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Fig. 1. Schaeffler microstructure diagram [33].
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NSRRI T 5 B AR 2 (R AFAE SR A EAE A, R
538 W A7 O 8, Ko N R 3 A i o R AR
AH RIEFRIREE RS HARAE TAEFRES, AT &8
ME. F b, A RA R B RR R TS
Hr o 991 R, AR AT 24 HH— AN R A R A4 3,
D9 [AE] CERRIR ), HoHdE R 1 0 $ e A
[ (1) A A HE A A e, B — AN RS o &z R
FAHVCHC. FRATTF X o 3208 T AR A 3 ] v 4k o A7
TE A, 27 R0 R 7 19 B /0N 225 06 B0 0 S0t I8 1 [T 7% s 4
3, RS R b 4R 1) AR R O AR B i 1

MR AR, AT 5T T FCC I BCC P il [
AR ) B A HE R . 7E FOC [V, DA
It Cu-Zn &4 961 K2 (b) NFCC Cu-Zn
S FE s gE R 18]l Cu-Zin [ AR AE FUR A5,
1 1) T T B LA 5 Zn o L AR 78 28 Cu JR 1
(1) [Zn-Cuuyo] 377\ THIAAR B A%, 10 VKU 4847 B 0] B
Zn 5 Cu Ji 7 (54, X5 Cu-Zn ¥ 5 il i o717
SN R RE R S E o A ML BT IRIEAR R
JZRF NN 6, MOERR TN e < 6, mAE
B m s R R AR P S50 T [Zn-Cuyo) (Zn,
Cu)q—g. 140 & 9 FH Y 3 5% 35 i Cu-30Zn (¥ N
Sn Ji X FR i) 7T LUERT N [Zn-Cuya)Zny =Cu-
30Zn 1. 3R B YE [ Ak 2 SRR R AT B o AR R
T A 4 B RS SRR 0] R R, AR A 4
o T v R A 4D S 6 A B G R E 11 [ 7
oy, BT A SR B R, WL
TR TR 0 0 R A SR AR

K2 (MTIRM) (a) FOC V&R 4 RIBmER R T
ZERIEEY [A-B12]Ca; (b) Cu-Zn [H A 1 Ji 46 6 A2 1 4
AL

Fig. 2. (color online) (a) The cluster-plus-glue-atom
model [A-B12]C, of FCC solid solution; (b) the local

structural unit of short-range order of Cu-Zn.

xF T BCC 45 4 ] v 4, SR FH 1R 11 7 g T A7 2
CN14 I ZE T+ ZTH AR [C-(S1 + S2)14], W1 3 (a)
FioR, C o EI#E R, S1H1S2 4 % 7% 2 5
T, BT G T UOR A E. ARYE = R LhiiE
S 014G 3, [ AN 43 A I 49 31 () % 4 J TS 3
= 18, PHAEERIRANE I 124 G R 7O B
B % T VE R A 8 AN B 4% #2 )7 7 i 45, BCC
[Ei] VA AR 4 PR B A 45 ) B0 T8 AT AR K O TR = [ C-
S14]G1s B THE R (A S A
FEEER)) IS AT pe = (Ce+1)/(d3 x 1t x 4/3),
C. Fom UL — PR N ot 15 H i 48 i) 3 Ath [
PRI KL, pe WIAR 26 76 BE B A0 [ R0 B 2 12
N ERTE Y A A A B R, P
pa = 1/[(1 + 14 + z) x a3/2], ZHLE L pe/pat
REBRMBEHRLE. MERR T o = LI, BIARTE
2% () W o A Jo o, G IRE N1 [ i i R SR B T
L7 SR (B3 (b)) HES, % B2 5 1Ak F A R HE BRI
J\ T A ) i o FBL (101 b e T A 32 82 R - g 6 s
UG RO R 5K 23 B, R B T 45 J5 7 R0 AR B
I8 BIARE S5 TR 7 45 R, Xof o ] A £ 4 1) — ol
Rk T A HDIR A

B3 (MTIRE)  (a) BCC [ i ke 2 4 4
B [C=(S1482)14]C1_s; (b) MEBETF @ — 1 BRI
CN14 P st [10)

Fig. 3.
unit of short-range order of BCC solid solution [C-
(S1452)14]G1-8; (b) the cluster packing configuration

of CN14 clusters in a pattern of BCC-like structure
10]

(color online) (a) The local structural

with a glue atom number of z = 1

BT ]V R R R P 0 £ DL A R 2y s it O
NS o AR B T — Fh 2 L, IF K
e e 7 2GRN G Em s it 44 Cu
BEVFMAEN T A S 2 &8 i a. LR
EadE, T H RS B AR &
e AR PRIN .
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3.2 BRI AN A
321 FCCR#ZEAKEGE

3.2.1.1 HE&4E

F 4 & 428 Cu-Ni 2 FCC [l i ik & 4, o
Nig FEE SR, HE S HCN 10%—30%,
[ I 1 2> &5 A5 R 1 Fe A1 Mn & G4k T %, HR
HOHCN0.75%—1.3%. iR Fe, Mn [ INAH
REE = & & YUK R thiae 77, AR B &3 m ok
FE, FIT&armT; SR &ame B =
#H Nig(Fe, Mn) A1 H 17 B AR A4 (1 25k Fa e v, AN
M-SR CudSrER TR IFR. R, w2
flIME RN S EERLEE. Ll Cu-Ni-Fe =0 ]
SR 8156 B a4 ) R [ A 65 A A TR A Uk e 0 2R AL
NI L AR 2 G 22 TR (R P AR A 4 1
(AHcuni = 4 kJ/mol, AHcyre = 13 kJ/mol,
AHreni = —2 kJ/mol) Al &1, Fet & A i T &
e Curf, H5 3 A 44k 0% Ni B Hal Bk
[ #H, Ni-Fe 2 [A](f) AH A ft, #1153 Ni-Fe J& T-# T
TR, 75 FCC 458 % i BA Fe o0 J A% 12 4
Ni J5 763 Fl ) [Fe-Niyo) HI#%, &l 4 (a) Fros, KX
S AST [ R 3 50 4 BUAE Cu 2R ) gt 2 T2 i [Fe-
Niyo]Cu,, Fi i€ B VAR A 4. Fe £E Cu 4k i [ 9%
Al I 5 = 0 NSRS B, IF H 24 Fe/Ni (9 1
B b 1/120F, R Fe 78'F Cu A& 4 ik
B KA PR B A B, Wil 4 (b) Fs, S256 45 F b
# W] Fe/Ni J& 1 # LG o b B 451 i) 25 4 NigFe #H
Mrifi. dbsh, ARG A AE R 7 3K [Fe-Nija] Cu, 1T
AN ERCOK BNV B B4R 5 <6 [Niy 13Feq2/13]10Cugo,
[Niy /13Fe12/13]20Cuso AT [Niy j13Fe12/13]30Curo (Ji
FHH, %) FERERLE KRS i i B i
FRTR B il ik B 190, Rk, ST RS AR A &
WeUT 752 AT LA 8 R & S TR I I &/ K&
li] 75 FEE AR R

i Cu-Ni-Fe = J 7] #11 J& & & A A T 514k
Cuffi7e & M 1) Cu-Ni-M Ak R 1, Hi M A Ce, V,
Mo, Ru, Ta, W 2, BIM 5 Cuf AH NIEFT M
5 Ni ) AH R4, X0 LU % [M-Niy2]Cuy, 7>
2, B8 =20 M AR BR [ P B N 2 & 1) 78 b T
Ak R BPHES R Cu-Ni-Mo & 4 BT 7 £ 9,
[Mo-Niyo] 7% i 73 L A5 /& Mo Tt 25 5k 52 7S I 7R B
77 R, 1% L BE W5 AR AIE Cu-Ni-Mo 4 4 78 JIE 1 44

fasEtE, HANE RS RA M. Hdr, [Moy)s-
Nijo/13)0.3Cu00.7 (BT 53HL, %) B 4 W BEARE gl (0]
F£400 °C 1B K1 h e frR$F . —FCC &5y, RN
Cu-Si SN HE R, & <6 TR A Inf B AT S (G A L 32
R, 926 uQ/em. Bk, ZTVRGER T Cu,
Fe, Mu & Nif4&, 5HMEGE&E TR —&8Kk
R, AALTAH B B AN [R] iy, AR 4 7% 25 M A2, 1%
& &A1 2 B1#E R [Fe-Nipo|Cu, (z = 5) P R,
Fe Fl Cu W 20 56 4= 43 B A Rt TR IF [8] ¥ 4 45 1 1) A2
M, % [Fe-Nijo)Cu, N FCC MM — it e
e

“Cu [ [ ¥ [ ¥ L9 [N LY L ¥ L ¥
L L W ¥ LY LS
CNi A& & L~ ~ LS (W R (%
i A
tFe (S “ (TR [~ . (¥
Fe-Nijo [ S e N 8 e 8 LS

(a) © &

(b)

solid
solution

Fe/Ni: 1/12
(atom number ratio)

90 10

T 7 7 7 7 Ni
20 40 60 80 100

Atom fraction/%

Cu

B4 (MFIEM) (a) FCC Cu-Ni-Fe & 41 [#i%
SEFIRA [Fe-Nip2]Cug; (b) 600 °C T Cu-Ni-Fe # &
h Ni/Fe J5 T4t A 12 a5y (49

Fig. 4. (color online) (a) Cluster-plus-glue-atom
model [Fe-Nij2]Cu; for FCC Cu-Ni-Fe solid solution
alloys; (b) the composition line where atom number
ratio of Ni and Fe is 12 in the Cu-Ni-Fe ternary phase
diagram at 600 °C [49],

3.2.1.2 L [RARK AN AN

7 e P IR SO AN B T B R A
SERFIPETTHC S PR L S0 T R A e ) i ok A
Bz N 1Z RN B L = I Fe-Ni-Cr N FE Al
K&, B NN —FCC-y BIKAR, KR Bk B
PO R 58 A AR B 5 IR 2 21, I HLAE AR IR B &%
I FE R BT B NisM (M N Nb, Ti, Mo, Al, V){b&
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Wtk — B A A, BRHEIR A K/, Ni 55644 Fe
A BRI EAE R, WOE FCC B A A [Ni-
Feyo] B, CrfF JyEhe g 7, ) B #5 4y 4 %
154 [Ni-Feqo|Cr,. BFFEERM Z o = 35 % B B
FCAR R E B R IR Y 7T 58 A8 R T [G AR, Shim
R F) G5 A B [Ni-Fey o] B #5 4% 26 FCC R 2 HE
B, L 8 0 G TR AR\ TG R Rl Cr JER 4058,
5 3. R AR I 200 A oh NigMOT H J 2447y
R, ERINZ AR N 2 T A S
A% i 43 30 [Ni-Feyo) (Cra (Ni,M)1 ). 78 M4 2
LR b I R 7T MR N A i, AR,
J53 2 E R HOK, Bl [Ni-Feyo] (Cra(Ni,M); )=[Ni; -

Felgg] (CI‘32 (N116,$,y,Z,m,nMOwTinbzAlmVn)).

Tt 75 3R B 1% R 51 A 4[] 5 245 D 2880 1 . ol i
HV # 5 & 4 1) B 7% 0 5 o0 B 7 3 Oy A7 1
FLRPE G R, b R A S 1 T IR SR
EA &M, [(CuyNijg)Fejga] (CrsaNigsMosg
TisNbg5A1, V1) % 4 (Fe-8.82Ni-11.62Cr-1.34Mo-
0.67Ti-0.32Nb-0.19A1-0.36V-1.78Cu, J&i & 4 3L,
%) FL A e R vy (B P AE N 488, 002 =
1456 MPa, $it$i 52 /% o, = 1494 MPa) HJ[FI I, A
A RAFRR R B2 Rk, RS vk
VeEZAVIw R T e 7 L e S R Y

5 (MFIRBE)  [Ni-Fea]Cra BRI (52 gl
5 [Ni-Feyo] HeB2K FOC MHIHERE, M RT Cr(EIf5
BR) ok 0 DU T AR\ T R BR A, 2 B BRARR B O
Ni ¥, AENRARBIET)Z AR T Fe

Fig. 5. (color online) [Ni-Fei2]Crs cluster structure
model [52], [Ni-Feq2] clusters are packed according
to an FCC-like pattern with glue Cr atoms (white-
spheres) both in tetrahedral and octahedral inter-
stices. Red spheres represent Ni atoms in the cluster
center, and small white spheres are Fe atoms in the

cluster shell.

e A, AR % 45 R BT AT 7T 1 Ni il
SR, REZRGEPEAEZMEN A

SWITR, TR EEITTRIAT K, 2508 AL R,
Cr R MINi &, HET 2 57 1% B 30 [AL-Nipo] (Al
Cr),, W TARIEAEBERE .

322 BCCHEZKkE&E
3.2.2.1 Z4ULTi&4

DMIRAR & B-Ti A & A0 VE 40 A 21 1 7% 1 4y 3K
BT DR

TB— MBS ERITR. XRE
S AE T I A R Db 23[R B i 2 BCO-B 45 f e
FORME S R B, HAYER&&ERILHME
JCERISIN. ATES NI 7GR £ 294 Mo, Nb, Ta, Zr Al
Sn, B 45 AR E JLER Mo, Nb Al Ta T+ & &I E,
IR 8 0 3 Zr 1 Sn 22181 B 25 M 2R 42, TR 75 22 1R
IR INIX R TTER.

BT MR I AR 45 A R 0 A A A% R
g MRAE A Rt R 5 R T2 A B IR A
K/, Mo F1Sn 55 TiZ 81/ AH 4 U7 Ho Ay
T B %0, Nb Ml Ta 5 Tiz B 1 AH N IE, T
Hfr TH®EEME, Zr5Ti R ETE, 7 5%R
FARTi, MK R BCC 7% 5% 4> X [(Mo,Sn)-(Ti,
Zr)14)(Nb,Ta),. XFHLCHIE MG & B-Ti &
G AT BT RIS R B F o = 1, 3, 507,
X T A FE A S ICR X B FRE B 1A [F it
i

HB= SLIRIIE. X [(Mo,Sn)-(Ti,Zr)14]Nb,
RINEGEMLRIELE R R, &L MR R
5B 5 E RS A (o, ) BUIA G, 4%
T o = 1B, [(Mog 5Sng 5)(TiizZr1)|Nby &4
TERAIR B 45 M R B R, B A MG R B A i
E =48 GPa . H&8i% & &t — LRt AT s/ oM,
RIZA SN EA SRR E R B-Ti & 4.

SBN SHEREERE AN EER
AT A A5 & 4 10 & M da s M AE O, DR LA
Bl = 76 Ti-M AH B o Ti A i 45 Bk 20 5, i A
R AT AR (E6(a), RERAEESMITEMIP
sEMIFaERE SRR, fEE Tik I [B/ (o + B)] AH
Ft, BPAEETi 2 Ti-MFFER B s A, AR &
S0 Z A [F) B 5 00K B4 e AR e TE A AR
T, BIZAR AR R AR A S0 R M 451
kasEfe A1, Ik, BLTi-Mo AHEH I [B/(a + B)]
FHF AR AR o oAt Ti-M AR P A AR SR
EFrAER LLAE/E A Mo M Eh &4t ot R MY
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=R, M EHTH Mo 48 A XA meq(Mo) =
1.0m(Mo) +1.25m(V) 4+ 0.59m (W) +0.28m(Nb) +
0.22m(Ta)+1.93m(Fe)+1.84m(Cr)+1.50m(Cu)+
2.46m(Ni)+2.67m(Co)+2.26m(Mn)+0.30m(Sn)+
0.47m(Zr) + 3.01m(Si) — 1.47m(Al) (Fi & 5 %,
%) 31, H. B 4t e K TR Mo 2454 11.8%
(OF B J5 - 207 $0R 6.25%). 54 40 SR Mo 4 &
B PUARLE, 33X A 37 1 Mo 4 & 75 38 1iF 45 74 £ e 1k
J7 T SE B AT S, Qi 6 (b) B, B I i
T8 AR B B-Ti & < i o 72 B A58 I B (% T B
bL BB S B B 45 M e e 1 B A BR Mo
HERMEES AARKEESE, Moy RIEY
BT AR E T IRAL Be, EAEZ Hutk Rrh, &K
B f B-Ti & 42 B 53 [(Mog 5Sn0.5) (Ti13Zr1 ) [Nby [
meq(Mo) = 13.6%, W& w1 pEasE TR, LA k4m
55 A o o AHIRIAT H.

1600 7
(a)
p-(Ti, Mo)
& 1200
5 Slope: (T1—Ty)/Ch
=
5
£ 1, [882 Di/ B/(a+p)
£ 800 A
£ D
~12(CY)
a-Ti
400 - +
Ti 20 40 60
Mo content/%, atom fraction
150 \11 3
b 1
(b) : o meq(Mo)
&£ 120F ' o me(Mo)
v 10.0 |
5 o
s 90F bt
jee] | o0 P o
] ,. ! ° o ° °
g8 60k o 1en % o
’;D u' :u F D[] o
E ° I g
o [
> 30} ro
|
1
Lo
0 L1 L L L
4 8 12 16 20 24 28

me(Mo)/%, mass fraction

K6 (a) Ti-Mo —7uHiE 155]; (b) ¥kt B Ml Mo %4556

:%lg [5/1]

Fig. 6. (a) The Ti-Mo binary phase diagram [°°]; (b) the

variation of Young’s modulus with Mo equivalent [P4].

FLREATIA &S, Lk aeTi

(HCP), (o + B)-Tiit & p-Ti &4, AR T
NEAEBEir), HARAMAK&EIER, REN
ARAF AN [F) ) S5 AL TS I i) & B AN [F). W] AR 4 141 %
B¢y 2B T 77 5 i S % 73 i 50 (AL Sn, Cr, Fe)-

(Ti, Zr)14](Mo, Nb, Ta),, fEEAL B, & 414
P RS E T B meq(Mo) JEAT #5017 4 88 8 T/
Ti GE LR L2540 FRPhsRE o, 5 BHE K
DRI TF B Z Femoq(Mo) ZHHIK R, Al LG
HyTh R E S T A & RESEWAR, HEEM
By R T Z REEE R T 16—17 2 18], H¥it
758 P B meq (Mo) 343 in, B B-Ti & &xid
HARMPRERE. R 150 7 =80 = 6
Ti & 4 10 AR 1o AR AT 2 meq(Mo), 735l 8
BT a-Ti A4, Foed) (a+ B)-Ti M p-Ti & 4,
ATLAEH, Z Bl meq(Mo) [F3RIZETIE K, 1X 42 H
T oafaE It E Al S BN, FERINK B IRE
TUER O EIRWIYE 2, AL Z B8 K. B, T
A R o-Ti A 47 2 AE 600 °C LA kfk, 2
KRESEAMRTHPUEERRTLEE S5 ERE, A
BB R, PRI E &R,
U1 Al, Mo, Nb, Si, Sn, Zr, Y, Ce, Nd%%. XK&
SHLUNER o My 2 B AT, WOeR H il
FHBCC [ 15 A B% oy AR AT IX KA S T,

1600
(@) - .
- |
1400 LI u "
‘ g I m -
Q[E ! l- : -l
S 1200 F , o ta e -
= ! o'. :
+ I Y ) |
0 r'vy
g 1000 [ l ry S
= ! o b |
@ ! o | m p-Ti
800 [ | ° [
: I e (a+p)-Ti
I
w0l * | -Ti
° X :
1

14.5 15.0 15.5 16.0 16.5 17‘40 17.5 18.0 18.5

A
1600
(b) -
- ]
1400 [ —_—
[ - [
< - [ ™
A - ° " oo. L]
g 1200 a 3 .
E @ o °
=} .
& 1000} o % "
800+ .. m P-Ti
o (a+B)-Ti
°
a-T1i
600} °
1 1 1 1 1 1 1 1

-12 -6 0 6 12 18 24 30

meq(Mo) /%, mass fraction

7 LR Ti G&RPHRE o, 5 (a) BIEERS REF
AN Z B (b)Mo 2436 2 [56]

Fig. 7. Correlations of tensile strength o}, with (a) the
total atom number Z of the cluster unit formula and

(b) the Mo equivalent in industrial Ti alloys [°6],
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I G G 1 T A i P O R TR T AN 3
r=0.8—1.2. A 600 °C it T &4 Til100 (Ti-
6A1-2.758n-471-0.4Mo-0.45S1, J& &5 ¥, %) i A
1% 1873 N [Al-(Ti13.67Zr0.33)] (Alp.geSno.17Mog.03
Sig.12), EHR TN = 1.02, 144N BCC %
A e e 3 ME BRI S MR L) R )R T o = 1
R P A C o 1 b A e v X o I D [
5 b B 4 S )R N BE 2 B R G ER (HE, Ta,

Nb) 3t [ & &4k, Wi B [Al-(Tiys.7Zro.15Hfo.15)]
(Alg.69Sn0.18S10.12 Ta0.015Nbg.015) & 4 H A1
Pl AL EERE, 75800 °C F4: 100 h il E AL,
A A I A AL 1 H O Ti1100 ) 13.6 mg/cm? FFAK
£ 2.6 mg/cm?, FHA)Z JE M H 150 mm PEAKE
24 mm, Ff HAE &5 80N 3.5% 1) NaCl i H 1)
i JE5 e W AR v P A R By T g
B A5 v P B AR T A 4 8T 50 ] B s 2K

1 WA Ti &SR KL BIRE RS 3R Mo 4 & g [50)

Table 1. Compositions, corresponding cluster formulas and meq(Mo) of typical industrial Ti alloys [56]

Type Composition/%, mass fraction Cluster formula conforming to alloy composition meq(Mo)/%,
(common names) (total atoms number of Ti and Zr is 14) mass fraction
Near a-Ti Ti-6Al1-2.755n-4Zr-0.4Mo-0.458i (Ti1100) [Al-Ti13.67Zr0.33](Alo.69Sn0.17M00.03Si0.12) 16.01 —5.00
Ti-6Al1-2.8Sn-4Zr-0.5Mo0-0.4Si-0.1Y (Ti600) [Al-Ti13.67Zr0.33](Alp.69Sn0.18Mo00.045i0.11 Yo0.01) 16.02 —4.98
Ti-5.5A1-4Sn-4Zr-0.3Mo-1Nb-0.5Si (IMI834)  [Al-Ti13.66Zr0.34](Alo.58Sn0.26M00.02Nbp.08Sip.14) 16.12 —4.46
(o + B)-Ti Ti-6Al-4V(TC4) [Al-Ti14](Alo.66 Vo.58) 16.24 —3.82
Ti-6Al-2Zr-2Sn-3Mo-1Cr-2Nb (TC21) [Al-Ti13.83Zr0.17](Alo.75Sn0.13Mo00.25Nbg.17Cro.15) 16.45 —2.10
Ti-5A1-4.75Mo-4.75V-1Cr-1Fe (TC18) [Al-Ti;4](Alo.40Mog.4Feo.14Vo.75Cro.15) 16.93 7.11
Ti-4.5A1-3V-2Mo-2Fe (SP700) [Al-Ti14](Alg.26 Mog.16Fep.27Vo.45) 16.14 3.00

Near -Ti Ti-5A1-5Mo-5V-3Cr-1Fe (Ti-5553/Timetal555) [Al-Ti13.91Zro.09](Alp.52Mo00.43V0.81Cro.47) 17.33 10.58

Ti-5A1-5Mo-5V-3Cr-1Zr (VST55531)

Ti-15Mo-3Al1-2.7Nb-0.25Si (TB8/521S)

[Alp.945i0.08-Ti14](Mo1.33Nbg.25) 17.23 9.73

[Alg.94Sio.08-Ti14](Mo1.33Nbg.25) 16.59 12.23

3222 ZHRTIrESE

R YR AR & B-Ti & & W k7wt 23R, 1
Zr-Mo-Sn-Ti-Nb &k & F 3k 13 T &, K ¥
SRMWP-Zr A &P HER S X E5p-Tid &
A8 [E, N [(Mo,Sn)-(Zr,Ti)14)Nb,, H Fz = 15}
aaH AR R ML S MR, W[(MogsSngs)-
Zr14)Nby (Zr-6.29Nb-3.25Mo-4.02Sn, Jii & 4 3L,
%) A [(Mog 5Sng.5)-(Zr13Ti1)|Nby (Zr-6.48Nb-
3.34Ti-3.35Mo-4.14Sn, i &= 7%, %), & & W
HHE Yy = 2.12x 1076213 x 107% cm3.g7, N
AR R 4% 1F T 4EZr 4 )8 19 85%, 3R MR B
E =77-79 GPa.

5L 55 B-Zr & & A F], AR 5T R
M Zr & &P I INEIVE BT &K (Sn, Nb, Fe, Cr4%)
R mE— RN T 3% (R ES ), JB T MBS &G
&YW ik, FRATE B S R R S AR I A
AN BT RN K BCC [ ¥ 1A [ 7% ik 43 20 [M-
Zry4)My BIRTICK, 153 206 3% 2 {[M-Zr14]M-([Z1-

Zr14)7r) 12 H([M-Zr14]M)3 (30 JE-FASECN 256 4,
MR RE R T7), IR E S S TRNE
s WESMERTTEMP) RS ERZ A
Py 8/256, RIJR 1 4070 # v 3.13%. W& &
ot & 5 5 AR Ze A HAE L 15 20460 T M 7%
OV LT & (Sn, Fe, Cr) FTAEAN M I K& &
FBRA4/256 (J5 1 %0 R 1.56%), AL E
Nb G % Wi RN & v 4/256 (BT 50 £
N1.56%). AE— BRI H T Ze & S5 M K
f) TR b 1 i, 4E Zr-Sn-Nb-Fe-Cr-Cu & &1k &
BB TR EEN Zr & & R, EREE
& b 3R 5% v 2R B HE A S 00 ok 1k e DO a1,
Zr-(0.5/256)Sn-(2/256) (Fe+Cr)-(1/256)Nb (J5i -
8, %) A4 AE360 °C/18.6 MPa. Jii & 4> % N
7 x 1075 ¥ LiOH ¥ ¥ J& 1nh 283 K 1) Ji§ b 3§
48 mg-dm~2, T A %5 %4 F WK ILA Zr & &
(N36, Zr-1.0Sn-0.25Fe-1.0Nb, i &5 ¥, %) KIJE
PhiE HE N 93 mg-dm=2. KSn& EZr & &l
W E A CN36 & A — 2, HoAr#E 1 ) R
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5, PLPL5RE 0, = 461 MPa. 25 Nb & & A]
Bk — 2 42 Tt Zr-(0.5/256)Sn-(2/256 ) (Fe4-Cr+Cu)-
(3/256)Nb(JE T %, %) & &)1 HRE, Hoy =
493 MPa, H. [FFE R AR 5100 ot 6e, & &7E
360 °C/18.6 MPa, LiT™ Jli & /34N 7 x 107° B
ik 283 K Ji5 B 1l G B A 68 mg-dm 2.

3.2.2.3 BREMATN

T Zr & &R e+ 350 °CEBLF,
H AR B A% H 3l S 0 10 R A A T 452 493 25 R (AT'F)
BRRARAB W AT I, Fe-Cr-Al REL R
AN AR AT Ze & & WA S i vl Ak
TR R U SR T, B B AR PR A
PERDJ I R R . LA W TR W, B A i ik
PE R BT e IR A P BB IA B S AR 1 R A 4
N Fe-13Cr-4.5A1 (&34, %), HAH—BCCHS
4 ) AR A IC I IR A, Fe, Cr 5 Al 34 5%
ZHAEH, H Fefl Cr 2 0132 HAEFHIRSS, fEER =14

AN AT A B e, SE BCC g4 ] g 57 [Al-
(Fe, Cr)qa] BIRE, WIHREA 4605015 2 F A% R 43 32X
[Al-(Fe12Cra)](Alg.5Cro.5). fEULAL S IERE E, I
hni¥EE Mo, Nb, Ti, Zr, TaZ5& &4z, LMY
H B F AR e M 0 FeoM 4 Laves #H, 7E 1000 °C LA
RN A BT LR R AR R T, B SRR
RSy NN E P AR SRR =N WA K A A I e
B, £ 1200 °C R [F1A 2 h, Zr/Ta & &4
& AIA Laves 704 T-dm 7t b, $0) 7 B 44 5 kr
KK, I AR IEAE i R .

BATV T T IA ARG S R BCC AR T
RS A4, RIS TRASIRy (£2)1)
W2 [CN14 K] (8 R 7). MR R 2, Hik
FET oz = 1o i . Bt R W42 R
T o = 1R N8 BCC Bl & 4 —
FRRFIR G E 2540, 1 R IX M &6 1 1) & e B A R =

MR EPERe.

*2 I BCC LRSS Y ML R% A

Table 2. Compositions and corresponding cluster formulas of typical BCC-based industrial alloys.

Cluster formula conforming

Alloy Composition/%, mass fraction t0 alloy compositions Integer x

Zr-base Zr-20Nb [60] [Zr1.0-Zr14]Nb3 g 4
Zr-6.3Nb-3.3Mo-4.0Sn [°8] [(Sno.5Mog.5)-Zr14]Nb o 1
Zr-6.5Nb-3.3Ti-3.4Mo-4.1Sn [°8] [(Sng.5Mog 5)-(Zr13Ti1)]Nby o 1
Nb-base Nb-10Hf-1Ti (C-103) [61] [Nb1.0-Nb14](Tio.3Hfo.9) 1
Nb-10Ta-10W (SCB291) [62] [Wo.9-Nbi4]Tag.g 1
Nb-10W-3Zr (Cb-752) [62] [W1.0-Nb14](Nb3.3Zro.6) 4
Ta-base Ta-10W [63] [W1.0-Ta14](Wo.6Tao.4) 1
Ta-7W-3Re (GE-473) [64] [(Reo.5Wo.5)-Ta14](Wo.6Tag.4) 1
W-base W-7Ni-3Fe [65] [Ni1.0-(Wi2.6Fe1.4)]Nia 1 2
W-4.9Ni-2.1Fe [66] [Ni1.0-(W13.0Fe1.0)]Ni1.1 1

323 mEcee A RRN AL TM, (n A iEER T &%),

FE A SR L Z AR (EF Lo &L L) 3t
A N AR — SO R IR S . HROT R NED)
5 PR B BT S A 5 ) R LU I, A5 AT
FIRERIT S TG G E, BT A T 4
PR AR, RN 2 TR e, 2 H Al
FHERF SRR 0708 X R E S 2T ALTM
PR &, I8 AR ALTEER 15 BRI AN R 4l 4
MR <, b TM 2 855 B & L BR &,

F AL 2 50 TM (A B AR, 2598 BT TM
B — A TT R M, W Al TE KA N MAE A
B TR R TG R, M B B8 7 Ak & 4
ALM,,. HItk, FA TR H 4 8 R G0E 7 T
Al-Co-Cr-Fe-Ni & &1k & 1 s il & & I 2145 1)
MR RETHAS R IR 153 2K [AL-My4] ALy 14 X B
ZR R FCC HME SR LR 6 HAIS &
TR % 40 1 o i, BCC A I FCC 3
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e . 4 E Al S EAA, UE TM 15 &,
WA A &5 R AL, 8% BCC R @&
S EA MR, (HR N AL & ®RME I BCC &
B A S 44l £ A BCC/B2 1R R 4 ik (B2
HNBCC BSR4, M HE T &40
Mk, BB LA E 1) ERR S SR
S FERFIE I RIS, s & & n 8k, JA7E H %
5 30 [AL-M 4] ALy A F e M B, 5 B M

0.2 pm

N Coy5Cry j5Feq 5 Niy 5, 3RAFI w05 & G 28 N
BCC/B2 45#. i HE /2, i#id i % BCC 1 B2
FHZ TE] B R BRI, 3R T BRI B2 9Kk 7 5
BCC H: I MR A, il 8 Fivs. IXFhZH 41
5 Ni kiR & SmE, AEMAT mRAE S, H
ZEa B R (0, = 1223 MPa) 1R
LFHIEEIE (6 = 7.9%), hifi)E RELLH £ T BCC
P, H&IEfE BCC/B2 #Hf L (K 8 (b)).

100 nm

K8  [Al-Mya]Aly(M: Coy/5Cry 5Fes 5Niy /5) Bl 4t B LEE 09 (a) BMATRESZ; (b) Hiis

EBFIRES

Fig. 8. Transmission electron microscopic morphologies of [Al-Mi4]Al; (M: Coy/5Cr;/5Fes/5Niy /5) high-

entropy alloy [09]: (a) The dark-field image before tension; (b) the bright-field image after tension.

3.24 LAELSE

TRAESFEAFERESMEREGS. 3F
B 4 SOPR G B BB, SR A PLIg R [ AR R R
REYBERAOKELFE G4, HREHES
SR IE IS R I RS E RS SEE R T 2 A
LEEmERET, AR BUR. mTIERE &gk
NTETERS, HETHEH 718 2 Fpah M2y i 1 21 7
JEfmA SRR R e, P K2 HHE TR
WA RS B F b AERA &P
TEI RGN RIBE R 7 5 B R A &b i
JRACSE AR AR R, DR e — B DR, AR
IR Y A A 00 32 4 SR - 5 R RS B SR B T A B
G4 AFEZTET, dEfA & NERER N 7 A
2B A A4S 40 1T HR B S S [ AR A A T
HH, MRAE G S R BN R AT DL A A [ I
KB B R 25 4, B CN9—CN14 1872751 iy 78 [if]
ARG T, B A A CN12 F1 CN14, Bk T
VARSI, AN, BA SR IY BORE ) B
AR f A 4 1R A A 20 o o 42 T A B0 o [

JE, Nax = 1803; MifE NS EE 4 B R 2
FE R B2 B A 4 5 A0 R 14 % 1 e o5 T A
1 910551 LA Cu-Zr FEAE B B, 78 598
5 K] Cug Zrg AH Hh e B 2 HE — + 11 4[4 7% [Cu-
CurZrs), 4 [Cu-CuyZrs] A #EERE — A Cu i 1
TR ) 2 [Cu-CurZrs)Cuy (Cugy. 3Zr35.7), A4
£ Cu-Zr — 7ok & b B om BT GRe /1, 4
HERFE AN M(M A Al Ag, Ti, Nb, Ta, Mo) i,
RIS 09 = I8 Cu & Cu-Zr-M W 5 5% 1 B TE AL
BE 7 720 s nTE 2 4 oci, W] R A AR AU G B AR
TEMR AR B 0038 1A 7% 5 )2 A e A S AL 1)
JRF, VLK & HAA S SR B Y ke 71 i Bk
fn 4 (71— D3 HoAh e i A Sk R (BLFE T
B NI Fedt, A% Pd3H%%) kbR &
& BTN R, A A S 3
Al 2 [BFE) GERR R 1)1 ,3 IR, Ble = 18]
3. TEULFEA bk f ) Ak ) B SR A ) DL
B YRS & &R N AE S X, WK 9 Bk,
BT 2 A e Ak A i 7% o B 5 H T 300y 24, B
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BEW R TIRE N 24/7 (Z NEFEE S b R
).

O (FIFIR ) Bt RR A i e 73]

(color online) Schematic of the cluster-

Fig. 9.

resonance model [73].

PA Ti-Cu J=A44 8 1 S 28 R FH 1A 752 1 53 =007
B RIE A A b g [0

SB— R AW =BT EE T B
53 X, T EALT A48 AL & VDAL B 35 i X
£ Ti-Cu — Je B Al AH B, A7 78 P AN b 2R 7Y 3L
R CuysTigy Ml CugsTisy (JRFE55, %), XTI
fm A4 FH 23 93 N (Cug Tit-Cuy Ti) A1 (CuTig+CuTi).
Ti-Cu & &R 0] B B 3E & 11 B 43 36 F /2 Cugg Tige 2
CursTigs, M ST X 8] 3 E 7 5 CuTis 1 CuTiAH
He) S ) e s XK.

BB WE AT A AR R KRR
PRS2 B 25 R E 5 AR S T RO O IR A AR AT H
FHY Cua Ti(MoSip B &5Hy, ¢16) A1 CuTi(CuTi B4
¥, tP4).

SBR= M R 0 O SL 0% M T 1
FHE RIEE AR Am, ] LU
€ CuTiy AH 25 4 47 P i 4] 1% 14 24 [Cu-TigCuy] F
[Ti-CuyTig), HHri & f 0+ 55%E 1
e 42 b RICw-TiSCu] — (. 914 ¥ 230 T H A CN12
A #% 1 EL B (R* ~ 0.902); T £ CuTi A &5 ¥ o
ffy %2 [Cu-CugTig] Al [Ti-CueTig] B #%, F )5 &
RIT-Cu6Tis] — 1 056 4 jir B A2 CN14 [ #% ) L AE
(R* ~ 1.047). AL H T PR 3E G AR B AR5 A2 1
P IR IR = O BRI B E R R,
1M DA A 375 %) 2 ME R FEAE R A b, S 20 e
Cup Ti 1 CuTiAH i) 3= 41 7% 73 1) 9 [Cu-Tig Cuy] Al
[Ti-CugTig].

SBI MEEHFERS R PLERBN 153
AN I T A AR X, AR L A R U Ay o 3
ARG, 203 LL Tis, Ti, CuTiy, CusTi, Cu il
Cus MENER T, 456 WAL S 0 3 AR A
ey 2, ERTA R A B 3 2 24 LU
By 3, AT A s A — o6 [ #% 3K [Ti-Cug Tis] Cus
(BN TR E e/u=23.6), AR T %5 X A1)
HARAE A S

S$BHE RAMUETE®RENREAE
3N A A DA | TR - @ =P i B EK > Wi
ZEH AP O, R R ERME R T
(Zr 35 B ¥ Ti, Sn sy & Cu), 15324 559k
fn T B AE T (I AR ~F N5 mm) (O Bk R &
Tig0Zr10Cus6.945n3 06 (JRFEHL, %).

1 i B 2 — i R I B KR v A S RS
IV B e 2 e 1 o ARV 1 42 T Ak & . FLR TP
BEAE FHA, JET A RE 3t — 4 o
16 = 4 o) i W i B R HESI AR 3, BB T AL
BB R Wk I S SR A R R
R AT AR A R, e g ST A AR A
[T A 7% G5 3 R 7). Bl BLAL-Cu-Cotk R
S 1760 o T R T AL-Co & 1 #% Fl Al-Cu &
HFEIL R g, 5 Al-Co Z [A1 55 K ) B iR 45 0 (4]
(AHpLco = —19 kJ/mol) #H, Al-Cu#l Cu-Co
Z [ 2T EAEH (AHALcy = —1 kJ/mol,
AHcy.co = 6 kJ/mol). M =G Al-Co 1 IR #E i
H it B % 20 [Co-Cog Alyg)Coy (E10) %, FIH
34N Cu Ji 743 31 B e — T 4% [41 7% [Co-Coa Al o]
FoELE 24 Co JZF R 1A ALR T, 13 3 A1 #%
% 43 2 [Co-Cuz Alg)Coy A Algy 3Cug; 4Corgz (JR
TH A %). HERNEBHORS SR
Ji% 53 Algy 3Cu21.9Corz8 JLF B A, B 5 i 2 (X
NOT%R T 4 ), 5 B4 — Ak
AlgsCuroCors [ 28 3.1% (R T %073 %) 9. ik
Ab, FR P e He i 45 M A R RN e AR vk AR H T
TR PEE AR 43 BT A o TR BRI, R IR AR A =
TG d A 4 1 B 0 B R 2y UL (i FL T 2R E
3 2 24 B FEOEN, Bt 2B IR SR AR A

BT [ i 2 MR R ) A 4 B0 ik T N T
ARAIMEZRE SR AT, Bl AR 5HEET
RZAIMAHEAEH, AT & S oo R R R
KA B B L ds g &, Wizttt BA R YERE
2 66 &y, HERs NEH EE L2 R 4
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AR 2 T B S AR B 207 R ) S, RES N T
B BT R A R R L RE R IR AR
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(MFIR) i [Co-CopAlrg] HIEINZE ]
]

K 10
HeA 176

Fig. 10. (color online) The spatial packing of icosahe-
dral [Co-CozAljg] clusters [76],

4 % #®

EXT Z G S IEA W RR RS, A
fiidd KRERERAR 71217 28 RN E &
Gy VT 7, T A 4 Ak o & A BE Y Hume-
Rothery FUN| RAE A 4 SE tFa g ) 2 =k A4
PEREI E T RN SR IX LA R A &M R
WERIEHE T8, HIIEMARA BB AR R IGIG
FHE -HAEN AR 2 PN E R R, T
[i5] 95 A7 Jr) 38U 7 6 A R e e o sk 7, %
& TR ITIC R 2 A HAR R, #A A A%
T2 R 7 e IE R S M I el 2 b %07
BB ZEREGEN A (Cut & FEFIA SN, Ti
& IrEE e E UREE . mEEE) T
RN SIE T A&, NZ TTE RS S’
TR 7 —Fh ) S TR B ) 7 V. RS BAR 1%
PERERA E BAR & & ih B IR R, 72 BFE 5
B EGIN T HARR R, Wl B SE, DASE
IR S5 A LA, Bt SRS B i 1 g, 1K
oy TARIRR I — B 5838, A AT B 7 ik i 4 5k
BURSSY -2H 23 -VERE 2 TR Y G BX.
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Abstract

The composition design is of importance for developing high-performance complex alloys and is also the primary step
to realize a new mode for material development via theoretical prediction and experimental verification, in comparison
with the traditional experience-oriented experiments. Traditional alloy design approaches, including Hume-Rothery rule,
electron theories, equivalent method, computer simulation, etc., are first reviewed from the viewpoints of their theoretical
basis and applicability to limitations. Almost all the traditional alloys are based on solid solution structures, in which the
typical characteristic is the chemical short-range order (CSRO) of the solute distribution. We propose a cluster-plus-glue-
atom model for stable solid solutions in light of CSRO. A cluster-formula composition design approach is presented for
developing the multi-component high-performance alloys. The cluster-plus-glue-atom model classifies the solid solution
structure into two parts, i.e., the cluster part and the glue atom part, where the clusters are centered by solute atoms,
showing the strong interactions of clusters with the solvent base and the weak interactions of clusters with solute atoms.
The clusters are the nearest-neighbor polyhedrons, being cuboctahedron with a coordination number of 12 (CN12) in
FCC structure and rhombic dodecahedron with a CN14 in BCC structure, respectively. Then a uniform cluster-formula of
[CN12/14 cluster](glue atom), is achieved from the cluster model. Its wide applications in different multi-component alloy
systems confirm its universality as a simple and accurate tool for multiple-component complex alloy composition design.
Such alloy systems include corrosion-resistant Cu alloys, high-performance Ni-base superalloys, high-strength maraging
stainless steels, Ti/Zr alloys with low Young’s modulus, high-entropy alloys, amorphous metallic glasses, quasicrystals,
etc.. The specific alloy design steps are incarnated in the B-Ti alloys with low Young’s modulus. Firstly, the necessary
alloying elements are chosen according to the service requirements (BCC stability and low Young’s modulus). Secondly,
the local cluster unit to present CSRO and the corresponding cluster formula of [(Mo, Sn)-(Ti, Zr).4](Nb, Ta), are
built, in which the occupations of the alloying elements in the cluster formula are determined by the enthalpy of mixing
AH between them with the base Ti. Thirdly, these designed alloys are verified experimentally, and the lowest Young’s
modulus appears at the p-[(Moo.5Sno.5)-(TiisZr1)|Nb;. Finally, a new Mo equivalent formula under the guidance of
phase diagram features is proposed to characterize the structural stability of Ti alloy. Thus all the Ti alloy compositions
with different structural types can be expressed with a uniform cluster formula, in which the structural types of alloys

are determined by the Mo equivalent.

Keywords: composition design, multi-component alloys, cluster-plus-glue-atom model, solid solution
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