L 7 78
fim—jig‘ COVER STORY

IX#X: Tk, Bk, 2R, F . k&b e BRI ARTF LB [J]. EH R AR, 2021, 64(17): 22-30.
LI Xifeng, CAO Xudong, WANG Bin, et al. Research progress on electrically-assisted plastic forming technology of
titanium alloy[J]. Aeronautical Manufacturing Technology, 2021, 64(17): 22-30.

Bk SHRIB TN BEA
WEFEHEE

=ML ERER L, E R L,ABN L ERE

(1. bi#3@ K5, B 2000305
2. AT B ATHLE F A FRAE], LR 100074
3KFELELEHBELTRE S SEFXRET, LT 100074
4. REFRFIHE FH ERE, LK 100074)

[(HEE] RSP BRAY L EMAFRITTER, QLM T WP LM RS, I
BT IR TCA RS2 IRE I IIERT T L, £ 1500A K &7 (87 % E 5.5A/mm’) F= 1.5V 1k ¥ A4
FF, /& 1min A BF 7T 3£ 2] BT & 69 600°C £ A 69 R IR . Bkl s il st TCA 4R A2 MR R #oh i L &, E—
T TRHAKSE NG BAAS a MY E, BIRE XA FHER, LT AR EBHAK TALS 4642 F TAl 464
R FI, ELMERFEYOIRTLATEL DR S IR, A0 BB M T E 601 ET #ak

51 T v, FR P RS, I 0 B ST 4k R AT v, R M RO B IRTY R — B

KPR 4K Eo2 WEUBM, BHTH, MNAR, BT, b BHR Y
DOI: 10.16080/j.issn1671-833x.2021.17.022

'\

EIHE
MARAR, BL, MRAABDARRS

SRIRM BRI ERIREMA,

22 WisshEEEA - 202145 o4 551710

BRE < DA H5 FE vR T  dl AT
[ A LR G YEREOL S, WM T
A el R T PR TR A A
KBS T ARG 2 7 zis
o FESEBRE TR 3l 57 2R PR G
GERHIN TS R IR TR , (E Bk
BRI U2,
97 WNIE TR s N T LS
BRBE , R B OB RO A, XELL
T JE T 25 K U SR 2 A a4
PR 2 R, 2R R
Eorkit ke &% E. A
S il O R TR 2% REAE
1o, SRR R R 3 T A ™

i,

S A 8 B T B AT T MR

T3 AN LA LT Tl A2 T e Y AT 4
FEAFEOR, W B I T i sUA,
TR T REF R ARRA RS
& WY 7 ik — BRI A B
M BUE R A SRIEA TR E B
PREF | I AERAT 3 T Pk & )iz
Kk

Troitskii T 1963 4 #F 57 2 i
TE AT & 30 OB MR, 2 )5 95
WC I 38 [ 2 AT TR e BRI R T
FERN AT, 1978 4E, L) Conrad N
REWFEIR T OIEKRE SN
)2 B4 JE R BB M. 3T 60 4E 1Y
WFFE B, 76 4 8 U o A& vl

* BETE : NSFC- 1L TFHA R4 H (U1908229 ),



AT
COVER STORY iﬂ‘ﬁi?‘

W, —E R L AMB R B, e vt i
S5, HESh 555 A Bz gl 5l
JE IV A BB RN BRI
LT 4 PhBLAH] : FEHARN S
FIHT, A7 2805 2 RE i B AR A ik
KB4, v BO M RO W) BB )
ARV A L R B = 268
A BB M OY T 22808 168 5
Tl SRR

AR TG B BB
TE B AN [R1 B3 A FBR A5 <5 v i 0 2B 44
BB T 20 Ff 0E i 5 ik T o2
UM A PEREMIA T, 2087 T8k
ek b B AR T SO BB A 2
WLPEREZ 0] IR 2R 5 focJ , AR -4
Gy QIR ECINE R PEi Sy VAR /B VI I
T FE A AR O B ST A
JEAHER .

HReEaMB R EAR

FEL O BB A A AR 2
TR AR R I A A
ST BB AR H AR, S
G FLL B O 5 1 92 1 S P £
AR 3846 70 U T 2L L
AL AR P A FH B b P
SVERIURT , ETHER A G 0 HOR A B
TEAR A 0 IO T2l 1 i
AN SR G L T DR
45 R TRt — FR B[R] Ll 1

=
AL
7
e

TAF
I

Y7 —

TZ.
1 FHHBIE

FE T AR P o B i A
T, R R R Bk A 2 i U 2
RERY 7 ik B A B Al B il &1 1 oA ik
PR B R B SR
5% 1 TC4 (K& 4 Wi Bh s th A 1T
H, M T AR R R BUE S
B 1) G Zr, Wi A5 A 0 PR I % R 1Y)
PET; RS AR Y T a1 Y ) 25
K%, i ok o FiL 3 A 49 R SR 200Hz,
2 Y I N 38.67A/mm’ i,
FL 3 B S il Y T B TE AR 1 R R
T 49.01% ([ 2)W, FH 46, Bk b e
TA ARSI Ty, 045 582 i Ak
FIE A2 ARG e IR 5 B2, M T AT 35503k
G 2 R e A 4, BT il O
T . 24 A5CH I A F] 14.00
A/mm® B, 25 i e R RE R DG G
L, nE 3 Frs W ke i A
i 1] 55 LA AR R, 14.00A/mm” FE,
TAEHR 25l T R X B, (el
A 14.1°, B A AR TR B A
50y NI B E DT A= 1= o
g 38.67A/mm” [, [A] 3 £ Jy 7.4°,
FIHL 5 BN 14.00A/mm” B 43 RE
AHEL, MR T 47.5%.

B SO X Tio55 2k A 4 i il
B P o [RIAE B, TR AR
Prh Ti-5s sk B & B A iiFs 2
i P fA ik F) 147.4°, 7E 200Hz 5 2%

3000

2500 -

—a— ()

—o— 14.00A/mm>

—— 26.67A/mm’

—— 30.27A/mm>
2
2

Lt 25% Ak op AR T, To T4
5 AT 0 AN, A A5 I 2
K, B PERE LT, 25 M N AR, 2
il [ AR A R (% 1),

it I BH ) o 4 S AR R Ik b R
LA B Sl DS L HEA T T B
M, AR T 7 AR )3 AR fi AL
Mises Jitt IR 7 U], 4531 T 6, 4 B 25 fh
5 A7 B TR A 3, X AZ31B B
B AR QPISO A 1Y FiL il B 25y
[ g FOME S5 I T T A,
AL T i R e R0 R 22 LR, Y
FHME a0 2% R B A s
2 BN

B A BOoHLE RE RE S 7 A B
AT BRIk i 45, WA AR S50
%4, Ross 2 U JE4T T 2 IR I
FREIOREL 0 L P A B R ) % L BF
FE (B 4 INAE Z A7 50 510 & IR IOk
TEEORL T A Al BB ), & PR
SR AN FAVEICRL AR Hh BT 248, T
A B EICR AR, R4, iX R B F B0 P
BN AN 2 Ll R EE AN, i A
FRAUNT , AN [6) FA4% 52 1) Jin A% T
2R BR IR B A BT L B R4
R, 13.7A/mm” (LB E T,
AR TR 0.45 BRI 24 L % B
IAF) 19.4A/mm* LA 1, IA SR
A R

M-I © AT T TC4 kB4
P ] R RS, K A SOULZH 2 Ak

2000 - —— 32.13A/mm

1500 -

P

W SN

1000 -

500

—< 38.67A/mm

E1 ohRRHENEHREE

Fig.1 Schematic diagram of pulse current assisted bending

4 6 8 10 12 14
i #%/mm

B2 BHYERZEITEHES AR IINHM

Fig.2 Effect of effective current density on bending force of parts
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Table 1 Minimum bending angles of Ti—55 titanium alloy at different current densities

%/ (A - mm™) TREE /°C A/ (°)
0 20 147.4
4.0 556 853
5.0 670 83.9
55 710 83.4
6.0 794 77.6
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Fig.4 Titanium alloy specimens produced by different upsetting processes
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Fig.5 Upsetting stress—strain curves of titanium alloy

Fig.6 Schematic diagram of electrically assisted drawing
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Fig.7 Electrically-assisted drawing process of TC4 titanium alloy ring segment
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Fig.8 Forming precision measurement of TC4 titanium alloy ring segment

20214655645 170] « it hERAR 25



s L
%‘1@1?— COVER STORY

it 5 5 KPR IR R ) S B e
A, T 90° ORE S, AR o A1
] S5 o AHAR AR R v W24
A fit () 7 87 Ay 2 p T 2, S 7 e
SR R, A RE i,
PR It ot 2 o K L 38 28 1 e, L AEE
AR AR R

Stolyarov'"! #F5¥ T Tiye.4Nisy FEAR
TCAZ A 4 3 F FL O A v AL 8
BEAR Al UESE T bk e UL AT HE T Ao
TERA SR Y, X T 8 Ik
ECAP (%4245 iyl iE AR T ) Jr vk il
FIOIBARICIC A 4 L A o ik
R I PR T A0 AR N 0.59 $E T
191,425 1 223.7%., FIHBES T
BT ( TEM ) SR T B iR 5L 5
B WA 2R (& 10), & PR >4 Ha % Bl
LRI 085 g W S8, HOUR ZH 445 5]
itk BB A R ER AR A Lt 2 R AR
AR Ak, 7E HL 5 Bh AL S AT X T4k
ST, R BB A 5 10%~15%
W E 1%~2%.,

2
1400 5000A/mm 4800A/mm’
1200
« 1000
[a¥
% 8001 Original !
8 600 specimen |3400A/mm
% 400t
200
1 1 | \
0 0.04 0.08 0.12 0.16
Strain
(a) 0°

RN U FEATHOBIF 5T 2 I, Ik e
P 900 X RO A 4 ) 52 i 5 3 3 3R ok
SEAANIE] VR ERE AL 28 ik i e 3 Ak 2
J& , BN A AL R AL () (B
n A8, AR K51 3 B AR
MEALTT . TAL LA & BEE H L%
JE B B8 R, B 2R L 00 BOZ TR i
2 B 37 4 4R R 21 7.96 x 10°A/mm”
i, SF 43R T AT LAA F] 764 °C, B A%
BRECARAL 2L (0 53558 FAA BRI 117
FH R ER CCARASTR] , Jok b el 34 T B
FIBR AR L U R A/ U ik el
DAL B (R IR, AT AR R A it
o T EEAS LT 4 ) H B 2
A AN TE A 5], R e B 5
S FHOR TR S]; [R] ) H JAE B
B Al 25 A B8, DRI SR DX 3 )
TN I 5 T AME, 5 5 T TA
AL a—pB HHEASIREE(882C),
Lok b e 38 HE R ) T L R T 3R
10°°C/s MBS, RRIE R Sid
P 2[R AFAE IEAH Pk, I o—p

1400 -

5000A/mm”
1200
< 1000 .
¥ Original B
% 800 specimen 5400A/m ,
§ 600 L 480PA/m|
9400+
200
1 1 1 1 1
0 0.04 0.08 0.12 0.160.18
Strain
(b) 45°

Stress/MPa

AR U 2 A T R e B TR e A
Y EANTESY T BH B AN 2,
>4 Jk b EL I Ah B4 O R R AR
Bk, W B AH A P & A 1) ) B—a M
AR, AR AR R R, TR T S IR
RHRAE, o FHLIARZIRAE B AH ALY
PR WO RE M EE B B R 4L 4L i
4 e 3 RIS ) 200 L O
7.22 x 10°A/mm” i, SEX THE B R
REAR BIARAR 5, 70 R A I X
ERELT TR LS A 0 N
AL, B R E A A, sl 1 BT
i_\‘ [15s
2 BRHERITRE & T HIEEF
Tt B8 ok 1 B B RS Ml

R VOB SE T SRR bk
LR T Bk A A T A 1) AR
R B, TC4 WM e H T WA B
AR 10% J& , P EBAFAE 350 4345 1)
WAHCK AL, FLIR B 5 AR A 402y
h2.21%. FE K vh L R 40V FiliE
FHL IS [B] 30s X 70142 I 1A 43 1k A 7

]
o

1400
1200
1000 Original
800} specimen
2
600 4800A/mm
400 5000 m’
200 00Ajmm®
1 1 1
0 0.04 0.08 0.12 0.16
Strain
(¢) 90°

9 TAIS k& E&REEEMIBEFARE TR S - RISk

Fig.9 Stress—strain curves of TA1S after energization treatment at different directions

100nm
[l - )

(a) TiswsNiso7

500nm
Y —

(b) VT1-0
10 ShESHBHEELFIRMALR

(¢) VT6

Fig.10 Microstructure of titanium alloy after electrically-assisted rolling and annealing
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Fig.14 Mechanical and thermal measurements of Ti-7Al alloy at different conditions
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Research Progress on Electrically-Assisted Plastic Forming Technology of

Titanium Alloy
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[ABSTRACT]

The research progress of electrically-assisted plastic forming process of titanium alloys is summarized.

Electrically-assisted bending, electrically-assisted upsetting and electrically-assisted drawing are included. The electrically-
assisted forming process of TC4 titanium alloy ring segment has also been developed recently. Under high current of 1500A
(current density of 5.5A/mm’) and low voltage of 1.5V, the required forming temperature of about 600°C. can be obtained within
Imin. The effect of pulse current on microstructure evolution of TC4 titanium alloy is very complicated. It can promote the
transformation of B phase to o phase under certain circumstances and reduce its thermodynamic activation energy, which can also
significantly reduce the anisotropy of TA15 and TA1 titanium alloy. The pulse current with appropriate frequency and density can
repair some small cracks, dimples, voids, etc. The electroplasticity of titanium alloy mainly includes Joule heating effect and pure
electroplastic effect. The existing research results draw inconsistent conclusions about pure electroplastic effect. Future research
topics are also revealed.

Keywords: Titanium alloys; Electroplasticity; Plastic deformation; Microstructure; Joule heating; Pure electroplastic effect
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