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A SHORT HISTORY OF INCONEL 718
| | | | | | |

1950 1960 $ 1970 1980 1990 2000 2010
1959: H. Eiselstein ~ 1965: Selectio 1970: Early 80's: Alloy >2000: WP ~10.000 T/Year
Huntington Alloy as the material Approved as 718 became the 15 €/ Kg
Products for GE's new turbine most important
Nb addition to avoid  family of material superalloy (Cobalt
Strainage Cracking engines supply crisis)

ALLOY 718 & OTHER Y STRENGTHENED ALLOYS (Wt. %) (— At. %)

Alloy |C |Cr |Ni |[Nb |[Ti |Al |Mo |Fe |Ti+Al+Nb | (Ti+Al)/Nb

718 0.04{19 |53 |5.1 |0.90/0.50|3 18.5/6.50 5.30|0.27 0.70

725 0.02{ 20 |55.5|3.40|1.30|0.20| 7.50| 10.6| 4.90 0.44
706 0.03|17.5|37 |2.50|2.10|0.40 4055 4.30 |0.50 1.40
DT 706{0.03{ 18 |55 |[2.90({1.90(0.55 22 535520 |0.85 1.90
625 0.05/22 |58 |3.70/0.40|/0.40|9 4.50 0.215
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ISI| WEB OF KNOWLEDGE
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Boeing 767 Los Angeles, 02 juin 2006
engine type : GE CF6-80A2
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ALLOY 718 - OVERVIEW

IN 718 (1959)

35% weight percentage of all superalloys

PWA40O0 Engine : Superalloys: ~ 40% ; 57% In 71856 KQ)

SNECMA :500 - 1000 T/ year

Cheap Material ~ 15 €/ kg

Good Resistance to global oxidation < 650°C
High Yield Strength > 1000 MPa < 650°C
Excellent Fatigue and Creep-Fatigue Properties

Large Versatility in Thermomechanical Treatments
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DISC APPLICATIONS
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Elements % N1 C Cr Fe Nb Mo 17 Al
Mins Base 0.02 17.00 15.00 4.75 2.80 0.75 0.30
Maxit Base 0.08 27.00 21.00 5.50 3.30 7.75 0.70

IN 718 — Composition (Wt %)
O O
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A (;/[ ’C?
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Strengthening precipitates in IN 718
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COMPACT MORPHOLOGY He et al., 1998
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TTT DIAGRAM FOR INCONEL 718

A. Lingenfelter, Superalloy 718, Metallurgy &
Applications, TMS, 1989, p. 673
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ANNEALED + TEMPERED (AT) 718 versus DIRECT AGED (DA) 718

A. Devaux et al., to be published in Met. Mater.ri&a

N1 Fe Cr Nb Mo Ti Al C B Cu Co Mn P
M2 Bal 1790 33 299 097 0.5 002 0.003 03 =002 =002 =0.005

Material: Hot-rolled® 80 mm. Grain size 9-10 ASTM. Aubert & Duval
> Forging — Preheat at 985°C — Forging press 300\ /~h = 75%

- Pancake 1: Standard (ST) HT: 975°C / 1h30 / Oilrighe+ 720°C / 8h + 620°C / 8h

- Pancake 2: DA: Water Quench after Forging + 720°€ +%20°C / 8h

> Metallographical Observations: Grain SizePhase {’ + y ” Precipitation

> Mechanical Properties: Hardness, Tensile Test, Fafigsts, Creep Tests
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Temperature Distribution at the End
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FEM SIMULATIONS OF HOT FORGING
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GRAIN SIZE & o PHASE DISTRIBUTION (1)
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GRAIN SIZE & o PHASE DISTRIBUTION (2)

ParisTech
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GRAIN SIZE & 6 PHASE DISTRIBUTION (3)
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Small grain sizes can be produced
Take into account adiabatic heating during hot defanation
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6 PHASE AMOUNT and MORPHOLOGY in DA 718
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Zones 3 &4

TENSILE PROPERTIES

1600 a0
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Temperature (*C)

Comparison of tensile properties of DA 718 and 38 7

Room temperature

650°C

YS (MPa)  UTS (MPa)  YS (MPa)

UTS (MPa)

a0o0

This Study 1348 1522 1143 1277
Krueger et al. [21] forged at 982°C 1345 1510 1120 1220
Guedou et al. [59] (unknown) - - 1120 1190
Horvath et al. [97] forged at 990°C - - 1110 1225
Jin et al. [96] forged at 950°C 1365 1505 1115 1220
Jin et al. [96] forged at 1000°C 1285 1450 1090 1220
Tensile properties of DA 718 compared to other diata literature 23
%
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Fatigue rupture life (cycles)
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450°C, Sinus 10Hz 650°C, Sinus 10Hz
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450°C, Sinus 0.59Hz

R.=0, £rs=1%

Fatigue life of DA 718 and ST 718
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1.

2.

PRELIMINARY CONCLUSIONS

Two step forging reduces adiabatic heating andoninalled grain
growth

Forging at 985°C leads to a good compromise betnaspstallization
& residual “cold-working” (dislocation density)

Importance of initial microstructure before applyDA treatment

Preferential coarsening pf’ precipitates on dislocations in DA 718

DA improves tensile & fatigue properties

DA improves creep lives at low stresses / not at siggsses
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lll. FATIGUE AT ELEVATED TEMPERATURE
[11.1. Introduction to Hold Time Effect
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INTRODUCTION TO HOLD TIME EFFECT

1. Various responses

2. Three (at least!) classes of origins to dwdietf
- Prevalent Global Oxidation (see e.g.: 9-12% CelS)e

Sensitivity to Compressive Hold Times

- Bulk Creep Damage (see e.g. Austenitic Stainl¢éssl§ 301, 304, 316)
Weak Sensitivity to Environmental Conditions

- Crack Tip Oxidation + Mechanical Damage (see Midnase Alloys)

29
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D. Woodford, L. Coffin: Proc. 2nd Int. Conf on « Maaltal
Behavior of Materials », ICM11, (1976), pp. 893-897

A 286 —593°C - Air & Vacuum

e |
g i
-

:.-l'J'_— Ve o HT#2 “AIR

= | 3 A 286-593°C aNT#3 AR -
4 k0t DS HT#3  -AR
: | Ko A -e0mi oDSSTD HT  -AR |

n i L gl E gl I Loaul § P jpoal | [
I0° o 10" o’ 107 ﬁg'
V-FREQUENCY-CPM

4 [Effect of frequency on life of notched fatigue bars of
A286 at 593°C in air and vacuum’
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D. Woodford, L. Coffin: Proc. 2nd Int. Conf on « Maaltal
Behavior of Materials », ICM11, (1976), pp. 893-897

Inconel 706
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™
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a) b)

Figure 1.6. Schematic form of stress-strain hysteresis loops; a) fatigue-sivess relaxation and
b) creep-fatigue [FOU 06].

® Pure fatigue
O EBipeep = 015 = tension
¥ Ecpeep = 0.2% - lension

® Cycle | & Boreep = 1.3% = tension
o Cyele 100 W & = DA% = tension
¥ Cyele 750 O Zereep = U.5% - tension
A Cycle #75 # Eceep = 1,35 = compression

ﬂﬁfa[ =0.7 %

.
o* *

0 < .(: & ..'.'.. Sy .t
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a) b)

Figure 1.7. P91 steel a) shapes of hysteresis loops for a creep-fatigue test with A€ g, =1%
and Eqeep = 0.5% ; b) variation of the mean stress during contimious cycling and creep-
fatigue with hold times in tension and one test with a compression hold [FOU 046].

- B. Fournier et al., Int. J. Fatigue, Vol. 30,
2008, pp. 649-662

- B. Fournier et al., Int. J. Fatigue, Vol. 30,
2008, pp. 663-676

- B. Fournier et al., Int. J. Fatigue, Vol. 30,
2008, pp. 1797-1812

9-12% Cr Steels
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9-129% Cr Steels - B. Fournier et al., Int. J. Fatigue, Vol. 30,
2008, pp. 649-662

- B. Fournier et al., Int. J. Fatigue, Vol. 30,
2008, pp. 663-676

- B. Fournier et al., Int. J. Fatigue, Vol. 30,
2008, pp. 1797-1812

17 ® Pure fatigue
O Boreep = 0.1%
¥ Ecreep = 0.2%
0.8 A Epeep = 0.3%
Omyoe W Ecpeep = 0.4%
O Ecreep = 0.5% g

S
O.Z ||||| T T ||||||| LI ||||||| _ T T IIIIIII LI |||||||
103 104 10° 106 107
Fatigue life, Ny (cycles)

Figure 1.12. P9] steel. Influence of a tensile hold (creep) on the creep-fatigue life at 500°C
compared to results for continuous cycling. The creep deformation strains are indicated

» 33
%Z Sweden 10-11 May 2010 A. Pineau

Tech



9-12% Cr Steels

Fatigue life, Ny (cycles)

10 000 ~

oo

o

(v

o=
|

6 000+

4 000+

2 000+

CFe.=0.1%

CFe.=0.1%
CFe.=02%
RF 30 min

|

04050506 0607 0.70.7 1
Aegy (%)

- B. Fournier et al., Int. J. Fatigue, Vol. 30,
2008, pp. 649-662

- B. Fournier et al., Int. J. Fatigue, Vol. 30,
2008, pp. 663-676

- B. Fournier et al., Int. J. Fatigue, Vol. 30,
2008, pp. 1797-1812

B Tensile hold
== Compressive hold

RF 90 min

CFe.=03%
CFe.=04%

l RF 10 min

CFe. =03 %

Figure 1.13. PQisteel. Life as a function of fatigue strain range for various indicated levels
of imposed creep strain in tension and compression. The values of creep strain are indicated
on the figure [FOU 07].
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2nd Type

Stainless Steels

W Aey/2 = 0.2% CAgp/2 = 0.5% A Agp/2 = 1.0% X Aeyf2 = 1.5%

10 000

lereep = | 000 b

Lereep = 100 h, -‘L_-:.:fp = 0000 h

f
&
=
E 1000 |
5 0
= %
= )
o 3
— r N
S 1005 % 2
7] - g
L ] "
E =) %
o | - %
z ;
-1[} [ RLLALY T T T LA I II:Ii|||| LI I:‘IIII
0 1 10 100 1 000

Hold time (mn}

10 000

Figure 1.28. VIRGO steel (Table 1.4). Influence of hold fime in tension on life. Tests of
relaxation fatigue in temsion-compression were cairied out a various levels of plastic
deformarion at 600°C. The isochronal curves giving the rupture times tyas a function of the hold
time and number of fatigue cycles are also shown [ARG 946].
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Stainless Steels

24
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SPECIMEN AXIS

Figure 1.29. Examples of intergranular damage in austenitic stainless steels tested in creep-
fatigue: a) steel SR (Table 1.4) tested in tension/compression with ﬂEr eq /2 =1%, and

t;, = 0.5h . Optical micrescopy of a longitudinal section. Note the presence of cavities in the
body of the sample, far from the main crack which is indicated with an arrow; b) steel SR tested
in tension/compression having the same condifions as in a). Nucleation of intergranular cavifies
is shown by arrows [ARG 96] and [WEI 92].
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3rd Type Y.L. Lu et al., Mat. Sci. Eng., Vol.A 433, 2006, 1ip4-120
Table 1
Nominal chemical composition of HASTELLOY® X alloy (in wt.%)

HASTELLOY® X

Element N1 Cr Fe Mo Co W C Mn S1 B

Contemt 47* 22 185 9 1.5 06 010 1° 1" 0.008°

1 As balance.
b Maximum.

Temp. Hold time
i min
1 ol
10 o RI6 0 927'C, 60 mn
&0 Bl6 2
o 8l6 (i)
o 10°= 927 0
= & 927 2
“'é & 027 B0
B i
- 10
o
"3 B16"C. 60 mir
=5
10°
216°C, 2 min
1[]-3 £16°C. 0 min 3 A HASTELLOY X
1 L | i | | | |I|||||||I||II|II|IrI|||tr|!|lI|
20 40 60 80 100
AK., MPaym

Fig. 2. Cyclic crack-growth rates vs. AK for all the constant AP-controlled
crack-propagation tests.
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WASPALQOY — 500 — 700°C

S.P. Lynch et al., FFEMS,
Vol. 17, 1994, pp. 297-311

5 5 5
10 10 10
1/60 Hz 1/60 Hz
WASPALOY WASPALOY RS WA?PALOY NN
500°C 600°C 700°C -
R=0.1 R=0.1 R=.0.1 v
AIR AIR 60's AIR
2Hz
© 10 | 1/60 Hz 10 10
I * NN
>
3
3
167 | 167 167
60s
\' 2
.
10° 10° : 10®
10 20 30 40 50 100 20 30 40 50 100 10 20 30 40 50 100
AK, (MPaVm) AK, (MPaV/m) AK, (MPaVm)
Fig. 2. Crack growth rate data for 2 Hz, 0.0167 Hz and 60 s hold times at (a) 500°C, (b) 600°C, and
(c) 700°C. Data points for 0.1 Hz and 2 and 10's hold times generally fell between those for higher and
lower hold-times/frequencies, and have been omitted for clarity.
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WASPALQY - 700°C S.P. Lynch et al., FFEMS,
Vol. 17, 1994, pp. 297-311

10'6
Fatigue
10s
-7
10 F
—_— Fatigue
% 60s
S
= 16° -
® Creep
©
16°
3 WASPALQOY
700°C
AlIR
CCTS for Creep
CTS for Fatigue
-1
10 . d i
10 20 30 40 50 100

AK or K, (MPa/m)

Fig. 4. Sustained-load crack growth rate, da/dt, versus stress-intensity factor data, along with 10s and
60 s hold fatigue data replotted on a da/dt basis.
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X. Liu et al., Superalloys 2004, TMS, pp. 283-290

ALLVAC® 718 PLUS

Table I: Chemical Compositions of Tested Alloys (wi%)

C Ni Cr Mo W Co Fe Nb Ti Al
718PLUS" 0.026 Bal. 17.47 2.70 1.03 9.15 9.86 5.43 0.70 1.46
T18 0.033 / 18.41 3.03 ! / 17.94 4,98 .91 0.56
Waspaloy | 0.019 19.55 | 425 13.51 2.95 137
1.6-03
100 s
1.E-04 e
Q,ﬁ”iﬁr{ﬂr
S M o |:|:‘I:I
B 5
E 1E0s A
=
L A
1 E-06 |:|D AT18 Plus A1, 650C, 3+100s -
718, BS0C, 3+100s
Owaspatoy, 650C, 3+100s
1607
10 0

delta K MPa-m™0.5

Figure 8: Fatigue crack propagation behaviors of 718PLUS™
alloy under 3+100s trapezoid loading at 650°C, as compared to
that of Alloy 718 and WASPALOY.
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Magnus Hornqvist, Leif Viskari, Krystyna Stiller, Gaé Sj6berg

ALLVAC® 718 PLUS

Bl e———— 1e-1 5 1e-1
- &
| =—— A05Hz ' | £
$ Soe a
291 A Esoeny, ) s -
@ 450°C @ o
(5] R=0 (& [
E 1e-3 4 E 1e-3 < E« le-3 -
£ E E
E E E
= Jd = 1 = 1
o 1e-4 Re] T1e-4 = Re) Te-4 |
[ i i | [ |
k=] & -] T
|
g — AO0SHz |
e e o ASOsht | Ll o ASOshl |
' —— EO05Hz | | —— EO05Hz
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Figure 3. Fatigue crack growth rate per cycle (da/dN) for 0.5 Hz loading and 90 s hold time at
450, 600 and 700°C.
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Magnus Hoérnqvist, Leif Viskari, Krystyna Stiller, &é Sjoberg

ALLVAC® 718 PLUS

1e-2 i 1e-2 1e-2
— AD.5Hz —— AGSHz
o ASOsht 2 Afshi
— E0.5Hz — E05Hz
1831 & Eg0shi 1839 A Eg0sht. le3
| 7
450°C | BOOC
% e 4 R=0 g 164 0 % Ted -
E E, E;
i ] ]
= = = O
T fes - I 15 - A, g 18-5 - 700°C
& R=0
C —— A0S Hz
16 - g 106 Te-6 1 0O ASOshi
& —— E05HZ
A ES0sht
1e-T ; ie-T t 1e-T i
10 100 10 100 10 100
AK [MPa*m '] AK [MPa*m'?] AK [MPa*m'#]

Figure 4. Fatigue crack growth rate per time (da/dr) for 0.5 Hz loading and 90 s hold time at 450,
600 and 700°C.
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718 DA - 500-700°C

5
10 ¢
DA 718
500°C
R=0.1
AIR
6
10 |
O}
3
E
S
3 L 160 Hz
© RS
167 -
60s
b’ S
:2Hz
L VW
10-8
10 20 30 40 50
AK, (MPa/m)

—
o

da/dN (m/cycle)

—
(=T
~

10

S.P. Lynch et al., FFEMS,
Vol. 17, 1994, pp. 313-325

bl

20

30 40 50 100
AK, (MPa/m)

3. Fatigue crack growth rate behaviour for 2 Hz, 0.0167 Hz and 60 s hold times at 500°C and 700°C.
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. S.P. Lynch et al., FFEMS,
718 DA — 650-700°C Vol. 17, 1994, pp. 313-325
16*
2-SP 718
Air 704°C
16° + 3-SP718
Air 650°C
io® | —
650°C
0
E 7 ; 5-SP718
s 10 F Vac 650°C
@
o
10-8 -
{ 1-DAT718
169 = /700'0
510
10 20 30 40 50 100
K, (MPa/m)

Sustained-load crack-growth rate data for Alloy 718 for various conditions:

1, DA 718 in air at 700°C [ present work],
2, Standard 718 in air at 704°C [13],
3, Standard 718 in air at 650°C [14],

4, 718 with necklace grain structure in air at 650°C [4],
S, Standard 718 in vacuum at 650°C [14],
6, Modified (overaged) 718 in air at 650°C [14].
- 44
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ALLOY 718 — MECHANICAL PERFORMANCE

A. Pineau
Centre des Matériaux — Mines
ParisTech
UMR CNRS 7633
andre.pineau@ensmp.fr

lll. FATIGUE AT ELEVATED TEMPERATURE

111.2. L.C.F.: Crack Initiation in Smooth and Notc hed Specimens

- S. Deyber, F. Alexandre, J. Vaissaud, A. Pineau TM® Minerals, Metals & Materials Society),
Superalloys, 02-05 October 2005

- F. Alexandre, F. N'Guyen, S. Deyber, A. Pineau, 8338R 05, Rome, Italy, 19-23 June 2005
- F. Alexandre, S. Deyber, A. Pineau, Scripta Mateja/ol. 50, (2003), pp. 25-30

- F. Alexandre, S. Deyber, S. Ponnelle, A.. Pineaurrkes Printemps SF2M, Senlis, (2003), pp. 10(1)
—10(2).
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T=350°C;v=1Hz; Re=0; 0.52% <4¢ < 0.60%

1

5 10 j ” 7

v ’ o &

@ 100 oS

f= ] 0688 A Grain

© - e Particle

O = ¢ Non identified

1000= T T ||||||= T T ||||||i T T T T 1711

1,E+04 1,E+05 1,E+06 1,E+07

Number of cycles to failure
Zerrouki (2007
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Specimen axis

“«——>

Fatigue crack initiation sites observed in IN 718

a) titanium nitride in a 5-10 um grain size materia

b) intense slip bands (Stage 1) in a 150 um griam alloy

c) niobium oxide on the gauge length of a (-10 pairgsize material
d) Stage | on the gauge length of a 150 um gram alioy
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MATERIAL INVESTIGATED

Rm=16OOMP

AXIS

Rm=1500MPa

48

Sweden 10-11 May 2010 A. Pineau



e Oxidation from 550 to 650°C

e In-Situ tensile test at20°C
& under vacuum at 600°C

e LCF tests under vacuum

7P ad\ri_ationxfur ac
» Oxidation Effect : o F

e 1stloading at 20°C & 600°C

e Initiation siteswithout oxidation
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SHORT CRACK PROPAGATION TESTS

*Re=0, &~ [0.9 - 1.25%)]

Ro=-1,0,,= 750 MPa

* Rectangular section

1 or several defects O :
20 — 60 um

e QUESTAR MICROSCOPE

e Resolution : 1 -5 pum

a = f(N)

Short crack interactions

INES Sweden 10-11 May 2010 A. Pineau
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matrice

matrice
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Fatigue under vacuum
T =600°C ; 10-90-10
Re=0

£ =1.1%

« Specimen free surface

* Fractography

Oxidation :

Degradating Effect
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SEM Observations: In-situ-tensile set-up
* Troom L
e Grain Sizes : 5-10pum & 40pum
e ~ 100 particles

Interrupted Test:
* 600°C
 Alloy DA
e ~ 100 particles

Oinreshold ~ 9max

1150 MPa
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CRACK INITIATION FROM PARTICLES

@) A @® Rep 5um 600°C
QO §

Z 13 A KB1,5 5um 600°Q
k5 - & MEB 5um N°1
_é 0’8 g_ + MEB 5um N°2
b 0’6 =+ O MEB 5um N°3
S g A MEB 5um N°4
© 0,4 T

% - X MEB 5um N°5
b 0,2 I m MEB 40pm N°1
© . o
I 0 1 orrontd & MEB 40um N°2

900 1100 1300 1500 1700
Applied stress in MPa
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CRACK INITIATION FROM PARTICLES

Oxidation : Degradating effect

Size :Particles Size

Probability to Failure: P, =1—-exp - s

56
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1050 y
s
1000 =7 Ao =kIDAel
S 950 -
o
B 900 : —
< /m%s-1oﬂm
850 L 40 1
/ g]Sﬁfm
800 IIIIIIIIIIIIIIIIIIIiIIII

0 0,25 0,5 0,75 Ji 1,25
ASP/Z en %
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SHORT CRACK GROWTH

1000

A G,9%

& 1%

© 1,1%

X 1,25%

O 750MPa

10 ||||I||||I||||I||||I||||

0 1000 2000 3000 4000 5000
N en cycles
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INES
1

SHORT CRACK GROWTH

2 2
Tomkins (1968) : Sel 4 Ag"’éa 1+ i (Afj =agxa
dN 8 (2T)2 8\ 2T
Testat 0.999 Testat 1% | Testat 1l.1% est at 1.259
ain cycles' 8+10™* 1.4%10° 3.3*10° 3.3*10°
Ag at NiJ2in% | ~0.044% | 0.1140.14  0.195 0.302
doat N/2 in 1560 | 163541660 1670 1730
MPa
T in MPa 900 1075 et 117% 1075 1170
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SHORT CRACK GROWTH & COALESCENCE

High loads
» Multiple cracking
» Interaction

Initiation sites

60
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SHORT CRACK GROWTH & COALESCENCE
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PROBABILISTIC MODEL

T=350°C;v=1Hz; Re=0; 0.52% <4¢ < 0.60%

Y

1

5 10 47 !

@ ] o ©

@ 100 oS

£ | csR A Grain

© 4 e Particle

O E + Non identified

1000= ) ) ) llllll ) ) lllllli ) ) | UL

1,E+04 1,E+05 1,E+06

Zerrouki (2007

Number of cycles to failure

1,E+07
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PROBABILISTIC MODEL

",

b) ke
N

a)

d

A
Noe P g
t’:‘tg.g: 1 ;,f"
) . T StageIl
Particle hg% : & '
i W N

= > _
Do / _

\‘\.'.

o
==
-
—
(L]
3
[
(g}

A
.\.

s
L.
il
| A

Free surface
'
e o
SR
Free surface
s

Schematic representation of the fatigue crack imsiratypes :

a) Particle induced initiation (grain size d smalleart particle size P
b) Stage | initiation (grain size larger than padisize)
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PROBABILISTIC MODEL

Microscopic Model

« Stage | Micro-initiation L
Tanaka-Mura (1981) slightly modifiec Vi = (e (1)
Astage = T (TEMperature) d

« Micro-initiation from particles
Weibull type law — Beremin (1981)

| Zl—|—/7|,<:(ﬁgq—RpD_2)::> "
Pﬁ'.:;rc‘rm'e - l o EXP o (2)

o

[

<X>=X1IX>0&<X==011f X<0

« Micro-crack propagation o N
x> AENG [l_i_ﬂ"( AO‘J' ]I (3)
g \20 ) |

da/dN= c.a Where « =

)

8 Gr)

T is the only parameter to be identified
64
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PROBABILISTIC MODEL

Macroscopic Model N,= N + N
I P
Number of cycles at Crack Initiatio,n_l \_. Number of Cycles for Crack Propagation
= 0 for particle ([3) crack initiation From O, — a.( K,.) for particle initiation
=N, ( Eq. 1) for Stage | initiation Fromd—— & K,.) for Stage | initiation

Only a fraction of particles is fractured for agload ( EQ. 2)
=P SIZE EFFECT

Probability of Particle Presence

Particle size distribution in DA 718

1,2

N particle / Nmax
=] =
F -
1
[

=]
(%]
i

i I P

8 11 14 16 18 20 21 23 24 25 26 28 29 30 31
Particle diameter (um)

[==]

Normalized Particle Distribution in IN 718 65

24
;/7 Sweden 10-11 May 2010 A. Pineau

MINES
Tech



PROBABILISTIC MODEL

 Probability of finding particles with a diametey [arger than a given diameter, D

Drmax i

N(D, < D) Z N(D, =D;)
P(D, < D)= ———2— = 2=

AT o Dmax i (4)
N(D, <D,,,) S N(D, =D,)
Dj=Dmin i '
Assumption : Poisson Law
P(D=D,)=1-exp(-N(D = D,)) (5)

 Global Probability to failure P(N:<N) = 1062 (for instance)

For one particle : Two independent events
- Initiation of a microcrack at first cycle (P, .. Eq. 2)
- particle diameter Plarge enough for the crack to reach the criticad sn N cycles

P(N

prop _ pamde =4 )1 part

_p i f}>—h( o7, = P(D, < D) (6)
o D o

]

This probability depends on - particle positionrface, subsurface, internal)
- associated volume

66
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PROBABILISTIC MODEL

Global Probability to Failure P (M N) (Ctd)

Can be calculated as a post-processing routind-&f structural model, with:

® Npart s and Ngj o the number of particles intercepting the element free surface, and the
number of elements at the surface of the structure, respectively;

®  Npart vi and Nej internal vol the number of particles contained by the volume of the element,
and the number of internal elements of the structure, respectively;

®  Npart vss a0d Nej sub_surface the number of particles contained by the sub-surface volume of
the element, and the number of elements at the surface of the structure, respectively.

P( jvf = ‘;\;T) global —
Nél  surf ) Nél _internal _vol , _
L= TT 1 Pracuelos)* POy < D (- Pynelos )< PO, < D)7 (D)
Nel ;;:;—.s*mﬁce v
¥ H [l - P ﬁ'acmre(gd )* P(DU < D))Npm-r_vss]

v=l

WEAKEST LINK THEORY
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PROBABILISTIC MODEL

Model Identification

« Constitutive Equation
- Viscoplasticity + Non Linear Isotropic & Non Line&inematic Hardening
- Temperatures : 450°C & 600°C

Isotropic R( p)= R+ Q(l— ébp) where p:j;\/éép (r):&,(7) dr

Kinematic X" :g Ce,—D(p) pX whereD(p)=Ds+(D,-Dg)e*

I I
Viscosity p = <E> 11 to 19 parameters

- _[lo=X|-RY\'

€, ”

sign(o - X)

» Microscopic Model identified from tests on Smo&pecimens (see above)
T parameter in Tomkins law dependent on mean stress 68
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DA 718 -600°C R= -1

F. Alexandre, PhD Thesis 2004

b) o ULy ] . Exp d) P ] _Sim
] — Sim ] + Exp

Cyclic stress-strain curves in DA 718 — Model & Expeents
b) 600°C ; ¢,,.,= 0.75% ; Strain rate = 8
d) 600°C .= 1.25% ; Strain rate = £81

» 69
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DA 718 -600°C R= 0 t,=90s

F. Alexandre, PhD Thesis 2004

Tech

a)1500 _
1000
]
R 500 ]
= ]
5 ]
e 7]
-5005
] — Sim ] igﬁﬂ
-1 000 —t——+—t+—+—+—+—+—t+—+————t—+——+——1——F———1—FF -1 500 +——1—"m™—m—FH-r-—r—r—1+-r-r—r—1—+F+r-r—r—r—"Fr—r—r"r+trrrtrr
0.0 0.2 04 06 038 10 12 0,0 92 0,4 0,6 2,8 10 12 14 16
cen% gen%
Cyclic stress strain curves for DA 718 — Model & Exments
600°C — Cycles 10-90-10 -.R O
a)emax—= 1.1% ; bk ..= 1.5%
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MODEL VALIDATION — NOTCHED LCF SPECIMENS (1)

LCF Tests on notched specimens at 450°C & 600%C] Hz

1 mm (Sharp Notch)

ki=2.5;p

K,
Surf. Part.

4.5 mm (Smooth Notch)

1.3;p=
Sub-Surf.Part.

Int. Part.

- No significant temperature dependence
- High Stressesinitiation from surface particles

- Low Stressesinitiation from subsurface

Transition between surface & subsurface
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MODEL VALIDATION — NOTCHED LCF SPECIMENS (2)

FE Calculations

T

X % o ¥ i i [ 1020 gre (P B i J
L. R Lo e an L ey Ll 2 e e raid - 3 S, Pasit (=] g o [ Gonam
- o = e i i o8 L5 e = F 2 e i 1580k dSeudl - (LR EE (et i 8 Coars

ek

Post-processing realized on a “sharp notch” sanapletermediate stress level :
a) B..cureCalculated at the first LCF cycle

b) T parameter

C) a parameter

12
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MODEL VALIDATION — NOTCHED LCF SPECIMENS (3)

Sharp Notch K= 2.5

2

MINES
Tech

100% ’r; . <
J*-!‘""
90% a
[ | Lo/ \ Stage |

. 80% ;j Internal __linitiations | |]]
= . r r’ particles
% 70% -
T 60% -—“ b
= H ’ 4[\|Sub-surface
= 509 |surface | particles
= particles ||| r L
& 40% se
@®
'g 30% ! i, — Global P failure - hard disk zones
o !J — —(Global P failure - soft disk zones

20% ] _

V A A exp. data: surface particles
oy
10% J # exp. data: sub-surface particles
0% ; ! [ T T TTTIT] [ T T TTTIT]
1,E+03 1,E+04 1,E+05 1,E+08 1,E+07
N cycles

Global probability of failure calculated for a sparotch tested at intermediate stress

Simulations & Experiments

73

Sweden 10-11 May 2010

A. Pineau



MODEL VALIDATION — NOTCHED LCF SPECIMENS (4)

Sharp Notch K= 2.5

\ \» L\. Standard
\ \\‘\ N4~ — | method: A Surface particles
NN . _
\ N o= Mean life ¢ Sub-surface particles
\ N .
: y . e Internal particles
Stress \ \M ‘*\E |
Range ) ,\:‘ i
(MPa) \ \ Proposed
B N A * method:
SRR - |
A \‘\ N T~ _&7| Mean life
| I e
— Standard ! H— Proposed g— ! ~ |.
| method: | method:
| | Minilife Mini life
L___T___T__F_T_I_TI I T T T 11 I |
1,0E+03 1,0E+04 1,0E+05 1,0E+06 1,0E+07
N (cycles)

Fatigue life — Comparisons between experimentsdstan& statistical methods
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PRELIMINARY CONCLUSIONS

1. Identification of micro-mechanisms of crack iaiton & propagation in DA 718 alloy
2. Competition between Stage | and Particle ingiatin particular in small grain materials

3. Probabilistic model for fatigue life
- using relatively few microstructural parameters
- strongly dependent on material mechanical behavior
- LCF data scatter mainly attributed to probabitistature of particle presence
in a given volume + probability of failure of thegarticles at the first LCF cycle

4. Probabilistic model used as post-processingrriaanalysis
5. Good agreement between experiments and thedregicalations for notched specimens

6. « Reduction » of the calculated scatter when usimgceostructure-based model as
compared to oversimplified statistical analysis

75
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ALLOY 718 — MECHANICAL PERFORMANCE

A. Pineau
Centre des Matériaux — Mines
ParisTech
UMR CNRS 7633
andre.pineau@ensmp.fr

111.3. L.C.F.: Influence of Hold Time and Frequency
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D. Fournier, A. Pineau, Met. Trans., Vol 8A, (1977)1095
M. Clavel, A. Pineau, Mat. Sci. Eng., Vol. 55, 2p%. 157

AEpf2(%)
« Plastic Strain
« Elastic Strain # \\
O O —— 298K -
== 823K \\
N N

ELASTIC and PLASTIC STRAIN AMPLITUDE (3%)
!
7
|
V'
r
/j//"

‘?.:--l_, o —
w, )K— S isoc\*
}\
N

Dol 650C 25C

SN ol |

\\ 2

Iy 3
01 e g i L p ! . N o ONE
) NUMBER%)F CYCLES TO 1FPB%CTURE 10000 W 10t " 10¢
Inconel 718 — Influence of Temperature Inconel 718fluénce of Temperature

77

%s Sweden 10-11 May 2010 A. Pineau

Tech



1200

(MPa)

1000

STRES

800

AEpf2=042

D. Fournier, A. Pineau, Met. Trans., Vol 8A, (1977)1095
M. Clavel, A. Pineau, Mat. Sci. Eng., Vol. 55, 2p%. 157

823K | A&P/2=0422

3cycles/mn

0.3cycle/mn

L 4 h i

50
PERCENT OF LIFE

©
o
= 900
o
»n
»
3
~ & 800}
L ]
823K
1
1 L ] e
100
! N/Nf (%)

- heiidkadd ‘00 n i bl |
NUMBER OF CYCLES (N) e

Inconel 718 — Effect of Temperature on Cyclic Bebavi Inconel 718 — Effect of Frequency on Cyclic Behavior
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D. Fournier, A. Pineau, Met. Trans., Vol 8A, (1977)1095
M. Clavel, A. Pineau, Mat. Sci. Eng., Vol. 55, 2p%. 157

Inconel 718 — 20°C Ag,/ 2 = 0.40% Inconel 718 — 550°C Ag,/ 2 = 0.56% - 0.3 Cycle / min
Stage | Crack Initiation Intergranular Crack Initiation & Propagation
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ALLOY 718 — MECHANICAL PERFORMANCE

A. Pineau
Centre des Matériaux — Mines
ParisTech
UMR CNRS 7633
andre.pineau@ensmp.fr

l11.4. Crack Propagation: Transgranular / Intergra nular Transition

80
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CRACK GROWTH RATE — CONTINUOUS FATIGUE
INFLUENCE OF GRAIN SIZE

R=0.05p=0.33Hz ,® =427 °C

Krueger et al., Met. Trans. ,Vol. 18A , (1987), 31

MINES
ParisTech

AK (ksiV/in) AK (ksiv/in)
IID 20 50 1|U 20 50
-2 =y N I I | | I I I ) = I | | | I I I
10 3 Alloy 718 under-aged. L Ll 3 Alliage 718 over-aged. E
- Fine-grained vs. 104 - Fine-grained vs. 104
“| coarse-grained = | coarse-grained =
210735 427°C. 033 Hz, = A 210733 427°C. 033 He, = A
£ O R =0.05, air — = . O R =0.05, air m o
& J1in=254mm =105¢. & 4 1in=254 mm =10-3 ¢
- ; = ol e = -
£ 104 = = 09 £ 104 = & g
B 5 - c B : iy 3
= 3 L1062 5 3 =10-6 2
£105 E i £ = ]
= = e B = E B
%. il Elﬂ_?i %: . l i—lﬂ'Ti
-5 _| = = 6| = =
C 10 = F Ri0s = 8
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CRACK GROWTH RATE — CONTINUOUS FATIGUE
INFLUENCE OF GRAIN SIZE

R=0.05:v=0.33Hz ®=427 °C Krueger et al., Met. Trans. ,Vol. 18A , (1987), #31
AK (ksiv/in) AK (ksiv/in)
10 20 50 10 20 50
1025 Ll | IR N B I I lD_zIIIII| I R A e I |

Alloy 718 under-aged.
Fine-grained vs.
coarse-grained

Alloy T18 over-aged.
Fine-grained vs.
coarse-grained

1
iy
1
o

10733 42?'-(:, 0.33 Hz, - A 310735 427°C, 0.33 Hz, - A
3] 3 R =075, air I 54 o 3 R =0.75, air % =
5% ] ] in =254 mm 510'5 ?}P;' o J lin=254mm g—lﬂ"' E"
E1043 - g E1073 S
£ 3 - 38 3 e B
v i E_l 0-6 g E _ E_l 0-6 E
10755 S A (U =
3 = B 3 - B
EPE L1078 % 3 L1078
£ 10765 S -6 S
=10 = = 2 =10 5 - 2
4 7 1085 3 7 _10-8'5,
510774 E £ 5107 SR
- — Fine-grained :_1 0-9 = Fine-grained :_1 0-9
. === =Coarse-grained E ] ===~ Coarse-grained E
10-8 T T T T T T T 10-8 T T T T T T T
10 20 50 100 10 20 50 100
AK (MPay'm) AK (MPav'm)
a) b)

FCP behavior of In 718 at 427°C tested at R = @ntba frequency of 0.33 Hz showing the effectsvof different
grain and precipitate sizes at constant strength
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CRACK GROWTH RATE — CONTINUOUS FATIGUE
INFLUENCE OF ENVIRONMENT

H. Ghonem, D. Zheng, Mat. Sci. Eng.,

R=0.10;v=0.05Hz § = 650°C; Vol. 150 (1992), pp. 151-160

Air & Vacuum

b2

Alloy 718; 630°C (free surface)

O
|

Cr selective oxides Ni, Fe selective oxides

e
|

Transition time (min)
o)
|

0- | |
10-6 10-4 10-2 100
Oxygen partial pressure (Torr)

Effect of environment on the FCP rate of IN 718%30°C.
Testing was done at an R-ratio of 0.1 and a cyadiguency of 0.05 Hz under a vacuum of 5%10rr
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HOLD TIME & FREQUENCY EFFECT (1)

J.P. Pedron, PhD Thesis, 1982

=1

PR N

LARGE GRAIN SIZE SMALL GRAIN SIZE
ASTM 3-4 ASTM 6-8 i

NECKLACE MICROSTRUCTURE
ASTM 8-10 + ASTM 3-4
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HOLD TIME & FREQUENCY EFFECT (2)

J.P. Pedron, PhD Thesis, 1982

Microstructure Temperature | Yield Strength | Ultime T.S. | Elongation
(T) (MPa) (MPa) (%)
Large Grains 25 1145 1290 24
650 885 960 17
Small Grains (R) 25 1245 1415 24
(without & phase) 650 990 1130 19
Small Grains (T.R) 650 990 1130 15

(with & phase)

Necklace 25 1240 1350 18
650 1000 1080 17
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HOLD TIME & FREQUENCY EFFECT (3)

MINES
Tech

100 ] ructure collier sens lon
3) o s ooegmnenim FATIGUE CRACK GROWTH AT
Gros grain sens travers "“‘ ¢ ELEVATED TEMPERATURE
Grain moyen sens lo
iod —o g .Qg.AW. v v V‘F\‘
5 'O'AA AR \
® 4 v ¢ AIR
o) A MR J
C / V. e Z%wA
5 1Of AA V' Op
e i v 4 N
= J Z%
z1 10-3%104 . Aﬁ 5 T VACUUM
s | v &
3 . A8Y0
1} £ 10-300-10 vige
[ &
. RT
0.1} 20 Hz. air _ INFLUENCE OF GRAIN SIZE (and
| Alliage 718 SHAPE) and ENVIRONMENT
650°C
0.01 o 50
AK (MPam®)
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TRANSITION BETWEEN TRANS- AND INTERGRANULAR FRACTURE
INFLUENCE OF TEMPERATURE AND FREQUENCY

A.Pineau in Fatigue at High Temperature, (1083)

10: I |!]l”|1 al | T]]I[ll 1 IIIIT”I T ] IT'T”] T WTTYHI T 1TI]HE
C " A Shahinian & Sadananda Ref. 24
- \ 2 O James Ref. 25
¥ ® & Pedron &Pineau, Ref, 26

{ b= = (650°C) |
2 T': a O Clavel & Pineau ,Ref. 27 .
C e 5
- o -1 O| Mcoles etal..Ref. 28
[ o
N E \a| ¥ Popp & Coles,Ref. 29

- A

10"-_- z @ James, Ref. 25
E ©
e :
- 3 | Inconel 718_]i i
i l 550 & 650°C

107 | AK=40 MPa\/E_J
E (550 C) Transition to Intergra-
i ‘;/ nular Fracture ]
B 3
- .
- ' ®

_4 ; Frequency(Hz)

10 Ll L L)L L1l Lol L L L 111 | L 111l
107 1073 1072 10! 1 10 10°
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CREEP CRACK GROWTH RATE IN ALLOY 718

da/dt (m/s)

2-TR 718
Air 704C

3-TR 718
Air 650C

~718 INFLUENCE OF MICROSTRUCTURE
Necklace grain AND ENVIRONMENT

Air 650C

5-TR 718 \

Vac 650C

6- O‘;elrg‘ge‘j TR : AS QUENCHED (~950°C) + AGED

Air 650C (720°C - 8h + 620°C - 8h)

b, \
/_./ 1- DA 718 DA : DIRECT AGING (720°C - 8h + 620°C -8h)
Alr 700C after FORGING

20 30 40 50 100
K, (MPa/m)
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OXIDATION EFFECT (1) E. Andrieu et al., Mat. Sci. Eng.,
Vol.A 154, (1992), pp. 21-28

initial conditions /

G.B
12 N-2+ .
Alloy 718 (free surface) il t G0} n

- 650°C b pa———— e Xi

g g 0’

E

(5] G.B

E /

= 6 / e, .

C / t = ___*

£ / b Cr,0 X,

7 Cr selective oxides ¥ e R e 3

=

i 3 /  Ni, Fe selective oxides

= F GiB.

/
0 =8 l-l. I -2 0
10 10 10 10
Oxygen partial pressure (Torr) 1>
Types of oxides as a function of transition time
and oxygen partial pressure G.B.
Mechanisms of grain boundary oxidation
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OXIDATION EFFECT (2) E. Andrieu et al., Mat. Sci. Eng.,
Vol.A 154, (1992), pp. 21-28

E vy e, j . . vy oy ™ .y e -
*E 1.0+
o
]
. 0.8¢
o
IE]
5 0.6}
|9
4
5 0.4f
-
= Precrack
o 0.2} Intergranular
'.g Transgranular
I S
-8 = = e
W g ot 10° 100 ad
PO, (torr)

Ratio of transg. Fracture vs oxygen partial pressure

- Fracture surfaces corresponding to different oxyggetial pressures o1
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da/dN (m/cycle)

OXIDATION EFFECT (3) R. Molins et al., Acta Mater, Vol. 45,
(1997), pp. 663-674.

-3 =
10 5 Alloy In 718; T = 650°C; R = 0.1
1 mK=20MPaym
10-4< ®K=28MPaym I
10755
1()'6—5
1 &
10773
10-8‘ e e renp roenp rorep v rorrip rorep o rrp oy oty vl

10-7 10-3 10-3 10-1 10+1 10+3 10+5
Oxygen partial pressure (Pa)

Influence of oxygen partial pressure on crack grorate.

Cycle : 10-300- 10 92
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OXIDATION EFFECT (4) R. Molins et al., Acta Mater, Vol. 45,
(1997), pp. 663-674.

10 42 Alloy In 718; T = 650°C; R = 0.1 i
] W Cycle 1-1; K = 18 MPav/m
| ®Cycle 10-10; K = 18 MPay'm
o 1077 4 Cycle 10-300-10; K = 20 MPay/m
4] —
) :
E 1064 —$
% -
ERE .
10-7

¢

10-3 T I T T T IO T I T I T I T I T I T T T I T I T 111
10-7 10-5 10-3 10-1 10+1 10+3 10+5
Oxygen partial pressure (Pa)

Influence of oxygen partial pressure for varioysety of loading
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Transition pressure (Pa)

OXIDATION EFFECT (5) R. Molins et al., Acta Mater, Vol. 45,
(1997), pp. 663-674.

100 = : i I
3 T=650°C 5 5
N Ali 718
T R
- "
02
- .
1{)-33.-------l -----------------------------------------------
3 Ni
10-4 I N I |: I A |: T T 1 :| T T 1 :| I B |: I A

0 5 10 15 20 25 30
Wt % Cr

Variation of transition pressure with Cr contenbinary Ni-Cr alloys
In 718 and N18 alloys are also shown

94

Sweden 10-11 May 2010 A. Pineau



OXIDATION EFFECT (6) R. Molins et al., Acta Mater, Vol. 45,
(1997), pp. 663-674.

1
1E4 st e
Inconel 718 T=650°C 8 Kmax=30Mpa me — .-
- m
\\ E\ 0,1
&
o \ 5
o
3 2
g =
Z oo |
3 \ é Inconel 718 T=650°C n
i = ® Kmax=30MPa ym
. i =30MPa ym |
)2 S S S - 0,001
0,0 0.5 1,0 15 20 00 02 04 06 08 1,0
R tr/300
10 sec 300 sec

100 Pa

102 Pa

107 Pa

Crack growth rate is accelerated in the presenocxyden only when strain rate is positive
95
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J.C. Chassaigne, PhD Thesis, 1997
N 18 g
Cr Co Mo Al Ti Hf Zr (ppm) C(ppm) B(ppm) Ni
11.50 15.70 6.50 | 4.35 | 4.35 0.5 150 150 300 Bal
Composition (Wt%)
B 62 mm .
Skin 1
V>200°C/min —
150°C/min<V<200°C/min — BU LK
V<150°C/min —
Interior é
W
%
R S I |
Disk axis of rotation
SURFACE
24
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N 18

da/dN(unloading)/(da/dN), (%)

J.C. Chassaigne, PhD Thesis, 1997

N18, 650°C

® Skin 4/

W [nterior

7 T T T T T 1T [
150 200 250 300
Time (s)

NI18; 630°C, skin microstructure
Kpic = 45MPa.(m)'2

10 20

I I
30 40 50 60 70 80 90 100
Unloading from peak (%)
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J.C. Chassaigne, PhD Thesis, 1997

N 18
10-3 —— . .
1 N18,650°C,R =0.3 Skin 10-300-10
. » Interior 10-300-10
© 1075
S -
S -
(] ]
E i Interior and skin 10-10
Z -
o
2 1076
] Vacuum, interior and skin 10-10 and 10-300-10
10_7 I I I I I
10 100
AK (MPay m)
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PRELIMINARY CONCLUSIONS

« 3 Main Characters of High Temperature Fatigue :

- Modification of deformation modes with temperat&rérequency

- Oxidation
- Intergranular damage

» Coupled effect of “creep” & environment

» Stress relaxation ahead of crack tip produceslacten in crack
growth rates

» Importance of the nature of oxide

99
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ALLOY 718 — MECHANICAL PERFORMANCE

A. Pineau
Centre des Matériaux — Mines
ParisTech
UMR CNRS 7633
andre.pineau@ensmp.fr

V. CHEMICAL AND THERMOMECHANICAL IMPROVEMENTS
IVV.1. Chemical Modifications
IVV.2. Thermomechanical Heat-Treatments

100
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CHEMISTRY & THERMOMECHANICAL HEAT TREATMENTS

e ELI (Carbon + Nitrogen) Inconel 718 ?
- TICN + NbC reduction
- PLC Effect at lower temperatures (~ 300 — 400°Cu€lBar Industry
(See V. Garat et al., J.N.M., Vol. 375, (2008), 9»-101
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ia) General view of the specimen after rupture

V. Garat et al., J.N.M., Vol. 375, (2008), pp.

1300

—rrJirrrrJrrrJ]rrrrrrr 1
- 4 H ! i 4 4

1200 puisy

1100 [

-
=]
(=3
=]

900 |

Stress (MPa)

800 |

700 |

B 35 1 | - : X i X
600 v B b T e S
Time {s)

suD-LLl.i..lJ.Ji_ll.IJ.J.LliI_lJi_l.l.J.-

0 2 4 6 8 10 12
Plastic strain (%)

Inconel 718 — Test in laboratory air
Stress-Strain curves at 570°C

- I"h

Inconel 718 — Test in Iaborory air — rge Grainithout 5 phase
Test temperature = 650°C  Strain Rate =510

Intergranular Fracture 102
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V. Garat et al., J.N.M., Vol. 375, (2008), pp. 95t1

750 | | s ] |

700 o pLC \

650 | -

600 | el

1
g

Temperature (°C)
o=
@
@
)
OO0 @O O

500 L— NN 5
SN - | Transgranular

16 -14 12 10 -8 6 -4 2
Ln (de/dt)

Fracture modes and Plastic flow map

(L. Fournier et al., Mat. Sci. Eng., Vol.A 316, (200p. 166
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CHEMISTRY & THERMOMECHANICAL HEAT TREATMENTS

 Cr Additions

2
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O-3s
A —-180s5
O0-3+177s
10~ 3
s [ 4
E = N
.:‘1
—— = 1"?1‘
g - "‘.u._
kX
10°L Y
C *-E
. O— o “_@ I
10-?||1|I|!||I|1||
10 15 20 25
Chromium (wi.%)

27 Effect of chromium on fatigue crack growth rate in
IN718 at 540°C with AK=30 MPa m'? (Ref. 13)

K.M. Chang, M.F. Henry, M.G. Benz:
J.0.M. Vol. 42, 1990, pp. 29-35
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Effect of Phosphorus (see e.g. W.R. Sun et alt, B@. Eng., Vol. A 247, (1998), pp. 173-179

CHEMISTRY & THERMOMECHANICAL HEAT TREATMENTS

Film-like 6 phase in alloys containing small amounts of P [B@pm]
Increase of Creep rupture life (see e.g. X.S. Miaterials Science Forum,
Vols. 539-543, (2007), pp. 262-269

Effect of Magnesium (see e.g. X. Xie et al., Sujeya 1988, pp. 635-642)
Similar effect ord phase morphology

RRRRR
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W.R. Sun et al., Mat. Sci. Eng., Vol.A 247, (1968),173-179

a) Alloy 1 (0.0008 Wt% P) b) Alloy 5 (0.013 wt% P)

Effect of phosphorus on the morphology of
intergranulai phase in Inconel 718

107

yos

MINES Sweden 10-11 May 2010 A. Pineau

ParisTech



CHEMISTRY & THERMOMECHANICAL HEAT TREATMENTS

« Effect of Ti + Al / Nb ratio & Compact Morphology

» Heat — Treatments (see e.g. J.Y. Guedou et al.,r&imes 718, 625, 706, TMS,

(1994), pp. 509-522

RRRRR
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E. Andrieu, R. Cozar, A. Pineau, Superalloy 718sBiirgh, PA, June 11-14, 1989

S =Ti + Al + Nb (At.%)
R = (Ti + Al) / Nb (At%)
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da/dN
(mm/cycle)

10’ —==ST718
750°C-50 Hrs Post Aging Heat e
Treatment AT
i /! 700°C
1300 Oy (MP2) §50°C-R_=0-05Hz / //" 15:11'~'c
’F
10" { _‘_/ 550; ' 4700°C
W 4
/ /
7
/7 /
~N 2
- \7‘ — - A4
\\ ST 718 ESU.:LV
~——
prms 3
10 /
Ne so / A/ #pa Vm
700100 1000 10000 100000 1000000 10 20 40 60 BD 100
Inconel 718 — LCF at 650°C (R 0; v=0.5 Hz Inconel 718 — Fatigue crack Growth Behavior
Comparison between Standard 718 (ST) & Comparison between Standard 718 (ST) &
Damage Tolerant 718 (DT) obtained Damage Tolerant 718 (DT) obtained
thorough 750°C — 50h post-aging treatment thorough 750°C — 50h post-aging treatment
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ALLOY 718 — MECHANICAL PERFORMANCE

A. Pineau
Centre des Matériaux — Mines
ParisTech
UMR CNRS 7633
andre.pineau@ensmp.fr

V. CONCLUSIONS
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CONCLUSIONS

Emphasis on Fatigue Crack Initiation + Crack Rgation
Attempt to give an overview of the mechanicafqenance of Inconel 718
Initial metallurgical conditions (DA or QT) vemnportant

Many areas not covered : welding, machining, etc...

a k~ WD E

Many improvements to the alloy can still be made

THANK YOU
FOR FURTHER INFORMATION
PLEASE CONTACT

andre.pineau@ensmp.fr
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