50 %
2021 4F

%129 wmEERMISIRE Vol 50,  No.12
12 A RARE METAL MATERIALS AND ENGINEERING December 2021

ZRERRANAGHI TC2LRNE=E
NFERERIFZ N
WRA L RERT FTHT RALS, MERY

(1. PHLE T K% MERES TR, P 762 710048)
(2. TRIMRZ mtkaea A MM R 5 HlE R AR E KBS L2l Es, i/ 51FH 550025)

REE

W OE: WM Y TC21 had, FHEThFEIE>MHLEIR “Step-quenching” #ibH T Z M= ML £ R
FEJRIRAREG R [ H g2 fe . R SEM. TEM SEHT 7t 2 REZARA R G M HA LTS W DR IE S B
ROy R GRAL . S5 REY], RV KRN o MHT AT A& &1 A PR IR B o KRR AE 930 'CIEIVA 1h,
73 %I7E 0. 400, 600 Cif B3GR RIR 2 h JEAKA BT, KL o M9 BEBWIHT N, B8 e in 5 WA BRI, &
400 °C PRI R P ik B B s KRR/ 880, 930 1 960 C VA 1 h, FF7E 400 CEERALRIE 2 h JE/KAZE =R, 7 H3K
A ZHR . 2 RUZEARE LM )72 H LR, A S T A0 B AR 2 ) T s ik sn . SR, 2 RUER 24

LRI T IR BLY A1, HWRHE &is 104 MPam™, EFm THAZE4S (67 MPamY®) Rl fr Z414
(33 MPa-m"?) , WL 43 B 45 53 B33 U DR F- 1 R A A 7 Sk AR ST o T (0 B B0 R B 2 R D e R 1
R TC2l thFH e FlEW G ZRIEZRARLGN,; J12tkae

hEES LS. TG146.23 THEAFRIRTE: A

XEHS: 1002-185X(2021)12-4410-08

ERE A m o baE a5 A R B
A S, E ORI A R AR R S AU A
AT B G (1 S 5 g A RS SR AR A e OW 4L 4 R
o FI B MK, EATM&ER. A& 8%
PEREA B HERIW N T G & &ML G 1%k ae,
A SR A AN TR B T 2RI TR «
. pHRIEARAES, B KRB, Wi ks
K RBE a AR 53 AT AR ST RIS Fr 2 420 Ti5553 &
Sr5m Ik R 1.2~1.5 GPa, SR 3RAF i ok B (1 [RI i 41 &
IR, RN ERT 208, AR A T R
o AHPHALFT RN o AR SN HEAT . TR, 58
BAPE DU C A2 v s B0 A 4 I T W ) 50 1) R, 7 ol
W ZH 2R B T W) S A s SR PE T P 1 A 0 SNz —

UL, BRI T AEZ MR — A2 R R4
i, REEEER KR o AHFIBCR IOk R
SR a ME . %2 R R ARG ALK SZ AN )
I # AT L= AR AR T, (HRECR RS 2 o MK
IR B RLAR I, T8 R AR 4 FL AR, (R ASBRFED
AL RERS T S AR AL N, 18 W] U AU AR i S
i N IR B, HEIBZEGU A, DL SR I 58 5 - 9 )

It HEA: 2020-12-15

PER [ B3R 00, gk Ah, WA EE Ti5553 441 B
AL AR S 2L gl Ak AT DL IS Step-quenching (2% 75 7
KO LA, XJEH TR A B R R TR B
R “ Dy R4 g AL, X AERT 1% EIE T35 %,
o AR AL 28 e M 3 IR 200 L 0 R A R B f T,
Ingelbrecht™4 A\ 7¢ £k & 4 +h I ] Step-quenching (%%
BVEKD) T2, BERE T IMIS50 8k & & . K
Ut ATCATU, G SRAEEKE el Bl O IR 2
WL g AR F o MBS, HEEZRER
AR A e N I L S s A S IR A e e U
FERIME, HAEENREE O RN E.

TC21 2k & &2 K IH 584 H W1 afp 2L 5 v )
e e, BEBRERE. WSRO 55 45
5tk ae, BT CIE MR AR ATS 4511
w45 5 1 R e, AR JiE L Step-quenching T
S0 o FAHRAT N HEAT T A $s, Wb RUERE T %G
(&5 K L E (880~960 C) Al (0~600 C) , il %
T 2 REZRHALRENERE S 456 715 Re i K 25
BT, IR IR AL T Step-quenching 1.2 LA
£ RERRA LG5 TC21 4.

HEEWH: ExARRBFES (52001253); T EIH 1 FHS (2020M673614XB); BEIE4 HRFIF IS (2020Q-618); 4 /@b RlHR &

[ K& S = ITE 4 (20202211)

e WA, B, 198844, L, Y, W T R¥MERSES TS, B Mz 710048, E-mail: cstan@xaut.edu.cn



%12 1) KA. 2 RUERIRASL X TC21 $h6 4 /1% ERe M2 <4411 »
1 £ 1000} g30C a
1h
ST B RDRL P L A € 4 RSB SR (kR TC21 gz? .
E4e, %A 4 TR 2B 6%A. 2%Sn. 2%Zr . 2%Mo. g | ; 0
15%CT. 29Nb. /> B Si AHEGK Ti 418 (A % SR g0
), A pEAERE (T) 47950 C. Hilth B
BRGNP AL, IR % o A B AR EDIRAS B A op
e HoP e KR o A, W 1R, °c. 2 s
2 B8 T A TAE BTSRRI SR K T 2 B - b
oG, 10 arp PIARDCHEAT IV HALEL, 1 [ VIR =t
930 C (BMETAHA A1 20 CAA) fR 1 h, AR g i
AR H A R o Ml IR, SRR g
OGR4 A 04 400 600 °C H AN H I £ 3 5 300! .
2h, IR (B 2a) o HSh, 78 RE SR KR
SPER S B VR P U ROR R AR S o A %1 Tém 3 4
Ime

[f6] 375 5 FEE 43 991 % B 880 930 11 960 C. =R E4s. =
AU SIS AR T T G eI ML AT, R4 %
0.05 mm/min . F1| H 4 [ i 2 {X (HXD-1000TMC/LCD)
DR B 1Y) 2 00 A P R S R R . SR FH A M R B
(OM) 37 & S 1 4 L 7 S 1l B8 0 0% 3 P 7 SR T e 554
WrF Bt S SUE AR A, IR A SR
VAR A 2H 23 2 i) f S BB 12k

K1 TC21 & iinf ZALEH
Fig.1 OM (a) and TEM (b) lamellar microstructures of received
initial TC21 alloy
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Fig.2 Step-quenching process of the multiscale lamellar TC21
alloy: (a) 930 “C+various aging temperatures; (b) various

solution temperatures+400 C aging
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Fig.3 Microstructures of TC21 alloy after solid solution at 930 °C for 1 h and step-quenching for 2 h at different temperatures and water
cooling: (a, b) 0 °C; (c, d) 400 °C; (e, f) 600 C
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Fig.4  Microstructure evolution of TC21 alloy after step-
quenching: (a) width (Wa,,) and volume fraction (V_) of

primary o lath; (b) width (W%) of as
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Fig.5 Microstructures of TC21 alloy after step-quenching at different first quenching temperatures and watercooling:
(a, b) 880 C/1 h-400 “C/2 h; (c, d) 930 ‘C/1 h-400 ‘C/2 h; (e, f) 960 ‘C/1 h-400 ‘C/2 h

% o SEMGE LR B /NEH L. F—SBEKRE
Xt o AHGE AR, B o SEEAREA KR, Wk
1 7R
2.2 ZRERKALAEH M ITH K H 7345

P 6 5 TC21 %k & & 40 ik 25 5 v K 1 1 5 AR b
fhzk. MIE 6a s r LA H, 7E 0 CH| 600 C %5k %
KA F SRR, A G 0 P 1 S A BRI X 2
N 0 CILF BN ag AHHEAT S04k, WO 5 541K s
400 CHE I ag B GRAGIE T, Wl9% B IZWT I K T
T EE M\ 400 °C % 600 CHEMAL FE, TC21 &4 11
T BE A TR/, X T B o FH5EFE 38 n (K
4b), DPECA S5m0 P b A (R E IR
ETESRIMERE . S5 RM, B EE R E T &,
A e IRE IR WTH K X RN & S IR 5 KR
PEAR T B ROK OB AR 5% o AH 25 52 B I 8E s T 5 ¥
PEAK, HTE 930 5 960 C 21~ B B4R HT H 9K RE
(7 o 5 Ak A FH 386 56, DR] LA P 2 B o 1 9 38 FE 1 T
e T 38 K

1 TEERBEELERNARS S
Table 1 Microstructure parameters of TC21 alloy at different

solution temperatures

Temperature/C V% W, /um w, /nm
880 62.0 1.67 0
930 35.0 1.35 54
960 0 0 55

6000} .

4000F l/'\'

2000

Hardness, HV/MPa

7000r

6000} .
5000} I/I/I
| |

4000r

Hardness, HV/MPa

3000f

870 900 930 960
Temperature/'C

K6 TC21 & w55l v K S 2t IR
Fig.6  Vickers hardness of TC21 alloy after step-quenching:
(a) various step quenching temperatures and (b) various

solution temperatures
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Fig.7 Mechanical properties of TC21 alloy after step-quenching:
(a) compression stress-strain curves; (b) three-point
bending compression force and displacement curves of

notched specimen
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Table 2 Mechanical properties of TC21 alloy after step-quenching

Microstructure Yield strength/MPa Compressive strength/MPa Strain/% Hardness, HV/MPa Ko/MPa m*?
Coarse lamellar 884 1524 25 4390 67
Multiscale lamellar 1130 1663 22 5030 104
Fine lamellar 1500 1764 9.5 5790 33
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Fig.8 Fracture morphologies of the coarse lamellar microstructure: (a) fracture surface; (b) main crack growth path; (c) secondary cracks;

(d) a colony

Tear edges/

-y : 50 pm

d-f:

B9 2 REEIRA G50 1 15
Fig.9 Fracture morphologies of the multiscale lamellar microstructure: (a) fracture surface; (b) main crack growth path; (c) steps; (d) secondary

cracks

RN PRI actl, HACK o HBUAEENL, JF A5 DAL o AP, GLESIE A2 XE LS S A ST, 2
AR o S A W 100 Fros, KEALHE ZERUE alfyans  PREITERSE o M. DRUL, BRSO T ATIE S, 18



- 4416 -

Wity @A RS TR

%50 &

~ Y
Ship trapsmi
Xy

K10 HEHLAPA R IR
Fig.10 Dislocation slip of lamellar microstructure: (a) the coarse
lamellar microstructure and (b) the multiscale lamellar

microstructure
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Effect of the Multiscale Lamellar on Mechanical Properties of TC21 Titanium Alloy

Tan Changsheng®, Fan Yiduo®, Li Xuejing®, Huang Chaowen?, He Jiahao®, Zhang Guojun*
(1. School of Materials Science and Engineering, Xi’an University of Technology, Xi’an 710048, China)
(2. National and Local Joint Engineering Laboratory of High Performance Metallic Structural Materials and Manufacturing Technology,

Guizhou University, Guiyang 550025, China)

Abstract: TC21 titanium alloy with high strength and toughness was selected, and the heat treatment process of “Step-quenching” was
used to regulate and optimize the multi-scale lamellar microstructure and its mechanical properties. The microstructure morphology,
fracture morphology and cross-section crack propagation morphology of multi-scale lamellar microstructure were investigated by SEM and
TEM. The results show that the isothermal quenching temperature has a strong influence on the o« phase precipitation behavior and the
mechanical properties of the alloy. The samples were solution treated at 930 °C for 1 h, and then step-quenched at temperature of 0 °C to
600 °C for 2 h, and cooled to room temperature. With the increase of temperature, the width of secondary « lath phase gradually increases,
and the hardness first increases and then decreases slightly, among which the hardness at 400 °C being the highest. The samples were
solution treated from 880 °C to 960 °C for 1 h and aged at 400 °C for 2 h with water cooling to room temperature. Thus, coarse lamellar,
multi-scale lamellar and fine lamellar microstructures were obtained, and the hardness and strength of the alloy increase successively.
However, due to its tortuous crack propagation path and crack deflection characteristics, the multi-scale lamellar microstructure shows
excellent crack propagation resistance (Ko=104 MPa m™?), which is significantly higher than those of the coarse lamellar (Ko=67 MPa m"?)
and the fine lamellar microstructure (Ko=33 MPa m*?).

Key words: TC21 titanium alloy; step quenching; multiscale lamellar microstructure; mechanical properties
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