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# ZE: Laves t NbCr/Nb Wit &4 AF E s iR g5 a8 i sl TR ITZM k. ATAET A&
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N, T HRTEROEEE O DIFREFEBE g MR T £(&): BIALTURELZSHENMALE, 0. g MEE) N
Wi 2 B 0 BTSSR, R T 2 HAR RS TE B MR TESHE N &1F. 45K W, Laves # NbCry/Nb FitH
0 IR B AR R AR R B BURR R ERTHE A TESHEH, 0. n M E(€) A AAE 156.9963~659.3012 kJ/mol,
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Fig.1 Flow stress curves of Laves phase NbCr,/Nb two-phase alloy under different deformation conditions (dotted lines are extrapolated

curves)!': (a) 0.001 s, (b) 0.01 s™", and (¢) 0.1 s
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Table 1 Hot deformation activation energy (Q) of Laves phase NbCr,/Nb two-phase alloy at a true strain of 0.7 under different

deformation process parameters (kJ/mol)

Deformation temperature/K

Strain rate/s™

1273 1323 1373 1423 1473
0.001 490.5635 653.9538 659.3012 374.8596 308.7224
0.01 359.0688 478.6626 482.5766 274.3792 225.9699
0.1 249.4689 332.5586 335.2779 190.6294 156.9963

=2 Lavestl NbCr/Nb FHEEHENT 0.7 MAREHRIZSH TN RZEHNE ()
Table2 Power dissipation efficiency (i) of Laves phase NbCr,/Nb two-phase alloy at a true strain of 0.7 under different

deformation process parameters

Deformation temperature/K

Strain rate/s”

1273 1323 1373 1423 1473

0.001 0.4756 0.4013 0.3418 0.7604 0.8127
0.01 0.2796 0.2498 0.2754 0.4888 0.6121
0.1 0.0130 0.0602 0.2023 0.0144 0.3038
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24 KATDF19), 7] 15 Prasad 2 Fa ) #5 Ry 143-44, 22.1 chEEAER
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f(é):# (200

Oln &
X, E@)RRRETF, MEE) <R, EREME
KAERF . Prasad KEFHEDE S N HREN
(7= AR JE AR T A RS R 2R, T £ 3 A Rk 1) SR 3
hish, MR R IR,

BT RgR s BdE, MRt (200 mIHE RN
R 0.7 BAFEZE TZSHFHRERET £3E), H
SRR 3 Fon. — ek, RERE RO, SELE
AT TR O 5 R AR R RS I G, AT S IR
WA RE T . WK 3 WTLEH, ERHANLTZSH
TN, R T £(&) 1HTE-0.6229~0.6359 UK ),

+m <0

Wi 7 T 925 (1) 3 22 AR Jl e & B A S 38 v vk K A
E F L E B 1) BR BOY AR ALk e B H AR
Him N EZ LR Har, B RS it
77154 Box-Behnken Fll Central Composite B¢ 11 P Fli;
oR H5T 23 A 22 T2 ek B H8 Kk K SO0t B R # A
Hrh SRR Z 82w R . A TR A
Box-Behnken &1t 454 2 Tl B Ek & 537 Laves #H
NbCr,/Nb P AH G 4 AH O 2 200 i 2 TR, 38 7 %8
SO ISEF W S B0 4 TR o

AT L2280 CRTIRE . AR 3 26 N AR)
TENINAZ &, 5al @ L BTG RE O DIRFE
B ARSI E(&) M B H A 8 i S T A4
KR Q1) ~ (23) Fim.

%3 Lavestl NbCry/Nb FHEESEHEEMNT 0.7 AR SR IZSH THEIEEF(L(E))

Table 3

process parameters

Instability factor (£(¢€)) of Laves phase NbCr,/Nb two-phase alloy at a true strain of 0.7 under different defor mation

Strain rate/s™

Deformation temperature/K

1273 1323 1373 1423 1473

0.001 0.0004 0.0232 0.1587 0.0175 0.6359
0.01 -0.0401 -0.1107 0.0758 0.2523 0.3639
0.1 -0.6229 -0.5022 -0.0321 -0.6098 -0.2683

x4 RBARERIEHINEAEE
Table4 Design matrix and experimental results
R DR s Aelre, Poverdspton by feor

1 1373 -2 0.5 499.0360 0.2891 0.1594
2 1473 -2 0.7 225.9699 0.6121 0.3639
3 1273 -2 0.3 568.6551 0.2031 -0.1497
4 1373 -3 0.7 659.3012 0.3418 0.1587
5 1473 -3 0.5 350.0361 0.6543 0.5169
6 1373 -1 0.3 336.4402 0.2831 0.1475
7 1273 -1 0.5 307.8131 0.0152 -0.5334
8 1373 -2 0.5 499.0360 0.2891 0.1594
9 1473 -2 0.3 352.3191 0.4877 0.3358
10 1273 -2 0.7 359.0688 0.2796 -0.0401
11 1373 -1 0.7 335.2779 0.2023 -0.0321
12 1373 -2 0.5 499.0360 0.2891 0.1594
13 1273 -3 0.5 534.7710 0.4177 0.0003
14 1373 -3 0.3 535.0701 0.3385 0.2039
15 1473 -1 0.5 201.4802 0.3867 0.1003
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0 =46735.2291-66.88307 + 6492.00821g £ —1096925 —9.9051T 1g & +158.5939T ¢
—156.7413(1g £)e + 0.0240T 7% —30.2458(lg §)* — 56.69465> +0.0037T g & D
—0.0574T ¢
n=-62.4994+0.08970T —22.90481g & + 64.0722& +0.0329T Ig & — 0.0949T ¢
—-0.1051(1g £)e — 0.0000327* - 0.0124(1g £)* + 0.3691s> — 0.0000127° g & (22)
+0.000035T ¢
E(£)=-126.03+0.18037 —33.82221g & +85.3496¢ + 0.0486T Ig ¢ — 0.1254T¢
—0.1680(lg £)s — 0.000064T* —0.0732(Ig £)*> + 0.83225> —0.000087 > 1g ¢ (23)
+0.0000457 ¢
K e NENAE, AAREzl—zn: uxloo% (25)
PAFAAR TS Re O B e S TSR A, JE T 2= neS v

I3 BT SR Ko A AR 1 T M e R AT VT AN o O 22 a0 BT A SR
x5SR, RIEER S AT, AR RIS RE O (i oL i
R p {E8 0.0007, 3E/NT 0.05, 6B A 7 R
ST FR, IR AR BB R T & WA,
HAZTN p E¥/NT 0.05, B %42 1
(1122 HAE AT B 50 R TS B8 O R/h.
PN, R E ZB R FIF ¥ 46 %6 AR X iR 22
AARE 3% It 28 57 1) W )0 TH] A58 28 RG B 33 AT 38 — 25 VAl
R*F1 AARE Wit E AR 4Bk (24) 1 (25) fi

S 149-501,
Z . _\2
R (24)

oo

R2

Kb n B SEL, N BENME, v ASRRE, N
S A T A {E .

Kl 2a AR TEWEIEBE O Wi L [T ASE AL F5000 4 AT sk
BAEMIRTEE . A 2a W RLE H, O B TI0IIME A1 SE 56 {E
HEBEAIVIER, HJue 2% RPN 0.992, P4
WEFAXT R 2 AARE SN 1.29%, it B BT 2 7 (1% W 17 TH] A5
AR &M INKEE, "THT Laves 41 NbCry/Nb
P AH G VR TS B O TR .

[FIBE, W3RAG D) FEHUR R n RURFRER T (&)
LA R 7 Z AT s 3, Bk 6 ISR 7 FioR .
MR 5 F0 E(&) MBI BRI 7 Z2 0 BT 45 31, mTiff e Y
R p {8 73504 0.0001 F10.0103; fR4E (24)
(25), WAHEH n FE(S) M RITBLAL T R® 43 BN

x5 ATHHTEEOQMEEZEREFTESTER
Table5 Response surface model ANOVA results for heat deformation activation energy (Q)

Source of variance Sum of squares Degree of freedom Mean square value F value p value
Model 249300 11 22666.75 159.69 0.0007
T 51280.48 1 51280.48 361.28 0.0003
lge 68291.65 1 68291.65 481.12 0.0002
& 3786.52 1 3786.52 26.68 0.0141
Tlgé 1536.72 1 536.72 10.83 0.0461
Te 1732.08 1 1732.08 12.20 0.0397
elge 3930.85 1 3930.85 27.69 0.0134
7 53404.14 1 53404.14 376.24 0.0003
(gé) 3377.75 1 3377.75 23.80 0.0165
& 18.99 1 18.99 0.1338 0.7388
T lgé 2706.24 1 2706.24 19.07 0.0222
T’ 26335.69 1 26335.69 185.54 0.0009
Residual 425.83 3 141.94 - -
Lack of fit 425.83 1 425.83 - -
Pure error 0.0000 2 0.0000 - -
Cor total 249800 14 - - -

Note: F-homogeneity of variance test valve by F-test; P-probability value
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Fig.2 Comparison of predicted value by response surface model and experimental values for hot deformation activation energy Q (a),

power dissipation efficiency 7 (b), and instability factors &(€)(c)
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Table6 Response surface model ANOVA resultsfor power dissipation efficiency (x)

Sv(;l;ir:sc(;f Sum of squares [;fegergzrgf Mean square value F value p value
Model 0.3608 11 0.0328 9717.46 0.0001
T 0.1877 1 0.1877 55609.56 <0.0001
lge 0.0095 1 0.0095 2814.07 <0.0001
€ 0.0015 1 0.0015 443.19 0.0002
Tlge 0.0045 1 0.0045 1346.60 <0.0001
Te 0.0006 1 0.0006 169.60 0.0010
elgé 0.0018 1 0.0018 524.04 0.0002
7 0.0311 1 0.0311 9222.31 <0.0001
(gg)* 0.0006 1 0.0006 167.98 0.0010
& 0.0008 1 0.0008 238.46 0.0006
lge 0.0282 1 0.0282 8364.22 <0.0001
T’ 0.0097 1 0.0097 2867.73 <0.0001
Residual 0.0000 3 0.0000 - -
Lack of fit 0.0000 1 0.0000 - -
Pure error 0.0000 2 0.0000 - -
Cor total 0.3608 14 - - -
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Table 7 Response surface model ANOVA resultsfor instability factor (£(€))
Sou'rce of Sum of squares Degree of Mean square value F value p value
variance freedom
Model 0.8280 11 0.0753 26.58 0.0103
T 0.5201 1 0.5201 183.66 0.0009
lge 0.0153 1 0.0153 5.39 0.1030
e 0.0126 1 0.0126 4.46 0.1251
Tig ¢ 0.0034 1 0.0034 1.21 0.3516
Te 0.0017 1 0.0017 0.5855 0.4998
elgé 0.0045 1 0.0045 1.59 0.2959
T’ 0.0157 1 0.0157 5.54 0.1000
(gé) 0.0198 1 0.0198 6.98 0.0775
& 0.0041 1 0.0041 1.44 0.3156
Tlgé 0.0618 1 0.0618 21.84 0.0185
T’ 0.0164 1 0.0164 5.80 0.0952
Residual 0.0085 3 0.0028
Lack of fit 0.0085 1 0.0085 ) -
Pure error 0.0000 2 0.0000 ) -
Cor total 0.8365 14 - -
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Fig.3 Response surfaces (a, c, ) and contour plots (b, d, f) of hot deformation activation energy (Q) under different process parameters:
(a, b) e=0.7, (¢, d) £=0.1s", and (e, f) T=1373 K
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Response surfaces (a, ¢, e) and contour plots (b, d, f) of power dissipation efficiency (1) under different process parameters:
(a, b) e=0.7, (¢, d) £=0.1s", and (e, f) T=1373 K
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Fig.7 TEM images of Laves phase NbCr,/Nb two-phase alloy

deformed at 1473 K/0.001 s™': (a) dislocation and subgrain
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Hot Defor mation Behavior of Laves Phase NbCr,/Nb Two-Phase Alloy and Optimization
of Defor mation Process Parameter s Based on Response Surface Method

Wang Shuangjian, Lu Shiqiang, Wang Kelu, Deng Liping, Xiao Xuan, Zhang Kaiming
(School of Aeronautical Manufacturing Engineering, Nanchang Hangkong University, Nanchang 330063, China)

Abstract: Laves phase NbCry/Nb two-phase alloy has attracted extensive research attention due to its potential as high temperature
structural material. Based on the isothermal constant strain rate compression experimental data of the alloy at temperatures ranging from
1273 K to 1473 K and strain rates ranging from 0.001 s to 0.1 s, the flow stress behavior of the alloy was analyzed, the thermal
deformation activation energy O, power dissipation efficiency # and instability factor £ (g) were calculated; response surface models
with the deformation process parameters as input variables and O, 7 and £(¢) as response targets were established, and the appropriate
window conditions of deformation process parameters were obtained by multi-objective optimization. The results show that Laves phase
NbCra2/Nb two-phase alloy is a positive strain rate and negative temperature-sensitive material. The values of O,  and £(¢) fluctuate
within the range of 156.9963-659.3012 kJ/mol, 0.0130-0.8127 and —0.6229-0.6359, respectively, which indicates that the plastic
deformation capacity of the alloy is sensitive to the change of process parameters. The established response surface models for Q, # and
£(€) high prediction accuracy with the determination coefficients R? reaching 0.992, 0.999 and 0.953, respectively, and the average
absolute relative errors A4RE are 1.29%, 0.63% and 11.5%, respectively. The interaction order of deformation process parameters on Q
(from large to small) is as follows: deformation temperature/strain rate>strain rate/true strain>deformation temperature/true strain, and the
interaction order of deformation process parameters on 7 and £(g) is basically the same, that is, deformation temperature/strain
rate>deformation temperature/true strain>strain rate/true strain. Based on the multi-objective optimization of low O, high # and &(¢), the
appropriate deformation process window conditions are 14401473 K and 0.001-0.05 s, and the optimal deformation process window
condition is around 1473 K and 0.001 s”'. Microstructure verification under the optimal deformation process conditions confirms the
correctness of the deformation process window conditions obtained through multi-objective optimization.
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