ ZnR—REAEKOKMEMEE] & 2o KEER] 0%t
FEmiREEAEEROMHLE.EZM T2 2007 X -2 250 L
7o 3-2-2ffiTid, WIGL 27 XA — 2D EAIC Pettifor B & &
g~y 72HWVWAHHICOWTHEwH L7, EBREX» S5/~
A — X % Pettifor M E~y 7icidid L2 d o, [HEER
Pettifor ~v 7] TH %, 3-3-2 fi. kW 3-3-3ficiEFnE Tt
HEEINT-HTTREEVEBEREES IO WT, [ LR Pettifor v v
Tl EHOEBRRZT e, AR EFTLVEBAROREXNAEIC
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b, WA miREEERORERREH Z2REL 2., 3-3-4 T3, &
NI RBFHICESETHBMESRR 2T - 2,

3-2 HRTG &
3-2-1 X RERZFHATIBNENERLEBLESNI X —X

Afficix, F2ECHEBMNIZE TR EEEBRBROAH T &+ v
¥ — o (R (16)) & Phase diagram inspection % @ 2\ J] 2% [y & Bk
CHEIDE, A RNEARREBRBREZRET 2720 ICHET 287 X —
RIZDOWTEZ D,

T, HHZAAVF RO —XF 4 Vv 2RET LTV PR
YN —JHYN G e ownwT#FE L b, MEKHOBA, 2o v R
AVvAN—FEERTERAEGSE)ICHICT 2, LIk EREE RS
Ky oz v FAYAS—JHEYN, %G ', cRans-o, yHoam=<
FNF MO -2 T4 VIIFEWMEITTRICE T 2y E0FEEH
HTALE— G 2HMICRETHALbDICARS, 2Dt H
b, B L R EWEyEAE T I LE R EEMAEDE L LI
. HHZAALF —MHBICE L2V F AV AN—THOHFLEZED 5
BB D D275, HlziE. bcc&lEE 5 2EBAL D fec -
bcc-hecp DL EM .2 E 22, R(12) 2 R—RICFZx DL, T,
BHREHOBEDO T Y P o ¥ —JHAS el IO RAEEICE VT
bR LMEZE 3, 22T, BAEDIT VALY —IHAH,, I X 2 #E 7%
FE e E KO TIC0oE L2GA, ME&E bl bR
ZER fecc 2 hep B L TR CHRENT 2 EEL W &R
(12) kv b2, Thbb, BRILXELRZIVIFAV A=, ZDOF
T4 AR THLEMELTCERINZ LR D,

L2Ll, TV FPAVYRN—DLEWLEDAHICTHEHT 272 FTCIILILE
HEEEAREES L ZOICEIA TS TH B, R(16). KU Phase
diagram inspection D& z &Ko &, 52Dt FE A, B, C, DX
CEPHTREELNBE R ERaz WK T 2720101k, AICLEMEak
BT 2L HFAPATREFENVEEBERe EHREBEEEZBER. T4
L, fthd 40EF B, C. D, LU ERZNZF N 20at.% T DILHEA D
—REREKalcBERAETCATNITALR Y, TDIEHE A LAITTE
FELBEREEKaD #EAEERERERAHEST 2 EHREICIZ, aolHOo BB =
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FNF—HROBRTHEMTIRELT Y XNV E —THAH,;, I X 5 D D

L fttoHHZIAALF iR oBEAEICLIE2bDD OB FE LN
%, Figure 3-11C A-B =t Ricks 3%, T=TyCTOatHO HH T + L
F—fhit e, 2o rofMir»rNn s A-B 0 R IREX 2 X1y iR
L7z WEH BOBHEEADaHICEEL 72— XBEHEEHRICEVT, BA
T VALY =AM, A 0b LA FAaTHNIE, BHHZ AL F — iR
T UBZH S —~H T, AH (W IEDEZ & o284, BHZ A AL F
— AR WL 2D a & a,® M FEB A4 L 5 (Fig.3-1(a)). X
., HoMHEomAEEFE LD L, AH,, D IEAICED S 3, Fig.3-

Ib)D X5 Cal XV B ERERMO - XREBEKRBOTFET 2, E .

Fig.3-1(c)® X 5 Moz KT 28561k, 2hbolr%E=x
VAL E CodERERRERK ZHE T 2 2R L 20V HE 5,

INLDEREDPL, IR miREEBAHEOEFEICIT. FMRITHR
BT 2BEEBEERMHEORENE (v FPX Vv A=), TREAL L
56 O M (AH ) o S OV fot B B R TE K % FH S 3 % 56 M o f2 7E
DEZ=2D0HEFEXRFMRICERBLAZTNEARLbAWVWI LR bI»r b, =TV
FAYN—ICB T EZREMEITRENT 2% IT% EIREBEBEEMED
fin S 2 T E 208, MO R L 4oL K m iR B AR T o
fe E AR TE R A L T v, AH JH O IE & L FH —MH O F1E 131
RILHFE L2 E AT 2 etk zsfficz 208, HAaEbELEICK
ET sEABERMHOBREE T cRHAMcEL v, oT, Thbd
DEZFRERANICFMAIRE R FEVLEEL 2 5,

AWgEcld, 2o ZEHRE2RAEMWICHMET 220D %7 X —
2L LT, ZuRRERKICENZ - XRBEREKOFBmEEL ., %
nexd2mEtEom RKEREICERLAZ, Lz yic, R
(16))R—2DT7 A4 FTT7 T3, TEADPLERaEEETHTIEA.
TLIC % 55 T LV E AR AyB20C20D20E2-ald B, C, D XU E % %1
Z 20at.%EBELZ Ao —REBKal EREEZ, RET S °7
A—20 [ Zx—REBEHROMHHEBEE] ICIBEENZ Y P XA
—HOFMOBEW®RLEH Y . BT %% T % & i E EF O RS
YT E7-0ICERELE RS, /2. A0 —XREBEa T T 3
BHEORKEBE] ICiX, TRZACNT 3o tE0LELBEA %
fHE 3 2 AH,, JH O IE A5 ~MHIE K O F 8 % [ £y i gl 3 2 % El
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BH B, Pz, A-B It R KREM LT A O —REEE a 28 AB,
ftawe Bo—XREEEL & ZMHFHELTDH (Fig.3-1). a2’
20at. %Ll o BEZEECTENIE, AL B2 AR EILAEE VK
DEETa BHIE LN 2 AR & v,

Z It 4% IRHEK % H \» 5 Phase diagram inspection & 23 8 1L 72 5113
K&K 2255, 12HIZ. ZnRAREXIIEHOHH & V¥ —
DHFEAIC X 2 REMERO [FHR] 2HEMNICTIL TSI HTD
5, B 1E, RUOFE2ETHMANLAELZVEC XNTF X — X272 “"AHp,;, "%
Z7A=2"HeCEHBEFRHO ARz A v ¥ ik 2B 3 2 75
bEZOLNZ, TNLDONT X=X FFAAMHOZEN,E TIEEIE
TERWV, 22HE LT, ZIXATIE., BIERTORTH 7 4 —
~y POEBREK2HEZILCEY, + AT -2V —ZA»26HL
EECERETINGCE IR TERLTY S,

INbDFEz Ik o %, Figure 3-2 o AKX Lic/mn L7 63 L%
2> 5 FER U RIREERK 1411 B3I X v | =0 — K E B O # &
MEs, TNORKEBFEDOHEMLZIIG L 2, A-20at.%B @t F
ZZW L. S CEMEPE T 2 — REEE O &G & & KEHR
ZMER L 7. 20at.%B CTHEIMEVFH§ 2 —REBEI TG EIE. #
EROEM CRE . —XEBKO R KEEBERZ SR L %z, Fig. 3-1
ZHlics 5L (b)TIIILHK AZKHE L L2ga, (B MG, &K ER
fR) = (a, 40). BZAEBE L L2LE1B, 15)L 0. (o) TIRER A
T(5,25), W B T(a, I5)LFMEIN2G, IHICTT4¥aFri
NZ A= LT, HBBEEEREEZERICOWTH 0 EZT -
oo TOXNT A=, H5EiREEEBERICHMITE ZHMNLEEIC
BAINZE_MHoMELZHEAN T 2BICAEHTH Y, HHAGESER
T ARBICEELRERE 25, IR RERICE VT, —XEAEGK
(Primary Solid Solution)[d] & 28 tH ¥ fif 3~ % 5 & 13 Two-P.S.S.
type. LAY B EEARMHR — X EEE L P 25613
Intermediate type & X4 L 7z, Fig. 3-1 & flic 3 2% &, (b)2 Two-
P.S.S. type T&H Y . (c)?® Intermediate-type & %2 %, b, Z7i 3
i Er AT 2 - REEEREB L2 ZMHPE T 28546 (H 2.
Ni-Cr Zt A7z B3 L RUKERBELH I 2 EEERA 12 M
V3 256 (Ag-Cu R EB3N) TR N FINERPE R 2 0
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(Fig.3-1). A I XT3, ©H 565 Two-P.S.S. type & L
THY o 72,

3-2-2 Pettifor M REE~y 7OBEBE K~ DR
Zli’ﬁﬁ“C . MG L7277 X -2 EAECODCTRFTT 2, %
. KWt CcEFEHEH L 72 Pettifor iR E~y 7o HE IO W T

nﬁi%?’% Pettifor i3 ~tft &P ofiEE 2 ~XoLF v — F ki
N oic, LRPFORBICEH L Z8ME & L T Chemical Scale
EonEHIEICI X7ZLFE DI CIH Mendeleev number 2 £ L 72
[3-7-91 © Figure 3-2 i Mendeleev number % H X Lic/ R L 7=z, —#
i v 2 i 7 % 5 (Atomic number) 23 Ji B & % # Wt 3~ 2 il ] % &
HBLAWLIETH %2 DIcxt L, Mendeleev number 1355 F 2 I v
HA>TAAYVERE->TARY) THEREAHLHMA2E-ED
SE-MABITTR L VI XY IR LM, ErxEHLZHETDH
52 Bbd b, Pettifor [Z#EHh & i 1c 5T & % Mendeleev
number IHIC X7z F v — F Z{ER L. Z Dhickk 4~ sk % #r
DT A AB, O MEEEL Ve v P LEKREMEEY Yy T (LR
Pettifor v v 7 )% ERK L 721371, Figure 3-3 ic A;B WL & H ©
Pettifor v v 7 % /xn 9, Fig.3-3 X Pettifor 75”’?)& Ly 7%
Mendeleev number 49 (Zr) ~85 (Si) ® #i P © £ & 7 5 Mk & o i b
DBFHL b DTH Y BT s & ki # KT 3R 25 Mendeleev
number JHICH A TW 5, 72, RIFORLFITILHEA L BH 310D
HlAacRALEZBICAKT 2{LaofimlErs L Cwd, MX
VL2 Lo, MLiLs., §abbFALAMMEEEONLEYDZE
KT 2MEELEEYHEo CTEMINTEY, Ko tR BT 51
EYOREMEEZRBICXIC DT b DB LA D Pettifor v v 7
DR TH 5, T D Pettifor v v 7% Fig.3-3 ® 321 H AB,
AsBs, KU AB, Lol ofLE® T ERE L, m?ﬂ®7y
7Tbh tfb GV oR i E & £ Do Ju R & I e B 2 A] pe
L T 3 BTl

Mendeleev number & % 1L % H \» 7z Pettifor v v 7 iZ Ztit &Y
ED TR OBEBOERBICENTHE IR, TOXR—ZATATTTH
% Chemical Scale (X Pettifor DfEEEIC X o THRE S NZETH b I3
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N HFHFESELIERFOHBEROBRD X5 2 YHN 2 EWRITD P o
T W7 \», Pettifor I Chemical Scale DREICE L T, EXEME
. flifEFREE., RFIP A X a2 lo&TtE0R>FBICEHL 22
b, FBETEIHULZMEEZH T % &5 Mendeleev i % &
FHLAELEBRRXTWBEBY 2z &6, Chemical Scale d 7 4
T T 1 ZE TN L 72 Hume-Rothery HIICH#EHL L TWw 3 2 & 2348
E & d 5 3101 Figure 3-4 1 {ffi % T ¥ & VEC (Valence Electron
Concentration) & A — VU v 7o EBRAEEEBI C.N.12 J& 706
21% 1 7 &5 & Mendeleev number JHICW R 72 R 2RI, RT&F
5 Clll R 72 45 F (Fig.3-4(a)) Tl & X7 A — 2 Z A icZ{fL L <
W5 DICHN L., Mendeleev number JHICWI R 2% & &£ 8T 2 — X (31t
W BT ICE L LT w3 2k 28R % (Fig.3-4(b)). i 72 £ 13
BRI IC A, VEC TR ICZML R &E& T X — 2D LTk 4 T
» 5 H . Mendeleev number (32N H 3 DD NT X — X DAL % B
HEMICIE 2 TWw3b, > T, Mendeleev number I8 7%= X V

b, LEVORENE. T hbbuEROMAEN BT ZIEEL L
T#EHLTwas LHBTZ 3,

Figure 3-5 IC Miedema #EZ# W CHE I W 2B OREE L v X
¥ — AHMY, % 5 F % 5 & Mendeleev number TZ U Z M EH L /-
SR AR T, SEIE HEA O “AH, T A — %" LT LG
N5 MiedemaglBE XV AEbIONAZ [EFEALB%Z I:1DkET
AL MO REORAT Y &0 —AHP, | &5 L 7 B,
Fig.3-5(a) Ic i L 72 J50 7% 5 10 & 2 BB C U3, AU, (38 10 1o 2
ft 3§ % 23, Mendeleev number ic > 2 ##H ¥+ 23 £ & ¢ (Fig.3-
5(b)). AHI', o f{HI1% Fig.3-2 DJAMK LR LXK I — 7
TCICHEICERE ST s TE S, flz2id. RE-MG ® RE-TM ©
M2 T IRAHRY 1F BICIER IR E <. RM-RE O #l& & TAHRS,
WFIEICIEHFICRKREWZ EPHAL2TH S, —F . RE-RE £ RM-RM
HEDRU 7N — T OB A DE TIEAHIS A0 ICEWEEL & 5T
W3, TN &b, Mendeleev number % ] \» 7= Pettifor
fimmiE~y 73 R BMHAEFERZzHKCHRElLcE 2 282D
b, ZOfEREEE Z T, KifE TlE Mendeleeev number % —.
TR REXNEROBHICHEILT S22 E 2=, L7z kK
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REM X W~ 32D%F X — &% Pettifor~y 707 +—~<v b I
Z7uay bL, S REBEORELBZEOBMBREERLZ~ Y
THEREKL ., LB, 2 % LR Pettifor ~v 7 & £ %,

3-2-3 ERFGE

i ik Pettifor = v 7 D % Ju % iR B [ A R o 5 8 K 3 i it 3 5
B E2FEMMIT 2 7-0ic, Table3-1ic R LzflaabEtosE %
T2 RIS Ko TERLZZ, FXHKOMKHKRITThbFENL
T®H %, Series No.l G ideftTihsEclicikE s nzMArHbED
BIREBRO 2o IC/E#l & v, Series No.2 & % 12458 Pettifor ~ v 7
CEXVRERRINWLEHELDAEETH 5,

T — 7R, R EKGH S - RICHEBEL, Fr vy N—HNEI
LA Y 7 CH 6.7X10°Pa £ THREL 2. # 6.0x10Pa ®d 7 L =
VERAATTCEmEINEZ, 2Cof Ty PiEAARLCED 5EEE
WL, TirTy 2 —DEBrz ANOEM T 52 2 L ICEML 2,

INOHEMB LA vy P2, UMESBCcE#LZob, SiC
MKWFEMRCHMEL, 7AIFREBRERITa2E L XL ) TH
Witk EF%fro7, #0%. FE-EPMA (JEOL, JXA-8530F ik &
JE 15kV, BEififi~ 3.0x108A) 1< X 2 M1 & M EL%E % 1T -
72 ARim I B 5 MK (Phase composition) & A7 { & B
lpymUAEDH 4 X2 HFT 2MHICNL CEML ZEED DT O
BE2EHNL-HERTH D, Aéfﬁﬂﬁ (Alloy composition) & % fH
MR AZRELZBRESEZ T2 N—FT 2L RERT A XD
7o — 7 (EZE50u m)T %ﬁbtn‘*%fz@% B oGS %
FET 2720, SICHTAHZRLLH#1000 T THE L -1 7B
DY v I riE v, EiiR T XRD #E %2 FEML 2, XRD H#E X, 2
MBORGLIEEZME VST CTEMLZ, 2HEHEOEE DK D E
7% Table 3-2 LR @), 5 50 XRDMEDQHKHRESFL Y 7 b
7 = 7 “HighScore Plus” (Panalytical) Z FH \» T L 7=,

(F) 2 vV v Iog—%EELEEBEBI 07 7405050 NK¥EMIC Cu-Ka2 #28
frEdhzzo, EULAZAEAHEZE T 260 EBROMBEICH T WS,
—H. RV vy FPEEELAEBRIANAYy 22V Y FORHELEH AN Z OSN3
o, BEAKTRKHE I Y -2 BEIEL A2 HALKHE B my Tw 3%,
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3-3 MERRB L UEE
3-3-1 #i3R Pettifor v v 7 0 &&k&
Figure 3-6 IC{EAK L 7z L5k Pettifor v v 7o 2Kk %R L 7=, =

y 7O BB LR AL M IAEITEB TA L., b T
Mendeleev number JIlHiC ¥V — b ¥ 11 T\ % (Fig.3-2), &~ AN DI
5 CHEpEBEREROHFEFEERZRL TN, ~XADHEL Z DR
B—REHEOH BB E L RKEBFRZEL TS, ZOoOR%ZITHR
DAhTITVICHEHT % L (Fig.3-2), RE-MG ® RE-TM o fl& & T
X %2 % < 2 Intermediate-type 0)%@@\\ RM-RE o #l & & < i

TmPSStwe®%&“&ﬁoT£D\ SICEERAIEE A Y
T erb, TNHLDOMAAEDLDE TIISL LR EIEEBIBEERDE K

THIEFETE R, ﬁﬂ:\RMRM%TMTM&a@ELﬁT:)
DAEREZEICIE., TMREBERRIFZEVWR, RMAE+HICIZEVWET
BWONLZMHEEA DY, BeEG B AR ER S ER T 5, £

oo (BB, AEE) = (RM,TM). (TM,RM)IC i3 < 288 b 1 72 56 3
BEFRLTEY, 2O EFZENENDOEBIC 20at. %L L o FEE % R
TR D2 e nHmAsNDG, ToT, MLATTYOMAAED
., bLLEFRM-TMoflatbezHws T, $ukEmREE
BAEEDOER VB CE 2, OO EL NZHBPEEBRD T L
AER LW A A O % Fig.3-4(b) T/R L 2 AHPY, O~ v 7
ERIERZ L, FEHICISAEHLTWSE, LaL, #l2iX. Fig.3-5
@Mﬂ@@@&é%%%ék\ﬁm%m%fﬁ6n1méﬁ\%

D —HB 1AL A& Y BAE [\ EBEBRPEEAERTVWHEE DD
L Bbhrd, TDXKS ﬁHLﬁTﬂ)T%OT%.ﬁ@%iE
R OHIANHASGEIZ TM-TM ic b RE-RE I b fF7E L T

w3, Fig3-4b)o~v 7256 0 X5 i 2 H A2 S 72 0 1T X
AHPY, DRE%Z E X 2 BEDPH 505, CoDMlAHADERT 2L
TOVHNERZAELZRABEORERHELVWESL S, —FH., LK
Pettifor v v 7 CIHEERFEEZDOIE W b HF A IC KM — REHBME %
P52 B TE B, o T, AR DILIEK Pettifor v~ v 7% H
W3l T, HEVRKRERKEZHEET LD, 20K O — KEEK
IR 2 K e i R o 7 1Y 7z ¥ Afi (Phase diagram inspection) 2% A] fE
ozl wnwz b,
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3-3-2 55k Pettifor vy 72 V2B EESOHELEHERBR

AKEiclx, YL9E Pettifor vy 72 H O TCHRMDO A TR FELEE
DHEKZMBENT LT, ALAFELNEBERZIEKT 27200
Kot FEFoMlarabEREzYHLST 2 2L 2ilAh b, 2020 F %
TIAMBECTHFRINEZLITTRFELAGE as-cast 69 HE R L L
o HHBOMEBROFEM X Table 3-3 i et ®/k, ~"f T v bu
-G HRoRHAMIIC Y 72 5 2004~2017 FF F CICRE SN H
e € o UG X Xk [3-13~18] cHiNn I hizd o rxHwi, —
J7v 2018~2020 FIC WG T N2 RHTOCEIEMICBE L TR, WX 7T
— 2= 2[3-19]2ZHWw<T., @#@@X &4 b ric [Novel] + [ Phase] -
[ structur] * [ Microstructur| * [ Effect] + [ Addition] -

[ Stability] « [ Single] + [ Equiatomic| 2 &L b D% HMEBL -, %
D, vy FLEXEoF 26 %4 P i [cladding] -

[coating| * [ film] + [ manufacturing] + [ selective laser melting | *
[ powder] + [ milling| * [ joint] - [ spray] * [ mechanical alloying] -
[bubble | - [wire] - [ SPS] - [ oxidation] - [ sintering] -
[irradiation| @ X 5 A EUNOFEEZ RB T 27 — V2 &
AMEXERERII L2, 2ok 0 THITREEALMK] 220
(LRI E2OMHBR T — 22 LD db 0B
Table 3-3 TH 5%,

Jeicikim L 72 X 9 i, Phase diagram inspection 5D 7 4 7 7 T
13 I F FF T L [ AR A20B20C20D20Ez-ald TB. C. D KU E % %
NZn 20at.%EAEL 72 A0 —REEKa] EREFTZLBTE S,
o T, Z—XREBKEKICEBT2HEORANEREVPEE LR 7 7 7
A=t b BRI NE, 22T, Kt — KREBHKICEIT
RAKBEBERICHERZDF S 2L T, Zn—XEBKLLTTRARIC
BT 5 MK OB RO WAL 2 8l A 72,

BRI HFICE L T, CoCrCuFeNi AL R FEENLE S 2 I 37
B3 % (Figure 3-7), ¥ 3%, (1) Fig.3-6 2o &Y T 2K ItFE D
Heato=y 7252, Xic, QL= 7HIC—XIE
BhRoOmRKEEEOHEREHENXT 2, ok, QHELLINE
ERrHoRRKEBREE Mt L CHR25 256, KRifETiE, &
ME MP 20at. %L ET+1 585, M 20at.% kK. 10at. %Ll £ T 0
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My M 10at. %R CT-1 MeEER L, Z LT, WDExARA%
MR ESLICARL, TNENEZHILRY 7V AT LICET 25—
JC— R E BRI 20 THRL 72, &&Mic, (5) fceo bee, hep D
FTRDEB2FVWDIOEZZOMAGLEDRAL L, Hl 2 I,
CoCrCuFeNi o fl& ¥ Tld. fce, bee, hep 2N X L 15 5513,
0.35. 0.15, 0.0 & 72V, fcc-0.35 AL L COFRHERD, 5
ATFRIEIBE 2L 2 ICHEBETR 2 - XEBEFEOEI &G LR 2 &
T EL FED 1.0 I W IT &G 3 5 6 aE S O B ER2% It &
TRENICHET 2L #HfFIN S,

Figure 3-8(a) IC Bf# © As-cast LI R HF T L A4 69 FHE O #E K
DL Fig3-To 7 v vt A TCRELEZFGROBEBEE LD L, K
MRECTRELZ [ —XREBEKOKRFEE LR KEAERD YT X
— 2] % RM-TM ® RE-MG A 8D T2 37034 DKo Mid
brICXHIGEE 27201, XTI XA 22N BETI2RELE%2ED K
Polz, ZD®, KB L ZILIR Pettifor = v 726 H{ o0 5 #EHE
., ALEAFELNCHAGDLDE ZBICER CEBERBEMHEILEON S
HadbegEmMizrndctickhyh), FERECOBBEEKRFEMEIEK £ T
TREEL 7\, Fig. 3-8 o MEICix, A tFoMArHEbLEH» L
K HMMESICHEHL TR —MWAFMEZIT 2010, &b &EiICE T
Z2HBEOE#HRBZEOLNL T WV As-cast B2 DGR ICHFH L., BH
L7, Fig. 3-8(a) X » 227 :0.6~0.7 CEHMES Lt HMHEAES DI
Ryd s E5CmANE R, X227 0.6 KiiiDEVWIGRETD
BERBEHAEP S O2WEINTVWE, KfETRIALER =
TCHHBEOH 26 CEL CXVFMARN 2T, 205
KRxa7o&E4E. K& L TM A 4 (Table 3-1 Series No.1 & 4)
& RE % hcp &4 (DyGdHoTbY., DyGdLuTbY., DyGdLuTbY) [3
2021 = C& 5, MIFICOVWTIIHEHEERZITV, ZOMHBK%Z
ro, —H, BEICOVWTRZOMKEITODVTHEL -,

Figure 3-9 iC, #1~#4 & & O #l#% & "Panalytical X’pert PRO
MPD”CHlliE L7z XRD a7 7 4 v 2R3, FHED oMK I
Table 3-4 i ¥ & TH %, Fig.3-9 (a) D ¥ EMEE 2 5 W & »
IO, #¥1 & DM X Ag-rich 72 Region 1 & Ag-lean 7x
Region 2 ® “ O D » LK I N2, /4. TNZNOMHEEDON
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Hicik, FLTAg2rblkEns“A” - “E"#HE £ & L T Co,
Fe. Ni oMK I 3 “B” - “C"H»PFAET 5, Ag-Co, Ag-Fe LU
Ag-Ni o Z e R RER CREMHCBm A “MHomrEL 272008
3. #1 A4 72 Region 1 & Region 2 O "D QB2 LRI N2 D
. BEROETRY PHEMAR TIE AR, WEH N T oMM Dk
Ck2dboeFE2bN5, #2, #3 NV#H AL THEKHNEF B> L
BEROMOBEEZ R ITME a2 v P 7 2 P 238% 2 v (Fig.3-9
(d)(e)(f)). XRD 7uv 7 7 4 T fcc, hep, KU hep Tl 72w
ﬁ@/z BY— I REHET B L Bbr B (Fig.3-9 (g)). Figure 3-10

CH5~8 B DX EE T, (f)”"Panalytical X’pert PRO MPD” <
E L7 XRD 71 7 7 41 & (g) "Rigaku Smart-lab” CH|E L 7= 7 &
77 AN%ERT, Fig.3-10 (g) 5L 22 X 51T, #6 - #7T & & T
it fecEoe -2 2327y PLTEY, ST OKE» S
(Table 3-4)., Cu 2Bt L 7Z2“B"HHE Cu2Z2RZLZ“A"HHD —~>D
fcctHr bbb ol, #5648 TlE. XRDOKHRIZTH —D
fccv—27 DHTHo7-H (Fig.3-10(g)). FH##E % o & E (Fig.3-
10(a)) X VWAMEZR X S, AMHAEHHIEICHK 2 Y P72 0 R
7% Cu-rich Z“B"M2BHFHELTWwBEZ B bdro7-, #5 &8 D fcc
HE =21 X7 )y PRHERI NG > 7D EB"HOMEKEE /N
TwnztickdzeEzLLONDG, #8AEL TR TN 7 v X L7
bec EEAHM TR A<, ZhoBHIMTH 2 B2 Ml @ (100) 8 HI# 7
K& {~30° } 23 HERE & 7= (Fig.3-10(f)), % 7-. Fig.3-10(e) 2 5
bHAL AR LS, BB ICHMAZEMEMERD R TW
5, TN b Fig.3-9+ 3-10 o % 2> 5, Series No.l1 & DWW d
FERABEHESE TRV ERHEI D LN,

X<, RE # &4 (DyGdHoTbY, DyGdLuTbY., DyGdLuTbY) i
DWTHERT 2, b 3FEOAEIZ XRD L MBI Z AL %
WEFEIc X 0. hep BEMAFRMICR 2 2 & BHER T LT w3 82020
Lo Lo, BARDOHLIR Pettifor = v ZiCE S R a7EE T
. o HE&IET T ND bec & L CHEli & v, HEMER & K& X
A B 23 H % (Table 3-2), Figure 3-11(a)ic Fig.3-6 »* 5 RE-RE @ fl
HEoHMME L~y 7L, EMEREOMEMEZ L 2, Lu~Ho
I hep &2 L EMEICH L. A \WIT hep @ @ i E R HAE % AL
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%5, —F. Dy~Sm K& TIE hep PR E X P E I TlE bece BDLEE
ThHhH., THBoDAWICHEBEEEERZEK T 5, Lu~Ho & Dy~Sm
A AEDERZE A, Lu~Ho ® hep tH & Dy~Sm DK hep #H 23
A EIREK 2R T 5, 3-2-1fiicdbiB~x7 X 5ic, KFFE Tl
TA =X EWBET BICEIR CRE R It — X B IE A o M R E
HLTw3, Z07=®, Lu~Ho ¥ & L TA I IE hep D
BEWMZFM T 2L &b, Dy~Sm &AM & L T A ZERICIE bece
HogEWZFHM T2 Lichsd, 20720, il nsd~y 7
B O Y Hick-o CHflis 2 —XREEKIPEL->TLE S, %
2T, REICHBT % hep DZENEIC D W T —M 42 dEl %2 1T 5 72
» . RE OAKIR TXLIE & ZJ0 % — X E B O & KB A& LA S
#IWCH 78v v b L7 (Figure 3-11(b)), Fig. 3-11(b) T!¥ Lu~Ho &
Dy~Sm Ol & &b+ T hep EiE R AE BB T 5 2 & 28 X D T
KRENTEY, MH o =0 REA&ITVWI D hep fEIKICH
. Fig. 3-11(b)Z HIcHFE L~ 227 1x hep:l.0 & 2%, T D
IR REROHGRLLMINIT 2L, DyGdHoTbY,
DyGdLuTbY. DyGdLuTbY & 4 [3-20211 & =8 C 1% bec it & 72 3
CEDPMEEINGIE, RS ARZ LI, TNOLEHEES TN % E L 72
Wl R7Z %\, REEEGS DMK RE-RE fH1 © #L ik Pettifor
~ v 7ORTLICODVWTIRHLVFEMICRNTILETHSE, RETIE
REEGEDOR a7 ICHLTEERMERLAEZEOHVI B L 2K
M L7, s, DyGdHoTbY &4 % hcp tHD #HAI{L L 72 D04y tH
HomEN S H 2 7-0B2 HRHKED T F & L %,

BHEBROKE R LU, REEGEOHHMEZZ T, BIEL & X
a7 DR % Fig.3-8(b)ic £ & 7=, &1L (Fig.3-8(a)) & bk~ T,
22 7:0.6~0.7 PEREHEMESLEMH - LAEVEEOBERL ALY
2 HEL oz, MEAS 69D S B 227 0.6 K
DELEFAIFEETHY, a7 0.6 L EoBEHALIZ8ICIRS
nz, sz nif. LIk Pettifor ~ v 7. 69 o Ef # 28 f#
KEFTCRZ7 ) —=v I AEChHIbichd, Sbic, EEARC L
. BMHEEOH 2 20 iz I nd 28 ofEiicEITNL T WS &
WwWHZEThD,
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R, BMRERAEKRYEMHEKSE OB 5 20 ficEH T %, Figure 3-
12 IcHERE DD 2 TR EELASLDE~ v 7 %, Figure 3-13
AT 0.6 METCEHHREDD 2 A LA EFETLHEOKE~YY T %
RFL7, B~y Z7ICERIRLAEZR a7 205 L CHh 3, Fig.3-12 X
D, BHEFREHEEZIER T 246D~y TICIEKEL 2001
H 25 X N5, Fig.3-12(a)-(1)Tix, il L2~y 7D 5x5 0~
ZADIFEAEDREOTELNTWVWSE, TRbLbADDILET XTH
HEHEAEERERERICH Y, K ITTEO T o — KEHF L
b, LR FENVEBEMEITEREBAEZBRL T3 e REE S
N3, —4. Fig.3-12(G)-(t) Tk, ~vy 7hIic LTl > 72 4x4 @
~ABBEOTE LN T EEMICH 5, Fig.3-12(k)ZfHlic e 3 &,
Mo, Nb, Ti KO Vicix zch st FER W I b i\ bee 3 i FE &
IR EE S H 5, FATED Al ZR 3L, Al AL L ThH
PRICIEMOMMITTREIZIZ LA LEBBLAR WD, holUITREZ BB L L
THh7zEE,AlBZENZTNLO —XREBEMEIC 20at. %L E o @ & 53 7]
BETHE, oD ehb, Mo LRFEVEBEEEHEA S
DK ITTEOMA AL, DR LD 4TFED—REEKRCHE
P B AT R R + Y 1R ftho — KREBEMAZ L2 i 20at.%
UEMEEST 2ER™ | F#EEsb>2 &MWL & 7% o7, Fig. 3-13 i
RLl7zmAaT7ToEEEEC FRoZt2ilcTdornd s
D, TOFEMLEFBLEIL DTG RSFEETIE R VA, 2020 F £ TICH
HINEFELETITLRET VEBEREG S22 T LK Pettifor = v
7 CHRRAEAEE., TAbLEY TV AT AR REEKD
B AE OB CRAEcCH It iER (1)o7 4577 %
XFT b5, WoT, KW TIREL 72 —J0 — REEE DO S L&
ZORRKEBEREDO NI A =2, RUEZULZHEWNICOIY LT F
& ® 72 ik 9k Pettifor v v 713 % IC & & IR B E S K O K 5 T 3K i fl R
7 ) —= v ZiEEE L CHEHAESIHFEIN S,
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3-3-3 R REEEBAGEZEH T IHAGE

AKfficlix, 3-3- Zﬁ'ﬁ@ﬂﬁqeﬁ/\é@*ﬁ%ﬁﬁtﬁﬁ#% X ST
(M7 b 4TLHFEDO—REAEAKCHEGEEHEERMER + &Y 15T
FHMh o — REEERZ N Z nIC 20at. % EEET 2 @R | ici o
T, LA FELVEBEROREMW AT IO WTERT 5,

T, AEOHEALRZZRWA6)DT 4 7T &, [#5IE Pettifor
~v 7] O — R &7 % Phase diagram inspection {£IC D W T H
B5, RA6)IFT = v F A v ox—TH L = oK MMEEERH A, JE O 18
PO bE, HZIFEIREBEBEROLTEEZE 2 5 LClx. & HME R
DFFfficidZml, RAELLZFMALETH S Z &b, RIFETIL

— R EHEEROMEBECER L 72 (3-2-1fi), 7. F1ECTR

X7 X5, ZtRIRFEKX % 72 Phase diagram inspection £
. Zou R OMHBEH L L R IRERICH T CTRIENICHIET 5 2 &
X Ie 3 %5, 3-3-2 fi THER DO AL R FEE AV BEEE S THLR
Pettifor v v 7| THRHA T 2R 1Z. Mo LTk EELEER
i wFnd ., [ UHESEHEELZRFOHEROTE O — X EE K ICf o K
DIULEPRBICEBELZ —XREBEAFETHL L 25, EoT, Th
LbOoAEERIRENMWICKZE T % &, Figure 3-14(a) (b)® X 5 ic i id
TZ% 2%, Fig.3-14 (Z Aot £ F £ LV [E B4R Az20B20C20D20Ez20-a & £ D 1
KITHE DO —XEEER L OBREZREXVICRHELEZDDTH %,
Fig.3-12(a)-() @ X 5 ic, 5 24 JCH \» 3 1 b & e [ 78 7K 1 5 A
FICH 55 E. WItRE %}l/l{ﬁﬁ?(ABCD)&%EETEODF"‘

JC % K EE X 1 Fig.3-14(a)o X 9 ic & v . F = L (A,B,C,D,E)[EH &k
a i(A,B,C,D)—ZOat.%E & L“C?%EE“C“J&‘ %, Fig.3-12()-(t)d® X 5
oo [EFEHEBEMARIERITE 4 2L 2 ic 20at. %L b E & 7] B8 7= T 3%
1o@%ﬁ&AbJ¢J b Fig.3-14(b)o X > KR c& 2, §4bb,

E 3% € 2 (A,B,C,D)E & A & d# e B SR 2R L &2 v

%m%&ﬁil%f%%tb\E%Aﬁ%#%w?mabt%é
ICEEAREMEE L CHFEETE Zu%ﬁ%iﬁiﬁuzuo it > T, 3-3-2 ffi
THWZ S [20at.%] & w5 T, #EiEERBEEZERTE
ﬁwﬂﬁtﬁﬂmﬁ#@@Mmik£%»£mfl@%%ﬁﬁ¢5
DI LB R RKEHRE L WHIRBHWEREH S Z LD 3
o XkHic, EEEBEERERITTROBLE ZNICHEET 2 RMEILED
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et & 2 2 &, RITHRATCREEZRSE X2 v, Fig.3-14(c) o
IO REBH T 2HA6bebIREI NS, Fig.3-14(c) 1k A,
B, CO=THMP =Tt RFENEABEEFEABC) ZHKRIT 2, HUILH
DeEBRMFEF AL LEBGREIAKZIERL 2 wEMITETDH 2
. TNODBZENZND—REHEMAIT 40at.% D [ & 25 7] Ge 72 55 & .
(A,B,C)-20at.%D-20at.%E ® X 5 7 7L 0% 5 & v [& & 1K HAH 23 T 1K
AEEICR b, 2N b Fig.3-14(a)-(c)d & 9 R EX Z /i) 2 Lot &
DGR ICE L Tld. TILIR Pettifor ~ v 7| ZH W CHER XA HE
TH D, LB, 5D DRIt FE M IC I 1F 2 8 e [ A (4 2 ot 3 #ic
F#HL. Fig.3-14(@)ic &Y T 2 M E&2 %578 | Fig.3-14(b) % “4+1”
M. Fig.3-14(c) % “3+2" B L WEFR F %

“BRL 4417 B3 427 Mz I b — RE AR 2 R L
LEBEBERTH 220, oI nd LR Pettifor v~y 7] ZHWT
fEMAIEE R #IECH o7z, L L. FFE OMBH M CHERE & BB
RHH O AH H B il vw-56r. ZuHEMU oM AEEH
GHIGher B C X e I EIEHIC KR Z W&, U R IREH O F#H
O TFHTERZWI) ZAEMIREBBERLIERL ST 25605 5, FF
EAMKDOL TR FBIEEBEEME L LT, IrseMozoRhzz sRu0Wiis &4
2 AlyoLizoMgioSca0Tiso & & 23 H b LT \» % 323241 Figure 3-15(a)
IZ IrssMozoRhas sRU20W 115 &5 4B D HL 3R Pettifor ~v 72" L 7z, &
DEL T hep B &L THME I N T W B B2 —REEMKICHEH
L7ZBRICiE heptFEIFX Rul 2%, a7 2H BT 5L fce: 0.25
&7 % 7= LR Pettifor vy Y CEMIRTcE R, L2rL, 2T4bH
Heado “TRREXEHZE T 5 L. X-Z (X=Mo or W), (Z=Ir or
Rh) ol A &b cH R hep BEEERMHOIE KA HER X Th b B3]
Ihxk~y 7ICKMT % & Fig. 3-15(b)n X 5 itk 3, itoT.
O EEMRIZ Ru —REER =2 L, (Mo,W)(Ir,Rh)-hcp H [AfH ~
— 2D EBLLELMMT 2 LR ETHL, ZOHLICEL T
ATE 5% Ru, (B,C)TH i % (Mo,W), (D,E)TH i % (Ir,Rh) & L 7 i =
IC % IR RE X (Fig.3-14(d)) 24 . Ru-80at.%{(Mo,W),5(Ir,Rh)g s}
DI MENIcH2, COXIRTr—2A%2EZ 2 EREMEN T
23, Fig.3-14(e) D X 5 7 — RE & %2 — YJ& JF 1< FF 72 72 v [
G AR D B 267 2% 0% i EEERPFIET 2 ARt H
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%, Figure 3-14(c) I AlyLizoMgi10Sca0Tise & & D fk 3R Pettifor = v
7% L 7o AlyoLizgMgioScaoTiso 5 481X as-cast T fec HAH, ZWULHE
i”ﬁ@?“l EThep AR EPAION T BB %5
. PE5R Pettifor v v 7 CTHEM L 7215 & 1% bee: 0.10 & 72 © — K[

?1’%‘1’2'-‘75"3@@4:%)—\' TTE v, o T, a-@/\/:é =R U LDORA
ITVEALME = RAH T X > TLRELEZ, WINLDOF T v RT L4
ELREBRER 2T VWSE TR TH O CRENT 2EBEBERAEETH 51
REME 2 H 2 (Fig.3-14(f)), LA L., ZOoALOE® G HIZ R — 1 3
NEeHOwZERRESECRLATEYEH Guzrr¥F—% 52
el LIRS 2 ERIEREBAE O BEEMED H 5, Fig.3-
14(d)(e)(D) D X 5 & &2 4 7 D& i EE K I B AR OHLER Pettifor =
y 7 ONIGHEI I L T B 72 ® . LR Pettifor v v D HE 7 5 LR,
b LK Ci/EJ'U@}ﬁé?éﬂéfﬁ%fg???édZ\%ﬁfb%

AKETOBEIC XV L ICR &R E SR O R E XA H 2 I &
7z - 7= (Fig.3-14), Phase dlagram inspection £ % A \» 72 — X [E A IR
R=—Z2DNh LA FENVEBREKOERGEH E L TU T2 REIND,

1. EGEEEEERMER IS 205HE 52 (“578)
2. HHEAERERMERICH 20K 42 +

ZNZENIT 20at. %, EEAEMRERICE 1o (“4+178)
3. EiEEAERERMERICH 2T0F 3D +

ZNENIC 40at. %A FEIEWRER IR 2 0 (“3+27H)

Mz <. AECTIER L 255 Pettifor ~v Fl3. 2D =2D% %
DEVWRERZHZ ERLIC, =KD F ¥ — 720 CILHEFH O M
AEDLEEZHEMNICERLITETH 2 HICHEHAELD 5,

3-3-4 {5k Pettifor vy 72 VWEFBAL TRAESER
AKEicld, M CRELAZATTRFEAEBEROE R T#HICED
% . JL5R Pettifor v v 72 H W CHBHOMAAEDEZH T 262 %
WRLLERER TS 2, RME, TMH# L Alo® 25 D IL*K %
xR ic, Figure 3-16 /R L7z~ v 7% H W THE%Z 1T\, Table 3-
1R L 7 Series No.2 D X5 nilardbez AL &, Fig.3-
15(a) 13 i K& ¥ & o & AT BIE % 20at.% & Lz~ y 7 TH 5, Hi
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ZI1E. Mo Eicxf 52 Re® Colc 423 Vo kHic, iAE % RAL
20at.% LA FEE2S AR ot — REBEE I L CFEET 22 823D
2%, —Ji. Fig.3-16(b) ld i KBEHE O ] JHE % 40at.% & L
7o~y 7THY, Fig.3-16(a) L kR T, &Y T2t XREHEED
Bixmigicdh o edbnrd, 20X icEtErmzdMiaradb
B PR D, CNE T2 O S EEBEBEE DS &
NTCZhrozBRKEEZEZ NS, Figure 3-17 IC KiffE cE# L
72 % Series No.2 &4 D YL 4R Pettifor ~ v 7L Z DX a7 2R T,
ZRnZ . #9 - #10 G257, #11 B8, R U#15~#17 &4 13
“U4+1781 0 12~#14 54 13 “3+278 T H B,

Figure 3-18 IC % as-cast &% O K ¥ 8 & &£ "Rigaku Smart-lab”
THEL~ZXRD 7mr 7 74 Vv ERT, £EHEONREKRN R 5 HEK
% Table3-5icF ¢ /-, Xfho”’ID”, L O’'DC"ZzxzhEFn, T v
Fo4 baTHEBE,lvy2—FT v P74 MEBOREN LMK Z R
LCw3, Fig.3-18(a)(d)(f) Q) Ic /R L 72 #9, #12, #14, KR U#17 &
EORFEFHR»DL., TNLOLOEESMMICITE ZMHIMER I T,
HHG&ETHLI Db o7, — 7. Fig.3-18(g)(h)ic /R L 7=
#15, K U#16 &4 o 4 & T & 1Z B O 13 201 1D 786 38 1< B 7 75 I
WAV FIRAFTHRINSGE _MHBER IS, Table 3-5 /R L
A AR RO DA 2B, ZOoBwa vy IR FTRIN
5 (O-rich)iC 1ZEEFE 2 20at. %A ERILL T w B 2 nba b, [#
b, d L EBELZLZEBICEK L2 TIEBKTH 5 2 L HBHE
IANd, Eoic, HHEMHOMED HEL T 2HTREE VMK
Wi Etho tERICEBEAEL TR RIS, EoT, Th
L#15, RU#l6 A dbMEIEGEA LR TNITHEMLE 25 & v 2
%, Fig.3-18())ic % L 7= XRD #55H & &4 b & T, #9, #12, #14 &4 &
i3 fec EAEKRHEM A S, #15, #16, KO #17 & 413 bee B A A Hi A
G ThrEeRrEINT, #1554 D XRD v 7 7 £ L IC X bee
BEUN D~ F == BHFEELTWE D, HBEEOEE? S
ZNlE O-richtHov -7 ¢E 2 3%, O-rich tHo &5 & I o
WTIRXVFMAMESLECTCH L, RHTH 2 L AEZ I N
#16 - #17 A& I L T, FAHEORZWM VR o TR IT 26D 5,
Kang & 13#16 &4 L A U AICrMoTiV & 4 @ as-cast M O fH K %
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FdAE L. XRD CThbecHMThHh 2 Z L 2R L B2 LaL,
TEM o E» S IE~A4F =7 B2 AFy FBERINZ & D
b, ZO0&HEELIFTFEMHEN becc T, A F - B2HIPEFELEL Tnw5 L
ity Twvw3, Huang b3 2 0B EDH 7V X7 L TH 3
AICTTiVEAE DES M # 1T\, bee-B2 OB AI R A ZRE R FAET 5
L E L, THIE Ti-Al LR ICHFHET % beec-B2 AHRE I
KT 2 &xHERMLTWwBB2 55T KiffED#l6 HEHIC~
AF—BB2HBHEELTWZLLTH, BECTIEEEL beec HAHH
ElmbuEEMErEZ LN S, Gwalani b (3 Additive manufacturing
FEEHWT, #17 &4 L F U AICrFeMoV &4 2 ESL L 72 28, AW
HOMBLE UL beccHHERDZ Z EZHMEL T3 B2 g,
#9, #12, #14, #15 A oMiarAabEICE L CIIFRINLZHE R
fEFE X T Wwin

#10, #11, #13 &5 & X XRD o ik » 6 wF N d fcei-fec, D =M
AL B bdr o7 (Fig.3-18), L 2» L. mik. Thiel 5 I
#10 &4 L E UK % > % = 2 AuCuNiPdPt &4 0 HE K % 3 &
L. 1100°C Tl fcc HH & 7 v, 800°C T it Au-rich 7Z& fcc tH &
Pt,Ni-rich 7z fcc I B+ 2 2 L ZH O »IC L2828 Z ofiRE X
b, #10 62 oMl A G b2 X, LR Pettifor v v 7O MR L 33
(W nroWRE CEEFRPBHIAGELONLER] OfilEchd s 2
Db b, #10 54 2 As-cast T fcci-fecco @ MK & 72 o 72 EH A
CEE R ICE T 2 EMH-RMEROFEERLE 2 b Ld, Table 3-5 <R
L7z o1c, #10 548 Tl fccy & fece; T, Au & PtoEEIC KX &2
EBHB, T T, Au-Pt “Iu R RER 2 A 2 &, Simo BEH<TE
Au & Pt 23 fec AR EEER 2T 3 2 23, Z o FEAHR O K & WA
Bk D AR T IS S L o iR R 7 2331, Au-Pt Z It RIRAEN
Fies T 2 0HEMIEHENR7Z L2 ICZELT 2 0icx L, BRI
1200°C~1400°Co R FEHI P c R Ic AT 2, 20 X 5 REMARD
ZAL 2> b, Au-Pt R TIXEEEIRIC H 2 mE <& E 3 2 B o M2
Pt-rich 2 & Au-rich ~ ¢ 2icEfk s c 2B E I ns, EHEM
oA AREAZRLUN REE X vy 7OBKICEND D, XRD il
BB ¢k Au-rich 72 fcc & Pt-rich & fcc @ —“fHESEL D L 5 (I
RzZzTLEH»h?7Zs5, Au-PtHE&o T v F 74 baTrdefviz—T
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VEIZA P TCHRICEEFy vy T2E L T3 XD 7 E A
Doerinckel D CHER I T b B2 ok 5icEz 35 &, [
L Au e PtiBEEICRKRERENRD 2#11, LU#I13H5LICEL TH
Atk D> F Y AT, feer-fece: D “HEHR E o e BEI NS
(Table 3-5), TN b DELKH» L, #10, #11. R U#13 648w d
As-cast DFER T ZMHIC R 2 225, w3 L 0 E © & A HEH
BIFR o 5 AR & W & HE T %, L3R Pettifor v 7 T H#E#Hl A]
REAHEBICNE > TnwdWwx b, As-cast DMK T =2 0 [EH
ERERIN-AESOHMBKZHEBE T 272013, Aoz Lz H
WhFHMAEBRLSLETDH 5,

Series No.2 & DR 2 Lo 2L, fFRL 2 7T R % T ALK
H489DOD 5 b, 6 DM as-cast THIHEG S (#9. #12. #14~#17 &
BB MEINT, FRIT, #12, #1458 X5 F TICRE
ENTRWnW3+2" Mo FEoMliaH6 b TcdH Y, Fig.3-17(b)
DI~y T7EHOCTERLATNER DT H I L 23HE &M
habEThol, £, HHAEE L 2o 2#10, #11., K UV#13 &
SO I AREBHOBE A NRICEHLAZZEE2D, T2 mAE
THEEFEREE IGO0 Z EBHFI N, &> T, LR Pettifor
v 73, AN ARREEREOBEITEDOR Y — = v I KA
D EBEIEINE, LOHEBKO FPHIBEE ZM L3225 729I1C
. Fig.3-7T THE L 2SR OB EZEL. “ R REX» o NG T
57X =2 BT R ERD 5,

3-4 /NG
ABEF., 2R REEBEBEOREBMAE © HfEL & . Phase
diagram inspection Z fiifEiICiT 52 2D D F ¥ — FMEBK & HAEY T, 1400
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Figure 3-1

Schematic illustration of relationship between the Gibbs free energy
curve at T = T; and phase diagram. (a) shows the case of two-phase
equilibrium within the primary solid solution a. (b) and (c¢) shows the
cases of presence of other primary solid solution phase [ and
intermediate phase 6, respectively. The red numbers in each phase
diagram indicate the maximum solubility of primary solid solutions.
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Mendeleev number (MN.) in the periodic table *-°l. Elements not
painted in gray are the subject to investigation in the study and
categorized as following; Alkali Metal (AM; MN. 8~12 and 14~16), Rare
Earth (RE; MN. 19~33), Refractory Metal (RM; MN. 49~57), Transition
Metal (TM; MN. 58~72) and Main Group element (MG; MN. 73~86).
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Relationship between element order and relative value of three
parameters, i.e., electron negativity P11 C.N.12 atomic radius *-'?] and
valency electron concentration. The order of (a) is that of atomic

numbers, while that of (b) is that of Mendeleev numbers.
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Figure 3-5
Plots of the mixing enthalpy AHf'% . which is calculated from

Takeuchi et al. =131 in the charts based on (a) atomic numbers and (b)

Mendeleev numbers, respectively.
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Table 3-1

Alloys prepared in this study. The ratio of each constituent elements in

nominal composition is equiatomic. Series No.l alloys is prepared to

confirm the phase constituent reported in previous reports (These

detailed are shown in Table 3-3), while Series No.2 alloys is composed

of combinations explored using the expanded Pettifor map.

Phase constituent
Series  Alloy Elements . .
1n previous reports
#1 AgCoCuFeNi fce
#2 CoCuFeMoNi fce
#3 CoCrFeNiTi fcc or fcc + IM
#4 CrCuFeMoNi fcc
No.l
#5 CoCuFeNiV fcc
#6 CoCrCuFeNi fcc or fcel / fec2
#7 CoCuFeMnNi fcc or fcecl / fec2
#8 AlCoCrFeNi bcc or B2
#9 CoFeNiPdPt -
#10 AuCuNiPdPt -
#11 AuNiPdPtV -
#12 AuCrNiPdV -
No.2 #13 AuCrNiPtV -
#14 CrNiPdPtV -
#15 CrMoNbTiV -
#16 AlCrMoTiV -
#17 AlCrFeMoV -
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Table 3-2
Comparison of the specifications of the two XRD instruments used in
this study.
Parameter X’ pert PRO MPD Smart Lab
Incident Anti-scatter slit 1 deg -
side Soller slit ~2.29 deg 5.0 deg
) Anti-scatter slit 5 mm open
Receive . .
side Receive slit open open
Soller slit ~ 2.29 deg 5 deg
Primary monochromator - Johansson-type
Voltage 40 V 45V
Current 40 mA 200 mA

X-ray tube Cu Cu
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(1) Extracting a specific map (2) Visualizing the solubility M

£ )
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e @
Cr Fe Co Ni Cu Cr Fe Co Ni Cu

Solute elements Solute elements
e | Intermediate type
/| Two-P.S.S. type
(3) Determination of Score
fce hep
Cr Fe Co Ni Cu Cr Fe Co Ni Cu
fce score: bce score: hcp score:
7/20=0.35 3/20=0.15 0/20=0.00
Definition of score:
(at.%) | =20 | =10 | 10>
M +1 0 -1
Figure 3-7

Process of evaluation based on the maximum solubility of the binary

solid solutions. Firstly, a specific map is extracted from Fig.3-6.

Secondly, check the maximum solubility M of each primary solid

solution. At third, give each solid solution score, based on the table in
this figure. Finally, the total score for each crystal structure is divided

by the number of elemental combinations, 20, and the largest one is

determined as the alloy score.
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Figure 3-8
Relationship between reported phase constituent in as-cast quinary
equiatomic alloys and score (Fig.3-7). (a) is the as-reported phase
constituent summarized in Table 3-3, (b) is modified phase constituent

based on the experimental results of this study.
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Table 3-3

Lists of phase constituent, crystal structure of solid solution phase

predicted from the expanded Pettifor map and its score of the equiatomic

quinary alloys in various previous works. Their score is calculated by

the method shown in Fig.3-7. IM indicates any intermetallic phases.

Alloys Phase Condition | Ref. | Prediction | Score
AgCoCuFeNi fce As-cast 3-30 becce 0.00
fccl fec2 B2 As-cast 3-31 bcce 0.10

AlCoCrCuNi bce fcc As-cast 3-32 bcce 0.10
bcc fcc B2 As-cast 3-33 bce 0.10

B2 As-cast 3-34 bce 0.30

B2 As-cast 3-35 bee 0.30

B2 As-cast 3-36 bcce 0.30

bece As-cast 3-37 bce 0.30

bece As-cast 3-38 bce 0.30

bce As-cast 3-39 bce 0.30

fce bece Annealed 3-40 bee 0.30

fcc beec B2 As-cast 3-41 bcce 0.30

AlCoCrFeNi fcc B2 sigma Annealed 3-42 becce 0.30
fcc B2 As-cast 3-43 bce 0.30

B2 L1, As-cast 3-44 bce 0.30

bcce particle As-cast 3-45 bcc 0.30

bce B2 As-cast 3-43 bcce 0.30

bce B2 As-cast 3-46 bce 0.30

bce B2 As-cast 3-47 bce 0.30

bce B2 As-cast 3-48 bee 0.30

bce B2 As-cast 3-49 bee 0.30
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(Table 3-3 continued 1/6)

Alloys Phase Condition | Ref. | Prediction | Score
fce bece As-cast 3-50 fce 0.15
fcc beec B2 As-cast 3-51 fce 0.15
AlCoCuFeNi fcc B2 As-cast 3-52 fce 0.15
fcc B2 Annealed 3-52 fce 0.15
fcc bee As-cast 3-53 fce 0.15
B2 As-cast 3-54 fce 0.40

AlCoFeMnNi
fce bece Annealed 3-54 fce 0.40
fce fec As-cast 3-36 bee 0.20
fcc bee As-cast 3-55 bcce 0.20

AlCrCuFeNi
fcc B2 bece As-cast 3-56 bce 0.20
fcc B2 bece Annealed 3-56 bce 0.20
fce bece As-cast 3-57 bee 0.35

AlICrFeMnNi
fcc bee Annealed 3-57 bcce 0.35
AICrFeMoNi bcec B2 o As-cast 3-58 bcce 0.45
AICrMnNbTi Laves unknown As-cast 3-59 bce 0.35
AlCrMnNbV Laves unknown As-cast 3-59 bce 0.45
bee As-cast 3-60 bee 0.70

AICrMoNbTi
bce Laves Annealed 3-60 bcce 0.70
AICrMoSiTi B2 TI1 As-cast 3-61 bce 0.35
bcc NbrAl Annealed 3-62 bce 0.70
AICrNDbTiV bcc Laves Annealed 3-63 bce 0.70
bce Laves? As-cast 3-64 bee 0.70
AICrNbTiZr bce Laves As-cast 3-65 bcce 0.50
AICrTiVZr IM As-cast 3-59 bce 0.45
AlCuFeNiTi fccl fec2 As-cast 3-66 bce 0.05
AICuTiYZr beel bee2 hep AlTi, As-cast 3-67 bce -0.05
AlLiMgSnZn fcc hep IM As-cast 3-68 fce 0.00
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(Table 3-3 continued 2/6)

Alloys Phase Condition | Ref. | Prediction | Score
AIMnNbTIV B2 Laves As-cast 3-59 bece 0.50
AIMOoNDbTiIV bee As-cast 3-69 bee 0.80
AINbTaTiV bcce As-cast 3-70 bcce 0.70

bcec IM As-cast 3-6 bce 0.7
AINDbTaTiZr bcec IM As-cast 3-71 bece 0.65
bece TisGay Annealed 3-6 bee 0.70
bce Laves As-cast 3-73 bece 0.65

AINbLTiIVZr
bcec Laves Zr;Al Annealed 3-73 bcce 0.65
AlTiVYZr IM As-cast 3-74 bce 0.05
CoCrCuFeMn fccl fcc2 o As-cast 3-75 fce 0.25
fce As-cast 3-76 fce 0.35
fce As-cast 3-77 fce 0.35
fccl fec2 As-cast 3-78 fce 0.35

CoCrCuFeNi
fccl fec2 As-cast 3-75 fce 0.35
fccl fec2 As-cast 3-79 fce 0.35
fce bece As-cast 3-36 fce 0.35
CoCrFeHfNi bce C36 As-cast 3-80 fce 0.30
fce As-cast 3-81 fce 0.65
fce As-cast 3-82 fce 0.65
fcc As-cast 3-4 fce 0.65
fce As-cast 3-83 fce 0.65
CoCrFeMnNi fce Annealed 3-83 fce 0.65
fce As-cast 3-84 fce 0.65
fcc bece sigma Annealed 3-85 fcc 0.65
fcc B2 L1y sigma Annealed 3-86 fcc 0.65
fcc sigma Annealed 3-83 fce 0.65
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(Table 3-3 continued 3/6)

Alloys Phase Condition | Ref. | Prediction | Score
fcec o As-cast 3-80 fce 0.45

CoCrFeMoNi1
fcc (Cro.1sMo09¢.42N1ig.40) As-cast 3-87 fcc 0.45
CoCrFeNbNi fcc Laves As-cast 3-80 fce 0.35
fce As-cast 3-88 fce 0.75

CoCrFeNiPd
fcc As-cast 3-89 fce 0.75
CoCrFeNiTa fce Laves As-cast 3-80 fce 0.35
fce As-cast 3-90 fce 0.40
CoCrFeNiTi fce bee TipNi B2 Annealed 3-91 fce 0.40
A12 Laves D02y As-cast 3-80 fce 0.40
fcec o As-cast 3-80 fce 0.50
CoCrFeNiV fcec o As-cast 3-92 fce 0.50
fcc o Annealed 3-93 fce 0.50
CoCrFeNiW fce p As-cast 3-80 fce 0.40

fcc PuNis;
CoCrFeNiY As-cast 3-80 fce 0.25
Tthi17 FeB

CoCrFeNiZr bcc Laves As-cast 3-80 fce 0.25
CoCrMnNiV fcec o Annealed 3-93 fce 0.45
fce As-cast 3-94 fce 0.65
fcecl fec2 As-cast 3-5 fce 0.65
fcc Annealed 3-5 fce 0.65
fcecl feec2 B2 Annealed 3-5 fce 0.65

CoCuFeMnNi
fce Annealed 3-95 fce 0.65
fcel fece2 as-cast 3-96 fce 0.65
fcel fec2 as-cast 3-97 fce 0.65
fcel fec2 Annealed 3-96 fce 0.65
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(Table 3-3 continued 4/6)

Alloys Phase Condition | Ref. |Prediction | Score
fce As-cast 3-30 fce 0.30

CoCuFeMoNi
fce As-cast 3-98 fce 0.30
CoCuFeNiTi fcel fce2 bee Laves As-cast 3-99 fce 0.25
CoCuFeNiV fce As-cast 3-74 fce 0.35
CoFeMnMoNi fce p Annealed 3-93 fce 0.60
CoFeMnNiV fcc o Annealed 3-93 fce 0.65
CoFeMoNiV fcc o As-cast 3-100 fce 0.45
fce bee As-cast 3-36 fce 0.45
fcel fec2 bece As-cast 3-75 fce 0.45

CrCuFeMnNi1
fcel fee2 bece Annealed 3-101 fce 0.45
fcecl fec2 bece Annealed 3-102 fce 0.45
CrCuFeMoNi1 fce As-cast 3-36 bcc 0.20
CrCuFeNiZr bcec IM As-cast 3-36 fce 0.00
CrFeMnMoNi fcc o As-cast 3-103 fce 0.40
CrFeMnNiTi Al12 Laves Annealed 3-93 fce 0.35
CrHfNDbTiZr bce Laves Annealed | 3-104 bcc 0.55
CrMoTiVZr bcc Laves As-cast 3-105 bcc 0.55
CrMnNbBTiIV Laves unknown As-cast 3-59 bcc 0.55
bcec IM As-cast 3-71 bcc 0.60

CrNbTaTiZr
bcec hep Laves]l Laves2 | Annealed 3-71 bcce 0.60
bcc Laves As-cast 3-6 bcc 0.55
CrNbTiVZr bcc Laves As-cast 3-71 bcc 0.55
bcc Laves Annealed | 3-106 bcc 0.55
CuFeMnNiPt fce As-cast 3-97 fce 0.85
hep As-cast 3-21 bce 0.80

DyGdHoTbY
DO0;y? As-cast 3-23 bcc 0.80
DyGdLuTbTm hcp As-cast 3-22 bcce 0.55
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(Table 3-3 continued 5/6)

Alloys Phase Condition | Ref. | Prediction | Score
DyGdLuTbY hcp As-cast 3-22 bcc 0.65
bece As-cast 3-107 bece 0.90
HfMoNbTiZr becce Annealed | 3-107 becce 0.90
bcce As-cast 3-108 bce 0.90
becce As-cast 3-109 bce 0.90

HfMoTaTiZr
bce As-cast 3-110 bce 0.90
bce As-cast 3-110 bce 1.00
becce As-cast 3-111 becce 1.00
bcce As-cast 3-112 becce 1.00
bce As-cast 3-113 bce 1.00
bcce Annealed | 3-114 bcc 1.00
bece As-cast 3-115 bece 1.00

HfNbTaTiZr
becce Annealed | 3-115 becce 1.00
becce Annealed 3-1 becce 1.00
fce hep Annealed | 3-116 bcc 1.00
fcc bee hep Annealed | 3-116 bce 1.00
bcel bece2 Annealed | 3-117 bece 1.00
bcce hep Annealed | 3-110 bce 1.00
bcce As-cast 3-118 bce 0.75
bce As-cast 3-119 bce 0.75

HfNbTiVZr
bce Unknown As-cast 3-106 bece 0.75
becce Annealed | 3-120 bcce 0.75
MoNbReTaW becce As-cast 3-121 bcce 0.80
becce As-cast 3-122 becce 1.00
MoNbTaTiV bcce As-cast 3-123 bce 1.00
bce Laves As-cast 3-124 bece 1.00
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(Table 3-3 continued 6/6)

Alloys Phase Condition | Ref. |Prediction | Score
MoNbTaTiW bce As-cast 3-125 bce 1.00
bcce hep As-cast 3-126 bce 0.90
MoNbTaTiZr bcel bece2 As-cast 3-127 bcc 0.90
beel bece2 Annealed | 3-127 bcc 0.90
bcc As-cast 3-2 bcc 1.00

MoNbTaVW
bce As-cast 3-128 bce 1.00
MoNDbTIiVW bcc As-cast 3-129 bcc 1.00
MoNbTiVZr bce IM As-cast 3-130 bcc 0.75
MoTaVWZr beel bee2 hep Laves As-cast 3-131 bce 0.55
bcc + IM As-cast 3-6 bcc 0.55

NbSnTaTiZr
bce TisGay As-cast 3-71 bce 0.55
bcc As-cast 3-132 bcc 1.00

NbTaTiVW
bcc As-cast 3-132 bcc 1.00
bcc As-cast 3-133 bcc 0.85
NbTaTiVZr bcc As-cast 3-6 bcc 0.85
bcel bece2 As-cast 3-71 bce 0.85
NbTaTiWZr beel bece2 As-cast 3-133 bcc 0.80
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(a) #1 AgCoCuFeNi
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(b) #1 AgCoCuFeNi-Region 1 (c) #1 AgCoCuFeNi-Region 2

Intensity (a.u)
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(d) #2 CoCuFeMoNi
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Figure 3-9
Microstructure and XRD profiles of as-cast Series No.l alloys #1~#4.
(a) is an optical microscope image of alloy #1. (b)-(f) are backscattered
electron images of alloys #1~#4. (g) is XRD profile measured by the
instrument with two anti-scattered slits (“X’ pert PRO MPD”).
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Table 3-4

Analyzed composition (at.%) of as-cast alloys #1~#8.

A 88.2Ag-0.5C0-10.2Cu-0.4Fe-0.7Ni
B 0.2A2-28.0C0-9.5Cu-26.3Fe-36.0Ni
#1  AgCoCuFeNi C  |0.1Ag-30.0C0-11.9Cu-30.3Fe-27.7Ni
D 3.8Ag-4.5C0-80.4Cu-3.9Fe-7.4Ni
E |76.6Ag-3.8C0-12.9Cu-3.9Fe-2.8Ni
Alloy. | 21.8C0-20.1Cu-17.0Fe-18.4Mo-22.7Ni
. A 25.8Co-11.3Cu-21.1Fc-14.8Mo-27.0Ni
#2 CoCuFeMoNi B 3.7C0-82.8Cu-3.4Fe-0Mo-10.1Ni
C 25.3C0-1.2Cu-15.0Fe-44.4Mo-14.1Ni
Alloy. | 18.9C0-19.3Cr-19.3Fe-20.2Ni-22.3Ti
- A 20.6C0-15.2Cr-19.6Fe-17.1Ni-27.5Ti
#3  CoCrFeNiTi B 18.1C0-28.3Cr-23.1Fe-14.1N-16.4Ti
C+D | 17.5C0-16.7Cr-16.9Fe-28.4Ni-20.5Ti
Alloy. | 24.3Cr-11.4Cu-21.2Fe-22.5M0-20.6Ni
. A 20.1Cr-11.2Cu-26.7Fe-7.3Mo-34.7Ni
#4  CrCuFeMoNi B 1.6Cr-91.0Cu-1.9Fe-0.0Mo-5.5Ni
C 28.3Cr-2.0Cu-22.8Fe-28.4Mo-18.5Ni
Alloy. | 19.4C0-18.4Cu-20.2Fe-21.1Ni-20.9V
#5  CoCuFeNiV A 21.6Co-11.1Cu-22.7Fe-22.5Ni-22.1V
B 2.7C0-88.4Cu-2.9Fe-4.7Ni-1.3V
Alloy. | 18.1C0-21.0Cr-21.5Cu-19.1Fe-20.3Ni
#6  CoCrCuFeNi A 21.7C0-23.6Cr-10.3Cu-22.9Fe-21.5Ni
B 3.8C0-4.1Cr-77.4Cu-4.5Fe¢-10.2Ni
Alloy. | 18.8C0-20.5Cu-20.4Fe-19.7Mn-20.6Ni
#7  CoCuFeMnNi A 24.0Co-11.5Cu-27.7Fe-16.5Mn-20.3Ni
B 10.4C0-37.4Cu-9.9Fe-23.3Mn-19.0Ni
#8  AlCoCrFeNi A 18.5A1-20.3C0-20.4Cr-20.2Fe-20.6Ni
> Alloy. = Alloy composition
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Figure 3-10
Backscattered electron images and XRD profiles of as-cast Series

No.1 alloys #5~#8. (e) shows high-magnification images in as-cast
alloy #8 (d). (f) is XRD profile measured by the XRD instrument with
the Johansson Monochromator (“Smart lab”), while (g) is measured by

the instrument with two anti-scattered slits (“X’ pert PRO MPD”).
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Figure 3-11
Expanded Pettifor maps for rare-earth elements (RE). (a) is extracted
from overview (Fig.3-6), while (b) is re-summarized focusing on primary

solid solution with hcp-type structure at low temperature.
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(Figure 3-11 continued)
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Expanded Pettifor maps for various quinary equiatomic single solid

solution alloys. Some reports also consider the alloys of (d), (g), (r) and

(t) as multi-phase alloys. Purple box indicates the combination with

tendency of continuous solid solution formation.
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Expanded Pettifor maps for various quinary equiatomic multi-phase

alloys with score larger than “0.6”.
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Expanded Pettifor maps of (a)(b) IrMoRhRuW and (c) AIMgLiScTi
alloys. (a) and (c) are extracted from overview (Fig.3-6), while (b) is the
(a) map with the addition of information on the intermediate hcp-type

phase.
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Expanded Pettifor maps for refractory metals (RM), transition metals
(TM) and Al. (a) and (b) are colored by maximum solubility larger than
20at.% and 40at.%, respectively.
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(Figure 3-16 continued)
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Figure 3-17
Expanded Pettifor maps and its score for Series No.2 alloys. Purple box

indicates the combination with tendency of continuous solid solution

formation.
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Figure 3-18
Backscattered electron images and XRD profiles of as-cast Series No.2
alloys. XRD profiles are measured by the XRD instrument with the
Johansson Monochromator (“Smart lab”).
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Table 3-5
Analyzed composition (at.%) of as-cast Series No.2 alloys. “DC” and

“ID” indicate the typical composition of “Dendrite core region” and

“Inter Dendrite region”, respectively.

Alloy. 19.9C0-20.3Fe-20.4Ni-19.3Pd-20.1Pt
#9  CoFeNiPdPt [ | DC 20.0Co-21.0Fe-19.7Ni-16.7Pd-22.6Pt
ID 19.5C0-18.9Fe-21.8Ni-27.9Pd-11.9Pt

Alloy. 21.9Au-20.8Cu-19.9Ni-18.8Pd-18.6Pt

#10  AuCuNiPdPt foor 38.9A0-26.0Cu-12.4Ni-17.3Pd-5.4Pt
fees 12.8Au-17.9Cu-24.4Ni-18.0Pd-26.9Pt

Alloy. 25 6Au-17.1Ni-20.0Pd-18.8Pt-18.5V

. DC 7.8Au-15.1Ni-16.4Pd-34.0P1-26.7V

#I1 AuNiPAPtV | feer | 19.5Au-17.8Ni-22.9Pd-19.2Pt-20.6V
foos 46.3Au-15.1Ni-22.2Pd-5.7Pt-10.7V

#12  AuCrNiPdV fec 20.6Au-20.8Cr-20.2Ni-19.2Pd-19.2V
Alloy. 21.5Au-19.5C1-20.2Ni-19.4Pt-19.4V

. DC 6.9A0-19.6Cr-19.1Ni-29.1Pt-25.3V

#13 AUCINIPIVfeer |y 10.1Au-19.0Cr-27.6Ni-20.7Pt-22.6V
foos 63.8Au-22.9Cr-9.2Ni-0.8Pt-3.3V

Alloy. 20.3Cr-19.0Ni-18.0Pd-21.6Pt-21.1V

#14  CNipdPtV [ DC 203Cr-17.2Ni-16.6Pd-24.0Pt-21.9V
ID 20.2Cr-25.3Ni-23.4Pd-12.8Pt-18.3V
Alloy. 22.4Cr-16.0Mo-17.8Nb-22.5Ti-19.6V-1.70
. DC | 17.7Cr-23.3M0-20.7Nb-17.9Ti-20.1V-0.30
#15 CrMoNbTIV. | bee | 1y 30.8Cr-8.7Mo0-16.5Nb-23.2Ti-20.8V-0.00
O-rich 3.2Cr-0.4Mo-2.6Nb-59.8Ti-3.3V-30.70
Alloy. 16.6A1-18.8Cr-21.8Mo-21.3Ti-21.0V-0.50
#16  AICrMoTiV beo 17 4A1-19.4Cr-22.0Mo0-19.9Ti-21.3V-0.00
O-rich 3.1A1-4.0Cr-5.4Mo0-57.6Ti-5.9V-24.00

Alloy. 18.6A1-20.6Cr-20.0Fe-20.0M0-20.8V

#17  AlCrFeMoV [ DC 17.5A1-20.4Cr-15.6Fe-24.8Mo-21.7V
ID 19.7A1-20.7Cr-24.7Fe-15.0Mo-19.9V

X Alloy. = Alloy composition
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Fig. 4-2(g)ic R L7Z XRDAER XV, T b 0#1~4#3 580 0T L d
LL,MHEZERKMECHE2Z R oz, RiIT, 2L EEOMEE
H2%&, Fig4-2@@ I v#1 A&, “A"HE2EME T2/ &
(A7 e d 2ol 2 MMHAMAMKCC+D”)] © 2 >0 MME» 5 K
D, b L DMBNIC REIAZ Va Yy P 72 FTEKIN BB
THELTWBZ R bhol, #2-#3 A4 T3, HMHH & 72 3 “E"H
bR I N2, #1 &8 LA ICAH M & “C+D” M %
D2ODM»PrOEREINB 2L Hbd o7 (Fig.da-2(c)-(f)),
INLDEMORERN LM %Z Table 4-2 I & ® 7, “C+D’#
g R DO & IX EPMA OB DM TH 2 1 pm %L 25T E
Z2H A X CHoz20, MMMHEBOFEHMNAHKEZLHL TvD, &
HGEOAHIFEBENEWEELREREFELTCEDL, 51 Co+Ni off
2 Ll, HofbEimMK ©®H % 75at.%(Co,ND)ICHE W I & 2 b
(Table 4-2), “A”fH%Z L1, fHE RE L. T DMK %2 = Z I K & 0 H
BT L THI~EO AR DR B IRTE L 720
Figure 4-3 IC/R L 7z #4~#6 62 O MHMBI R R & XRDAERZ R L
77 XRDOFER I VHL 2R XS, WwiFho/AE&Th LI, Ho v
— 7 O AHER X iz (Fig.4-3(e)). T b 0 HE MBI T, K7 A
b T 2K M (“Prep) B ER I N-H648 D B 5 H (Fig.d-
3b)E). HNICEVWTFNoAEE L E _MHoFERERINLT VA
W, TNHLDZ EnH, NisAl-Ll, 0 @& 28 ic o % ikt % % &
M3z eicky, LR LLMHOMFEHRICKIILE L WwZR 2,
Table 4-3 IC &K #4~#6 54 D L1, HHO oW MHAKE R 2 F & o 72,
REWZ LT, #4648 3B X% 10at.%TH B3 DI L T, #5- #6 &
ETRHAIELPB L Z 6at.%TH S, b id Fig.d-1 1/8 L 2 NisAl
I Mo % Ta ZHMAEFE ML AZEBRZEZH» OHT I3 Al &
(~15at.%AD X W dIEFIC/h T v, o T, EEILERMIC LY L1,
DRELERE ELEZ EBHFEIN S,
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INXYV. oSk LLILEWoREEIC DT, WNInT % ¥
Ty 2T LML EMOREEERH WEZHEHBREERASZ, TR IR
B2 LLMHoREREICODWTE D 2, SEEY K-> 7~ B-site 7C
#(Al, W, Mo, Ta, Nb)®» 5 b, Ni ¢ X« LI, M2 EK T 3 L% %
AloHTHY Co & XELLMHZERST 2xFEITR B3, UL,
2 E L1, M & L T, CosAl, CosNb, CosW., K U CosTa @23
WMEI N T w100 5t 5T Colcdts 2% Al, W, Ta, Nb o Zl
CF LL RELDERDZ B bhrr b, Ric, Cox&AlE=TC
% TlE.Cos(ALLND). Cos(Al, Ta) & U8 Cos(Al,W) D & 23 & 3 [4-11-131
Cos(ALLW)iZ. 2006 4EIC Sato HIC X » THE I N7 B H L v i
LZE LLt&éEYTch ., Ni REESICE D 2 Co KA L 0 iEH
ELCHEMB AR IThN T 3{LAEY TH 311414 Co-Al-W
ZIL R IRREX % Figure4-4(a)ic/n L 72,Co . AlLLW% ¥ X % Co-10Al-
12W(at.%) D I CTH A & b 2B L, AL El T 3.,
Kobayashi & /&, 900°C-500 B[l & 900°C-2000 Kiffl > 2 > @ & T
Co;(ALW)Z BERAICE&E A7 Co e = AL 2R L 2/ 8. K FH
Wizh L7z v 7 ricBiF 2 Cos(ALW)DKRFER A 500 o b o &
ERTKRKIBIcAP Lz b, 20 Cos(ALW)IZHERETH 3 &
FEE AT 1T T v 114 Coy(ALTa)lcBI L €. Chen b 28 % @ % 5E I
ZFAE L. 800°C-168 Wil BF & T iZ EM & L CEAE L 7225, 720 Wi
2 Tl e RICHEE LA &2 LTw a2l —5  Cos(AlLND)
X 800°CTIAEMRET T, 7T00CUToRBEICRONTLRENLT S &
DG I T Bl 7n ks Cos(ALND) X 2022 il T L7z iE
pYoftaYTchdy, L) RKHECEHUE L 2o REMEITRSLEH
HInTwuhwv, ZThboif%Ero, Codkio =7t L1, Mk =7t L1,
MEFRMRICHERZREMH T ZERARIBINS, L2L, wiho Co
EZu LI, Hb ., 2O HFEVPRE OB CHIHEICRO 2 2 &
ERT L B0 SR LL,MHIE U LLEIY b EWEEEE A
T3 N B,

R#%ic, Mt % Tk, (CoNi);(ALW) . (Co,Ni);(Al,Nb) .
(Co,Ni)3(Al,Ta). XU Mo &FH L1, Ho & H 3 4121315171
Shinagawa 5 (¥ Co-Ni-Al-W TR B3 2 REKWFE 2 17 v 4w
MK % E R (Co,Ni)s(ALW)-L1, M O EE R & 2 & L 7z 4151
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fit o T, Figure 4-4(b)ic/R L 7= X 9 & BI{R T, NizAl & Cos(ALLW)
D EEER OB E I NS, HEkIC, (Co,Ni);(ALNb), KU
(Co,Ni);(ALLTa)icBdL T, x5 2 Co F: =7 L1 L &P & NizAl
Lo EGEEEO A E I NS, Mo &6 L1, HiC X,
Co3(Al,Mo,Nb) . K& T Cos(Al,Mo,Ta)A MR I NTEBY.,. T niT
Cos(ALNDb) & T8 Cos(Al, Ta)ic Mo 2" iEHs L T LR L EICEIE T
T2tk LT W Wl X5, b Mo& A LL,HHICH
NiZEBATRER C & W E I T\ g Hledsl

INOLoWMARMREREZ L ® 5L, Figure4-5 0 X 5 iIcEH T
X3, KETHY > 72 Co-Ni-Al-W-Mo-X(Ta or Nb)/NJC% D ¥
TVvAT LD DflAEGEDET, KE. D LIFELE R L1,
BHEET LR bho7, THLICHEIEFEWZ i, CoAageT
iZ. Bl 21X CosAl & CosW D X Hic, LR T LILMAEEKT %M
AL ZILICHAAEDLEAEZZTL R CTHBENLE R LLHEAPEE T 3
e B, EHic, Cod LI, i+ 2 NioFEmMmiciz L1, 4
DEENMERLZX D2 bhrol, b, KETHWAEINT
(Co,Ni);(Al,LW,Mo), (Co,Ni);(Al,W,Mo0,X)., M O* Shinagawa o %
R U 72 (Co,Ni)s(ALLW) M-15123 22 5E M or #E 2 5E AH o ] W7 13 B I 5
TIETcZ2hw, 2o LLHOZEMHRIC O W TIZ XY REFH OB
B PR Eb e EABETH B,

Riccn oW aE#RzZ Hw <, (Co,NDHE L1, #H D %t &1t
CFEY ZEAICOWCTHERT 5., B 23 R@)TrnLAzXric, M
WiEZH T2 AEL L TRILEWOHHBA T A F —h#tix. BE&E
R EFEKIC, TV P AV N—IH, BH&IT Y XL —IHAyy, EH
TV PR E—HAS D ZHP DK S, TV FAVYAN—IHOD
E»SE 25, R(8)icH o 1FiF. Co-Ni-Al-W-Mo-X(Ta or Nb)
INTCHRICEBITZ2 Y F AV N—=12 NiZ, KU CosZ Th Y (Z=Al,
W, Mo, Taor Nb), 2D 5 b, ZLiEM:NizAl, # L 5E H:CosAl,
CosW. CosTa, Co;Nb 28 E M ICHEE < LT\ 5% (Fig.4-5), 2 h
COMRAZEEZR L L., F3IETHEMLALBEBRAKICETSZZ v F X
VN—DMP LR LT AT T T, RiEXR NisAl & LWL ENE O
W Col LIL,HHZMHAGDLEZZ LTI, T VY F AV "—JEHXHH
IANALF RG22 ELRO 2ELPHFFINE, X(8)»
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bbhb»rsd X2, HHZAALVNF —HHloR—-2AI7 4 vERET LT
VIEXAVAN—HERE LRI AEY O LK T A ¥ — o B 7 1K
TH Y. My ®ASeonPF G ZWME L 256, IR TALKE R
GEUBECREEEFF O LLAL YV ILRENRTIERZE IR, £ 0
e, TV FAVA—THOYMRTHOBEEME IV SEMNLHBEHT A
WX —ifoOR—2F 4 vEERCTCENIE., ZIXLRTLRER L1, M
BETLHETHODZOTIREME 2B UELELS RE7Z5 5, Niif
e, LLEZERT 268 2HBM26b¢ 5 2L T, CoH

LLMHPLENLZERICIE, 2O Y FX Vv N—JHDOREEL

WELTWE I EREZLND,

R, BET YV P v ¥ —JHAS Il 2 W T#H 2z %5, Table 4-3 iC 5%
NTwi XHric, KETRWAEINZ LIHFP D Co+tNi @ &1k
YERMmMAKZ EHoTw2 720, #@f % Co- Nild BH A4 Micahd
INTwdeEZLND, 2T, AMETIFAF A FHIZ
37.5C0-37.5 at.%Ni THE I, 2 X0 b#EF 7% Co & NiH B
A4 P IN EIREL, KA KW, BEGOo T v P o —
AScons % 5t B L 72, Table 4-4 IC/R L 72#5 & ¥ #6 64 @ L1, H O
ASconstE Cos(ALW)D K 4 f51ICbEFT 2, B, 2@ 0.96R & 5
iz, ZTCREENEBERDAS 0 TH 5 1I0R ST 2l TH
5, COWMBEATERVWITEOREIZFFOEAT Y oy —3R
ASeonsld T RILEVHOLE®ZMRICT VAT 27259,

RBIc, BATY ZA Y —THAH,DHESICOWTEZL S, B 2%
TR R7ZFRIC, THiE A-site Z[EE L 72D B-site TEDEH. &
U B-site Z[EHE L 72D A-site TEDIERAEZTEZLDNLEL D 5 7=
D, T VAT LOERIOCEHAEBEb I L TET, BERNARF
HAH 35— R E 2 o FEEsH O CREMICEMm T 240 EL H
5, L2»L %26, Cos(AlLLW), Co3(AlLNb)., Co3z(Al,Ta)» = v F
A v N —TH 3% CoszAl, CosW., CosTa, CosNb L 0 & B LEMH%
BlimGasEETeIEB LAl ofbtAYRICET S
AH,p /T X LI, M2 AL ENT 2RI A e BEIND,

INOLDEMmE T LD UTOXIICEHE T2, BE-H#ER
EFExMbTF. HEDO LLHEAY 7y 27 o icEET 2. Bl
ANF—HOR—=R T A Vv ERDLZZVF AV AN—THOBE» S




105

BAE

FEHEICHEMTH 2, Ric, BAETY o ¥ —IHAS i LITRHFE L
B@EMED 1.63R LW 3/ha<ed, 2 nRbEMoREE LML X
ELHMICE S, o T LEYREOBEBVEAGN. bbb v ¥
AV AN—HOMPL, BHTERVIEERAT Y P B E—THAS D
TYAPIKEoT, LR LLAHATEY ALRECTD & VEEWEDE
BicEHBMLZ2 R E 20603, 20 LI, HOREWM 2S5 IcED
7201, BAET Y ALY —HAH,,,DEELC L) EXaHAALD
FERZLCESZYTCTIMEEZED Z2LER D 5,
AEOEZERICIY, ERNRIMLEVOLREEICETVTSH vV F XY
N—HOBEZEWE, bbb ZItHKRE T oG E R O P
Atenzz, BnEoRics i s@&me FAkic, 7 v X7 4 C[HHE
DKk taEYME AT IEBOLE M AGDYE 5 2 ik, fho W
BHIYDZAVF—WICEMN R R =R T 4 V55 AHy,® ASeon, D &
%% 3220 TE LINATOLRENICHEMICEH LS5, /o
T.HmiREEEBER L T 2baWorEREL LT, ZLRLAEYD
TFAEMEE % R L 26k D Pettifor = v FU1Ix8 2 058 & L Tl
INB.5F 3ETERL Z1HLE5E Pettifor > 7 |13 & @ HE K Pettifor
~v 77 r—~yv bELETILIED, HAEDLDETHEY 2 LA
RETH b, ito T, £9 [H5R Pettifor v 7| CTHEHIEXRME DO R 7V
— = v 7 %fTw, 2Dk, fKFK Pettifor ~vy 72 HWTEHAINS
fEEPHEO R RS Z MR LRMITEZER T 5, ¥k Pettifor
~v 7 CHhICLL e omtHEER L., £ D% [ LR Pettifor =
y 7 CENE L Z D SR EBEERMEEZER T 5 [ Pettifor =
v 7 % 7= High-entropy alloy design 2 ¥ — 4 ] I X b, ZFEW
BHHAA TV IR —BEORSCERERLIPFFCE 2, b, I
¥ Pettifor~ v 73X EHOTL B I L Tw 3 72019 Co kL1,
Mo k> h#RZEHEIENL TRV, 20720, BEEICH W 3BT,
SR EVMORBERHICEREH GO EVICT Yy 77 L —-FF 3
VBB DH DTEH D,

4-5. IN¥E
AKECIZ, 2R EEBELEY Y 7Ty 2T 2{bE&EYOBEGEYEZ
M3 ZHMIC, NGAlOoOEBEEICESOWEK R ERZ
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T, ZntkeEELEYOERZH A, NizAl i Co+W+Mo,

Co+W+Mo+Ta, Co+W+Mo+Nb ZH ML =264 #EF®# L., 700°CoD
B IC X > T, LL, PG VWHEEXRZ2E5 32580 1EF®-ICKL 7=,
KECHLNZEWRIZIUTTH 5,

1.

KWFFECHL Y # > 72 Co-Ni-Al-W-Mo-Ta(Nb)% 5t % @ % 7+
2FLD% LT, Coy bLLIENIiZX—2, L7 L HAME
wWahr, AEOLEYETER T 2 tHZ M2 ERMAAE DY
50T, Z4tAEYWOHBHZI A LT O R—RT 4 Vv
B, foBAEMIV b AALF —WITHENICAR S L PIAEE
ENnd,

B 5 n7(Co,Ni);(Al,W,Mo,Ta) + (Co,Ni);(Al,W,Mo,Nb)-L1,
HOBRBEGD T Y b B —AS Dl 1Z Cos(ALW) D #) 4 £ o i
bl ol, —2D0H A4 P 2EHBOLFELHO L L TELE
BEGZVIv—RAR L ke RBEILEVMORELZ T v
AL ERRIBRBEINT,

1. 20fiimi v, 2R EEZEITLIZ LRLEY 2 H
FEELT, 2t AED it EMEZER T 32 0% 2 EH I
HaEbd b RERING,
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(b)

“— at% X —

Figure 4-1
(a) Schematic substitution behavior of the third element X for the L1z
compound in the Ni-Al-X ternary system 421, (b) shows the
substitution behavior by judging from the extension direction of

solubility lobe of X in the A-B-X ternary system.

Table 4-1

Nominal compositions of alloys prepared in this study.

Alloy | Co Ni Al W Mo Ta Nb

#1 37.5 37.5 8.3 8.3 8.3 - -
#2 37.5 37.5 6.3 6.3 6.3 6.3 -
#3 37.5 37.5 6.3 6.3 6.3 - 6.3

#4 38.7 41.3 9.0 5.4 5.6 - -
#5 39.6 40.2 6.5 4.3 4.9 4.5 -
#6 38.2 41.4 6.3 4.3 4.5 - 5.3
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Figure 4-2

(a)-(f) Backscattered electron images and (g) XRD profiles of alloys
#1~#3 annealed for 168 hours at 700°C, respectively. (a), (c¢) and (e) are
overview images, while (b), (d) and (f) are high-magnification images. A

part of this figure has already published in Ref.[4-28] by the author.
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Table 4-2
Analyzed phase composition in alloys #1~#3 annealed for 168 hours at
700°C. The letter of each phase corresponds to that in backscattered

electron images in Fig.4-2.

Alloy
Phase Co Ni Al w Mo Ta Nb | Co+Ni
(at.%)
A(L12) | 39.0 41.3 8.5 5.4 5.8 - - 80.3
#1-
B 39.7 17.5 1.3 229 18.6 - - 57.2
Mo
C+D 37.0 422 95 5.3 6.0 - - 79.2
A(L12) | 39.8 40.1 6.3 4.3 4.9 4.6 - 79.9
#2_ B 40.8 184 0.9 17.3 16.6 6.0 - 59.2
MoTa C+D 38.3 40.5 6.9 4.4 5.3 4.6 - 78.8
E 34.1 43.2 6.1 3.4 2.5 10.7 - 77.3
A(L12) | 38.2 40.8 6.9 4.0 4.4 - 5.7 79.0
#3._ B 40.1 19.7 1.2 16.2 15.1 - 7.7 59.8
MoNb C+D 37.7 41.0 7.0 4.1 4.6 - 5.6 78.7
E 39.6 37.0 2.5 4.4 3.7 - 12.8 76.6
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(a) #4 CoNi-AIWMo (b) #5 CoNi-AlWMoTa (c) #6 CoNi-AIWMoNb
L
V L1, v
(110) (11D
v
v v V¥ L Y oA
= #4-Mo v #4
=) = v
i A i v
z L X z
= | #5-MoTa \Y 2 | #5
o 2
= =
- = | (100)
v _Vv ¥ I_ v v Y
#6-MoNb #6
20 40 60 80 20 30 40 50
20(° ) 20(° )
Figure 4-3

(a)-(c) Backscattered electron images and (d)(e) XRD profiles of
alloys #4~#6 annealed for 168 hours at 700°C. “Prep.” indicates
precipitation phase on the grain boundary. (d) is overview, while (e) is

high-magnification profiles.
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Table 4-3
Analyzed composition of L12 phase in alloys #4~#6 annealed for 168
hours at 700°C. A part of this table has already published in Ref.[4-28]
by the author.

at.% Co Ni Al w Mo Ta Nb | Co+Ni
#4-Mo 39.1 40.7 9.4 5.0 5.8 - - 79.8
#5-MoTa 40.5 40.1 6.3 4.3 4.5 4.3 - 80.6
#6-MoNbD 39.6 41.0 6.1 3.9 4.3 - 5.1 80.6
(a) (b)

900°C

— Metastable
— Stable

Co & Coy(ALW)

Figure 4-4
(a) The Co-Al-W phase diagram at 900°C reported by Sato and
Kobayashi 411141 (b) Schematic illustration of the L12 region in the

Co-Ni-Al-W quaternary phase diagram tetrahedra.
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Metastable-L1, Stable-L1,
Binary CosAl CosW CosNb CosTa NizAl
“Ternary | | N
Co3(Al,Ta)| [Co3(Al, NbD) Coz(ALW)
+Mo +Mo
Quaternary | || /|
g v (Co,Ni);(ALW)
Coz(Al, Mo, X)
+Mo
X=Ta or Nb
> '
Quinary || |
- (Co,Ni)3(AlL,W,Mo)
(Co,Ni)3(Al, Mo, X) Alloy 74
X=Ta or Nb +Ta or Nb
Senary | 1
(Co,Ni)3(ALW,Mo, X)
Alloys #5 & #6 X=Ta or Nb
Figure 4-5

Phase relationship between senary L12 phases and the stable or

metastable L12 phases in its subsystem. Phase information was obtained

from Ref. [4-4~18].

Table 4-4
Value of the configuration entropy AS.,ns/R of the L12 phase in alloys
#4~5 and stoichiometric-NizAl and Co3(Al,W).

Alloy ASC,,nf/R All()y ASamf/R
Ni-25Al 0.00 #4 0.89
Co-10Al1-12W 0.24 #5 0.96

#6 0.96
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Appendix.
EREMLEDOBBHIERE R EITHEB TREROELE

LRk rE&EMLELEMICES 2 2 Sk, HLEERES RO
EAICEEOWMBREZLONSE, ®5EBEALEY ABICH =TT
RXDPEBEWLZE, BERCtoTR L tETXOETERIELR 25 H
CRETEADBELC 220, BEEMBRLLFEKRD A H = X L TR
MHEom L2 c% 3, Mishima & 13 NGAI{L&Y @ Al % 4 +
kAR CEBLZ=ZT LL,{taYomMrtEE z#MA&E L. [
BERICEB T 2EERLO XS Ic, TEALBERISTOHEME M
WHBE 2R B 2 2 L 2l W20 fEo T, IHLIKEHEDILHR CTE
sz, LAEYTOKTFEAZE AL, XV & EAEMRL
Hfixnsd, L2AL%ArL6, ZIURLEY OB TEE ICB S 2 W
H3A v, 22T, K Appendix TliZ, Kfas TR WZE I n7z% T
ZLL,fHcow<CFHF /4 vFvr—vaviBEtzitw, 2R
SREELAEY oM EE ICE X 2R 2MEL -,

KBy I LT, A THRWE I NZ#4~#6 B4 -700°C BAL
HMEHWE, /2, BMoy vy Fre LT, #Hzic#7-38.5Co-
41.1Ni-10.9A1-9.5W(at.%) & ZF# L 72, Z © K X Shinagawa
5 @ Co-Ni-Al-W WG KRR BE X151 2 BLic P L. #4~#6 &< & [F]
Mo TFIEcHABEY Yy 72 ER L2, £/, Xi#k[4-21]D Co-10Al-
12W & 4 -900°CEVLFE A & SOk [4-22] 0 FH i X o TER I L
Ni-25A1 &4 -1340°CEVL IR M 2 LM IC Rl W7z, il x T, #4~#7
G0 XRD#ER%H I, LbHoOBTFERE*BEHRLAEZ, BHEL 2K
TEHIE Cohend FEEZ A CRElLEZE ML 202, 7 4 v F
v 7 — ¥ a v B (Hysitron, TI-950 Triboindenter) % % i T £ i
L. % LI, fHoWMHEErxE»r077~, F /4 Vv F v —3a vk
BRix. fAfE 10,000 u N o £ cEExh, 10u m BfE<T 5 %] x10
HMOEGFH 50 ML 72,

App.4-1 IC#7 &4 . Ni-25A1 &4&. KU Co-10A1-12W &4 o #H
ke, #7520 XRD#RZRT, £, KT R % App.4-2
CE o, HBEBEREERER» b2 2 X )1, #7T A& L Ni-25A1 &
ECHE _MHoGFEERERINT, 72 XRDOHR» L#7T 681
LLHEMAETH 2 LRI NEZ, —F. Co-10Al-12W &4 & T
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AT IE TS S LT Ww b CosW/CoAl $EIE @ 13 A i 4211 fcc-
Ll, M & Ebn s HERINL, Figd-3 20 b bdh s L
208, W 2o»rD LLEASIEEICHMEATEEZVWI b, AE
Tl $BEF A vFvr—vavixRke A% D SEM %
ExbI T, LILHOoOAZHBL T 2RO B %
L. ZOoHoEX & L 72,

App4d-3icF /A vF vt tHAEHEREROMERKEZ R T T
I L EAEHEROBICIZIEDCHBE PR TN, Ni-25A1 &8 K
O, Co-10A1-12W A& F /WX 3FEBEETH - 22, HEMMER
X Co-10A1-12W A D TR K E D o, T 7o, WRITHEE O BN
L OB XML, #5 A4 O X X Ni-25A1 &40 1.5 5 &
72 o 72, Mishima 5IC X > T NBAIICE=Z=TCEZXZHRML 2B o m
JE DM X, Fleisher B o E BB BEmAEICTE 2 2 L BRI
TWwp 200 Zzzc, KEIKEITZ2 Ni-23Al56&0% Tt RLIC X2
FoA4vFviirEEomEicEL CHEEBRCERICE D EER T
> 7z,

o AR o B R E LRI EA BT REOREICHE I T ERD
oo Lfbick v dhn s, Tk BRITHEO R FERE
AICHEHL., E@EEACEREsEICT 2242 FE 2%, Ni, Co O
CN.I2JF+EIFTEHSDH 0.125 nm TH H . Mo, W, Ta. Nb
0.140, 0.141, 0.147, 0.147 nm T&» B 1424 —F Al ZHi&E O
THREEBIMLZBORFERLRERLZ RO TS, I
TEBZA»bBEHINZ AlOR» T EoEFHEIEZ, Col Nio
EboThBLZ0.131nm TH BB HIEKRETAVERE T S &,
B-site # TO W, Mo, Ta x ' Nb 28 [E & mfb itk & L CHEREST % Z
EREFEZONDE, £, oy, Bo N L1, k. B-site DA
B % Co® NidffioTwadzetrEzZbN, Thb5DRFD Co
KON bBEEBCICHFSGT L2755, N AlZ_—=2{b&aPe Lk
Bro Bt s # 2 2 &, 25at. %D L BwmMAK 2 S Al 0 8 % 5w
7B 2 B-site X 2 E@EMILITEORE L L TERTEZ 5, AR,
TNt EHT B, Appd-d LWL A LI, FIEE. K
TEBM EEHERO TN b bt BIZEDOHBELRD 2,58 - T,
% JC AT HE 5 TRE D B A iE B-site 1k o E AL Ik 3 2 & 28 I
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FFInsd,

AKE T, Mishima & D17 o 72 NizAl O =0 HE & I £ 5 B
b CcCoMME A B2, Fo 4 vF v —va vidbicid,
X L RIFFICEAMEREZMET 2 LBAETH L7720 .% DG
Ero, Aol zoMEERcERED - 72,

1 1-vZ¢ 1—v?
1_ 54 ¢

E, Es E;

c=_ b5

2(1 +vy)
T, E, vl v I o v rgBEeRKT Y vV, EL vikF /A
VFVR—ETFTOXYVIRLERT Y VIETH D, RETIE, vIFEE
KHKOL R WwEIREL, 2TCoHEL£T035 2w, CoMELRICX
BEDERDEIICEHRTE B,
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T, MTERLGEIRDIICERI NS,
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2T, Gpn aqpld X —2{LEWY. T 72 b5 NizAl @ RHIPER & & 7 & %
TH D2 RICHEERTFBEHAREBMICE X 2HEFMegiERD X 5 ICiE
wIND,

n

1 m o m
€ =§(|E& + ag,|n + |g; —aea|n)m (Ap.2)
& + Bey
1+ 0.5]eg + Beg|
T, ab AT TH Y., A=3.8, a=16& e L T 1L T\ 3 [4-20]
noxMGT, HREMICE T 2 BEBILEAo R Fo X 5 ici

Wwcx 35,

& =

Y

Y

Aoy, = A~ xRp " €5

App.4-5 IC Fleischer #2 £ ® (n,m) = (1/2,3/2) 14261 Labusch {2 £ ®
(n,m) = (2/3,4/3) 271 Mishimal*20 A & L 72 mom)=(1,1) & O
mm)=1,2)ZH T, R—2{LEM%Z Ni-25Al & & LEZBEO
#4~#7 AeomibEZHM L 2R 2R3, AEOMEIZ. wIn
Dmmé dIEOHEZRL TEY FFic(mm=>0,2)28KRd X FEik
MREZHTHL TWBenbhr b, 2K Ll L&Y EEEA I
BIL T, mmPEREEBRLar 2 L VBEICHEFTL TV LE
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BB DM, App.4-5 XN T B IEDMET X B-site T @ AR 23
Ll ft&momEEMERNch b 2L 2HEIE 3,

INb e ARmMOEMmMEzET LD L, T XHickhsd, =V P X
VA—HPRADIY P E = AS i m 8T K o T L1, MHIZAK Al
BCOHFHEAGEE R o7z, T2, Al ERZFETFE2HE T 2HK
DILEN % EIC B-site IWEIE L /22 LT X o T, B EEMRLPE
LEatEIbNEZ, CNLO 20 BRIESERLEY D% TR
TE2MABAYVy FPTHY, LKL EIEVEE LA T 52 EMEL
EVESEDL —DODFTETHIIERRBINT,
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(a) #7 CoNi-AIW (b) Ni-25Al (c) Co-10Al-12W

L1,

L1,

10 pm

10_um
(d) Co-10Al-12W (e) #7 CoNi-AIW (f) #7 CoNi-AIW
V L1,
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App. 4-1
Backscattered electron images and XRD profiles of (a)(e)(f) alloys #7
annealed for 168 hours at 700°C and (b) Ni-25A1 and (c¢)(d) Co-10Al-
12W alloys. (d) is high-magnification images of (c). (e) is overview,

while (f) is high-magnification profiles.

App. 4-2
Analyzed composition of L12 phase in alloy #7 annealed for 168 hours
at 700°C, Ni-25A1 and Co-10Al-12W alloys. A part of this table has
already published in Ref.[4-28] by the author.

at.% Co Ni Al w Co+Ni

#7 40.0 41.5 9.6 8.9 81.5
Ni-25A1 - 76.6 23.4 - 76.6
Co-10A1-12W 78.2 - 9.6 12.2 78.2
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App. 4-3

Summary of nano-hardness and reduced elastic modulus for L12 phase
of each alloy. A part of this table has already published in Ref.[4-28] by

the author.
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App. 4-4

Relationship between the amount of solid solution hardening elements
Xgr, Which is total amount of elements in the B-site other than Al, and
various properties in L12 phase in #4-#7, Ni-25A1 and Co-10Al1-12W
alloys. (a), (b) and (c) are nano hardness, lattice constant and reduced
elastic modulus, respectively. The lattice constant of Ni-25A1 alloy is

used value from Ref.[4-29]
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App. 4-5

Relationship between Agg/xpr and &f'.

m)=(2/3, 4/3), (¢) (n, m)=(1, 1) and (d) (n,m)=(1, 2). Aoy, show the

(a) (n, m)=(1/2, 3/2), (b) (n,

difference of nano hardness between Ni-25Al alloy and alloys #4~#7. xgg

and &g are the amount of solid solution hardening elements and the elastic

dislocation defined by Eq.(Ap.1)M20%

interaction

involving

respectively.

edge
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B 5% CoCrFeMnNiE ANz v vV —F40D

HERICEZ2 3 SIiRVCTiHNMBE

5-1. #& &

FHIABETEHS LABIREERGBER CACEYHEOZEMICD W T
ERL, FLO03F TV RATLALGURRLB T IMBEMHORE. NS
TCRICBT2MHPEEZMBNT 2 EcEETHL BRI N, H
48 CIRE L 72 [Pettifor ¥~ v 7% F\» 72 High-entropy alloy design
AFx—L| OFMEZEI»® B7-DI1Cd, EREICEHICHEEEB®E
HICEHEAINSH HORENMNBERZHBEL T BEED 5, K
BECTEZntrmiREBRBEERICHRMITFEZRML 2B O HEKZ#HE
L. BAINZEZBE MHMEZzoy 7o 27 2 REX O BRE % W
2o MMx T, % 1% CF ML 7= High-entropy alloy design ® % v 7
5% AR RERORELEICOVWTHIRELRIT - 2,

N — 2 EEEICITEE L CoCrFeMnNi fcc N4 = v b o v —
A4 (Cantor &) % EIRLA-, F1EICRLZ@EY, Cantor &%
BFIEHEICELZEETH LN T B JEHICENLEZ I DERIC
it ZEAT 28T, XV ELLZME-EENNT Vv RAERL L
ME OIS I N TV B3 LarL, < 0kfTH%E T ik,
HONTLR 2B L 72 B o8 L o [[ & 2 M1 5K 53 B 13 %8 & % £ A R
(As-cast) IC[RE X LT\ %, IMNTT 35 5% %0 A1 A T8 % i 13 fig R BE
M2 HHTH B H, K72 Cantor &4 I BHE L 72 FEEIRE X o £k
P, ThiZ, B1IETH ERLAELXLSKC, L RREMZEY
CRITRETEPE LI TR L ICBRT 27259, £
T, RECREFMEKKm~ THKoKE] ZHWwW T, HEDN
CHBELLT VWL LR RERO R ILRiELXRET 5, F2EIC
BUIZMHFLY., 2RO VPFEHICHET 2 IR HHZ AL F — 1
WMOBHEMEL R I N2, KL TIE Cantor G DY 7 ¥ X 7
L ARREKOHEFHEER?» S KoK | Ckikd AN &S
FHEWImEZRE L 72, FfMliconwTIZ5-2ficidR 3,
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Cantor A& CHmMIT 2 0%F L LT, Ti & Si #EINL /-, Figure
5-1 ® Ji 5k Pettifor v v Z7WC/R L7z LS, ZH DLk T Cantor
BEDOERTTTHR TN DAV ZIER T 2ERAICH Y 5 MM
8 ANT Al Re 2 im0 Ty 2L 7z Cantor &4 O ff 5%
Tlix. Qin 5 2 (CoCrFeMnNi)ig-Tix (x =6 ~12) &4 D As-cast
MicEsBWwT Laves lHDAE A SN B Z L Z2HEL TH Y B6 Shahmir
2 HPT % fiti L 72 (CoCrFeMnNi)osTi, &3 % 600~800°C T 1 ] 24
W% 3425 Z & T, bcclleE o O ZMRL Twapssl, &%
LbOWED Ti OREE L H MHDE AIC XY Cantor & & D 5 1
REINTWDE, SiZHML 7~ Cantor 5 & ICBH L CTlix, miL.
Wei & 2% € )L Cantor &4 1C 10at.%Si ZH/miM3T 25 2 & CTH Mo
BANEZME L Tw 5 B2l

KWFgEld. Zx R @mREEBAREEMEGSICE T 2 HEHE & K
TLEMOBEBREZHEME T 27201, Cantor & ICx L T Ti® Si #
MU ZZEEOMFE2HFHEL 2, EBRICX D, 55072 o b bR
% 5-2 i CHRET %% €1 (Co, Fe, Mn, Ni). Cr, HhJCHE % [H 4
ET A r R mEmIcEE T 5 2 & ¢, Cantor X — XA D fcc M
EEAINLZHE MHoBEGEMELZ Xt LICBE L, MA T, SiHk
Mmea&TcRwZInz AISHE ¥ 7 v 27 LR IEME O D & fi
TEIC DWW THEBEWICHER 21T 2 7,

5-2. LR RER O ZRILREC & KT LR ERTH
REEMIZ, OFHEBEH. Q&M e FHEMK., 2 L <O
MoOBBRO ZEHELZHBEICRT I EBIMLETHLZ, ThbrilizL
2% L RIRER A, FHKME., wWbw 2 H _Jt R =t R IRE
MThH2, 2D L5 7%HE L Tl CaO-AlO5.SiO, @ #E = JC % K fE
MaELTchsrbEB, 20Kt Ca, Al Si KO O DK 2 5 AL
% 5. CaO., ALO;, SiO, D=2 ft&YWoHrICEFHT 32 &1k
> T, HMEANWITRKRENZ ZTCRREROBIRTRIL T 3%,
L2 L., EBBoFEECTIZ, (FHLAEZ-EDOLILREED A &ML
ECHEH—MEFmEcdozELTd, HFEE2LZomE TREML
W, ThabboN L 2SO E— P kv R EE
INd, ftoT, kAo REBRKEZEKRT 2 Lt F—FHk
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THFPE 2R T2 e &t =TtRREKOEKIZHE CH
5, KWK, 2z 2. ® 5% Itk KK O KW ot
L. FRLZEZ—HoaSoMEKoMHERLZEE T 52 LT, $ILk
BT HMEAMHO Tz RIS L EE XL,

HWRMOBEBRENEIC R T 2o, £ oMK FEIRE KR
DEEVREETH L, A TIEEENL Cantor & X L T Ti L ¥
SiZERLZBOMBROZMZERICHAEST 2, 20 X5k
H. FE L Cantor &4 & 100at.% D RN JTHE % 1M bg 1< B W 72 i =
TLARKREKOBKbEME 22, LArL. RfFEOHAEIC X - T,
ANMITFEORMT o HELELL., 2D o HOHFEMHBEIITHFE L
Cantor B LB MILFZMALHBM LT B b ok, &
D o HOLEWIX Cantor G OB ITHEB OMAEEH L B2 E
Bnbsr R _TtRIRERICENT W 3, Table 5-1 ic Cantor &
BOXKMERILEL LK S L RIREXICH T 2 fcc O LEHEKZ R
L7210 Co, Fe, Mn, Nidffi®E cXERL fcclHZHL TV 3
. Crid becc tHDADRLEMHTH 6, fccawxmMEoflAGHLET
. fcc DEFEBEEROIERMERICH 5 & B AMNLSE, Lo
L. 28b fecemHKRieNL T Crzfladbezgad,. Co-Cr, Cr-
Mn, Cr-Fe DflaGHLET o HEBEK T 223 b2 2%, b
i, FE N Cantor G 2 Kim CRIKH 7 =—19 2% 2 & T, Cr-
rich s o tHO L EAL D ]E T T pBlistel = o ofif
721k Cantor X — 2 DMEHETIE Cr X —XD o HDFEH D
WHEATHDHTEHEH®KT L, FENL Cantor &5 & o HE DR %
Bz, KLl fec ZEMNMTHER %% (Co, Fe, Mn, Ni), o
ZEAITEE Cr. miMLE TiorSiZHAE LB =ZTCRAREX %
SR ORE T 2 HAWHE L CERL 2,

Figure 5-2 IC Series No.1~Series No.3 & & O NMMHK 2 %% L /-
(Co, Fe, Mn, Ni)-Cr-X(Ti or Si)#t =t 2 IR %/~ L. Table 5-2
R L-A0 MR E LD, EEFFTORIAFOT”
ST EnE N, TidmmM. SidiM 2 EWR 3 %5, Series No.1 &
DI IZ(Co, Fe, Mn, NI))-Crff FicfuEB L CTEHB O, ZEx 0
CoFeMnNi & ICZFMMIC Cr ZHRML B0 M Iisd 5,
Series No.2 5413 % £ L CoFeMnNi &4 icxf L € Ti, Si%® Cr %
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AWML 7BoMEER%ZFHEL T3, Series No.3 &4 1% Cantor &
et LCiMITH(Tior SDZRM L 2B O MMM 2 T E L T

5, WINOELDANHMED. Co:Fe:Mn:Ni [t l3FEELTH h |

=t R REX R ITME M Eicd 5, Series No.4 & 13 #12T
HEEOMBEMHOME R HEEZHER T 2200588 THs5, 72, Siil
Mme&cRhwiZanz AI3MHE S 72 27 &L EMBE O MK o i
WaEFHET S57-01C, Series No.b & #FH L 7=,

5-3. EBRG&E

Table 5-2 KR L2 XS Mk zRoae 2 FH L&, 7
. ZXEDOE W Mn O L B EM A7 Cr o IFER Y 2
C7dic, YO AREZ—4 v Ty F 20at.%Co- 20 at.%Cr- 20
at.%Fe-20 at.%Mn- 20 at.%Ni &8 (#0) % & AR AEBF I X - <
fE® L 72, XRF(JEOL. JSX-3100RIDZ i wTA v 2 v ko L&
TH cim afHR R 2 2w & 2HERE, cnztHE L, Ti, Si
kX Crua 7 — 7B THRMT 2 L T, Series No.1 #2~#6 &
4. MU TD Series No. 3 & 4. #28S~#30S & 2 F#®I L 7=, #1
HAEMVP, &£ TD Series No.2 &4, #27S, #31S~34S &4 4 13 Mn
BERM v, O INDER» L EEERL /2, Series No.4 & &
., Cre MnoWwIndHEETH L -0, SRKEEMRIE cERL
72 13 at.%Co- 50 at.%Cr- 13 at.%Fe- 20 at.%Mn- 4 at.%Ni & & %
L., 7—77EBcHRZRAEL 2,

FREBEEREZ, TArIFdLF~r v 7 8o EE %%
BL., FY¥ Yy N—NEILKEAY 7TH 2.7x10°%Pa £ THIEL 7=
%, 1 2.0x10Pa> 7 ATV EFEHATCEMBI N, BiHEN 10
SHEEFLZ%, Eftfv vy ca—-—74 v 27 Lk S45CHE—LF
AL, T— 27 BBOFIHITEIELFRKTD 5,

BREBEVIE L724 vy b e, MEINZEHAGEE CEHAL.
1000°C-168 RifH] O BALBR D 1%, ML D IC/KIm Z AT o 72 VIMT .
B Ica® L zo b, SICIKIFEMR CHITEL, 74 3 FiRE I
koravafzZry)hoHEmft EFE21To%, 0%, FE-EPMA

(JEOL. JXA-8530F) ¢ X 2 M & M#kBI%. =& XRD &
(Panalytical, X’PERT MPD)% % i L 72, % < ® XRD ¥ v 7 1 i




127

HBOE

£z SICHKTH L EH#I000 T THELEZ AV ZERD Y v 7
NEFH W, #9T. #17S. #25T. #26T. #28S~#31S &4 B L
T~V RECRMEILIRERIIOEZRLZ-0, WC
EAZNLET R —AEBEEHCTHBRLERRERO Y 7%
w7, £7. XRD 2o K& 72+ T8 L Cohen D7 Z H v T
&AL & AT o 72 1517

5-4. REMEB L UEE
5-4-1 (Co,Fe,Mn Ni)-Cr it R D HFE# (Series No.1)

Figure 5-3 IC Series No.l &G0 REXW A KHEFH L XRD
HEKREZ R T Table5-3ICEHGEOME I MFERZE LD TH 5,
XRD LMK DFERD O #0 L V#L A& EF LD 5 b fec EAFHE
HEeE®TH s LAERIN, ThRETMEL T 2HRRTDH
o fz 51218200 Fig 5-3(a) ICHHREIC R LT3 X H i, #2 &8 fec
FERABEHAEETH IR, L VEET DO CriBE2E VW#3~#6 &8 T
X o MHoRENIMER SN (Fig.5-3(b) (c) (d))., #4~#6 &% 13
fcc-o ZHER L o2, #3362 THEWRKER o HDIEH2 1T, fcc

Db RN EICE = MHOFEZMHERL 72, ﬁn‘%fﬁ)d\é‘b\t&b#
XRD HI/E CHHEZMICRIET o v — 27 3R I T v 4o T,
KHE Tl D% =% Unknown # & FHEFR I 3%, Cantor & & 3%
EALMHKD fec G E LTV DN S B, RO DEITHIET
X o HUI DM OFELE S & 4T 3 B-1astel {2 (¥ Otto & I3
500°C CELEE L 722 & L Cantor &€ 1B W T, Ni,Mn-rich 72 L1,
< Cr-rich 72 bec tH & fec HO P2 iR L <k b 514 Klimova
51 600°C TEVLEE % L 72 Cantor 54 T becc MO ZHE L T
%5151 ORI TR Wi2 X372 Unknown HH D A GE H & ® T, Cantor
HEEALOETFHEHICOVWTEIELRLIMEILETD 5,

5-4-2 (Co,Fe,Mn,Ni)-Cr ATt R DtHFHic 52 52 Ti D &
(Series No.2 No.3)
Figure 5-4 C TiZ /ML =& o REW & K& &E 7% & XRD #Hl &
EREZRT, Tableb-4 i E GO AT EREZ T O TH DL, F
1%, Series No.2 & DM F#Ic O TR 23, #7T, #8T Kk #9T
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A4 Tk, Cl4 8 @ Laves fH (Pearson symbol: hp12) 2 fcc #H & 1l
T2 2 & MBS H» L o 7z (Fig.5-4(a) (g)). #10T &4 CTd fcc &
Laves ’fEil s Tcwa e 6 D ED Criim<iz. (Co, Fe, Mn,
Ni)-Ti R IC B} % fcc-Laves P A Z{L L & BT,
Series No.3 & ICBI L Tk, #11T A& D A » fcc %*HA/;E}: ZANRSS
fo—Ti. D #12T~#14T &4 T35 M2 % =M o 778 23 i 32
2o TOZEHL, 1000°CT D% E L Cantor &K 9 2 Ti o)l
BRIIB L Z 4at.%TH 2B b2 b, #12T Tld, Fig.5-4 (d)D
Cre~v e v 2oLk X, CriBEDE Y fcc BMH @ Fic,
Crigfb 2@ Wl (Cr-rich ) & CriREE A 7 (Cr-medium )
D 2ODMHBIEEL T3, XRD @ # 4 (Fig.5-4(g)) X . #12T &4
naa%l_# o fHE Al2 fH(cI58)DMHEHTBZ L EZRL TV
BEELIEBEOZ® XRD 2 MoV, 2 T,
#12T &4 @ Cr-rich #H & Cr-medium Mo B EZ R E 3T 5 720
iZ. SeriesNo.4 H& Z#{F8 L %z, #25T A& L #26T &4 O K4 E
& & XRD #Hl & &5 2 % Figure 5-5 1, #0145 & % Table 5-5 IC /R~
T, XRD O # R XV #25T &4l o HAFEHTH O, #26T &4 12
Al2 A FEMHTH 2 Z RO R o, T MBS ITORKE
(Table5-5)X v . #25T &4 D o HH & #12T &4 ® Cr-rich #H. #26T
G40 A12 M & #12T &4 D Cr-medium lH DA IZ —E L T 3 Z
&5, Cr-rich fHiZ o #&. Cr-medium fH i1t A12 &2 Ffo 4 &
REL7, B4t TiEEORIICtE v, #13T &4 (Fig.5-4(e)) T
X o HBHEK L., fcc & A12H & X Laves 232 X 5 1c &k -
o oI, TIBENHMT 2 &, #14T & 4 (Fig.5-4(f)) T 1% fcc 28
WKL, Al2-Cl4 o —_MHEE L > 7=,

5-4-3 (Co,Fe,Mn,Ni)-Cr ATt R DHFE#Ic 5 2 3 Si 0 &
(Series No.2 No.3)
Figure 5-6 IC Si Z AR ML 72620 REW 2 KHE B &£ XRD #Hl &
R %Z/RT, Table5-6 K& HEOMBEIMERZ T L TH D, F
3 1% Series No.2 5@ DM FEficowThR 3%, € Si &% #15S &4
Tl3 C14 B Laves fH 2% fcc #H & F1r L 72 28 (Fig.5-6(a)). Si & 2% L
235 1D, Laves tHOMRBEFE O D & Al3 HO ZEMHER T
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(#16S &4 Fig.5-6(b)). REKMWICIIVED GHEZEAX A3 H%
FHETE2HEE o 72 (#17S &4 Fig.5-6(c))., fcc-Laves-A13 #H
D=HEE#16SICPED Cr Z L 72#18S 54 T3 Laves tH 2% iH
KL.fecc-rAIS ZMHER L B2 B b o7, Crid#18S H4& D fcc
& A1 HoMmMIcHFE TR T T\wb 2 L d» 5 (Table 5-6).

CoCrFeNi-Si Lt R I N3 2 Cr DRMIC X v fecfH & A13 tHD
MPREALEZZ EBREmA TN 5,

KIZ, Series No.3 & DHFMIcow T3, XRD & fH#El%
DGR LY #20S A& 1F fec FMEE L A D #22S G &3 fec-Al3
“MHEE&ETH DB LB DbDd> oz (Fig.5-6(e)(f)(i))., FHBRIic, #19S &
&b fcc HHTH D, #21S 64D fcc-A13 ZMHEESTH 5 Z L 23
WEINTZ, I NLOFER XD 1000°CicBF 5 Si D% E L Cantor %
fcc HicxI 2 BERITH L £ 7Tac.%TH Y . Al13 H o #5835 X
CoCrFeNi-Si it % 2» 5 B X % 15at.%S1 D FEMBEAR ICH o TH YT
Wb ERDbDrD,

fcc-A13 “MHFP#Tic 522 CrogExfEro 57201, XY Cr&
D\ #23S - #24S B B FR L 72, fREMIC/R L 724#24S A& D Fe
~ v v v 7 (Fig.5-6(h))ic 2 1L & @ & & © fH ¥ i o FF 3 23 UH #E 1< &
NTEH, 2N X Fe-rich IF fcc M. Fe-medium I o #H. Fe-poor
X AI3HZRL TWwb, #23S A% - #24S 2D EB LB W T B
o tHOE AR Iz,

5-4-4 Co-Cr-Fe-Mn-Ni-X (=Tior Si)/NTCR DHEMH D ~RIGER T

N % oD Series No.1~No.3 A& oM MH OB % . % £ 1 (Co,
Fe, Mn, Ni). Cr. Mt H (TiorSHZHLS & T3 =t RIREXIC
¥ & ® 7z (Figure 5-7), %7 v v M I3 EBMNICH LN HHEKERZ
BeELlzdboTchsd, ek, #4 &4 D Unknown fH < #15S - #16S &
& @ Laves HHICBI L iz oL TH 2,

Fig.5-7 iZ Cantor & D HM K IC 5 2 2 IR MMICHE D2 8 %2 IHIE IC K
LTEsbh, flzi. Tiodim< AI12 M & Laves tH2A L EL L. Si %
WML 728610 A3 LENST 2, £, Cr & Ti o,
o Cr e Sio@mmit o HeLEAST 277mIicE <L dZbdh
%,
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Fig.5-7 © X 5 XL T EIR. Zn R REX oA IC BT 5 #H o BE%
H. il 21X, (Co, Fe, Mn, Ni)-Si LIt R IC B % Laves fH & A13 fH
DA% % (Co, Fe, Mn, Ni)-Cr Lt %R IC 513 % o # & Unknown fH D
B clxiEiciddb c& v, L2 L. Cantor 3 fcc tHICTE A
AlREZR S "ML 207D DB 2R ST 2 2 & A[hRE L
ol o T, ZDXKRILEIT Cantor HEMH A EHFK D20 DRI
TCHEIERICET IR AEEL L CHET 2 23 HFIN 5,

5-4-5 W HEH O & E

kY., HRw7ZIns Laves tH, o M. AI2 fH. kT A13 H 7%
CoADLILRFEMHEY T AT LAREKOBEBMHICO W CEMRT
%, Cl4 B Laves tH% o HHIZ. HE D ILRBFE O (& (Wyckoff
position) Z RO B HIECcH Y, BB I ETH O -7 LI, HD X 5
Y T RAT LICHFEET 2REQHAED T L T, i @Kt &K 28
FrEMBOILE LERT 2L THAEL TWD A B2l - ¢
9% FAICEOE, AMETCEHEUTOFIETL LR DEEKME DL
TALERAEEZ L, T 3. V727 REKEREZBEHL, X
—REH VIV TRATLAHOLEM L HMITE DGR % L
L7z RIC, ZNHLDEMPOED S T, HILRICEH T 2 MM
DEEMEEZERL 7=,

FFE. Tidmicky, “ENLZ Laves tH2 b iEi 3 %, AB, D
M TcEKRIN B Laves{fb &I, Fic C14 B C15 8 | 2 f C36
MOo=MBEONY T - a VHEAFIET IV, TLoDECITHEAERL
LA TOMBEETTH LI ERALNT W B B2 Fig5-7 X 0|
Laves tfH D fH ik #E 1% (L. (Co, Fe, Mn, Ni)-Ti At R 2 bk X * —iF
o Ti & T (Co,Fe,Mn,Ni)-Cr #l KM & P OTHICHITwE 2L
bbb, Tbic, Co-Cr-Fe-Mn-Ni-Ti NJtHR D% 7 v X7 L 7T
A TRNI-TizhzI~xToMArabe T, TiZz2oMRATERETH
% Laves lHOEE DR ER X LT \w % (Z= Co. Cr., Fe, Mn) 5101 $¢
ST Y7 VAT LA DOREFICE ST X, 2oLtk TR I N
72 Laves fHd TiJR ¥+ FIiC A% 4 b % 5® 7 Tiz(Co,Cr,Fe,Mn) T
L EBEEINDE, 2D Laves HOLZEEICODWTIZ, A 3 A4
FtHFRE BYAPTEODRFIAXELZORERZ XN T 5 LFE
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AbNTEN, A VAP TRORTEERE B 34 FIuFErno
1.05<1y/r5 <1.68¢ & 2MRIA WIH CHFET 2 2 L XA b TWw 35
24=26l  Ti Ml Cantor G DKM EILF DO C.N.12 Ji 1K
Co0:0.125 nm, Cr:0.128 nm, Fe: 0.127 nm, Mn: 0.126 nm, Ni: 0.125
nm, Ti:0.146 nm TH Y B2 Tilgfh oMK ITHE LV S RE LV A
X CTH 5 », Cantor EKITHFE ORI Tl Iz & A Y E T2 v, Hid O
. TiNis-Laves 3 =t R ICIEHFEL T v, Ni-Ti-Z =t R K
REXITit. Ni2a B¥ A PIc@EBL 2 Ti(Z,Ni), 2 T % (Z= Co.
Cr. Fe. Mn). Ni % fitt® Cantor #iTH L FEKIC B ¥ 4 M ICEH
T&E DL bh pB2838 fit 5 T, K98 CHEFR & 117z Cl4-Laves
fH1x Ti.(Co,Cr,Fe,Mn,Ni1)T» 9 . Cantor # ikt 5 2% Laves fHI1c &f
LB EREICERL L 2MEIITHEREFEL %\ (Table
5-4),
R, oMicoWTEWRT 2, 0 HOLRENIZAT v L 2% Ni
HEaeh oMM EE 2B -0, ZOREEICOWT
OB ITOINTE LB o HoOLEW X, TETFH e/a
R E L 2 FPHEFELBRENICIIVXEINZ EEFEZLN TS
(5351 Table 5-1 IC/R L7z & o1, 37 v XA TFT L% T Cr i3 Co,
Fe. Mn & o tHZEHK L., 20 b3 =0k CEBEEMERZER L T
W3 ZEDRmEIN T BI:11283637 0 Ni o Si, Til Cr & ~Jt%
T o HZEEKL w8, &N}&E*%ﬁujﬁ%¢%m:o$ﬁ
BEEINTEH Y, Cantor HKITFE 2 6 K 5 1 4 D =JT K K A&
Z. Ni, Ti. Si 2% o MHICHE&EETH 5 kﬁ)iﬁﬁtéﬂfwéw'
2837391 b A, Ti® Si ZH ML 7 Cantor & 1C o HAE A X
nNa2fio—-—o2otE26N3%,
mEZEIC, TIRNMEGE CHER I N A12 KX O, Siminé 4 <R
Ih/e A3 T2 0w T ﬁuao_na@mi%n%nvaﬁy@
—XEBEETHDE a HE BHLEALHESEEZAEL T\ 5, Fig.5-
7% 5., A13 13 (Co,Fe,Mn,Ni)-Si it R IC b FHET 2 — . A12 H]
13 (Co,Fe,Mn,Ni)-Cr i % (Co,Fe,Mn,Ni)-Ti AILHZ D & H 51T b HE
?Eéﬂfhﬁblf&b (Co,Fe,Mn,Ni)-Cr-Ti/NJCc% CTHEA & EMHD
IR XS, TZTH TV AT LICEIT S AI2HH - A3 HHOME%R
m@ FHLX?. 2R TEM MniZ Ti 2K MT 2 & Al2 #H («a
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M) DO MR A SR E TIEA Y. Si Z#FMT 3 & A3 (B M)
TR 23 A s BBl Z ik, M Mn ic i L € Ti ik A12 “EALITE &
LCf&, Siid AI3LE Ltz e LT eZrRi®RLTWwWE, X
i, Cr-Mn-Tis X O Cr-Mn-Ti =t R &% A 5% &, A12 tHDEIA W
T AT L T\ 3 [5:2829.89400 2 © 0 SEATHESE T EFEE L
CoFeMnNiTi 4 C A2 HOoBFEEPME I T B b0
e, Cr* Fell i Mn-Ti-based AI2 lHo X EbtHRTH %
ERTRRING, —H. MnZzEFEhw A2 HIKEINTEHY | A
TR 27 v X Lle aMn fEiE D Co-Cr-Ti & T, a Mn Hik 2% # 1
ft. L 7z TisRez B{L A 2% Cr-Fe-Ti %. Cr-Fe-Ni-Ti %% X % Co-
Cr-Fe-Ni-Ti & T & T\ 2 51128422451 FlIR PR Z L, 2
b0 Al2 Mo TIiBEFVWTFhd 11~17at.%Ti L RABRETH 2, T h
b l%xEZLBE, Co, Cr, Fe, Nit Tizdb st i 2
T, AI2HOLREW XM ET 22 ErHFINS, Ffkic, Al3
HICOW T KR EX 2R 3 5% &, Co-Mn-Si, Fe-Mn-Si ¢ &f Mn-
Ni-Si ZJ0 % CTlEMEIA W Mn-SiR_R— 2D AI3 HEZEHEHB 2K L C
W B [5-28.29461 0 = o Z & b, Mn-Silcxt 9% Co, Fe. Ni L
I AIBHLAELI R TRIR I NS, EEIC.RKFFECTFERL % Co-
Fe-Mn-Ni-Si it F A& Tl AI3H2 AR I Twb, Al2 fHo
HEFKIC,. Mnz& TR AI3MHE LT, BMn &2 HHME L 72
Auw Al R L &P 28 Cr-Ni-SiEB X U Fe-Ni-Si Z 0 2 CTHmEINL TV 3
[s-11.2846] = 6 oLEICHE I L, (Cry Ni), MU (Fe. Ni) % 1
T SitlAEbE s L, AISHOMWLZEMMB LG IN S,
I oM ANAREBRER?2? . AKX THWE I L
CoCrFeMnNiTi % Al2 tH & Mn-Ti % Al2 tH¥E & fF CoCrFeMnNiSi
% A13 M & Mn-Si % AIBMHOMICIZEHERBEREITIB I Nz, Kt
KT, P LR TV 2T7 208 GE X VAEICT 220,
Series No.5 &4 T/NJLHR AL3 tHE ZJtH AL3 HHic (R 2 J&4 @ fH ik
fHIK % FE L 7=, Figure 5-8(a) 3% € & (Co,Fe,Ni), Cr, Mn, Si %
HE LT 2T RREXMEATH %5, Fig. 5-8(b) ik, 2 oMt R IR
REXPUMHE AR @ 15at.%Si #H B W7 [ 1€ Series No.5 &4 O N K % #%
HLlizboThb,5-2ficibx7 X 5ic, CoCrFeMnNiSi &I & »
T Cr& Sild Cantor 5O ItFoOP CITEMITF & L THY
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bhd, £/, SHEIZAMn LRUEREEZFHE> A3 Ho L EN
ik T 5720, Mn 37 TEA E L CEE., feo @i BEA % K
$2 Co.Fe. Nilgd—2DHHELTEILOEIZRELLEZZ, 2D
X9 L CHRE SN2 EY) 7% 0K 81X 28 Figure 5-8(a)ic/n L 7=
(Co,Fe,Ni)-Cr-Mn-Si Ut FREKMEMATH 5, LHrL., TNT
=Rt KiL o> TLZE Sz, Fig.5-7 L o ICBEFRE D ZFEL .
BEPY G R IR BE X MU T 1R % 55 15at.%Si TY) Y L - 7= Fig. 5-8(b) & & %
72, 15at.%Si CYIWI L 7= B 13, #22S &4 28 Si B 23 ~15at.%Si D A
LA AIBMHEEMET 268 THY, EIHE %225 Mn-Si —Jt% B 1
DK SiEP~15at.%S1 TH LI 2 ER LD TH D, XTI
INTWwD X HIT, #27S~#31S &% K U*. Series No.3 &€ D #22S &
& DONFRMKIE. % £ 1 (Co,Cr,Fe,Ni)-15at.%Si (#27S &4 )& Mn-
15at.%Si(#31S G @) 2 AL FEMEKMEICH 5, T2, #21S HE L
#32S~#34S &4 13% &= L (Co,Fe,Ni1)-15at.%S1 & Cr-15at.%S1 % #5 A
72 EMAER i ® B, Figure 5-9 IC#27S~#30S A 4. #32~#34S & &
D 1000°C-168 K ZAVALEL AL, 3 X O'#31S &4 D As-cast # o Hl##k
BlEMER, KCXRD#EREZRT, 7. HEDHT DR % Table 5-
TICE L7, 301 Mn-15at.%S1 & CoCrFeNi-15at.%Si [t @ 23 FR
F % FEo#27 6 & ~#31S AR O R » b iB X2, XRD & A AH #%
255 27 X 5 (Fig. 5-9 (a)(b)(c)(i)). #28S~#30S & 41 A13
HEMHEETHEEBWHL 2 ER 57—, #27S A4 13 Mn % i
BMItEICET R WICLEDLOL T AIBHOGFEEPHER X /-, As-cast
D#31S A& D AIBMHHEME 2 Y, Tl Mn-Si ZtRIRER L —
LR L 2o 72101 Figure 5-10(a)ic . #22S. #27S~#31 &4
D AIBHOME % £ & ® 7 ,((Co,Cr,Fe,Ni)-15Si)-(Mn-15Si) @ #H &
R bETlE, #2271S B2 6 #3ISHERICL T T—ED Simx kb
b.EMAITTROMEM B EGEICEL L TnwE I eBbrd, &b,
e b FR I E B I Z L L T w 3 (Fig.5-10(b)), it » T, % =%
) Cantor &1 Si ziiMT 32 CcCRWwWEINAZNICHR AL3
(#22S &)L #li Mn © B MHoOMICIT#EFBEEEOEE L RE I
%, Xic, (Co,Fe,Ni)-15at.%Si & Cr-15at.%Si [ @ 22 Fr #H ik % ;o
#32S~#34S G O O L 2 b X %, #32S & Tk A13 MH i
MER I NI . fcctl & SIIEBE 24 25at.% D Si-rich fHD M E & & 7«
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h, THhiIC Crz2RML7EZE4#33S TIE AI3HOREALBIER I N
7= (Fig. 5-9 (e)(f)). #27S && X v b Cr ® % »#34S A& T Cr-
rich fHHO &AL b ER L 7225, A13 MWHIZZE D S F AL L T 7= (Fig.
5-9 (g)). 2 5 ® Mn-free 4 iCH 1T 2 HBEK O BIMRE L. fec
former ® (Co,Fe,Ni) . o stabilizer @ Cr. K UOHEMILE Si % [H &
& L7(Co,Fe,Ni)-Cr-Si f# Z It R RERICEFETLZLIEFICDLLDY
23 EH % % (Figure5-11(a)), Co-Fe-Ni-Si it & CHEZ &
7= A13 #Hic 2w Tt Co-Fe-Ni-Si Lt % & Co-Fe-Ni-Si Lt % D &
Lo IbBERT MR Kt RFMMHO XK/ 2%, LA
L. &b L72X 51 Cr-Ni® Fe-Nilg Si ¢flaAabe b LT,
M AI3B MR LENT 2 2 & e TN Twv p 128l 5t 5T 2o
HILEZTHWE X7 A13 HHiF Cr-Ni-Si & Fe-Ni-Si z#la &b+
HEMRICL > TEHVWZENLER L AIBHHTH 22 L8 F 2
LbILb, BT, HE O 7% SeriesNo.5 68D R%Z £ & ®» % L | Fig.
5-11(b)p k d ic#H<cx 3, 2ok b, (Co, Fe, Ni)-Cr-Mn-Si Y
JCARBE X VU A A © 15at.%Si AW © 2272 © O fHE < A13 tH 23
ZETH Y, CoCrFeMnNiSi /SJitk AI3 MH & Mn-Si —~JC% B #H D [H
WCOEAEEER DT S HEIC R B I N DR E ko T,
INhEToAI2ZHE AI3MHICE T 28 B9 % 1§ % Figure 5-12 I
T, KRS ANREKZRI LD ET I T AT LTOR
ELlERICE S 2 & T, CoCrFeMnNi &4 icxt L T Tilx A12 #H
ZEMAITLFE L LTHE, Sii AISHELEITTRLE L TH &’
Mt FeoNns, TieSiBdchboHELREMIEZHEECHKETHNOD
MHAME Ic oW TR E - FHEAHEZEI LD LEFMAMEILET
5,

AEOEREMPICILV. R miREESAFEEHASICEAI N
Z20TFNOE MHICBELTY, 7 27T ARENICE T 3L EM
LOMICEEARBGAD 5 2 L 2R X iz (Fig.5-12), BIEE W
e, TidwMm&4 cH 57 Laves 13 Co-Ti, Cr-Ti, Fe-Ti. Mn-
Ti ZCHRAINZIY TV AT L LR CHBOREHMTH >, 6
AETHEMLELIIC, XA TR EARBEOILEMEEK T % I
BEHEBREA TSI LRI, 2 00K ENIEEEL S, 1 DHIE.
“anFEomuiEANTCER T 2ILEOIRICX VS TR{LEY
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DHHIALF —DR—=—ZXTA VB BoFEAMIY bEME RS
&L 2 DHBER =¥ A4 FP~0BFBEITHFOBEB LY., K& L
BAEDOZY POV —AS oIS 2 THB, 22T, TidHM
GEICEH T B Laves HIZ B 3 AS, o2 R ICD W T, B 2T 0K (10)
PHWTHEHHLAEZ, AV A+ 2 TioArRrEL. By 4 AT
JRIC K DA 255 ' v & RGE L 72 Tiz(Co,Cr,Fe,Mn,Ni) D AS y 13
1LO7TR & s o 7cs ZOfEIE. ANICHRE T NVEEER DA, (=1.79R) D
] 60%TH Y, %FENL Cantor BB D ASeos® 2/3 DIETH 2, T D
PR EmMAKCHELZZME T 528, EEICE Ti & 3L
Btk cH % 33.3at.%Ti LV dD/NhTwizd, AL FPHICHES
TV PFPRE—DBEL, ASppld b ICKRERTFEE2EZ2 L0k 2
72259, TDXIBRRERA s Laves HO R EWZ 7 & A b L T
WRZEBMEIEINDE, —F. o HY AI2HH. K AIBHIRERD
Wyckoff R¥ v a v HTL2HTH 2P, HREDOYA DA R LR
TH5RLFRFEVWEEZLONTWBELE o T, b LA A MITHEK
TREPFLLDEIN T ESAE, 20U oM ITE TR 7 v &
L7 BB EF CASfE 2 HS 22 L%, Ffic, oMt Co-
Cr. Co-Mn, Cr-Fe, Cr-Mn L DO L XA CHELRMETH 32729,
Laves fHE AR, T VvV F A VAN —THIC LB Z AL F—HERED 3,
Al12 M, KW A13 tHICBH L Tix, Laves fH®L oM X 5 iIc =t 2 M
HMHETE2eS, HEHO=JTtRPTHHEOHFLEL. # Mn © — RXEE
I OWBRITELEAET 3L THVWRELSHERINT Y 3
(Fig.5-12), > T, T v F AV N—THOHRRI/N T LD, ERIT
FHEICE < Mn BiEREA DG AH,, R & BEROTHE R OB X
BASonf I RICK o TH LA TLKEN L EBREINSE, 20D
DHEMBPICELCEF.ANFNETALE -JHBEFEZH VT, B
Miads s TR T 2MALPLETH 5,

INTCoFEMEITLDL L, AMECELILRMEME L 7 v %
TLAREMOBEGBLL, 2R TCEAINEZME L TCRENERD
BEhz2f@EoMEIAEHENZ, 1 DHIE., LavesfH., ofHD X 5 i
YT ATLZRLEFTCOHEAMHTHAY, ZhHF VY F A VY ANN—D
MR EAScon IR TR LK ERZERLZLEEZLONR, T bIT T
FILEY D Pettifor v~ v 7R It R IREX 25 2 08 A2 THlCX
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5,2 20HIE. AI2 % AI3MH D X 5 I8 AH, SR & ASpons @ T
AFPICEYVRENTIZHTHSZ, CNODHIBPLITTRTHENL
FEK X Mn & fth @ kK ot 3= © M A AF H AH i, « Cr-Fe-Ti ® Cr-Ni-
SiHMoMAEEHAMM, KT 2 b 0eE2 L5 (Fig.5-12), i
COREMITZICRIREBRICERNALGZ WS, HiliZ Pettifor v v
ZREAHCTE R, L2L AR, ZhbooHicEHL TSI T X T
LOREXEREZBEAERLI LT, TOXEEEMMRCcE 2 2L
2378 & v (Fig.4-5 - Fig.5-12), gt EM IR &b, ¥ 7 v R 7
LB T 2MHAEFERAPZ CRICB T 2HLZEEZ XL T3 Z
EBMFEIN S,

Figure 5-13 ic, it R P REXKP1 X v fER L 72 AsX, AX, AX
DR %ZFEoMEY D Pettifor ~ v 7% /x4 (X=Cr, Ti. Si), &
Homacld, FMEOHMKZRZZ2wv o HICBEL Td ., AsX, AX,
AX L 2l CHFELTWZSESG, 7oy Lz, 2 EToHEm
TR LZLIIE, AL2 % A13 H O L E M IZHM Mn © % E ML =t
FHcoMAEFHICKER S %72 . Fig.5-13 © Pettifor = v 72 5
e AN s EnTE R W, L2L, Lavesf HRP o lHICBHL Tid 2 D
RO REESPBERIRKRNL TS, T DEED L, LIk Pettifor
~vy 7 I R{LEY D Pettifor ~v T E M A EH D [ High-
entropy alloy design A ¥ — A4 | ¥, Laves tHO X S I £ » b %«
E ML HEAN 2 EBRORATERE ICHRT 2L, B2HD X 5 itk
% D AR TCRERMZMALHE LTERLEZVWEAITHR
< 2 LRI N DS,

5-5. /NE
RKETIZ. 1000°Cic BIF 3 Co-Cr-Fe-Mn-Ni-X (X=Ti or Si)75JC
F OV 2 HBB R, HEK ., K XRDHIEZ M WTH AL
oo TNOLOMEMEL»OSUTOMmBEL L,

1. Cantor && W32 TidMmix o, A12 fH K ¥ C14 & Laves
MEzREfEe, SiHmiz AlI3 2L ElLxE 3, Crifhnid
o2 RENTE B,
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2. Co-Cr-Fe-Mn-Ni-X 2 &4 00 L 7=-MHHK %% £ 1 (Co, Fe,

3.

Mn, Ni), Cr, X%]ﬁﬁk?‘éﬁﬂgﬁ‘ﬁ(ﬁb“ kS AP N
THE A o B £R 1% % BH7R L % Figure 5-7 % 1§ 7=,

A12 tH. A13tH. Cl14 & Laves H, R WP o tHO LE M. V¥
TYRAT LITET BHIGT B M 0L EAAH A D> O AR AT HE T
BB, CHICLY . SEALAMACHELTS, ¥ 7227
LOXIGT ZMHOMICHELBEGRED 5 LA RRI NS,

(Co, Fe, Ni)-Cr-Mn-Si MUt & R BE K WU & D 15at.%S1 #H AL T
[ DLW T A3 MDA LE R Z & 28 & iz (Figure 5-
11), 2hick b, Mn-15at.%Si &2 icH T 2 AI3MH &
CoCrFeNi-15at.%Si &4 1C B 17 5 A13 H o [E] 1 13 358 fe [E A& K
DIEE B EBRICRE I N,
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D Intermediate type
= Two-P.S.S. type
)
= (at.%)| 100 [=20| >0
@A
Ti Cr Mn Fe Co Ni Si
Solute
Figure 5-1

Expanded Pettifor map for Co, Cr, Fe, Mn, Ni, Si and Ti.

Table 5-1

Fcc solid solution region formed by the constituent elements of

CoCrFeMnNi high entropy alloy in binary system [°-!'%1. The value means

the maximum solubility when the second column element dissolves for

the second low elements. The value “100” means the formation of

continuous solid solution formation. This table has already published in

Ref. [5-47] by the author.

Maximum ' .
solubility Solvent (fcc solid solution)
(at.%) cr | Fe Mn Co Ni
Cr 122 7a 432 50
Fe -2 100 100 100
8
Z Mn - 100 592 100
5]
co | 100 5¢ 100
Ni - 100 100 100

? ! Formation of ¢ phase
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Table 5-2

Nominal composition produced in this study. Series No.1~No.3 alloys

were used to investigate phase equilibrium. Series No.4 alloys were used

to reveal the constituent phases in the alloy #12T. Series No.5 alloys

were prepared to investigate phase relationship in the 15at.%Si cross-

section of (Co, Fe, Ni1)-Cr-Mn-Si quaternary system. A part of this table

have been published in Ref. [5-47] by the author, and additional

information is added in this dissertation

Series No. Co Cr Fe Mn Ni Ti Si
#0 20 20 20 20 20 - -
#1 25 - 25 25 25 - -
#2 19 24 19 19 19 - -
No.1 #3 18 28 18 18 18 - -
#4 17 32 17 17 17 - -
#5 16 36 16 16 16 - -
#6 14 44 14 14 14 - -
#7T 22.5 - 22.5 22.5 22.5 10 -
#8T 21.25 - 21.25 21.25 21.25 15 -
No.2
#9T 20 - 20 20 20 20 -
#10T 20 5 20 20 20 15 -
#11T 19.2 19.2 19.2 19.2 19.2 4 -
#12T 19 19 19 19 19 5 -
No.3
#13T 18 18 18 18 18 10 -
#14T 17 17 17 17 17 15 -
#15S 22.5 - 22.5 22.5 22.5 - 10
#16S 21.25 - 21.25 21.25 21.25 - 15
No.2
#17S 20 - 20 20 20 - 20
#18S 20 5 20 20 20 - 15
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(Table 5-2 continued)

Series No. Co Cr Fe Mn Ni T1 Si
#19S 19 19 19 19 19 - 5
#20S 18.6 18.6 18.6 18.6 18.6 - 7
#21S 18 18 18 18 18 - 10
No.3
#2288 17 17 17 17 17 - 15
#23S 15 35 15 15 15 - 5
#24S 15 30 15 15 15 - 10
#25T 17.0 32.8 18.7 16.3 10.0 5.2 -
No.4
#26T 18.9 24.1 18.8 17.3 11.6 9.3 -
#27S 21.3 21.3 21.3 - 21.3 - 15
#28S 13 13 13 33 13 - 15
#29S 9 9 9 49 9 - 15
#30S 5 5 5 65 5 - 15
No.5
#31S - - - &5 - - 15
#32S 28.3 - 28.3 - 28.3 - 15
#33S 25 10 25 - 25 - 15
#34S 18.3 30 18.3 - 18.3 - 15
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Figure 5-2
Nominal composition on the projection of a (Co, Fe, Mn, Ni)-
equiatomic section of senary phase diagram with Cr and additive
elements X (Ti or Si). The numbers in the figure refer to the alloy
numbers in Table 5-2. This figure has already published in Ref. [5-47]
by the author.
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Figure 5-3

Backscattered electron images of (a) #2, (b) #3 and (c) #5 alloys
annealed for 168 hours at 1000°C, respectively. XRD profiles of these
alloys are shown in (d). This figure has already published in Ref. [5-47]
by the author.
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Table 5-3
Analyzed composition (at.%) of each phase in CoCrFeMnNi alloys
(Series No.l alloys) annealed for 168 hours at 1000°C. This table has
already published in Ref. [5-47] by the author.

Series No. at.% Co Cr Fe Mn Ni
#0 fce 19.5 20.420.3 20.7 19.1
#1 fce 25.4 - 26.1 24.2 24.3
#2 fcc 18.3 25.219.4 18.6 18.5

Alloy. 17.4 29.418.2 17.5 17.5
fce 17.6 27.6 18.6 17.9 18.3

" o 15.1 46.016.0 13.9 9.0
Unknown 11.8 54.715.2 11.8 6.5

Alloy. 16.7 31.917.7 16.6 17.1

No.l1 #4 fce 17.4 27.0 18.2 17.6 19.8
o 15.1 46.7 15.8 13.3 9.1

Alloy. 16.1 35.416.7 16.2 15.6

#5 fce 17.1 27.217.6 18.3 19.8

o 14.7 47.215.3 13.6 9.2

Alloy. 14.2 45.1 14.8 12.0 13.9

#6 fce 15.3 30.116.4 15.2 23.0

o 13.7 50.1 14.2 11.0 11.0

X Alloy. = Alloy Composition.
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(a) #8T: CoFeMnNi-15Ti " (b) #11T: CoCrFeMnNi-4Ti o v fec
& V o
O AlL2
VO v O Cl4
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Figure 5-4

Backscattered electron images of alloys (a)#8T, (b)#11T, (c)#12T,
(e)#13T, and (f) #14T, annealed for 168 h at 1000 °C, respectively. XRD
profiles of these alloys are shown in (g). (d) shows WDS mapping of Cr
in the same region as (c) analyzed by EPMA. The color follows the color
bar on the right side of this figure where higher colors represent Cr content
higher in the analytical range. This figure has already published in Ref.
[5-47] by the author.
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Table 5-4
Analyzed composition (at.%) of each phase in CoFeMnNiTi alloys
(Series No.2 alloys) and CoCrFeMnNiTi alloys (Series No.3 alloys)
annealed for 168 hours at 1000°C. This table has already published in
Ref. [5-47] by the author.

Series No. at.% Co Cr Fe Mn Ni Ti

Alloy. 22.1 - 227 22.5 21.6 11.1

#1T fcc 21.1 - 23.7 23.8 23.0 8.4

Cl4-Laves 25.8 - 192 17.2 17.1 20.7

Alloy. 21.3 - 21.4 21.2 20.3 15.8

#8T fce 18.5 - 23.4 257 23.8 8.6

Noo Cl4-Laves 23.4 - 20.1 18.2 18.0 20.3
0.

Alloy. 19.5 - 203 20.6 19.3 20.3

#9T fcc 145 - 21.6 30.3 253 8.3

Cl4-Laves 19.5 - 20.4 20.3 19.3 20.5

Alloy. 19.9 4.7 204 20.0 19.1 15.9

#10T fcc 17.4 6.2 22.5 242 219 7.8

Cl4-Laves 21.7 3.8 18.9 17.5 17.5 20.6

H11T fce 18.7 19.4 19.6 19.1 18.8 4.4

Alloy. 18.3 19.3 19.3 19.3 18.5 5.3
fce 18.7 18.1 19.6 19.4 19.2 5.0

#12T
Al2 189 24.1 18.8 17.3 11.6 9.3
c 17.0 32.8 18.7 16.3 10.0 5.2
Alloy. 17.4 17.3 18. 18.4 18.8 10.1
No.3 oy 7 7.3 18.0 18 8.8 10
413T fce 17.0 15.1 18.2 19.5 22.8 7.4

Al2 17.8 20.8 18.7 17.5 13.9 11.3
Cl4-Laves 21.1 9.2 150 14.5 18.6 21.6

Alloy. 16.4 17.5 17.2 17.4 16.3 15.2

#14T Al2 154 21.7 185 18.3 14.4 11.7
Cl4-Laves 184 9.6 15.1 15.1 19.9 21.9

X Alloy. = Alloy Composition.
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Figure 5-5

Backscattered electron images of alloys (a) #25T, and (b) #26T
annealed for 168 hours at 1000°C, respectively. (¢) XRD profiles of these
alloys. A part of this figure has already published in Ref. [5-47] by the

author.
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Table 5-5
Analyzed composition (at.%) of each phase in alloys #25T and #26T.
This table has already published in Ref.[ 5-47] by the author.

Series No. at. % Co Cr Fe Mn Ni Ti

Alloy. 17.2 33.019.8 13.9 10.6 5.5

#25T o 17.1 34.019.6 13.8 9.9 5.6
fce?  19.0 19.320.8 16.3 19.1 5.5

Alloy. 18.823.019.5 17.0 11.710.0

No.4

#26T  A12 19.023.019.3 16.9 11.610.2
fcc? 18.7 17.720.0 18.8 19.1 5.7

X Alloy. = Alloy Composition.
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(a) #158S: CoFeMnNi-10Si

1 OTm

(¢) #17S: CoFeMnNi-20Si

(e) #208S: CoCrFeMnNi-7Si

(g) #248S: CoCrFeMnNi-108i-15Cr

10 pm

Figure 5-6

(b) #16S: CoFeMnNi-15Si
; . A13]

(d) #18S: CoFeMnNi-158i-5C

1 O_pm

(f) #228S: CoCrFeMnNi-15Si

e |

1 (Em

(h) #24S — Fe map

3

Intensity (a.u.)

#20S

Vv fce
V o
®Al3
OCl4
oG

50 60

20

Backscattered electron images of alloys (a) #15S, (b) #16S, (c)#178S,
(d)#188S, (e)#20S, (f)#22S, and (g) #24S, annealed for 168 h at 1000 °C,

respectively. XRD profiles of these alloys are shown in (1). (h) shows

WDS mapping of Fe in the same region as (g) analyzed by EPMA. The

color follows the color bar on the right side of this figure where higher

colors represent Fe content higher in the analytical range. This figure

has already published in Ref. [5-47] by the author.
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Table 5-6

Analyzed composition (at.%) of each phase in CoFeMnNiSi alloys
(Series No.2 alloys) and CoCrFeMnNiSi alloys (Series No.3 alloys)
annealed for 168 hours at 1000°C. This table has already published in
Ref. [5-47] by the author.

Series No. at.% Co Cr Fe Mn Ni Si
Alloy. 21.9 - 22.3 24.1 23.0 8.7

#158S fce 23.3 - 25.9 21.9 21.5 7.4
Cl4-Laves 15.7 - 7.7 33.0 28.5 15.1
Alloy. 21.0 - 21.9 22.6 209 13.6

4168 fcc 22.9 - 28.1 20.2 19.6 9.2
Al3 20.0 - 18.6 23.6 21.2 16.6

No.2 Cl4-Laves 15.5 - 9.0 31.6 26.6 17.3
Alloy. 19.8 - 20.6 21.7 19.3 18.6

#178S Al3 20.3 - 22.0 21.5 17.7 18.5

G 16.0 - 6.7 21.4 32.8 23.1
Alloy. 20.3 53 21.3 21.3 19.6 12.2

#18S fce 21.6 54 258 19.6 19.0 8.6
Al3 19.1 52 16.8 22.7 20.0 16.2

#198S fce 19.0 18.8 19.4 20.1 18.6 4.1

#208S fce 17.8 18.7 18.7 19.3 182 7.3

Alloy. 17.9 17.8 17.8 19.0 17.4 10.1

#218S fce 18.7 17.2 20.5 184 17.8 7.4

Al3 16.6 18.5 14.2 19.7 16.5 14.5

Alloy. 17.5 16.7 18.6 16.9 16.8 13.5

#228 fce 18.9 15.8 24.3 157 17.1 8.2

No.3 Al3 16.9 17.0 164 17.3 16.5 15.9
Alloy. 14.5 37.6 159 13.7 13.8 4.5

#238S fce 16.3 245 17.1 17.0 21.4 3.7

c 13.7 45.0 14.1 12.3 9.5 5.4

Alloy. 15.7 27.6 16.6 16 15.7 8.4

4748 fce 17.1  21.0 19.2 16,9 19.5 6.3

o 14.0 39.0 158 13.3 9.6 8.3

Al3 15.5 23.1 13.5 18.0 17.5 12.4

X Alloy. = Alloy Composition.
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Figure 5-7

Phase relationship diagram of the alloys produced in this study. The
projection of a (Co, Fe, Mn, Ni)- equiatomic section of senary phase
diagram with Cr and (a)Ti, (b)Si at 1000 °C, respectively. Black dots are
a plot of the phase composition in single-phase alloys. White ones are
those in multi-phase alloys. This figure has already published in Ref. [5-
47] by the author.
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/\ alloy #0
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(O alloy #218

-== (Co, Fe, Mn, Ni) — Cr
-== (Co, Fe, Mn, Ni) — Si

--= (Co, Cr, Fe, Mn, Ni) — Si

85(Co, Fe, Ni)-15Si
#328S

85Cr-15Si 85Mn-15Si
(b)

Figure 5-8
(a) Pseudo-quaternary phase diagram tetrahedron of (Co, Fe, Ni)-Cr-
Mn-Si quaternary system. (b) Nominal composition of Series No.5 alloys
on the 15at.%Si cross-section of (Co, Fe, Ni)-Cr-Mn-Si quaternary
system. The ratio of Co, Fe, Ni are equiatomic. The numbers in the

figure refer to the alloy numbers in Table 5-2.
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Figure 5-9
Backscattered electron images of alloys (a) #27S, (b) #28S, (c)#308S,
(e)#32S, ()#33S, (g) #34S, annealed for 168 h at 1000 °C and (d) as-cast
#31S alloy, respectively. XRD profiles of these alloys are shown in (i).
(h) shows WDS mapping of Cr in the same region as (g) analyzed by
EPMA. The color follows the color bar on the right side of this figure

where higher colors represent Cr content higher in the analytical range.
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Table 5-7

Analyzed composition (at.%) of each phase in CoCrFeMnNiSi alloys

(Series No.5 alloys) annealed for 168 hours at 1000°C and as-cast Mn-
15Si alloy #34.

Series No. at.% Co Cr Fe Mn Ni Si
Alloy. 21.7 22.1 21.0 - 20.9 14.3
#27S fcc 22.8 19.4 25.3 - 22.3 10.2
Al3 19.9 23.8 18.5 - 20.3 17.5
#28S Al3 12.8 13.2 13.3 34.3 13.0 13.4
#29S Al3 88 9.2 93 50.2 9.0 13.5
#30S Al3 4.8 5.1 5.2 66.2 4.9 13.8
#31S Al3 - - - 85.4 - 14.6
Alloy. 28.0 - 28.6 - 28.5 14.9
#32S fce 28.8 - 30.4 - 27.6 13.2
No.5

Si-rich 24.5 - 19.1 - 32.3 24.1
Alloy. 24.8 10.5 25.1 - 25.2 14.4
fce 25.5 10.2 26.5 - 24.8 13.0

#33S
Al3 22.8 12.8 22.0 - 23.8 18.6
Si-rich 23.1 5.7 17.9 - 29.5 23.8
Alloy. 17.2 31.9 19.0 - 18.1 13.8
fce 20.6 25.5 23.6 - 21.1 9.2

#348S
Al3 17.6 30.7 16.2 - 18.0 17.5
Cr-rich 16.0 44.0 17.7 - 10.5 11.8

X Alloy. = Alloy Composition.
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Figure 5-10

(a) Phase composition of A13 phases and (b) relationship between
lattice constants of A13 phases and Mn contents in in the alloys #228S,
#27S~#31S
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Figure 5-11
(a) Projection of a (Co, Fe, Ni)- equiatomic section of quinary phase
diagram with Cr and Si at 1000 °C. (b) Schematic illustration of A13
stable region in the 15at.%Si cross-section of (Co, Fe, Ni)-Cr-Mn-Si

quaternary system at 1000°C.
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Phase relationship between senary A12 or A13 phases and their sub-

system phases. A12 and A13 phases in pure-Mn can be connected to A12

and A13 phases in senary system by the dissolution of other constituent

elements, respectively. Phase information was obtained from Ref. [5-

10,11, 28, 29, 37~46]. A part of this table has been published in Ref. [5-

47] by the author, and additional information is added in this

dissertation.
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Figure 5-13
Pettifor maps for (a) A3X, (b) A2X and (¢) AX compounds, where the A

elements are Co, Cr, Fe, Mn and Ni and the X elements are Cr, Ti and Si.

These maps are created from the information in binary phase diagram [5

10]
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Appendix.

Ti. Si DE &2 Cantor & fcc HOFIRFHEICE X 2 E
BEHAEEXF T, HHASZLW T L OBMBEE7Z1J Tk <,
EHZERK T 25 HOBMMEE I EETH 2, ML LTk
CZLWwilbkazEREI 28206, EHMHE 2O E T~
YV 7 2ABHEHRT L RD, o T, Ti® SiDILHEDMEEIC
X% Cantor 2 O EE. FICEHICE X 2 EOHFHAEIZTE
HTHbd, 22T, Figh-ToREBH IV #HKZRE L~ Ti b LK
I Si 2 E ¥ L 7z Cantor & fec BBEAHEMHASICE L T, gl

wEEL 72,

= JE AR F 2 v T #35 &4 (20C0-20Cr-20Fe-20Mn-
20Ni). #36T 44 (19.6C0-19.6Cr-19.6Fe-19.6Mn-19.6Ni-2.0T1i).
#37S A4 (19.2C0-19.2Cr-19.2Fe-19.2Mn-19.2Ni-4.0Si) # /E & L
o BMBUIBLAEA vy P2, BHEINEZEHAEEE CTHA
L. 1000°C-168 Kfffl o BA ML D 2, ML 2 IC/K G Z 1T o 72, HHE
BB . # 45X 15X 10mm @ 7 1 v Z iYW L., &&KKE
~1.3mmEIEH : 87%)F CHBIELE 2T o7z, EEEIZ. RFT M
Tk, BEHMICHDEML., AN ZRIEIZH 30mm & 7% o
2o RIC, MWEMILEEZH TNy 2K —vMogiRIEBA %2 UL
L7z WEMIEZ SICHTHI D % & L. WE L Z&&EWHAREICH
A&, 1000°C-15 0 0o LB 21T o 7z, KIMBILE ZREL 72
AR ORKTEERZ, F—YEX 16mm, I 1.9mm, E X 0.9mm
Lotz A vAbu v 4T oRERBEK(SHIMADZU, AG-
50kND) % v, Zifk, O3 A#EE 1.0xX103s! 0 FF chl kil B &
E L7z, M E, 2KFOH-BEEMML L, 282~
FEMZRBRFOZEME L Cho7, b, 2KOEBRFD S B,
W Wi N 28 K & 2> o 7277 % “Specimen 17, /NI o 2 %
“Specimen 2”7 & FEFF 3 5,

INhLEIRERRBHOALEICOWTSH . FE-EPMA % H 7= L #1
HeMHE AT, XRDUIEZITWw, AOHEHRZ MR L 2, M
2T, Haimifsk., KB oq Rl oMBzBE T 2420
W, EBSDHIEZHEML 7z, v 7 A 3EmE THELEZANLVIIE
K¥ v 71 ThHY, FE-SEM(JEOL. JSM-6500F) % fl \» T Il & % &
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L7, o2 —v%Y 7 v x7 [OIM Data Collection 7
and OIM Analysis 7 (TSL solutions) | T L 7=, BB
BEICIIAT Yy 794X 0 1lum CHIE L 2#E 2. ZF &M
@ﬁ CiE0.0lpum THIEL 2/ R %2 H w7,

XRD, ﬁﬂf(@é%ﬂ B XOMB 25, 1000°CcHEACLLE % i L 72
Sereis Nod &3 vwIndb oMMk eiEl waieMKz AT 2 fcc
B AAEHEEcH 5 2 & 2R L 72 (App.5-1 5 X ¥ App.5-2), 215
DEBICHHEIEL L Z Dk o 1000°C-15 2O MU % i 4 & & T,
BEmPET LA-FwSHMBcRs 2 2 AL (App.5-3). Yl
Bk o T BEMMNERNAZREERNEZER L2, 2 0%,
#35 A4 12 35.7um, #36T &€ X 32.6 um, #37S &€ 13 47.7um &
o T2, #35 & L #36T &G4 D R R IT ij(iéni?)ﬁbiﬁ) #37S & & 1%
TN LD I DITLICREDLoZ, RIC, — 2D O BE X &L
WO EHB L2 ER.4#35 64813 1.09 i, #36T &4 1% 1.01 .
#37S A& X 1.05 il o7, ZNETNOAEE CH Z 8L XNREE
CRKEDZEDRDI D

App.5-4 1< A FRIE 71 - /\%‘rvﬁmﬁaﬁ%ru App.5-5 12 0.2%]if /7 .
RAGIBRICH KR T2 T OEZ L D72, 0.2%I0 N & & K3lEICTH
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App.5-7 ICRKFFE CTH LN fcc HMH AL #11T. #19S. #20S.
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FEBITHRMITERE L LD ICHEBRCEMT 2 —FH. Si FNéaGe
B ICE AT 2, 2oBE2» O KXUp3)EFHTEHITHEDHMIC
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(b) #36T:CoCrFeMnNi-2Ti (c) #37S :CoCrFeMnNi-4Si

(a) #35 :CoCrFeMnNi
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App.5-1

Backscattered electron images of alloys (a) #35, (b)#36T, and (c) #37S
annealed for 168 hours at 1000°C, respectively. (d) XRD profiles of these
alloys. A part of this figure has already published in Ref. [5-47] by the

author, and resized in this dissertation.

App.5-2
Analyzed composition (at.%) of each phase in alloys #35, #36T and
#37S. This table has already published in Ref. [5-47] by the author.

Alloy. at.% Co Cr Fe Mn Ni Ti Si
#35 fcc 19.7 20.6 20.0 20.3 19.4 - -
#36T fcc 19.3 19.819.8 20.6 18.6 1.9 -
#37S fcc 18.919.819.3 19.6 18.8 - 3.6
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(b) #36T :CoCrFeMnNi-2Ti

(c) #378S :CoCrFeMnNi-4Si

| \l
;I > " tl

App.5-3
Electron backscatter diffraction images in the form of inverse pole

figure maps of recrystallized microstructure in the series No.4 alloys
annealed for 15 minutes at 1000°C after homogenization and cold-
rolling. (a) #35, (b) #36T, (c) #37S, respectively. This figure has already
published in Ref. [5-47] by the author, and resized in this dissertation.
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App.5-4
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80

Engineering stress—strain curve of alloys #35, #36T, and #37S, annealed

for 15 min at 1000 °C after homogenization and cold-rolling. Broken

curves and solid curves indicate the results of "Specimen 1" and

"Specimen 2", respectively. This figure has already published in Ref. [5-
47] by the author.

App.5-5

Summary of the results of tensile tests. These values are the average of

two tests. Ultimate tensile strength is defined to be the maximum stress

value in the engineering stress-strain curve (App.5-4). Total elongation

is the plastic strain until the fracture. This table has already published in
Ref. [5-47] by the author.

No 0.2% yield Ultimate tensile Total

’ stress (MPa) strength (MPa) elongation (%)
#35 210.5 £ 0.1 571.9 + 4.8 48.6 + 4.8
#36T 237.9 £ 1.6 629.0 = 2.3 448 £ 1.0
#378S 2253 £ 1.1 606.5 + 3.6 64.4 £ 6.4
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App.5-6

Hall-Petch plot of 0.2% yield strength of alloy #35, #36T and #37S.
The broken line corresponds to g, =125 + 494d~%> which is the Hall—-
Petch relationship of the CoCrFeMnNi high entropy alloy reported by
Otto et. al [5-1]. This figure has already published in Ref. [5-47] by the

author.
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Lattice constant a (nm)

App.5-7

Liner relationship between the lattice constant and the amount of

0.365
0.363 | _ -
0361 k __@—"'G
<> ....................... .. .................. ' .....................
0.359 |
O#35 O #11T, #36T
0.357
@+#198S, #208S, #37S
0.365 —
0.363 F - i D
o ..U
0.361 [ -7
0.359 [J [ Al-added fecc alloys[5-3]
0.357 L . : '
0.00 0.02 0.04 0.06 0.08 0.10

The amount of additive element (-)

additive element in fcc single phase alloys with the equiatomic ratio of

Co, Cr, Fe, Mn and Ni. The upper figure shows the results for Ti or Si-

added alloys obtained in this study. The lower figure shows the results

for the Al-added alloys reported by He et. al [5-3]. A part of this table
has been published in Ref. [5-47].
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App.5-8

Relationship between Aoy /c™ and &™.

(1/2, 3/2), and (c) (n, m) = (2/3, 4/3). Aoy,

stress between CoCrFeMnNi alloys and extra-element added

(a) (n, m) = (1, 1), (b) (n, m) =

show the difference of yield

CoCrFeMnNi alloy, excluding the effect of grain size effect, based on

the result of present study and some previous work [5-3,5]. The ratio of

Co, Cr, Fe, Mn and Ni is equiatomic. ¢ and ¢ mean the mole fraction of

additive elements and the lattice distortion, respectively. The & was

estimated from App.5-7. The ratio of Co, Cr, Fe, Mn and Ni is

equiatomic. This figure has already published in Ref. [5-47] by the

author and resized in this dissertation.
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App.5-9
Plot of strain hardening rate do;/de; on the true stress—strain curve of
alloy #35, #36T, and #37S, indicated by broken curves. Each curve
shows the results of "Specimen 2". Symbols indicate the intersection of

strain hardening curve and true stress—strain curve. This figure has

already published in Ref. [5-47] by the author.
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(a) #35 :CoCrFeMnNi
£¢=53.3%

(b) #36T :CoCrFeMnNi-2Ti
£ =45.8%

(c) #378S :CoCrFeMnNi-4Si
£ =58.0%

Tensile Direction

001 101

App.5-10
Electron backscatter diffraction images in the form of grain boundary
and inverse pole figure maps of surface microstructure near the necking
part of “Specimen 2” in alloys (a) #35, (b) #36T, (c) #37S, respectively.
These maps correspond the surface microstructure of the solid line
specimens in App.5-4. The value of ¢ shows total elongation of each
specimen. X3 twin boundaries were high-lighted in red. This figure has

already published in Ref. [5-47] by the author.
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% 6XE (Co,Ni)-(ALTi)-(Cr,Fe, Mn) LIt R ICE T 3
Cantor % fcc #H & (Co,Ni)3(AL,Ti)E L1, @ 8

6-1 ¥ S

FHI~S5HEFETIH, ECEHEILADOHEME Y 72 27 L OO
BRI icowTiEmL CT& /A, L2L, F1-2ECTHARAZ LD
. KEMENZZE 2 2. REODHOHH I A VF —D AIC
FHI27Z0Cci3EAToTdy, 2oL DY 7 BRI
HEHLARINIE RS v, [Pettifor v v 7% F 7 High-entropy
alloy design 2 ¥ — 4 | % Phase-diagram inspection % X 0 Z)
WICHW S zoicix, HFPHwICELT SRS TV AT L 0HE
MEDHEMICOWTHREST 2 LELD L, KETEIINEZHEHBET S
T®lic, 7 X7 LREX % D derivative & & O H - 28 X <
A I N TS Cantor 2 XN RICHMIE 1T o 72,

Cantor 54X — 205 ZFH BT, LI, HE AIZIEFICcEHE
BEFTHL, B 1ETOHOMALAEZLI>IC, NiE#BAEESTIE. Ni
B ofee BBEMRIC NGALE LL, 2l d ¢ 2 2 & T, EHCEN B
WM EEZHHL Cwd, A7 7o —F T, Ni X0 DMK MY
HBicENZBMHTH 2 Cantor % fec i LIt HEZ T H S+ 3% 2 & T,
NiEBEASELIV D IS IWHME-LEE T v R ITEN M E O RS
Hffrc& s, L2LAadb, EHEOHER2»LDDLD2SE X HIC. W
7 ¥ A7 LT NisSi-L1,, CosTi-Ll, %2 & DR E LI, % BE & ¢
% Si° Ti% Cantor & IKHML TDH LI HIFEA I T, Laves
. ofH. MnEHPIEAINEHERLE o0, T/, BIE
NisAl-L1, £ # % %€ CosAl-L1, % K EfL & % Al % Cantor & & IC IR
MU 7T E ClE B2 K EMHE T Tw ple2=tl Jgic,
AlOoFHMICBEI L TIEE 43 0 Fig.d-11c/n L7z X 9, NizAl ic i
WI N D Cantor L HED B REAR Z LAREINL TV BT
Bbbd., ToB AR I N TV,

Cantor LT R CTlE 45 T T LI, Mo E AT L 72 & 0l i 7«
W, Co & Niz&AZ=+MILH Cantor-derivetive &4 Tl
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Al TizHML7GE& T LLHOKWH 2 M#E T Tw %, Table
6-licznbHiTMEZE LD, AlZHMHEML 2R T, %<
DEH. B2ZHBEAI NS 2, ~5500CoO FimEHEE T LI, o
iR I Twpledsed, —J7 0 TiZBEMEML 7% TIiE
1050°C o iR & i © LI H o REM SR T T v plensl &
72, Table 6-1 2L 2R X Hic, TN ZTNOHMHEMEL Y b Al
ETiodkEmicid, HELw LLMHORENMEM®H 2 2 &b
5, WHIRFE W LI, Cantor 5 dE® Mn ZHA 7% TlE, L,
fH 238 A & 17z Cantor-derivative 2 EFHPI L 2k TH 2 1c D b
b3, Al TioHMEM, o cix®EHFmMmL D LLHEAOHRE
i 7w Lol o o 5 o e T SE RS S 22 & . Cantor-derivative %
CH T2 LLEBAKCODWTER, AI+TIHFEMIC X 2R 74 7%
REMnERAEEI AN T AT HEMBROFEEPBEI NS,
ARETIlX, Cantor 7Lt % K Uf, Cantor-derivative % I &1 % fcc-
L, M FrorEE., fFfic Al TiolifMoRY 74 7R
Mn DA A7 4 7Rzl ZXRMEPEHLEF T 2T 4
Mo B I > Ti@md 5, Co-Cr-Fe-Mn-Ni 77T % &4 1 Al
ETizdRMUL, Cr, Fe, MnE®Z 2N ICELT e 682 F
@, (Co,Cr,Fe,Mn,Ni)- Al-Ti LC KR LD VM2 H S 5 & L
7o BON-HFHEHEHREZ EXRIRER D (Co,Ni)-(ALTi)-
(Cr,Fe Mn)Wrmic#m L. Rt LIcRL L&, Z oMK L ¥
T AT LOMEFEEHRE G DY T, fce, L1,y BXUOHEEME L2,
HoBfziEimL., Al TiodkFmic X 2 LL,Ho L El., KT
Cr. Fe XU Mn #* fce-L1, “tHFric 5z 28 zi|dam L 7,

6-2 EERTIE

RKETEHL 25L& DN K%Z Table 6-2 IC/x L 72, #1~#5 &6 &
D 2 Fi A B K = ((CoNi) (1.0 (CrFeMn))ss (AlTi) 5 (x = 0, 10, 20,
40, 60) TR I N, #5 AL DM IZE T L Cantor & TN E
7.5at.% D Al & TiZ LB MLZBoMK e 33T 2, #6 &8 MK
1Z (CoNi)ss(CrFeMn)s(AlTi) 5 DK TR I N 2B, #7 & FI#3 &
COMBMMHOMEMEEZER T 220 ICFl I,

T — R CEEEERERL 2,45 A& U R EREFEE » & Fi#l
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L.#5ABICEHLCIEHESETCHHLAEZYRAZ -4 vy F#0 ITX
LCTAlE TidiliMLZi, MR, UMLZZA YTy F2BEI
A EEICE T, 1000°C-168 R[] o BV % 1T > 72, BALE L W
J& % 17\, FE-EPMA IC X 2 Ml - HEI%. 2 E¥E o XRD
(“Rigaku Smart-Lab” % Of “Panalytical X’ pert PRO MPD”) % H v
FREREERERIT o2, THOLDT — 2RI EMEITOWT
T 3 ELFE K TH B, “Rigaku Smart-Lab” @ XRD #Hll & I
20=20" ~100° OJAHEPFHICH L CEM I ., &0 MSHEERED
EOICEBENZ TR REI N TERKIZ Cu-Ka, (0.1540562
nm)Z A VWCEHEINEZFENlo Y — 27 0T E % Cohen ®JiET
R#EL LD DTH B0 —F “Panalytical X’ pert PRO MPD” ®
HIE X 260 =20 ~50° oK MHEITEME S, {LEWHEOHEANE T K
WOMBDZDICEHBEI N, QT THREI N T TEHIZ Cu-
K & ave (0. 1541838 nm) % T, fcc @ (111)4t58 5t L o8, L1, 48
D (100), (110)HL AN KA IcHk T 2 ©— 27 07 &8 % 7l i
AFEL. FHAlLLAEZbDTH B,

6-3 ERERB L UEE

Figure 6-1 IC#1~#7 & OB HEHM © XRD HlEM R Z R T, 2 D
D XRD 78 7 7 A VICIEKELREVIEE R WD, “Rigaku Smart-Lab”
D HlEAEH (Fig. 6-1(a)) TIF 43° k@ fec i ic @3 5 (111)
E—20Xx7Y v b BHMEICHEZ T, “Panalytical X pert PRO
MPD” o | & #% % (Fig. 6-1 (b)(c)) Tt 40° AT IC & 2 HHIK T
At AHAMEICRN T DB, ~25° . RU~35° ffiiov—2713 L1,
ED(100), (110)ECxtIc Ly ~26° . KR U~30° ffifoo v — 7%
B2 @ derivative T®» % L2, #i& o (111), (200) K& ic e $ %,

Figure 6-2 IC#1~#5 &4 D fcc & LI oK FER OB EZ R L 72,
2200 XRD 707 74 kbR FEBRITIEFICLE W —F %2R
LTED, feccl LLHDOELLDORTERD A4+ D Cr,Fe,Mn &
DM, EHEICHEIINT 2 2 ERMERI N, /> T, KPR
Tk 220 XRD v 7 7 4 L o#E R (Fig. 6-1). #l##l % (Figure 6-
3). KA G 1T 5 S (Table 6-4)2> b 35 X T o A4 DMK % LE
L7,
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Fig.6-3 IC/R L7z X 9 iC, #1~#3 54 Tl fcc & L1, M. #4 - #5 &
& TlF fecc & L2/MH. #6 &4 TIE L1 HE L2,/ O FH 2RI 1
7. #3 & Tk (Fig.6-3 (¢)). F=MHe 2 &MV v P 7 X}
BT 5 Dark.” 2RI Nz, EZMHicHicTsve—2711
Fig.6-1 LR L 7ZEB 5D XRD Yu 774 ricdbENLTLAR L, T
Nz, “Dark.”OEBEER/NI W L icERT 2 E26N05%, fiEo
T, #3 A ICBT 3 Dark." DG EE 2R T 2720 1C. #7 A€
zlahrobeAEoTECHERL, ZoHMK &L 72, Fig.6-
3(gicm L=k oic, #7 &4 1l fee-L1, MM & B b 3 M
MRk fine” 2 EZ I N2, “Dark.” e IEHICITEWHK A HT 52 L2,
MAFHEREEH548 &> 72 (Table6-4), ZOfRIcHITE, #3 4
& OB IL fee-L1,-L2, 0 ZMHE PR EL 2,

Table 6-4 i/ n L 7=k o1, #1~#3 64D fcctHOMK Iz B X # —
& (AL Ti) & (~10at.% (A1, Ti)) T, (Cr,Fe, Mn)E DO A AH L Tw 3
R DD DARICEI~#3854 D L1, B X % 8at.%Al-12at.%Ti
PHHLEZET T Cr,FeMn)EDo AL TWw3, 2oz
Fig.6-2 LR L2 T ERELICDENTED, EBH LD TEHD
WOICHEML CWwd, #1~#3 & O fcc HOK FER T, #4. #5
B fecc HOMTERD ED THRIZICHEML Tw 3729, Fig.6-2
DT OERD fcctHicET 2dbo L HHBrINns, o Fig.6-2
BRI VEHRINE fcc-LL, HBIOKFI 27 4 v M, #1 54T
13~0.7% THo7=DICH L., #3658 13~0.2% ¢ 2. (Cr,Fe,Mn)&
DEMMITE VAT 22 &b o,

RKWFgEic X - T, Mn &4A ® Cantor-derivative 2 TH > T . L1,
HOBANAEETHEIERHLLER>T-(#2 - #3H548), L2 L
AL, RuwlkErahrz6&Mics ) % (Cr,Fe,Mn) & I35 = 1
Cantor 54 D0 1/3 TH Y (#3H654). XV 5w (Cr,FeeMn)E & & %
VLI HERARL. L2 EAIN, L Cantor IR T 3
LLHEARARAETH L LB bhr D, 6o T, Al L Ti oI
. Mn &8 L 72 CoCrFeMnNi AL 2 TH > TH L1, E ALK Y 7
4 TR ERET LN, 20 LLHOREERZALIZEE LS BWwe
Wz b, 2Nk b, Cantor B4 DY 7 v AT LICEIT 3 fce, L,
MU B2(L2) o HZEMEC =M P26, Al & Ti o FEmic X 2
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L1, D&EMNHE & fece-Ll, ZMHPFHICH 2 2 Mn & O E % &
T 5,

TR, AIE TioFMCE2RXY T4 7hMBICOVTERT
2, H4-5FTCHEmLAELIIC, LR ILAEYHOREN L HET
27201 F . HHZAVF —DOR—Z2AT A4 VERET 5 X —
ZAbEMoRERICEH T2 e EETH S, AL, Ti & Co. Cr,
Fe. Mn, Ni 2 5 il % 0 R L& L1, 13 NizsAl & Co;Ti D 2 2285
Lle-1ol " L1, ftHOM H D HEZE X LT\ % Cantor-derivative % D JCAT
Tz, wiFhd Col NiZzfRKTHELLTEAR, Al TiolY
HLODOHMBMTD LI, XEAINTWSE Z &5 (Table 6-1), &
DHRTIE NizAl &£ CTi D EEBLOREWDEETHL DL, TT 1T
o gtk LLItAMCE =K X BHEME 2o Ni-Al-X, &k
N Co-Ti-XZJLHRICHBT B LL,oLXEWN» LM EHBT %,
Figure 6-4 I Ni-Al-X & Co-Ti-X D =t 2 IREX D L1, & B2 0%
EHEE EEAicR LRIl 4 BEeEkLZXC, 2Thb
SRR BTIZE LR X0 LLiex T2 EHEEH T, X BAEHL
=B REMEB. T %&b b Solubility lobe @ J5 [ 2> & | Wt 23 7] g ©
» % le-1112] - Rig.6-4(a)(b)(c)® L1,4 ® Solubility lobe & b . NijzAl
Tl Co, Cu 2% A-site, Si. Ti 2% B-site, Cr, Fe. Mn I /57 ® ¥ A
FiciE®E L, CosTi Tl Cu & Ni A-site, Cr. Al 28 B-site. Fe %
MDY A4 PICEBRTLZ Db, K&k i, Co-Ti-Mn %
IZ B 1F % Solubility lobe FIEHIC/NT WO T, Mn 2B EHD 53 4+ i
HHrcx w2l b olFRr T e sE, Cr & Fe ol fFHa
NizAl & CosTi DM HFICEEE T E ., Mn i NizAL IO A EHLB]HE7r
ERbr B, Lo LS Fig.6-4 © K =T R IREX | <k, NizAl
CH T3 Co®, CosTilcFH 3 Ni 3% LI, XTI KE LT
5 —FTC.NBAlICEBIT 5 Ti® CoTilcEBIF 3 Al Zzniz & K%L
T, o T, INHZTCAREMA T TIE Al E Tiodimic X 3
KT 4 7R e. Tiolgs BENE LI, XENTTRTH 2 2 L
AT E v,

KT, NizAl & CosTi 28& D X o 72 Co-Ni-Al-Ti WUIT R IREX I &
H L & 9624271 Figure 6-5(a)ic Co-Ni-Al-Ti P4t % Ik B X DY 1A 44
ZREERMWICAR L7, fec iz 2 o PMEAAR D (Co,Ni) edge iICH b, Ll,
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F1% (CosAl) - NizAl - NisTi - CosTi LA Wiifi (Fig.6-5(b)) I f#7F L
T\ %6241 Fig.6-5(b) D NizAl & Co3Ti 2@ —F — i< i3 FHjiRE X E
WCRNDRER LLEPEEL . RE R EREEAER (Co,Ni)s(ALTI)-
L1, # k3%, —J. (CosAl) & NizTi 2 —F —TITLE L1, i
FELRWw, L2 L, CosAl & NisTi o &b 6 b Ryl BRI L1,
BRI N HERDH 2 0280 cnboFHR»r6., Wihoa
—F—iCHBTH LL, HEPDI2EESVRELEEZET S, T4db
H Co-Al, Co-Ti. Ni-Al, Ni-TiowdhoffEHITEWTH L1, #HiE
ZREANIRD L) RMHAEERARBS L bA 2, B 4 ECikim
Lk .AEofbtaEMzEEMHAGDLDE L LT, = v P XA
—HoMBICEY, IR TCORENICHENE R S, b, Fig.6-
5(b) 1€ &\ T(Co,Ni);(AlTi)-L1, ® % EMEIHI1Z ALTi lk2s 1:1 & 7%
& DD Ti-rich R ICIAE2R > T H ., THNIFAPIEDFER C.
LI, HP D TIENRAIB XDV S W LITHET %5 (Table 6-4), #it
2T, T® Co-Ni-Al-Ti Wt RIREHMUA K Z X —RITEZ 5 L,
AR #E < Cantor-derivatibve 2 & & IC Al & Ti2HHEmM+ 3z & Tl
HEn~z%x%k L1, ik, (Co,Ni)s(ALLTi)-L1, 2 —2{t&¥E L
TEZDLIEDBEYTH 5,

Ric, KECTCHWZE I N7 fee. Lloy L2HHO BRI 2 MRS 3 E
TEIRLZFMHEMmICOWTEHHIT %, 5 5% CTlE Cantor & D
W ItR M D o B M 2> 5 (Co,Fe,Mn,Ni)-Cr-X it =T R IR E X %
FIAT 22 %2R_RELZ, KETIF, Fig6-4 It mnL72& LLHDE
#azdEh & Co-Ni-Al-Ti PG R IKAE X MU A& Z Bk L. Figure 6-6 @
KO EMEMHAZYTH S EE RS, Fig.6-6 1 Co-Cr-Fe-Mn-
Ni-Al-Ti t it & K&K o (Co,Ni)-(Al,Ti)-(Cr,Fe,Mn) #H 5% Wi I i X}
LC. KWK D#l~#6 A& DM ITHE R (Table 6-4) Z#&F L 72
MThHd, HFOHELITEHEEL(CoNI)TH V., fcc HAKYEHETD
%6311 FTHE A X (Co,Ni)IC X3 3% L1, stabilizer 72 2% & A (Al,Ti) T
Y., oMW (Co,Ni)-(Al,Ti) edge i Co-Ni-Al-Ti PUJC % IR
REX Y R % H < AR “A” IS /G 3 5 (Fig.6-5(a)), /&2 T TH s ld %
EAL(Cr,FeMn)THH., T oHid NBAlLIZEBWTHAFDH A4 FICE
g2 FETCHY), COHLAOHBERITZ=JCRREX 25 o HHEH
TH BT EDRHS L KR o T\ Ble32l 0 %% ) Cantor & & 1%
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(Co,Ni)-(Cr,Fe,Mn) edge Lic® v, (Co,Ni)-fcc & #fi [H &K % ¥
%3 %, Table 6-2 IC /R L 72 K9 D #1~#6 &4 O NFRMHAK 1T v 1
d (Co,Ni)-(Al, Ti)-(Cr,Fe, Mn) M i F i Lic & 2 23, FEK DMK 5
M R Fic v & icdEE L. M2 MHAEK o IE I
Table 6-4 # = & 1172 \», Fig. 6-6 I KWL ic 5 1F % (Cr,Fe,Mn) &
ICHE S MR D B 2 TR L TWw %, #1 &4 13, (Co,Ni)-(Al,Ti)
edge Fic® b | fcc-L1, 0 M VH 2R S /-, &1 ik Fig.6-5(a)
E—F p 227 #1 441 (Cr,Fe M) B MEI N5 & A MMK:
~17at.% (Cr,Fe,Mn) ¥ Tl fcc 1% L1 40 & MM gE T H % (#2-
#3E64), 5t (Cr,FeMn)E ¥ MT % &, LI tHIZ#HEELL., €
DYIC L2 2 fecHE ZMHFEBT 2 X5k bh (#4 A8). KN
i L (Cr,FeMn)%2iJH L 32 o HPEAINS #5 &%),
Kz . (Co,Ni)3(Al,Ti)-L1, @ Solubility lobe €& H 3 % & . Iso-
(ALT) A <d, Iso-(Co ND)AMTH &L, ZoHHEICHIT CHRE
LTw3, 56, LI, #HHf ® Cr:Fe:Mn lbtii B X 2HEELTH %
(Table 6-4), it - T. (Cr,Fe,Mn) iz (Co,Ni)¥% 4 + & (ALLT)H A4 +F D
melﬁ AR ENTWE 2R RBI N, Zo%EHE Ni-Al-X =t 4k
1% Cr, Fe, Mn o @#a288 & —E L C w3l 2 o%i kit
é}%c:xw‘%%ﬁ:?ﬁ%@%ﬂﬁmﬁﬁ FoBEL L)X aRAtod
BB LT IVFEMCHREEZED ZLELRD L,
&K‘Mn%éﬁﬁécamiéLhﬁkmﬂﬁé%ﬁ%47&@
FICBHALCER TS, Fl1- 28T s kLZX . A & B
T52LECRFHEDOHDOALDEFEIZTA TR 1%50%01 ZDOMH%E &
DAL EEOEENEETCH S, T EH. T AT LICBT
% fcc-L1,-B2 o BAfRIC oW T T %,
Jia 5 1% Ni-Al-X =78 % D fce-L1, M FHiic 3 3 B2 tH o & %4
%~ L 7216331 Ni-Al edge i 3. Ni-fcc. NisAl-L1,, NiAl-B2 o = f#
DEEMM»H Y . Ni-fce 1 NisAl-L1, & “MHFE# 3 3, 2 nuic, NiAl-
B2 o EWMZ M EI 2 X508 =K X2HRMT 5L K XfMHlic
FHE 3 5 fce-Ll, o —MHFH i X E o i £ v, fece-L1,-B2 =M
fir & e, mAMICIE fce-B2 0 ZHHPricE&ES 5, £ 2 T, Fig.6-
4(a)(b)» Ni-Al-X =t R HREX % R 2 &, X=Si, Ti Tl fcc-L1,-B2
= HEH ik wvw—7 ¢, X=Co. Cr. Fe, Mn., Cu T!% NiAl-B2 % i#
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CLEAL L. fece-L1,-B2 =M P2 ELC %, ZMHPEEZ4AEL 2% T
1% fce-L1,-B2 ZMH FH#iKE o B2 o #l K (diamond plot) 28 X fill ic
» 513 &, L1, D Solubilitylobe i3 X vV & X BE X CHEL TV 3
e brb, T X, Ni-Al-X % D fce-L1, M0 ® — fH 3 1 58 15
X B2MIc X W XL b,

Fig.6-6 2> 5 b2 % X 51, (Co,Ni)-(Al,Ti)-(Cr,Fe,Mn)% T iZ L2,
M2z o&k&E %#H 5, (Co,Ni)-(ALTi)-(Cr,Fe,Mn)%& @ L2, @ i Ji
1% (Co,Ni)-(Al,Ti) edge ICfF1E T % (Co,Ni)(ALLTI)-L2,#HTH 3, C
D H 1t Co-Ni-Al-Ti PUJT & K B8 X PU ] f& @ CoAl - NiAl - NiTi - CoTi
FH R BT I 1 T AE 5 % (Fig.6-5(c)) 620l Z ol FH D% 2 —F — 13
Wb B2HTH 3 25, CoAl & CoTi, K& O NiAl & NiTi o & ic i
B2 @ derivertive T®H 3 Co0,AITi-L2; & NLAITi-L2, 2" &ET 5, Z
o ZfE O L2, M AT L 7= 8 e & & 4 28 (Co,Ni) (AL, Ti)-L2, #
TH b, BHEICIE L2, HEEE I bee & oA OfEIC 1 >, 22— F
—fLEIC 2 DDEF 3 2D Wyckoff position # o ple-ll  z = ¢
B2 e oBUEEZFHRL 5 720 (KLALIE % (Co,ND)H A4 b, 2 —F
—frE % (ALTO)H A P& LTHlOYH®«S, <, Fig.6-6 # L % & |
(Co,Ni) (A1, Ti)-L2, #§ @ Solubility lobe % Iso-(Co,Ni)Jj [ ic i & L
THEV. £ L2 HD Co+Ni 2 {LERFMMK TH % 50at. %I IFH
IZ T v (Table 6-4), it > T, (Cr,Fe,Mn)® (Al, Ti)-site ~ @ & #1 25 /8
1% X % (Fig.6-4(d)), Z o & (AL T IC i 2 L2,4#H ® Solubility
lobe 1T X o T. #3 &6 4% TI13{K (Cr,Fe,Mn)fE 3K T fcc-L1,-L2; =4 F
a4t L3, 2D ¢d5,(Cr,Fe,Mn)ic (X (Co,Ni)-(Al, Ti)% L2,
M REATIERAD 2P br %, 2hid, L L 72 Ni-Al-
X =L RICEH T 3 fecc-L1,-B2 =M Fflf & [A UZH) < b 36331
INEV. 2O L2, HOREEE Mn BOBGEHEICOVWTEHERT 3,
Co-Cr-Fe-Mn-Ni-Al-Ti 2D =0 % ¥ 7 2757 4 L2, Tix. Co &
NioEH53H Al & Cr. Mn & (Co or Ni1),(Cr or Mn)Al-L2, 1 % &
K L. Co it Fe &% CosFeAl-L2/HHZEK T 2 Z & B E I LT W
10l = i3, (Cr,Fe,Mn)2s (Al Ti)-site iICE¥a 4 2 2 & % LHF
%, Figure 6-7 i, &%+ @ (Cr,Fe,Mn)& & % L2, fH® Cr. Fe, Mn
DEBERLEZ, 4t D (Cr,FeMn)EoEME & bic, L2, Hh D
BERITTEDOME ML T w232, Mn ®4rid&E1X Cr ® ~4 %, Fe
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D~2fFEIEHICRE WV, o T, Mn i3 L2, HZ &K 87 I LEAL
TA2HMREIBY, 20 Mn ODAHFNT 4 7 hIROKRETH 5, T
bt Mn il X W EALTHDM coREE%HES L 2 L2iHic X v
i (Cr,Fe,Mn) #H3% T fcc-L1,-L2; = FHic £ 2,

Mn 23803 72 L2, R EALIRZEZH T 2 ERKIC Ni & DHAEHOR)
RXBREZOLNS, Cantor B DEMITH D 9 B, Mn D A28 Ni & H
i L 3K T NiMn-B2 % Bl L [e-1031 0 2 o B2 13 NiAl-B2 & s e [#]
W ZIK T 3 634, Z i, Fig.6-4(a)icd X < ¥ TH H . NiAl
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ftixFe LTCoBEED H 25, L2 MH Ik B2 @ derivative TH % 72 &,
Z® Mn-NiffoiEwv B2 EMEIIC X Y, Mn & L2, #H D anti-Ni ¥
A+ THBE5ALTOV L, P BICORRINEZ ZEDPEEEINS,
NI DWW TIEKITE D FFM 7 Site occupancy % 4 b [E] i @ < tH A
FHZEBL ZKBEBEMELLETD 5,

Figure 6-8 I Al ® Ti #i{# M L 72 # ® Cantor-derivative &< ®
M B 5L 1% # % (Co,Ni)- (Al Ti)-(Cr,Fe,Mn) % ~ — 2 & L 7= #l ik W7 i
KE e CHEFELEMGEZ R T  Table6-11CF & D LTI DL O,
Co:Ni [t, Cr:Fe:Mn It %' near equiatomic 7& & & @ #H K 20 A1 &5 3R %
IR L 72, Cantor-derivative 2 I B F % fcc-L12-B2(L2,)fH F# o 4
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L322t 26HMICHHALTWS, (Co,Ni)-Al edge cFH T % L.
1100°C < i3 Al o#Eic £ wAHFEM 2. (Co,Ni)-fcc 2 & (Co,Ni)Al-
B2 & ZE L., (Co,Ni);Al-L1, 3 Fifl & L TH R nlessl, L L,
550°CE 5 o i I & %2 52 & . Ni-Al-Co ZJL R I B J 2
(Co,Ni)3Al-L1, @ Solubility lob X (Co,Ni)-Al #H 5 it @ #i ¥1 65 £ <
3 316181 = » (Co,Ni)3Al-L1, i L T Cr® Fe @& L 72 2 & T,
550°C CEVLE X 172 CoCrFeNi-Alg; &8 T3 LL, 28 E A X h /-
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(Co,Ni)-Al-(Cr,Fe,Mn)#t =t R IR BE X D fHHE A 13 Ni-Al-X =0 % &
FEHEICHLL T3 7o, B2 M2 D fee-L1, # o = F i 5638 %
FYMTsr2dboEEZLLND,

Fig.6-8(b) 1 Ti # MK ML A0 R TH 5, Mn-free 7
CoCrFeNi-Ti &4 % CoFeNi-Ti &4 TlZ L1 fHO B AXMR I L T
W % 16781 Fig.6-8(b) I IEFE ICFL iR T & Tw 7 w2, (Co,Ni)-Tiedge
DI . Ti oM ZEMD (Co,Ni)-fcc 2» & fcc-DO02y.
CosV #1 (Co,Ni)5Ti. (Co,Ni)sTi-B2, D0,s-B2 L M ICEEL . &
Mic B2 BfHEk~FE 31621 Z D72 % ., (Co,Ni)-Ti edge Tl CosTi
HLLMHEPFEMEHE LN, L2LZ&AS, Ll,, D0, CosV
AiAY @O TR O R%EH2> b K 5 EEMKE(GCP H)Td
5 7=0l636l  Cr FedfMmic X v, CosVHE(Co,Ni);Ti X0 b FEJE
NEFF 253 v Ll AR ET 2R EDFRLATNLIT AL &
W, Mn &8 6% Tl fcc M1 Laves fH & Fflif L. L1, 40 & V5 L 7«
Wbl -z 2 ¢, Co-Ti-Fe, Co-Ti-Cr Z it 2 KEX % A % &, Co-fcc
& CosTi-L1, @ ZHH Vs (X Laves HIC X Diﬁﬂé‘ 5 G D i
Aoex p e212l Z X Sicy 7y 2T LRERIIC BT B
5# %2 % L. (Co,Ni)-Ti-(Cr,Fe,Mn)# =t R IZ B J % fcc-L1, HF
fircix B2 XV b Laves HOLXEWDLEELR 7 7272 —L k3 X
27, TIHMAIMELTCEAINZ LLHOREMWS Z 0 M F#ic
BILCix kv % (@#ﬂ)ﬂiﬁf@i‘ﬁqzﬁ%ﬁﬂfbﬁ) TEHLRLEDND 5,
Fig.6-8(c)ic . Al & Ti %;@%bnbf»Aé@%ﬁ%%(co Ni)-
(Al,Ti)-(Cr, Fe)i‘vg—/—f*ﬁi Micw L7z#R %2R L 7%,CoCrFeNi-
AlTi % O = F i L-?E?(L“C W3 Xoi, ZDKRTH L2, fece-L1,
TAHHFER E R T A e TIREI NS, LA LRSS, Fig.6-6
k3 %5 &, Mn-free 7 CoCrFeNi-AlTi &4 ® = fH Pk o L2,
H o (ALTI) & I3 ~40at.% & . KR D43 AR ICH T 5 L2, HoD
~27at.% (ALT)%Z K& TRIZMECTH %, it o T. CoCrFeNi-AlTi
BeTIE Mo ZBEITRERE L TCEE A WwA®IC, L2 H oK (AL TR
TOREMNDZ CoCrFeMnNi-AlTi & L WV DK oz &2 b,
L1, tH @ #H 538 23 ~25ac.% & & W (Cr,Fe) & & THETE 72 & B T
%%, Zo(Cr,Fe)®3#3 &6 D L1, #Hic & 1F % (Cr,Fe,Mn)& D1
255 ICPERL 3 %,
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INETOHEREITLDE L, Al TIioFEMcX 3R T 4 7
A F 0t CosTi, NizAl-L1, 28 ZJt R L EHM. 22 CosAl, NisTi-L1,
bHIBREFREEE2E TSI LR LZT VY F A Y A N—DRIC
X b, (Co,Ni)s(AL,Ti)-L1, BNMEEVWHEH cE WL ELE2HT 5
ER—HNTHELEZONLDE, D DBAAFA—F A4 PCEBITEIE
W9 2 2 L X AHpix* ASeonplC X 2 BMO L ENTFEZELC D720, %
NOooHFLGIKHELTH XYFMICTFMT2LELD Z2, ZnE T
bERMLCE A LS5, HHZAALF —HHEOR—XF 4 v i RE
THZVIFAVYAN—HOHBEIZ, FICHPEZ KRE XTI 2725
5, X, (Co,Ni1)-(Al,Ti)-(Cr,Fe,Mn)% T% . Ni-Al-X R iC B %
B2 fH & A Ak icte-38l 0 L2, M 2% fee-L1, “AH P MEI 2 B L. Mn O
afl3co L2z hicgEfbts e s, ¥F%2bb, Mn B
(Co,Ni) (AL, Ti)-L2, # @ (Al,Ti)-site IC % B IcE#+ 25 2 & T, L2, M
D solubility lobe Z K (AL T)M £ CTHEE & ¥, fcc-L1, —HH F 5 % (K
(Cr,Fe, Mn)lICIRE T 2, 2B, MnEHICX 2 LLLALRESR D
RKETH 5, Mn-free ® (Co,Ni)-(Al,Ti)-(Cr,Fe)% Tlx. KWz oD
(Co,Ni)-(AL Ti)-(Cr,Fe,Mn) % & [Al U < L2y 2% fcc-L1, = #H V- i 8
WAL T2 LB TRBINES . Mnik&EE R0 & TL2IHOK
EEPE <. & (Cr,Fe)df £ © fee-L1, M F# 3 fkfE I RE & 72 2 C
EBRINT, TNODOHRIEFT. wIRbEIEECIC@WMETE LTS
TYRTLICET S uEHoME (HAEM) 2%t RicE T 2%
EMHDOFEZ 2 XMERNE 222 ] 2XFIs,. MaT, %TRick
F % fce-L12-L2, D B2, Ni-Al-X Z 0 R L UL TWw3 2 &
5, HFHICEHL TSP 7 X TLTCoOHiBREd2REREST 2
e mMAFE ¢ B, o> T, Phase-diagram inspection £+ [ Pettifor
~ v 7 % M\ 7 High-entropy alloy design A ¥ — & | IZ K 53 JC 5 &
Rigst e LCoAMERHFEIN S,

Fx )L Cantor A OMMMEE X, MO BEBRMT £ v ¥ — 1Tk
% 7o B 16:37=391 " Cantor A& A OEN L HEEZME L 2 A2 XE
DlHiciz., XYV EW(Cr,Fe M) EPERI NI AIRENELRDH 5, %
D7D lt, fece-L1I M FHwEK 2 X+ % L2 M2 AL EN., T 7%
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oM EIEZ2EMITELPLEL L, ZOEMHE 25 DL, Cu,
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PtTH2, ThdDILHEIF NisAl & CosTi © A-site K EBPEAEE T H
% lo-1112.40] - Fig 6-4(a)(c)ic/m L 72 & 912, NiAl, Kk U CoTi ic &1
% Cu @ Solubility lobe 1% Iso-Al(Ti) FmICERE L T3 7%, Cu
Tz oftE D Ni(Co)-site ICEHFT 2, 24k, PeicBIL CTHHE
BRAEZBE PR I N T pletdll X 50 CuZz & A7 L2 HICIE,

Cu:CrAl, Cu:MnAl., Cu;TiAl 223 & & 1T H ph 10l Cu %
(Co,Ni) (AL, Ti)-L2:fHic BT H ., (Co,Ni)-site ~DEH A F I
%5, fit o T, Cu ¥ (Co,Ni)s(ALLTi)-L1, 2K E L 22 % .

(Co,Ni)(Al,Ti)-L2, @ Solubility lobe % iso-(Al, Ti)J [a i ffi 13 3 {E
HAnfEan s, FEic, Cu & A 77 Cantor-derivative & 4 T
fce-L1, ZAH P o & 23 H B 66 42-441  Cu, Al, Ti, Mn 22 TCT&A
72 Cantor-derivative &I 2o W T, X W FHEMAME L2 LT 5 4 H
BhB, TOXIICH T AT LREKOMHFEOMA 2 A LT
52T, AEDORBETEMOHEMILHEL LT Cu® Pt 2 EEL X
Xoric, HEfics T 2HEL WKL LY 2=—727% High-
entropy alloy design 23 #ifF C % %,

6-4. /IN¥E
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MV 2 A A B 5. K. KO XRDMEZH W THAEL &,
SohZz#REr., ¥y 727 L REXR L %It R KREM O UM ICHE
HLzZRLHFERL, RITMEOHKEI»ORE I NS AL Ti 0 iR
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HifL 7z, T o oMAEHE2L LU T OB EL N,

1. Co-Ni-Al-Ti P97t % TlE fece-L1, “HH PR HFEET 2, 20—
M5 12 (Cr,Fe,Mn) Z kN3 % &, MK X, fcc-L1, =M
5 2> &, fcc-L1,-L2) =fH ¥, fcc- L2, ~ M ¥ 1. fcc-L2,-0
SHE O L 25 L. %' L Cantor 3 fec K & 13 L2, K 23 - i
T 5,

2. Co-Cr-Fe-Mn-Ni-Al-Ti &£ D50 L =MK% % € 1 (Co,
Ni). (AL,Ti)., (Cr,Fe Mn)% A & 7 2 i =T R R EX I 5
35 L CHEBHEDBRY %R L 7 Figure 6-4 %157z,
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Cantor-derivative R I FE1J 5 Al, TioMHFEmMmic X 3 L1, %€
LR lx. CosTi & NiZAlD R iICE T 2L EN L.
Co-Al, Co-Ti, Ni-Al, Ni-Tifflo i\ LI, ZEMFEIC XY |
EOREW.EEHET 2 (Co,NDs(ALT)-LL, DR ICEK T 5
EBREIN D,

(Co,Ni)-(Al,Ti)-(Cr,Fe,Mn)EJC% T L2, ¥ 2 fcc-L1, 4
T EE AT B,

Mn &HICX 2 LLALERIZ, Mn 28 L2, 8 © (AL, Ti) ¥ 4

FicSBCET 5 8T, L2, H oK (AL T Ml < D % E 2
] - L. f€(Cr,Fe,Mn)fH 8 C fcc-L1,-L2, =M ¥4 L 3 C
LKA T 5,
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Table 6-1

Phase constituent in Cantor-derivative alloys with Al and/or Ti

addition. “Temp” indicates the temperature of homogenization or aging.

Alloy Phase Temp. Ref.
CoCrFeNi-Alo.3 fcc L12 550°C 6-5
CoCrFeNi-Alo.3 fcc B2 700°C 6-5
CoCrFeNi-Alo.3 fcc L12 550°C 6-6
CoCrFeNi-Alo.3 fcc B2 700°C 6-6
CoCrFeNi-Alo.7 fcc B2 becc | 1250°C | 6-45

LAl CoCrFeNi2.1-Al fcc B2 700°C 6-46
CoCrFeNi2.1-Al fcc B2 800°C 6-47
CoCrFeNi2.1-Al L12 B2 As-cast | 6-47
CoCrFeNi2.1-Al fcc B2 1000°C | 6-48
CoCrFeNiz2.1-Al L12 B2 600°C 6-48

Co1.5CrFeNi1.s-Alo.s fcc B2 900°C 6-49
Co21CrisFessNiis-Alio fcc B2 as-cast 6-50
CoCrFeNi-Tio.2 fcc L12 800°C 6-7

T (CoFeNi)oo-Tito fcc L12 B2 n 670 6-8

(CoFeNi)oo-Tiio fcc L12 1050 6-8
Co1.5CrFeNii.5-Tio.s fcc L12 750°C 6-49
(CoCrNi)osa-AlsTis fcc L12 1100°C | 6-51
(CoCrNi)osa-AlsTis fcc o 800°C 6-51
(CoCrNi)9s-Al3Tis fcec L12 500°C 6-52
(CoCrNi)9s-Al3Tis fcec L12 700°C 6-52
(CoCrNi)9s-Al3Tis fcc Ll2 o 800°C 6-53
(CoCrNi)o4-AlsTis fcc L12 800°C 6-54
(CoFeNi)se-Al7Ti7 fcc L12 L21 | 780°C 6-55
+AlLTi (CoFeNi)se-AlsTis fcc L12 L21 | 780°C 6-55
(Co1.sFeNi)oo-AlaTis fcc L12 800°C 6-56
CoCrFeNi-(Alo.3Ti0.2)0.25 fcc L12 800°C 6-57
CoCrFeNi-(Alo.3Tio.2)0.5 fcc L12 800°C 6-57
CoCrFeNi-(Alo.3Tio0.2)0.75 fcc L12 B2 800°C 6-57
CoCrFeNi-Alo.3Tio.2 fcc L12 B2 800°C 6-57
(CoCrFeNi)os-AlaTi fcc L12 L21 | 800°C 6-58
(CoCrFeNi)9s-AlaTiz fcc L12 L21 | 650°C 6-59
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(Table 6-1 continued)

Laves A12

Alloy Phase Temp. Ref.
(CoCrFeNi)os-AlsTiz fcec L12 L21 800°C 6-59
(CoCrFeNi)os-AlaTiz fcc L12 L2 800°C 6-58
(CoCrFeNi)oi-AleTis fcc L12 L21 800°C 6-58
(CoCrFeNi)ss-AloTis fcc L12 L2 800°C 6-58

Co1.5CrFeNii.s-Alo.1Tio.4 fcc L12 750°C 6-49
AT €6y 5CrFeNirs-Alo.2Tios feo L12 750°C | 6-49
Co1.5CrFeNii.s-Alo.3Tio.2 fcc L12 750°C 6-49
Co25CrsFe1sNize-AlioTis fcc L12 900°C 6-60
CO27CI‘18F61'8Ni27.27- fec Lla 750°C 6-61
Al3.31Tis.78

Co20Cri7FessNii2-Ali2Ti4 fcc bee L2 as-cast 6-50
Fe42Nii2-AlgTi2-Mn3s fcc B2 800°C 6-62
FessNii1s-Al13Ti2-Mns3 fcc B2 as-cast 6-63
FessNiis-Ali3Ti6-Mn33 fcc B2 as-cast 6-63

400°C

600°C
CrFeNi-Al-Mn fcc B2 850°C 6-64

1040°C

1200°C
CrisFessNiis-Alio-Mna2i fcc B2 bee as-cast 6-50
+Mn Cri7FessNii12-Al12Ti6-Mn2o bce L2y as-cast 6-50
CoCrFeNi-Alo.6-Mn fcc B2 1100°C 6-2
CoCrFeNi-Alo.c-Mn fcc B2 1100°C 6-2
CoCrFeNi-Alo.5-Mn fcc BCC 1100°C 6-3
Co22.5Fe22.5Ni22.5-Ti10-Mn22.5 fcc Laves 1000°C 6-1
CoFeNi-Ti-Mn fcc Laves 1000°C 6-1
Co020CrsFe20Ni20-Ti15-Mn2o fcc Laves 1000°C 6-1
Co1sCrigFe1sNiis-Ti10-Mnis fcc o Al12 1000°C 6-1
Co17Cr17Fe17Ni17-Ti15-Mn17 fec 1000°C 6-1
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Table 6-2

Nominal composition produced in this study.

Alloy (at.%) Co Ni Al Ti Cr Fe Mn
#1 42.5 42.5 7.5 7.5 - - -
#2 38.3 38.3 7.5 7.5 2.8 2.8 2.8
#3 34.0 34.0 7.5 7.5 5.7 5.7 5.7
#4 25.5 25.5 7.5 7.5 11.3 11.3 11.3
#5 17.0 17.0 7.5 7.5 17.0 17.0 17.0
#6 32.0 32.0 15.0 15.0 2.0 2.0 2.0
#7 25.3 32.6 19.2 7.9 2.1 4.1 8.8
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Figure 6-1

XRD profiles of alloys annealed for 168 hours at 1000°C. (a) is XRD
profile measured by the XRD instrument with the Johansson
Monochromator (“Smart lab”). (b) and (c) are overview and high-
magnification profiles by the instrument with two anti-scattered slits (“X’

pert PRO MPD”).
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Figure 6-2
Lattice constant change with the Cr + Fe + Mn content in (a) fcc and
(b) L12 phases, respectively. Black plots are calculated from the XRD
instrument with the Johansson Monochromator (“Smart lab”), White
plots are done from the instrument with two anti-scattered slits (“X’ pert

PRO MPD”).

(a) #1 0CrFeMn-15A1Ti (b) #2 8.1CrFeMn-15AlTi (c) #3 17.1CrFeMn-15AlTi

(d) #4 33.9CtFeMn-15AITi

L2,

(&) #7

Figure 6-3
Backscattered electron images of alloys annealed for 168 hours at

1000°C.
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Table 6-4
Analyzed phase composition (at.%) in alloys annealed for 168 hours at

1000°C.

No. at.% Co Ni Al Ti Cr Fe Mn | Cot+Ni Al+Ti

Alloy. 43.0 42.7 6.3 8.0 - - - 85.7 14.3
#1 fcc 50.7 38.3 5.5 5.5 - - - 89.0 11.0
Ll 29.249.5 8.8 12.5 - - - 78.7 21.3

Alloy. 38.1 38.5 6.5 8.0 3.0 2.9 3.0 76.6 14.5

#2 fcc  44.7 33.0 5.6 4.8 4.1 4.0 3.8 77.7 10.4
Ll 31.343.6 8.1 11.8 1.6 1.7 1.9 74.9 19.9

Alloy. 32.934.8 6.6 83 56 59 5.9 67.7 14.9

fcc 36.4299 5.8 5.7 7.2 8.1 6.9 66.3 11.5

B3 L1 29.6403 7.5 12.5 2.7 3.8 3.61 69.9  20.0
Dark.
oy 25332619279 2.1 41 881 579 271

Alloy. 24.3 258 7.5 89 11.010.7 11.81 50.1 16.4

#4 fcc  26.422.7 2.6 4.8 15.815.6 12.11 49.1 7.4

L2y 22.228.815.414.5 3.2 49 11.01 51.0 29.9

Alloy. 16.8 17.8 6.9 8.3 18.016.0 16.21 34.6 15.2

fcc 16.8 15.0 2.4 2.9 17.824.8 20.31 31.8 5.3
#5

L2y 195273159153 3.2 6.2 12.61 46.8 31.2

o 14.5 7.0 0.9 3.6 33.623.2 17.21 21.5 4.5
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(Table 6-4 continued)

No. at.% Co Ni Al Ti Cr Fe MniCo+Ni AlI+Ti
Alloy. 32.3 323 13.3 15.8 2.1 2.0 2.2 64.6 29.1
#6 L1  33.338.6 6.8 159 2.1 2.1 121 71.9 22.7
L2:  30.7 25.1 21.1 15.6 1.9 2.1 3.51 55.8 36.7
Alloy. 26.2 32.6 16.6 8.7 2.4 44 9.1 58.8 25.3
47 L21 249 31.919.0 8.4 1.9 4.1 9.8 56.8 27.4
iclczf? 33.8 32.7 6.3 7.9 5.6 6.9 6.8} 66.5 14.2

% Alloy. = Alloy Composition

Dark. = Phase with the darkest contrast
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Figure 6-4
Schematic substitution behavior of the third element X for the L12

and B2 compounds in the Ni-Al-X or Co-Ti-X ternary system. (a)
shows that of Co, Cr, Fe and Mn, while (b) does that of Cu, Si and Ti
in the Ni-Al-X system. (c) shows that of Al, Cr, Cu, Fe and Ni in the
Co-Ti-X system. (d) shows the substitution behavior by judging from
the extension direction of solubility lobe of X in the A-B-X ternary

system. This figure was made from the phase equilibrium data in

Ref.[6-11~23].
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Figure 6-5

(a) Schematic illustration of the Co-Ni-Al-Ti quaternary tetrahedron.
(b) the cross-section of (Co3Al) - NisAl - Ni3Ti - CosTi. (¢) the cross-
section of CoAl - NiAl - NiTi - CoTi. The compositional line “A”
indicates the iso-compositional line from Co-50at.%Ni1 to Al-50at.%Ti.
This figure was made from the information of phase equilibrium in

Ref.[6-24~27].
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Figure 6-6

Phase relationship between fcc, the L12 and L21 phases in alloys
#1~#6 at 1000 °C. Phase composition is projected on an equiatomic

(Co, Ni)- (Al, Ti) - (Cr, Fe, Mn) cross-section of septenary phase

diagram.
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Figure 6-7

Relationship between the Cr, Fe and Mn contents in the L2:1 phases and

(Cr,Fe,Mn) contents in alloy composition.
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