2020 4F 10 A
%38 BE S

Journal of Northwestern Polytechnical University

Podb Tk K2 % Oct. 2020

Vol.38 No.5

https://doi.org/10.1051/ jnwpu/20203851025

SEM R in# A A IEM HIE TC4 B €
L2 AR SR AL

kB, BE, TR

(YL AL 7 fiizs oy

e, BRPE P4 710072)

i E. AR R SR T B MRS TC4 et Mt Ry q(L) AT
BEAERFE(T) IR PO EHMNE, SREARARESEMNIRTEHAR T L5545 G
E 4450 o B AR @I EL A RSN B h 6938 hn LS BN R R B AERGER T Bk
REEF) , BEHIR, L@ R4 L MR LEARRMEA, T UL Es) LR T e mile i x5 T
FE M L r @ 2R, AAEEN T a MEATR,a A BILES T SN2 E

Shh ot BT REHBBN,

x #
hESES.TC156 M ERARERD A

PTAESR WO A il 3 (3D STED) FARTEARZ
G (AWK YRR KRS ) WO T — 3
P AR HTIR I B R FH R B I
S R A2 2 () & S AR, T B it 5 PRk o
[, 280 14 a5 I )2 HE B R S 4 R A 1Y B
LRIE . INZ I3 BRI P A & B 45
MR ) T e 4540 O fn s ik ae i s 2
SRR AR MR AU &) M R R

FE = YRR 4 B 3G M i 3 T, PR b Tk K 2R B
EiEs o NESP I R e L D T TR0 1
TE T 2S5 R AL BRI S X 0O 40 20 % 1 RE 1 5%
i 3 20 28 SRR AN AL AILEER ; BOE 1 7 AL S
BN RAFERIE S GRS R e R 2R
FEi A5 RBOCBUBAE &2 45 AL 7R IR 5 42
FIPERE T WA BN IEA R Y, dbEEs
WER KA FIFZ A 28 T 806 & CHLE I F F
TR T RG A R o sk BE AN 2 A 17

WOGCHG R 32 o A2 v i A R R e v 2
OB UG AF) B E 2 ok RUBE SR
oA SRS A A BRI, A
s A A BT UURRZ AP T FUURUZ i hrfi

%5 B #5:2020-01-20

R M AR RS AR T AL
M E /S :1000-2758(2020)05-1025-05

JE MR R AR A 8 3 22 5, SR T T ik =2 oAb i 7
HAS IR BERIOULZH 2 A JE A2 PRI R, AR T R SR AL B
RATEARIIA . A e B S SR L i A
TGS AR T A W LB Y — Bl 2T e
Bt AR S Ao A o 41 9 e B 0 AL n 2
AL A S BRG] 16 b il 15 TCA SR G P R
[ Be (0 S nf SEM. (i Sl 4 2 PR %, W 52 S fifid
e FP AL A IE BRI T B ST AR 7 e T 2
HPLEL,

R

1 % I

1.1 KRR E

SEHG R B B &R G — AR EOE R B0
TAEG A B v 8 260 g i SRR A A
B, SER TR TCA G 4 8 R % Ry 25 10 kG B )
] W 26 HEOGIE I, o T B R BUB B G 4
AL, IR TR = AR T ARG T AT A

E2WMB . FERARBIARESFFEIH (11502215) % B

EFE N KM (1976—) , 2, PHAL T R AR, = B IA E AERH) WA 215 T 247 A oE



- 1026 -

odt T ok K

¥

538 %

K1 TC4EEMERRY
Al \Y Fe C N H 0 Ti

6.16 4.17 0.062 0.009 0.003 0.002 0.15 Bal.

R2 HMAEMEEIZEE

WOt EEEi] o) JEBE _— VA
VIE VIS % R, HA 3;/'7 Bt/
w (mm-+s") (g-min') mm ’ mm
2 000~ 0.3~
2~10 3~10 3 30~50
2 700 0.5

SIS AL 3 EAT Sl EKFEAR T TC4 BRIE Ky, B oK
BEEVE I N -100 ~ +150 H ,4b2F s inge 1 s,
S 2 FKE R AR HEAT T AR B (120C £ 4, KT
-0.1 Pa) EZZMT . RAM TESHEH sk
2 i, il g O OB TR IR I B 1a) B,
R T W R AR AR Ty ) (L) R BT SR AE K
J7 18] (T) $ A B 3R 19 TOUL A T2 R 1IE , 42 BRIA] 1b)
P A BRI BN LA T 2538 K 1e) AT R
SPEL A AR A 3 5 7k 6 WS T DR AT AT B 4l
eI, Kroll 3271 & i
Lﬁrﬂjﬁﬁ Tﬁl‘u}jﬁ#

(=2
W=

Hert

a)  WOBHIA G TC 4%
10

b) XA R R R
5 10

T |

P~
C—qﬁz&mq
o) FERSHE

B R b AR K T

R A [ 25 F] A A B9 Supras5 3 & S H
BEHEAT ISR ARSI | A N 4R 5 s 2 RN A 2
TN B R 2 T R AL B 2R AR SR AR
NSy} N SEi TR AL R I U R G D) I E= DR S
PR FE AN [a] [ B ) SE IR SEML 20 2 R 41 i
(i) Fof R A8 D 57 o 28042 7 A0C7F Miicrotest 1 55 9 iz it
B 2 TARN ) AR 2

PLR AR RERS Bk

JRALE &

5

B2 b BRI &5 R IR

2 ZERESWH

21 BRER

WOGHE R T 1 2 R v v e % PO AR
SRR A 26 1Y) 4 8 K AR Y L it 5 [ Y 2 21
BRI G IR E T, S E A K i w0 2
B AR S (WL 3a) ) FERE 5 B8 PRI AN 202 A
ST aB A, IR AT AH LR R o
+B AR (WL 3b) ) o A T XF AN [RI 40 2L ) A2 I
PLEE, XFROC TR IR AT T B BRI 2, $iih
BRI R ATEIR o AH P TE BB AR BT AR (UL
3¢)) . E3d)Finh TC4 BAF 4L, FE MY
il o DBk a+B ALK,

. { 20_um
o WOCHHBLENBAZIRAS b

=7

O HAbEE

B3 3l i S dBi A TC4 A

2.2 LA EAHERCIE
Kl 4a) S L 5w iRRE i R T RE 1 g niz A% i
4o RHI SEM WES T AN[A AR B B (An v -5 i
i) B A S AL, P R A8 A4 i 200 N
BRI T SEM T 2 ER 5 RIECR 4
FERRAL  B4E T L5 330 5% SEM i fl 2 21
W 6 RL A R 1 KN 4a) i, i L T b i)



55 1)

SRARH, 55 : SEM AL AT FEHOLI A 1 TCA & IR HLH]

- 1027 -

1~4 5y F R P 2 rp 2 A 0 B, /] 4b) &
4F) X7 24 I #R 2 L R F7 7K -G SEM 4141 R A
MRS — B Bt , AE S KN ) A B2 T, O 41 200
WA KA B WA, 8RB, N K BT, Y
N ARIRE] 0.03 B, FiE sl 124 780 MPa B, iR i
ML P ERIR o AL B AHF AL BE T /D3 470N
A EL, G T E0™ A 1 A B S Rl 1)
FF-H 5L 48.07° (AN 4b) ik BiR) o B R 1
R PR B T R AR SR AL B 52, 24 N AE
0.052 I}, B F1 4 820 MPa, WLELHOMZH 24 %
AR o 5 B AH S AL 1 SR SR RN XA I
N, RIS 2B R R R, Ty 1) —
S5 H R B G 1) /N 80T Bk ok, T8 K H R ) 2
SCAnE 4d) FER) .

a) L7 JEALhifh AR
I 28 2

LN
) ¢ N
y m

\ . . 4 N
e) FHBMRAMEL ) EAIES

K4 Ly s s p o 7 A 4L 1k

X R A A T B KN 9 5 926 MPa LS
ERARRT B, 4 e R B R R, 480 R Y R
AR R, RIS S, MBI B ek
GBI (I de) TR ), BRI AR 3551 0.12 , R s
Wrd [ 4f) T/INELSS T W R AR 1 I3 T
LA A YT SR bR 2 N A, S S BE o AN
B WIAHA A AAL . IR T o 5 B AHA 2
FEAHIAL FESAME P AP AR 22 5 DRI 801 e i A=
MR o 5 B AR AL, 07 A () 3G AR i B 22 ) 2 A
ARSI A, HLTT T ) 5 8 ) e R 1 7 )
— 3, FIE AT LUHEWT o 5 g A 5 725 J11EH
TR,

i B R LG B S S LI B AR
TR 4F) i) |, R AR T bobs 14 A= 4 ] A 28
AT, H B A SR A 0 1 4R B I g R TR] i
AT RERIROIE A ff MA2 B) AS [ A G
2.3 T AHEAHRIE AR

Bl 5a) S T J7 [a] BB A T AR I g 1o A48 1 4%, 43
g T E 3 BB (B Y-S TR ) IO 2
glife, e sb) ~5d) frR, SH—Br BesipE AR e
O LA ARk, 55 B B, ARk 0.028, i 8l
N 71 810 MPa I}, AT LA 3] 1 Sl 20 21 v &8 43 5 i A
TrI 5 45°1 a AR HL I (W Sh) i) o 4
LSRN S1ikE] 920 MPa B, S L BT # A e Y
LI (F 5e) ), S =R B, 240 28 8 0.091 A, 3K
FEVHIT A, 32 a0 i 77 A Ay S i AR &, 7F &
SELCRREIE , o] LA B 8 UL 3] 55 i ) 2 450 AR
FEIFEL XL 5 ) S5 R AR 20 L
A, & T 7 R Y A S 2 TR
W ), SR L Dy ) 5  ARHE BT R TR A 4
RS, A, NEL 5d) B/NETRT LU H
SAPKARIE F S B, RN T 5 o) 7 Ao 08 1 4 25 1 245

o) ERHMEN

d) W DR HEE R 4

B 5 77 1) JEU A A e A R A

Wi S5 | WER 0 B W 11 (%) DXk 4 B, 3 B T
D7 1 o AR B AH S B e, T 7E 5 — A kL
HCYERR o BASET, AR LI AL S 32 5 N T 4R
FTFIE UL (B 5d) Tk frs ), F L Jy )2
oL, W HAR 7 1) 45° B AH B R AR PR B i 2
AR SRRAREARR, 5 L mAFENE, EET
AR AR A T RN 2K, o SR LT A n 2 B
YIZE Gy R IR G, T 7 [l iR 1 88 7 1 S B AR, A
XFF L7, T 77 ) A A 320800 1 30%



- 1028 - iode Tk K

¥

ERTE

24 HAEBEHMELME

WOGHE M il TC4 A &4 Pb S | R Y )5
PNEPLASTE i RGO SN 6 FT s, $Auih B
920°C itk 2 h, ¥, 520°C PR3 4 h,

-‘.(\. w67/ |

o ¢ . 2%

RN .
saael P T /4

a) WA b) Wi 0 X

Ko b TCA FAb B A H M REROWH ZUR Jr

223 I R B 1 i A 20U RLAE A
oo, MIE o FIFEAE B FHAL R IR A AL, TR AL
P AR SRR N SR o AT T RS
AT Rl , 2 & S P Iy o] P-4 5 55.13° 96 41,
HEZ ISR 7 10 AT AR o tHN,
o F1 B FHINIF A I W A E RS B, PAAb 3RS T
o MR 25 FEBERG N, &8 43 AL HE AT R T ¥ S A ) 1 i Al
ZRM B JEIE i R
25 BEHKEShMIFEMLRE

B 7 B R il TC4 A 4 1 S Aor e it 2k Je
WAL R, 5SS 4 WA SRR Y
S BB A P AR o AH BT A

0.04 0.08 0.12
a) §8tE TCA B TREN )

o B EBAENR
et

B 7 BBt A o e A o P A A

SE

(1]

B—BrE, M AR F 0.053 B, SR S R
1 200 MPa B, #8355l o AHA 46 1 BRI AS 47 (4n
Kl 7b) fiiR ), W R K B 5 T Hif 7,
T o HEFHR BB HK BB RES ), Y
pi LA T RS ) B et R v R 1 S 0 S
BB, 55 BB, BB AR R K T R T
AR UR I H AR IFAETE 210 o AHY B, T (&
Te) iR, BT 3 E TRy m &, fbnh iy
]2 4503 Ry m LA B T WA (R 7d)) .,
L LZAE o+ FHF A5 1k, B AT DUHE T A A2
FHASIE R0 B 2 BB R 2 HAEER o M ™
Ao BB, Bl B B ARSI, N e R X
WO IR LS4 | O HRRE e T 46 R AR
W 7e) s, a AN A IE RS AE 5 5, LA R AR 3K
7 0.12, SFEPURYE, YR ARk 0,12, W
mE 76) PR, WAL — L 1%L o T B
A BT — R AR AT 2, JF B AE o M
W TR = T e, K 7f) s, #BEs
AR A T B 2 T SAEH, R KR A
Bl o AHPY B T RS R B T AR PR A 514k
YERT, WA B E BT AT 26 07 T R R i PRI
A EHE 2 I Ay 2

%

3 &
BOEHE BB 7 TCA Bk A4 L )7 i B RE 72 R
SRR R o F B AE SR T 1 5 4503 £
[R5 T 32 5 VR FH P A R 5 W I 7 B
FFLTR I RIS L S R , 22 05t AL
B WL, T IARE o F B A5 11 TF 24N
RIS FREA L 7 1o (9 K, F phy TRy 16 7 14
R A T B ZE BTV T 5 Sl
FUIF , 2 J5 3 8 TRy 1019 o RS 58 | R R
TEITZL, LTI | VRS T B A AR SR T
FTHIRLILSOMR o MY, 5B 2 Bk A 4 R I, 4
Rk 4 T4 o LT o O 5 , A5 T 3o B o
BRI BV R T LA AR S T

TR, MORL 3D ITEIEOR AR FE UL T]. BB Tk , 2016, 6(3) : 53-70

HUANG Weidong. Research Progress of Materials 3D Printing Technology [ J]. The Journal of New Industrialization, 2016, 6



55 1) KA, 5F  SEM AR TEROEII B il TC4 & &L RIRHLE] - 1029 -

(3) :53-70 (in Chinese)

[2] XUE Aitang, LIN Xin, HUANG Weidong, et al. Influence of Trace Boron Addition on Microstructure, Tensile Properties and
Their Anisotropy of Ti6Al4V Fabricated by Laser Directed Energy Deposition[ J]. Materials and Design, 2019, 181; 107943

[3] WANG Jian, LIN Xin, HUANG Weidong, et al. Effects of Subtransus Heat Treatments on Microstructure Features and Mechani-
cal Properties of Wire and Arc Additive Manufactured Ti-6A1-4V Alloy [ J]. Materials Science & Engineering A, 2020,
776 139020

[4] LI Jiagiang, LIN Xin, HUANG Weidong, et al. Effffect of Stress-Relief Annealing on Anodic Dissolution Behaviour of Additive
Manufactured Ti-6Al1-4V via Laser Solid Forming[ J]. Corrosion Science, 2019, 153; 314-326

[5] JING Chen, RUI Zhang, HUANG Weidong, et al. Relationship Among Microstructure,, Defects and Performance of Ti60 Titani-
um Alloy Fabricated by Laser Solid Forming[ J]. Rare Metal Materials and Engineering, 2014, 43(3) ; 0548-0552

[6] WANG Jian, LIN Xin, HUANG Weidong, et al. Effects of Subtransus Heat Treatments on Microstructure Features and Mechani-
cal Properties of Wire and Arc Additive Manufactured Ti-6A1-4V Alloy [ J]. Materials Science & Engineering A, 2020,
776 139020

[7] LIANG Yaojian, LIU Dong, WANG Huaming. Microstructure and Mechanical Behavior of Commercial Purity Ti/Ti-6Al-2Zr-
IMo-1V Structurally Graded Material Fabricated by Laser Additive Manufacturing[ J]. Scripta Materialia, 2014, 74, 80-83

[8] CHEN Zhongwei, HAO Xiaolei, WANG Yu, et al. In-Situ Observation of Tensile Fracture in A357 Casting Alloys[J]. J Mater
Science Technology, 2014, 30(2); 139-145

In-Situ SEM Study on Deformation and Failure Mechanism of
TC4 Titanium Alloy by Laser Additive Manufacturing

ZHANG Shuangyin, SUO Tao, LI Yulong

(School of Aeronautics, Northwestern Polytechnical University, Xi’an 710072, China)

Abstract; The in-situ tensile test of the field emission scanning electron microscope was used to study the deforma-
tion mechanism of the TC4 titanium alloy manufactured by laser additive manufacturing along the L direction ( grain
erowth direction) and T direction ( perpendicular to the grain growth direction). The test results show that during
the tensile process, as deposited specimen mainly cracks along the interfaces of o and B which is 45 © to the tensile
direction. With the increase of load, the cracking increases. The surface of the sample fluctuates until breaks. There
is no obvious change in the prior § grain boundary in L direction. The microcracks along grain boundaries were ob-
served in T direction, which is consistent with the result that the plasticity in the T direction is less than that in L
direction. After heat treatment, due to the increase of a lath width compared with the as-deposition, slip bands
were observed in o phase. However, a large number of slip bands appear on the equiaxed o phase of the forged

specimen.

Keywords: additive manufacturing; titanium alloy; in-situ tension test; deformation mechanism
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