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Redesign of Dovetail Joints Based on Estimated
Low Cycle Fatigue Life

Strain Posavljak, MSc (Eng)l)
Stevan Maksimovi¢, PhD (Eng)?

Fatigue life behavior of the dovetail joint of aero engine axial compressors and its redesigned version were
investigated in this work. It is shown how redesigned version increases low cycle fatigue life. It was assumed that
elements of joints are made of steel 13H11N2V2MF of known cyclic properties and subjected to blocks of variable
force. For the purpose of low cycle fatigue life estimation, the block of variable force was decomposed on the simple
cycles. The stress-strain response at critical points, for all simple cycles, was determined using approximate Sonsino’s
curve, cyclic stress-strain curve and Masing’s curve. Stress concentration factors needed for application of the
mentioned Sonsino’s curve were determined using the finite element method. Palmgren-Miner’s rule was applied for

damages and low cycle fatigue life estimation.
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Introduction

N attention in this work is focused on improving

fatigue life properties of aero engine structural
components. In aircraft design two approaches can be used:
the first require design of structural components without
cracks during total life and the second approach deals with
allowable cracks in structural components during total life.
Fatigue life management of aircraft gas turbine rotors is
usually based on a safe life philosophy [5]. The last
approach is known as a damage tolerance approach [9-11].

Dovetail joints are mainly applied for disks and blades of
aero engine axial compressors. Because of simplified
manufacturing, these joints can be seen on disks with
narrow and wide rims. Low cycle fatigue (LCF) life of
complete disks, in many cases is dependent on LCF life of
dovetail joints.

Bad dovetail joints can provoke “premature” cracks and
fractures of aero engine disks and blades. If it happens, it is
necessary to carry out redesign using estimated LCF life as
the key verification parameter.

About a dovetail joint

The joints of blades and stage 1 low-pressure compressor
rotor disk of R25-300 aero engine are dovetail joints. This
disk made of steel 13H11N2V2MF cannot attain prescribed
service life of 1200 flight hours. Because of “premature”
cracks in the area of transition rounding at the bottom of the
dovetail grooves, the average service life of the mentioned
disk amounts approximately to 25% of the prescribed
service life [1]. The example of “premature” crack on the
observed disk is shown in Fig.1 [2].

It was concluded that the geometry of the existing
dovetail joint of the disk with blades was not satisfactory
and its redesign was asked for. The aim was to obtain a
joint more resistant to LCF. For the sake of simplicity, the
joint was reduced to a plane problem. Two types of dovetail
joints were discussed, the existing dovetail joint as joint J1
and the redesigned dovetail joint as joint J2. In a different
way LCF life of these joints has been analyzed in [3]. The
joint J1 loaded by force F is depicted in Fig.2.

Figure 1. The example of “premature” crack on the observed disk [2]

The difference between joints J1 and J2 is only in the
form of lower parts LP1 and LP2. The lower part LP1 has a
transition rounding with the radius R1.7 while the lower
part LP2 has the transition rounding with the radius R3
(Fig.3). The rounding with the radius R3 is a result of an
earlier investigation described in [2].
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Figure 2. Sketch of joint J1 loaded by force F
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This time, using analytical approach it was necessary to
establish that the transition rounding with radius R3 on the
lower part LP2 can be applied for increasing of service life
of stage 1 of the low pressure compressor rotor disk of R25-
300 aero engine. It was assumed that the joints would be
loaded by the block of variable force F presented in Fig.4.

For the purpose of estimation of LCF life of the dovetail
joints, the block of variable force was modified and
decomposed on simple X-Y-X force cycles (Fig.5). The
levels /i/ and numbers /N;/ of these cycles in the block are
given in Table 1. The decomposition of the block of
variable force was carried out using the method of
“reservoir” [4].
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Figure 4. Block of variable force
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Figure 5. Modified and decomposed block of variable force

Table 1. X-Y-X force cycles

Level, i X-Y-X; Cycles in block
: [kN] N
1 1.6-32.0-1.6 1
2 12.8-32.0-12.8 3
3 19.2-32.0-19.2 2
4 12.8-25.6-12.8 1

Table 2. Cyclic properties of quenched and tempered steel
13H1IN2V2MF [3]

i
g
- = |
. LPY Thickness 10
- . -
i
8
- 0 B
LP2 Thickness 10
v

Figure 3. Lower parts LP1 and LP2 of joints J1 and J2

[Property Value
Modulus of elasticity, £ [MPa] 229184.6
Cyclic strength coefficient, K* [MPa] 1140.0
Cyclic strain hardening exponent, n’ 0.0579
[Fatigue strength coefficient, o’ [MPa] 1557.3
Fatigue strength exponent, b -0.0851
Fatigue ductility coefficient, &’ 0.3175
[Fatigue ductility exponent, ¢ -0.7214
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Material nominated for manufacturing lower and upper
parts of dovetail joints is quenched and tempered steel
I3H1IN2V2MF (heating at 1000°C, oil quenching,
tempering at 640°C an air cooling). Cyclic properties of this
kind of steel are included in Table 2.

Stress-strain response

At the beginning, the lower parts of the dovetail joints
were observed as ideal elastic bodies. The stress response
of these parts was obtained using the finite element method
(FEM) implemented in I-DEAS Master Series Software.
Their symmetrical segments were separated and discretized
by plane stress parabolic elements (Fig.6).

LP1

Figure 6. FEM models for stress response calculation of lower parts LP1
and LP2

The maps of the principal stresses oy in Fig.7 were
obtained for the most negative case of loading. The contact
between lower and upper parts of the dovetail joints was
replaced by the nodal force F'= F,x = 32 kN.

ey [MPa] ay [MPa)
106 A8 TRLzE]
L 3N hexh 2
+103 B v A
iz 43 LR m
e . 190568 MPa rET i"r'lﬁ’l"lﬂ WPa
1 Il 1 § TS N
F B {21 Bl 1]
FERL | B omm
R il T
03 = LALE
[ R H bk ]
FEt1T LR
ERE T L1y
553 dTa TR
b odl H W T
And il Al #
| TRE LT
VT T3 - 1
R T
00 ) 4
AR LA 129 LP2

Figure 7. Maps of principal stresses o of lower parts LP1 and LP2

The principal stress o; has a maximum value at th
ecritical points Py and P, which amount: ¢1(P;) = 1906.66
MPa, oi(P,) = 1578.42 MPa. Positions of these points with
acting forces are shown in Fig.8.
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Figure 8. Position of critical points P, and P, of lower parts LP1 and LP2
with acting forces

The values of nominal stresses o,; = 235.33 MPa and
0,2 = 229.29 MPa for critical sections defined by points P,
and P, were determined using the following expression

ni =g,

j=12 ©)
where 4; = a; -10 is the surface of the critical sections at
which the resulting force F' acts. The stress concentration
factors K, = 8.102 and K;, = 6.884 for the critical sections
were determined using the expression
P
K, =29 o @

On.j

The real stress-strain response of lower parts LP1 and
LP2 of joints J1 and J2, in comparison with the stress-strain
response of these parts as ideal elastic bodies is completely
different. Namely, their stress-strain response at critical
points can be described by stabilized hysteresis loops [5].

The stress-strain response at the critical points of lower part
LP1 and P2, for the block of variable force, is shown in Fig.9.
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Figure 9. Stress-strain response at the critical points of lower part LP1 and
LP2 for the block of variable force

The previous figure shows all stabilized hysteresis loops
provoked by X;-Y:-X; force cycles from Table 1.

The upper point as the first point of the stress-strain
response corresponding to the force F=32 kN was
determined by solving the system of equations

. _1 K,jz-ofl-,j N K0,
2| oF E

i=1 j=12 3)
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The dimensions (Aex Ao) of the stabilized hysteresis
loops were determined using the following equation system

:l KZAO-,%J +KleO-nl,j
2\ AcE E
i=1234 j=12 4

1

_Ac Ao \n'
Ag = i +2 (2K’)

The first equations in systems (3) and (4) are two forms
of the approximate Sonsino’s curve, while the second
equations in that systems are equations of the cyclic stress-
strain curve and Masing’s curve of quenched and tempered
steel 13HI11N2V2MF. The mentioned systems were solved
graphically using the Drafting module of I-DEAS Master
Series Software. The cyclic stress-strain curve, Masing’s
curve and the approximate Sonsino’s curves were copied
into corresponding spline curves by special Fortran
programs. The position of stabilized hysteresis loops was
determined using memory of metals. Masing’s curve served
for their modeling. The values for £, K’ and n’ in systems
(3) and (4) were taken from Table 2. For the stress
concentration factors K, (f = 1,2), the already determined
values K;; = 8.102 and K, = 6.884 were taken. The values
of nominal stresses o,;; and nominal stress ranges Ao,;; for
critical sections were taken from Table 3. These values
were obtained by expressions
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Figure 10. Stress-strain response at the critical point of lower part LP1 for
1.6-32.0-1.6 force cycle
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Figure 11. Stress-strain response at the critical point of lower part LP2 for
1.6-32.0-1.6 force cycle

Table 3. Values of nominal stresses and nominal stress ranges for critical
sections

; X-YoX, Lov]&:e;lpart Lov]&:e;zpart
’ [kN]

Oni 1 AGi Oni2 AGuis
1 1.6-32.0-1.6 235.33 | 223.56 | 229.29 | 217.83
2 12.8-32.0-12.8 | 235.33 | 141.20 | 229.29 | 137.58
3 19.2-32.0-19.2 | 23533 | 94.13 229.29 | 91.72
4 12.8-25.6-12.8 188.26 | 94.13 18343 | 91.72

The graphically determined stress-strain responses at
critical points of lower parts LP1 and LP2 for 1.6-32.0-1.6
force cycles are given in Fig.11 and Fig.12.

The complete numerical results of the stress-strain
response at the critical points of lower parts LP1 and LP2
described by stabilized hysteresis loops for all force cycles
are included in Table 4 and Table 5.

Table 4. Numerical results of the stress-strain response for the critical
point of lower part LP1

i Xﬁ();\]-jx' Omi,1 Ao, Ag;

1 1.6-32.0-1.6 106.826 1527.246 0.00863809
2 12.8-32.0-12.8 299.443 1142.012 0.00499597
3 19.2-32.0-19.2 489.127 762.644 0.00332765
4 12.8-25.6-12.8 109.759 762.644 0.00332765

Table 5. Numerical results of the stress-strain response for the critical
point of lower part LP2

i Xl[i();\]-]X’ Omi2 Acia Agy

1 1.6-32.0-1.6 140.037 1417.701 0.00673176
2 12.8-32.0-12.8 375.376 947.023 0.00413267
3 19.2-32.0-19.2 533.189 631.398 0.00275500
4 12.8-25.6-12.8 217.564 631.398 0.00275500

Equations of approximate Sonsino’s curves in systems (3)
and (4) were derived here on the basis of Sonsino’s
modification of the local stress-strain response of notched
elements, determined using a famous Neuber’s hyperbola [5]

2 2
o€ = KIEO-" (6)

Sonsino’s modification of Neuber’s rule, illustrated in
Fig.12, was explained in paper [6].
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Figure 12. Sonsino’s modification of Neuber’s rule

The expression for local strain according to Fig.10 has a
form

Eim + €
Elpe = lin 2Neuber (7)
where linear strain
K,o
Elin = IE' . (8)

The already mentioned equations of approximate
Sonsino’s curves in systems (3) and (4) are practically
derived with the help of expression (7) including (6) and (8)
in it.

Estimation of damage and low cycle fatigue life

Estimation of damage Dj caused by the block of variable
force was carried out using Palmgren-Miner’s rule of linear
damage accumulation [4,5,7,9] in the form

4 4
N; .
Dy, = ZDI, ; —Z; N, T 1,2 ©9)

The numbers of N; of X;-Y-X; force cycles were taken
from Table 1, while the numbers of cycles to crack
initiation N;; were obtained using system equations

As _ 6.}' “Omij arb | L are
o = NyteNy

2 E
i=1234 j=12 (10)
E _ Agi,j
2 2

where the first equation presents different Morrow’s curves
[5.8].

System equation (10) was solved also graphically using
the Drafting module of I-DEAS Master Series Software.
Morrow’s curves were copied into corresponding spline
curves by a special Fortran program. Mean stress values
Omij and strain range values Ag; were taken from Table 4
and Table 5. For example, the determination of the number
of cycles to crack initiation on lower part LP1, for 1.6-32.0-
1.6 force cycle, is shown in Fig.13.
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Figure 13. Determining the number of cycles to crack initiation on lower
part LP1 for 1.6-32.0-1.6 force cycles

The numbers of cycles to crack initiation Nj;, damage
D;; caused by all X-Y-X; force cycles, including damage
Dgj caused by the block of variable force, are contained in
Table 6 and Table 7. These tables contain also values of
LCF life (LCFL) as reciprocal values of damage caused by
the block.

Table 6. Lower part LP1: N;, / D;, / Dg  / LCFL,

i Xr¥rX, N Ny Dy

[kN] ' "
1 1.6-32.0-1.6 1 2643 0.000378358
2 | 12.8-32.0-12.8 | 3 27566 0.000108830
3 | 19.2-32.0-192 | 2 242808 0.000008237
4 | 12.8:256-12.8 | 1 6599058 0.000000152
D,y 0.000495576

LCFL, = 1/Dg, [Block] 2017

Table 7. Lower part LP2: Ny, / D;, / Dg, / LCFL,

| T
1 1.6-32.0-1.6 1 7967 0.000125518
2 | 12.8-320-128 | 3 79641 0.000037669
3 | 192-32.0-192 | 2 1137703 0.000001758
4 | 128256-128 | 1 | 24102716 0.000000041
Ds 0.000164986

LCFL, =1/Dj, [Block] 6061

The histogram of LCF life data of lower parts LP1 and
LP2 is presented in Fig.14.
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Figure 14. Histogram of LCF life of lower part LP1 and LP2

Conclusion

This paper presents complete computation procedures
including redesign of structural components to improve
their fatigue life. Attention in this investigation is focused
on aircraft aero engine structural components but the
computation procedure is of a general type.
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On the basis of estimated LCF life it can be concluded
that the transition rounding on the lower part LP2 of the
dovetail joint J2, with radius R3 can be applied for a new
dovetail joint of blades and stage 1 low pressure
compressor rotor disk of R25-300 aero engine. A new disk
with this transition loading at the bottom of dovetail
grooves could have considerably longer service life.
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Reprojektovanje vitalnih veza na bazi procene veka u podrudju
niskociklicnog zamora

U radu je razmatran problem ponasanja na zamor vitalne veze u vidu lastinog repa kod kompresora avionskog
motora kao i njeno reprojektovanje. Prikazano je kako se reprojektovanjem odnosno optimizacijom oblika, moze
izvrsiti povecanje njenog veka u domenu niskocikli¢nog zamora. Bilo je predpostavljeno da je vitalna veza izradena
od Celika 13H1IN2V2MF za koga su eksperimentalno odredene cikli¢ne karakteristike pod dejstvom spektra
opterecenja promenljivih amplituda i definisanih u vidu blokova opterecenja. Zavisnosti izmedu napona i
deformacije u Kriti¢noj taéci vitalne veze, za sve pravilne cikluse, su odredene koristec¢i aproksimativhu Sonsinovu
krivu, cikli¢nu krivu napon-deformacija i Mazingovu krivu. Faktor koncentracije napona koji je neophodan za
pomenutu Mazingovu krivu odreden je primenom metode kona¢nih elemenata. Palmgren-Majnerovo pravilo bilo je
koriséeno za sraunavanje oStecenja i procena veka u domenu niskocikli¢nog zamora.

Kljucne reci: avionski motor, kompresor, zamor materijala, niskocikli¢ni zamor, vek trajanja, kona¢ni element.

IlepenpoekTrupoBaHUE COCTUHEHUN JTAaCTOYKAHBIM XBOCTOM Ha
OCHOBAaHWH OIIEHKM BeKa (CpoKa CIyKObI) B 00IaCTH YCTAIOCTH
HU3KOI'O IIUKJIa

B macrosmieit paGoTe paccMaTprABaHa IpoGieMa IOBECHHsI Ha YCTaIOCTh COENUHEHMIT IaCTOYKHHBIM XBOCTOM Y
KOMIIPECCOPOB CaMOJIETHOTO [BHTaTeNs, a B TOM YHCI€ M HMX NEPEeNpOEeKTHPOBaHMA. 37ecCh IOKA3aHO, Kak
OEpeNpOeKTAPOBAHAEM, T.€. ONTHMHU3aI@ed (popMbl, BOSMOXHO YBEJIHIHTh WX BeK (CPOK CIyXOBI) B o6GIacTd
YCTAJIOCTH HHU3KOrO LHUKJA. YXe NPEANOJOXEHO, YTO COENUHEHHE JIACTOYKHMHBLIM XBOCTOM CJ€JIaHO M3 CTajd
13X11H2B2M®, ninst KOTOPOIi yKe 3KCIIEPEMEHTANBHO ONPEAEICHb] MUKINIECKUE XapaKTEPUCTHKY O] BIATHACM
CNEKTPa HArpy3Kd NEPEMEHYMBBLIX aMIUIATY[ M ONPEAENEHHBIX B BHRY OJOKOB Harpy3kd. 3aBHCHMOCTH MEXMAY
HaIpsDKeHHeM B fieopManusiMi B KpETHIECKOH TOUKE COSTHHEHHAS JTACTOYKAHBIM XBOCTOM OIIPEZieNICHBI I BCEX
MPAaBUIILHBIX UKJIOB C HCTOJIB30BAHMEM aNMPOKCUMATUBHOM KpuBoi COHCHHA, IMKIMYECKO! KPHABOH HANPsKEHUE-
necdopManms 1 KpuBoii Macuura. PakTOp KOHIEHTpAIMH HaNpsDKeHWs, HEOGXOMUMBIH I YIOMSHYTON KpUBOX

MacwmHra, OmnpepneiléH NpEMEHEHAEM

MeTofla KOHEYHbIX 3yeMeHTOB. IlpaBmno Ilammrpen-Mmummepa ObLTO

HACMOJIB30BAaHO NJIsI DONCYUTBIBAHUA ymep6a U OIICHKH BCKa (cp0Ka CJIy)KGI:I) B o6nacTa YCTanIOCTH HA3KOI'O OUKIIA.

Karouesvle crosa: caMOJIETHBIN JBATATEIND, KOMIIpECCOp, YCTaJIOCTh MaTepHajia, YCTaJIOCTh HAU3KOI'O IIUKJIA, CPOK

CIyX06bI, KOHCUHBIH 3JICMEHT.



44

POSAVLIAK.S., MAKSIMOVIC.S.: REDESIGN OF DOVETAIL JOINTS BASED ON ESTIMATED LOW CYCLE FATIGUE LIFE

Modification du projet des assemblages basée sur I’estimation de la
durée de vie dans le domaine de la fatigue basse cyclique

Le probléme du comportement quant a la fatigue de I’assemblage en forme de queue d’aronde chez le compresseur
du moteur d’avion ainsi que sa modification sont considérés dans cet article. On a exposé comment un projet
modifié,c’est-a-dire ’optimisation de sa forme, peut augmenter la durée de sa vie dans le domaine de la fatigue basse
cyclique. On a supposé que I’assemblage était réalisé en acier 13H11N2V2MF dont les propriétés cycliques ont été
déterminées par la voie expérimentale sous ’action du spectre de charge des amplitudes variables et définies en forme
de blocs charges. Les dépendances entre la tension et les déformations dans le point critique de I’assemblage, pour
tous les cycles réguliers, ont été déterminées au moyen de la courbe de Sonsino, la courbe cyclique tension -
déformation et la courbe de Masing. Le facteur de la concentration de la tension, nécessaire a la courbe de Masing, a
été déterminé par la méthode des éléments finis. On a employé le réglement de Palmgren - Miner pour calculer
I’endommagement et I’estimation de la durée de vie dans le domaine de la fatigue basse cyclique.

Mots clés: moteur d’avion, compresseur, fatigue de matériel, fatigue basse cyclique durée de vie, élément fini.
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