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| Brief histroy of high strength £ titanium alloy
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Timet LCB
Ti 6554
TB10: Ti-5Mo-5V-2Cr-3Al
SP700: Ti-4.5A1-3V-2Mo-2Fe

SR-71 1960s 93%Ti alloy

i SV-3Cr3Sn3A1 | | B-CEZ
Ti-1Al-8V-5Fe Ti-185 i| BT2 5Mo-5V-1Cr-1Fe SAI4Mo-4/r-2Cr-28n-1.5F¢
Ti-30Mo Ti-15Mo B S 1i-5553
he

Ti-8V-8Mo-2Fe-3Al |
Ti-3A1-8V-6Cr-4Mo-4Z1f} -C !
Ti-5Mo-5V-8Cr-3Al TB2

Ti-5A1-5Mo-5V-3Cr-0.5T¢

‘l‘)\)().\

The firstf alloy ' l Ti-10V-2Fe-3A1

Ti-I3V-1ICr3AL | Ti6AL4Y | Til023 :
1952 Kessler TIMET R

| BI20VCA Hamsen ! I 1971 TIMEL =
1950 | 1954 | 1970 2000s

Initial application »  Rapid development stage > Third stage

K1 gikasmkERIESGeES
Fig.1 Development milestones and alloying methodology of g

titanium alloy

KA, TR KREANIN . Bra el
(R 73 K ) B A b T B A R R A LE R E K
(RO [8] o RTIT, VR 2 B RS 4 el i X e 5 9%
Wi . BL Timet 2 7] Bl p-21S &8, fds
WA TT AoB & e I R o 9 2 22 0 R A0 -1 A% L
Wram ER, maekitiERE: (D R E%E R
AL RE » DA N T B b 1l 25 21 4 389 55 2 5 b kL. (2)
R A s . PraE A vERE AR AR e . (3) W]

A BSRAL, ARG R RO LLSRIE . T A VR A Bm SEE
TR, WA HEAERG &, KRG &/ 5T LIRS

bee 45t p HAHALR, AR TEFLLK. HT V TR
AR T H e EE SR, BN Rk
Ti-Mo. Ti-Cr & RiAT & & M . @ s se,
MR A S PUAMERE LB, X Ti-Mo 1k &, 48 Sis
Nb. Hf. Al Fe & n R Al m & & Pia L PERE, Zn.
Zr. Co. Y Xf Ti-Mo & R PERETH B . 24 Mo &
AT 15% URESHD B, 4622800 Mo & &0 Hi
AAHERE R . IR, 7F Ti-Cr & & 1 K&/ 7T F
RARDAT LR E R S AR & &R . WU,
T2 & 4k %N Ti-15Mo-Nb-Al-Si. B 5 %A 7 Nb.
Al Si FRE S, WAL= Re S E iR
T YERE, &2 & & 5 Ti-15Mo-2.7Nb-3Al1-0.25Si,
Haws A p-21S. ZEE&EAMRIA M LR, 7]
RELE 0.3 mm M, HTHl&&REEGHME. [
I < A0 7 1) e e 1 R PR A MR e SRR E M
1.2 Mo H=2Eif

KL TRE &M C U&= nT UAE RTINE 408
FE TR v e ) KR, kA& &P T Mo
M. W KOR B S IFE H R EE ofl ) pRa E TR
() R I 53 B i e 2= I e S 4 Cue RIH & 48R
il AR 2y, Mo 4B AT o Al

[Moley= X (1 22) <[Mo] 0.2[Ta] +0.28[Nb]+0.4[W]

+0.67[V]+1.25[Cr]+1.25[Ni]+1.7[Mn]
+1.7[Co]+2.5[Fe] (1)

ARG (1) P TH S AR S & 4 Mo 4. XS %k
A4 LR BT ok, % o MEIE
. RS BB mEEYCKR ST R o M
A3 B AR A P AL HE I 3, TR &R, p oAk
A B R E HEXT af BT AT WA E EE . 2 Mo
ME e, pEARGE, MARWKE)II(AGY) K, A
FT BB 5 2 Mo 2 IKH vk R BR3RA338 4 pAE,
WARTEERF 8N 9E ST KI5
T (Moeg=11) B, B 2RI # tH K E /N VREL o AH, i
T35 R A B S o 2 R B T I ORI 1 3 7 22 3R Bh 77
SRR e SRR B G B BT BT M E A T 11~15. 7
b G SR IR 7E e BRI 4 N B4R e v o ek
& “IRFEHME T EZ CE S EN, IR %
SR R IF & H Ti-B19. Ti-B20 &4, Hh Ti-B20
A EAE MR T 2Pk E ik 1200~1425
MPa, ZEff# 9%~16%01%, IrLesE, PEibA 04 B
FeRe i 827 & 1) Ti-5321. Ti-1300 25 it w4k & 4
TRRERET IR AR S E T Lo e Aot JHnt,
HAR Mo & & @ 7E LR FE Al b ) — R R0 T 1k,
E T B A Z TR R R R, Mo
MEEZ OEMREES WA REER SR L.
1.3 elaBFIREEL

HL U ela 48 & & BN R T 0PI H T 4K
RRIMEEEEMREENEZYEE, e NNHETH,
a NETFHE. HEARXN: ela=Y N, F;, Hi N, F
SRR | TR T 8. RS A&,
efa fH 7] T pAE A R e M« AHAR Y DL R B T T 5
b ela (EAV3G 0, B AERIAR E MEEE & TEMR AT IR
(ela)X ik, pHEAFRE, WM H oS IREM, & ela
X Ik KT e B M TAE ela IR IX I, K5
TE Rt . SCHR[12,13]45 i, ¥ KO RSy TR A 1 s 57
{H <ela>,"=4.1520.03 , M & & wAH [ 115 5t B+ 9K B
<ela>,=4.1340.03. ¥ KN T &HA 2L LH, ela
WHERL KT 4.2, ARG T 5 —FE
. HRHBE SR BT B s N hE i S AR Nby Zr.
Sn L&, Wl FIRERE 4.15 B NI R 1
mtERE Ti2448 EYEH A4S . H4b, ela HIE &
W SR AR L 7, T & &8, 4648
ela [T 4.1~4.2 If, AJE T {332} <113>45
LA 4 ela KT 4.2 (Ti-10Mo-3Fe), 48K A8 N
%%@[13,15]0
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1 R IR K O T R S R i i
AP WE U R rh R 17 & &AM« Bik+ %
R R, o AN R BT TR A K I R 1 A
TR, HARE AL T AR S kAR B, 3k
Al B 2 T R S5 K, B “RIRR 7. 53R B A IER
BRI TR T BRI T K 2 1A 11 75 42 TR A
R, T A [F] T 4% 4 dh 4 2 1 5 K il i
I A [BIFR]+CERL R 1), MR . W TURML, Bk a P
JRR - IF AR o0 A A2 AR RS 5 B R, Ti-TM G
&) A E SR T AR EE, o Ti-Mo®,

DRI % 780 o T P Tk T e [ 1 A 4 i g 124290,

HAl, ZERCOHRIIHE THEE. KEE BG4,
1 o By RN . SRR (invar alloy) . &5 & 455 —
R E RS 4 oy it 5 44Uk R 12227
JRFHES FEFE A P E 2 9K o AT A
(NBED). mi7r#eiEaf e, [F2b4RST XRD. ¥ jE X
SF 28 W USRS 2 25 K9 1% (EXAFS) 25 — £ 51 S2 06 T B 45 3
ESZ, AR I 7 [ A2 00 P9 35 4 M T A AR AR 22 i 1283,
Sheng “5PEIE R FL A S48 M I R B, A 2 b RN A
TARE LV A ANETR it I (Rl TR AT N S
Miracle!?®321 4k £ f % J5 7 B 7 1ot T e 4 4
FA8 W R 2K RO 3 Fh . DUl A JE T IR 1A
YEH 715 B (IFC) v .42 H F 7% 25 0 i f 2 J7 k. AN
B, ARG 0 E & AR+ e IR B B M R
1 Ti Ga AR e —RE TR (D &
SRR BRI, W R AT B AR G, VR
TR EEHIIE S E. KEE—BRIEREL
PRR#%(CN-14). Wil 2 frox, 7E Ti-Mo-Sn-Nb & &+,
gLl Ti P RIEE, 488 Mo, Sn S5l i+, 5

K2 pEk&adi CN14 BIFESH

Fig.2 CN14 rhombic dodecahedron as the cluster structure in g

Ti alloy®®

DNVEREIE T NDPY, () JRA e R /NE I . IR AR R 6
5 T PRI, B8 A5 s I 5% T e 42 S 2327 390,
7E(Ti, Zr)-(Mo, Sn)-Nb & R & B k& &% it
m# 1 FiR, Mo, Sn 5 Ti BAFRENRESK, B
HFO R Nb 5 Ti BFIERREE, 5% R
i T Zr JE T E G0 R TR AR, BRE
T %% 9 [(Mo, Sn)(Ti, Zr), INbBY. SCERET 5t & BB,
DA A & pE 5 2 2 [ ]+ (23R 1) KR 30
A, IF HERE i Ti 25 Nb i, A 4 s kA
BFFAR; ARH Zr B Ti 2D RRAR T & & g e
., Mo(TiysZr)]Nb, 5 < fi 58 1k A5 5 B IR

2 ETERIHTEMEG&RITAE

2.1 dETFER

d BT7HIEEET DV-Xa 2 FHIER A (DV-Xa
molecular orbital cluster method) ) —Ff &5 — 4 7 3 i1
H1E . BHUAE 43 (DV-Xa) J5 14 A J5i A2 X W8 4 HL -4 5
75 72 (Hartree-Fock-Slater equation) it 47 i 14 15 # {5 4k
o HRE RURAIH Xoo 338 5 2% 1 ML 1A - SR I

(exchange-correlation potential ), #58 #- KB4 R R
1/3

Ve :3[%:0(0} (2)
X, p(DREFRE r B TEE, S8 JUE 0.7,
e £ il = T I | Ky P T i - 1
BN VL THE SRy SeG SR R, R E T
LM A5 (LCAO) METHUE. Xo IAIERTE
VA5 P2 bR R RHE-TR T R 57 — ik 5 13520,

S JUHFERKRE d BB O N TR
A4S, B CrEk RN, pEkE 4. BE e,
BAE. MEASSHMRIIT R G HET, g
ER-G T U7 TR R B B2 44l JE K% Morinaga

Fz1 LHMESTENREREHMES
Table 1 Mixing enthalpy and Young’s modulus E of some

alloying elements!®”

Crystal Ato_mic Mixing Young’s
Element structure radius/ enthalp;_/l/ modulus,
nm kJ -mol E/GPa

Ti Bcec & hep 0.146 - 116
Mo bce 0.14 -4 329
Nb bcc 0.147 2 105
Ta bce 0.147 1 186
Zr bcc & hep 0.16 0 68
Sn fce & bet 0.14 -21 50
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T 1988 EAEF N E EBrEk S EIR R, R K
F| 2 ANEES R Md (d-orbital energy), d #LiE H T HE
o MERELESE, RRMAEREEZ d YUEHRT
SO, FLOK/INBE 2 e G 8 T BRI, BE R R
F 18 N T 4% 0 ; Bo (bond order), #2767 & 45 4 B 5 Y
1458, B2 AR FREBFEAS MM Qi IE Bo.
Qu AT RRA:

Qu =X X;CiChy [ Py ) dv ©)
Kef, WO AR VIIVIR T L OB
e, CYRIC Y RN F 908 M & KNI R 2L
Xt 3d 4 )@ Bo A B A J5 1 A 3 & ik, 4d
5d 4JE ) Bo fHIS =T 3d &) . ELhrZHia&F
TR BRI G EICRAE B2k Md. Bo FIIIABCEIE, BY:

Md=Y7, X; - (Md); (4)

Bo=J, X;(Bo); (5)
K@) RE)F, XifRE i oRHET2E, Md);.
(Bo); 7%~ i TCE K Md. Bo 1i . FIH EF &4 Md.
Bo fti 7] LA il Bo-Md . F|FH Bo-Md & 7] LA &
EpHEE N HETERE . AR Cslip/twin) . p/B+w
AR, DR AR,

d BFHRE N TH AR & g A& ST
g B8O A ST R BN T B AAEEK
BEEEM(o o' oL R pyh BA R, I
B EA SN &4, Hoh, 78 Bo-Md BH 4 £
BT Bpro LT XM &4 B A BB E. [,
b Bo fHMIGINEG &M EEC. bl ZKE4
B o I B R BAE R TE p/+o LLITIEH R Bo fE
X1, #EH Ta. Nb. Hf. Mo. W. Zr %1% Bo f&
=M, saito 25 AW 45 1 d 7RIS . ela VEN I
B TRAE M EGe, AARKER. B
SRIE S WM, JEoRILER A SWRE gum &8 . &
&R A5 Bo-Md BIZEYIM L, d BTEEH
AT WA R AR T 7 50, T HE S TRIP/TWIP £k
H & g B AATE Ti-12%Mo( 7 & 4 %)
(B0=2.807, Md=2.415)" K FIl, A4 RI4E AL FE I} A [F) I %
A= N AR 5 R By B AR A (transformation induced plasticity
TRIP) 52Z5A4 48 (twining induced plasticity, TWIP),
WK 3 fros. X—KIIFE T TRIPITWIP £k& &4 7t
(43 . FRIEAL A 4 Bo-Md [, TR R R 4> & 42 )
REMAR 72, B4R S TRIP/ TWIP £k& 4 it
e 4 frow, Wit& &AL T N JE R SRR S
Iy IRAR AR 28 2 (8], 45 21 () 30 R BAR o] 78 98 1 A5 1 vp R
A TRIPITWIP M. AR, DK H
Ti-9Mo-6W . Ti-15M0-0.20 . Ti-7Mo-3CrTi-4Al-7Mo
-3V-3Cr £ — R 4| & 418, KT TRIP 4N, 264k

% 50 %
L]
I
282f N & '
%) ]
9 .,
' 1
281k 14Mo = o
5] 4 5 ' g“
s &5 o)
> 12Mo ? R %
— ’
-g 280 B —"" .
@ - ”— * 8Mo
Me=R.T. MER-T. Ne |
279 1 1 1 1 L.’

239 240 241 242 243 244
Mean d-Orbital Energy Level, Md

3 Ti-12Mo & & [FBt & A4 R iE R D Rk 528
Fig.3 Cooccurrence of TRIP and TWIP in Ti-12Mo alloy!®

2.84
282 —
Ti-12Mo[17]
280 oy 10v-2¢r-3a1 24
” Slip
5 278 i-1ov~1r7lzm [24]
¥ /
‘\3_ mf Cez é0»22]
2.76 Ti-10V-2Fe-3Al [23, 25] // a
274 i P4
272 ] 1 /1 1
225 2.30 2.35 2.40 2.45 2.50
Md

4 FIH Bo-Md & #it TRIP/TWIP %k 4147
Fig.4 TRIP/TWIP titanium alloy designed by BO-Md map

A& HA M R S AR g
TF R (R 449

d HLT AR AR R AR A A I Wit g R TR,
Morinaga 2 ABIH A Bo-Md ¥t w5 )
Ti-13V-3Cr-2Nb-3Al &4, Hoam B AW 9 i i
Ti-15-3 A4 . Zhu 25 PhE 5 60 £ R ok
A4 Bo. Md fEHHF2H Bo-Md B, il
Ti-5A1-4Zr-8Mo-7V & 4%, K 5 fix, &4 M
B e I LR R Bk, S &L T Blot+p HH TR
i 22 b X 4, B 45 ) 4 42 Bo. Md {8 7 I 7€ 2.76~2.79.
2.31~2.41 X[A] P, DA SR AS iy i B2 s Ik, a R Ti1023.
BT22. Ti-17 W% Ti7333 & & NHWx &4, EHlE 4
BAY T U B AR & & sy XKy, B 5 st
TGN ok, HEBGSEN, Zr TR
N IneT [ A ol 5 pEER, Mos VO] DU AL B

» 72 HAETER G &
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556 14
2821 " . /
H t | I 1c y
- [’) L /’I
A at+p fmm— w,’
° 2.80L 4 Designed alloy - : / 2\°n b
|m_ 1l - 3 = /:‘/ Ti
& [ Balloys . - Wi
% ﬂ Yy e *ca .“-(5'53/
e 2.78] /s o Lt &
o W &a . 1‘:’ L ATCIE a1
g o /= ,’“654 A a3 'Grvi_::.
= 1 WS -\'\5?»\:# &
| $
g 276] RO e LY
m R a * ATi-62425
e a+p alloys ‘,‘ﬁ@y}!,'}‘#mo
2.74 gy 7 alloys

T 228 0 232 236 240 244
Mean d-Orbital Energy Level, Md

KI5 JET Bo-Md K mi w45 M 5K & & 4y it
Fig.5 Composition design of high strength Ti alloys based on
Bo-Md diagram

Bk, BWE Y NBIRIGETICER, A AELE LT SO AR %
BRI AYIRI RS, Al I 53 A ot . 5
A UL ETEN, 48 & 4R A Ti-5Al1-4Zr-8Mo-
V. BENSHLRARFRBEBIEILE(UTS 44
1390 MPa, JEHIEZ)A 10.2%), &4 F ZHL AR H K

SRIEITE (UTS 2924 1461MPa, Kic 414 52 MPa-m®®)P53,

2.2 HE#HHZ (calculation of phase diagrams, CALPHAD)

HEANEREES G/ EN 2L,
20 {20 i Kaufinan 1 5642t 7 CALPHAD, 3k
R HPOIRES TR RN BRI RE . BERT
SRR R AW e, JUH R — A SR PEIRE T
T 2 A E YRR, HET CALPHAD A AT
DIt = n 22 n a6 S E HEE, ©r iR
Z IuH SR REREE AP R4 T ARSI FRE, M
M AS H AR AR IR B . AH B2 B AR AR AR 43 0 55 B 4000 .
Ao, KR FIUEBRASE TV R E (o
DICTRA) Z5-& K PrecipiCalc™ % %: /] LALE I} ]
s (A )ROBEX BT AR BEAT f R, IRt R A E&wmE. H
fi, 3T CALPHAD 15 5 S5 A1 B i) 4 ) 5 40040 e
VRN AR R D A A% O N 25 o MPRFE TR FE 5 T
SEMEARH T 58 25 AT R

5T CALPHAD # 1=t H O A NERZ 0 hH
S —Fh BBV, IR B TR A &
HARANDBSO | L 0T AR L 408 g T g i
& e PRV A B . AN LT LA
FH O 24 7 % 0 B OO i MatCal « - JMatPro
PrecipiCalc S5t 1T A 4% it, @i & &M+ C.
Mn SEJCERRSY, BT BEE S A SR HAERN S
B, R RESmEEYS, fEE& 4%, CALPHAD
A SRR Ti-Al-Mn. Ti-Al-Cr-Mn & 41k 2 o 4

JIEERAS ) FEuh B A P ) 46 iR A i 1] i A T
i & VR E ER RO, 546, Yan. Olson %
2GR T Ti-Al-V. Ti-Al-V-Fe & &k &k k5
AR AR I 8 2 58 )l 18, tHE R A o
AU ko, o o"EREMYTHHAE L, JFitE
5 R AR 5 & 4 BERIE R 2L, &SR TRIP
BREe Mt it s g .
2.3 AE&ERITERITERR

FEBE AL REIE K 4111 1 (materials genome initiative,
MGI) ##2 t L K& & it 44k} T Cintegrated computa-
tional materials engineering, ICME) [t & &, it

FA R M R T TR R AN TS, SR R T
() 2 55 L 0 AT ASE 2R 1) 3 37 % A% B U 5 Y (R
SR FE N EE . MR R — AR RS TR,

W RER T RERRMREE. 99K RN A
TEAZ 5K K oK B SO S 1) A8 4 B 7 W% B2 Ay
s R AR S E 2 E R . AR AT
REAUA AR S B — TV AR R Th o 2R T % iz R 3 iR
(density functional theory, DFT)f) 45—k J5 B 154 7
VAT DASCE A T o 288 5 50 00 [ Ak DA R [ A o ke
R, R bR VAR SR T RO B B — s ) B,
BT CALPHAD #1235 H B &) Z M H TR 2
HrasE&hAMBEESHEIN H%. R
CALPHAD 5 (65 P2 AR T BT 328 1) #4310 = B8l I

I FH B8 — 1 5 R A B 4 ) 2 2 ] DR R KRR
AR, B AR DATI — e s 6 AR A I R ) A S
e Cang KA S AT FSH0, NI E R
R, FIH ARG RIC (CP-FEM) K # A IR
TGN BT A BT S22 i OURE A R I AR AR . 82 AR 43 A
AR W7 24 5 RS M RE TN . AT, B ARER — kS

HHEHFEUEERTATE &R RS TRECE
T e R T S o A 7 28 FH AN AMIS5922 r1 75 L sz B0 671
AMS6517 . AMS5922 %5 & 5 A 2 15 k) HI 1 SEL AR B
WAt RHME A A 4. B 6 SR T o A %
iR, Era&EntREaEmT . ZEX
PRz MR FR. B E 7 5 B e 4405 v
RER R, HITERBRRALTFINI%EMESE
GRSy, MHEMLTZ., B78RT7EiKe &
S HARI— R, Hor R R R
WP, R FLAW(4: 3548 00 ~F T 9% J7 32
RTH B G0 K IS RO ¥ — LRI A YR SR, ARSI
FEEIE; 28 2 ERGUKICK RERR, R 2%
% (thermodynamic calculation, TC)H1H # ¥k &
SRR B REOAH ) TEAZ A R A, FIA] SANS. XRD.
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Processing Structure
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Properties

Matrix

Lath martensite 1
Ni: Cleavage resistance |
t-Co: SRO recovery resistance Strength

Strengthening dispersion
(Mo,Cr,W.V.Fe),Cy }/
(Nb.V) C,

Avoid FesC,M:C.M,.Cs

Grain-refining dispersion Toughness

[
Microvoid nucleation resistance

Performance

—1 Austenite dispersion

Stability (size and composition)
Amount

Dilatation Hydrogen

resistance

Y
Cohesion enhancement
Impurity gettering

Bl 6 R i vk S I AMS5922 # il i fE
Fig.6 Flow-block system diagram for ultrahigh strength

corrosion-resistant steels AMS5922[%4

TC/MART
CASIS,MAP

ABAQUS/SPO
TC, Av

TC(Coh)/DICTRA-K.
ABAAUS/EFG PPT-H
,.

SANS, XRD
APFIM, AEM

o, H

SAM
KGB(Ay)

7 B RN E REL E AR (M R S5 R AE 7
i, ARSI S HAET A)
Fig.7 Multiscale hierarchy of interdisciplinary models

supporting computational materials design®®*!

AEM S5 T BO Bt AT RAL . 1HE 5455, K
BN I AR NS R 108 o 25 B T 2218 )y s B S
B R AT i N ROR I & B I AT Z, 58
3 ERAEMCK REEF Fl ABAQUS A R T8 145 & di ik
PR B S-S RBAERIE TN 5
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Research Progress of g Titanium Alloy Design—From Empirical
Methodology to Integrated Calculation
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Abstract: In recent years, material design approach is being changed from trial and error experiments to integrated calculation based on
computational models in synergy with the rapid development of materials genome initiative (MGI) and integrated computational materials
engineering (ICME). High specific strength, outstanding corrosion resistance and good fatigue properties make titanium alloys widely used
as structural material for aerospace and implants for biomedical area. This paper reviews the development history and alloying
methodology of f titanium alloys. The near g alloys with addition of multi elements such as Al, Zr, Sn, Mo, V, Cr and Fe is becoming more
and more attractive. Several design approaches were summarized in this paper, including Mo equivalent method, e/a method and “cluster-
plus-glue-atom” model based on empirical methodology, and some method based on computational thermodynamics or first principles.
Finally, the integrated calculation model of computational design used for hierarchically structured materials was discussed in detail and
the potential application of this approach in titanium alloy design was analyzed.

Key words: titanium alloy design; Mo equivalent method; cluster-plus-glue atom model; Bo-Md map; integrated computational materials

engineering (ICME)
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