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Table 1 Chemical composition of the tested alloy (/%)
Element  Ti Al V Fe C Si H O
Content Balance 6.22 4.25 0.032 0.005 0.068 0.0012 0.11
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Fig.1 Starting microstructure of TC4-DT titanium alloy
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Fig.2 Typical flow stress curves of TC4-DT titanium alloy at the
deformation temperatures of 1181 K (a) and 1131 K (b)
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Table 2 Values of n, a, Q and InA under the strain of 0.5

Phase field n a Q/kImolt  InA
(a+p) phase 3.325  0.0130 551.52 52.92
S phase 3.698  0.0219 202.43 16.89




. 2744 + Wi JmA RS TR 44 %
5.5 = TmTR =27 a 220 - b
—_ 1211 K n,=4.333 L e '
) _ < ° $=0.058
a 5.0+ 1241 K n;=4.632 n 180} a1241K p=0.076
= ¥1281 K n,;=4.736 S [ g kpoas
NB" 4.5 *1311Kn;=4.928 S 140F <1301k p=0127 »
5 41341 K n,=5.136 173
2., g T
& Tvr & 100+
= = L
o 35F
T E 60 |
=3.0f 2ok
5 4 3 -2 -1 0 1 2 3 -5 4 3 -2 -1 O 1
In(Strain Rate, & /s™) In(Strain Rate, & /s™)
B3 AHEEREE T Ino-Iné 5 o-Iné fI< A
Fig.3 Relationship of Ino-In¢ (a) and o-Iné (b) at different deformation temperatures
= 0015t - 60
_2of TG Rl — I
K L 41241 K n,=3.781 = als” . 7 50+ -
s +1281 K n,=3.368 a v10s / /
S 1.0F <1311 Kn,=3695 S 10 v . 40l = Calculated data,.,
o «1341 K n,=4.032 = . ),// N = Calculated data,
S r g e _~ < ~—— Best line fit,,, N=3.25 INA=5.92
= =00} a - 30+ Best line fit, n=3.63 InA=16.89
z | 2 | ._7__:7_,. — - 201 SR
RN T = R e ol .
-5 4 3 -2 -1 0 1 2 3 0.00074 0.00078 0.00082 0.00086-1.5 -0.5 0.5 1.5
In(Strain Rate, &/s™) TYUK? In[sinh(ao)]
4 In[sinh(ac)]-Iné . In[sinh(ac)|-1/T K InZ-In[sinh(ao)] )55 5
Fig.4 Relationship of In[sinh(ao)]-Iné (a), In[sinh(ao)]-YT (b), and InZ-In[sinh(co)] (c)
80 0.024
& b
70F 0.022} e yeen,
60 S
0.020}
50¢ m  o+f phase field = o+f phase field
40} e fphase field 80.018F —— 6th order polynomial fit R=0.994
—— 6th order polynomial fit R=0.999 ® pphase field o
30} —— 6th order polynomial fit R=0.954 0.016 6th order polynomial fit R=0.953
"*u—. -
201 Tt e, e 0.014}
10t . H——T“MH
0 N T S T 0.012 ? " L N . L
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
3T e, c 800 d
.o 700+
36 ES -4 . o
m  a+p phase field . < 600
3.5F \i\‘ 6th order polynomial fit R=0.997| °
® j phase field
=3.4F gtﬁ grsdeerlgolynomial fit R=0.972] E 500} w a+p phase field
x 200 TGthht;rsdee;i;e)i:aIynomial fit R=0.999
331 © 7/6’1?1 order polynomial fit R=0.957
3.2¢ 300}
.7_"‘0'—.‘-74_,_,_7_.
3.1F 200+ T e .
L ) L ' L ! L L s L T L
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
True Strain True Strain
KI5 MRS H0E B ARG R
Fig.5 Relationship between InA (a), a (b), n (c) as well as Q (d) and strain
. T T I FH A 380 1R AR K 7 R0 AN (7] A% T8 T 5 R A% 3 32
U=;|ﬂ (Xj {(X) +1} (9 KT R R AT B, g BB TR .

B AT LA Y, S0 E S T 1 AR AT 1 s



%11 XIVEAREE: H T RiASEME TCA-DT 4K4 4 il A8 T A i R « 2745 «

%3 0,QInAandn XFRESHRMARY AR ng SRARESS FH 0 2 5 57 9K A4 38 (3) AUERE g
Table 3 Coefficients of the polynomial for «, Q, InA and n . . N S g
TP poly — Q : KOFAR (2), B HIAN T IR %,
a
A B P EH R AR 2R R AR AR T PO
Bo=0.01344  Co=933.421 Dy=35.755 E0=3.907 A RRIUD, R RN AR R R L
Bi=0.0194 C;= 3084541  D;=949.252  E;= 3.232 R BB A A e R sh Bk, Liu 25085 7t £ 9,
B;=0.12012  C;=16321.231 D;=-9010442  E;=9979  AFJRHR Til7 4 LI B R LKA R A B
B3=-0.35534 C3=-51270.230 D3=38200.784 E3=-23.462 v
g 1,
B,=0.58675 C4=86952.059 D,=-82183.841 E;=30.369 ot HH%J , 5 . 5 5
Bs= -0.50241 Cs=-75240.994 Ds=86895.297 Es=-17.911 0=BotB16+B,y& +B3e +Bys +Bse +Bes
Be=0.17062 Cg =25960.204 De= -35805.601 E5=3.306 Q=Cy+C1e+Cr+C36°+C '+ Cs+Ce e’ (10)
INA=Dg+D;6+D,6*+D 36 +Cy 6 +Cs6°+Ce
AR EIREE. 2, @mMAZEEK (1A10s™ N=Eq+E c+E,+E3 8 +E &' +Es & +Eg e’
B 2 B IO 22 (&l 6¢ A1 6d), X i 22 72 2.5 AHIEBIEIS
Z MR SRR, FE5 kK 3 FE 4 K- 41E, X HLR FAH 26 R0 R AP 25 48 56 A 5 % 22 AARE
80 - -
—— Experimental data al 120k Experimental data b
70} o Predicted by strain compensation model o Predicted by strain compensation model
. ag TC4-DT all
§ 60 TCL(l).(?lTs?lnoy 100 TI81 K 20 ao 90, 0.1 s'161 i
< 50} 80}
% 40¢ 60 M
%30_ 40.12413K3333533=lnunn ]
|: 20- S A = = = = = R = < M
10} 1241 K 1987 k 1311K 20} | 1281k 1311 K
ol L L i L L L L i 0Ll L i " L L L " L
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
200 —— Experimental data 280 ——Experimental data d
o Predicted by strain compensation model [ o Predicted by strain compensation model
160L TCa-DT alloy | 240 TC4-DT alloy
s ©080,, 15t . 105
=120 290, 200}
g | 160}
wn L
80+
I 120}
l_ L
40+ 80}
O L 1 1 I L " 1 1 L 40 L I I L L 1 L " s
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
True Strain True Strain

6 SKUGE 5 AR Y T AR X L

Fig.6 Comparison between experimental value and prediction by constitutive model

i 3 T AR AN E AR T R TRE 2, R Rl AARE

N N < Deformation temperature: 1181~1311 K
MR IE XN &200}
= =0.015" '.,
N — = § Strain rate :2if1
;(Ei—E)(Pi—P) S150f s
R—= " (1D z
Z(Ei—E)ZZ(R—5)2 T 100}
i=1 i=1 E Best line fit
5] R=0.9952
= 50+ AARE=5.78%
1 &E -P a
AARE =—%"|—=—1/x100% (12) 0 . , , \
NI E 0 50 100 150 200

Experimental Flow Stress/MPa

KX, E NRAERWSEIAE, P BB HNAE, N

R A E 7 S S A 5 AR TR ) AH G B 7 SEBOME S TR 22 18] AR DGR JE

A% R A1 AARE 4374 0.9952 #1 5.78%, U T I Fig.7 Correlation between experimental values and the predicted
H5E Y B A A v T TR by strain compensation model



* 2746 -

WA & RMRS TR

44 3

3 & B

1) 83 N AR 5 AR 0 B ST ) 2 B A
KER, LW WAL N AZ A A KR ) — A H 2 B 4
6 X % T A& B A 8w AR R EL

2) MORVE A FAEIX AR, 25 R . QE
A InA 7E AR X B A X B R4 v, AEPIAHIX s N,
Q A1 InA HIHUA X ] 45 4: 0.0123~0.0134, 3.132~
3.663, 426.24~745.06 k/mol, 41.55~71.84; FAH X i
354 0.0211~0.0233, 3.526~3.711, 191.32~269.75
kJ/mol, 16.03~ 22.82.

3) T S AL F Wi ) AR A4 7 R T RS B T AR G
FONT LsTHITRAENL Sy, BRI o A8 3o 5 i S B A
KIRZE, MR ZE 7= 8 o B kL B B
X — 5 190 LR AT 0L FH AR T 2 5| 2 1 3 T R

4) 7 & AR R AZ I A R AR B LA A v 1) TR RS
FE, RN 5 S50 1 AH 5 8 BRI 25 AR 1R 22 48 06 B
439129 0.9952 F1 5.78%, s 1 i T Ag

S 30k

[1] Sommitsch C, Sievert R, Wlanis T et al. Comput Mater Sci[J],
2007, 39(1): 55

[2] Berbenni S, Favier V, Berveiller M. Comput Mater Sci[J],
2007, 39(1) : 96

[3] Samantaray D, Mandal S, Bhaduri A K. Mater Des[J], 2010,

References

31(2) : 981

[4] Cai J, Li F G, Liu TY et al. Mater Des[J], 2011, 32(3): 1144

[5] Zhou M, Clode M P. Mech Mater[J], 1998, 27(2): 63

[6] LinY C, Chen X M. Mater Des[J], 2011, 32(4): 1733

7] Zener C, Hollomon H. J Appl Phys[J], 1944, 15(1): 22

8] Sellars C M, McTegart W J. Acta Metall[J], 1966, 14(9): 1136

9] Jonas J, Sellars C M et al. Int Metal Rev[J], 1969(14): 1

0] Shi H, McLaren A J et al. Mater Sci Technol[J], 1997, 13(1):

210

[11] Luo J, Li M Q, Li H et al. Mater Sci Eng A[J], 2009, 505(1-2):
88

[12] Lin Y C, Xia Y C, Chen X M et al. Comput Mater Sci[J],
2010, 50(1): 227

[13] Lin Y C, Chen M S, Zhong J et al. Comput Mater Sci[J],
2008, 42(3): 470

[14] Mandal S, Rakesh V, Sivaprasad P V et al. Mater Sci Eng
A[J], 2009, 500(1-2): 114

[15] Guo P, Zhao Y Q, Zeng W D et al. Mater Sci Eng A[J], 2013,
563(1): 106

[16] Peng X, Guo H Z, Wang T et al. Mater Sci Eng A[J], 2012,
533(1): 55.

[17] Han Y F, Zeng W D, Zhao Y Q et al. Comput Mater Sci[J],
2011, 50(7): 2273

[18] LiuJ L, Zeng W D, Lai Y J et al. Mater Sci Eng A[J], 2014,
597(1): 387

[
[
[
[1

Constitutive Model of TC4-DT Titanium Alloy at Elevated
Temperature Considering Compensation of Strain

Liu Jianglin®, Zeng Weidong®, Xie Yingjie?, Shu Ying?, Yang Jianchao?
(1. State Key Laboratory of Solidification Processing, Northwestern Polytechnical University, Xi’an 710072, China)
(2. Western Titanium Technologies Co. Ltd, Xi’ an 710201, China)

Abstract: Elevated-temperature flow behavior of TC4-DT titanium alloy was investigated by conducting isothermal hot compression tests
at strain rate from 0.01 to 10 s™ and in the temperature range of 1181~1341 K on Gleeble-3500 simulator. The Arrhenius constitutive
equation considering the strain was established based on the experiment data with the material constants expressed by a pol ynomial fitting
of strain. The results show that all the true stress-strain curves exhibit the characteristics of strain hardening followed by flow softening
and it is particularly significant at higher strain rates and lower temperatures. The flow stress values predicted by the developed
constitutive model demonstrate a well agreement with the experimental results at the strain rates under 1 s™*. The correlation coefficient (R)
and average absolute relative error (AARE) are 0.9952 and 5.78%, respectively, which confirm that the modified constitutive equation
could give an accurate and precise estimate of the flow stress of TC4-DT titanium alloy.

Key words: TC4-DT titanium alloy; elevated-temperature deformation; strain compensation; constitutive model
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