‘72-'76
'76—78
'78-"81

‘8185
'86—'87

'87-'93
'93 - x|

(AEFEE WAAETE

MEBUH(SAD
SHRTFER (HAD
BRI IS AT A(ATR)

Rensselaer Polytechnic Institute(2FA})
Rensselaer Polytechnic Institute(®78)
O|= Textron Lycoming Company(%i7-2)
27| AAT YA

CTR-

=

CERESRVEREEE S

"73-'77
‘77-'79
'83-'87
'89-'90
79— 8%}

oMy SESER(EAD
32ope 2IETHHAD

$F Monash University(2tAH)

0|2 The University of Michigan(3173)
HAT|AG T HAATH

LI

257 o3

©

1 HRAL

7h2Eule] glo)N 9249 o & (Fatigue Life
Prediction)2 #&9] £4219(Component Failure
Analysis) 35t obu] 2} 5-E9] A A (Component De-
sign)ol = AMSET 1 olfE A RE H
Z2ay g Arle Al A4 &£4& %
A87] 13 A Yoz HZEAHQ Overdesign®l
W& Performance PenaltyE £¢ 23 uwFoju},
getA 7t 2E9 F2ndd iy dAE
&} Endurance Limit WA dA3= A Bog
A& 25y 3y e ARt BF9 4A
HAE o]Fn AAHoE 7hAHWY HES
(Specific Fuel Efficiency)& Eole AHo] ulgta)
k971N A suA B AL A4 BY
oz Jt2EYl AN B2y oo
AH8-5€ Local Strain Approach Jolt}, o] Wy
7Yl 2Fo] FAE FHMd Hgist
doj}A] =& BF9 Worst Case Loading 4
oA $9E d&se whdoln g H
EEAXE BAHOE T3 Y2937} dojd

£9] 013 HAES (Minimum—3Sigma) & A
EA BEAXE g,
2. §Y F8Y¥F Design Criteria

7}2EHl 7 BELE AA Rotating Compo-
nent$} Stationary ComponentZ “HT}. Rotating
Componentd F8¥FE %% 7|(Compressor)
Bl ¥l (Turbine) 9 Y2 Z(Disk) ¥ E#ol=
(Blade), Spacer, Shaft, Bearing® Seal5°] U,
Stationary ComponentZ+ Compressor stator, Tur-
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bine Nozzle, Housing® CombustorZ &4 31t}
o] REEL 1A 715 §¥ 2 24xd
oA AHgHEZ REIAAA HE24YE I
si3t7] fsiMe A RF AeAH, 2= €
SEAH Toll g A3 £43 A7) Mission

Cydedl & AA Sl FEFY d35Hol

FIAEBl EQEE Design Criteria

OLow Cycle Fatigue

OCreep or Stress Rupture
O Corrosion/Oxidation

| ODeflection Strain Energy
| | OStability Margins

OLoad Transmission
OBlade/Vane Clearance -

Stator ,
Nozzle

OCreep or Stress Rupture
O Corrosion/Oxidation

OLow Cycle Fatigue

OThermal Distortion and
Incompatibility

O Buckling

OContainment(e.g. Blade Loss)

OLow Cycle Fatigue
OHigh Cycle Fatigue
OFatigue-Creep Interaction
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STEY o9} 22 AL AFAAH] e A
A Mg o 53 F83 €k 7l2HY
F8HFY HAA 12se F8 Design Crite-
riag ¥ 19 AY3Yc) B 25 RE J2550)
4gL Fe JAEE Q43 Holth

E 2. JlABY 2B H2430| 288 Fe
oIx}

Complexity of Design

Frequency of Cycling

Cycle Duration

Mean Stress

Multiaxial Stress Effects
Exposure Time to High Temperature
Environment

History of Prior Cycling
Variability of Component Usage
Material Anisotropy
Metallurgical Change

Material Processing Techniques
Synergistic Effect
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183083 AFo2 §49] W2 o] B oY
TZE %2 7IARE 3399 QHAE o]ie] ¥
2o g AoZ FHHUL Z Fokoll Techno-
logy7t HEd EHdE 7|43 dAqd 9%
5339 HAE o]go] mzo| o Aol 3
AE BE 59 HzIYe 89 AN
4H5% #AE AT Yok

72 RE9] gEdie ta3a9e Bio
=7} 799 A = Disk Fir Tree ¥, Disk Bolt Hole
5% 9 Disk BoreF $8 I35 o] dojute 2&3
Blade Root Serration ¥ 24¥¥o] F35 0o
dojubAl A} FE 0l Cyclic Loading ©] ¥HE-H+
T4 §¥o] FFHe ¥9t Cumulative Da-
mageS WA S 1 o] FEY A4 (Crack Initia-
tion)# A3} (Crack Propagation) 2 ©]oI A A At}
H27dde A% AGE Ure 548 AAe
YA Jt2HE dAY2A9 A9 HHA ¢
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0.76mm Zole] #do] A4 74 Crack Initia-
tion Period2 A3} gich.

HeAHoz Jt28W RE9 £ F Service
Bulletin Life #EX44 7HA9 Cycedt 1218
o HZ nFFFo M= Damage Tolerance De-
sign¥ Retirement For Causes9] 7HdVS EUi2
Fracture Mechanics® A &9 Crack Propagation
EAS o433ty f2zaY FYS 4 sz
&= MZE A= & ENSIP(Engine Structural In-
tegrity Pragram) Technology2] 7l'&¢] o]Fojx|1
A2 v=9 A v I AAd AR
712 23 F-16719] 33718¢ PWAAHS] F100
AR Agoez FLAIIL Uk

ENSIP Technology 7129 &71€ 71€9 %
42 wgoz EHAF daa 3 100075 17
2 #go ddde A AHe F94F
W] EAEA 7|Q1gch, ENSIPO &% &
Fo FHdEZL o3 B2 d7lgel ¥ad
Fofojt},

7t2HYl BE9 £HE 53] HdAMe
BEo AHeEe A5 §4& Yolof gt &

HoZo o dolgke AR U, WY

A%, 9Ax%9 2L Physical Properties®t <1
A%, A&, AYFDZES Mechanical Prope-

rties®} Fatigue Properties 2 Corrosion® 22 En-
vironment 9% X FF9 7tz wE
Surface Condition $& F%eh3tth

F9 &S 93 Information Flows =233}
E 33} o] E¥Y Missionol g &S &
Ma ALY, $EAT AFA &A=
FHdZo] AYH L AT FHASS A
3o =83 Aurl 28582 RE9 Fa%d
w2} Life Analysis®] S8 F 4949 o
g3 Atk #E 4€ HF9Y § AWMz 3
Al A Abg-ste WEOE AFZAW O W
Ho| tE £ it} £-F9] 92 £ & 4F3)7)
913 9 2 A8 Rotating Beam Test\} Axial Load
Tests] F7HA H¥go]l St Axial Load Test7}
RHAoz AEHEI glth, I o]fE Rotating
Beam Teste A E 3o Stress Gradient”} &)
37) W&o dukFQ Ao A HAAE H4 Y
F71 §17] et HEAF AHgEHe AE
WL Hour Glass Type® Uniform Section Type®)
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LIFE ANALYSIS
LEVEL 1 LEVEL 2 LEVEL 3
*NO A RATIO *NO A RATIO A RATIO
ANALYSIS : EFFECTS EFFECTS CORRECTIONS
« FATIGUE DATA: * FATIGUE DATA: « STRAIN CONTROL
—NOTCH BAR —~NOTCH BAR LCF DATA
LOAD CONTROL LOAD CONTROL « NON LINEAR
—STRAIN CONTROL —STRAIN CONTROL DAMAGE
«BASED ON STEADY  «BASED ON « MISSION
STATE ANALYSIS TRANSIENT ANALYSIS
ANALYSIS
« FIELD « FIELD * FIELD
VERIFICATION - EXPERIENCE EXPERIENCE EXPERIENCE
* ENGINE LCF * ENGINE LCF
TEST TEST
*SPIN TEST
NEW PARTS
« EXTENDED
SERVICE LIFE
PROGRAM

2 A g Aol Cyclic Loadings 7} 3¢ Steel>
gty oz # &elA QI%ol Fatigue Limit &
Endurance Limit& Ueldth & o= §8 o|3}
M= ofFd 2 Cydic Loading® 71349 %
2337t dojvx gete Ao, Yy
7h2ENle] FREFE AMgHE ABEL A9
ol#]¥ Fatigue Limite #4E HolA Yok
et AZANEY 2ol 4A dF F e
diolElS o] 83t dlojelE dwedl AH A
H]7} o] 285 E Strain-Life Curve® F33he
e AMRE 71 gl e AEE §9
Holetg EUZ #9433 B-F9 AAFA37}
o|Foj Ao} F},

249 ¥2&¥d g AYAEE vehle St
rain-Life Curves 198 13 22 LCF(Low Cycle
Fatigue) #AH9 od&)78e] SN CurveE F33
2 19 29 22 Goodman Diagram® § F
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Aot o] F CurveZ} 7FAEIH] RF 9] o2
7}4 B Ao 2 Ho| 20]8] Goodman Diagrame
F%9 HCF(High Cycle Fatigue) %< A4E

o Ag-Er,
Elastic Plastic

e Ae _ o (oneter(aNDe
§ 2 E
[Ty
E o  Total =Elastic and Plastic
FE[D
g ™ Blastic
@ 4—-Plastic

1° Reversals to Failure, 2N, 10

328 1. Typical Strain-Life Cunve
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N

MAXIMUM STRESS, ksi

Typical Constant Life Fatigue Diagram for Custom 450 Stainless
Bar in the H900 Condition at Room Temperature

(Axial tests using longitudinal specimens)

Ao- TEST CONDITIONS 1

16! 3

- 75 ot Unnotched, K, = 1.0 1

so | ALTERNATING STRESS, % :&{ Bl Nolched, K, = 3.0 ~===- 3
F ksi 50 A 1% p

5 A=y 4

tod A =.95" 3

s 25 A =.33 -
0 feal Lasal sadaaea byl adtaan L 1 . A WIS T IRIPIPS ENPENT BRI

~150 =125 -100 -7§ -=50 -25 0

MINIMUM STRESS, ksi

S0 75 100 125 150 17§ 200 22§ 250

12! 2. Custom 450 Z2| Goodman Diagram

29 19] Total Strain Amplitude (SE)E  Blas-
tic Component®} Plastic Component® WHEd] 1
Z} Component® Log-Log Scale oA Aoz
vebdt}, Cycic Loading®] Strain®]l 4% &
AF7] W2 M= Plastic Component’t FH&
#9233 Straino] #& 1F7) H2AE Elastic
Component’t &3k, 94714 o A9 A4 o,
b, &% c= AR VEAH AZEHS dF%e
Ro2A 78R Strain®] & AF7] HRoMe
e°l 2% F Dudility’t & w40l 7183 St-
rain®] #& ILF7] HI2IAHE o0l  F Stre-
ngth7t & F%°] ¥F9 H2FHEE I3} A
Aed fEsides S BAEY

Aol A AFFARC] 7AW t2ay B
ol=g &8 AFo| dojut AFWHo| oy
BRO Disk Tenon, Disk Bolt Hole, Disk Bore$}
Blade Fir TreeS-9] #-20it}. o]t 22 &R F o]
Yol HEL 1Y 30X} Po] FRAHoE

# %

Ac

___Free Body
of Structure

Structure under

Z— Stess-Controlled
Conditions

Ao

18! 3. Strain Controlled Test Specimen Simula-
tion for Stress Concentrations

123



1,35

(]

w o,

N

i
N

Stable Behavior

L/

Cyclic Softening

e

(3]
-

4

Cyclic Hardening

18 4. Schematic Representation of Material Cyclic Behavior

29 E dodle R9E A °gE B
e d tlo] dojyug REAAI} Load Cont-
rolled Condition®] o+ A= FHHZFo|l oAt
&AW go] dojd B8-2 Strain Controlled Condi-
tiondtoll JAAETE Wt £F9] £ & Fdo
7171 RA9 CydeFE 47 fxe 219 3
ol A Zo] Uniform Section A@Ho] FFFo]
Yojube o] kil 7HA 3L Strain Controlled
Conditiono| A HZ A 8-S 3AET)

F40| Cydic Loading® W& o 19 4049
7o) Stable, Softening £+ Hardening® Z<& @
A& UepAT), o2} % Softening/Hardening #/3-&
7} A Strain®] 2719 w2} BFEHA W3 H7=
gk durdo g w24yl 50 HAES
th27] Aol Stable Stress-Strain Behavior %, <t
A ¥ Hysteresis LoopS FA3tch

4. Local Strain Approach®} Cumulative
Damage

2Rl BE9 H2eys d33e MR
BHAQ W o2 Local Strain Approach® "E &
F ed 2 e dsiA dYsin ggol
AA & 5o 1 WHE & duz o

Local Strain Approach®] 7123 W2 ¢4
B-%9] Strain Historys €3 A& Cyclic Stress-

14

Strain AE# Strain-Life FAE St 7133}
g 2o 9AE A3
(1) Nominal Strain® Local strain® 2 HHET},
(2) Local strain® 2 %-E Local stressS T8t}
(3) 7 Hysteresis LoopE< A3t2 1 24 Hystere-
sis LoopE 2 Ag, Ao, 6mx® Omns S T-3HTh
(4) Zt7] Y& Hysteresis Loopdl ¥AE HZF
3-g ALg
(5) Miner's Rule®% 243+ Composite History®l
g3 J2 $HE 2R
Step(1)¢] Nominal straing Local strain® 2 4}
¥ A& Neubers Rule®& o] &3ta Aitgit
Neuber's Rule® £AWdo] FHAHoZ dojdn
Local Stress®} Strain2] Concentration Factor®] &-&
84k A A3} Elastic Stress Concentration Factor®]
AFH 2rhe Ao oRAS 2oz EAFY

4714 o9 g& Local Valueo]Z s} e= Nominal
Valueolt}h. oA & A 3d

o * ¢= (ke * E=Constant
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o] @A o] dojZt}. o] Neuber's Rule? Cydlic
Stress Strain Curve 12]i Hysteresis LoopS ©]
&34 Ao, Ae, Oum & 5% T F Utk

Step(3) —step(5) & ZAE ASoA Aol
+33h= W FEH A Y Block Loadinge] A3 Av
Strain Amplitude®] 2717} & CyceEol ¥
&7l & Cydes °l& A% Z Block £+ Cycledl
¥ Damage® Mean Stress ¥ 233}
731 Miner”} A4 Linear Cumulative Damage
WS o83y HEFYHE &3l wyolt)
o] H& of T Leveld Creep Damage’}
EAE W AY¥+H g A4+t Robinson Life Fra-
ction Rule”#} ¥]&:3 wWjoln),

5. Local Strain Approachel &3+ LCF
T 39 AA

7t2EY A2 & AU 7t o) S o]
4a¥ BHigaa 2FS FEM(Finite Element
Method) o2 HAENE & 2 60T &
Eo A 6=1380 MN/m*¢] §¥o| SHH 22 Disk
Tenon®ll A3t 1 ¥¥o] Disk® Life Limiting
Locationd-& &gt} 600CAA T2 &A1 St-
rain Controlled LCF Curve’t $ithi & Disk
Tenon°ﬂ*1 A3Ea g WYg 13x -r%‘

< F3e dE EoJEA

fxila 7vd3] 317 Y8t iz 271 O
59} %] Elastic/Perfectly Plastic A%< s+ Al
£ 7ML A5 2= wE @AFY
2= (Yield Strength)7} E 59 2tz 3zl

I b 20 Mg CA7 Ax) EA w5

G0 {——~

Y

=T G

8 5. Elastic/Perfectly Plastic Material Beha-

vior
W
o c _
Eelastic R
1380 MN/m?
or 00084 m/m
Time

7o) Start-Stop (F Zero to Max to Zero) S
& o Disk Tenon ¥$1¢] Elastic Loading® £4]3}
3t 1% 69 o Neubers Ruled &3

# #

12! 6. Disk Tenon Elastic Loading Cycle During
Start-Stop

Omax * Emax— (oelastic) (Selasic)

— (o'elastic)z o] q_

- Omx " E

JN

23 2A)7} Elastic/Perfectly Plastic Material
O|B2 gz 600CNA 9 FEZE2Q 830 MN/m’®
% #2d

_ (1380
T, e = 330) (160,000

=00143 m/m
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Z d7 FFA HPHFEE £n=00143 m/me
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o] A% o] Unloading®] dol'd Wl P A
RE dojuyi o|RAE =48 3 1Y 83} o]
€} Unloading 83 Guniosans™ 1380 MN/m’0] 2,
(=1660 MN/m?) Bt} zo2 2 UnloadingS Elas-
tic ¢ Woli Unloadinge 1% 89 QAE7HA
dojtt}, webA dFo] Start-Stope] T Cycled
°]& W Disk Tenon] Cyces 8.9F3t 137 9%
23 A Cycde Fo doue dd CydeES
Pst QA YolutA € o] AHE A3}
i 6% #tl

4
O (MN/m?2)
8301 P
|
I
|
|
| |AO =OCdasic
: = 1380 MN/m2
- .
!
1 .
i €
.550-—-9_[ ______ PO
|A5=0=|m-c/g [
=0.0084 m/m

c“
. C
elastic P Gelastic = 1380 N[N/m2
oo |- 60=830 MN/m?
|
|
|
|
|
|
L >
——— )
— | £

12! 7. Calculation of Max Stress and Strain

Ac d
20}
Gelastic |- Q
“Origin at Point P Ae

J& 8. Unloading Curve from Point P

¥ 6. Disk TenonOlA{2| Loading Parameter

8! 9. Summany of Cyclic Loading at Disk
Tenon

¥ 6914 57] ok A A5 24T
53 g7 dA g3 ¥¥E Jd< Fuly
Reversed Conditiond] 7H7+417 A & 4 gtk
2 109 vebd 23 A 600CAA Y St-
rain-Life BANM Ae=00084 m/m ¥H9 o
He vgs3ay d24+%E 700 Cyde 9 ¢ F
Ak

100
Disk Material
Total
Strain 504 T=600°C
Range l;ml]l.z)ency =0.5Hz
A¢, =L
(m/mx10-3)

UL Ssegeom

S

Life-Cycles

2] 10. LCF Curve of a Disk Material at
600C

0.0084

0.0084

0.0084 0.0143 0.0059
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6. A5 )

o3 2ol 198 A Local Strain Approachol
A% 239 sy o Wie 284
ay obfE] olgFoz =gyt AT 49
dEFHE A3 = AA Feldld 23§
FRAE AAY Zol7t AL & Jon $id
%9 AIEE Y¥3E JAZA Heat Transfer
Analysis® Stress Analysis®] Analytical Accuracy,
Mission®. 2 % 2] % Duty Cycled] A Hlojid A4 ¢
A7 Cycle, #3E3 7t22Ee 24 1283 Ma-
terial Behavioro] t)g ©ojele] RE 5& E 4
A, B £9 d3A] @7 B3 ZAde
A 24 Surface®} Grain Orientation®] %%, Load
Sequence (High-Low vs. Low-High) 9%, Data Sca-
tter®} Multi-axial Stress Field®) 9% So|t}. o}3
o FAES o 1T FHd2Ee glon
goz olo] g A7t "edt 53] A
ZI2EHlo g Fgo] F& A Aty <o)
WFSL o] B4 gulYdT &59 Asoz ¢
£330 Rim =7} 760C7HA 7jdisa glo] ¥
Aoz oAEE Fatigue-Creep-Oxidationd] 4
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