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Comparative study on high cycle fatigue life of single crystal turbine blades

with two drilling techniques based on critical plane method
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Abstract: In order to study the effects of femtosecond laser drilling and electrical discharge machining (EDM) drilling
on high cycle fatigue life of nickel based single crystal turbine blade, finite element models for two drilling methods were
established respectively. In the process of finite element calculation, combined with the constitutive characteristics of
nickel based single crystal and the crystal plastic slip theory, the user defined material mechanical behavior (UMAT) of
the single crystal constitutive model was written, and the shear stress distribution on each sliding surface of nickel based
single crystal under high cycle fatigue boundary conditions was calculated. Based on the critical plane method, different
damage criteria were established for the sliding system and sliding surface under specific stress state. The damage criteria

of nickel based single crystal turbine blade suitable for femtosecond laser drilling and EDM drilling were selected, and
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the high cycle fatigue life prediction models were established respectively. The high cycle fatigue life of single crystal

specimen and single crystal turbine blade with two drilling methods were predicted, and compared with the actual high

cycle fatigue test results. The comparison error between the calculated life prediction results and the experimental life was

about 10%. The research results provide a reference for optimizing the processing technology of aeroengine turbine blades.
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Fig.1 Schematic diagram of single crystal slip system

MR Schmid & H, HE S 8 WU g 1 AR A
¥ 2 LR OIN SN AE KA, Bl
,z.(u) =g : P(u) (5)
AP 2N BB R BRI, o W
I A7
PR

m(a) (n(a) )T + n(a) (m(a) )T

po = . (6)
o m R R o AT R, n ST
LTINS T

PR HUR B2 L) el e 15 3, MRS Schmid
ER, WHRSVIN T 7,5 o RN
7, =S80 (7)
AP SO Schmid F A . [001 ] HR ) (Y 54 1
ES VSRR IN TS

A1 [0011H 189 Schmid & # B F
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Fig.3 Typical morphology around holes with different
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Tab.3 Roundness measurement results

S hw s A M\ pm® KR EA/ um f/NEAL / pm W EAE / m JEHK £ um 532 / um
8t 297 571 628 593 613 1971 18
9 269 204 603 567 583 1859 18
CHEOGITALEE 108 275602 602 571 590 1894 15
11# 306167 639 607 622 1993 16
12# 274658 603 573 588 1883 15
21 294 564 646 585 609 2007 31
3# 309 182 687 585 624 2050 51
LK AR TFLIR 44 300411 647 581 616 1986 33
54 261 527 612 553 574 1886 29
6# 304 462 654 583 619 1997 36
N 3 AEBEESRGED
box (a) BRI R R

(a) Global finite element mesh

(b) LA M#%

(b) Finite element mesh around hole
7 TR AT FR TR R

Fig.7 Finite element model of drilling specimen
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Fig.8 Finite element model of turbine blade
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Tab.4 Fatigue parameter calculation

IGEEZS I EL/ eycle Dy Dy Dy
5% 10 126.761 1 4.313735 0.000 437
1x10° 116.759 3.659 842 0.000 371
5x10° 96.754 84 2.513 199 0.000 255
AT RS 2
1 x10° 89.202 25 2.136 157 0.000 216
5% 10° 73.688 82 1.457 755 0.000 148
1x10’ 67.973 34 1.240 391 0.000 126
5%x10* 146.371 1 5.654 275 0.001 311
1x10° 134.8217 4.797 178 0.001 112
5%x10° 111.722 9 3.294 204 0.000 764
QEILEN g2
1x10° 103.001 9 2.799 991 0.000 649
5% 10° 85.088 52 1.910 769 0.000 443
1 x 107 78.488 85 1.625 857 0.000 377
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Fig.9 Fatigue parameter-life curve of critical plane method
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Tab.5 Fatigue life calculation results of single crystal specimen

4L HisE P54 [ eycle G A / eycle B2 %
Dy, = 111.592 748 768 820 790 8.77
KO AL Doy = 1.973 363 4389518 820 790 81.30
Dy = 0.000 271 1390 650 820 790 40.98
Dey, = 230.29 24 025 275238 91.27
i K AEFT AL Dy = 3.226 091 248 024 275238 9.89
Dy, = 0.000 299 118 327 275238 57.01
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Tab.6  Fatigue life calculation results of single crystal turbine blade

L2 Witz ht T FF 4 / eycle I8 H74i7 / cycle R2E %
RO TAL Dy, = 119.85 33270 475 36 566 724 9.01
B K IEFT AL Do = 2.603 302 8 806 703 9834 141 10.45
5 z:él: i/lf\. Equipment Manufacturing Technology, 2018, 16 (6) :

1) T AN RIS, gl TR S A
B UMAT )%, I8 A ABAQUS A1 FR T 73 #r
gL

2) S M R EOGHT FLATEL K AEFT LSRR SL
DA RE T 0 B X B A0, o A ke R RO T =X
R 5 E 7 A BT RL, BT UMAT 15 2 L&
Gy VI F1 oy A B L, S5 KON T 4 5 SE BRI T
S0 EHIR

3) GG Tl B 1 2k A9 B0 1 B0 57 A Ay
I A BIME A SSR. CCB I Walls 5 iy 1 1)
BRSNS R SOEHT LA A A8 T AL 2R R E R
ek R T A IO, S5 . X T RO
FIFLARME B Foimi v, 8 P SSROASE R o4 ik B 0, 7
JEL 9 55 75 A HEA T TN -5 S PR 46 A 45 v I AL B
X TR KAEFT AL, 306 CCB AR 15 4 35 B o
P 55 5 A AT TN 5 S R 00 A e LA B
TS 2 A F R A 0 A 2 A 100 2 2R 53
B A5 X FLIR 22T 10% A2 47 o

S Sk
X, T, T, 45 . B S A A IR R
Sk REAT ST UE R (] h E AR E R, 2024, 43(10)
891-901.
LIU J, WANG L, YU M H, et al. Research progress on

[1]

the service environmental performance of nickel - based
single crystal superalloys[J]. Materials China, 2024, 43
(10): 891-901. (in Chinese)

AR, SRORSC, BSOHE . S A5 B i A it R
AL L BT o A ) R B BEE Y 0], e A ROR
2018, 16(6): 192-195.

JIANG Z G, ZHANG B W, ZHAO W B. Research on

[2]

quality control and improvement of film hole drilling for

single crystal turbine blade with complex structure [J].

[3]

[4]

[5]

[6]

[7]

[8]

192-195. (in Chinese)

MUSHONGERA L T, KUMAR P, SANGID M D. The in-
teraction of point defects with stress fields generated by
persistent slip bands in face - centered cubic nickel [J].
Advanced Engineering Materials, 2020, 22 (12). DOI:
10. 1002/adem. 202000490.

BELYAEV M S, MOROZOVA L V, GORBOVETS M A.
Failure of single crystals samples of experimental nickel
superalloy tested to high cycle fatigue[J]. Inorganic Mate-
rials: Applied Research, 2021, 12(1): 208-215.

LI P, JIANG W, SUSMEL L, et al. Porosity-related high-
cycle fatigue strength of nickel-base single crystals: fa-
tigue experiments and electron back - scattered diffraction
analysis [J]. International Journal of Fatigue, 2023, 168.
DOI: 10. 1016/]. ijfatigue. 2022. 107374.

JIEE, TR, PReR, A5 UL DD6 B L B i
B e TR O SR RS AT Y () ). HEREROR | 2024,
45(8): 198-206.

LU X P, WANG Y, CHEN M, et al. Effect of gas film
holes on high cycle fatigue strength of DD6 nickel base
single crystal superalloy [J]. Journal of Propulsion Tech-
nology, 2024, 45(8): 198-206. (in Chinese)

1A, BRIGHIE , BT, 5. DD6 5 i A A
BELUREE e IR s 55 [0 . s #Hkb i, 2023, 43
(2): 98-106.

GAO Z Y, CHEN H H, CHEN X, et al. Ultra-high fre-
quency vibration fatigue of DD6 single crystal superalloy
simulating thin-walled specimenS[ﬂ. Journal of Aeronau-
tical Material,, 2023, 43(2): 98-106. (in Chinese)
gk, TR, AR . AL T2 DD6 FR ik B
e il AR R SF PERE RO RE R () ). M TSR,
2024(1): 31-34.

ZHANG Z J, ZHANG M Q, PAN Z F. Effect of different

craft on low cycle fatigue life of single-crystal nickel-based



RIS

Bit5HE - 49 -

[9]

[10]

[11]

[12]

[13]

[14]

[15]

superalloy DD6 with film - cooling holes [J]. Electroma-
chining & Mould, 2024(1): 31-34. (in Chinese)

KA A, TR . DD BRI B SUBEFL T R 9 07
PEREWFFELC L/ Rl THORE e SRS %L — 21
17 Jri A FE RN T2 AR BGE SR, 2017,

ZHANG Z J, ZHANG M Q. High cycle fatigue properties
of DD6 nickel based single crystal gas film hole plate
[C1// Intelligence and Precision of Special Machining
Technology —— Proceedings of the 17th National Con-
ference on special machining, 2017. (in Chinese )
SAMAL M K. Simulation of material stress - strain curve
and creep deformation response of nickel based superal-
loys using crystal plasticity based finite element models
[J]. Transactions of the Indian Institute of Metals, 2016,
69(4): 949-960. DOI: 10. 1007/512666—015-0591-z.
HILL R, RICE J R. Constitutive analysis of elastic—
plastic crystals at arbitrary strain [J]. Journal of the Me-
chanics and Physics of Solids, 1972, 20(6) : 401-413.
DOI: 10. 1016/0022-5096(72)90017-8.

SCHMID E. Plasticity of crystals with special reference to
metals[ M ]. 1968.

KWy, milgz . iz KEPLm e i BRI T T
Z[J]. THHEA, 2020, 51(12): 82-86.

SONG J B, YI H'Y. Technology for gas film hole of air-
craft engine turbine blade [J]. Tool Engineering, 2020,
51(12): 82-86. (in Chinese)

WAL, XA, sk NI, 5. JE TR A 31 19 AR
WA sl 57 Wi 245 0547 S 0], R i 5
By, 2023, 18(1): 29-36.

CHEN X, LIU X L, ZHANG J G, et al. Study on vibra-
tion fatigue of working blades with high vortexes based on
abrasive flow[J]. Failure Analysis and Prevention, 2023,
18(1): 29-36. (in Chinese)

AR, BOCI, BORL, 55 BT FOT R R A b
B2 % 57 B0 2 BESE[T]. V6 2380 R4l
2003, 37(11): 1182-1185.

QID T, CHENG G X, DUAN Q, et al. Multiaxial fatigue

[16]

[17]

damage parameter for fibre-reinforced composites based on
a critical plane approach [J]. Journal of Xi’an Jiaotong
University, 2003, 37(11): 1182-1185. (in Chinese)
FORHE, AR, PR, A5 T I S T A B
B T R R S BERL[]. A B s
2017, 32(3): 677-682.

WANG R Q, LIM Y, JIANG K H, et al. High cycle fa-
tigue life model of nickel base single crystal superalloy
based on critical surface method[J]. Journal of Aerospace
Power, 2017, 32(3): 677-682. (in Chinese)

CHEpUE RN ZE Ros . R BRI 452
&AW RG4S HEmREGSIM]. dtat: b E bR
HifiA:, 2002.

China Aviation Materials Manual Committee. China aero-

nautical materials manual: volume 2 wrought super-

alloy cast superalloy[M]. Beijing: China Standards

Press, 2002. (in Chinese)

(AX%#E: % EZR)

®E—1EE. kR (1998—), B, BT
T, AL, ARSI SR 5%
%ﬁiﬂo

BEEE: oo (1965—), 5, #
B, WA, FEPRIT N AT

it



