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A creep model of nickel based single crystal superalloy at high

temperature based on rafting mechanism
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Academy of Aeronautic Propulsion Technology,

Aviation Industry Corporation of China, Beijing 101300, China)

Abstract: Mises stress method and interfacial energy method were used to predict the
rafting type of nickel based single crystal superalloy in different orientations at 950 °C. The
rafting prediction results of above two methods were consistent. The rafting type is N-type
in [001] orientation, P-type in [011] orientation and there is no rafting in [111] orienta-
tion. Based on the rafting type prediction results and crystal slip theory, a creep constitutive
model of nickel based single crystal superalloy considering Kachanov-Robotnov (K-R) equa-
tion of damage evolution was introduced. This creep constitutive model was incorporated as a
UMAT user defined subroutine in Abaqus and applied to description of the creep behaviors of
CMSX-4 single crystal superalloy in [001], [011] and [111] orientations at 950 °C, 180~
450 MPa. This model could predict the rafting and slip type of nickel based single crystal su-
peralloy and couple well with the creep deformation physical mechanism. Therefore, this
model could simulate the second and third stages of creep curve of nickel based single crystal

superalloy, as this has been verified by the experimental data.
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Table 1 Parameters for rafting calculation by Mises

stress method

E/GPa o/107 301 @

101 —1.16 0.1

I BRI A N SR SR T A v X M A AR ) SR
T = T2 P9 25 ) B B 5 B 5 AR AT D AT
TR E SCH B THRE S

B @

U= =l )
ay
/\EI:I
. /. ’( iTL c)
azy/Za(i/[lJf—G v }
y
[lJerW(Uz‘JFGj)} {1_ |‘L'i]|} [1_ |Tik|}
E, Gy Gy
7
d, = [1+—Gj W(”"Jr“”‘)}
v
]:1+6k_vy(0i+(7i)} {1_ |r,,|} [1_ |Tzk|}
E, Gy Gy
€))

o ay Faly 43 50 & A 32 A1 430 1) iR Ak AR 1 EE 1R
FHBY S A 5 8 Ey s ove Gy 43 50 2 35 AR 3 1 A
iﬁﬂmth*ﬂ@]ﬁﬁi,Eywveyﬁ‘%’]%ﬁﬂé*ﬁ

SLPERL I A AN LAY AR B RO S R oy
Koo kT g @ ARSI N § 7105 k 7 T
Sy VIR Ay, 52 B AN AR T, @ J7 1) B 5 AL
R AR ORI R AR A R s A @ e A U
HE T 52 e AH 5L 10 BE %5 BE. 24 3 A Jr ] i AR B I fig
0 B T ADLAH AR I N SR A AR 5 25 i RO ST RE 4
BEB T HAG P A I S A PR AR A AL 5 2 A
/INHE B T R 2 B AR5 A A A L e N R AR
R BRI S HOILFR 2,3 S5 R DL 2.

*2 FEHEERLTESHE
Table 2 Parameters for rafting calculation by

interfacial energy method
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Fig. 2 Rafting type contour for CMSX-4 in the
stereographic triangle by interfacial energy

method (950 °C ,450 MPa)
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Table 3 Relations between shear stress and

tensile stress
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Table 4 Relations between shear strain and

tensile strain
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Table 5 Parameters for creep model

L0018t [o11]HuIA (1113 1)

AR 1oLy {111}  (112){111}  (112){111}
N B 1k P B4 gt
n 4.93 5.26 5.79
A/10°° 2.4 0.45 0. 30
w 4.81 5.39 6. 37

m 5 6 7

B/1071 840 9. 44 0.416

3 IRETEREN

AR T LR AL, 45 A R A R T B
Abaqus W P MR8 )7 8 0 UMAT, 2% =
TR Ak 2 U R R T 1 DL R i A A AR 44 ol B R
BT R IT.

FHZ Y, 456 1 A BRITEAF Abaqus
Xf CMSX-4 #8HE 950 °C ,[001],[011]FI[111]3
AN AN [ R 7 7K 09 b A8 AR R AT TR
IR B F Sk [19], A S A g /LA 3
(a) ~ &l 3Cc). i 3o 45 R AT, o il B 2 2 i
i Al A LA S 1 B B (H R AEAE W]
B 2,3 BrBe. R AR 51455 9 Norton 85748 )7 72
FARGRIE G WA AR 2 G . HAE—
AR KB I T30 A 45 A4S BRI T 0 055 728 A A A8
RUTH B 25 R W 50 45 SR A A W) & R, A SO
JHASE A AT LA ff b sz Bl 57 66 B B 5 46 100 Gl A8 78 P

f1h.
0.12
« Experiment!'! - -
0.10] - Simulation 45, 350320 250 180
= 0.08
Z 006
3
Y 0.04
0.02
0 n PR il
10 100 1000
Time/h
(a) [001], 450, 350, 320, 250, 180 MPa
0.12 I [
450 400 300 250
0.10

| = Experiment!"”
| — Simulation

Creep strain
(=]
(=]
[=2)

10 100 1000
Time/h
(b) [011]. 450, 400, 300, 250 MPa

0.12

[ T T] |'
[ 450 400 350320300 2
0.10 0 400 350320300 250

0.08 F

0.06 |

Creep strain

0.04

0.02

0 '
10 100 1000

Time/h
(c) [111], 450, 400, 350, 320, 300, 250 MPa
B3 950°C FLo01],[011]A[ 1111 i) CMSX-4
ORI AR A8 T X 50 25 2R 5 1T F 45 R0 1
Fig. 3 Comparison of [001],[011] and [111] oriented
CMSX-4 creep experiment results and

simulation results at 950 C

4 & it

1) ATy 5 2R 1 7 3 5 T BE ¥4 0 7 B
S5F 2R THD = A HE PN 2% A BB ) R PR 5 < A A AL
FRVPEAT T 0. S5 2R PR T A A R 2
A2 FRIEL001]—[011 T A B AY IR AR
RAEA DX Sl s A7 AN [a]. AELZ 1 7 07 85 BT 7 #4RE S



2330 Wi o2 @

Eitd %31 %

B> TR IS,

2) MRIEEATT IS5 R 545G SR R B D
K K-R 5t 0 24 2, i 7 7 B AR B0 G 4 I A A
B, xL001 T, LOTTIAM[111]3 A~ L B M ] T~ CM-
SX-4 BBHE 950 C YA 4T M BEAT TR M L
T 2 R R WY AT A AT LV A 1 X 950 °C 4% i
TIAR- T B B A I S AT O AT RAE.

e &

[ 1] Kondo Y.Kitazaki N,Namekata J,et al. Effect of morphol-
ogy of ¥ phase on creep resistance of a single crystal nick-
el-based superalloy, CMSX-4[ C] // Proceedings of Superal-
loys 1996. Warrendale: The Minerals, Metals and Meterials
Society,1996:297-304.

[ 2] SHUI Li,JIN Tao, TIAN Sugui.et al. Influence of precipi-

tate morphology on tensile creep of a single crystal nickel-

base superalloy[ ] ]. Materials Science and Engineering: A.

2007 ,454/455:461-466.

[ 3] Socrate S,Parks D M. Numerical determination of the elas-

tic driving force for directional coarsening in Ni-superalloys

[J]. Acta Metallurgica et Materialia, 1993,41(7); 2185-

2209.

Arrell D J, Vallés J L. Rafting prediction criterion for su-

peralloys under a multiaxial stress[]J]. Scripta Matrialia.,

1996,35(6) :727-732.

Buffiere ] Y,Ignat M. A dislocation based criterion for the

raft formation in nickel-based superalloys single crystals

[J]. Acta Metallurgica et Materialia, 1995, 43 (5); 1791-

1797.

Tian S G,Zhang S,Liang F S, et al. Microstructure evolu-

tion and analysis of a single crystal nickel-based superalloy

during compressive creep[ J ]. Materials Science and Engi-

neering: A,2011,528(15) :4988-4993.

M8 et A1 24 . RIL R R A & AR ST BT

PARIA N 5 AR AL ). T 25 3l 3 2 4, 2009, 24 (9) : 2001~

2006.

BAI Lu, YANG Xiaoguang,SHI Duogqi,et al. Crystal-plas-

(7]

ticity-based creep modelins for Ni-based single crystal su-
peralloy[ ] ]. Journal of Aerospace Power, 2009, 24 (9):
2001-2006. (in Chinese)

Reed R C,Matan N,Cox D C,et al. ,Creep of CMSX-4 su-
peralloy single crystals:effects of rafting at high tempera-
ture[ ] ]. Acta Materialia,1999,47(12):3367-3381.

W6 AT R AR L A5, DD6 4Rk o 5 A A AL i B
SR e LA AR R RE LD . A2 B 0 2 e, 2014,29(5) 1 1197-
1204.

[10]

[11]

[12]

[13]

[14]

[16]

[17]

[18]

[19]

Al Xing, GAO Hangshan, WEN Zhixun, et al. Creep be-
havior of thin-walled plate with cooling holes of nickel-
based single crystal superalloy DD6 under high tempera-
ture[ J . Journal of Aerospace Power, 2014,29(5);:1197-
1204. (in Chinese)

Matan N,Cox D C,Rae C M F, et al. On the kinetics of
rafting in CMSX-4 superalloy single crystals[]J]. Acta Ma-
terialia, 1999,47(7) :2031-2045.

Ichitsubo T, Koumoto D, Hirao M, et al. Rafting mecha-
nism for Ni-base superalloy under external stress: elastic
or elastic-plastic phenomenal ]J]. Acta Materialia, 2003, 51
(14) :4033-4044.

Kamaraj M, Serin K, Kolbe M, et al. Influence of stress
state on the kinetics of ¥ channel widening during high
temperature and low stress creep of the single crystal su-
peralloy CMSX-4[ ] ]. Materials Science and Engineering:
A,2001,319/320/321:796-799.

Fan Y N, Shi H J, Qiu W H. Constitutive modeling of
creep behavior in single crystal sueralloys:effect of rafting
at high temperatures[ ] ]. Materials Science and Engineer-
ing:A,2015,644.225-233.

Pyczak F,Devrient B, Mughrabi H. The effects of different
alloying elements on the thermal expansion coefficients,
lattice constants and misfit of nickel-based superalloys in-
vestigated by X-ray diffraction[ C]// Proceedings of Super-
alloys 2004, Warrendale: The Minerals, Metals and Meteri-
als Society,2004:827-836.

BRI, T PR IR AR 0, 55 B RE AT 0 S v 2 K R
BAFIM. dbat Bl Rk, 2008.

HIH, FAESE 1 247 B R L 4 i A AL AR AL BF
FEL1]. fias 8 J1 24, 2009, 24(8) :1691-1698.

CAO Juan, WANG Yanrong, SHI Duogi. A rafting model
for creep of Ni base single crystal at high temperature
based on microstructure cell [J]. Journal of Aerospace
Power,2009,24(8):1691-1698. (in Chinese)

MaclLachlan D W, Wright L. W, Gunturi S,et al. Modelling
the anisotropic and biaxial creep behaviour of Ni-base sin-
gle crystal superalloys CMSX-4 and SRR99 at 1223 K[ C]
// Proceedings of Superalloys 2000. Warrendale: The Min-
erals, Metals and Meterials Society,2000:357-366.
Jacome L. A,Nortershduser P, Heyer ] K, et al, High-tem-
perature and low-stress creep anisotropy of single-crystal
superalloys[J]. Acta Materialia,2013,61(8):2926-2943.
MacLachlan D W, Wright L. W, Gunturi S, et al. Constitu-
tive modelling of anisotropic creep deformation in single
crystal blade alloys SRR99 and CMSX-4[] ]. International
Journal of Plasticity,2001,17(4) ;441-467.

(R#. TR &)





