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Abstract: The aim of this investigation is to develop a simple and efficient material parameter optimization
method. The constitutive tensor equations were rearranging to scalar ones. The integration of the scalar constitu-
tive model and mathematical optimization algorithm was achieved by Matlab software , and the material parameter
optimization program was developed. The material parameters of FGH96,K417G,1C10,DD26 at different temper-
atures were obtained. The Material library module of Abaqus software was used to store and manage these material
parameters. The results show that the developed parameter optimization method had the advantages of low calcula-
tion cost, high optimization efficiency, and relatively simple implementation. The material parameters of visco-
plastic model could be obtained efficiently and automatically by this optimization method. Calling the routines and

the material parameters in the Material library module, the short—term tensile properties and the long—term creep
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properties of these superalloys were simulated accurately. The creep analysis of a turbine blade under complex

temperature fields was further completed.

Key words: Viscoplasticity; Constitutive models; Material parameter identification; Dimensionality re-

duction optimization method; Propulsion system; Hot section; Superalloy
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Fig. 1 Schematic of the procedural framework
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Fig. 2 Illustration of the finite element model
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Table 1 Optimization variables and the constraint ranges

Material Lower Upper
Equation
parameter bound bound
K/MPa 50 5x10°
Plastic flow n 2 30
k/MPa 5 800
c 10 1x10*
a 10 1x10*
Kinematic hardening
B 0 1x107
r 0 2
'  harden b 10 1x10°*
sotropic hardening
° 14 10 1x10*
d, 0 1107
K, 500 1x10°
Damage
n, 0.5 10
k, 0.5 10
Anisotropic matrix M, 0.5 2
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Fig. 4 Framework of material parameter optimization

procedure
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Table 2 Material parameters of IC10"*

Temperature/C 20 900 1100
E, /MPa 162938 113386 61231
E,/MPa 120993 82954 48515

By 0.301 0.347 0.370
oy 0.324 0.369 0.413
G,,/MPa 131000 99500 76900
K/MPa 518.88 1248.30 455.11
n 15.00 9.31 6.77
k,/MPa 552.31 94.89 25.50
c 4904.70 5647.23 333.83
a 483.50 36.52 14.65
B 0 1.08x107* 7.80x107°
r 1 0.78 1.40
b 521.33 225.04 135.70
w 115.33 55.19 12.30
d, 0 0 4.7x107
K, 1x10* 1x10°* 1994.4
n, 1 1 2.02
k, 1 1 1
M, 1.41 0.85 0.79
M, 1 1 1
M 1 1 1
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Fig.5 Comparison between the simulation and the

experimental results of transversely isotropic superalloys

R SR A 4 ARSI A 4 S
T8 = Y é&‘&i%ﬁé]‘?‘l & 1Y 1 Z e N, A R OUL 45
) [ Pl 2 e A AR Sk L o AT s Y Rk S

& IE 43 S FF & T 4% [l [ 14 Rl 98 P A 3 K 37 T X6 R
PR 5 PR AR R AR (0 1 AN A 0 AR T 2 2 Sk
(3] #EMWigaE T AN M S B AL AR 7 41, 15 3
T FGH96™ , K417G™, DD26"" 45 =5 W 4 4 (1) b

FGH96j~7/r%§"§iﬂ§*}’ﬁKm{E'A(\ 750°CF H%
AR I W AR AR 1, 2 B By, R 2 A G AR
55 3 By B, i AR el R i R (] 1S K TS BT B 0 5 K4176

210447-7



a3k 12

R B PR AR RS R A 2 B ) B4 I A 0 A ik B HE I T

2022 4F

Sh s e A AR B RS A, 950°CT R AR AR
TE 22 B B S A O AR A 1, 2 [ BRI, 5 7 R i
[F2) 348 0 T e TG AR 5 — B B ), e AR AR AR (I AR
55 B Br) s DD26 Sy i Fe it R B R RS 42, 900°C
T GG A gl £ R B B A R AR AE o B4 0
2 5100 2ot t & 6 i .

H &5 516 /Y i 45 R W] 45 . 1C10, FGH96,
K417G By 58 S ffr iy 42 85 RS B2 R 47, 5 i 5 45
SROSPIBAR WY G, AR i 2R B9SRGB AT — 2 Y D
25 o WA R 0 A3 FOPE B, 2 R BT R E
B TR 4 3R R R U 7 ik ROt R 3R

1.00
, 07 e
§ S p AR
2 L
g 050 g
3 e
g A
z 025k Abaqus Matlab Tem
—_— " 20°C
- ° 700°C
“““ A 750°C
0.00 : g g
0.00 0.25 0.50 0.75 1.00
Normalized strain
(a) FGH96"* tensile properties
1.00
= 0—0"0—_0— >
-
L, 075¢ Y e AT S
3 » A'/
B 050 S4 e
% /odl )g_x e
§ ,déf* Abaqus Exp  Tem
Z oas| fE — = 2%
,& --- o 750°C.
————— A 900%C
------- X 950
0.00
0.00 0.25 0.50 0.75 1.00

Normalized strain

(¢) K417G™” tensile properties
1.00

S5 BSR4 R PR R AR R, 5 AR o
AR L, 85 78 Dy 224 I [ T S 4 Bl 4 i 2~5 A i A T
AT PR ks 18 2~5 4% o NI, JE 2 I 20 38 SR 0 A2
2 By R ALORS BE L BT XT 1C10 45 5 il 46 I A2 78 B 1 A
PGS AR A FLAY , BE 8 B WA R A 055 A8 5 1 39 2 45
a5 B BT Y K

DALy 2L RE W Pk | A 3l i DA 3 6 Bl o 2 B
PR S PR AS R T B4 61 RE S 80, A5 B 9 AR 2 ]
B A BROCEAEIT RIS Hr , D5 HLA5 R BE S 4L
SR K A s B e EA S P 45 R R B9 R T ) S R

1.00

— Abaqus
£ I Exp
g 07 = 400MPa
o © 500MPa
3 4 540MPa
S 050} v 600MPa
B © 640MPa
s
=
S 025}

0.00
0.00 0.25 0.50 0.75 1.00

Normalized time

(b) FGH96!*! creep properties (750°C)

1.00
— Abaqus
Exp aat
075} = 60MPa Laad
o 80MPa
A 95MPa

0.50

Normalized creep strain

025+

0.00 . . .
0.00 0.25 0.50 0.75 1.00

Normalized time

(d) K417G™" creep properties (950°C)

900°C.
— Abaqus
Exp
= 300MPa
o 350MPa
4 400MPa

o e
wn =
S G

Normalized creep strain

o
[3e]
[

0.00
0.00 0.25

0.75 1.00

Normalized time
(e) DD265% creep properties (<001>)
Fig. 6 Comparison between the simulation and the experimental results of FGH96, K417G and DD26

210447-8



B4zt 2l ot

EL VN 2022 4

32 RBEMARETHE

I PR 998 P A A 455 180 1 B R 2 B AR A5 e 4 )
T KA17G % i G 4 0 M REZ 850, F Rl 9 1 455 A b
S B UL S B i A H %% R P AR ARE A R
A R Ie 4 Abaqus 5 AF B Material library #5301,
HEATAEAE B

e [T A5 KR (NASA) 2N 5 1) B8 [ 5 PR 8
e B 4 P A B R TR A% 1] (R S P Y
A 4 P ik 3 B0 45 ) [R] PR AL B, K4176G & 4 R
i il AR N 3R 3 R, HLEE O 7.85%10°kg/m’

Table 3 Thermal expansion coefficient (a) of K417G"™" at

different temperatures

Temperature/C 100 200 300
a/C! 1.071x107° 1.189x107° 1.292x10°°

Temperature/C 400 500 600
a/C! 1.351x107° 1.403x107° 1.424x107°

Temperature/C 700 800 900
o/ 1.451x107° 1.477x107° 1.516x107°

Abaqus F A4 B9 Material library 155 B 43 & 7 ift
1o TR A A FE S TR IR BE T ARG 9 1 AL B R S B (3R
2) I R AR 3) 5% B WA TR A B BT
Vot B AR Ty S Ve R B | VR AR G R RE 2 BT
L 1 5 445 R bRk 14 S st A 5 R e I AR P

W5 R A O AL T R IR EE S &
TR A 4 11 D3 B 2 A B A L A RE AR A5 A B AR
THME SR, R REE RSN TR
F L 3 AR TERG IV R T R IR T MRS
Xof Vi B B £ P A RS B, a3 A A 1 O 2R R S L B
G RN o X T A A 6 v R e A e R
14 DX 3R, %7 I e TR 1 b R S 88, x5 A TP AR
T R AR U B A DR 3 G R AU I B % B R S 5, M
RS ECL NG A SME . B, B P AT 3 R A Mate-
rial library B 5 A OGB4 BH 2 8, F) FTRG 98 M 11 5 72 7
TF e P 3B A (0 AT BR T 358 40 #r

8 JH Material library B K417G & 4 1 2 4,
H I 2% 1] ) 1 Al 98 M AR 0T 7E Abaqus 8 & R i
1T T IRER I R 1 85 A5 53 #r o

i Ansys CFD Uit [ #4885 1 515 2] i 7 2% 1
Tk B S R FE A7 (8RR 0 A 0 B 2 R i R 3R
T 4 A% 1 L, 2 T A Abaqus B2 T R B 25 1L R
T AR R R EE . i R 5 R Rk
A EWE TR

T S I 0 30 R AR S A I B D 2 R X

Equivalent
inelastic strain

1.15x107
9.44x10~*
7.35x10
5.26x10
3.17x10*
1.07x10~*
0

Temperature/°C.
837.0
7999
762.8
725.7
688.6
651.4

614.3

(a) (b) Time=100h
Fig.7 Temperature field and equivalent inelastic strain

distribution of turbine blade

A7 22 fit TR 109 925 1) A7 %, 2 R Sk ity T 2 11 Tk
] (5 B, I 24 Bt 5 2 ik 17 3 28 A9 0 ) 6 B8 L
B B Aar A ARCA I A T L A 3 A R N L i
T A R 422 kT b 5 ) B PR S 9 B 38R Or/min, &b T
20°CHIR IR BE 7, B RORAS 5% 38R 1009 % 3, Fix
TR AR BE 7 W 7 TR, 0 R R RS T 28 3 4
KARZS, FFAE e KRS PR 45 100h

5 i A 7E S RIS TR IR AL 1000 J5 A 25 % i
PR R AR 23 A A0 B 7 iR B AR A 7 R Xk
B 1M AL AR ) B R, AT A #] 600M Pa, {H I
JERAR, 297 700°C

I 5 8 T B 2550 Miises IV 740 A G &1 8 e
7N, U AR i W B e KW ) 2920 610M Pa, I 728 Ji5 d5c R E
J129°% 510MPa, 8§60 5 it B & A T 8 R i 2 N
JIFR A A LG o SCH IR 58 PR AR A T SRR T B i Ui
G A OB S BRR 0 T T R G B R 19 1 T g
A5 B o BE o

Mises stress/MPa
509.9
4251
340.4
255.6
170.8
86.05

1.283

Mises stress/MPa
610.2

508.7
407.2

305.7

204.2
102.8

1.279

(a) Time=0h

(b) Time=100h

Fig. 8 Mises stress distribution of turbine blade before and

after creep

210447-9



w43k B 12 I A R85 T 2 M IR 4 O A B 2022 4
. EAEFIIM. HHS . 7 A K2 AL, 2014,
4 & g

AR SCER R RS S8 VR AT 04 B RS B AR O vk AT
TR AR R EAT T REgERIL TR THE S
BALACRR T AL, 15 2] T 2 R s A A Rk 58 M AR A
PR SEL, T LA B DL 4598

(1) R P2 i 48 2% 08 T A iz SR 09 ) 2
B IR, 5k 08 205 A 1 8 A H O 78 0 oK i 45
ST AT L 22 ), RS 8 PR T RN () B Ak 3R 0K 0 FR OE B
CAHY Ty TR YR R N TS B TR
1 &

(2) Fr IF & B9 M B 2 B AL B P 4 S B T b
AHE 7 5 B LA AR N, RE A Rt A
Bl b ARG bR 2 8, B — E 1 AR N AN 75 3
T FGH96,K417G,1C10,DD26 & it & 4 A A IR JE
B RE R 2 550, R 33X 26 b1 R S B0RT 55 Sy o A b 4SS 4
e YA A B e S i 5 A B A AR A AT 2% T 2R R

(3)F H Abaqusﬁﬁﬁfﬁzﬁﬁi Material library 5L e
ST RS A MR S RO A A A A TR T TR
TERT R 2 80 S % B I K R RS B AR Ty AR P RE %
i, 455 B IF A ORGP A A AR Y AT B
WA M R S8 X B IR E S IRy TR
SR IF AR B T R T
B R E R E R LT B .

S 30k
[0 MM, %%, BiakSPURIEIM]. P9 LT

A KA R, 2005,

AL 2 T I3 K s AL 20 A TR0 3 JU) (AT 58 4105 ) ) 2
o WA AT i e Kk Sl BIL &S R B i U CBIF 5 e
) H— M Eag M deat: R ERLE Tk B ml &
HHLRGE TR, 1997.

Wt , f1 2 ar . RSV A Ry B K H R T (M. b
xR Tl AT, 2013.

Abdel-Karim M, Ohno N. Kinematic Hardening Model

[2]

[3]

[ 4]
Suitable for Ratcheting with Steady—-State [J]. Interna-
tional Journal of Plasticity, 2000, 16: 225-240.
Kang Guozheng, Gao Qing, Yang Xianjie. A Visco—Plas-
tic Constitutive Model Incorporated with Cyclic Harden-
ing for Uniaxial/Multiaxial Ratcheting of SS304 Stainless
Steel at Room Temperature[ﬂ. Mechanics of Materials,
2002, 34: 521-531.
Kang Guozheng, Kan Qianhua. Constitutive Modeling for
Uniaxial Time—Dependent Ratcheting of SS304 Stainless
Steel[ J]. Mechanics of Materials, 2007, 39: 488-499.

(7] REEEB, BT . TRPOR BB 17 o AR - 57

[8]

[9]

[11]

[12]

[15]

[16]

[17]

[18]

[19]

[21]

210447-10

AR T, B M. e IR A R B RN VB AT S AR iy
WML bt B i, 2021

Han Songlin, Li Shuxin, Smith D J. Comparison of Phe-
nomenological and Crystallographic Models for Single
Crystal Nickel Base Superalloys. 1. Analytical Identifica-
tion[ J]. Mechanics of Materials, 2001, 33: 251-266.
Han Songlin, Li Shuxin, Smith D J. Comparison of Phe-
nomenological and Crystallographic Models for Single
Crystal Nickel Base Superalloys. II. Numerical Simula-
tions[ J]. Mechanics of Materials, 2001, 33: 267-282.
HIIR, T M, = S — g — G 0 e A A A A
B AT TR 1] BR T3 22241, 2000, 21(2)
152-156.

LG, RIDA . Bodner—Partom A4 F4 A5 51 b1 kL 4k
HHRITELI] U= 5 H0R 2009, 28(2) : 196-
199.

A Zar . B G SR T PE AR B 5 R 2 o 07
FAar WO (D], Jbat: b atHizs i K K%, 2004,

Shi Duogi, Dong Chengli, Yang Xiaoguang. Constitutive
Modeling and Failure Mechanisms of Anisotropic Tensile
and Creep Behaviors of Nickel-Base Directionally Solidi-
fied Superalloy [J]. Materials and Design, 2013, 45:
663-673.

WAL, A 24, Mbedt, 5. TMEF A0 Fl 55 dr fs A
MOGEREN IR A A [T]. Wiz =74z, 2019, 40(3).

Cao Wenyu, Yang Junjie, Zhang Hualiang. Unified Con-
stitutive Modeling of Haynes 230 Including Cyclic Hard-
ening/Softening and Dynamic Strain Aging under Isother-
mal Low—Cycle Fatigue and Fatigue—Creep Loads[J]. In-
ternational Journal of Plasticity, 2021, 138(10).

Han Shiwei, Yang Xiaoguang, Shi Duogi. A Reduced-
Order Method for Parameter Identification of a Crystal
Plasticity Model Considering Crystal Symmetry [J]. Sci-
ence China Technological Sciences, 2019, 62(3) : 373-
387.

JARM, #edt, 4127 . DZ125 & 4w il 6 32 P
PRtk RA M @R [T]. 58 2 5 35T, 2013, 40(1) -
17-22.

TORBE, Tk, SHBEED . NiALZE RS R A AT AR
AR AL[T]. a8 8 Jy 22 i, 2018, 33(3) @ 657-
662.

Barrett P R. Unified Constitutive Modeling for High Tem -
perature Fatigue—Creep and Creep Responses of Haynes
230 [D].
2015.
Ahmed R, Barrett P R, Hassan T. Unified Viscoplastici-

Raleigh: North Carolina State University ,

ty Modeling for Isothermal Low—Cycle Fatigue and Fa-
tigue—Creep Stress—Strain Responses of Haynes 2301[J].



B4zt 2l ot

#

¥N

2022 4

[26]

International Journal of Solids and Structures, 2016, 88/
89: 131-145.

JAVRIVT . 2 1o B 1 368 % W S 0 1 AR 3 A Tk e
TR 97 R an o [ D). dbat s dbmt i 2s it R K4,
2007.

Hu Xiaoan, Zhang Qiang, Yang Xiaoguang, et al. Visco-
plastic Analysis Method of an Aeroengine Turbine Blade
Subjected to Transient Thermo—Mechanical Loading[J].
International Journal of Mechanical Sciences, 2019,
152 247-256.

Lemaitre J, Chaboche J L. Mechanics of Solid Materials
[M]. London: Cambridge University Press, 2000.
Chaboche J L. A Review of Some Plasticity and Visco-
plasticity Constitutive Theories[J]. International Journal
of Plasticity, 2008, 24: 1642-1693.

Chaboche J L. Constitutive Equations for Cyclic Plastici-

ty and Cyclic Viscoplasticity[J]. International Journal of
Plasticity, 1989, 5: 247-302.

[27]

[28]

[29]

[30]

[32]

210447-11

A 2R, bbeot . I BE Ak iR A8 A< by 7 B AR A B 405 19
B HBESELI ] i 3 oraik, 2004, 19(1): 12-16.
QAU =5 R S IL VT AR T 2 R F I R & 2
BRI 2 R LB AR e Re T C D [M ]
Jeat: fpizs Tolk i A, 2019.

KL= Ze shALie i AR BSOS T 0 ) 9 22 25 . i s ke gl
BLBE T IR T0 5 =) Im . db st fiiss T
Ak A, 2008.

TEGE R P EERS S TICE
BoIM] dbat . pE A AL, o E R o R,
2012.

Ko 25 3 BT 3 g 4 3l WL 285 A 8 T B IO CRF 5 4145 ) ) 2
Zeoy . LA i B & Sl BIL S AR B i U CBIF 5 A
) = R IMDL JE st P ESLE Tl S AR
PLFRG TR, 1997.

Swanson G A, Linask L, Nissley D M, et al. Life Predic-
tion and Constitutive Models for Engine Hot Section
Anisotropic Materials Program [R]. NASA-CR-179594,
1986.

(B# . RELH)



