R
2023 4 11 A

WHEERMBISIRE
RARE METAL MATERIALSAND ENGINEERING

Vol.52, No.11
November 2023

DOI: 10.12442/j.issn.1002-185X.20220794

NEEMARUBERHIMRIERE

FAaE L @K ?, KSZY, B 46T,

EOEL BRFL ROFL REHEY

(1. Wb F LBk, BE P54 710016)
(2. P IMRRIE D ARAR, B i 710018)

B OE. ReeRAREAEEN WEEs. MR, mORREERER L, RN THEMR. M. K88 Tk
S5 B T U B RS e AR PR ) T R B RO R, 2 B AT e A R AL R
ASCNEREL F & BOR . BB AL DMESE 3 AT R A SR RA BRI T 5 K R AEAT T AR,

FESLEEA B, SR H T ARRAREA SR & & K B E I

REEIR: BRE s RA: N

FEESZES: TG146.23 XEEARINAED: A

X EHE: 1002-185X(2023)11-3971-10

BRG4GB AT B/ L LSRR . W)
PRIESEEREIL A, TR TAIEAUR . M. S
B B Tk A B Tk U . T AT WX AR A
W 3 A B /5 SR HE B T BR B B BOR B A Ak
A R T, R AR e S PR KR
MRs 1. BT ARER G &R, SEE
Jr RO 2, R = e e A e, KR E
MEMRG B, EEEF T M ek
e PR 5 ) 2 DG TC , M A% B A R T0 3 B B OR B
LG RE T2 ERBEE TR O
BTSN SR TR ERBRIET Z. =N,
RS o M T2 MR BOER, = T a ek
BE, (R T e 0 BEOREAT ] % eSS ER A
e E AT, e 7D #R
K WERRSESI M. B, e etk
AR <8R A B R RV FBLSE A 5 K 1) R At 2
AR, — BT RA, W2 AT ELAE AR AT
PAB B & e IR, BR A e 0 B ok 2 2 LA A5 3
BEIN e PR, T R R A A B ) B A A ] % R
J 24 TR A < T T AR

BT E AT I BUIR, SAAORTE, BR A e K
AT UL RS RE S < (1 ) 2 SR L AN [F] B4z 2 Th]
M ESE 3 AT HHEAT R . A ST AL, 3 A5
PP AT BR £ < e A K B A LR AR AR A B A [
TORUR S s DA AR SRR B G AR AR 1 i AT
MR MRS

Ui HEA: 2023-02-20

1 R#F#

1.1 BEKEIRELA K

B RAEH AT R & R 2N 0.6%, J24k AlL Fe.
Mg Z e EENFEEMNEMERE TR, BEENE
LEPESEHLENNITE. BREWARTRHE S
JBItE, BEIFARF NS ERD, M2 m TERE
HAR AP AAE e B 78, B DR PR . [
Hib 2% K Fritz Scholz #3% % & '] 8 SOk 404k
PREY L g B 2 3 TR e KB R, AR
PEBURIE W T2 E T AR 5 A B As

TE A A ERIR ISR LR R e, BRc R B RIS
277 100 R4, AL 7L EAERH %, 5
NZ&DT 30 R4, AHREREZE W. I Kroll (5257 /K)
FHEEIE I TiCly i 2% 2H Bk R Tl A P i 4R R 1 7 1,
X P 25 T E M DA N4 Fir o “ 55 RE,
“TLERVE” AR SRR e T TN, IR H
TRR—AH A, 55 R R Tk A

SR EEIA K, AR T ALA: 18 i 4R gk 2k
PR 20 thE 40 SFEARAKWIE L “ T R
%7, BE BEE R TiCl, =g aREk. XM T2
B, (RS RR T E AT R, SR AL, K
EORL AR, ReREm . A EMK, JFHMHKEN
EBBEAERICIER], A=A m. B, R % St
AP T2 — E A2 ANATERM B AR, B L2087k
AT I, o B4y B T4 R FL R R R B (FFCO

EE&TH: ExRHEATRITR (2022YFB3705601); [H% AR %4 (5207011470)
TEBE N Fbf, 5, 1978 4, Hit, R, witEaLSBEMALEAG &V, B P 710016, E-mail: nwpu_xsw @126.com



= 3972 -

G e

52 %

5 HGE JR AR (0S). EAW iR T2 (MOE).
BRI HRIRJRTE (QIT), RTE&BENER TZNE)R
BNIE R DU S AL ER CArmstrong/ITP) . FRER AR JR T2
(PRP). AA W FRBEHGEEE (HAMR), DL ET
AT 1 BH A LR T 2 mT A PR B AR B R VL (MERD
ALV AR B B LA E (USTB) 46158, M6 T2
BARTT M T 2R B, AT 2 [ 40 R B 2% (1 A 0%
TV STk, YA RIE o 5 DY SRR R R R
EE. HA. AU BORF 3%k E A E R 1%
AT T K IR BRI TE o 55 8-SR (D-HD
—REE), BATAFR. 1953 4, BRI B E
A Kroll ¥ FE, 15 4F 5 VY S0 ER H Aok A 2
I JFEVEAE PR IR AR ER AR B T GV AR S S R B
DU ER R L — B T SL 30 S LB B, et
TN, EEBTESL WA LB LR M. 55—
AN GINVE B g ERAE 72 7 i R AR, X
Fr FFC S1#7i1) . /2 1998 45 3 [H Il M K 2 232 52 i #)
TiO, 7E CaCly g h v e fige i Ji i B 4 K 108 7 1%
HHIR T LR, ZEY —ELERES, HAHAN
2 R F [F 4 PG A0 AT 04 8 I 9 B 55 A7 33 47 U 1)
MEERM A, HEAFWA R THB R EL, #H17
WA=, RIMEH AN, ZFETR R LR =K
AR, A 1 2 HR N A 3 AME
RV 2 USTB %, B t R b U BB K 5 4 1
R (H. M. Zhu) 55 B H 1R — b Bt S0 ] 3 A ) 2k H
RV S 4% 4 IR Ak it T SO, g it Ak
BRI G0 JE I BT PR LF 9 TiCO, [k, DA
BEAR, 4 6 ep i ) X 4 B Bk o 3R T8 7E S 56 S 1 70 1 3
fith b, HEAT 7 5 g iR B, AR R IR R L B
85%LA I, RAFHGARIRERALSE 99.9%, A& =E(LT 300
Ho/g. PAREARERS, AH2CN G HIHR T E S AR A
G ETH , B AT Ak N i SR 2k e i ok LAk
T8, PR AR A A Tl A 2 P4 T N A A 1A BT o

TERRE S MR IER, RS A —H 2K E
SRR B N E By, AR T R R T i 80 4,
SRTIT H AT I AR AR R e 2 C— R HR, &
AR, BIAAH AR HSHAREHAT,
M B IE B A Tl A S A A IR TER R, X
ERG a UEUKE RS, AR TR &R TS
ATREHAR N R A WSS T .
1.2 EEARKES SRt

TEIA ToiEA ROAR W 4 AR R BURCA I RT3 R,
NT BRI A, MR T AE# RIE 2 A 8T B
HATHE RS ) 2 R A &, EARKAE S
PERERIRTEE T, FIHHEENEREM G &0 R SRR

NETRIITGER, M BRAR A S R A 2 B TR A
KRG E it iR O B

EX T, EE. HARSERIAT T ZH5A,
HEH T RZMMEAKSE S, FERESGEWE LA
R R E LATLER, FERHEN &GS TEE
N Fe. Mo-Fe. V-Fe. Cr-Fe %, [KA Fe L& Nk
fasg ik, HaLUiRE Mo, V e &R [FZEsatb 1 .
A DUE Y, HARTEAR AR A 4 % vk 5 TH 8 56 421
MERBIRA . . A5 H S a W L. E
WTE B AME AR & S AT S R, SR A
AT TIRRAER & S B AN B 78 . RS
Wit 7 BTi-341. BTi-4111. Ti-Al-Fe-Si 2% Bl A £k
A&, FEL BRI T RN Fe TR, A4
FEM T R/RREL, REFSKRGSRASE. b
HMEMEARE S 2 & &k, Wikl
Ti-Al-Mo-Cr-Zr Zfix FHER A& &M, 5487
RIUFH R BRI W R BIEUL S, W BL 2 8
TS AR AR A

PG A6 A €4 J8 B 5T B A D P9 BBk & S it I )
FERAT, TEARAER A ST F0RI T A Ak il T 1R
ZWF TAE. “JLT” iR, 7£ Alloy C  (Ti-35V-15Cr)
Haerda b, B KET TRV TRNEE, K
AR AP BRER & 4> Ti40 (Ti-25V-15Cr-0.2S) 9, H
FIPERER] Alloy CHEAH 2, AR 15%. “ 1.7
HATR], I BRI Mo-Fe Hhia] & &0t B 8 s 1 BE A
AR G4 Til2LC A TisLC®, HATZ A& CL A%
Tk A rF=EE S, #1450 Til2LC M S5 e g 7 fF
O 20 A L 2 M R AH DG 438015 21 S« Ti40. TisLC
M Ti12LC B&FI N FE R,

BRUbSE, TERMIA ISR G SRS, H5
HER 2 fon. ATLVES], KBRS 4
BAXG, EEELESBENGETRRI G4, XL
B KA AT T ISR T, oA T R IRE .

P E N AIMERA KA &M, Bk, s E
AR INERIN & n R N E, RMELREET, &8I0
R R, RIE I IR & S on R BT RO
AR HIR, TR A2 E AN P, B I N T
i T REFETR, =682 H, EHEARRERT
IR B AE 7 (5, T8 A e I X 8 B R R 5oy 1 BT 1
AR & S X — AR IE 3. 28 =, B FRAA
BKE&RKMEA Fenk, HETHWTTER, BHE
J BB BRI, o KRR B 0 35 50 1 R SR A
). DR, T RATRUM, RLATE AR B A oo 2R e
TRRAER A 4 2 75 e % B0 IE HoAT R A8 T AR T
PN, B —D S EA



%113 FAAAE: AR IMRAEMBEARNT RS KR + 3973 -
*1 EZEEMBXAARBHEBAKES
Tablel Low cost titanium alloy in USA and Japan
Country Type Nominal composition Features of low cost Application
Timetal-LCB Ti-4.5Fe-6.8Mo0-1.5Al Replacing the more expensive Ti-10V-2Fe-3A1 alloy Aerospace
. ) ' Fe element replacing V element in Ti-6A1-4V alloy; Civilian areas
Timetal 6-25 Ti-6A1-1.7Fe-0.1S with the reduction of 15%~20% in production cost  requiring high strength
Timetal-125 Ti-6M0-6V-5.7Fe-2Al Using cheap Fe element to improve processing Civil automobile field
performance
Timetal-CL4 Ti-5Al-3V-0.6Fe-0.170 Fe replacing V; foundry returns available Civilian area
USA . . - - . Automobiles and other
Timetal-54M Ti-5Al-4V-0.75M0-0.5Fe Forming and machining ability superior to TC4 alloy civilian fields
ATI 425 Ti-4A1-2.5V-1.5Fe-0.250 Using cheap Fe elements; foundry returns available Armo_r _pl ates or parts
of military vehicles
RMI RM Ti-6Al-4V-0O Recycling, titanium scrap to melt the alloy A“t"“."“?"."es gnd other
civilian fields
RMI VM Ti-6.4Al-1.2Fe Fe replaced V in Ti-6Al-4V Armor, Civilian area
) Content of Fe, O and N up to 2%, . ;
QEO'N 0.6% and 0.1%, respectively; the Sllim_e?:;%g&dem ;gp:zg: rr1]g mee\l/eg;gmec;{tTl-GAl-4V Civilian area
total amount not exceeding 2.5% y: P 9
KSTi-531C Ti-4.5Al1-2.5Cr-1.2Fe-0.1C Fe and Cr replacing V Civilian area
KSTi-9 Ti-4.5A1-2M 061()'32:/'0'5':&0'38" Mo-Fe instead of V Civilian area
TFC Ti-4.3Fe-7.1Cr . Medical g titanium
TECA Ti-4.3Fe-7.1Cr-3.0Al Cheap Fe and Cr replacing Mo and V elements alloy
I . . . Good plasticity, can be
Japan TIX-90 Ti-1.5E-0.50-0.05N With T|-6AI-4Rd as the target alloy; Fe replacing Pd; proc into thin
O and N replacing Al heets
TiCOREX Ti-0.5Ni-0.05Ru Ti-0.15Pd as reference alloy, adding Ru or reducing . .
Pd content to get the comparable cost to that of pure Corrosion-resistant
AKOT Ti-0.4Ni-0.01Pd-0.02Ru-0.14Cr ..~ ", . . : . titanium alloy
titanium without corrosion resistance degradation
Using for automobile,
DAT52F Ti-3A1-2V-0.2Si-0.47Ce-0.27La Ce and Laimproving the cutting performance spectacle frame, good
cold working
performance
*2 EHHRAZEFLHNEKEKRES
Table2 Low cost titanium alloys recently developed around the world
Nominal composition Characteristics of aloy Properties Country Ref.
Ti-22Fe-4Si-4Cr Sfa?ﬁr?”: rél1lg| gyl ot of cheap element Fe, a cast Compression strength exceeding 2.5 GPa India [22]
Obtained by the phase diagram calculation
Ti-6Al-5Fe-0.05B-0.05C (CALPHAD) on the basis of Ti-6Al-4V; The strength up o 1136 MPa and the USA  [23]
. elongation is 3.7%
cheap Fe replacing the V element
Ti-3Al-8.5Cr-2Fe Using cheap Cr, Fe and intermediate alloys IQ %Os/f)rength 985 MPa and the elongation China [24]
Ti-5Fe-25Nb Powc_ier metallurgical titanium alloy, using cheap ngh strength, low modulus, good wear Spain [25]
alloying element Fe resistance

' Possible addition of commercial ADC12 with a

aaf"‘GC 5266(&3)(:12)" nominal composition of Al87.38Cu0.95Si10.65- ;giﬁgt?ggt%lgr}/? MPa and the South Korea  [26]
e Mg0.27Zn0.30Fe0.32Mn0.11Cr0.02(at%) 9 ’
Ti-4.3Fe-7.1Cr, Inexpensive Cr-Fe intermediate alloys for The strength exceeding 1100 M Pa; good Japan [27]
Ti-4.3Fe-7.1Cr-3.0Al  medical devices fatigue performance
Ti-35421: . The strength up to 1355 MPa and the .
Ti-3A1-5M0-4Cr-27r-1Fe For TB19 alloy; the V element replaced by Fe elongation 11.8% China [28]
Good matching between strength and
plasticity, the strength up to 1395 MPa
Ti-6Al-1Mo-1Fe-6.9Cr Cheap element Fe and the elongation 16%. When the China [29]
strength is 1614 MPa, the elongation can
reach 9.7%

. ) . The strength exceeding 1200 M Pa and .
Ti-4.5A1-6.9Cr-2.3Mn  Cheap elements Fe, Cr, and Mn the elongation exceeding 10% China [30]
Ti-2Al-9.2Mo-2Fe Using a cheap Mo-Fe intermediate alloy $t$/291t20/10200-14oo MPa, elongation South Korea [31]

. . . 0 .
Ti-6Al-1V-3Fe Fe replacing V based on Ti-6Al-4V with 10% Good matching between strength and South Africa [32]

reduction in the raw materials cost

plasticity
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Fig.1 EB ingot (a) and direct rolling plate (b)

Traditional process Flat ingot straight rolling

Raw material Raw material
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¥ Reduce melting cost First
Secondary melting smelting

Slab ingot
Triple melting

Plate forging Reduce slab forging steps
] Slab ingot rolling
Plate rolling
I

Performance test
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Fig.2 Comparison between EB ingot direct rolling process and

Performance test

traditional plate preparation process

Tk RIEEZFWITE 7R EB J AT 8k 2Bk ik
BURHE SR WE L TAE, HAalCa %4 VG ew
RAPIE IR ORBBOR, 315 T Zonik & &k Bk, B
PR Ml A B A =S S (R VA R AP S Nk & 4
AR ECEHAN, A7 B 7 b A S TS R
HEEME.
HXTTFESN, EANE EB & e EoR EAF
fEZE . EPNRAESRN. EE. =k, M 725 ek
AR A KT EB I T EB WX A TR A
EWEEET, MAEEETRARRERE, &
< IR iR 2 1R A A BRI A, RIE FWE A EB



= 3976 -

G e

52 %

W B T AR . AR, BEEHAR D A
RIS, ENTEZ J6 & & 07 IS K2
6. Dl Mol i A IR A 5 oAk 8 hr, BA 19
KA TEER “+ =07 EHE SRR H
N (5 N T R e ok = 2 IS R 00K NG P ki a
RIFR N RFCIZTE , TH 4T R H L EB ¥
A5 5 B A A R A S RO IR AR D TR, K
TR T AR R A P AR Ak, P AR
HE 725 BT s kAT T TCA Bk & 4 EB I M
AT, 0 CABF R HIA e R MR R, Tolkfk
8] 6 396 A2 A P AR HE () TCA A & g™

AR, UL 48 0T 7t B ik & 75 i TR A ekl
AR FAE AR WMIAT T 20 E S MIEHEA. Bl
CL4 AT DU o) 46 A0 R 72 EB P — VIR TCA &4
JRBE, il & H 2R Tk Ak TCA Ji b i &= 58 42 A2 [
FARAEME R . [FIRE, X EB 4 pT & B R BEEEAT
TARE T2 A AR A ALY B 5 i A 4414
MPEReY S0 fee . — Bl RO RRT EB PUEMR
B2ttt eEm . B2, WMZER,
XA, T ELEI AR B OK, EB e B LR A 40 41
MYERE S T E 2 MARBY, T EWR, 2R T W
BERIRAM AT B, WM A S LSRG 4 T 2%
WS HA . R AR TR SR, R
B TR T B 45 B 2, IR B R SF— 4L
TE—WRAM AL R =& Z R, EHREREM
WF 7T T4

FTCAE B, BT AR R TEAR B ) 45 1 7 K A%
OV AR AT DL 5 LR AT B2 R R AT DK R
TN RE, A B8 25 AR 9% bs v R0 S, S 3225 56 3%,
DL HL 7 A R 48 ok b 2 10 22 J0 K B Gk [0} (1 [l
AT A R T I 1) 4 A P g 2850 A R o T e A A Ok
10 #| 20 FER A SARBAMI ER T2, B KA
R A A AR
2.2 EMMEEEHEILZ

H Al FoEER Bk & 44 7= & O 98k 10 Jim, 3L
HI 2008k 22 S N R o BRAE T I N TR A LR
FAR. Feds. TS ETHE, RR%EE&EMN
A 2% 07 VR R R BT R, H TR E AR R
Bk, WAL, BB, BE. LR, FETFK. M
BUF R, FRHEKEGSEMER]IIK. 0
W MELAHET R, RRADRAE AR ARANAUA ik
A, AR SAS S LR N AT . K B AR G
TIE, ShE&EMME G5 AR T At
B2 1:5, PRI B AT A M 14D o T Rl A 2 4 T 85 4 I8
ek, HaT, REWECSEL T ELRE, WEMN

il T2 A0 T A e K, e 4% 07 T o 2 B &t 5
R AR AL R A . TAER, EEZEMKEIA
MSZFE N, PEduf g B 5. it 725 Frss sfr
HRR TR HANE &, did “RELF L+ ROESL+E
BHL” — Bk A K DR EEEERE, RIS
Ry . VG AL €4 SR I TR S 12 T2 1 4% 1) TC4A
TC18 & &I EM B ATIE 25 m UL b, 286 AR
ik 40%, EMAFRNE RS HER MRS
BT, 5840l M B0 AR EDS . AR Z AR CL i
1FRM, A H R CHE NH, RFEERZ —R
TR, (EERE SR, BA MR — R R R
EFRAE, BT AR ER, A AR
ML, (A2, WTLVMEER, RRMEEEEER. Al
BER KR AL S5 SO R BUA R A & M K =
R 5 DV 5 K Nl = % Il 1 = D
N B A TR N I 1A R FE T R R
2.3 HIZMgEaeE&IT

TR SARRAIN T 7T, BT %t “mR0E i
274N, B R E T SRR A &R T
A — A EE ., X, ERNANE TN
B R TR H AN AR (NKKD il SP-700
(Ti-4.5A1-3V-2Fe-2Mo) &40, %4 & th2 B i
=R N MR TR A A, HR KRR 2
HE RIFMEEM, SP it/ Superplastic (FEH) K
4i5. £ 700 CF, A& LEHEEIL 2000%, AJEAK
T 800 CuiATHEEYERIY, X L H & ER G 4 AH B iR
JEAR 100 °C o B (140 Y8 P U R (R 4 1) 8 8 P e
BREAEEW BB, T ERES, R ERA
ARTCARII A, 0T DL S PR R T A B, 3 i As
WA Ay, AT ERBRIRE &M TRk . B
SP-700 4t, HA. o [E %5 E K ¥4 T H e AT Rk
VA A, PLIEE I Tl K S R S NTEER G & i
E TR, Bk R BRI T AT, (XA
AR T eI 7L, WA N RGE . BpAE i, X
T BRI T A ) R B AR 1) 4 T S AT SR 9 AR B
AREVE B TTiE, HARAWHTE A
2.4 HEREIZ

B DL b B K S 4 S BRRAE IR AR T2 R
Gb, FILE SR RARRL, IR AR R RS 4
A A RO, AMER LGk T2, 1 H 2
A RRI 2 . RIS G S RIS A K
Je i P800 i A b R ek R TR A R IR A
LG, BEN&EE, ARS8
T, WEERRK . A EEH R, 3wl Re
[FIBT G5 P B, BEEEEGIRA, — 0o TR,



2511 1]

A A SR BRI LS SR

- 3977 -

ST Y, PRAR IR A REVRTHRE . BRuLAL,
SR BEOR . Hi . WOGHUE B R B B
ARE S R S A RT DU S 0 T AR SR AR
P, ATL A o XSS EORAR i 1 < s ARG
AEABA, fEHA SRR IRAS — e RN,
ERAER G e N RS BRI, AR Tt —
2 1RSI BN BRI

3 gk B B E

FAT, B BR G ek ik Aol 7> T F tho2 5
BURRA R K — D EZEE R DY 1 VSMPO
N, A E SRR 22 5 I TiCl, 427 | 4R
BRAE . BRI T BRE SR A R
BB 21 B T AT BRI A AT . B A& R AR B4R
PRV, AT LAMET S i R RAE, ROA  E AEA
T, AMERT DA REE AR R 78 B i HAT R
TRATZH BT, LR G S AR E
ApEe deAh, HEEMZIL AR, TSR
RN A I R AR 55, KORHE BT R 18] A1 i
R AR A AL BN, BERS A
RO, BRAR T A . T AR A R A T R
AL, OBRET. HEARER. CEEOE . B I TR
J&TAF R IS, T A SRR R A
mft, mOmELN 6 MU LM, FHEe ML
Aol BEAT SRR BT 7> Lo IR AN ANE BN
Bl TR B R, IR AT AN (Y B PR,
AT ORE RN TR K b 8] AR 4R AE . H AT, %
TARAT W AL A 53 TAR R g, KSR “ 5
Bz, 202, M2, WHZ. wilEZ--7, &REH
B PRt 2 Th RIS 3R 220 T HL, B IA Y b vt
WA M Iy T2 P AR 2 A BERIR B o EL dn 224
WU AR T G5, I A R AE ) 2% o v A7 AR
SEIR RO 22, LR E TR B E A SR
WRAER], BFONE S SR ERE ANz TR, Hill
THROROIN T 23 e 55 A B A 5 14K, HRHIT 25 K T 45
e T 4R B AR R SR T 48— B b, SRR A S A
BELALH . HEEEELRE, Kb Ll Rad
FoAerin, BRI BEBE T AN TR A, EE AR
AR 20 Ja P AN A AN AN SE 0 T slbm #E (K HE
HEAT PR (RIS o — FBE N FH B B ik ) A 4B 1 225K
E R T BRAR AR, 20 i SRR A 1 e s vHE B
Wekeht, SEEEMTEEG, JEAN, A REA
DERHM. M BRI, Bt R 20 T
B, ORI RAE M A S Al 3t — D AR ARG 1
B2 H T E NIR Z A TR MR A AR 2, H SR T

Fro BRI R0 AR AL ARG G ), RO T
fEfT e, HE R4 LRR R, X B R e i & kL
FOF s RSP M2 5, i R I g,
Dk B iR s A A, IR B AR T S i AN A
THERERIRTE. HAT, EASRAT L LE D2 RS
AT R TR EUN AR E R LT, B
WRE| VAR . AR, BN SRS
SHEM, B H 2P E A% R 7 40 STBL R, T H
T, 208, B AR R ER R Bk, 1
PR M B L R H A N A R, O 2 K B AT
U Rk B AR 2 ) i 4R R, IR R A
ZAte Bk, AT, B Bk AN WA AT
K REIRAE . WK RIS IS, AR —E 2
TR IEFE B AR, WERIL BRI, WERE R
R, TGRSR A A, AT RE — 2 PR R Bk
(I 4% o

4 HREEMEAUBERSEYL

4.1 FRIHBEKREEIEZA

1E4n Fritz Scholz Z#% KL, ZEARILIE “ M5 2
K7 B RFEFF R TS H 5T, X2 R
M A AR AR Sk, R K& & U A 1) F R,
BAVTE G HHME, MEEREMEARMIEE, R
KBIH T, — = AR A AR T AR A A BRI
AR ERIR AR, BRIV TR AR A 4 22 2 35 R .
4.2 FEARBEHREHNEEMANEEHA

FE TG S5 I 40 AR AR i 45 (R 2R A, R A&
R, A el Uik, Al mig i, |
HERREENTTE, BRINRAREGEN —FETT
o R AR R R AL 2 T R A% 1) R VIR AR R
&, HYEMM KRS 3D T LGS, BE %K
RIGER G B P RAS, 75 o #8 F0 R 038015 2 R H o
4.3 FEUBIFE EB FEKFEAENS THREEH

[E] L FAIR BRI AR

MBBIE, CLHEIUPA EB W0y 3 B 7
2 TR & (1 RN SOR Mk 45 6 S R N TR R A
A A7 IO T Tl AR 7=, JFA)E IE & SRR A
Ra e NARE . (B2, HuihRAEERRIZEAR
JZ R R, FEARE: © Sz —N KRR
KK E4E, ZEe R ABNTEZ BT, "7 LA
WA 80%LL EASF A 4 ()i [BURLEEAT I . @ XT R
RZITUERE &, FERUT R ETT A ERE, SF
Yovi 2 JUEK & 4 EB P e Mk i A% o B 23 45 ) il . ) &
TAE AT A RIS, ANE T, AN F G e BDE
PR 0 5y S BRI BT, D SR SR $2 it W] S 11 DR e



- 3978 -

G e

52 %

4.4 BIRAARKREEETRTIERMSRITE

ARPTR R, Bk e ] 3 B s s i, B
HI A7 76 10 B A3 8K A <2 1) o 4 0 2 2555 il 2 2 S 8¢
1o T T Aeds . ARECERT, RSO, LR
ryaH AR BN, BRI, K
ZHTC T WL RS o R, BER @S AN FAT L,
ANTE] L PG SR Bk A < o3 GOF e AR e, R ST T
R oy ebndt, JEARL Hl# TZE A REA IR, B
AEXE, A REFIESKBUR R & AR SA N

&% 30k

[1] Wang Qingjiang(Ei&1L), Liu Jianrong(xX| & %), Yang Rui(#
#i). Journal of Aeronautical Materials(Fii 75 M B % R)[J],
2014, 34(4): 1

[2] Zhang Jingli(3k#%WH), Xin Shewei(¥4:4#), Zhou Wei(/d
ff) et al. Rare Metal Materials and Engineering(¥if &
JEM RS T[], 2021, 50(1): 299

[3] Zhou Yigang(d X 1), Zeng Weidong(® %), Yu Hanging
(ATILIE). Strategic Study of CAE([E TFERl4%)[J], 2001,
3(5): 61

[4] Zhu Zhishou(%k%17), Shang Guogiang(7 [E 5%), Wang Xin-
nan(EHird) et al. Journal of Aeronautical Materials(Fi 7S #4
BlEF4R)[J], 2020, 40(3): 1

[5] Fritz Scholz. Chem Phy Chem[J], 2010, 11: 2078

[6] Mo Wei(% H). Titanium(%k)[M]. Beijing: Metallurgical
Industry Press, 2008

[7] Zhang Weishu(3K SCHi). Aeronautical Manufacturing Techn-
ology(M = Hili& HA)[J], 2011, 5: 74

[8] Tian Donghua(H #:4£). The Electrochemical Extraction of
Titanium by Casting Anode via USTB Process (USTB V%
I 0 ]V AR BE G FRLL 22 3R 2K 7E)[D]. Bedjing: University
of Science and Technology Beijing, 2020: 6

[9] Chen G, Fray D, Farthing T. Nature[J], 2000, 407: 361

[10] Jiao S, Zhu H M. Journal of Materials Research[J], 2006, 21:
2172

[11] Jiao S, Zhu H M. Journal of Alloy and Compounds[J], 2007,
438: 243

[12] Wu Yinjiang(% 511L), Duan Qingwen (EtJK3C), Zhou Lian
(8 BE) et al. Advanced Materials IndustryGHi#4 kP2 k)],
2003(2): 11

[13] Markovsky P E, Bondarchuk V |, Herasymchuk O M.
Materials Science and Engineering A[J], 2015, 645: 150

[14] Bolzoni L, Ruiz-Navas E M, Gordo E. Materials Science and
Engineering A[J], 2017, 687: 47

[15] Feng Qiuyuan(¥@ £k 7t), Tong Xuewen(f&2£30), Wang Jian

References

(£ 1) et al. Advanced Materials Industry(#1£HFH)[J)],
2017, 31(5): 128

[16] Vasisht Venkatesh, Yoji Kosaka, John Fanning et al. In
Ninomi M, Akiyama S, Ikeda M eds. Proceeding of Ti-2007
Science and Technology[C]. Tokyo: Japan Institute of Metals,
2007: 713

[17] Zhang Xin(3k ), Liu Hongyu(Xi ), Xie Huasheng(igf
161 et al. Foundry($51%)[J], 2021, 70(10): 1141

[18] Fei Yue(? [%), Zhu Zhishou(4k %1 7), Wang Xinnan(E 5 #5)
et al. Chinese Journal of Rare Metals(%i 5 4 J8)[J], 2013,
37(2): 186

[19] Xin SW, Zhao Y Q, Zeng W D et al. Materials Science and
Engineering A[J], 2008, 477: 372

[20] Zhao Yongqing(i£4 7k FX), Li Yuelu(ZE H #%), Wu Huan(% k)
et al. Chinese Journal of Rare Metals(%i 5 4 J8)[J], 2004,
28(1): 66

[21] Designation and Composition of Titanium and Titanium
Alloys(8k JEK & & 5 T4k % i) GBIT 3620.1[S]. 2016

[22] Biswajit Sengupta, Shashank Shekhar, Kaustubh N Kulkarni.
Materials Science and Engineering A[J], 2017, 696: 478

[23] Zzhi Liang, Jiashi Miao, Tyson Brown et al. Scripta
Materialia[J], 2018, 157: 124

[24] Jing Wang, Ziwei Qin, Fuhao Xiong et al. Materials Science
and Engineering A[J], 2018, 732: 63

[25] Chirico C, Vaz Romero A, Gordo E et al. Surface &
Coatings Technology[J], 2022, 434: 128 207

[26] Sung Hwan Hong, Yun Jung Hwang, Sang Won Park et al.
Journal of Alloys and Compounds[J], 2019, 793: 271

[27] Gunawarman B, Mitsuo Niinomi, Toshikazu Akahori et al.
Materials Science and Engineering C[J], 2005, 25: 304

[28] Ding Can, Li Xin, Zhu Hongyu et al. Journal of Materials
Research and Technology[J], 2021, 14: 620

[29] Ding Chaoyi, Liu Chun, Zhang Ligang et al. Journal of
Alloys and Compounds[J], 2022, 901: 163 476

[30] Chen Guangyao, Kang Juyun, Whang Shusen et al. Materials
Research Express[J], 2018, 5: 046 533

[31] Li CL, NarayanaP L, Reddy N S et al. Journal of Materials
Science & Technology[J], 2019, 35: 907

[32] Michael O Bodunrin, Lesley H Chown, Josias W van der
Merwe et al. Materials Science and Engineering A[J], 2020,
791: 139 622

[33] Yu Hanging(#77Xi&), Zeng Weidong(% T2 %), Hu Xianhong
(WAEELT) et al. Rare Metal Materials and Engineering(¥i
& EMELE T[], 1995, 24(5): 23

[34] Clites Philip G, Beall Robert A. Inductoslag Melting of



2511 1]

A A SR BRI LS SR

= 3979 -

Titanium[R]. Washington, DC: Department of the Interior,
Bureau of Mines, 1969

[35] Usage of Titanium and Its Compounds with Comments on
Scrap and Sponge[R]. American: National Research Council,
1969

[36] Zhang Hongsheng( ik it 7). Rare Metal Materials and
Engineering(¥ifi & B M EL 5 THE)[J], 1982, 11(4): 44

[37] Huang Jinchang( 3% 4 & ). Rare Metal Materials and
Engineering(W A1 & B M B 5 TA%)[J], 1993, 22(5): 1

[38] Xu Jinzhang(#:4:¥%), Yang Shuhua(# i #£), Li Mingfang
(ZEWFT). Journal of Shanghai Iron and Steel Research( I
ANAIT)[J], 1983(4): 46

[39] Jerry J Gray. Journal of Vacuum Science and
Technology[J],1971, 8(6): VM65

[40] Du Bin(ft #), Zhang Zhibin(ik £ k), Cao Shoulin( #
Met al. Titanium Industry Progress(Ek Tkt f&)[J], 2021,
38(1): 13

[41] Du Bin(#: #), Tang Zenghui (&1 #), Zhang Zhibin(3k &
%K) et al. The Chinese Journal of Nonferrous Metals(* [E 1
4 8 S 4R)[J], 2020, 30(12): 2989

[42] Du Bin(#t: #), Zhang Zhibin(5k % it), Lei Yunging(F& = i&)
et al. The Chinese Journal of Nonferrous Metals(*H [E 1 14
J& 224R)[J], 2020, 30(11): 2706

[43] Ge Peng(% ), Zhou Wei(J4 11), Mao Xiaonan(E/NFf) et

al. Journal of Materials Engineering(# ¥} T.F£)[J], 2009(S1):

154

[44] Zheng Chao(#§ #), Zhu Xiurong(475 %), Xin Haiying(3
HEE) et al. Titanium Industry Progress(#k 1MLk J&)[J],
2020, 37(2): 14

[45] Xin Shewei (£ #L1H), Zhou Wei (8 1), Li Qian(Z f1&) et al.
A High-Performance, Low-Cost Titanium Alloy(— F = M 6E |
R A %R & 4), ZL201910703219.0[P]. 2021

[46] Xin Shewei (3£ #:1H), Zhou Wei (A 1), Li Qian(Z f1&) et al.
A High-Performance, Low-Cost High-Strength Titanium
Alloy(— Fh & PR B8« I A = 5 2K & £), ZL202010
457493.7[P]. 2021

[47] Du Jihong(¥:4%k41), You Lei(JiF Z%), Li Qingyu(Z=H55) et

al. Rare Metal Materials and Engineering(¥i 5 & @Mkl 5
THE)[J], 2012, 41(12): 2191

[48] AMS. Titanium Alloy, Single Melt, Sheet, Strip, and Plate
Ti-6A1-4V Annealed, AMS6945C[S]. 2018

[49] Vojislav Petrovic, Rubén Nifierola. Aircraft Engineering and
Aerospace Technology[J], 2015, 87(2): 147

[50] Vassileva V, Vutova K. Machines Technologies Materials [J],
2016, 10(5): 58

[51] Vutova K, Donchev V, Vassileva V et al. Regeneration of
Materials by Electorn Beam Melting and Refining of
Refractory Metals and Alloys in Vacuum[R]. Bulgaria
Bulgarian Academy of Sciences, 2012

[52] Zhao Shuai(#X Ui), Xiao Han(¥ &), Qin Tiechang(Z#: )
et al. Rare Metal Materials and Engineering(%if % J&# £}
5TFE)[J], 2019, 48(12): 4053

[53] Xiao Han(#4 %€), Ding Ping(T °F), Zhang Hongyu(ik % F%)
et al. Transactions of Materials and Heat Treatment(F#}#
A FE2EAR)[J], 2021, 42(4): 175

[54] Tang Zenghui (J# 1 #%), Xin Shewei (341 14), Hong Quan(iit
) et al. Materials China(7F [E# %133 &)[J], 2018, 37(3):
520

[55] Xin Shewei(F£#L1H), Qu Lei(Jf %), Du Yu(kt ) et al. 4
High-Strength TC18 Titanium Alloy Seamless Pipe High-
Efficiency and Low-Cost Processing Method(—Fli =5 TC18
KA & TO A8 M i IR BAS In T 77 ¥), CN114101372B[P).
2022

[56] Huang Jinchang(#% 4 £ ). Rare Metals and Cemented
Carbides(Fi i & J& 51 5 A 4)[J], 1998(3): 58

[57] Niu Jingzhe, Dai Guoging, Guo Yanhua et al. Composites
Part B: Engineering[J], 2021, 216: 108 854

[58] Zhao Qinyang, Chen Yongnan, Xua Yiku et al. Materials and
Design[J], 2021, 200: 109 457

[59] Bolzoni L, Ruiz-Navas E M, Gordo E. Materials and
Design[J], 2016, 110: 317

[60] Bolzoni L, Ruiz-Navas E M, Gordo E. Materials Science &
Engineering A[J], 2017, 687: 47



- 3980 - W& B RS T 52 %

An Overview on Research and Development of Low Cost Titanium Alloys

Xin Shewei’, Liu Xianghong? Zhang Siyuan®, Zhou Wei', Li Qian', Guo Dizi*, Guo Ping, Zhang Pingxiang™*
(1. Northwest Institute for Nonferrous Metal Research, Xi’an 710016, China)
(2. Western Superconducting Technologies Co., Ltd, Xi’an 710018, China)

Abstract: Due to excellent mechanical properties combined with low density, good corrosion resistance and weldability, titanium alloy
acts as attractive structural materials for aerospace, ship navigation, weaponry and nuclear industry now. However, its high cost hinders
the wide application of titanium alloy in different fields, and it is the key factor of low. In the present paper, we summarized the research
on low-cost titanium alloy from the perspective of raw materials, preparation technology and cooperation of titanium industry chain.
Finally we proposed some suggestions for the development of low-cost titanium alloys.
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