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|.  INTRODUCTION : Alloys Strengthened by y” Precipitates

2
pod

MINES Sweden 10-11 May 2010 A. Pineau



Ni

BASED SUPERALLOYS

Tech

Element (wt. %)
Ni[Fe| Co| Cr| Mo| W | Ta| Nb Al Ti| V C B Zr Hf [ Y | Re
Product Form/Alloy
CAST/WROUGHT
— IN-718] 50 3( 18 3 52 04 0.8 0.06 0.006
Waspaloy 58 13 19| 4.3 1.8 3 0.08 0.0p6 0.p6
INVESTMENT CAST
Rene 71 5B 15 15 4.7 48 3B 0.7 0.q15 0Jo4
Rene 80 6p 9.5 14 4 4 3 5 0.1 0.03 (.8
POWDER METALLURGY
Rene 9% B4l 81 128 346 3p 36 36 246 0.08 0[01 0053
——l N18| Ba 155 11 6.5 43 4.3 0.0p 0.0]15 3.5
IN-100| Ba 185 124 3.2 5 43 O 0.0 0.02 0.06
Udimet 720 B4l 147 16 3] 1.2b 2 5 0.025 0.02 0.p3
CAST SINGLE CRYSTAL
CMSX -2 664 4.6 8 06] 79 58 56 0p 0.005
CMSX-4{ Bal 9 6 0.6 6 7 5.6 1 0.1 3
Rene N4 68 75 94 1.4 6 4 05 3J)7 425
PWA 148(0 63 5 10 4 12 5 1.5
PWA 14934 Bal 491 9 38 [ 5 36 [ 1 0.02] 0.03] 0.07 0.02
* Mo+Ta+W =or > 10%
See also Alloys 625 & 706 ;
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;M/}{ Sweden 10-11 May 2010 A. Pineau



yos

MINES
ParisTech

FABRICATION

Raw matls (input) —»

Vacuum in
melting

ction .
IM) -4 Scrap/revert (1np\t)

v

Remelt ingot

B

v

Electrodes

3

Investment Powder met
castings process (PM)

remelting (VAR) remelting (ESR)

Vac arc Electroslag

|

Powder

v

—» [ngot |-a—

v

Equiaxed
castings

Directionally solidified
or single crystal castings

Product forms

Blades

Casings, blades, integral wheels

- Thermomechanical /

processes (TMP)

v

Billet/bar

Disks
Rolled ring

4

Sweden 10-11 May 2010

A. Pineau




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

5
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ISI| WEB OF KNOWLEDGE

Number of Publications per Year - Inconel 71
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APPLICATIONS OF INCONEL 718

Turbine Discs

Other Applications :

- Nuclear Industry : Springs for internals
- Rockets: Liquid H & O, pumps

Production ~ 10.000 T/year
(most widely used Superalloy)
Cheap alloy ~ 15 €/ Kg

%
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OTHER PHASES IN INCONEL 718

F. Alexandre, PhD Thesis 2004

Inconel 718wt %)

entqd Ni C Cr| Fre] Nb| Mo Ti| A
Mini | Base| 0.02] 17.00 15.004.75| 2.80| 0.75] 0.30]
Max | Base|] 0.08] 21.0p 21.dos.50] 3.30] 1.15] 0.70|

5
TiN
NbC
955°C-1h;
720°C/8h + 620°C/8h
(18DA : Directly aged after forging
8
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TTT DIAGRAM FOR INCONEL 718

A. Lingenfelter, Superalloy 718, Metallurgy &
Applications, TMS, 1989, p. 673
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TTT DIAGRAM FOR INCONEL 718
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. PHYSICAL PROPERTIES OF vy” PHASE and vy'/y” COPRECIPITATES
[1.1. Atomic Structure
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A;B PRECIPITATES IN INCONEL 718 (4)

FElements % N1 C Cr Fe Nb Mo Al
Mins Base 0.02 17.00 15.00 4.75 2.80 0.30
Maxy Base 0.08 21.00 21.00 5.50 3.30 0.70

IN 718 — Composition (Wt %)
O )
® )—.— )
A (;/[ ’C?
C
o o O
(% — ‘ L
FI? EI'Y”
® N\b
@ Ni
¥ (CFC) Y (Niy(TL,Al) ; L1,) v’ (Nii(Nb) ; DO,,) 15%
~200A ~200A
Strengthening precipitates in IN 718
12
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A;B PRECIPITATES (1)

R. Cozar, A. Pineau, Met. Trans., Vol. 4, 1973lp.
D.F. Paulonis et al., Trans. ASME, Vol. 62, 196% il
I. Kirman, D.H. Warrington, J. Inst. Metals, VoR 91971, p. 197

Y, B
@
© @ @
@
(7] @ @
@
(4] @ S [ Q S & (2] D e & O
@ & o & @ ;] 6
Planes T Planes R

Close Packed Planes inB\compounds — Type T or R
Large Symbols : Atoms B; Small Symbols : Atoms A

a, b, c, a, b, ¢’ planar projection of atoms B srccessive closed packed planelg,

24
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A;B PRECIPITATES (2)

IY 'Y” 8 ’ B
Planes Type T Planes Type R
Phases CuAu Ni;Ti Ni;Sn Al STi B —PENDb B— CuTi
Base Ni NisAl Ni;Ti Ni;Sn NizV NisTa Ni;Nb
Bravais Lattice Cubic | Hexagonal| Hexagonal BCT Orthorhombic| Orthorhombic
Spatial Group | Pm3m | P6,/mmc| P6/mmc| 14/ mm P2/m P mm
Struktur Berich L1, DO,, DO,4 DO,, ? DO,
a=0.5093| a=0.5293| a=0.3542| a=0.5126 a=0.5106
Parameters (nm) 0.3567 | ¢ =0.8276| b =0.4244] b=0.7173| b =2.537 b=0.4251
(Ni base alloys) c/a=1.625| c/a =0.802] c/a=2.025 c=0.4523 c = 0.4556
a=90°50
Compact Plane | (111) (0001) (0001) (112) (010) (010)
Zhdanov 10T 22T 11T 10R 31R 11R
Notations
Structures AB with T or R Type
14
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SIZE and ELECTRONIC CONCENTRATION EFFECTS (3)

J.H.N. Van Vucht et al., J. Less-Com.Metals, vollD®&6, p. 98
J.H.N. Van Vucht et al., J. Less-Com.Metals, val9486, p. 308
A.K. Sinha, Trans. AIME, vol. 245, 1969, p. 237

A.K. Sinha, Trans. AIME, vol. 245, 1969, p. 911

W.T. Geng et al., Physical Review B 76, 2007, pp. @24122410.2

Composition| Structure ela R, /R,
Ni Al 10T (C) 8.25 1.153
NiAl, . Nb ., 10T (C) 8.42 1.164
Ni, T, 22T (H) 8.50 1.169

Ni,V 1 0R (BCT) 8.75 1.097
Ni,Nb 11R (O) 8.75 1.185

- Transition between T & R Structures for e/a ~ 8.65
- Smaller influence oR,/ R, ratio (which dagot change too much in Ni-based alloy/ !

15
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v’ PRECIPITATES IN INCONEL 718 (5)

R. Cozar, A. Pineau, Met. Trans., vol. 4, (1978),4¥-59

Lattice Parameters (Alloy 2) (nm)

Condition a, a, a. C
1200°C - WQ | 0.3601
770°C - 1h 0.3594 0.3607
750°C — 524 h 0.3594 0.3605 0.3626 0.7416
a , —
4 Y. =2 0.36%
ay
c/l2 .- a
( 4 V) =3.17%
aV
c/2 .- a
( 4 4 ) =2.86%
a,.
a .- a
4 Y. =2 0.89%
a,.
a N —
Y Y = 0.58%
a,. 16
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ALLOY 718 and OTHER DERIVATIVES BASED ON v” PRECIPITATION

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

Il. PHYSICAL PROPERTIES OF y” PHASE and 7y'/y” COPRECIPITATES

11.2. Composition
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v & y’ COMPOSITION (1)

M.K. Miller, Micron, vol. 32, 2001, pp. 757-764

& P, "t -l - o
w_,.,. ﬂ“(,*,dg\pfw’f’t?‘.u.- e, o
‘t"-",-'_“". ] sty *™ ‘h wge :*o

L ey

. " . %~ 9

.:. .\'l (X ‘. f‘ - " V‘._ »
’ ’K “ . ‘. 'n

- V“
. . L ] - 9 -~

-£ " ,-'odﬂ'f"‘f"ba’ ‘."" ;
o ? "03" h‘f" "'\ -v‘ o s 7 e S
""" My Tc".q."y U 1p*g e t ¢

""\’* $L S T A HO T Ty
qrs...sl. ,No.o._ BN u (PNt WAL
lu-, 4..'. “_"‘.. H-J'b &

et =

18
yor .

MINES Sweden 10-11 May 2010 A. Pineau

Tech



v & 7y’ COMPOSITION (2)

Phase Heat treatment Cr Fe Nb Mo I Al Co
¥ A+2012hat 873K 27.0 26.2 0.58 2.26 0.19 0.22 0.25
AC+ 2012hat 873 K 238 23.6 0.52 254 0.13 0.19 (.38
Primary " ACH+ 500 hat 873 K 2.00 1.43 16.0 238 5.36 0.31 0.39
~' A+4+2012hat 873 K 0.33 1.536 —» 375 031 5.85 10.6 021
AC+ 2012hat 873 K (.59 1.57 8.21 122 3.85 028 .30
+" A+2012hat 873K 1.75 1.29 16.6 1.56 3.75 0.43 0.17
AC+ 2012 hat 873 K 1.98 (1.81 —>2.6 237 3.68 0.40 0.20

Average Composition of the Phases in Alloy 718 assared from
selected volume analysis of 3D atom probe data.bEence of eacl
analysis is nickel — Data in atomic percent

—

Note thaty’ contains a significant amount of Nb

19
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v & 7' CO-PRECIPITATES IN INCONEL 718 (1)

R. Cozar, A. Pineau, Met. Trans., vol. 4, 1973 4359

20
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v & vy’ CO-PRECIPITATES IN INCONEL 718 (2)

J. He et al., Acta Metall. Mater.,
vol. 43, (1995), pp. 4403-4409

Inconel 718
HREM Micrographs
of y' /y” co-precipitates

21
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v'ly” INTERFACE — COMPOSITION (3)

W.T. Geng et al.,

- Density functional theory (DFT)

- 3D atom probe tomography

Physical Review B76, (2007), 22410

a 7-NijAl #"'-Ni,Nb b N - o , |
: -/ ] ! | ; ! | — I |
oNi @Al BNb Lol CE Side-by-side  Sandwich-like e \1 I'F1I 1’ ﬂ j {l ‘J‘] .‘] !J’I@ 'li] r | HEAW |'l M
_. l I l | | | | [ ' | I |[ Lfl
=7 MI \ Al / '}H Vr || ‘i
X 1 Ak T | } ; ‘ 11 J \ 1A ]
S \ 1] 1 | ] | o | 1
e © A VYUY LE LY
gl IMNUUY YUY NE O
g T -f S y"“-NizNb
el W WA &) 5 o] Awminhm]’ [ E
.".."- ‘»*'. .ﬁ’. "’o :". “’. ."- .". .". ‘*'. .*'. » ° = r:::.:\::.m 7'-Niz(Al T'*Nb) E
—— [001] ‘ ] 3 30.0=] — Niobium
= ‘EI r :?:I 7" eNieAleNb
.9’........E.....'E.........- o’ r.\!l
2 ® ® 2 8 » ® ® ®F  F P F BP P B D BB B ET DO PN 10,0 J ' H" .
® 9 © 9 ® 0 9 0 9 0 80 85 00 SO S0 S8 OB S |' 'J ‘ ,‘ L i
® ® 2 ¢ 20 " "9 P B2 BT P EFP B P e 0.0. I"I'F_"'I‘
0.0 0 7‘3 .5 2 2% 3 7‘5 45 5.25 6.0
Dlst ance (nm)
- L1, interface structure is 0.66 ev (205 mJ) lower inrgneéhan the DO, structure
- AFM : Segregation of Al atoms in téphase at theg’/y” interface 22
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ALLOY 718 and OTHER DERIVATIVES BASED ON v” PRECIPITATION

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

Il. PHYSICAL PROPERTIES OF y” PHASE and 7y'/y” COPRECIPITATES

11.3. Dislocations iny” phase

23
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J.M. Oblak et al. Met. Trans. Vol. 5, 1974,

DISLOCATIONS IN y” PHASE (1) pp. 143-153

Bo1)

—=[010]

O = Ni
e - Nb ®)

Perfect AX = a[_]lO] :g [_]10] + g [_]]_0] — Order maintained in y" (paired dislocations as iry' )
Dislocations - 5 ) .
2 X "AX"anng{]O]] and[O]l] -To keep order iny"—  quadruplets of §< 110> dislocations

Partial »
Ois| _ 9‘[]12] Transforms DO, abcdef stacking to abab stacking of stable orthorhombi®Ni,Nb phase (DQy)

islocations

24 ° 24
porg
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DISLOCATIONS IN y” PHASE (2)

J.M. Oblak et al. Met. Trans., Vol. 5, (1974), pp34153

APB Energy ~300 mJ/ m

25
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DISLOCATIONS IN y” PHASE (3)

D. Fournier, PhD Thesis, 1977
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_//////// AR, o s e Ay il

S 001 . W 100
010

T
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PARTIAL DISLOCATIONS IN y” PHASE (4)

D. Fournier, PhD Thesis, 1977

Stacking faults iy” phase every plane

Stacking faults iny” phase every two planes

ABCA'B'C’ ABCA'B'C’

ABCA’'CA'B'C’ ABCA'CA'B'C’

ABCA'CBCA'B'C’ ABCA'CA'CA'B'C’

ABCA’CBABCA'B'C’ ABCA'CA'CA'CA'B'C’

TWIN v"—» B (orthorhombic)

- S R SN I RN N
;\\\\ \\\\\\\\\\?\ \\ - - - e o \\\\ AN
i v A - e \\ S v e
A S /s Vex, 4/////%/1
//////////// /// Zé//// /]// [7/[/]
f/././././.// YA S A

112

c // <001>

1
100
010

c // <100> or <010> -
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DISLOCATIONS IN vy” PHASE

(4)

M. Clavel, PhD Thesis, 1980

Inconel 718 — 3% Tensile Deformation at 25°C- a) Brigi&ld ;b) Dark Field; c) Diffraction Pattern

28
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USING STRAIN — INDUCED p NUCLEATION TO MEASURE

FATIGUE PLASTIC ZONE SIZE IN INCONEL 718
M. Clavel et al., Met; Trans; , vol.6A, 1975, p033
FRACTURE SURFACE PLASTIC ZONE SIZE

SEM observation- Mid-plane section of a SEN specifadigued atAK = 55 MPa M2 ( Rp = 240 pum)
Extent of the monotonic plastic zone revealed by traldar precipitation off platelets
Aging at 770°C for 80 hours

29
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ALLOY 718 and OTHER DERIVATIVES BASED ON v” PRECIPITATION

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

Il. PHYSICAL PROPERTIES OF y” PHASE and 7y'/y” COPRECIPITATES

1I.4. Compact Morphology
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COMPACT MORPHOLOGY

R. Cozar, A. Pineau, Met. Trans., vol. 4, (19798),4¥-59

MINES
Tech

Alloy Ni Cr Fe Mo Ti Al Nb (Ti+AlD/Nb Ti+Al+Nb
Inconel 718 | 52.4 19 19 3 0.8 0.6 5.2 0.69 551
1 5251 [ 18.16 | 195 (296 | 0.82 |0.70 |5.18 0.77 574
2 51.98 | 1859 | 21 285 | 0.72 [0.63 | 3.99 0.89 4.71
— 3 51.98 | 18.97 | 17 7.03 (059 |0.63 |341 0.97 4.24
4 52.09 | 1890 (164 |7.00 | 090 |[0.74 | 3.85 1.11 514
400 ~
m[ 400 Incone! 718 (4]
A——aT00'C ® e B
+,+_+(+
7 / N / J o+ eAloy 1
g sk / < 750C PR 4700°C 1399 o/
@ e +/—+_A —*150°C
2 [ F F ™ P ¥ // R NpAley 2+ [nconel 718 and
i ¥ / Yt 8 FaRLE 1 FAloy 3 Alovs 1 2, 3
(] c ) 1
2 Z{/ /} B e / \ aged at 750°C
z ™, | T ?/ £
] "3“' ) !
| 1 > 2oc++ /
[} Alloy 3 =
Alloy 2 Yy | I A,A/A
117 | S N T P S P S Y D e S O e Y 100 ]
05 2 8 32 128 512 05 2 8 32 128 512 o
Aging Time, hours
Aging Temperature: 750 C
Alloys 2 and 3
L ofsl 2 8 13l2I1.28.5;2 31
Aging Time, hours
24
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COMPACT MORPHOLOGY

Alloy 3 aged at 750°C for 64 hours — a) Bright field,xark field

32
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COMPACT MORPHOLOGY

430- T ‘l—rl‘rrrti ] L lITltl I LI Il!ﬂl T 'l_l'TTIH'] L 382
a) - o Modified Inconel 718 A j—‘ b) 90~ % dﬂdo l
440 A Inconel 718[14] 0~ /
X R " Prapr
0 o - ?
E ',': / . 60~ o gli4l
w360 / g s od
=2 - o ‘8 [ Ad
S 320 4 g 40L = h=(d- dy)/2 O
# E/ “ 30L A—A——A
280 8 200 /
- 10t A
Ol- Loaa g liek NIRRT 1 1yl Lol I DL b :*ﬁ:l :m
10? 10° 10* 10° 10° 102 10° 10* 10° 10°
Aging time / s Aging time /s
10
= Dependence of size variation
8 |- Alloy 718 of compact morphology
2 ¢ precipitates and hardness with
+ gL aging time at 750°C
<
t T Alovess CM/" Alloy 706
e A e ¢ J.He et al, Acta Mater., vol. 46,
» 1998, pp. 215-223
2 —
— — N T. Shibata et al. J. Japan Inst. Metals,
Conditions for obtaining | Vol.60, 1996, pp. 802-08
the compact morphology| o 1 2
~ R = (Ti+Al)/Nb 33
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ALLOY 718 and OTHER DERIVATIVES BASED ON v” PRECIPITATION

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

Il. PHYSICAL PROPERTIES OF y” PHASE and 7y'/y” COPRECIPITATES

II.5. y” Shape and Coalescence

34
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COMPACT MORPHOLOGY

A. Devaux et al., Mat. Sci. Eng., vol.A 486, (2009),117-122

L.S.W Theory modified by Boyd & Nicholson for distraped” particles in Al-Cu alloys
(Acta Met., vol. 19, (1971), p. 1379

2
Pl =g e =K )
d 2 /
C > “e with K"= ;28 J C:eVm DO exp(— Qy" ] (2)
le o qﬂ RT RT
[~ L g

g =e/L ;T :interfacial energy ; £ Constant

B ———
A Q, = 298 kJmol” # This study
__,/ IH'*-.
"""""""""""""""" - el Bf--mmmemseEego--@-------------------| mHanetal [7] |
______________________ e i h“‘“-xx
_-’_f"f/ [ R [ !':"_'uq:___'_“‘h,__‘_: _______________________
./'"-f, !_' H-‘H“x u
o T B i R i & ~—
. E e e e T :‘-“‘"&::_ —————————————————
e e S Q=272 kJmol” T~
m .
P 7 e ________
5_____________________________:___'___F-__.-:'__- _____________
0 "__——"'_'_':_ — 'I T _ T * 1 7 T nE T =] X
20 40 60 80 100 120 0.96 0.98 1.00 1.02 1.04 1.06 1.08
t (10°s) 1T (10° K

Inconel 718 — Evolution of the diameter of Determination of activation energy [7Han et al., Mat.

disc-shapedg” precipitates with time Sci., vol. 16, 1982, p. 555 35
yor .
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A. Devaux et al., Mat. Sci. Eng., vol.A 486, (2009),117-122
ASPECT RATIO qg=elL

Minimize the total (elastic + surface) energy —, Determination df
Elastic(isotropic) energy calculated from Eshellgatty (Prog. Solid. Mech., vol. 2, 1961, p. 87)
See also R. Cozar, A. Pineau, Scripta Met., vol. 7, 197351

0.6 -
~ —° ey Data for calculating’
05___1______5 ______________________ o Han et al. [7]
| % ¢ Slama et al. [21] Coherency strains ;£= 6.67 x 16
Y M S .= E €33 = 2.86 x 10
@ - =
-~ i Shear modulus =571 GPa
T 03 b-. > 0F coy Eey Poisson’s ratio v = 0.33
0.2 4
o L s | T=O5 417 MY/ m
0 50 100 150 200
L (nm) _
Compare with 145 mJ/n
Inconel 718 — Variation of aspect ratio with partislee _ _
in an Fe-Ni-Ta Alloy.
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A. Devaux et al., Mat. Sci. Eng., vol.A 486, (2009),117-122

LSW Constant calculated at 973°K

Int. Energy I’ =(95+17) mJn?
Mol.Vol. of y” V[, =2.92 x 1& m®mol*
Aspect ratio g = 0.350t05

Dif. Prefactor 0§ =8.8x10Pm?st
Act. Energy Q =272 KJ mof

Dif. Coefficient D =2.2x 1® m?sl
Nb Concentration C = 2560 mol

1.E+4 5
1 & K"exp (this study)
] m K"exp [7]
o VTE#8g-----g---ommmmmmmmm oo A Krexp[22]
T | T LSW Constant (Theory & Exp.)
£ ]
Sk N1 MRS Mesil b L S S [7] Han et al., Met. Sci., vol.16, 1982,
£ i 929K [22] Sundaraman et al., Met. Trans.,
e e e K vol.23A, 1992, p. 2015
1.E+0 : . : : : :
096 098 100 102 104 106 108 1.10
=3 -1
3 1T (107 K™) 37
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v /y" COPRECIPITATION IN INCONEL 706 ALLOY : A 3D FINITE ELEMENT STUDY (1)

V. Kindrachuk et al., Met. Sci. Eng., vol. A 4170@0pp. 82-89
ANISOTROPIC CALCULATIONS (Not for BCT Phase)

Material C,, (GPa) C,, (GPa) C,, (GPa) A A=2C¢C,/(C,;-C,)
y matrix 170 110 90 3
;’ 388 128 188 gg Phase | Total Strain Energy per Precipitate
Y’ 1.7 x 1617 J ie.~ 250 KJ/th
or ~10 J/mole
A €= &,= 6= - 0.0033 Y 4 x101°J
e e,;= &,=-0.0061 ; ¢~ 0.053 Y+ 5.64 x 168 ]

L
(b) bl
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v [y” COPRECIPITATION IN INCONEL 706 ALLOY : A 3D FINITE ELEMENT STUDY (2)

V. Kindrachuk et al., Met. Sci. Eng., vol. A 4170@0pp. 82-89

.

n

g

i
o @ P
0-0C
O Ni
@ AL Ti Nb X3
B b Ti X2

[ ]
) X1

Schematic representation of the morphology of midévidual and co-precipitates.
Black =y’ phase; grey 7" phase; white = matrix —¥/[100]; x,// [010], X, // [001],
Ellipsoidal precipitates : major axis 2c = 10 nagpect ratio c/a = 1.5; Box with 75 volynatrix
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WHY v'/y” CO-PRECIPITATES ARE SO STABLE ?

e DIFFUSION BARRIER , P—
Ni 3 Tig 15Al 36NDg 34

Chemical Composition (K.J. Miller, ZOOJ}) Y T
v NigTig 1Al 0oNBg 63

+ SURFACE ENERGY T y,+(009 (?)0 ¢ 00;(100713 /nf)

ct [e=5nm

A4

C e,=3.17 x 16
(R. Cozar, A. Pineau, 1973)

C
« ELASTIC STRAIN ENERGY l
- Cube Shaped/y” = Equivalent Spherical Particle with e ~ 2gge 1.27 x 1€

- 6 Disc Shaped isolated; E, = 6,311/(1_ 2/) X( %3)2 (,BD 0.10 for o= ().29) E = 1_2%

- « Equivalent » Sphy”;  E_| = 2p(1+ I/) /( ) (?1) = 3. 7:|+( 2q %) 0.60 :; 2.5
pos
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s
A P E LS L S. Forest, F: Di Rienzo, 2010
.;;ﬂgg;ﬁffﬁ:{:.r:r.r:w’ s )

FrRT)

L ————
. . =

Non Compact
y"Discs + y' Cube 15% 5% 0.064 0.50 0.564

Compact Morpho 15% 5% 0.09 0.15 0.24
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6.

RRRRR

PRELIMINARY CONCLUSIONS

Rules based on electronic concentration for thedtion ofy” phase: e/a ~ 8.65
But the composition must be known before the calmriat!

. Orthorhombi@® phase can be nucleated from sheargaarticles

. Shearing of” phase by perfect dislocations is difficult. This prags a

strengthening effect added to the strong coheremnegs&s along ¢ axis

Coherent disc-shapel particles change their aspect ratio during coarsgnin
Interfacial energy ~ 100 mJfm

. Coarsening of cohererit particles occurs relatively slowly. Controlled by Nb

diffusion ?

Compact morphology is extremely stable . Elastergyn+ Diffusional barrier

43
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ALLOY 718 and OTHER DERIVATIVES BASED ON v” PRECIPITATION

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

I1l. MECHANICAL PROPERTIES OF INCONEL 718 (Introduct ion)

44
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FEM SIMULATIONS OF HOT FORGING

DIRECT AGED MATERIAL ( DA 718)

i i
990 | 1.6
B 980 e, 14

— 270 3 1.2

960 -,
a
940 0.8
]
920 & 0.6
900 04
=

Temperature Distribution atthe End ~ Cumulative Strain Distribution (1st +&Steps)
of the 29 Forging Operation
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GRAIN SIZE & o PHASE DISTRIBUTION (1)

-

T
s

ﬂ.r.:' a
DA e DA
d=13 um d=3um
ST ST
d=13 um d=7pum
= LE
—4o
= LE
= 0.5
! e 46
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GRAIN SIZE & o PHASE DISTRIBUTION (2)

ParisTech

DA DA
d=6.5um d=55um
ST ST
d=12 pm d=10pum
=
== i:‘:’
) 0.E
-
= 04 47
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560
After aging —+— DA718 with Tf < 985°C
= ® DA718 with Tf > 985°C
-4~ 5T718

=)
S 480 - DA
>
- A a— T AL qT
o 440 -
uw
= Befo '
5 efore aging
= 400 - A 2
o
o
2 360
=

25 . 5 —um3DA

I 4
e A T A3 ST
—h
280 . . . :

0 0.5 1 1.5 2 25
Deformation (%)

Hardness of ST 718 and DA 718 before and aftergagin

Teonperaturs |70} Bald at tha and of the cepond foping  so-detormation fedd comuisisd Mrct + cesond cispo)
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1p

e o

Dislocation densities (TEM) a) Zone 1; b) Zonec3;& d) Zone 4

]
e
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ALLOY 718 & Rene 95

TR : AS QUENCHED + AGED DA : DIRET AGING
1600
- Rene 95
%00
S i DA 718
= ook
) IN 718
p—
1200 |-
1000 IS T—
0 200 400 600 800

TEMPERATURE (°C)
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ALLOY 718

Curves for 0,2% Creep Strain at 700°C

6 (MPa)
1000
700°C
500 DT 718
TR 718
Dy 718
DA 718 + 750°C - 5h
L 1 10 100 1000
t (h)
TR : AS QUENCHED + AGED DA : DIRECT AGING
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10 S 1 CREEP CRACK GROWTH RATE
\ Air 704C IN ALLOY 718
16° 3 3-TR 718
: Air 650C
6 | 4-718
107 ¢ Necklace grain
structure INFLUENCE OF
g Alr 650°C MICROSTRUCTURE
g "57 : 5.TR 718 AND ENVIRONMENT
| : Vac 650C
L")
1(53 6- Overaged
— 718
Air650C | TR : AS QUENCHED (~950°C) + AGED
) (720°C - 8h + 620°C - 8h)
102 E 1- DA 718
AT | DA - DIRECT AGING (720°C - 8h + 620°C -8h)
I after FORGING
16'° ——
10 20 30 40 50 100

K, (MPay/m)
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100 70<> <) Structure collier sens long
a) na o e s e FATIGUE CRACK GROWTH AT
() © Grain moyen sens Iorp." ¢ ELEVATED TEMPERATURE
") v v
10x '.."A v * .
: o, 4 v o 5 min
.. AA v v ¢
) 7 / A yv " A%
> 10} A—7F ¢ &
s %A v . %
z | /' PO
> [10-300-10; air N .
s | v ¢ 8%
° A
1 [710-300-10 vifle
[ O
.
.
0.1f |
| 20 Hz, ay Alliage 718 | INFLUENCE OF GRAIN SIZE (and
650°C SHAPE) and ENVIRONMENT
1 |
O'Oio 50
AK (MPam®)
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ALLOY 718 and OTHER DERIVATIVES BASED ON v” PRECIPITATION

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

V. HIGH TEMPERATURE FATIGUE OF INCONEL 718 in RELAT ION WITH
MICROSTRUCTURE
Crack Initiation : Grain Size and Initiation from C arbide Particles

54
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FATIGUE : CRACK INITIATION FROM CARBIDES & NITRIDES

Industrial context

LCF tests on Smooth Specimens
- Micro-Crack Initiation

- Micro-Crack Propagation

- Probabilistic Aspects

Validation using notched specimens

- Experimental results

- Finite Element Calculations

- Comparison between experiments and life predictiooutations

Conclusions and Prospects
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INDUSTRIAL CONTEXT : CIVIL AIRCRAFT TURBINE DISKS

Dovetail: 500 - 600°C

Holes: 500 - 600°C >

Stress concentration

Zones
_J
'\ Thrust
Bore: 350 -500°C | /M— -
. . Cruise
In718 Turbine disks time
Take-off Landing
Forging route= effect on microstructure ——
and mechanical properties Civil flight
56
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DA 718: COMPOSITION, MICROSTRUCTURE & CRACK INITIAT ION SITES
entp Ni| c| cr| Fe] Nb|] Mo|] Ti| A
Min | Base| 0.02] 17.00 15.0p4.75| 2.80| 0.75] 0.30
Max | Base| 0.08] 21.0p 21.do5.50 | 3.30| 1.15| 0.70
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matrice TiN : matrice

matrice matrice

See also T; Connelley, P.A.S.Reed, J.M.Starink
Mater. Sci. Eng., vol 340 A, pp.139-154
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MICROSTRUCTURES AND MECHANICAL PROPERTIES IN DA 718 AFTER
FORGING

P W
N

1

)

O

TR718 : Solutionizing : 955°C-1h i

Ageing:  720°C/8h i
& 620°C/8h §

DA718 :No solutionizing

Central zone (600°C) :
Yield S = 1140 MPa S
UTS 01300 MPa '

Peripheral zones (600°Q) ;
Yield S = 1240 MPa
UuTS 11400 MPa

Rotation axis

_1

HETEROGENEOUS MATERIALS ‘
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IN 718 / DA 718: MICROSTRUCTURE & CRACK INITIATION SITES

Crack initiation on carbides

S

= f (loading, microstructure, temperature)

14 — : e

:2' "::—"'17.'"7*“’” vr:--Jr"H'i

w f mra Vil S Y, DA 718 : 10-12 ASTM

o . | 7T $ < | ) | !__ HEE ;
R i
g 8 | J| J| = ! T S N
8 ; T _?%2_&@_0_ | In 718 : Life increases with
£ 5| T Il - decreasing grain size ...
© O

N R —T As long as cracks |n|t|ate on grain

2 l b{%@ __.! ] | i [ [ﬂ- | - | l

1 L__,_ i l lj Jll l | TT 1 fL r_LTT_T_:

10 100 1000 il 10000

Figure 2 : Variation of experimental fatigue life rupture time with the microstructure, LCF tests
achieved at 350°C on INCO 718, at low frequency (1Hz) and under R=0 load ratio for strain

controlled loading (between 0.52 and 0.60%)

¢ : Experimental data : crack initiation site not identified

A ; Crack initiation located on grain
x : Crack initiation located on carbide
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INDUSTRIAL DESIGN OBJECTIVES
Actual lifing methods for DA 718 turbine disks

— Based on material Wo6hler- type LCF curves (numerous LCF data)
— Do not distinguish between crack initiation sites = high dispersion
— Show high conservatism for stress concentration zones

— Do not allow easy material and process specification / o ptimization

= Need to take into account microscopic mechanisms involved
iIn DA 718 fatigue properties

Objectives in the program:
Establish criteria and models to distinguish between in itiation sites
Better describe stress gradients effects in stress con centration zones
Reduce conservatism by understanding and modeling LCF s catter
Develop a numerical tool compatible with design constra ints
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CRACK MICRO - INITIATION ON CARBIDES AND NITRIDES

[
»
A
A
1 =
=]
a H
[ |
+

.6 -
&4 -

Ii‘.f‘-;

04 a0 ¢

HFLY
SER
test=

A

it |
L SN —-—_——
L 1
T

g

i I g KLY el FAGT daig i Tind

Tensile stress (MPa)

Crack initiation at £ LCF cycle ;

correlated to mechanical behavi

rupture

or
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CRACK MICRO-INITIATION MODELS

Stage | initiation

(Eq.1)

 Modified Tanaka-Mura model
— Coherent with PSB observed in

In718

— Alloy average grain size
considered

— Initiation after N ; cycles, crack
size d

— Deterministic formulation

Particle initiation

S oDacec |

5
rd e OA

o SEb

4 tests

L
S apm7ie

Hion 2 i
Tensile stress (MPa)

2, + A <(Ue -Rp, )> i
— q .2
F)fracture =1-exp-
O-U
« Beremin-type formulation (Eg. 2)
— Initiation at 1 st LCF cycle
— Probabilistic model
— Material behavior heterogeneities
considered
63
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CRACK MICRO-PROPAGATION EXPERIMENTAL RESULTS & MODE L

» Fatigue Crack growth rate testing

e Controlled EDM initial flow

* Questar (optical) crack length
measurement

& L2
oL
< 2 TIP

Crack length, 2a

10 108 1604 TG0 Hi
Number of cycles

de/dN=aqa.a

a

m? De No? (7 (Aa)z
= 1_|_

8 (2T)? 8 \ 2T
* Tomkins micro-propagation model (Eq.3)

* Model parameters: mech. behavior, T

« Direct analytical integration froma  to a;
64
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PROBABILITY OF PARTICLE PRESENCE

« Examination on coupons taken from forged
turbine disks

« Essentially carbides

* Along fibers and perpendicular to them

o Surface observed: 86 mm»3000 particles
« Threshold effect on initiation observed

Particle size distribution in DA 718

1,2

0,8

N particle / Nmax
o o
H o
|
|

o
N

gl | | I

8 11 14 16 18 20 21 23 24 25 26 28 29 30 31
Particle diameter (um)
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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
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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 g 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 intemal 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(Nf = N) global —

Nél _surf

1= T 1= Proe(ca)* PD, < D))= |5

s=1 v=1

Nél _internal _vol [

(1-P,,...(0,)% P(D, < D))"“?"’”—""] (7)

racfure

Nel .s'ub—smﬁme[

* 1:1[ (l - P fracture

(Ud )* P(DD < D))Nparr_vss:l

WEAKEST LINK THEORY
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FINITE ELEMENT ANALYSIS: SHARP NOTCH — INTERMEDIATE LEVEL

 Identification of (visco)plastic behavior of DA718\ean stress effect accounted for
o 2D models of notched LCF specimens

« Deterministic and probabilistic models programmeg@@st-processing routine

EEEERECOCEENEEN | EEEEEEDCCSEEEEN | gEEEEETC T EEEE
st il a , stabilized cycle
Pi acture, 13'CYycCle T, stabilized cycle y
da/dN =o(T) a 68
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[

LIFE ESTIMATIONS: SHARP NOTCH — INTERMEDIATE LEVEL

100%
/ TN
90% | /] S
0% [ Lo ~ Stage |
I T
80% / Internal __linitiations | | ]
= . I particles
g To% X
< 0% - \
o | ¢\ Sub-surface
S ' articles
5 0 e 7 p
Q. 40% ~ M
E ™ . .
S 30% ! — Global P failure - hard disk zones
o ! — —Global P failure - soft disk zones
20% A |
I A A exp. data: surface particles
10% ‘ . .
} ¢ exp. data: sub-surface particles
0% " | [ [ [ TTTIT] [ T [ [TTIT]
1,E+03 1,E+04 1,E+05 1,E+06 1,E+07
N cycles
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[

LCF CURVES : SHARP NOTCHES

\ A B Standard
\ \« ~ | method: A Surface particles
\ Mean life ¢ Sub-surface particles
' Internal particl
\ ® niernal partcies
Stress \
Range \ Q soo
(MPa) \ Proposed
\ \ method:
7N N ? ~7| Mean life
e NI\ T~ |
1 Standard N \—| Proposed ™ e O
. method: method:
- Mini life Mini life
Sl Sl Al Nl [
1,0E+03 1,0E+04 1,0E+05 1,0E+06 1,0E+07
N (cycles)

» Good agreement of predicted mean life with expental results.
» Clear identification of crack initiation sites fargiven calculated life.
» Predicted minimum life larger than standard methnnai life
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ALLOY 718 and OTHER DERIVATIVES BASED ON v” PRECIPITATION

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

V. CONCLUSIONS & PROSPECTS -
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CONCLUSIONS & PROSPECTS

1. Overview ofy” strengthened alloys with a special emphasis amotel 718

2. Emphasis on microstructure :
- A B Phases (strengthening)
- NbC & Ti (CN) (fatigue crack initiation sites)

3. Fatigue : Strong environmental effects on cradiation & crack propagation

4. A new fatigue model allowing
- description of competition between crack initiatgites in DA 718
- macroscopic formulation consistent with experinaénesults
- easy implementation in a FEM calculation as a-{postessor

IMPROVEMENTS

1. Composition & Thermomechanical Heat-Treatmentsifitadions to improve Inconel 71«
- Trace elements : B, P, Mg
-Al+Ti/Nb

2. Fatigue model
- Introduction of other probabilistic sources oftsea: Constiution Equations +
Stage | crack initiation
- Full implementation in forging models

-
7

n
£
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THANK YOU

FOR FURTHER INFORMATION
PLEASE CONTACT

andre.pineau@ensmp.fr
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