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Fig.4 Comparison between the measured and the traditional friction-corrected flow curves of TC6 titanium alloy at different temperatures:

(a) 900 °C, (b) 915 °C, (c) 930 °C, and (d) 945 C

FE LB G, AN REI IR AR T I 399 Eh T B X bl 43 K 5
BRI AR RS I EL R o STk, AT SR e — R
S 1 BE R A TE MR B RIS 8 T EAT BE A 1F
212 BHtEFAS EAER

(BE R I AL oo S8 X R (K T AR AN 7R VR
EPIRA T, Sk S RRE 2 ] (K BE 1 R g AN RS
LR [ R B RN pp ARG, B =opu (- o), 3
di a9l A R BT AR A, SR BEAR TR A, L
i, BE%RIR (8) Fir.

mexp(—¢)R) mexp(—¢)R;
a [1_ 3nR2exp () A]”l [3nR§ ~2exp(e) Aj“ 2 (8
a=A 1A, )]
A=A A (100
A =nR’ GND)
R, = 3h|:R°2 2R? (12)

nexp(—¢)R? nexp(—¢)R?
o :({1_(1_ 3R] |Dz(exp)(og) A]M{BnROZ IDz(exp)((;) A]“ 2} (13)
X, o MRS E N Ty, MPa; o NEEHIZIE S 1)
K77, MPas & NINAE, st Ag AyilREA)ia i i
BLomm®s A RGN R B AL, mm®; Ry A
WG 4%, mm; Ry JyBEmf i 242, mm; R Wbk

wa&%&,ﬁ$mﬁg,mm;Hﬁ%w%§,ﬁ¢
T

H=hexp(-¢), mm. £ A, 2B 3]
KB 42 00 JiE RS FE T, SCRE (R R T 2 K A S Pk
Tish, DB R B PR AE N 0.5~0.5770%, R A E
R AR 2 N RHARE SR 2 (AT FhERAs, Frbh
W CRE 5 S TR PR BE AR R o N 0577 A sRAEN
[ A ) A 14 B 4 22 40 0.05~0.150), AHT 7
RE S SR B PR R R A g IO [R]E 0.1

5 NANFIZEFE A T TC6 B A 4 (1 Sl 2% ith 28
52 sk BE RS IE A RS IE R A 2R Ot EE . A
AILAE th, o0l BEAS IE B IE 5 1) Hh 272 M 13
TG BB AR, BN B BT A IE M RE K
TR R B 5 5y 14 DR ek e ot P 087 g - L AR il 2 o fE
BP0, HNASER N 0,000 s AN IR I 4%
PRI, ARSI R N B, XA
LA EZR RN, MOBEASRE SRR B 2% 1 W AS RE 45 5 5 (1)
A MR R SIS S, LR T A BAHLHIE
PR LSS
2.2 AMREBIANENL
221 pEAMZA Arrhenius 427!

WL R A Sellar 5 Mctegarl™ 42 Hi (#1 Arrhenius 7 7%
FH KA IR AR TS FE I TR . AR S %6 DA e 48 2
R AVE I RSN T2 Bk &R, HEAfRE
B WA S XU IESL R 3 A RIS

é=Ac™ (ac<0.8) (14)



. 1822+ Wi JmA RS TR % 52 %
120 0.1s? Primary a 80 o1 zrimaril b
- - - - -Correct
100 - mo oot o~
< N "»‘ ‘o
o - .
g 80 60 fy 0.015? o .
5 )
5 B0 e T T T
ﬁ ....... _ 40
S 40 ooors B 0.001 51
- 20
20| 000015 0.0001 s
Ol
88.0 02 04 06 08 10 1.2 00 02 04 06 08 10 1.2
. Cc L Pri d
20l o1st ——Primary 60 T comeat
S GO H 50 Hemeees .
=
ESO- 40
[«5)
740 30
S30 ooorst e
=~ 20 Lo
=20
10 ffo0001s* 10 fo.0001 s*
Q . . . . . . 0] . . . . . .
00 02 04 06 08 10 12 00 02 04 06 08 10 12

True Strain

K5

True Strain

ANFRELE S TC6 SR < S AL it £ 5 oS0t BEZAE TR R0 AL i 4 g ) B

Fig.5 Comparison between the measured and the improved friction-corrected flow curves of TC6 titanium alloy at different temperatures:

(a) 900 °C, (b) 915 °C, (c) 930 °C, and (d) 945 C

é=Aexp(fo) (aoc>0.8) (15)
AT " ([ Q i
é=A[sinh(ac) | exp( RT) (for all ao) (16)

b, o NIRAER F, MPa; & ANASHE, st A NHt
BRI T R NSAHEE (8314 IK mol™) ; QN
A TEBOERE, kImol; T NRITHEE, K ny niy o
YRV, HEHW R a=81n

X (14) o (15) 5 (16) PIAHCHEL, A4S

Iné =InA+nInc-Q/RT 17
Iné¢ =InA+ o —Q/RT (18)
Iné = INA+nin[ sinh (ac’) |-Q/RT (19)

T RABTEWRE . AR 2 57 AR N 77 2 [8] 2
2\ Zener-Hollomn &%k 7%«

Z = gexp [R%j

W (16) 53U (A7) W1F Z SEMARIEIET 2

#,

(200

. Q : n
Z= gexp(ﬁj = A[smh (aa)} 2D
IR (21D PR HAT
InZ=InA+nIn| sinh (ac) | (22)

RN BHEA [F] AT AT S HIWEE N T 6 3R
fRITRER & 28, BEEMFEERZMET, Ino,-Ins |
o,-Iné | In[sinh(ao,)]-Iné | In[sinh(acy)]-T* LA J

InZ-In[sinh(ao,) |3 R LR R, FHAMEAITERIENE,
W 6 . @i 5K 6a, 6b, 6¢, 6d 1 ELERIRM
P E, 18 % n=2965, p=0.1137, n=2.153,
Q/Rn=34217.64, FF@itit5H Kl 6e FELM AL, 155
INA=54.864, #Eili>K75 0=0.03835, Q=612.6275 kJ/mol,
A=6.71634x10%,

X P A S R &, Arrhenius AR 4K
78 Tl PR A8 T 2 1) S B e MR IR AR Y 7 o T
A 30 25 FE N ARG A R B P 5 1 AT DA A A b R
MRHRAAT A K (19 HHIZE (@ n, InA, Q)
SR E A BN 6 M 2 E R, W=k (23) FiR.

F(¢)=B,+Be+B,c” +B,c° +B,s" +B.e” +B,&° (23)
A, F(e)FER av n. InA 1 Q 4 MRIEE, ¢ NN
A, R EIR TR R 0.1 F) 1.2, [A]FF 0.1 B f
Fiff] Ca, n, InA, Q) ZH{A, FFXTHIEAT 6 Fr 2 Wizt
W&, w7 s,

WO RARMME LSRN (24) , 1FEFHER
TR AR 26 DL R RIS 5200 1) Arrhenius FE%Y .

2

24)

Th(e)

+1

d(e)

FFEF, be)s c(e) d(e)f e(e) N (a, n, InA, Q) K
TSR ) BRI



55 4 A BREE: FETEESRIBIE Y TCO SR SR BIAR T A AR T A RS T 4 5 -1823 +

5.5 120
a b
50 .S;(i(; g 100+ %900 C
45r 930 °C
40k p Aoa5C o 80} 915 C
o o o
£ 35} - S 60} . .
\bn_ 945 °C
3.0r 40}
25F
20l 20+
15 e 0 e
-109 8 -7 6 5 -4 -3-2-10 -10 9 8 -7 6 5 4 -3 -2 -1
Ing Iné
4 4
¢ d 62t e
| 900 C 3 | 401 st
— 915 C —_ / 60r
5 il o ,§R2_ / oors? 581
S L] e 45 °C S N
§ ! _g) ! $0.0015! =561
E 0t E or ‘/o—/ 54}
-1k -1t /0.0015'1 52|

-10 _.g -.8 _.7 -.6 _.5 _.4 -.3 _.2 -.1 0 2 0.0008265 00008360 0.0008455 00008550 0.0008645 50_2 _‘1 0 1 2 3 4
Iné TK? In[sinh(ao)p]

Bl 6 TC6 4k& 41t 900~945 “CA1E N MLk i: & ih £k
Fig.6 Relationships of Ino,-Iné (a), o,-Iné (b), In[sinh(ac,)]-Iné (c), In[sinh(ow,,)]-T'1 (d), and InZ-In[sinh(aop)] (e) at 900-945 °C for the

TC6 alloy
0.050F . a-calculated a 3.6 » n-calculated b
— Polynomial fit 34| — Polynomial fit
0.048 + R?=0.99881 : R?=0.99896
0.046 32¢
3.0F
s 0.044 + S
2.8+
0.042 26l
0.040 24}
0.038 1 2.2¢
02 04 06 08 10 12 02 04 06 08 10 1.2
64 c 700 g
= InA-calculated Y
2 o B
640 -
620 -
0600 -
580
560 -
540+
520+
o 500+
02 04 06 08 10 1.2 02 04 06 08 10 1.2
& &
[ 7 900~945 CHK M TMEIZHE ¢ XRZMZHAIE
Fig.7 Polynomial fittings of material parameters with ¢ at 900-945 C: (a) «, (b) n, (c) InA, and (d) Q
222 AWM GGIR ZALE TRMEREAT XL, Wl 8 Fiam. MEIHET LA H, NASRh

N TS ARIRETL HER PEREAT PPAL . L 0.05 RIARTF 278 Arrhenius A5 EERRAZ I ME-5 TIVE) £ BB -
G, FEAIRS 0.05 IEHURIAR i, KA R BRI IEMEAT ST HASCRE (R FIPIMXT R Z (AARE) XX



- 1824 -

True Stress/MPa
(o))
o

100 +

90

80 II...

70 \

—Friction correction value

o Predicted value

Wity eJm iR 5 TR 552 %
al 80F —Friction correction value b
an o Predicted value
70
60
50

40

50 -
40 -.-..__"_"_..- 30
30 te. .o |20
20 "ssagggguunn®’
10w"',,-,--.!".”...,.,ww‘” 10
L L L L L L 0 L L L L L L
%.0 02 04 06 08 10 12 00 02 04 06 08 10 12
70+ —Friction correction value c 60 F — Friction correction value d
. O Predicted value a" . o Predicted value
< so0f . G
> ...'l me 40 ...'l- L
g 30 L ’ .
': 20 w W;
10 n M 10 s mE
0 .

00 02 04 06 08 10 12

True Strain

0 L L L L L L
00 02 04 06 08 10 1.2
True Strain

8 900~945 C A N RiAZHMEAL Arrhenius BEEY B 7 FEHEAS IE(E 5 TRIIME 19 % L

Fig.8 Comparison of stress friction correction value and predicted value of strain-compensated Arrhenius model at 900 C (a), 915 ‘C (b),

930 °C (c), and 945 °C (d)

AR TSGR AR P BEA TP, sl (25) © (26D Fim.
Y L(E-E)(R-P)

R=——== —— — (25)
\/Zi:l(Ei_E) Zi:l(Pi_P)
AARE:%%‘¥ (26)
i=1 i

A, B S NAR s M BEZ IR, E AN
AR U0 N BEEEAE IEAE IS M8, Py #8238 00 I )
TR SIAE P 4 A2 R xok L T 82 73 4L F) 1 4
B, N NIEHUN AR SRS E. R BB IEE 5 T

100F
£ 80 -
£ ool
3
E 60‘
S
3 10}
Q
o)
2 20t
R=0.9696981
0 L AARE=9.9314984%
0 20 40 60 80 100

Experiment Value/MPa

K9 900~945°C &M WA #Mz22 Arrhenius BERYFR R 2 70T
Fig.9 Error analysis of strain-compensated Arrhenius model at

900-945 C

A 2 8] R 2 PEAH R B, AARE DA B B F50 00 178 1)
k.

B9 NAMBRIIRZE M. ATEVEH, BEHEIE
fE AR R PRI AR O P R4, AR R0 0.9697; 1
XS IRZAE Y 9.93%, TN ARG L HLUF - RYTENLH
L EEGE AR BT K N A AMa R Arrhenius AR TT BL
B AT TC6 Pk & SAE %A T 2K A A 1
WAATN.

3 & 1

1) Tk FE R4S IE AR R L A% G R $2 45 1 R A o
) S W A B AE R AR TR S N BN S -E N3 25
] B

2) TC6 k& 4 1IN A FME T Arrhenius A4 77 RN :

1
2

o=——In

b(e) d(¢)

3) TC6 LA &M N ARKMERY Arrhenius 4K 7 F2 11
ZEMEAI SN 0.9697, “FILENTiRZE N 9.93%.



55 4 & MR T BB IE R TC6 Bk S IK R AR IR F R AR A M BT 3 37

1825 -

SE K

[1] Liu Bingnan(X)%##8), Hu Yaojun(####), Xia Guangxiang(& /™~
¥£). Rare Metal Materials and Engineering(¥i7 4 /@8l 5 L
F£)[J],1983, 12(5): 7

[2] zhang Zhu(3k Z¥), Wang Qunjiao( E&:5F), Mo Wei(% ).
Metallology and Heat Treatment of Titanium(%k i) 4x J& 2 Al ik
) [M]. Beijing: Metallurgical Industry Press, 2009

[3] Zhao Qinyang(i4Z=FH), Chen Yongnan(:7kA#), Xu Yiku(f4 X
J%£) et al. The Chinese Journal of Nonferrous Metals(9 [E# 44>
J& ) [I], 2021, 31(11): 3127

[4] Ling Yongcheng( it 7k ¥ ), Xiao Yiwei( & #% 1), Ding
Yongfeng(] 7kl) et al. Forging and Stamping Technology (%
ERA)[I], 2021, 46(9): 22

[5] Zhu Yanchun(4¥i%), Shi Xiaohui(71%}%), Zeng Weidong(
P%) etal. Light Metals(%:4:J&)[J], 2017(5): 9

[6] Wu Yong, Wang Dongjun, Fan Ronglei et al. Rare Metal
Materials and Engineering[J], 2020, 49(6): 1825

[7] Jia Baohua(%i %), Liu Siyong(XIE 5), Li Ge(Z= #) et al.
Titanium Industry Progress(#k L kit 2)[J], 2018, 35(5): 5

[8] Wang Tianxiang(E X #£), Lu Shigiang(£tt:58%), Wang Kelu(E
7€) et al. Rare Metal Materials and Engineering(#i 5 4@ 14
RS T[], 2021, 50(2): 537

[9] Duan Yuanpei(E% %), Huang Zhongjia(Z i £), Yu Xiaolu(&
/N et al. Chinese Journal of Rare Metals(#iH 4 J&)[J], 2014,

References

38(2): 8
[10] Shang Limei(#[R#), Wang Chunxu(E /), Han Xun(i i)
et al. Heat Treatment of Metals(4: & # AL 3#)[J], 2021, 46(5): 7
[11] Roebuck B, Lord J D, Brooks M et al. Materials at High
Temperatures[J], 2002, 23(2): 59
[12] Ebrahimi R, Najafizadeh A. Journal of Materials Processing
Technology[J], 2004, 152(2): 136
[13] Chen Jianwei([%: %2 4E). Study on Superplastic Forming and
Precision Control of TC4 Alloy Deep Cups(TC4 k& 4R
1 B Y8 R S FL RS B2 4% %)) [D]. Harbin: Harbin Institute of
Technology, 2007
[14] Yuan Hanchang( X &), Zhang Xushou(5k & %), Chen
Shaoli(%:£47&). The Eriction and Lubrication of Solids Part
II(IE 44 1) BE 45 5 1, 42 8)[M]. Beijing: China Machine
Press, 1986
[15] Zhan Liangliang(/Z5:5%). The Grain Evolution Model During
Hot Deformation Process of AF1410 Steel and Numerical
Simulation of The Typical Aerospace Forgings (AF1410 #4#AF
T2 i 2 1) o R AT Y b i TR s R A 0 ME 8 AL )[D].
Qinhuangdao: Yanshan University, 2017
[16] Sellars C M, Mctegart W J. Acta Metallurgica[J], 1966, 14(9):
1136
[17] Zener C, Hollomon J H. Journal of Applied Physics[J], 1944,
15(1): 22

Low Strain Rate and Large Deformation Constitutive Model of TC6 Titanium Alloy
Based on Friction Correction
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(1. Nanchang Hangkong University, Nanchang 330063, China)
(2. AVIC Xi’an Aircraft Industry Group Company Ltd, Xi’an 710089, China)

Abstract: The thermal compression test of TC6 titanium alloy under low strain rate and large deformation was carried out by
Thermecmastor-Z100kn thermal simulation machine. The true stress-strain curves were obtained when the deformation temperature was
900-945 °C, the strain rate was 0.0001-0.1 s and the deformation degree was 70%. The traditional friction correction model and the improved
friction correction model were used to correct the true stress-strain curve, and the strain-compensated Arrhenius model based on the friction
correction was established. The results show that the modified friction correction model can better characterize the true stress-strain dynamic
response of materials under large deformation. The strain-compensated Arrhenius model modified by friction correction has higher linear
correlation, smaller mean absolute error and higher prediction accuracy.
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