52 % 5 3
2023 4F 5H

WEEREMBEIRE
RARE METAL MATERIALS AND ENGINEERING May 2023

Vol.52, No.5

TCAHEEHZHMERAEF R ERBEERULHAR

ik, % &, FRY, BRI, xeHE
(AR RS YL T A=, {175 $HiT 212003)

M E: RFEILIAT TC4 (Ti-6Al-4V) Bka & 57 R LR R EEBRZEN .. N T 780 RALEA 2 H %
Wi, %:F Chaboche #5177 57 DA K ik ) 2 Sl 55 5 O v U, 7 b R ot RSB AR, TR T TC4 Bk & & 0 2 il
% 557 (HCF) 25 i TN A 5 R SR AL VAl . T 2%, TFR TCA & &AE— RIUIMEHAR T /22 B LL ) AR b1 95 55 106 . F
Chaboche dF: £ 11 45 477 #E U A g 5T 103 5 82 S O D 2 I S B S &, i T TC4 & SR ARZ ML 57 10 05 1+ 5 A
. Hk, BB T AT RPUR B AR TR BB AR T, IR T 2R B AR (R A LR 3 AT LASRAS R
R R . LIRSS KR, BT H R SHEEN, I TCA Bk& G 7 47 fir 55 T LR AL TR 45 ARG R v T

b 6y T A TR
KEEIR: W Har: SR mEIRL; TC4kESE
PEESES: TG146.23 Xk FRIRAD: A

XEHS: 1002-185X(2023)05-1896-09

BT H SRS moms, mute. mhE k.
FEMSEMRMER, TCARKEEWSEET ZMHT
WU MUR Tk, —Hes 8 IF R 7 AN [ L 200 Hogs 55
P £t 5 i 24 L ER (1 52 i F e T2 R A% v ) BB
Gimk e, fE 9% 55 i AR, T BRUR R
MEER G T REEH . Hd, Miner Z& 145145 1 NI
ST BRI o 5 L BIE P Auf M ELMST, AR I T 3
PEI 51 IR 5 S BOE %, 7E Miner £i4Y
o, MR AR A I R R A M R e A R B M
F b, PUAES AT E VIS, KT 0% 57 R PR 1
TR L AR A 2 55 A R pdin 7 - 4 M 2R AR A0 4 v T
AEH T ERZ %M TRES R, X8
KR EAD Sl F=E

TEUEIEAL [, SR 2 T A 2 1t S AR 00 1 A 2 1 B
KT T 57 A3 i TN B 3 E SE IR 0 R B
&, Huffman ZPMRH T —FE MR BA, HT M
WS W ] N (P98 57 FF . (EAR IR IR i g s, 45
A5 72 18 Tk 7 4 S IR R s e AR 9 L P R R I A 28k
AR TR AL SR AR AT SR TN 1 @I 3 FhAS R 4 JE AR
M 7 B s 54 B iE 1 AR B 5 A O VR R Sk .
Zuo Z5IOVR] AR £ ki 55 351405 B R AR HF 7 A% I 28R A
TR S A A TN . 7R SER SRS, Chaboche 217
AL T AR RARELAY, $EH T e S S MR
W R R G ENTTFE. FET Chaboche %5 AL

ks HEA: 2022-07-07

&, WZ B TP T 957 7 dy WA AT Stk f 7 180,
T 45 M L A v 8 0 7 52 52 4 1 22 A B 451 408 BA e
o (EHHN. ZHILLBIRIAE LB B ATE R R, it
- fR 4540 SR AR AN 57 75 i 3 B H AN A R RFALE

Hr, WA 2ZMEST G0 EETEAERE
P A2 s g R AR g il P T 9 1)
RN T fit B A P T VR0 s 55 T 9 DR I A 1
P EE R ST 52 BN T2 M A AT . I S R D ) R
OEE TR RGO AR R . AR X — ML,
I 57 WO AEAERE E AR b, R T L AT
I8 57 45105 SR AR A 57 73 Al 5o WU N SR 2 Bl AR B
9% 57 e FRTVEEAT T R =W IT, IR T 2R R
T A5 2 v I, 4 F-S AEESL, Wang-Yao #E el
Shang-Wang #E R MKBM #E 1814 . Zhang 2501
[l JBE T L 2 v 9 55 R BRI, R T — P gk
F1% 35 T e K B L g T A 5 P I 71 T ) 2 v o 9 55
(HCF) . 5 A A4 AR b, JE T B 1 0
R G ST BAR YA BT o AR B & R 5T
75 i OO I 5 5 T RS20 AN RS T T A R AL IR A K
NTELEAER . AT TCA K& 4 2 SR LL ] % 57
I F R S8, R BT KER I

TEPE 55 BRI 1 FE b, 450 R B ) TE Bf
K, RISREERUI R . r2 ik T i g T
KB IR AR DR AT AR o 56T X B S 25 4 5 & MR}

EE&WE: EHyiE&muHussFrm H (80902010701); [E XK &H A& 11RI% i (2020YFB1712600, 2020YFB1712602); [E 5K H ARl

4 (51605204)

EHRIN: ZWE, 5, 1986 4, 11, TLARHE KN TR, YL 4871 212003, E-mail: libinggiang@just.edu.cn



%5

PO TCABKG G2 Bl A 55 400 J vk AR ALATT 52

- 1897 -

(H1S256 /31, Broutman 25 PHIR T 5 4x o ¥ (1 £k 8
WA, Schaff #1 Davidson2 | i 45 i %l 42 5 FiF A
B, M T —FRAE 2 BRI RIS 55 1 T Bl E A
MR 35 i 77 . Stojkovi Z5BME 1 T — NS
FR AL 5 P A 45 AT (NSRMD) SR F00 528 3B 4k . 3@
A A R SL IR 42, UEBH Tz AR .

1R ZHI XS TCA & &M 57 MERe it 7t £ 24
T2 &R, T 2RI, X TC4 &4
AT T ZEte B AR L% 55 e . SR T — Rkt
Pim ARz mmhEdf 8t Z o, ¥
Chaboche £ 4 453 197 #E W) A ilE 71 % 5 42 H R 4
RS S, kT TC4 AEm AR5
Bt it A . 5 SWT F1 F-S BEARUAHEL, %
DSOS A SO SR,
TR . B T T BB
) TCA B & AF MR RomEBA, JFiEW %A
%2 R AT 2 1F T HT R SR A R R RS

1 JE&MZMEFRARE

1.1 dE&MHRGER
2 Fe o S5 45405 (1R 5, Chaboche #2117 — A
AP TR SRt R 45 4% P v o AR T
dD = f(D,o)dn (1)
Hd o NS . X T il 55 S e 8,
Chaboche #£ 5 H #2500
o, Tdn (2)
M(1—bo,)1—- D)
Hr o NGRS INEAE, on AN TJ¥IME, M, BLLI b
MR ZHL o NEATHRSEL HEREN:
a=1-1(c) =1i<_0max —oy > (3)
H H\o, -0,

Feot HA D MR B op A o B A
TR, omax A IR N SIH Eﬁ<x>:{0,xso

B
X, X >0

dD =[1-(1— D)l*”]"[

T 495 8 T B FH % 55 ok R o 0 1 B Ak SR I i
TC4 £ 4:1) Chaboche F 48145 £ A5 1Y 2 £ ] e o 901
R HAE AL, 1R,

1.2 ZHESAEN

WE 1R, R A R A2 B R 45 1 )

FHE S AH 1E 5% 95 T JH 1484, /Y

F1 TCAUEEMRGERSH

Table 1 Parameters of TC4 alloy for damage model
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Fig.1 Multiaxial loading and orientation of critical plane
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Table 2 Properties and parameters of TC4 titanium alloy

Property Symbol Value
Ultimate tensile
strength/MPa b 1005
Tensional fatigue
limit/MPa ot 391
Torsional fatigue
limit/MPa ot 244
Fatigue strength .
coefficient/MPa o 1136
Fatigue strength B
exponent bo 0.087
Fatigue ductility e 0.298
coefficient ! )
Fatigue ductility B
exponent Co 0.58
Elastic modulus/GPa E 110
Elastic Poisson’s ratio Ve 0.3
Plastic Poisson’s ratio Vp 0.49
Empirical coefficient of K 10
0 .

material
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Fig.3 Multiaxial fatigue experiment: (a) loading path and (b) critical plane
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Occurrence point of fatigue failure
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Fig.4 Crack path of fractured specimen (a) and SEM morphologies of crack propagation zone (b) and fractured zone (c)
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Table 3 Experimental results of 5 kinds of loading paths

Path No. ox.a/MPa Tya/MPa  gm/MPa  7ym/MPa EFS) Er(gr\/\I/nTO)leX EEr,(prOpOSEd) NF;l:(I:tjorg (!;/ffle
| -1 314.4 209.4 0 0 0.586 0.169 0.169 113.9
| I-11 372.1 247.9 0 0 0.298 0.219 0.202 26.5
| I-111 436.1 290.5 0 0 0.244 0.417 0.075 3.6
| I-1v 321.7 214.3 0 0 0.188 0.373 0.167 55.3
| -V 256.5 170.9 0 0 0.422 0.124 0.150 2073.1
| I-VI 276.8 184.3 0 0 0.474 0.405 0.183 565.4
| 1-VII 376.4 250.8 0 0 0.244 1.648 0.092 7.1
| 1-VIII 373.9 249.0 0 0 0.291 0.485 0.134 13.4
| I-1X 274.4 182.7 0 0 0.476 0.238 0.093 1143.5
| 1-X 300.8 200.4 0 0 0.548 0.270 0.155 259.3
I -1 300.0 399.8 0 0 0.342 0.332 0.074 19.9
I -1l 265.3 353.5 0 0 0.409 0.396 0.328 202.9
I 1-111 319.2 425.3 0 0 0.332 3.345 0.322 9.0
I 1n-1v 227.2 302.7 0 0 0.458 0.355 0.246 937.1
I 1-v 292.3 389.4 0 0 0.309 0.413 0.391 65.8
I 1-VI 228.8 304.8 0 0 0.638 0.574 0.714 356.2
I 1-Vil 320.1 426.5 0 0 1.078 1.549 0.216 5.1
I H-VII 209.0 278.4 0 0 0.423 0.387 0.450 1487.4
I 1-1X 288.8 384.8 0 0 0.479 0.250 0.742 72.8
I 1-X 299.6 399.1 0 0 0.338 0.572 0.199 31.1

i Ii-1 352.1 234.6 0 0 0.596 0.356 0.349 662.7
i -1 470.4 313.3 0 0 0.438 0.461 0.449 48.6
" 1I-11 398.8 265.7 0 0 0.505 0.221 0.230 154.2
i 1n-1v 303.7 202.3 0 0 0.237 0.266 0.290 1660.1
" 1n-v 468.6 312.1 0 0 0.523 0.748 0.581 15.5
" 1I-VI 310.4 206.7 0 0 0.742 0.212 0.347 2103.2
i 1-VIi 394.4 262.7 0 0 0.463 0.247 0.354 107.5
i 1m-vil 367.4 244.7 0 0 0.406 0.283 0.337 382.9
i 11-1X 468.4 312.0 0 0 0.526 0.295 0.342 38.6
i 11-X 380.0 253.1 0 0 0.886 1.778 0.688 194.3
v V-1 299.8 399.5 0 0 0.436 0.379 0.157 14.0
% V-1 313.3 417.5 0 0 0.571 0.413 0.302 6.3
v IV-111 177.2 236.1 0 0 1.840 1.909 0.896 423.6
v V-1V 248.0 330.4 0 0 0.766 0.491 0.764 81.7
% V-V 297.6 396.5 0 0 0.702 0.720 0.456 32.9
v IV-VI 163.8 218.3 0 0 1.324 3.868 0.462 599.0
% IV-VII 315.5 420.4 0 0 1.275 0.750 0.650 4.0
AV \VAVT] 172.5 229.8 0 0 0.374 0.857 0.398 890.6
v IV-1X 295.9 394.3 0 0 1.105 0.433 0.881 6.7
v IV-X 193.3 257.6 0 0 0.513 1.834 0.369 170.6
\Y V-l 121.4 161.8 0 161.8 0.580 2.424 0.572 1743.3
\Y V-l 177.5 236.5 0 236.5 3.803 3.519 1.768 23.3
\Y; V-1 158.3 210.9 0 210.9 1.713 2.028 1.297 110.6
\Y V-1V 127.6 170.0 0 170.0 1.120 3.366 1.588 788.0
\Y; V-V 132.1 175.9 0 175.9 0.589 0.480 0.478 4520.4
\Y; V -VI 179.8 239.5 0 239.5 6.907 0.712 0.610 11.8
\Y V-V 175.4 233.7 0 233.7 0.738 0.634 0.635 323.1
vV V-V 126.3 168.3 0 168.3 1.564 0.584 0.278 2429.9
\Y V -1X 123.1 164.0 0 164.0 0.741 3.896 0.525 1051.8
\Y V -X 175.5 233.8 0 233.8 1.667 1.257 0.596 52.2
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Fig.7  Strength degradation of TC4 titanium alloy under

(21) different conditions: (a) case 1 and (b) case 2
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Table 5 Condition settings of strength degradation
experiment
Property Case 1 Case 2
ox,a/ MPa 268.1 368.2
ox,m/MPa 0 0
Tamax/MPa 304.4 304.4
Ao 1.28 0.93
7xy,m/ MPa 0 0
O/ MPa 251.7 346.0
o n/2 /2
Ni/cycle 38120 34318
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Multiaxial High Cycle Fatigue Damage and Strength Degradation of TC4 Titanium
Alloy

Li Binggiang, Wu Chao, Li Chenyun, Zhou Honggen, Liu Jinfeng
(School of Mechanical Engineering, Jiangsu University of Science and Technology, Zhenjiang 212003, China)

Abstract: There are great differences in fatigue cumulative damage and strength degradation of TC4 (Ti-6Al-4V) titanium alloy
under different working conditions. In order to fully characterize the influence of load parameters, based on Chaboche damage
model and improved multiaxial fatigue damage criterion, a new strength degradation model was proposed to predict the multiaxial
high cycle fatigue (HCF) life and to evaluate the strength degradation of TC4 titanium alloy. Firstly, the proportional and non-
proportional multiaxial fatigue experiments of TC4 titanium alloy through five kinds of loading paths were carried out. The
nonlinear multiaxial fatigue damage computation and life prediction of TC4 titanium alloy were conducted via union of the critical
plane method and Chaboche damage criterion with the improved damage control parameters. Secondly, a cumulative damage based
modified strength degradation model was further established, and it is proved that higher accuracy can be obtained using the model
under different load conditions. The experimental results show that considering the influence of load parameters, the prediction
accuracy of fatigue life and strength degradation of TC4 titanium alloy proposed in this research is much higher than that of other
prediction models.
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