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Table 1 Related material data of Ti-Nb alloy!** %!
Dy Ol Go/ E/ T/ IndG
(m>s ™ (Jrmol™) MPa MPa K G, dT

1.9X107 153000 2.42X10* 63Xx10* 2193 -05
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Fig. 1 Relationship among In[¢/D(T)] and In[o/E(T)],
o/E(T) : (@ In[o/EM)]-In[¢/DT)] ; b) o/ET)-
In[£/D(T)]
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Fig. 3  Relationships between « , InB and & by

polynomial fit: (a) a¢—& ;(b) InB—¢
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Table 2 Values of coefficients in Eq. (9) and Eq. (10)

G a H; InB

Co 647.22682 H, 29.20454
C —1040.6537 H, —5.16851
C, 3656.92428 H, 14.00905
G —7414.0521 H; —20.59513
Cy 8665.97053 H, 15.85632
Cs —5326.07906 H;s —5.11382
Cs 1302.92482 Hg 0.4076
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1915+ AISI 44 C-Mn #XF1 C-Mn-V X FTR H K n
55 4.9, 4.74922 F1 4.73425, 2#/NT Ha T
5, AHSRASCHFTR R M) n B KT 5. X ATREIHE
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PERIRO SR TT R TR I N AR, AR AL
11X o R A0 2 A7 S5 R P B R, X 22 BHLRS 4EI2 5
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Table 3  Values of the coefficients in Eq. (14) and Eq. (15)

K n F; InB'
K, 8.13148 Fy 27.3176
K ~13.42898 F, ~1.28632
K 43.86467 F, 4.37948
K, ~85.72855 F; ~2.9726
K, 94.70786 F, ~3.55547
K; ~53.76025 Fs 5.51141
K 12.55079 Fs ~1.94329

TP BLAR T T A0 B B AR A M BB A MR (1 R A
W

- D i 1))
507.3363 n'(e)

(17
DRI, A T A P AR M ) B A A R sl A 7 5K
AN F AL R o' A In B {H, RIfEIAG T2 B A K
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Fig. 6  Relationships among n', InB" and & by

polynomial fit: (a) n'—&;(b) InB"-¢
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Table 4 Values of coefficients in Eq. (18) and Eq. (19)

M, " N, In B”
M, 8.9408 No 29.92392
M, ~19.51428 N ~21.93601
M, 65.35527 N 80.01803
M, ~129.15858 N ~158.28772
M, 144.89738 N, 176.40439
Ms ~84.01733 Ns ~102.80548
M 19.74468 N 23.88836

InB"(&) = Ny + Nye + N,&> + Ny&* + N,&* +

Ns&® + Ny&® (19)
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Fig.7 Comparisons between predicted and experimental flow stress of Ti-Nb alloy under different deformation conditions: (a) 1063

K; (b) 1093 K; (c) 1123 K; (d) 1153 K; () 1183 K; () 1213 K

Ak B, ARG R AR BT T 6 8L 7 B R
HHE LB WE 8b)Ri(c) ek BE, BIEMF
AT 10 47 0 5 A R AR BT 300 7 I8 25000 5 B 2R A
WAL, W 8 A, (RS, B IERAE Y
PREEARIBERL ) R Eo B 533119 0.973.19.33%, 0981
5.96%F1 0.981. 5.98%. HILA[#R, SEGHYHH
AR AR L, A 1 FO R0 5 A O 47 B8 32 A R A 2R f
BB E m AL

i bnfs, TR EEA A 58 T L

BT AR, SRR IFARAR, e
IEAfEAG R B R A R R 5 2% 18 T A AR T AL
I, SHTRE TR . T ) B AR A
A IE BB A R (R s S AR O AT B
M HPE Z TN 7 LF— 8 BIAE TREN
JFH AT I8 5 2R 15 A RO P B A K S R SR T A4k £
WAL IERDEN > STNRE LY B EE TN ) - RiE | S = M ]
A HGR A EANG B S TR BN Sttt 17—
Pl LI FE T %



230 B 7 W XN, %5 Ti-Nb & &AM R 1617
- AN o ET), ion exp{ln[e / D(T)]-In B(g)} i
(@) a(e) 5
Soolk gﬂ%;y BRI FAENTR2E 19.33%, MK RECH 0.973.
a;: AR 2) 1A G5 1) AR KMz B R AR R R ) Sl B
2 150} 3 BT TRRMBIE, BIHASE o B TIREGEE 5. %
g )i & 1E () B A8 b £2 g # JE A Fg B R [ R A Kok
B 100F o
E S ED L exp In[e/ D] -InB'@) || 4y
£ s0f a(e) n(e)
s - s . RIS BIAR IR 22N 5.96%, 9% RECN 0.981.
0 50 100 150 200 250 . - P
. 3) XHAE IE (10 S AR A 4 3 A R R R 34 T
Experimental stress/MPa
)50 AL EE, B o {8 — AN T a =507.3363 KAR
®) o] Fro %Rk 10 5 A8 2 4 B B A M B AR 1) KA SR
200} E\g=5.96% . I
£ o= _ED arcsinh { exp Infe/ D)1~ In B(2) 1%
= 507.3363 n'(€)
2 150
Z o BURE IR 5250 5.98%, M RH0H 0.981.
2 4) fk G IR T 5 R T LR
£ sol BAEE, ST A, RiLEEE
AN S AR B R 25 5 5 R8T oA AR T AL (1)
0 50 100 150 200 250 M, FCTRMAE SRR . AR A K TR g
Experimental stress/MPa A T Sy R LIS B A, DR R TR
250 A5 SR P 74 14 400 8 356 A g AR SR A e ) 97 50
© r=09s1 5 7.
200 F EAR:5-98%
<
[aW}
=
S sl REFERENCES
?g 100} (1]  iRiE, H25%, £, Mo XHEWER Ti-Mo & 445
B 51 P A I P A e R, 2017, 2709):
= 0 1902-1908.
1 1 1 1 WU Xiao-feng, YANG Hui-qi, WANG Chun-yu. Effect of
0 50 100 150 200 250

Experimental stress/MPa
8  AN[RIAK R (i T N )48 5 S50 I 0 48 22 T8 A
Ktk
Fig. 8 Correlation between experimental and predicted stress
by different constitutive equations: (a) Traditional physically
based constitutive equation; (b) Modified physically based
constitutive equation; (c¢) Simplified physically based

constitutive equation

3 25

1) AL T ARG N ARAMA B S AR, RIA

manganese addition on microstructure and mechanical
properties of Ti-Mo Biomedical alloys[J]. The Chinese
Journal of Nonferrous Metals, 2017, 27(9): 1902—1908.

2] £, RS, . EHKE SRE A E T2 K

U B T p M RE A E M IR AU IR (] P A
4 8 4R, 2015, 24(6): 1466—1473.
WANG Song, LIAO Zhen-hua, LIU Wei-qiang. Research
progress on thermal oxidation process and wear, corrosion
resistance and bioactivity of biomedical grade titanium
alloy[J]. The Chinese Journal of Nonferrous Metals, 2015,
24(6): 1466—1473.

[3] WANG Qian, HAN Chang-jun, CHOMA T, WEI Qing-song,
YAN Chun-ze, SONG Bo, SHI Yu-sheng. Effect of Nb



1618

hEA O RYR

2020 427 H

(4]

(5]

(7]

(8]

(9]

(10]

[11]

content on microstructure, and in vitro

property
apatite-forming capability of Ti-Nb alloys fabricated via
selective laser melting[J]. Materials and Design, 2017, 126:
268-277.

GU Yuan-yu, FAN Fu-jun, GUO Yan-hua, XU Guang-long,
CHANG Hui, ZHOU Lian, CUI Yu-wen. Diffusion and
atomic mobility of BCC Ti-Al-Nb alloys: Experimental
determination and computational modeling[J]. Calphad,
2018, 62: 83-91.

R, &, AR, KWAE. B B-Ti3ONbI3Zr-
0.5Fe A& MMERAT NI P EAEGEEER, 2010,
20(S1): s357—s364.

GUO Ai-hong, YUE Wei, ZHANG Yong-giang, ZHU
of biomedical

Yu-sheng. Hot deformation behaviors

p-Ti30Nb13Zr0.5Fe alloy[J]. The Chinese Journal of
Nonferrous Metals, 2010, 20(S1): s357—s364.

KRR, M, miEg. EAMEYEE G 6 MR R
RO #f &R AR T, 2012, 41(11): 2058-2063.
ZHU Kang-ping, ZHU Jian-wen, QU Heng-lei. Development
and application of biomedical Ti alloys abroad[J]. Rare
Metal Materials and Engineering, 2012, 41(11): 2058—2063.
FKEM, B o, RMEA, EIRE, BBE EWEN
Ti-Nb & GO R MRSk, 2012, 2603):
96-100.

ZHANG Xin-ming, LI Qiang, ZHU Sheng-li, CUI Zhen-duo,
YANG Xian-jin. Research developments of bio-medical
Ti-Nb based alloys[J]. Materials Review, 2012, 26(3):
96-100.

CHANG L L, WANG Y D, REN Y. In-situ investigation of
stress-induced martensitic transformation in Ti-Nb binary
alloys with low Young’s modulus[J]. Materials Science and
Engineering A, 2016, 651: 442—-448.

LAI M J, TASAN C C, ZHANG J, GRABOWSKI B,
HUANG L F, RAABE D. Origin of shear induced f§ to

transition in Ti-Nb-based alloys[J]. Acta Materialia, 2015, 92:

55-63.

ZHANGDC,MAOYF,LIYL,LIJJ,YUANM, LINJ G
Effect of ternary alloying elements on microstructure and
superelastictity of Ti-Nb alloys[J]. Materials Science and
Engineering A, 2013, 559: 706—710.

ok B, M OME, SOOI, #h MR Ti-Nb A4 pATRE
PSR T[], A e R A A, 2008, 18(1):
126—-131.

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

YAO Qiang, XING Hui, GUO Wen-yuan, SUN lJian. § phase
stability and elastic property of Ti-Nb alloys[J]. The Chinese
Journal of Nonferrous Metals, 2008, 18(1): 126—131.
MIRZADEH H. Constitutive modeling and prediction of hot
deformation flow stress under dynamic recrystallization
conditions[J]. Mechanics of Materials, 2015, 85: 66—79.
MIRZADEH H, CABRERA J M, NAJAFIZADEH A.
Constitutive relationships for hot deformation of austenite[J].
Acta Materialia, 2011, 59 (16): 6441-6448.

FROST H J, ASHBY M F. Deformation-mechanism maps:
The plasticity and creep of metals and ceramics[M]. Oxford:
Pergamon Press, 1982.

FAS. B Ti-Nb 2 A &M B A 5 HEE[D]. 1B
IRIE: MR /R Ak R 2%, 2009.

WANG Ben-li. Microstructure and properties of biomedical
Ti-Nb based shape memory alloys[D]. Harbin: Harbin
Institute of Technology, 2009.

MIRZADEH H, CABRERA J M, NAJAFIZADEH A.
Constitutive relationships for hot deformation of austenite[J].
Acta Materialia, 2011, 59 (16): 6441-6448.

MIRZADEH H. A comparative study on the hot flow stress
of Mg-Al-Zn magnesium alloys using a simple physically-
based approach[J]. Journal of Magnesium and Alloys, 2014,
2(3): 225-229.

MIRZADEH H. Constitutive description of 7075 aluminum
alloy during hot deformation by apparent and physically-
based approaches[J]. Journal of Materials Engineering and
Performance, 2015, 24(3): 1095—-1099.

WEI Hai-lian, LIU Guo-quan, ZHANG Ming-he. Physically
based constitutive analysis to predict flow stress of medium
carbon and vanadium microalloyed steels[J]. Materials
Science and Engineering A, 2014, 602: 127-133.

WANG S, LUO J R, HOU L G, ZHANG J S, ZHUANG L Z.
Physically based constitutive analysis and microstructural
evolution of AA7050 aluminum alloy during hot
compression[J]. Materials and Design, 2016, 107: 277-289.
CABRERA J M, JONAS J J, PRADO J M. Flow behaviour
of medium carbon microalloyed steel under hot working
conditions[J]. Materials Science and Technology, 1996, 12(7):
579-585.

SHIN S, ZHANG Cheng, VECCHIO K S. Phase stability
dependence of deformation mode correlated mechanical

properties and elastic properties in Ti-Nb gum metal[J].



230 B 7 W X, %5 Ti-Nb & &R HEEEA BT 1619

Materials Science and Engineering A, 2017, 702: 173—183. alloy using activation energy and 3-D processing map[J].
[23] WANG S, HOU L G, LUO J R, ZHANG J S,ZHUANG L Z. Journal of Materials Processing Technology, 2015, 225:
Characterization of hot workability in AA 7050 aluminum 110-121.

Physically-based constitutive model of Ti-Nb alloy

LIU Jian-jun', WANG Ke-Iu', LU Shi-giang', LI Xin', OUYANG De-lai*, CHENG Jing'

(1. School of Aerospace Manufacturing Engineering, Nanchang Hang Kong University, Nanchang 330063, China;
2. School of Materials Science and Engineering, Nanchang Hang Kong University, Nanchang 330063, China)

Abstract: The flow stress curves of Ti-Nb alloy were acquired by hot compressive tests on Gleeble—3500
thermo-simulation machine at the strain rate range of 0.001-10 s™' and temperature range of 1063—1213 K. Traditional
strain compensation constitutive model of Ti-Nb alloy was firstly established by the physically-based equation of elastic
modulus (£) and material self-diffusion coefficient (D), and then modified it to improve the predicted ability of flow
stress, finally simplified the modified constitutive model to improve the efficiency of building the physically-based
constitutive model. The results show that traditional constitutive model does not have good predicted ability, and the
prediction abilities of modified and simplified constitutive models are quite excellent and almost identical.

Key words: Ti-Nb alloy; constitutive relationships; hot deformation
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