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Zhao Hongyun', Zhu Baohui'*, Liu Yanchang'?*, Cao Yanfei®, Hu Gequan?,
Han Weisong®, Tang Shouquan®
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Laboratory for Materials Science, Institute of Metal Research, Chinese Academy of Sciences)
Abstract;: The thermal deformation behavior and microstructure evolution of the low-density Nb-Ti-Al-Mo-W-Zr
alloy were investigated in detail by the isothermal hot compression test with the deformation temperature of 900~
1 100 °C and strain rate of 0.01~10 s~ 'on Gleeble-3800 thermal simulation machine. The results indicate that the
flow curves of the alloy are characterized by dynamic recrystallization at low strain rate and high deformation tem-
perature, and dynamic recovery at high strain rate and low deformation temperature, respectively. The flow
stress is decreased with the increase of deformation temperature or the decrease of strain rate. The deformation
behavior at high temperature can be expressed by the hyperbolic sine function constitutive equation, where the av-
erage deformation activation energy is 412.37 kJ/mol. In addition, the significant effect of deformation conditions
on the microstructure can also be observed. When the temperature is constant, the dynamic recrystallization re-
gion becomes larger with the decrease of strain rate, and when the strain rate is constant, the dynamic recovery is
gradually transferred into the dynamic recrystallization as the temperature increases.
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The true stress-strain curves of the alloy at different strain rates

B B
() 1s! (d) 10 7!
s 'so NEAZSELEAE R F1 . MPas Q iy 26 WK 75 i 3% BE

kJ/mol; R J S AKEE IR ¥ #0,8.314 J/(mol « K); T i
I FEE KA o Fln AR B o a =B/
ny,
T8 S ERUEG RS b &R T S AR & I
N AT T R AR A2 T8 24N A0 B T o (6. 24
T —EM L, Q.R.T A ¥k 8, KL GHRARX
(2)Ff A B AR AT e 4
Ine =InA, +n,lnc — Q/(RT) 4)
lne =1nA, + B —Q/(RT) (5)
lne =1nA + nln[sinh(as) ] — Q/(RT) (6)
M~ 6) 1] LLE H 24 il 8 52 i, Ine Al
Ing .Ine . LA K Ine Fl In[ sinh(ao) ] = F 43 9] 2 B &
P % Ine-Ino . Ine-o 1 Ine-In[ sinh (ao) T 61 36 R
DL 3, Horhony A1 B AT LAGE L X Ine-Ing FI Ine-o A9 4%
PSR R ER BRI EAG KB vy =7.726 0,.4=10.030
6 MPa !,q :ﬁ/n] =0.004 0 MPa ', % o« [HIC AR
(6) i 1 X} Ine-In[ sinhCao) AL [0 VT 4805 1] L3R4S
SRS KT A R 1 1 —5.653 8, M AR
SE I 1T LUK X (3D Hh iz T K AR R AE I B F (o) 4R
AT C2) P B S8 %08 580, 3R i = 7T 45«

Q=R Ilne | d1n[ sinh(as) ]
~ 7 9ln[sinh(ee) ] 2C(1/T)

(DA AFE W . In[sinh(ag) 15 1/T B2k
KR40 1/ T-In[ sinh(ao) £ W& 3d, LA H A
FORYIME IR R Al n, A SRS A 4 10 328 I 3800 BE
Q=412.367 kJ/mol., M 3c G M HLEELQ/
(RT)-InA/n AR HE A BIH . BOAS R BE 1 A fE K
HOP B TSR A B B A =7.977 X107,

R BRI ] Z 2 B R AR IR B N 0 UE
PE K2 D P ECA SRXTEUE AR 6) 7 15

InZ =1nA + nln[ sinh(as)] €))

Xt Insinh(ac) Fl InZ #EATLMERIE L DL S5k L F-
ANTF) 28 46 72 TV g WA 0 7, LA R L BT 4L S
BEk 0.994, A Fln ]38 o & 4 2Rk B0 B B LR A%

. (D



In(é/s™)

In(érs™

(a) Ine-Ing (b) Ine-o

Lo 401
0.01 5" v
0.5
v A e
I .

T

&

£

7

= 0

0.5F o~ 5
) BN o T S R R S S
3 72 74 76 78 80 82 84 86
In(é/s™ 107K

() Ine-In[ sinh(as) ] (d) T '-In[sinh(as) ]

B3 SEApAEpRRE ABBAGEKEL R

Fig.3 The linear relationship between peak stress and strain rate or temperature

ey

R=0.994 12
a2t

40 +
w B[
36 +
34t
Nt

30 Lo L L s s s
-1.0 -0.5 0 0.5 1.0 1.5

In[sinh(ao)]

B4 S AFZ ZHHKXEA

Fig.4 The linear relationship between peak stress

and Z parameters

FARPE R B A=7.511X10",n=5.657 1, 4%
AIXFEL 3 FE 4 K A (R 2 (X, KRB A
Fn R 1 FH AT 35 25 43 51l 5.838% F1 0.059% , % 2% 8%
AN o PRI AT RAIA Ay AR %5 BE 8 45 4 1 3 3l 1 ) B AT L)
RS H Z SR IE X RBOR A
AR (D ~K B, TUB G ERER LR Z
S FRERT N
Z =eexp[Q/(RT)]=A[sinh(as,)]" (9
3 o U TE 5% BRI o
sinh ' (ag) =In[as + (ac® + 1)"*] Q)
454 O A0 AT LA

ailn{(i)iJ{(i)iHT} (1)

x1 FHAREXSHE

Tab.1 The values of related parameters of constitutive equation

n a/MPa~!  B/MPa™! A/s™! Q/(k] « mol™)

5.653 8 0.004 0 0.030 6 7.977X10% 412.37

BRXGORA@IFEEGR 1, TRBE SN Ar-

rhenius YAy J5 742 .
€ =7.977 X 10" [sinh(0.004¢) ]*5 % X
exp[—412.367/(RT)]

23 TREZFHNEREALRNEI

K5 & Nb-Ti-Al-Mo-W-Zr & 4 78 W 28 3 &K Ny
0.01 s "R AM T ARNRE T AL . Hrb, & 5a Ry )5
RS WAL W EE] LLR B IR 2 R/ANA
YIS W SRR 4, SR RS 43 A 7E 100~200 pm 2Z JA]
TEN AR A R 0.01 s 450 F . 4 950 CARTE 5 . J5i ok
RIS I 57 110 56 Tl it 0 4 K T AR B AT
B AR R IBER s L%, B 3 Jr ) 5 iR i e
AR R (B 45 . TR KN ) EE
RAETEILTT ) AR 3 R R 45 5 7 A R B PR I 7
SE B R R RS R L S Ah T LA B
HA P BAT K BB A5 P45 b 08T A kL, 25 5 &l 1a W] L)
FIWHZASIE AT R AE MRS R . Bl R 4k 2
FHirE] 1050 °C L 78 Jay &8 dh FLAL AT LB B H 2L T 745 f
AT 20 /)N it KL 5 2R AL B 2% TR 20 A1 78 2T 2 IR O i r 1 R
b IR MR ) IR R A SURRAE T U B g

e |

(a) JRds2m 2% (b) 950 C

(c) 1050 C (d) 1100 C

A5 RELBRBBLEALEOIO s '"FHTARABERLIH G IHRAR

Fig.5 The original microstructure of the alloy and the microstructure after thermal deformation at 0.01 s~

1

1491



R b 85 MO 05 B

2021 458 41 B 12

MR T SIASAG R T S A A R ITER B B, I
Sco Ml BETHREFE] 1 100 T, FE45dh foks K 5 A
B R AR 2 K E 2 % 4 T W A sl S 125
i R HIS A L ) T DR R KL B 2R /N 25 il 1 145 8
R CFERLAE g 20 o) BIRBR AR, AR A7 A D B K
droRL , 26 W B A A I AR SR Rl A e L DL 5d. i
L RT AL o 2572 3l JEE A W e 8 R AL A DA AR o R
I 114 20 285 [0 A2 i 90 0 A e L E ) 2 S A A L AR TR
BL A A= T IR ARl . 32 PR O B R il BE T — T T
FEATAL 5 B0 A% BE RS AN ST WO & By kAL ik — 2B
et T Sl A HRAE SR HEAT 5 55— T T S T 2 T3
P2 i i A T R JEE AN T e ARG > DT i 2 2l 285245 i 119
KA

K 6 & Nb-Ti-Al-Mo-W-Zr & 47 1 100 C &4
AR RS T R R B Y R AR R O 0.01 s
I R X A7 R B 0 3 S A AL iR B T
A S L BT O AF AR R kL, UL B 6a. 20
AR ARSI R 0.1 s VI B S A XL K 2

y S-u-"’.._’,f

s

(a) 0.01 s~ !

(b) 0.1 5!

BUR T BR A 25 AR AL 2L ALAE SRy R 1) e 5 AT D f /)
UKL 45 it R B 0 Bl A A i WO 46 1 B
Be, UL 6b, Bt DL AR R g — N E] 1 s A
T 14 21 S AR 2 G A JR 90 DX 35t R 1) o SRR A LA L
ZEHFTH R K 2T HE 2 SR A7 A FU AR P 0 25 L
SRy BB AL Bh B G i B T 1 S R 1 T 4 5 1) S 2
A5°HA A BE U2 DX R M AT AN 1 5] TR 6.
2 la~ 1e ATRUE 124 0.01~0.1 s IR A2
RN AL B DL 3l 25 145 b O 32 2 08 R GA F] 1
s N BAC AL F2 B S B A A Sk TR D 2 A
FRERI A & dhoR A — E B9 I ] AT LS R % AR
KAR T sl A PA5 g BEAT . 2 0 A2 A A W 9
5 i AR R I T A5 5 0BT A R SR AN BB AZ B fl
ShASPREE AL R A o B AR T R — 2D 4R L AR
T 7 AR A R P T SR AN B g3 HBCTT A A B B S
ZIEGEA B AP A SIS A Joy R R A0V ) 5 )
T FECE R R R 22 SR A S R T AR
TR 2] 1k

() 1s7!

BH6 #e424£1100CHKMHTREEEE R D HAR

Fig.6 Microstructure of the alloy at 1 100 °C at different strain rates

£ b BN 4 A2 TV il R MV AR S R XS Nb-Ti-Al-
Mo-W-Zr & 4 WM SV RA B E R0 . Bl 2 3
AR AR AR T IRLBE T - 4 B B B LR dy 3 2 101 52 )
Bl AL L I i L 3l 25 45 nT B A0 Al A e R
I

3 4% &

(DNb-Ti-Al-Mo-W-Zr £ 4 Jit 48 I J7 i £ £ AR
705 A 23 T A v U I R B DA B AN T A O R RRAE
TE 5 O AR T 3R AR I B i = B A S S R & E 1
FEAE o HL 3 A8 1 77 249 I o i B 1) e g A8 38 1 T B
B ek

(2)2RH Arrhenius Jr FEUTHE K15 & 4 09 F 34
IIEBE R 412.36 k] « mol ', W EE MY A O R N
e =7.977 X 10" [sinh (0.004¢) ] ¢ X exp[ —412.367/
(RT) ],

1492

(3) it 5 7 728 1o 4% A0 A1 A2 T2 3 B2 T » Nb-Ti-Al-
Mo-W-Zr £ 4 i F AL HIL i Hh 3 25 18] 5216 3 25 145 45

s % X M

(1] «FA SRR TFND SRS 4. a4 R TF0 M. 4t
A aAf 4 ol b At . 1984,

(2] B3R5, SRR RBT (D). #A & @ Ak TR . 1994, 23(3) .
7-12.

(3] ®IT. WA MEMAMELERGEHBEL MBI HAESES
B A 4, 1999, 138(9): 61-65.

(4] SBH R E4ME. AREGSIML Jbat R4 Dok i ik, 2009.

(5] ZE/hMfg, AR, ZerpZe, 45, POELI B XTIR % B Nb-Ti-Al-V-Zr-C
BatkrerEml ] WA SR RS TR, 2012, 41(6): 1 094-
1 096.

(6] MUK, FiHE. £/, S RMRE SV R & E MR R,
2014, 33(Z1) . 586-594.

[7] ALLAMEH S M, HAYES R W, LI M, et al. Microstructure and
mechanical properties of a 8 Nb-Ti based alloy[ J]. Materials Sci-
ence and Engineering, 2002, A328. 122-132.



X% £ Nb-Ti-Al-Mo-W-Zr f8 & & I VETRAT N S Wiz 55

[8] SIKKA V K, LORIA E A. Characteristics of a multicomponent velopment of its processing maps during isothermal compression
Nb-Ti-Al alloy via industrial-scale practice[ ] ]. Materials Science [J]. Journal of Materials Research and Technology, 2021, 14;
and Engineering, 1997, A239-240. 745-751. 507-520.

[9] GRYLLS R J, BANERJEE S, PERUNGULAM S, et al. On the [21] SELLARS C M, MCTEGART W J. On the mechanism of hot de-
discontinuous yielding phenomena observed in a Nb-Ti-Al alloy[ J]. formation[J]. Acta Metallurgica, 1966, 14(9): 1 136-1 138.
Intermetallics, 1998, 149(6) . 749-752. [22] JONAS]J ], SELLARS C M, MCTEGART W ]J. Strength and

[10] LORIA E A. The processing-microstructure-property relationship structure under hot working conditions [ J]. Metallurgical Re-

for a multicomponent Nb-Ti-Al alloy[]J]. Materials Science and views, 1969(14) . 1-24.
Engineering, 1999, A271(1-2), 430-438. (23] Bde. "I HE, XIS, &, $EA FGHA096 4 4 3/ AS B AT I ]

C11] Fi . MK, S5/, 5 ARS8 & MR e Sk 20 5 M Re i BF POMTIELT] MRS 2019C6) 2 2 047-2 054,

F0.[1]. WA S RMEE TR, 2016, 45(5) . 1 302-1 307, [24] %MWM, W@, %, Fe-18Cr-9Mn-1.1Ni-1.1Mo-0.2N 5 Ni

L12] /g, FBAK. F . 55 IR B 9 A 4 L -0 A2 il 28 K% Sout 2 21 RUXUM AN S 0 el $ R B AT L ). MRS 4l 2019(6) . 2 040-

WFFEL)]). Ml &R SRR A 42 2018, 46(6) : 77-80. 2 046.
[13]  Fug, XBRR. AN, . K% B NbTIAIVZr 4 4 00 500 20 28 1 ) [25] MA Z, HU F, WANG Z, et al. Constitutive equation and hot
L)) A 4 mA RS T .2011,40(11) : 1 972-1 975. processing map of Mg-16Al magnesium alloy bars[]]. Materials,

[14] JFEBMH. Mk, AR, 5. Nb-Ti-Al @& il & 4 M TAT N 2020(13): 3 107.

Leom TRILT]. $OmT.T2,2016,45(7) ¢ 1- [26] WANP, ZOU H, WANG K L, et al. Hot deformation character-

(157 4xiEhn, HksE, &, &, Nb-Ti-Al &4 4 A4 S8 % ization of Ti-Nb alloy based on GA-LSSVM and 3D processing

AR RAT M. SR RAL B2 47, 2012, 33(22) : 40-45. map[ ] ]. Journal of Materials Research and Technology, 2021

[16] xg&, Hk5, KM, % .Nb-38Ti-12A1 & il & 4 19 & 1T 0 (13): 1 083-1 097.

LJ]. FMiM R L2, 2015, 45(5): 52-56. [27] ko 2R AEN . 8. 55 Mg 10Gd-3Y-0.6Zr-1Ag Bt & & AL 4i

[17] ZAHIRI S H, DAVIES C H J, HODGSON P D. A mechanical TIRAT AR LT]. MRR 2 5 T2, 2014, 22(6): 1-5

approach to quantify dynamic recrystallization in polycrystalline [28] LIUZG, LIP]J, XIONG L T, et al. High-temperature tensile
metals[J]. Scripta Materialia, 2005, 52(4);: 299-304. deformation behavior and microstructure evolution of Ti55 titani-
18] AL =C, MEAUHE. LZ50 40 AR T AT o Ko TR L) ], # R puad um alloy[ J].Materials Science &. Engineering, 2017, A680; 259-
AR . 2016(3); 223-229. 269

[19] BEYERLEIN I, TOME C. A dislocation-based constitutive law [29] CAIZM, JI HC, PEIW C, et al. Hot workability, constitutive
for pure Zr including temperature effects[ J]. International Journal model and processing map of 3Cr23Ni8Mn3N heat resistant steel
of Plasticity, 2008, 24(5); 867-895. [J].Vacuum, 2019,165;: 324-336

[20] MOHAMMADI H, EIVANI A R, SEYEDEIN S H, et al. An in- (gﬁiﬁ . XIJ)%%E)

vestigation of hot deformation behavior of Zne22Al alloy and de-

HEHALHEEEREMBEEGRE

BB B2 B 7R 3 B AL T ST T AL = R G AR W LM IR N BT R — MR BES SR EMEGHRIE.
bBEZ I A R B A D UL T B SBUIE 1) 3 11 245 11

B & TS AR CHL A 1 ] i A %é(ﬁﬁﬁﬁ&%»mﬂﬂlfﬁh'%[ﬁJEIEJEﬂ‘mﬁEJ%J’%’tE*ﬂ%?ﬁ%%Eﬁ}%wft
+ W o TR 0 P a2 ek o 0 Y 8 o £ P 4 i LU B0, HL RS R e B LU B Bt . R 4R X M RHIR AL ER ﬂﬁﬁ)\ﬁilfﬁﬁﬁ#ﬁi
ORI T B LI o TR B B A T R O B BN LN BB R o [ 8 AR R B L 0 T

iﬁm%mﬁ@ﬁ#mW%ﬁAw@L §
i %ﬂ%?%ﬂﬁki@%Tﬁﬁﬁ%mﬁaﬁcﬁﬁ%AMﬂEHﬁiﬁ¢%?§ﬂﬁ%%§ﬁ%m%%ﬁﬁ%mﬂi
b RATTR I DK %ﬂ~bmw%ﬁmﬁ%L%ﬁEﬂA&MﬁbTx%ﬁwwo ;
1 BHIEA ST 4097 00 77 506 1 2 VR R T BE 4 GBS L« 1126 5 7 K ol A 1L CPEO) R L TR B A 0. e 1E & %Eﬁ%é
+merﬂ2%Fr%ﬁm/ﬂmﬁ@ﬁﬁwwk@%%Mﬁa%%xmﬂawﬁmmﬁswﬁ&rmwwm$o*#ﬁﬁ;
PR EEEL PEO RIZH =4 2 — N B A 1 28 AUNILAE S8 4 2 5 fa@@ﬁ%%ﬁr&A%ﬁ¢m*mj
b bR M%&Ehﬁ%%ﬁAEﬁ ;
3 Sy K e U2 B 8 S« BF 98 A KRR A AT T K IR A BE B . 5 SR R T R R 1 A 4k S s 4 HE B L) M0 7 i
| BEHCH AT A PEO W 10 2 4212 27 £ ;

(WEREAEERE) |

s

"++++++++++++++++++++++++++++++++++++++++++++++++++‘

1493



