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a- Entaille de 550 µm b-  60000 cycles, longueur de fissure de 450 µm 

 
c- 245000 cycles, longeur de la fissure 1,4 mm

µm

950◦C

(2n + 1)
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a-  Longueur de fissure de 240 µm, pas de cycles b- Longueur de fissure 570 µm, 10400 cycles

c- Longueur de fissure de 1,07 mm, 11300 cycles
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Type de 
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Contrainte 
maximale 
appliquée 

(MPa)

a initiale (mm) a finale (mm) Commentaires Essais 
réalisés

1 1 50 Hz 200 0,4 8,92 1
2 1 5 Hz 200 0,36 9,45 1
3 1 5 Hz 300 0,34 4,5 1
4 1 0,5 Hz 200 0,5 6,98 1
5 1 0,05 Hz 300 0,2 14,3 1
6 1 30 s [1-30-1] 350 0,18 11,15 1
7 1 90 s 290 0,44 8,92 1
8 1 300 s 380 0,2 12,84 1

9 1 900 s + 30 s 226 0,6 6,46
 650 cycles à 900s 

et 806 cycles à 
30s.

1

10 1 30 s + 300 s 335 0,3 8,75
 1023 cycles à 30s 

et 250 cycles à 
300s.

1

11 1 300 s 380 0,2 14,75 surch. de 5%  avant
temps de maintien 1

12 1 300 s 380 0,3 10,66 surch. de 5%  après 
temps de maintien 1

13 1 30 s 284 0,3 12,4 superposition 5 Hz 1
14 1 5 Hz 528 0,3 13,8 R  = 0,5 1
15 1 5 Hz + 900 s 240 0,2 13,47 1
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a- Tm= 300 s, 236 cycles, 420 µm b- Tm=300 s, 249 cycles, 760 µm

  
c-  Tm 900 s, 587 cycles, 587 µm d- Tm 900 s, 114 cycles, 2,4 mm (préfissure 

 2,11 mm)
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Type 
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a0 

[mm] 
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[Kg] 

 
[MPA] 

AM1-1 0,1 SENT  [001]  air done 52 0,8 1000 200 
AM1-2 0,1 SENT  [001]  air done 45 1,1 1000 200 
AM1-3c 0,1 SENT  [111]  air done 15 2,15 1000 230 
 

Chargt 
 appl 

∆K
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ẋs = cγ̇s − v̇sd(xs − x̄)

x̄

x = (x̄ ± c

d
)(1− e∓dγ)

10−4 s−1 10−7 s−1

γ̇s = 〈 |τ
s − xs| − rs

k1
〉n1 (τ s − xs) + 〈 |τ

s − xs| − rs

k2
〉n2 (τ s − xs)

n2 > n1

10−3 s−1



1

10

100

1000

10000

1.E-10 1.E-5 1.E-3 5 Hz 50 Hz



900◦C
3, 33.10−2 s−1 n2

n1(T ) n2 = ξn1(T ) ξ
8

ε̇* = 10−3 s−1

k2(T ) = k1(T )ε̇* ξ−1
ξn1(T )

ε̇* ξ

ν = 0, 3

σy =
σ∞√

1−
(

a
x

)2

a0 = 4, 1 a1 = 4, 8

Gc = 2 KJ.m−2



<001>

<100>

2a0

W

L

a0

W/2

L/2

σ8

σ8

σ8

Tmax

10−6 ms−1

A = 0, 000003m−1MPa−n

n = 2, 5 m = 2, 1 T0 = 1000MPa Dlim = 0, 999 δ0 = 0, 3mm k = 107 MPa kc = 10k
Tmax = 5000MPa Gc = 2 KJ.m−2

µm

2µm



 0

 1000

 2000

 3000

 4000

 5000

 6000

 7000

 4  4.1  4.2  4.3  4.4  4.5

4, 4mm
4µm

950◦C

µm
A = 0, 6m−1MPa−n n = 1, 4 m = 1, 8 T0 = 0MPa Dlim = 0, 999

δ0 = 0, 01mm k = 107 MPa kc = 10k

4µm



 4.1

 4.2

 4.3

 4.4

 4.5

 4.6

 4.7

 4.8

 4.9

5

0  50  100  150  200  250  300

N (cycles)

a
 (

m
m

)

2,50E-06

2,70E-06

2,90E-06

3,10E-06

3,30E-06

3,50E-06

3,70E-06

0 5 10 15 20 25



0 50 100 150 200 250 300 350 4000

0.05

0.1

0.15

0.2

0.25

0.3

0.35

N

a 
(m

m
)

1,2E-06

1,4E-06

1,6E-06

1,8E-06

2,0E-06

2,2E-06

2,4E-06

0 1 2 3 4 5 6 7





4µm
10−6 m.s−1

k = 107 MPa)
T0 T0

σyy

σyy

T0



Temps (s)

Δε22=0.003

ε2
2
 

 0.002

 0.004

 0.006

 0.008

 0.01

 0.012

 0.014

 0.016

 0.018

 0.02

 80  81  82  83  84  85  86  87  88

 0.022

Reprise du calcul EF

15%

T =
k

δ0
u u ≈ δ0

k
Tmax

e =
Eδ0

k

E = 89000MPa k = 107 MPa δ0 = 0, 3mm

εcze =
u

e
= 0, 05 ≈ 3εvol



-3000

-2000

-1000

0

 1000

 2000

 3000

 4000

 0  0.004  0.008  0.012  0.016  0.02

σ
22

 (M
Pa

)

ε22

k = 107 MPa



-5000

-4000

-3000

-2000

-1000

0

 1000

 2000

 3000

 4000

 5000

 80  85  90  95  100  105  110

Temps (s)

σ
22

 (M
Pa

)

1er

-1500

-1000

-500

 

0

 500

 1000

 1500

 2000

 2500

 80  85  90  95  100  105  110

Temps (s)

σ
22

 (M
Pa

)



-1000

-500

0

 500

 1000

 1500

 2000

 2500

 3000

 80  85  90  95  100  105  110  115  120  125

Temps (s)

σ
22

 (M
Pa

)

a=3.37mm

T0



 0.002

 0.004

 0.006

 0.008

 0.01

 0.012

 0.014

 0.016

 80  81  82  83  84  85  86  87  88
Temps (s)

Δε22=0.0005

ε2
2
 

Reprise du calcul EF

-2000

-1500

-1000

-500

 

0

 500

 1000

 1500

 2000

 2500

 3000

 80  81  82  83  84  85  86  87  88

σ
22

 (M
P

a)

Temps (s)

Reprise du calcul EF

Δσ



-2000

-1500

-1000

-500

0

 500

 1000

 1500

 2000

 2500

 3000

 0  0.002  0.004  0.006  0.008  0.01  0.012  0.014  0.016  0.018

σ
22

 (M
Pa

)

ε22

-2500

-2000

-1500

-1000

-500

0

 500

 1000

 1500

 2000

 2500

 130  131  132  133  134  135
Temps (s)

Reprise du calcul EF

σ2
2 

(M
Pa

)



-3000

-2000

-1000

0

 1000

 2000

 3000

 130  135  140  145  150
Temps (s)

σ
22

 (M
Pa

)

-1500
-1000

-500
0

 500

 1000

 1500

 2000

 2500

 130  135  140  145  150
Temps (s)

σ
22

 (M
Pa

)(a
)

1er élément

12ième élément

Elément cohésif

Elément volumique

(a)

(b)



h

h = E22
δ0

k

E22
k
δ0

h

m k
δ0

T0 m

m

T0

T0

δPZ1 δPZ2

T0 = 400 MPa T0 = 800MPa
D 0, 998 10−7 T (x) = T0

T0 = 400MPa δPZ1 = 640µm Gc =
4KJ.m−2

T0 = 800MPa δPZ2 = 240µm Gc =
3, 7KJ.m−2



0

1

m=2.4
m=2.8

T/
Tm

ax
 (M

Pa
)

x (mm)4 5

m

0 0.001 0.002 0.003 0.004
0

1

!max

m

m



4 5
0

1

D

x (mm)

T0=400MPa
T0=800MPa

T0

E = 89000MPa ν = 0, 3
RPZ

Rrice

T0 Gc RPZ Rrice δPZ,simu

Gc = 4 KJ.m−2 395µm 2170µm 640µm
Gc = 3, 7KJ.m−2 50µm 509µm 240µm

T0

k
δ0

k
δ0



0 10

1

U/δc
max

k
δ0

dD
dN

(1−D)−m ∂D

∂t
= Aδ0

(
k

δ0
δ − T0

)n δ̇

δ0

∫ D(N+1)

D(N)
(1−D)−mdD = A ·

∫ δ(N+1)

δ(N)

(
k

δ0
δ − T0

)n

dδ

dD
dN

D(N + ∆N) ≈ D(N) +
dD

dN
∆N

[1−D(N + 1)]1−m ( (1−D(N))1−m

(
1 + (1−m)

dD

dN

1
1−D(N)

)

dD

dN
=

A

n + 1
(1−D(N))m

((
kδmax

δ0
− T0

)n+1

−
(

kδmin

δ0
− T0

)n+1
)



δmax δmin δ

δmin

δmax

D

da
dN

∆Kn+1

A n
A

n

10
10 -7

10 -6

10 -5

10 -4

10 -3

d
a
/d

N
 (

m
/c

y
c
le

)

n=1.4,  A=1,            200 MPa
n=1.4,  A=1,            40 0MPa
n=3,      A=1E.-6,    200 MPa
n=5,      A=7.E-14, 200 MPa
n=1.4,  A=0.5,        200 MPa
n=1.4,  A=0.5,        400 MPa

R = 0, 05



10-5

10-6
20 30

dN
da =5.e-10(K)

2.4

h k δ0

k = 107 MPa δ0 = 0, 3mm
h = 2, 6µm

E22 = 89000MPa h
4µm

k
δ0

m T0 k δ0

m T0



δelem = 0, 1rplas

δelem rplas

rpz = 40µm ∆K = 10 MPa
√

m
4µm

m = 2, 1 T0 = 400MPa T0 ( σ0.2%deplasticit ( 400MPa

A n
da
dN = 5.10−10 (∆K)2,4

n = 1, 7 n
T0 = 0MPa

T0

A
A = 0, 002mm−1MPa−n

∆K

Tmax

Eel =
∫ t
0

(∫
V σ : ε̇eldV

)
dτ

Eel =
∫ t
0

(∫
V σ : ε̇pldV

)
dτ Ecz =

∫ t
0

(∫
V σ : ε̇eldV

)
dτ

Etot = Eel + Epl + Ecz = Eext

σmax/σy

Tmax

20 40 MPa
√

m
∆K = 25MPa

√
m ∆K = 40MPa

√
m

Tmax = 3300MPa



a1 = 4, 2mm
a2 = 4, 4mm ∆σ∞ = 190 MPa

0.85

 

 4.1  4.2  4.3  4.4  4.5  4.6  4.7  4.8  4.9 5

*10
-6

1.2

1

a1
a2

a1 a2

0, 2%

Tmax = 3300MPa A

m



 

0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 

1

 4.1  4.2  4.3  4.4  4.5  4.6  4.7  4.8  4.9
 

5

D

m = 2, 64 n = 1, 7 k = 107 MPa A = 0, 002mm−1MPa−n δ0 = 0, 3mm T0 = 800MPa
A m T0

Tmax

a(N)

Tmax = 2500MPa Gc = 2, 31KJm−2

Tmax = 3300MPa Gc = 2, 32KJm−2

Tmax = 3500MPa Gc = 1, 92KJm−2

Vmodele3 > Vmodele1 ( Vmodele2



a1

a2



a1 a2



10 100

 

 

 

da/dN=5.e-10(K)
2.4

20

10-5

10-6
30

2

2

2



MPa
√

m

 1e-06

 1e-05

 10  100

2.4

0

da

dN
= CKn

max



4 4.2 4.4 4.6 4.8 5 5.2
0

500

1000

1500

2000

2500

3000

3500

4000

T2
2 

(M
Pa

)

x (mm)

 
0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

1

 4.1  4.2  4.3  4.4  4.5  4.6  4.7  4.8  4.9
 

5

Map 250
Map 450
Map 780

Elément 
de zone cohésive

D

x (mm)



Kmax C n

Kmax KIc

R =
σmin

σmax
=

Kmin

Kmax

σmin Kmin

da

dN
= C(Kmaxf(R))n

f(R) = 1−R

f(R) = (1−R)2

f(R) = 2(1−R)(0, 5 + 0, 4R)
f(R) = 1− 0, 5R− 0, 5R2

R = [−1; 0; 0, 05; 0, 2; 0, 5; 0, 7]

650◦C 950◦C

f(R) = 1−R

dD

dN
=

A

n + 1
(1−D(N))m

((
kδmax

δ0
− T0

)n+1

−
(

kδmin

δ0
− T0

)n+1
)



10
10-7

10 -6

10 -5

R=-1 
R=0.05
R=0.
R=0.2
R=0.5
R=0.7

605

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

R

f(R
)



δmin δmax Kmin Kmax
da
dN δmax(1−Rn+1)

1
n+1

f(R) = (1−Rn+1)
1

n+1

R = 0, 2 f(R) = 0, 99 R = 0, 5 f(R) = 0, 95 R = 0, 8
f(R) = 0, 78

δmin δmax

950◦C

R = 0, 5 a = 4, 42 mm

σ = 0

σm = 10MPa σM = 200MPa
as σMs





1 2
3
4



-200

 

0

 200

 400

 600

 800

 1000

 1200

 1400

 1600

 1800

 2000

 130  140  150  160  170  180  190  200

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 3 6 9 12 15
cycle [ ]

C
TO

D
   

[1
0-

6 
m

]

R = 0.5, Smax = 200 MPa

R = 0.1, Smax = 111 MPa

R = -1,   Smax =  50 MPa

da/dN = 1.4*10-6 m

da/dN = 0.3*10-6 m

da/dN = 0.07*10-6 m

45°
CTOD 45°

CTOD = 2*CTOD 45°

 
∆K =

14MPa
√

m



Rs Rs = σMs
σM

Rs = 1, 5

 4.1

 4.2

 4.3

 4.4

 4.5

 4.6

 4.7

 4.8

 4.9

 

5

 0  100  200  300  400  500  600  700

a 
(m

m
)

N

1 surcharge, Rs=1.5
2 surcharges, Rs=1.5
20 surcharges, Rs=1.5

sans surcharge

MS

M

Rs=M
MS

 1e-07

 1e-06

 1e-05

X3

MS

M

Rs=M
MS

20 30



Rs = 1, 5 Rs = 1 R = 0

R = 0
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Kouvs
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∆K

Kouv = 0, 19Kmax
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max Kouv = 0, 19Ks
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Kmax − Kouv Kmax

Ks
max = 1, 5Kmax

Ks
ouv = 0, 285Kmax

Keff (Rs = 1) = Kmax − 0, 19Kmax = 0, 81Kmax

Ks
eff ( ) = Kmax − 0, 285Kmax = 0, 715Kmax

(
0,715
0,81

)2,4
= 0, 74
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m = 2, 54
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∆K MPa
√

m rp a0 σ

10%

a0 = 0, 1mm
∆K

a0 = 50µm
a0 = 0, 6mm 2µm

R = 0, 05
σmax = 550MPa ∆K = 7, 2MPa

√
m

25µm

σ0,2% deplasticit = 450MPa 950◦C
∆K = 7, 2MPa

√
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µm
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TN TT

D

D = Df + Dc

{
Ḋf = Aδ0(1−D)m

〈√
Y −

√
Y0

〉n ‖U̇‖
δ0

Ẏ ≥ 0
Ḋf = 0

D

Ḋc = (1−D)−p

〈 ‖T‖
1−D − T1

C

〉r

C p r ‖T‖
√
〈TN 〉2 + 1

αT 2
T T1

f = 5 Hz
Tm = 300 s

m = 2 n = 2 k = 107 MPa
A = 0, 002mm−1MPa−n T0 = T1 = 0 MPa δ0 = 0, 1mm C = 5000MPa−1 p = 6 r = 5

E = 210000MPa γ = 0, 3
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m = 2, 54
f = 5 Hz

m = 2, 64 n = 1, 7 k = 107 MPa A = 0, 002mm−1MPa−n T0 = 800MPa δ0 = 0, 3mm

950◦C

∆K
∆K ∆K = 25 MPa

√
m
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m

Vf=0,05 Hz < Vf=5 Hz

Ḋ = f(D,T, U̇N )
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χ(σ) = αJ0 + βJ1 + (1− α− β)J2

J0 J1 J2(
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χ(σ)
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C = 5600MPa−1 ∆K
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950◦C 1100◦C

e = αm

√
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√
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√
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m = 1, 8 n = 1, 4
k = 107 MPa A = 1mm−1MPa−n T0 = 0 MPa
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1
2 Dc = 0, 999

E = 210000MPa γ = 0, 3
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N < Uox

N
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f = 5Hz

m = 2, 54 n = 1, 7 k = 107 MPa A = 0, 008mm−1MPa−n T0 = 800 MPa
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fox(x)
fox(x)

x A

lox

dlox = aox (F ∗(t))box l−cox
ox dt

αox = α0e
−Q0
RT

aox box cox α0 R T F ∗(t)
F ∗(t) = Umoy

N
δc

Umoy
N

lox

cox

lox

lox

fox



Tmax

fox(x) =
[
1− u + ue

zx
lox

]

z u fox fox(x = 0) = 1
fox(x = lox) = 1− u + uez > 1

Tmax Tmax

Tmax = f(A,m, n, k, δ0)
fox A fox

A Tmax

Ã = Ãcritf−(n+1)
ox

A = max(Ã, Ã0)

Ãcrit A Ã0

A
Tmax D

r p
C



f = 0, 5Hz f = 0, 05 Hz tm = 90s tm = 300s

tm = 300 s
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Kcv(T )

S = K
Kcv(T )
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]η∗f
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f Sf∗

s η∗f

f1(R) f2(R)

R = 0



Cc(T (t))
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∫ t2

t1

Cc(T (t)) [K(t)−Kc
s ]

ηc(T (t)) dt
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s
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s
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q(t) q(t) = Kf
s (t)

K(t)

dq = −A(T (t))qw(T (t))dt
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f
f

f

f

c f



u m z∗

Q0

Kcv(T ) = K0
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RT (t)

)

Kcox(T ) = K0
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)

Sc

Sc1(t) =
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cox
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cv

[
1− u + u · exp

(
mz∗

lp(t)

)]
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u m z∗ K0
cox

K0
cv
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dlp(t) =
1
4

(F (x)α)4 l−3
p dt
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ş
−Q0
RT (t)

ť

α0 Q0

F (x)

x



F (x) = cx4 = c

(
F (t)
FM

)4

c x

Fmax

Kc
s = Kf

s (cycle (n − 1))

Kf
s = f(relaxation, temps, temperature)

Kf
s = f(cycle n, histoire du chargement)
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∆Klim = 20MPa
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=
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αm = 2, 02.10−8 m.s−
1
2 950◦C αm = 8, 37.10−8 m.s−

1
2 1100◦C
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√
1− a− δ

a

eox

eox UN = eox

σouv

σox
ouv =

Eeox

2a

1√
1− a−δ

a

Kox
ouv

Kox
ouv = CoxF (Y )σouv

√
πa

Cox F (Y )

Ks = max
(
Kf

s ,Kox
ouv

)

Kf
s Kox

ouv

300 s 950◦C

650◦C 800◦C
950◦C

950◦C 650◦C
800◦C



 

 

1  10  100



Sf∗
s 0, 19

0,00E+00

5,00E-02

1,00E-01

1,50E-01

2,00E-01

2,50E-01

3,00E-01

3,50E-01

4,00E-01

4,50E-01

5,00E-01

2 2,2 2,4 2,6 2,8 3 3,2 3,4 3,6

0,19

950◦C Kcv(950◦C) = 120MPa
√

m

K0
cv = 66 MPa

√
m Q = 6076J

Kcv = K0
cve

Q
RT R = 8, 32JK−1mol−1

(
da
dN ,∆S

)

650◦C 800◦C 950◦C

Kcv(T )
800◦C



650◦C 950◦C

◦C
Kcv(T ) MPa

√
m)

950◦C
ηf = 4, 9

ηf = 2, 4
2, 4

C∗
f = 3.10−2 η∗f = 2, 4

102 10?1 100

0,5

0,5

0,5

'(001)[100] 200MPa



Cc(950◦C) = 3, 8.10−10

ηc(950◦C) = 3, 6
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cox

K0
cv
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2*
f 10.3C  =  4,2*

f  =η  19,0S *f
s  

mMPa 44K 0
cox =  mMPa 66K 0

cv =  Q=6075 J 

 650 800 950 

 1044 1133 450 

 3,0= γ  mMPa 20Klim =Δ  -1
1 m 05,0c =  

 cC  cη  A w 

650  3,6 0 10,4 

800   3,6 0,004 7 

950 -1010.8,3   3,6 0,16 3,5 

4
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5
o s/m 10.495,8 µα =  J 130000Q0  =  c=80 
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950◦C

950◦C
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f = 50; 10; 5; 0, 5; 0, 05Hz
tm = 30; 90; 300 s
R = −1; 0, 05; 0, 5; 0, 7



Numéro 
essai

Nombre 
de tests

Type de 
cycles

Contrainte 
maximale 
appliquée 

(MPa)

a initiale (mm) a finale (mm) Commentaires Essais 
réalisés

1 1 50 Hz 200 0,4 8,92 1
2 1 5 Hz 200 0,36 9,45 1
3 1 5 Hz 300 0,34 4,5 1
4 1 0,5 Hz 200 0,5 6,98 1
5 1 0,05 Hz 300 0,2 14,3 1
6 1 30 s [1-30-1] 350 0,18 11,15 1
7 1 90 s 290 0,44 8,92 1
8 1 300 s 380 0,2 12,84 1

9 1 900 s + 30 s 226 0,6 6,46
 650 cycles à 900s 

et 806 cycles à 
30s.

1

10 1 30 s + 300 s 335 0,3 8,75
 1023 cycles à 30s 

et 250 cycles à 
300s.

1

11 1 300 s 380 0,2 14,75 surch. de 5%  avant
temps de maintien 1

12 1 300 s 380 0,3 10,66 surch. de 5%  après 
temps de maintien 1

13 1 30 s 284 0,3 12,4 superposition 5 Hz 1
14 1 5 Hz 528 0,3 13,8 R  = 0,5 1
15 1 5 Hz + 900 s 240 0,2 13,47 1

N∗
T

a0 = 1 mm
ac = 1, 4mm tm



Fissuration Etat Numéro 
d’essai 

Nombre 
de tests a initiale 

(mm) T° R F(Hz) Sigma a finale 
(mm) courbe 

X6738F 1 0,6 950° -1 10 220 6,4 ok 
X6738C 1 1,1 950° -1 10 250 6,4 ok 

X6739D 1 1,0 950° -1 
10-90-10   
σ min 

280 6,4 ok 

X6739C 1 1,0 950° -1 
10-90-10   
σ  min 

280 6,4 ok 

X6739B 1 1,2 950° -1 
20-90-20   
σ  max 

280 6,4 ok 

X6739E 1 1,0 950° -1 
20-90-20  
σ max 

280 6,4 ok 

X6738D 1 0,6 950° 0,05 10 250 6,4 ok 
X6738E 1 1,0 950° 0,05 10 280 6,4 ok 
X6738H 1 1,2 950° 0,05 0,5 280 6,4 ok 
X6739A 1 1,2 950° 0,05 0,5 280 6,4 moy 
X6738B 1 2,5 950° 0,7 10 280 6,4 ok 
X6738G 1 1,0 950° 0,7 10 280 6,4 ok 

 

(MPa)

 

a  
(mm) T° R  
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1  0,1 10-90-10
 

1   0,1

10-90-10

   
 



 1  10  100

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

ONERA f=50Hz  R=0,05

Essai
Modele

 10  100

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

ONERA f=5Hz R=0,05

Essai
Modele

 1  10  100

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

ONERA f=0,5Hz R=0,05

Essai
Modele

 1  10  100

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

ONERA f=0,05Hz  R=0,05

Essai
Modele

 10  100

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

ONERA f=5Hz R=0,5

Essai
Modele



 10  100

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

ONERA Tm=300s R=0,05

Essai
Modele

 10  100

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

ONERA Tm=30s R=0,05

Essai
Modele

 1  10  100

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

ONERA Tm=90s R=0,05

Essai
Modele

 1  10  100

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

ONERA Tm=surcharge+300s  R=0,05

Essai
Modele

 10  100

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

ONERA Tm=300s+surcharge  R=0,05

Essai
Modele



0,1

1

10

100

1000

10000

100000

0,001 0,01 0,1 1 10 100 1000 10000 100000

*

a0 = 1 mm ac = 1, 4mm

R = 0, 7
σmax

σmin

δa

δN
= Cf [(aR + b)(1−R)Kmax]mf +

∫

cycle
CcK(t)mcdt

Cf [(aR + b)(1−R)Kmax]mf

(aR + b)
a

a+ R > 0 a+ + b = 1
a− R > 0



 10  100  1000

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

SNECMA f=10Hz R=0,05

Essai 1
Essai 2
Modele

 1  10  100

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

SNECMA f=10Hz  R=0,7

Essai 1
Essai 2
Modele

 10  100  1000

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

SNECMA f=10Hz R=-1

Essai 1
Essai 2
Modele

 10  100  1000

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

SNECMA f=0,5Hz R=0,05

Essai
Modele

 10  100  1000

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

SNECMA 10s-90-10s R=-1 Tm σmax

Essai 1
Essai 2
Modele

 10  100  1000

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

SNECMA 10s-90-10s R=-1 Tm σmin

Essai 1
Essai 2
Modele



Cc mc

R = −1

f = 0, 05 Hz

∆K
∆K

∆K



 10  100

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

ONERA Tm=300s R=0,05

Essai
Modele ONERA

Modele SNECMA cale sur essais CNR IENI
Modele SNECMA cale sur essais ONERA

 1  10  100

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

ONERA Tm=90s R=0,05

Essai
Modele ONERA

Modele SNECMA cale sur essais CNR IENI
Modele SNECMA cale sur essais ONERA

 10  100

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

ONERA Tm=30s R=0,05

Essai
Modele ONERA

Modele SNECMA cale sur essais CNR IENI
Modele SNECMA cale sur essais ONERA

 1  10  100

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

ONERA f=50Hz  R=0,05

Essai
Modele ONERA

Modele SNECMA cale sur essais CNR IENI
Modele SNECMA cale sur essais ONERA

 10  100

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

ONERA f=5Hz R=0,05

Essai
Modele ONERA

Modele SNECMA cale sur essais CNR IENI
Modele SNECMA cale sur essais ONERA

 1  10  100

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

ONERA f=0,05Hz  R=0,05

Essai
Modele ONERA

Modele SNECMA cale sur essais CNR IENI
Modele SNECMA cale sur essais ONERA



 10  100  1000

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

SNECMA f=10Hz R=-1

Essai 1
Essai 2

Modele ONERA
Modele SNECMA

 1  10  100

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

SNECMA f=10Hz  R=0,7

Essai 1
Essai 2

Modele ONERA
Modele SNECMA

 10  100  1000

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

SNECMA f=10Hz R=0,05

Essai 1
Essai 2

Modele ONERA
Modele SNECMA

 10  100  1000

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

SNECMA 10s-90-10s R=-1 Tm σmax

Essai 1
Essai 2

Modele ONERA
Modele SNECMA

 10  100  1000

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

SNECMA 10s-90-10s R=-1 Tm σmin

Essai 1
Essai 2

Modele ONERA
Modele SNECMA



 1  10  100

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

ARMINES f=0,05Hz R=0,1

Essai sous air
Essai sous vide

Modele ONERA sous air
Modele ONERA sous vide

 1  10  100

da
/d

N 
(m

m
/c

yc
le

)

ΔK (MPa.m0,5)

ARMINES tm=10s-90s-10s R=0,1

Essai sous air
Essai sous vide

Modele ONERA sous air
Modele ONERA sous vide

Nprop = Nrupt −Namorc

Namorc

300µm

a0 = 300µm
arupt = w/2 w





Eprouvette Ref Sollicit. Charge 
appl. (MPa)

DDV à prop. 
exp

DDV à 
prop. pour 

aini=300µm

BG5 5 Hz 300 10000 2540
CG5 5 Hz 255 20126 4038
EG7 5 Hz 285 11643 2946
DG7 5 Hz 285 10250 2946

Rayon 1 mm, épaisseur 2 mm A1 5 Hz 290 12940 3086
X6433 A1 5 Hz 360 16251 2719
X6433 A2 5 Hz 440 4234 1545

CP2 5 Hz 510 1147 1525
BP1 5 Hz 425 2380 2552
BP2 5 Hz 392 4020 3188
AP1 5 Hz 392 27611 3188

X6433 B2 5 Hz 300 15903 2364
X6433 B1 5 Hz 240 1331 4376

AP2 5 Hz 330 2900 1802
X6433 D3 5 Hz 260 711 2732
X6432 E1 5 Hz 260 2745 2732
X6432 E2 5 Hz 285 4318 2109

X6432 F2 10s-90s-
10s

360 187 132

X6432 F3 10s-90s-
10s

435 97 68

Eprouvette avec fente, épaisseur 
2 mm, rayon 0,3 mm

Eprouvette multiperforée,  
épaisseur 2 mm, rayon 2 mm

Rayon 2 mm,épaisseur 5 mm

Rayon 2 mm,épaisseur 7 mm

Rayon 0,5 mm, épaisseur 2 mm

Rayon 0,2 mm, épaisseur 2 
mm

aini = 300µm

4mm
750◦C 950◦C

R = 0, 1 40 s
220 s 250MPa ∆Kini = 15MPa

√
m

40 s
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Eprouvette multiperforée 
réponse du modèle 

pour un temps de maintien

Nprop exp pour eprouv. avec fente
Nprop exp pour eprouv. multiperf. en fatigue

Nprop pour a0=300mic, eprouv. avec fente
Nprop avec a0=300mic, eprouv. multiperf., en fatigue

Nprop exp pour eprouv. multiperf. en fluage

Nprop avec a0=300mic, eprouv. multiperf., en fluage
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γ′

7µm

m Dc T0

k/δ0 A n



tm = 300 s

650◦C 800◦C 950◦C
950◦C
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'(001)[110] '(1̄12)[111]

7µm



T < Tmax

T > Tmax

Tmax
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α β



σmin











a

2d

W

a

V (a, d) = αU(a, d) U =
πd

2W
· ch−1

[
ch( πd

2W )
cos( πa

2W )

]

a d W
α

α a
V (a,d)
V (a0,d) a0

d

a = 0 2d = 2W
U = 1 α

Vref = α = V (0,W )

a0

V (a0, d)

V (a0, d)
Vref

= U(a0, d) ch(
πd

2W
) = cos(

πa0

2W
) · ch

[
π

2
· V (a0, d)

Vref

]

a =
2W

π
· cos−1



 ch( πd
2W )

ch
[

π
2 · V (a,d)

Vref

]







é



tc − td tc td

∫ tc

0
C [K(t)]ηc dt = C

∫ tc

0

[
KM

tc
t

]ηc

dt = CKM
ηc

tc
ηc + 1

teq

∫ teq

0
C [K(t)]ηc dt = CKM

ηcteq



teq =
tc

ηc + 1

teq =
15

3 + 1
= 3, 75s

T = 1/f

teq =
1/f

ηc + 1

ε∼ = S∼∼
: σ∼

σ∼ = C∼∼
: ε∼

S∼∼
C∼∼






σ11 = K1√
2πr
2

[
s1s2

s1−s2

(
s2√

cos θ+s2 sin θ
− s1√

cos θ+s1 sin θ

)]

σ22 = K1√
2πr
2

[
1

s1−s2

(
s1√

cos θ+s2 sin θ
− s2√

cos θ+s1 sin θ

)]

σ12 = K1√
2πr
2

[
s1s2

s1−s2

(
1√

cos θ+s2 sin θ
− 1√

cos θ+s1 sin θ

)]



sj = αj + iβj

S′11s
4 − 2S′16s

3 + (2S′12 + S′66)s
2 − 2S′26s + S′22 = 0

S′ij =

{
Sij

Sij − Si3Sj3

S33

G

G

G =
S22

2
2

[
s1 + s2

s1s2
i
]

K2
1

G = K2
1 ·

1− ν2

E

G
950◦C

R[001][100]

S∼∼
=





S11 S12 S12 0 0 0
S12 S11 S12 0 0 0
S12 S12 S11 0 0 0
0 0 0 S44 0 0
0 0 0 0 S44 0
0 0 0 0 0 S44





S11 = 1, 10189.10−5 MPa−1

S12 = −0, 47834.10−5 MPa−1

S44 = 1, 07527.10−5 MPa−1

'(001)[010]

s4 − 0, 331805s2 + 1 = 0

{
s1 = 7, 63512.10−1 + 6, 45793.10−1i
s2 = −7, 63512.10−1 + 6, 45793.10−1i

G = 5, 77493.10−6 · K2
1
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T0 = 0 MPa

T = k(1−D)
U

δ0

Ḋ = A(1−D)m

〈
k

U

δ0
− T0

〉n

U̇

0 D U

(1−D) =
1

(1 + B · un+1)
1

m−1

B = A ·
(

k

δ0

)n m− 1
n + 1

m < 1 D = 1
m > 1 D = 1

D Dlim

m < 1

m > 1
T

Dlim

m



0

 200

 400

 600

 800

 1000

 1200

 1400

 1600

 1800

 2000

0  0.0005  0.001  0.0015  0.002  0.0025

m < 1 m > 1

0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

1

0  0.05  0.1  0.15  0.2  0.25  0.3

m < 1 m > 1



T =
kU/δ0

(1 + B · un+1)
1

m−1

U → +∞

+

• si <1
m-1
n+1

alors +T

• 

• 

si =1
m-1
n+1

alors csteT

si >1
m-1
n+1

alors 0T

T → 0
m n n+1

m−1 > 1

dT = 0

Umax =
(

m− 1
B · (n−m + 2)

) 1
n+1

Tmax

Tmax =
k

δ0 · B
1

n+1

·
( m−1

n−m+2)
1

n+1

( n+1
n−m+2)

1
m−1



U∗ D = Dlim

U∗ =

(
1
B

·
(

1
1−Dlim

)m−1

− 1

) 1
n+1

Gc

Gc =
∫ U∗

0
Tdu

n = 1 m 4= 2 Gc

Gc =
1

2A

(
n + 1
2−m

)

m = 1, 5 n = 1 k = 107 MPa A = 1 mm−1MPa−n

T0 = 0MPa Dlim = 0, 999

Tmax = 6495MPa Umax = 0, 00011mm U∗ =
0, 0011mm

Gc = 2 KJ.m−2

Gc = 1, 96 KJ.m−2

1
2TmaxU∗

3, 6KJ.m−2
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R = 0
a0 = 2 mm
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4µm

10−6 m.s−1

950◦C





∆K = 25MPa
√

m
5.10−7 m.s−1
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σ 8

σ 8

2w

2Rc c

2b

K = Fσ
√

πa

F

F = ϕ · ψ



F α = a
W

ᾱ = π
2 α δ = b

R γ = R
W β = α−γ

1−γ

ϕ

ϕ =
π

[√
1
ᾱ(tan(ᾱ) + g · sin(2ᾱ)) · (1 + ε2(2−ε2)

1−ε )
]
−
√

1 + 2g

π − 1

g = 0, 13
(

2
π
· arctan(δ)

)2

ε = α · 2
π
· arctan(0, 6 3

√
δ)

ψ

ψ = ξ
(
3β

2
3P − 2

√
ξβP

)

P = log(ξ−
3
2 )/log(β∗)

β∗ =
γ · δ

γ(2δ − 1) + 1

ξ = 1 +
2
π
· artan(1, 5

√
δ)

K = σ
√

πa · F (α, β)

F α β
α = 2a

W β = 2H
W

β = ∞ F

F (α,∞) = 5, 5006α2 − 0, 1991α + 1, 0395
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