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B OE: WA T BEE MR AR AE 5 R Y8 M 4R T (trunsformation induced plasticity/twinning induced
plasticity, TWIP/TRIP) Z(Mff Ti-12Mo-5Zr k& & L8k 474, FFRIAH Hollomon it /3 #7 7 %4 4 1N LAEL
FEH n RS . RIEIN TRAR RS, ZEENIN TR 58 3 MARFM B: Stage | (6x0~0.02), #i-
WAL M B Stage 11 (£=0.02~0.15), Ji THE{LER 0 FIGE L4850 n B Hi38 KF BL; Stage 1 (£=0.15~0.34), T
EE 0 B W/ BB B, 1ZM B IR n BB E(E 0.34. ZESMEME (OM). BEHHE (TEM) %
FRVEIHITT T %4 & A 3 AN I TR ALY B ) RS st B2, 59T 7R B B AR AL K A AT A
KR BEKAE S TRIPTWIP B In L4647 A AL

hEES LS. TG113.12; TG146.23

XHEAARIREE: A

Y EHS: 1002-185X(2020)01-0297-07

Beta Bk & &1ENEKA 4 3 MIAFIRE (o B, at+p
R gAY M EE 3, H TR & HE s A & b
BB TOREE . R LT (TR S R A= A R 5 1 2 0 R 11 4%
GIERE, THZMHAEM AR IE A T BT
B AL E A G, Xk g EkE S AE TR
Tt rR R AR T 7= 36 L 45 B ) 5 K AEAE (stress-induced
phase transformation) . HLi%2% & (deformation twinning)
b # (dislocation slip) 3 Fir P, 1%k,
FAAZ Gy R S35 R IRABARAE (SIM o) RN R @
RS . HLBRZE i 20 {332}<113>AI{112}<111> 2 Fi2k
B, XA Y H LS G a1 B AR R DI R .
— kUL, TE B RS &, B A SR B R MBS I,
3 FpARTE J7 SR 7155 A A i A8 BB AR 56 2R 5 7
R I B A v AR O,
H A, B A — sz 2 i i i A &0 g e i,
KA d-H B TH T E ARG A S T IR EE efa ISR RS
Kz il & 4 A AR T I A v B AN [R] A2 T P A8 B Hh IR
A7 o LW /AT 50 vt B B AT TRIPITWIP 2808 1Y
T Ha beta #h& &1, Xk & SEBHER &+
BT R AE . 2R A A I R 3 R AR 5 St
FfFAALE, FEOZESMLTHMAERMKEGSERAA
SR MR S N AR RE 7. REAMER T
F& H BT & B TRIPITWIP k& 4 50m T RS AL X 1] (

WfSHER: 2019-01-22
EEWB: FoRmEARLS L% 4 (2015QNA0S)

Kyrdise s UTS SERsEE YS MZEME) & T 200
MPa, vl T CART O ER A 4 T i TR Ak X TR () R g (B
RN, nn THRELIX Ak 25 80 MPa) 31, 4R,
MAT XX A TRIPITWIP £k & 4 10 TREALAT NS
WFt. Bk, ARSI DMER KEEE LT A RN ESR
TWIP/TRIP 2/ Ti-12Mo-5Zr k& 44 k0 7t %t
%, FIFZ A Hollomon B HT R 1% & & 1 n TAg1k
9 Fpn LA TR n Bl . e (OMD,
X-ray diffraction (XRD). &t HEE (TEM) ZEFBif
Y153 Wi S 7 B AR T 3ok R vh 1 SR R S5 R AE , DAL
P 7 BRIk AE & 8 T 2 o 1 AR T L3R R AR AL AL

2

1 £ I

ASELG DLRFARER Tis 4045 Zr #1 Ti-32Mo - (i &
EL %) A SRR, TRl Ar RIS IR R
R AT R T ARG S T R RS R4
ISfR, W EESHEESIET 5K, BIGFIFAHPIREEEE .
WG, KRR M BT R 1200 C&Td 24 h
BT B JE K, R S e R — B A i . R
F B A By HE 3 R 8 3R E R HT I (EPMA-8050G)
XFHTCE ARG BT A B 1R %A SR
HoGE Mo Ml Zr i, AT LG e 1l ¥ Ak
WSS, A& IeR A LS. hAh, &4 Mo &
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BN 13.04%, Zr SN 4.432%. Mg T N H. Ing=InK+nlne 2)
O S5 i o 3 (1 1 A 12 5 AR s U BB, n L BSTHALFE T In o-In e £

FH HE K AR 2 D)1 1 4% I35 5 A0 A B ) 5 e 1) 1 1
10 mm JEHIRE G0 DU YA FLIR A7 =i R BT
B, HAHBKEL 90%, 55 1.0 mm JEHHR .
XV HL T MR, SR R KT 2 D) 1 ) 4 B sl
HEK . 5. BERS N 60 mms mmx1.0 mm. i i
FEAE ST 2L VKO g AT [ v AL #E (900 °C, 30 min
JEEEKD . BeJE, TR E TR A B S R R TR
INSTRON 5982 47 Fflih A ik aer, SR HE R W E A
1X10° sty RAHEME &M EME (OM), JEOL
2100 &5 BT B4 (TEMD WLEEA & AEA R 28 B
BB MRSt 5 R H0,
HNO; 1 HF (5:3:1) (vol%) KA AT th. TEM £
st SR FH UM FEL A 9 ' 12 11 45

2 FERESH

2.1 MIWEHE 6 FEHIEH n

EALTF TWIP W, F I THEf R o FfgE ik 5% n
SRR A MR BN TR RE J7 . 0 TR Ak 5 e H
7 A 2 i) — B S 8, Hog LR O=dalde, %
FERARILE AR T 72 o S (R RE AL %6, 7 — e FERE b
S AR B RE 77, BEAG ARk, A I T AE AL
PR, TN TGRS n SN TR 0 AH, &
XF 48 € AT BU A B E AL RE T T R, RAEI S 9B
PEARTEIIRE S . — M2 B Hollomon 2 30 X

o=Keg" Q)
Hrh, o RERMI], e RAENE, KRZBERT. XL
X (D BB HAT 15

®E.

K] 2a 52 Ti-12Mo-5Zr & 4 ¥ 3087 g 82748 th 46 F0
TARELR A ZE . FTLLE H, Ti-12Mo-5Zr & 4 (1 i ij
5% E N 650 MPa, HiHiiEJE(UTS) N 1000 MPa, #57%]
YRS ¢ 2 0.34, I LAEALIX AN 350 MPa, K
I AL R ik 1600 MPa. £ Wi% & 4 BA iz
KBUHEMBEREH N TEALIT . HETHESA
TRIP/TWIP 2% i ¥ Ti-12Mo & 4x 1M, JLi FF i 4 s vl
REAZ BT Zr JEER IR I 5 B0 A = AR [ 5 AL« AR 4
I TREAL Z AR M 2R, B 4 AN S I A A T 3 30 45
Al LASr A 3 MMrBL: Stage | (60~0.02), #-¥9EA8 I
I X; Stage 11 (£~0.02~0.15), M H Ak 2% i 4
KX Stage Il (£=0.15~0.34), T A Ak 3% i )ik /)N
HRIAEX . Hom LA R R4 5 Ti-12Mo & 4
PILARAL, 15 TWIP 208 Ti-15Mo & 41145 jr A
Ao Fsz b, £E K 2b s N A Ak 48 $0% A i 22t
I6F 71X 3 MX A A7 LE . Ti-12Mo-5Zr & 48 R )5 »
BT CREAG AR A, L omFEIZ M i O, HEBTi AL B
JIMIRE I BTG 0, MBI A A 48 % n R ARZE
B . A I LR R B S, LA
EAEH n Wk BN, RERFE—MFREME 034, H
BG & KA .

2.2 TREREPEHMALRT

il OM M5, Ti-12Mo-5Zr & &7 HE S 451
Sl TR R SF K4 80 pm, WA 3a
7R « XRD &5 St G IR % £ 4 A [V 25 TR 2 2 — 11
B R, HEE RS T 454 (bee). B 3b EoR

Mo La 15.0kV 60x45um 10um

———  Zrla 15.0kV 60x45um

—_—
T0um

B 1 BB EE Ti-12Mo-5Zr & &45 45 170 K 204 B
Fig.1 EPMA mappings for Mo distribution (a) and Zr distribution (b) in the Ti-12Mo-55Zr alloy
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Fig.2 True stress-strain curves of as-quenched Ti-12Mo-5Zr
alloy, where corresponding strain-hardening rate, do/de, is
also plotted (a); the curve of strain-hardening exponent (n)

defined by the slope of In o-In ¢ curve (b)

7 Ti-12Mo-5Zr & &AEH A TEM K. ol ULE
Hiza S EEESR T g M, EALEREKX o
L Cooa) BT CAT I 3b $ B A AT 5 BEAE B D . X
B8 o FHH HBLZE WA beta £k & &34k, H R~

KL TLGUK B L+G0K, ¥ AdE pAHSE AR, 5
25 NUOTSs 3 % wan HIE BE T {1123<111> 25 JE 25
(T B

K 4 /R T Ti-12Mo-5Zr A & 1N A e=1.2%H7 1]
RAL . IWNE 4a ) OM B el LLE W, A 1 & kLT
WA, MARGNIERSS5EE. 58K &
PO S I — S AT B B AR AR IR AN AR TE %
o X AR TR 25— MM iy T 19— g JE fift 1) o SR
Ab— i, KL E S AN B IR B 2R S5 )
Kl 4b ) TEM B 7 SE T X L6 AR 12 2% 7 A2 {332}< 113>
A ({3323T). Lin 25 AMME I 7E TRIP/TWIP
Ti-12Mo & 4 H1 {332} T ety o7 /N i A, T 52 FBH
TR IR AT 9 B L7 A i T 0 R
RGBT AL I 3 T 32 & e R 2B P .
AL, fEE 4b WM EZF|— L @ E  (dislocation
channels) USVHI7E{332}T 52301, I L {3 i i 1 2 1t
T{332}T Fifi, #{332}T MHFF. Lai 25 AV 24510
IX e TE B A AR KRR ELgE LS AL RS . Ah, B
A 232y Bt R Ti-12Mo-5Zr & 4 78 5- ¥ P AR T i
PER B, BT EEAR RN, R AR T SR N
FEAE T R R {3323 T AL A I, (H & AT
Bl A Bl L

BE & AR AW I, Ti-12Mo-52Zr 4 4 7F Stage I
MWEAR g BB E5EEE. B 5 BT
Ti-12Mo-5Zr & & 7R 1Z M B e=4.0%F1 10% (1) & 1 2H 21
FRE. M 5a 7T LAE e, % 4R 1 SRR AR T8 4y BT AT B
A A R, FRAE & SbTEM & F AT DL 2
X AR T A R A5 R {3323 T k. sEbr b, B
T{332}T #F, MAJFHERERMA (SIM a”) tHHILTE
MBI AS T R . & Bb [ TEM B F5 43 B 2 W
HER D RARF (SIM o) HIFE g 3tk . X
W] Ti-12Mo-5Zr A& EMEd g Efk 2=

3 Ti-12Mo-5Zr & 4 7E VA A 1 2 i H 41
Fig.3 OM image (a) and TEM dark-field image and selected area electron diffraction pattern (b) of as-quenched Ti-12Mo-5Zr alloy



+ 300 -

Mol SR AR TR

49 3%

4 Ti-12Mo-5Zr & < {3 - B3V AR T 2o P i B 10 St A 4 41
Fig.4 OM image (a) and TEM bright-field image with the dislocation channels marked by white arrow (b) of Ti-12Mo-5Zr alloy at

e=1.2%

A SIM o, X P [AR AR 7E B B 2 v i TR RE 5
B, SRR T . @it XRD WM HIEsE TiX
PR AR 5 IR AR AL A A, I HOZR AR D IR FH 1 &
OLF- B 5 A8 38 0 i 48 K . SIM o B A B T & &
EAYEAS T, SEIHE M TRIP 20, X2 H T SIM o”
S AR poAH i IS B ) 77 FO% B IEAS S AR, L BY
DI EAR T L REAR B HEAEPY, S5 SIM o5 3L R 344
ZIRFFAERNAR 25 . [FIIE, SIM o 78 R BE AN ST 2K R
A HIEYEA (self-accommodation) Y, T, SIM
o R A R AR SR N b, HAR L EE S 8
HHHEA R,

UbAh, 7EFE b HHB LR B KR W44 F O
AEAE {332} T 25 it N 6 o 1 LL NV 25 #4 4 TEM HIE SE 2 Hr
A {3323 T B SIM o, HHRMHE FL 45 R CHRIETE/E#
SERT e 2 P B4, T {3323 T M SIM o 2 (8] AR 37 56

F TERALER . = A 10 5 JE U DL EATT 2 8] A 5%
i 45 v B A6 7 B 2B AT AT . Castany 254N Lai
oSy 0 0 6 {332} 28 i AN R H TR IRAE B M1 AR
b T B AHSEARTE DN BN /)N e A R 8 R 5 I
A, SRR IR N )5 R IR R A2 Oy B, {332)T
B ATE B S o FIXKIRF . 8 TEM %L, 18 B AH
FeAkrh P AL ({3323 T F1 SIM ", Fr 2 AHIAE{332}T F
SIM " (1°'{332}T F1 1% SIM a"); TMi7E{332}T W™
AHT {3323 T M1 SIM ", FRZ ik A {332}T #1 SIM "
(2"€332}T 1 2" SIM a"). H =LA PP AR A
AR =0 (R 5 K 53 W T DA 28 SCHR[12] o Bl 5 AR 3
3| e=10%, FHEMYIAZRTE it — DKM K,
TE] A I AL T 72 b 1 1 — 30 T8 O /N 1) IR A A8 T8 7
W, TR LA £5 AR IR E5 K, AN AR AR TR
W) ST IE TR AR A, Gl Be BTN

M Matrix: \‘_;\
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= Substructure—s
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K 5 Ti-12Mo-5Zr 4 4 7E Stage 11 By B 1) S 4 2H 21
Fig.5 OM images and TEM image of Ti-12Mo-5Zr alloy at stage Il: (@) OM image at ¢=4.0%, (b) TEM bright-field image at

e=4.0%™ and (c) OM image at £=10.0%
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Bl 6 Ti-12Mo-5Zr & 4x7E Stage I B BeAS R IN# R AE T (1) OM S AL 238 v
Fig.6 OM images of Ti-12Mo-5Zr alloy at stage Il1: (a) £=15.0%, (b) £=25.0%, and (c) fracture

N 77 n#k ) Stage NI BB, f A 1E = R A4
TREE A, KR Y] AT RIR A AR T
FEP)E AR Hl, dhE R MR TEM R 8 EBSD
FE AN FL O S5/ AT IR AR AE . 18 6 (1) OM I
R R EE R 7 6=15.0% (& 6a fiR) C&A15
R BN Y Ak = B R N R 137 92 NN
SRS A AR R PR R, I 3R TH RS 49— B AF B 2
MR 2 (B 6b AT 6¢ FTan).

2.3 3ANAEMER M ITRELITAIR

IERG ik, Ti-12Mo-5Zr &4 5 Ti-12Mo &
S (0 A Ak A AR A A AL, R IR SR AR fL
s, RIfE Stage | BB, I LAEEALZEWR D 1E
Stage I BB, 0 TR Ak 2z i 38 K, 3k 31— /NI AA
£ Stage 111 [ Be, I CAEA0 S0 0507 T B B 3 39145 . &
4~6 TR T Ti-12Mo-5Zr & 4= M R 21 Wy 24 % > 98 vk
BN B AMA LS. BT A4 B E
1, B A A F B B TREARAT A .

£ Stage | B Bt, & & WM b2 5.
AR 8 K 4 BT 3R OA A A S BELRS A 4% 12 3, {3323T 1)
¥ R PHAG AR B T8, T K AR B b S S PHAS {3323 T “E
KOk, & 4 AE BB B R AR A AL ATy b S 11
m At {3323 T FEim AN £ I8 1 =5 — i BH S AL ES 1) 12
3, SEEGSIEAR AWM. R, EX B
H T B4R R AR IR /N, 7 4 i A 78 (1 184 0 A B ) 38 5
HIEE AR 7 WAE RN A2 3, DL {3323T 7% ik
L TTHR T & BRI .

£ Stage 1l BYBt, FrA &R S 58T, ENIM
YRR ks P S AN W 0 72 AR 25 W1 A2 {3323 T F1 SIM
KL TE =R B SR AT VIR0, AR T =) i R
(P08 S T BELAS 5 SLAS A2 B . Bk Ak, FEATA{332}T
PN AN 7 7= A T IR AR {3323 T A SIM o, X B8 kA=
{332}T 1 SIM "0 £ BHAS A7 65 7E R AE {3323 T Wi
B, M FBOYI A {3323 T kI K. MRy E

{332}T K&t — DB HEE®E. EL2m YA
{332}T M1 SIM " FIIX A {332} T 1 SIM " H M 5 & 1F
FI . A6 & 4 00 3 4k Rk A4 3 A& 45 M g4k ( dynamic
microstructural refinement), & %5 £7 45 1 °F ) B 2
(dislocation mean free path), 5z Hall-Petch
S (dynamic Hall-Petch effect) ™%, S80in T4 fk
SR Ak 45 SOAS W38 0, 38 A ) £ B 35 AN AT 348 5
SO0, SRR B E N R, SRR
ERUS IR AT 7 A ({3323 WA AT g 4 A ROk AL TR
R 17 07 485 7 B R AR N R A . 45 1T B8 7
R A A, B BRI RS, AR T RN
frkadh; LK SIM o MM, BEf “#ib” g %
PREA, g R AL I — 2538 sh, A3t R 4ER
VAR Ak St AT . FEMRIY B, IE R BRI A AR AN
{332}T #1 SIM a"VEIEA Wi B, A EAEH, 14354
(V158 B N T o, 7= A R N AR R, SR
T Rp AT

SR Ti-12Mo-5Zr & & LAifL R E A& H 5
Ti-3Al-5Mo-7V-3Cr & 4191 Ti-15Mo & 414 pr &
[ (X 2 k& &0 T ZAE Stage 11 BB LF
b F R R A ). Sadeghpour 25 A TROVFH 2 5 i A5 4
(twin fault probability, TFP)k fi# %t Ti-3Al-5Mo-7V- 3Cr
# 4 7E Stage 11y B hn A4k 26 b T A2 IR A& 1 B AL
AT TNy TRP 2400 T HE B¢ 2 £ g, Ti-3AI-5Mo-7V- 3Cr
41 TRP ML T Ti-12Mo & S 5%, 76 A7 (7] ) i A8
T A S R BRI, 2R T R 18 e 3
AR B — AN R O AR K LR S A, M 5 5
A& 1IN TR LT A A IR A

7t Stage I ¥ B, & SRR AR A T 7= W1 =i 8L )
A P A R R A RN R A R S B Tk
VEFH A A2 {3323 T A1 SIM a3 R AT, 3X Rl L 5 8% 78
5126 &R ERIL RN Ti-12Mo & & M5
P, AE{332)T Al SIM o/ 4k 2 % B AE W1 £ {332} T
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W, XA Edkaimih, (HELBRLERZEHAZ DN, T
Fon TAEAL R 0 B K. 100 TREILFE 3 n ik 3¢
H G IR Fa B AE 0.34 J 4« Xt 35 W i 4 4k i B0
A4k F SRR T Aok N W) A {3323 T A SIM o7, T A
R RA{332}T A1 SIM " 4 7 i T MR B R L diz
SRAE UTS B, POE S A CRAE &R, 228
FLHEAN SIM o FLiD HAHZESERCHE, 4T 3L AR,
YRR B AR R, N SRR A, i
B BT G 2040, 2 W A

3 4

D B Ti-12Mo-5Zr &4 HA @i . KRB
AR S B TAEAGAT v, s AR 0 650 MPa, $it
PR UTS A 1000 MPa, #5181 N A4S ¢ y 0.34,
B TR AG X A 2410 350 MPa, i K0 A Ak & s ik
1600 MPa.

2) MR I TR A 2 AR A4 TR o AR A Y8 AR 1o AR 4y
N3 EL: Stage | #R-3E AR RIS FERY B, Stage I
TN A Ak 5 G 3 K B Stage T in T A A4 2 5
/N B OB 45 B Be . Hollomon 24 3 4 #r % WA
Ti-12Mo-5Zr 4 4= I in T4 Ak i 20 i AR 21 20 48 B B
ARG, RFEFIFEEM 0.34.

3)Ti-12Mo-5Zr & 4 1F Stage | v BL i i Tk 3=
BORE T AR 58 5L T8 dibok N 7= A2 (1943323 T FH1fl
AT 8 T 3 R PHAS AL B I8 3, A S 5 R I s
AW 0 s 75 Stage 1B B0 A8 A SRR T 4] A {3323 T
M SIM " R A{332}T 1 SIM o HAHZESVE, K
=AY 7 W0 ) I S G 0 B AR R AR B A 2 A
th, NmasEf s FrHadmiE, 5l&Eah&En
Hall-Petch 2, S 800 LA 4k 5 RN A 45 $A i 48
b, 3 BORORE R 5 B AN BT B 5 s T AE Stage 1B BN
TAEAL BRI A{3323T 1 SIM o5 F 4k 251k
[ 3EmE b, WRAE{332}T Ml SIM o4k 22 ¥ i AE 9] £
{332}T Wk, & &7 Rk
Bogt: E# i Fo Prima A1 Fan Sun #( 4% (PSL Research
University, Chimie ParisTech-CNRS, Institut de Recherche de
Chimie Paris (UMR 8247), 75005 Paris, France) ] & 5 12 L .
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Stain-Hardening Behavior of a Ductile Beta Ti-alloy with Transformation Induced
Plasticity and Twinning Induced Plasticity

Chen Guanfang®, Zhang Jinyong™ %, Zhong Yi', Zhang Shuai*, Fu Yangyang®, Zhang Ping*, Chen Zheng®,
Meng Qingkun !, Shen Chengjin®, Shen Baolong®
(1. China University of Mining and Technology, Xuzhou 221116, China)
(2. The Jiangsu Province Engineering Laboratory of High Efficient Energy Storage Technology and Equipment,
Xuzhou 221008, China)

Abstract: We investigated the strain hardening behavior of the metastable g Ti-12Mo-5Zr (wt%) alloy combined with TWIP/TRIP
effects (TRIP for Transformation Induced Plasticity and TWIP for Twinning Induced Plasticity). The evolution of the strain hardening
exponent was analyzed by classical Hollomon theory. The three stages of strain-hardening behavior were divided, labeled as Stage 1,
Stage Il and Stage III. Stage | corresponds to the transition from the elastic to plastic regimes (¢=0~0.02). Stage Il relates to a
continuous increase of the strain-hardening rate and the hardening exponent (¢~0.02~0.15). Then, the strain-hardening rate decreases
and the hardening exponent reaches a stable value 0.34 in Stage Il (¢=0.15~0.34). The evolution of microstructure within three stages
was observed by employing techniques of optical microscopy (OM), X-ray diffraction (XRD) and transmission electron microscopy
(TEM). Based on the experimental results, the governing mechanisms for deformation at different stages and strain-hardening behavior
of Ti-12Mo-5Zr alloy were discussed.

Key words: g Ti-alloys; TRIP/TWIP effects; stain-hardening behavior; deformation mechanism
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