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Ni-BASE SUPERALLOYS

¢ THE Ni-BASE SUPERALLOYS ARE THE MDST COMPLEX IN COMPOSITION
AND MICROSTRUCTURES AND IN MANY RESPECTS THE MOST SUCCESSFUL
HT ALLOYS IN CURRENT USE.

o THEIR DEVELOPMENT COMMENCED IN THE LATE 1930s WITH THE MEED
FOR AIRCRAFT GAS-TURBIME COMPOMENTS MATERIALS STRONGER THAN
THE THEN-AVAILABLE AUSTEMITIC STAINLESS STEELS.

® THE MAJOR APPLICATIONS OF Ni-BASE SUPERALLOYS ARE AS BLADES,

DISKS, AND SHEET METAL PARTS OF GAS TURBINES. TYPICAL GAS-
TURBINE ENGINES PRODUCED IN U.S. DURING THE 1970s UTILIZED
N1 AND Co-BASE SUPERALLOYS FOR 55-60% OF TOTAL ENGINE WEIGHT.'

DEVELOPMENT OF WROUGHT Ni-BASE SUPERALLODYS

THE EARLIEST SUPERALLOYS WERE WROUGHT, 1.E. THEY ARE FABRICATED
TO FINAL SIZE BY A MECHANICAL WORKING OPERATION. ’

IR ENGLAND, THE EARLIEST SUPERALLOY WAS NIMONIC 75, PRODUCED BY
ADDING 0.3% T{ AND 0.1% C YO AN OXIDATION — RESISTANT SOLID
SOLUTION 80% Ni—20% Cr (NICHROME) BASE.

HIGHER ENGINE SPEEDS AND TURBINE INLET TEMPERATURE SPURRED
SUCCEEDING MODIFICATION OF THIS ALLOY IN THE NIMORIC SERIES,
— FIRST BY ADDING Al AND Ti TO PRODUCE vy~ STRENGTHENING,
AND
— LATER BY ADDING Co TO RAISE THE WOLUME FRACTION OF y* AND
TG IMPROVE WORKARILITY (NIMONIC 90).
— LATER ALLOYS IN THE NIMONIC SERIES HAVE INCORPORATED HIGHER
Al PLUS Ti CONTENTS, AS WELL AS Mo FOR SS STRENGTHENING
(NIMONICS 115 AND 120).

THE COMPOSITIONS OF WROUGHT Ni-BASE SUPERALLOYS ARE LISTED IN THE
TABLE 4.

IN THE W.5., A SERIES OF Ni-Cr-Fe ALLOYS BASED ON THE S§
INCOREL 600 ALLOY WERE DEVELOPMENT.
— INITIALLY, THOSE DEPENDED UPON Al AND Ti FOR ¥~ STRENGTHENING.
— T0 THIS WAS ADDED 1% Nb TO FORM THE WELL-KNOWN INCONEL X-750
ALLOY.



e OTHER EARLY WROUGHT ALLOYS DEVELOPED IN U.5. INCLUDED WASPALOY

AND M=252, WITH Mo FOR SS STRENGTHENING AND CARBIDE FORMATION

, ALL STRENGTHENED PRINCIPALLY BY v*,

IN ADDITION TO THE y* STRENGTHENING PRODUCED BY A1 ARD Ti.
e VACUUM-ARC MELTING WAS INTRODUCED TO AVOID THE LOSS OF T{ AND
Al BY OXIDATION AND TO KEEP GASEOUS ELEMENT CONTAMINATIONS
e BY USING VAM, STRONGER WROUGHT ALLOYS, INCLUDING UDIMET 500
e HASTELLOY X, A SS AND CARBIDE-STRENGTHENED ALLOY, IS USED

IN SHEET FORM FOR LESS HIGHLY STRESSED PARTS REQUIRING
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Table 4. ﬂ!ﬂo&iiiﬂ.ﬂ:ﬁlﬁ&ugsa
Alloy designation Ni Cr Co Mo w Al Ti Fe Mn 5i C B Other
MNiche!-base
Astroloy 5.1 15.0 17.0 525 4.0 as 0.06 0.030
Incanel slioy 600 766 15.8 12 0.20 0.20 0.04
Incone) atloy 681 60.7 o 1.3% 14.1 0.50 0.25 0.05
Inconel alloy 625 €11 220 8.0 02 0.2 Ao 0.15 0.30 0.05 4.0Nb
Incone] alloy X-750 3.0 150 0.8 25 68 ¢.70 0.0 0.04 0.9N8b
IN-102 879 15.0 2.0 o 04 06 1.0 0.06 o005 3.0Nb, 0.03Zr, 0.02Mg
IN-587 47.2 285 200 12 2.3 0.05 0.003 0.7Nb, 0.05Zr
IN-597 484 24.5 200 18 15 3.0 0.05% 0.012 0.052r,0.02Mg, 1.0ND
IN-853 T48 20.0 15 25 0.05 0.007 0.07Zr, 1.3Y;0:
M-252 852 20.0 100 100 10 26 0.50 050 0.15 0.005
Nimonie alloy 30A 747 18.5 1.1 1.3 25 0.10 0.70 0.06
Nimenic slloy 90 574 195 180 id 24 0.50 0.70 0.07
Nimonie alloy 105 533 4.5 20.0 5.0 1.2 45 0.50 070 [1E-]
Nimonic alloy 115 573 15.0 15.0 5 50 4.0 0.15
Nimonic alloy PK.33 55.9 185 140 7.0 220 290 0.25 .10 015 2.05 400
Nimonie alloy 120 638 125 10.0 6.7 45 as 0.04
Nimonic alloy 942 %) 125 10 [ 14] 06 18 1.5 .03
RA-33 4.0 255 .0 a0 30 180 150 120 0.08
Rent 41 533 19.0 1.0 100 15 31 209 L
René 95 813 140 [ T s a5 35 5 018 0.010 15T 0.052r
TD Nickel 94.0 20ThO:
TD NiC 80 20.0 20ThO,
Udimet 500 53.6 180 ¢ 1) 4.0 29 29 o.08 0008 0.03Zr
Udimet 520 859 1990 120 8.0 1.0 0 e [T 0.008
Udimet 100 534 15.0 18.5 532 43 A5 008 0,030
Udimet 710 5.9 18.0 15.0 30 15 51 50 0.07 [ ¥i..1]
Unitemp AFZ-1DA 595 1190 100 A0 §0 46 3.0 ox2 0.015 15T, 0.10Zr
Waspaloy 183 195 135 43 14 W 008 0008 O.062r

Table 4



DEVELOPMENT OF CAST Ni-BASE ALLOYS

BY THE LATE 1950s, THE TEMPERATURE REQUIREMENTS OF ADVANCED ENGINES
HAD OUT-STRIPPED THE CAPABILITIES OF THE EXISTING WROUGHT ALLOYS.
THE MEW ALLOYS WITH ADEQUATE STRENGTH THAT WERE DEVELOPED COULD
ONLY BE PROCESSED BY THE INVESTMENT CASTING PROCESS.

AMONG THE MDST MNOTABLE OF THESE VERY STRONG ALLOYS DEVELOPED IN THE
19605 WERE INCONEL 713 AND A LOW-CARBON VERSION, 713LC, AS WELL AS
IN-100, B-1900, AND MAR-M-200 (SEE TABLE 5).

IN GENERAL, THE CAST ALLOYS TENDED TG REPLACE PART OF THE Cr, WITH
Mo, W, AND Ta, AND RETAIN HIGH VOLUME FRACTIONS (TO 60 WT %) OF v~.

THE USSR HAS DEVELOPED ALLOYS (E.G. ZH56-K) WITH STRENGTHS EQUIVALENT
TO IN-100 AND MAR-N-200.

IN ADDITICN TO HIGHER STRENGTH, THE INVESTMENT CASTING PROCESS HAS
GIVEN DESIGN FLEXIBILITY THAT HAS LED TO MANY FURTHER ADVANCES
THROUGH AIR COOLING OF TURBIME COMPONENTS,
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PROGRESS IN TURBINE BLADE MATERIALS
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MICROSTRUCTURE OF A
NICKEL-BASE SUPERALLOY
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in. 5-1. Microstructure ¥ al of Nimanic 115, heated for 1.5 h al

?‘I"Jﬂs‘c, Fiis (r;:k-d 10 IID{YJF"E. held 6 h, air cooled 1o 25 *C._ This altoy

. contains approximately (wt %} 1SCr—SAI-lTi-iSCo—lMo-O.lll-o.ﬂrc.

(Adapted from C.H. White, in The Mimonic Alloys, 2d Ed., ed. W
Beticridge and }. Heslop, Edward Amold Lid, London, 1974)
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DERIVATION OF GIBBs PHASE RULE

TOTAL NUMBER OF VARIABLES, V)
P = NUMBER OF PHASES
C = NUMBER OF COMPONENTS

V) - p + p + P(C-1)
FOR PRESSURE  FOR TEMPERATURE  FOR CONCENTRATION
VARIABLES VARIABLES VARIABLES
~ P(C+D)

TOTAL NUMBER OF CONSTRAENTS FOR AN EQUILIBRIUM CONDITION, V2

+ (P—P + (P-1)C

FOR THE SAME  £OR THE SAME FOR THE SAME

PRESSURE VEMPERATURE ACTIVITY OF
EACH COMPONENT

= (P-1)(C+2)

INDEPENDENT VARIABLES OR DEGREES OF FREEDOM, V
Vo= V] — V2 = P(CHD) = (P-1N(C+2) = (+2 — P

Y - §+? - fl* THE GIBBs PHASE RULE.

70

BINARY ALLOY PHASE DIAGRAMS
V=C+1-P
FORC=2 V=3-P

T 2 30 e 30 &0 n & woofy by

weigh!
0
p
3
‘i, I+8
3 |
1& 400
0 6 70 36 40 o e 0 4 90 s0 .
Atomic%Cu

¥16. 70.—The Equilibeium Diagram of the Silver-Copper Systecs.
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Ligquid Liquid Liquid
H 5
% %
§ 3
fd =4
c A B c
% A ——t %h—- %C—
Fig. 4-1. Three eutectic binary phase diagrams of the systems A-8, 8-C
and C-A.
V = (+1-P
FOR C=3
Vo= u-p

Fig. 4-2. Assumed lernary diageam for the system A-B-C. (From Phase
Disprams in Metalluegy, by F.N. Rhines. Copyright © 1956, McGraw-
Hill, New York, Used with the permission ol McGraw-Hill Book
Companyl

fig. 4-3. hothermal sections from the ternary A-8-C phase diagram, at
the lemperaturcs indicated in Fig. 4-2. {From same source as Fig. 4-2;
used wilh the permission of McGraw-Hill Book Company}
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Fig. 4-4. lsolhermal section af temperature T,, uted 1o illustrate
hthunicdmlhdﬂuahmhamﬂmemlhw
phase region.

Al

BASIC ALLOY SYSTEMS
(A) THE Ni-Ce SYSIEM: OXIDATION RESISTANCE
THE Wi-CR PHASE DIAGRAM
OXIDATION MECHAKISM
KINETICS: Dn/pT = K1™t/2  (am)? = KpT
FORMATION OF DENSE AND ADHERENT OXIDE

>20% Cn FOR GOOD OXIDATION RESISTANCE AT HIGH TEMPERATURES
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Fig. 5-4. The Ni-Cr phase diagram. The ordered structure occurs a
NiyCr, bul its formation rate is very low, (From Melaks Handbook, 8th
Ed., Vol 8, American Society for Metals, Metals Park, Ohio, 1973)
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Fig. 5-1. Schewatic Mustration of a possible mechanism of oxidation of
N

(B) THE Ni-Ar SYSTEM: PRECIPITALLON HARDENING

THE PHASE DIAGRAM AND PRECIPITATION OF v* PHASE

LATTICE STRUCTURE OF v AND v°

SCHEMATIC ILLUSTRATION OF LATTICE STRAIN IN v
MATRIX DUE TO MISMATCH BETWEEN v AND v°

AGE HARDENING

— HARDENING IS DUE TO ELASTIC INTERFACE STRAINS

WHICH IMPEDE THE DISLOCATION MOTiON

— OVER-AGING 1S DUE TO A COARSENING OF ¥*

same behavior, where thermodynamically Cr,0, is stable, but the raje of
formation is sufficienily low that they can be used in many high-temperature
oxidizing conditions.

Another important consideration is the adherence of the protective oxide
film during thermal cycling. The underlying metal and the oxide have differ-
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Fig. 5-11. Schematic illustration of lattice sivain In ¥ matrix due Yo
latlice mismaich between ¥ and y. (Adapled from H. Warlimont, in
Electron Microscopy and Siruclure of Malerials, od. G. Thomas, Uni-

versily of California Press, Los Angeles, 1971)
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Solid solution of

15 at. % Al-Ni
FUructurs in seghe-
phase 'y region,

v structure upon
cooling rapidiy 10
2E°C. Thitie

2 viow of 3 {100)
plans; tha solid
circles represant
the sluminum atomd,
the open the nickel.

-
ssse e ssae
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Alom movemnents
fachematic) which
isad 10 threw
PIECiniate cryvials
of ¥ in g metrin
ofy.

Temperature, °C
g g
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Soma srTangament st
the three cryvish of
¥ outlined. Nots that
they are coharant with
the 7 manix. This

s ate Fig. 5-8. Schematic arrangement of the precipitation of ¥ crysials
7 peacy from ¥ in a Ni-Al alloy conlaining 15 al.% Al. The atom movemends
show possible atone shifts 1o create the three crystals of ¥, (The exact
mechanism would involve vacancy movement, not depicied here.)
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Fig. 5-9. Elfect of aging time 31 700 °C on the yield strength (a1 25 °C}
and r" particle sire of a Ni—12.7 at.% Al alioy. The micrastruciure
{dad:-lfdd eleciron micrographi shows the cuboidal v particles in the
yoairin. (Adapled irom V. A. Phillips, Acta Met., Yol 14, p 1535, 1964)
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(C) THE Mz-CR-AL SYSIEM

e THE TERNARY PHASE DIAGRAM
e G0OOD HIGH-TEMPERATURE AND OXIDATION RESISTANCE

100,000 l
\' %°C
: -
§ o000
- £
£
E 40,000 \
3 900°C \0
>
) . L o
Nickel, stormic % .. Nickl, stomic % o 20,000
Fig. 5-15. hothermal sections at 750 and 1158 °C from the Ni-Cr-Al
phase diagram. (Adapted from A. Vaylor and R. W. Floyd, ). Insl, Metals,
Vol 81, p 455 and 460, 1952-53) o
0 20 40 B0 80 100

Amount of 7', vol %

Fig. 5-17. Effect of the amount of ' in Ni-Cr-Al altoys of fixed Ni
contert (75%) on the yield strength (in compression tests} measured

3¢ . i al 25 “C and a1 900 °C. All alloys were solution heat treated at 1150 °C
OXIDIZED 40 HouRs| for 2 b, air cooled at 25 °C, then aged for 16 b at 980 “C to develop
IN OXTGEN the equilibrium phases. (Adapted from same source a3 Fig. 5-16,

1 otm PRESSURE boltom diagram)
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Fig. 5-19. Effect of Cr content on the oxidation of Ni-Cr-A{ alloys of

fined Al content (6%}. (F
Norir rom L A. Kvernes and P, Kofstad, Mel, Trans., ) 42 i
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COMPLEX NICKEL-BASE SUPERALLOYS: PHYSICAL METALLURGY AND ALIOY DESIGN OF
Ni-BASE SUPERALLOYS
 THE MICROSTRUCTURAL FEATURE THAT IS COMMON TO ALL Ni-BASE

SUPERALLOYS IS THE DISPERSION OF v IN A v MATRIX ALONG
WITH VARIOUS CARBIDES.

PHYSICAL METALLURGY AND ALLOY DESIGN

* METALLURGICAL FACTORS AFFECTING THE CREEP AND TENSILE

PROPERTIES OF N1 BASE SUPERALLOYS

= SOLID SOLUTION MARDENING OF v PHASE

— SOLID SOLUTION HARDENING OF v* PHASE

— DISPERSION OF v": PARTICLE SIZE AND SHAPE, PARTICLE
SPACING, INTERFACIAL AREA PER UNIT
voL.

— VOLUME FRACTION OF v*

~ STABILITY OF " UNDER STRESS AMD TEMPERATURE

= LATTICE MISMATCH BETWEEN v AND v~

— ANTIPHASE BOUNDARY ENERGY

— PRECIPITATION OF CARBIDE-TYPE PHASES

* OXIDATION AND HOT CORROSION RESISTANCE

29 3



SOLID-SOLUTION STRENGTHENING QF v PHASE

e [NCREASE THE MELTING POINT
o DECREASE IN DIFFUSION RATE
o ATOMIC SIZE DIFFERENCE
Table 5-3. List of important Factors To Consider in the Design of Ni-Base N
Superalloys
Phast relatlon/property Effect Reference Table 5-1. Approximate Atom Diameter Size Dilference and Approximate
1. Solid solution strengthening Solubility in Ni of Several Solutes
of Yovroiiiiii W, Mo, Ti, Al Cr Fig. 5-5, Table 5-1
. Appraxi Approviemstt  Appreviemste
strengthen; Fe, Co, Cu et sobebility tn N it diameter volubility I Ni
strengthen slightly sier differemce, at 1000 °C, size diffevence, ol |m"c.
2. Solid solution ;trenglhening Salute N (die — du)/da wl % Soluie R idy - dul/ds wi
ofy ..o Me, W, Si, Ti, Cr Fig. 5-27 [ o +43 0.2 Fe..ooovvren +0.3 100
strengthen; ¥, Co Ald o -15 7 Co.coavunnns -0.2 100
weaken: Mn, Fe, Cu i [ . +6 8 [ ol JA -3 100
strengthen slightly b LI -17 10 Nb*.._ ...... -15 6
3 Amoumol Y .......o... ,Cr, Ti, Al, Nb, Mo, Fig. 5-31 10 5-36 Voo -6 20 Mo*. ........ -9 34
Co, Ta, V. Fe increase Cr.;........ -0.3 40 Ta: ......... -15 i;
4. Antiphase boundary . Ma®*,....... +10 " 5(:;).(:) wWr ~10 3
COCIBY rerrrr e “k?o(':r docrea Fe,.'mu; Table 34 Note. Solutes marked with an asterisk () show the best combinstion of large size dilfer-
: i L id saluti .
S. pv lattice mismatch . .. ... T, Nb, C, Ti increase; Fig. 5-39 to 544 ence and high solubility and should be the most potent solid solution strengiheners
Cr, Mo, W, Cu, Mn, .
Si, V decrease; Al, Fe, f
Co negligible effect
6. C ingmteofl ¥ ...... . [
ourseping rae of ¥ ... Mo, Cr, ¥b decrosse - Fig. 347 DY . SIZE DIFFERENCE
Co. Fe wlight effect
Zr, B no effect
7. Oxidation and hot cormosion
[ TETE . Cr improves: other Fig. 5-47 and 548
elements variable

Note. Numbers in first column relste 10 text discussion. Information after R_F. Decker. in
Sweel Stengihening Mechanisme, Climas Molybdesum Company, Greenwich, Conn . 1969.
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Fiow strem ot 0.2% strain, MPa

400
N+Mo b
Niw
m v -
// {000
”””,.—”ﬁﬂu
/ el " i
200 /
«{ 20,000
100
[} 0
0 10 0 0
Solute contant, 3. %
- 200
5_
: -
g 100 i
£ Ni-TH /NI-FI Ji0000
E "M% | ice
3 — |
'S
on 10 20 0
(] Solute contant, st. %

Fig. 5-5. Eifect of volute content of Ni on yield strength (llow stress) at
25 °C. The ailoys were all sokid solution, single-phase. (2) adapled from
R. M. N. Pelloun and N. . Grant, Trans. Met. Soc, AIME, Vol 218, p 232,
1960; (b) adapied from E.R. Parker, in Relation of Properties lo Micro-
struciure, Amevican Society lor Metals, Melals Park, Ohio, 1954.
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SOLID-SOLUTION STRENGTHENING OF v”
SOLUBILITY LINIT

LATTICE STRAIN: Dpa/pc

by LY LY

3 LY LY Y A LY
we “ ¥ Ak X ) M)

Fig. 5-20. Ternary phase diagrany of Ni-Al-X showing the efiect of the

element X on the size of the y’ field al 1158 °C. (From same source,
p 810, & Fig. 5-14)
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Fig. 5-17. Eiect of alloying elements dissolved in ¥ on the hardness at
15 °C. (From same source as Fig. 5-24)
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ANTIPHASE BOUNDARY (APB) ENERGY

THE DEVELOPMENT OF APB WHEN A DISLOCATION ENTERED AN e —soeaocescsessoscacosacod

ORDERED PARTICLE 009000 o6o00000000000000e00000

00000000000000000000000000000
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alions are moving & pairs through a very dense, ﬁm‘

ordered ¥ precipilate dispersion. (b} illust . tdleoooouoooooocoooooooooooooooo
. y " - tey the i .
'mdoﬂocm The oy contained S4N1CCT7 SA tat ' fig, 5-37. Schematic usiration of the development of rep kive bond-
‘19551 firom H. Gleiler and E. Hornbogen, Acta Met., Voll 13,:57;: ing (marked a) il 2 dishocation enters an ordered precipilate partiche,

and the minimization of the numbtrdw:hlmdsillhedidncaliom
move in pairs Ihrough the precipitate.
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r—x" LATTICE MISMAICH

Yable 5-4. Approximale Antiphase Boundary Energy of ¥’ in Different Alloys
Frep— prey——— o THEY —v" LATTICE MISMATCH IS AFFECTED BY BOTH
NL1B. 503 S ey od PARTITIONING AND ATOM SIZE OF ALLOYING ELEMENTS
Ni-8.8Cr-6.2A0 (at. %)........ 90
Fe-Cr-Ni-Al-Ti 3600
Ti/Ab=1 ... e 40
Ti/Al =8 ., .. ..., 300
Ni-19Cr-14Co-TMo- *? as90 .
2Ti-23A0(at. ). . ......... 170-220 ¥
Ni-33Fe- 16.7Cr-3.2Mo- 3
LGALITi{wt ®)......... 270 E 3580
Adapred from N. 3, SioboiT. in The Superalioys, ed. C. T. Sime snd W. C. Hagel, Wiley, 4
New York, 1972, [d
e . 3.570
o Tt, Co, aNp FE INCREASE APB ENERGY ]
AL AND Cr DECREASE APB ENERGY -

3.5%0 1 1 1 1 1 1 i
[+] | 2 3 4 5 6 7 8

Atomic Psrcentoge Tungsten

Mpgure 16.
Influsnce of ¥ aMitions upon the lattlcs paremstars
of both the v and y' phases in » N1-20 st.% Cr-5 at.$ Al-5 et.$ 11 alloy{ref,33}.

® GENERALLY, HIGH MISMATCH MEANS HIGH TENSILE STRENGTH,
BUT AT HIGH TEMPERATURES THE v~ PARTICLES TEND T
COALESCE MORE RAPIDLY THE HIGHER THE MISMATCH, AND
THUS FOR CREEP APPLICATIONS LOW MISMATCH IS DESIRED
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aso| @ OTF MA mAMMEES EACEPT
WERE NOTED
& ALAK NARDNESS AT MOOF

80+
ool
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200 25~ Al-ta (100 V3 }

[ —arts
150 . L " N . . N . .
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F-7 MegMaTCH, % (AFTER OVERAGE YO 30 WAS &T #OOF |
fig. 5-39. Correlation of peak aged hardness with y-y' laltice mis-
match for several Ni-ALX ternary alioys. The hardness was measured al
25 °C. (From R.F. Dacker and ). R. Mihalisin, Trans. ASM, Vol 62,
p 45, 1549}

~

=" LATTICE MISMATCH

THE LATTICE MISMATCH AFFECTS THE MORPHOLOGY OF
THE v© PRECIPITATES

Creep ruptura life, b

Chwomium conent, %
0
10,000 T X ‘?
1,000
[+]

100
Fig. 5-18. Effect of lattice mis-
maich between yand ¥ on the
creep tuplure life at 21,200 psi
and 700 “C for Ni-Ce-Al alloys,
10 The Al conienl was approxi-
—04 032 0 +0.2 +0.4 mately constand at 7 al.%,

] tAdapled (rom 1L Mirkin and
Lattice l!“l!“lld\ ] 0. D. Kancheev, Metal Sci. and
7'y Heat Treat., No. 1, p 10, 1967)

Fig. 5-45. Effect of Mo content on the ' morphology in Ni-Al-Mo
alloys. The alloys were aged for 11T h at 925 °C. The -y lattice
mismatch values are shown, as well 23 the descriplion ol the ¥’ mo«-

v. All compositions, wt %. (Adapied fros V. Biss and D. L. Spon-
selier, Met. Trans., Vol 4, p 1956, 1973)




7 MORPHOLOGY
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Fig. 5-46. Influence of lattice mismaich between y and o and the v
precipitate morphology for Ni-AL-Ti-Mo alloyy, All compositions, at.%.
{Adapted from same source as Fig. 5-32)

COARSENING RATE OF y°
PARTICLE SIZE VARIES WITH THE AGING TIME
TO THE ONE-THIRD POWER

D= KTlI}

[surncov,.z ]1/3
9 R

THE COARSENING RATE INCREASES WITH INCREASING
THE LATTICE MISMATCH

IN GENERAL, AL AND T1 INCREASE THE COARSENING
RATE, AND Mo, Cr AND Ns DECREASE 1T

05 T T T T T
o OMo+8AI :
o OMo+4.5A1
a BMo+45A1
G4 o BMo+1AI+IST .
g 0.JF T
A
=
2
¥ ozt .
"
[ A1 -
h
[ 1 1 1 1 i
0 1.0 20 30 40 5.0

Aging time, h'?

Fig. 5-47. ¥ parlicle size of Ni-Mo-Al and Ni-Mo-ALTI alloys as a
function of aging time to the 1/3 power. Al compositions, wt %,
(Adapted from same source as Fig. 5-45)
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YOLUME FRACTION OF v
* THE VOLUME FRACTION OF v* PRECIPITATES DEPENDS

MAINLY UPON THE AT. T OF THE v° FORMING ELEMENTS
AL, T1, Ns, Ta, V, He, AND 2o PRESENT

« 250
mam:arqAAnubh‘i// y
3
"
-i / =.' 20Q—~ L]
‘:: mn
i §
g / g e
® ray'
/ Ni-20Cr 2Ti-1A1-5h0 #
(1«3 o
]
2 3 4 [
Al+Ticontent, wt % i 1 L 1 'l
Fig. 5-35. Effect of Al and Ti content om the amount of ¥ in Ni-Cr.Al ¢ v 2z 3 & 5 g
¥i-Mo alloys. The alloys weve aged for 50 h a1 900 °C aiter sobslion T Tierne
Ireatment at 3120 *C. {Adapied irom same source a8 Fig. 5-33) Pigurs 5.
Influsnce of Foplacing AL by T{ or ¥b

Upon the 1! solwus tesperature.

* THE REPLACEMENT OF AL BY EITHER T1 OR Mg RESULTS

IN A CONSIDERABLE INCREASE IN THE v SOLvUS
TEMPERATURE

58

YOLUME FRACTION OF y”
THE ADDITION OF Co GENERALLY RAISES THE SOLUBILITY

CURVE IN TEMPERATURE, RESULTING IN INCREASE 1IN
THE AMOUNT OF ¥* AT A GIVEN TEMPERATURE

nse
1100 /"‘/
1050 8 N-22% Cr- 19X Co /]

0o
mo 1 2 3 4 s éwm
] LIB335 350 464 576 4BEAM
Titanium Conlenl, %

Fig. 5-36. Isopleth sections ol the ternary Ni-Cr-Ti and the qualemary
Ni-Cr-Co-Ti phase diagrams, al 22% Cr. (From ). Heslop, Cobalt,
Vol 24, p 128, 1964}
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STRENGTHENING EFFECTS OF v~ PRECIPITATION
HIGH-TENSILE STRENGTH OF v~ — ANOMALOUS TEMPERATURE
DEPENDENCE OF FLOW STRESSES OF v~

HIGH v ~ v~ MISMATCH MEANS HIGH TENSILE STRENGTH

RESISTANCE TO DISLOCATION CUTTING THROUGH — HIGH APB
ENERGY

THE IMPEDENCE PROVIDED BY THE v/v” INTERFACE FURN!SHED
A BASIS FOR STORING DISLOCATIONS IN THE FORM OF A

FINE CELLULAR NETWORK. THE GREATER THE INTERFACIAL
AREA PER UNIT VOLUME, THE WIGHER THE PLASTIC RESISTANCE
AT LOW STRAIN RATES

THE STRENGTH AT ELEVATED TEMPERATURES INCREASES WITH
THE VOLUME FRACTION OF v~

0.2% FLOW STRESS, puin 108

o | SV N I N S N T G |
0 200 400 600 800 00O /

TEMPERATURE , *C

) Figare 7,
Th tesperature dependsnos of the 0.2f flow stress for Ni-Cr-a1
alloys containing Aiffarent volms fractions of v' (ref. 25).

ho

THE CREEP IN vy + y  ALLOYS — CONDITIONS FOR ACHIEVING
MAXIMUM CREEP RESISTANCE

e VOLUME FRACTION OF vy PHASE TO BE AROUND 60%
o INTERPARTICLE SPACING TO BE OF THE ORDER OF 500 &

e THE PARTICLE SHOULD HAVE A STRENGTH GREATER THAN
THAT OF MATRIX TO MINIMIZE CUTTING THROUGH

e SMALL LATTICE MISMATCH BETWEEN PARTICLE AND MATRIX
T0 PROMOTE STABILITY

e GOOD THERMAL STABILITY OF THE v* STRUCTURE

e MAXIMIZING SOLID SOLUTION HARDENING THE
v MATRIX

41



sl 15073

SCHEMATIC [LLUSTRATION OF THE FORMATION OF
10900 THE AS-CAST STRUCTURE OF IN-100

§
& Ligud— """ .
§ m'v.v | \\

T=T T TTTI

side wms
from a

common
Mi-Ce-Al MLOYE ' E
-
7

TO0*C - 21,200 084

T T

Liquid-|

MR NN RO N N B WS T S N Pri /

o o 008 QOG22 O OO 008 ot dn.r:.'"‘
As, layre, ) KX Jendrite

4 side srms

. Solu
" ﬂ'n::. L lte (ref. 31). thickaned e content

(%Cr, Ti, Al urc )
30

| o s

Liguid
of sutectic —
m’"\ aum-uzu compnul:n
o M-22 MAR - 200

o TAW 1900 Primacy T~
o o
[ 3§ 1900 \N 100
- o
PORL 2N Q

T-T

INCO TI3C Sutectic

mixlure
- 3TRESS FOR 100 KR RUPTURE LIFE AT {700°F : ‘ beginung

FOR CAST NICKEL BASE SUPER ALLOTS 1a lorm
from sutectic ——»

2ol liquid
Liguid

3

/

of eulectic
composition

‘._\.-/- Soluie content

. R 1% Cr, Ty, Al, mic )
Pigurs 17, Frimeyy 1~ (’\

Cresp rupture strength at 170007 Panctd,

chromium content tnru:tnlehlu. md.

Entectic reaclion begins

Fig. 5-78. Schemalic illusiration of the iormation of Ihe as-cast struc-
ture of IN-10U0. See text for explanation,
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Iwhite)
Ewtectic ¥ ]
{black)

Liquid -
Primary ¥~

T
o

Y

AS-CAST MICROSTRUCTURE OF IN-100

-1

wutectic ——>

sokid 1

Primary -2 %S ; i s
Eutectic reaction compiated

¥ just
beginning to
precipitate Q

from primary ¥

¥

précipithtes

in primary ¥
LN

Primary -

Solute content
1% Cr, Ti, Al wte)

Solute contant
(% Cr, Ti, Al ere )

Eutectic v [dark} Eutectic 7 [whits}

Eutectic v
{dark)

Eutectic ¥
{white}

Fig. 5-79. Higher-magnification views showing distinctly the yand v’
structure of the ascast IN-100 alloy.




EUNCTION OF CARBON AND CARBIDE IN Ni-BASE SUPFRALLOYS
COMPLEX MICROSTRUCTURES OF CAST

NICKEL-BASE SUPERALLOYS ¢ (B SCAVENGER
— IT APPEARS THAT C (>0.02%) MUST BE PRESENT DURING THE

SOLIDIFICATION TO MAKE CERTAIN THAT HARMFUL TRACE
ELEMENTS SUCH AS 02 AND S DO NOT COLLECT [N THE GB
AND PRODUCE BRITTLE FILMS

= B, Ir AND THE RARE EARTH ELEMENTS PROBABLY FUNCTIOM
IN A SIMILAR WAY

¥ formers —e- 15 Ti, 1.3k 28T 10 ISTi. 43 AL 47T, S5l 1STE55A1L 15T
Carbwoe fOrmers —em 20Cr, 25Ti  10Cr A0, 28Ti 16C, 62 M0 18T 100, IMo 47Ti IV 9Cc 25Mo, IOW. 15 Ta
Examoies — o Numonic 804 U500 NISAUTOVRTT 1N 100/R 100 Mar 248 . e CARBIDE FORMATION

— ONCE THE ALLOY HAS SOLIDIFIED [T 1S DESIRABLE TO HAVE

CORHOK DESTRABLE MICROSTRUCTURE THE C COMBINED IN THE FORM OF A VERY STABLE CARBIDE

— HOWEVER, FOR MANY OF THE CAST NICKEL-BASE ALLOYS, THE
MC (TaC, TiC, NsC) CARBIDES FORMED DURING SOLIDIFICATION
\ PROCESS DECOMPOSE IN SERVICE AT 800 TO 930°C TO GIVE
M23C6 (CR RICH MAY CONTAIN SOME Ma AND W) anp MgC (Mo
AND W RICH) CARBIDES. A COMMON REACTION 1S

. - N 2 -~
, *
7-Formiry—s FEI{RETY] 29T 2 %M 38T 43M ATTISOA  18T,5%4AL1 5T N+ HZSCS ty
Corude Farmary —+ F0C1,25T) W AN 2T 1SC, 3200, 3501 10C, 3dde, 4 TTLIV $Cr, 2 Shio 10W, 1B Te
Esamoies = Wimeais BOA V- 30 N-HIS-TOO/W-TT IN- 1007 R~HOQ My - N24E

(Tr,Mo)C + (N1,CR,AL,TI) + (Cr,Mo)230E + Ni13(AL,T1)
COMMON UNDESIRABLE MICROSTRUCTURE

4o 4



CONTROL _OF TCP PHASES

AN UNDESIRABLE FEATURE OF THE MOST HIGHLY ALLOYED SUPERALLOYS IS5
THEIR TENDENCY TO DEVELOP UNWANTED TCP PHASES SUCH AS SIGMA AND MJ.

THE FORMATION OF TCP PHASES THAT TAXE Mo AND W QUT OF THE MATRIX
WILL SIMILARLY UNBALANCE THE ALLOY AND DEGREDATE THE CREEP PROPERTIES.
LOW TEMPERATURE DUCTILITY ALSO 1S AFFECTED ADVERSELY.

SIGMA AND OTHER TCP PHASES ARE ELECTRON COMPOUNDS WHOSE PRECIPITATION
FROM SOLUTION CAN BE PREDICTED BY KNOWLEDGE OF THE AVERAGE ELECTRON —
VACANCY NUMBER OF THE ALLOY MATRIX.

THE "PHACOMP" SYSTEM — THE y SOLUTION BECOMES UNSTABLE AND STARTS
TO PRECIPITATE o PHASE WHEN A CRITICAL ELECTRON VACANCY NUMBER (2.5)
1S EXCEEDED, TO AVOID o PRECIPITATION DURING ALLOY PROCESSING OR
IN SERVICE, THE TOTAL CONCENTRATION OF ELEMENTS WITH HIGH ELECTRON
VACANCY NUMBER (Cr, Mo, W, Mn) MUST BE LIMITED TO A LOW LEVEL,

COMPUTER PROGRAMS DERIVED FROM THE PRINCIPLES OF ELECTRON-VACANCY

NUMBERS AND PHASE STABILITY ARE NOW USED IN SUPERALLOY ENGINEERING
SPECIFICATIONS.

Table 5-7. Pomible Electron Hole Numbers (N,) for Several Flements

Growp - YIA YilA VIIIA

First long period Cr Mn Fe Co Ni
(4.66) (3.66) 222 1.7 0.61

Second long period Mo Te Ru Rh Pd
A.66) (1.66) {2.66) {1.66) (0.66)

Third long period w Re Os Ir Pt

(4.66) (3.66) (2.66) (1.66)  (0.66)

From C.T. Sims, in The Superalloys, ed. C.T. Sims and W. C. Hagel. Wiley, New
York, 1972.

QR

INNOYATIVE MATERIALS SYNTHESIS

DIRECTIONAL SOLIDIFICATION
RAPID SOLIDIFICATION
MECHANICAL ALLOYING

DIRECTIONAL SOLIDIFIED EUTECTICS

4y



DIRECTIONAL SOLIDJFICATION PROCESSING

o GRAIN BOUNDARY SLIDING AND YOID FORMATION OCCUR
ALONG BOUNDARIES NORMAL TO THE STRESS AXIS,
LEADING TO HIGH CREEP RATES AND PREMATURE
FRACTURE IN EQUIAXED POLYCRYSTALLINE MATERIALS

Creep s1rain

PO

P
S N 3 G,

—t

o T

1 - N A
-1 R .
l Voids
tormed
on grain

Fig. 5-61. WWusiration of void lormation on grain boundaries which are
mainly normal to the siress axis. The microstructure was taken from a
sample of copper crcep lested al 385 °C under a stress of 2500 psi. The
schematic sketches show the relation of the microstruciure (o the creep
test specinven and 1o the final stage of creep in which the voids form.
{Microstructure from F.L. VerSnyder, in High Temperature Malerials,
od. R.F. Hehemann and G. M. Ault, Wiley, New York, 1959

COMPARISON OF CREEP CURYES

OF MAR-M200 IN THE POLYCRYSTALLINE EQUIAXED (A),
(0011 COLUMNAR (B), AND [001] SINGLE-CRYSTAL
(C) STRUCTURES

1800 *F
0 kei 8 c

; —a
L 0 50 10 0 He
Time, h

Fig. 5-68. Comparative creep curves of Mar-M200 |
" . - n 1 N
crystalline equianed (A), (001] columnar (@) and () }] uul':c:;ll‘;i

(C) structures, (From same source a5 Fig. 5-64)

50
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SCHEMATIC ILLUSTRATION OF THE FORMATION
OF COLUMNAR GRAINS EACH HAVING A {1001

ORIENTATION

TLLUSTRATION OF A METHOD OF INVESTMENT SHELL
MOLD CASTING OF DIRECTIONALLY SOLIDIFIED

GAS-TURBINE BLADES

NN

Liquid———a=

[100] [t001 [100] {t00)

Tima

Fg. $-70. Schematic ill tion of the § tion of

Cold  columnar grains each having a [100] ocdientation. Each

wirface  columnar grain is oriented randomly about the verlical
axis. The [100] axis in each nucleated grain is shown by
the line. Arrows indicate those with the [100] vertical.

5%

sPRUE GRAPRTE FELY

e
SISCEPTOR

Four-blade silica investment shell mold
Fig. 5-71. Mlustration of a method of investment shell mold casiing of

directionally solidified gas-turbine blades.

induction-hested, investment shell mold
amembly lor casting directionally
solidified ges-turbine blades

Four girectionally sotidified WWM blades

(Adapted from F.L. Ver-

Snyder and M_E. Shank, Malter, Sci. Eng., Vol 6, p 213, 1970)
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DIRECTIONALLY SOLIDIFIED GAS TURBINE VANE SOLIDIFICATION SEQUENCE AND MOLD DESIGN WHICH LEAD
CONSISTING OF COLUMNAR GRAINS TO SINGLE CRYSTAL GROWING IN THE REGION OF THE
CONSTRICTOR

TPl P7

Tima

]
i
%

T/
|

£

\\\N .[Hmﬁ N Water-cooled
haarth

L] )
Fig. 5-71. (a) Schematic illustration of the solidilication sequence
which leads (o a single crystal growing in ihe region of the constricior.
The maold cavily ior the object being cast (e.g., a lurbine blade) would
be connected 1o the consiriclor. (b} Constriction mold producing

. " casl, single-crysial gas-turbine blades. (Adapied from same source as
Fig. 5-72. Directionally solidified gas-turbine vane comsisting of co- Fig. 5-71)
umﬂ;. sl::;;n. revealed by macroeiching. (Adapled from same sowrce

(6]
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ILLUSTRATION OF USE OF MULTIPLE CONSTRICTION
INVESTMENT CASTING TECHNIQUE TO CAST SINGLE-
CRYSTAL GAS-TURBINE BLADES

Constriction mold for bottom-fitling Induttion hested } shatl
of two blades maotd assernbly for Casting alloy
singla-crystel gas-turoine blades

Mulllﬂ|’ COMtriciion, COmpetitive Multiple cOMINCHION, competitive
growih investment shell mold @ owth investment casting of eight
slioy single crystal gat-turbing blades

Fig. 5-74. Mustration of use of multiple constriction investment casting

technique ‘o cast single-crystal gas-turbine blades. (Adapted from same
swource as Fig. 5-71}
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MECHANTCAL ALLOYING PROCESSING AND APPLICATION TO ODS ALLOYS

0DS ALLOYS ATTRACT GREAT ATTENTION AS ADVANCED HT MATERIALS BECAUSE
THEY CAN RETAIN USEFUL STRENGTH UP TO A RELATIVELY HIGH FRACTION OF
THEIR Tgy-

CONVENTIONAL POWDER METALLURGY TECHNIQUES, FOR INSTANCE, EITHER DO
NOT PRODUCE AN ADEQUATE DISPERSION, OR DO NOT PERMIT THE {SE OF
REACTIVE ALLOYING ELEMENTS SUCH AS Al, Ti, AND Cr. MA PROCESSING
HAS BEEN TNTRODUCED TO SOLVE THESE DIFFICULTIES.

MA 1S A HIGH ENERGY, DRY MILLING PROCESS IN WHICH A MIXTURE OF
METAL AND/OR NONMETAL POWDERS ARE SUBJECTED TO CONSTANT FRACTURING
AND REWELDING IN AN ENERGETIC GRINDING BALL CHARGE. DURING EACH
COLLISION OF THE GRINDING BALLS, MANY POWDER PARTICLES MAY BE
SIMULTANEOUSLY TRAPPED, WELDED TOGETHER, PLASTICALLY DEFORMED, AHD
FRACTURED (FIG. 29).

THE REPETITION OF THESE "MA EVENTS OVER A SUFFICIENT TIME PERI0D
RESULT IN A HOMOGENEOUS SUPERALLOY POWDER IN WHICH THE CONSTITUENT
METAL POWERS ARE PRODUCED WITH A FINE LAMELLAR-LIKE STRUCTURE WITH
THE OXIDE PARTICLES UNIFORMLY DISTRIBUTED ALONG THE WELD INTERFACES
(FIG. 30).
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OXIDE DISPERSION o THE POWERS ARE THEN CONSOLIDATED BY EXTRUSION OR HOT ISOSTATIC

PRESSING (MIP)}. CONSOLIDATED PIECES ARE THEN SUBJECTED TO HOT
AND/OR COLD DEFORMATION PROCESSING UNDER CONDITIONS WHICH LEAVE
THEM WITH A HIGH LEVEL OF STORED ENERGY. MATERTAL MUST THEN BE
IN SUCH A STATE IN ORDER TO DEVELOP COARSE, ANISOTROPIC GRAINS
DURING A SUBSEQUENT RECRYSTALLIZATION HEAT TREATMENT {E.G. ZONE
ANNEALING PROCESS) (FIG. 31},

Gl
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STRUCTURE AND PROPERTIES OF MA ODS ALLOYS

e TABLE 11 LISTS THE COMPOSITIONS OF MA ALLOYS DEVELOPED BY INCO.

¢ THE MICROSTRUCTURE OF MA-5000E AFTER ZOME RECRYSTALLIZATION

L)

YOLUME PERCENT OF y*: S0 ~ 55%

3 AND HEAT TREATMENT IS ILLUSTRATED IN FIG. 32. HEAT TREATMENT:
) a
3 gg 1/2 W/1232°C/AC + 2 H/954°C/AC + 24 W/BA3*C/AC STRUCTURE FEATURE:
¢ 43
E gg VOLUME PERCENT OF OXIDE: 2.5%

-—m

? v- PARTICLE SIZE: 350 A

£

® STRENGTHENING MECHANISMS: AT LOW TEMPERATURES, v HARDENING

1S ACHIEVED; AND ABOVE 1000°C THE STRENGTH IS PROVIDED BY
& DISPERSION OF OXIDE.
g e CREEP PROPERTIES
FIG. 33-COMPARISON OF STRESS RUPTURE PROPERTIES OF

{4 $33wH30 000°Z OL 00L'1)

l MA-6000E WITH SEVERAL OTHER SUPERALLOYS,
"MA-6000€ IS STRONGER THAN D.S. MAR-M-200 +
Hf AT TEMPERATURES ABOVE 870°C.

F1G. 34-CREEP RUPTURE PROPERTIES OF Fe-BASE ALLOY

MA-956, AND Ni-BASE ALLOYS MA-754 AND 757.
THE MA ALLOYS ARE MJCH MORE RESISTANT IN

l CREEP THAN INCONEL ALLOYS.

:

3

[ 4 SIFWDI0 000v'T)
AWNIMLYIHL LVIH

12000k Thid

¢ 63
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Micrographs illustrating (a) the grain morphology
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RAPID SOLIDIFICAYION RATE PROCESSING AND APPLICATION TO SUPERALLOYS

o ONE OF THE NEW TECHNIQUES FOR THE PROCESSING OF SUPERALLOYS WHICH
HAS BEEN EXPLORED WITH INCREASING ENTHUSIASM IN THE PAST YEARS
IS THE USE OF RAPIDLY SOLIDIFIED POMDERS [N THE FABRICATION OF
SUPERALLOY COMPONENTS.

o FUKDING FOR RS SUPERALLOYS: $9 MILLION FOR 1981

$11 MILLION FOR 1982
MAJOR SUPPORTS ARE BEING PROVIDED BY DOE, NASA, AND DOD

&y



FOR RS

ADVANTAGES OF RS MATERIALS

IN GENERAL

MINIMIZE CHEMICAL SEGREGATION DURING SOLIDIFICATION
ELIMINATE THE FORMATION OF MASSIVE PHASES (E.G. EUTECTICS)
INCREASE THE SOLUBILITY OF ALLOYING ELEMENTS (EXTENSION
OF SOLID SOLUBILITY LIMIT)

MICROSTRUCTURAL REFINEMENT

RETAIN METASTABLE PHASES

SUPERALLOYS

EXCELLENT ALLOY HOMOGENEITY

INCREASE IN INCIPIENT MELTING POINT

DIRECTIONAL RECRYSTALLIZATION FOR ORIENTED GRAINS
CREEP AND STRESS RUPTURE IMPROVEMENTS

INCREASED OXIDATION RESISTANCE

INCREASED MOT CORROSION RESISTANCE
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EXPERIMENTAL RSR
POWDER-PROCESSED DEVICE

it

Exhaust

M)
775 40

"3

REVOLUTIONARY POWDER METALLURGY OFFERS

NEW DIMENSION FOR SUPERALLOY DEVELOPMENT
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INCIPIENT MELTING POINT OF RSR
POWDER-PROCESSED ALLOYS vs
0Ys

CAST ALL
2500 o
B ASA
Cdcast _
2400 |- \
Temperalure, )
°F 2300 |-
2200 |~
2100 -
IN100 Mar M-200 AF2-1DA Ni-Al-18Mo
AY 222308
11808
‘- b 523

/ . 719 43
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CREEP RESISTANCE
OF SUPERALLOYS

RADIAL WAFER

100 . Mar-M-200
‘
stress 20 / RSR (Ni-Mo-Al)

for

1% 60
Creep
in 100 401
hr, ksi

20 "TBIade Mid Span
Stress Range
| 1 { | ¢ ] ]

0
1300 14001500 1600 1700 1800 1900 2000
Metal Temp - °F

715 45
MG

BLADE CONSTRUCTION

_.‘.!s.n. Nl

2>

Suctlon Surface Fu'l Coverage
0.090 in Film Cooling 3x3 E:aggered Array

(2.3 min}

Suction Surlace Concenlrated
Film Cooting 1 Row 12 Holes

Gage Point

Pressure Surface Full Coverage
& Row L/E Showerhead Film Cooling 3xJ Staggered Array
12x13 Staggered Asray

Channel
Flow Area

Fe~ced Peadestal
T'E Cooling With
L3cal P/S Film
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DIRECTIONALLY SOLIDIFIED EUTECTIC COMPOSITES
(ALIGNED EUTECTIC ALLOYS)

RAPIOLY SOLIDIFIED SUPERALLOYS — EXPECTED RESULTS ® D.S5. TECHNIQUES ARE COMMONLY USED TO PRODUCE WELL ALIGNED FIBERS

AND LAMELLAE AT CONTROLLED GROWTH RATES.

& HIGHER PERFORMANCE STRUCTURAL MATERIALS
® ALIGHED EUTECTICS HAVE QUTSTANDING MECHANICAL PROPERTIES AT

@ CHEAPER TO FABRICATE HIGH TEMPERATURES (800-1150°C), DUE TO STRENGTHENENG BY ALIGNED

FIBERS OR LAMELLAE.
® LESS DEPENDENT ON STRATEGIC/CRITICAL ELEMENTS

® POTENTIAL TO BE USED AS GAS TURBINE MATERTALS AT TEMPERATURES
ABOVE %00°C,

© VASTLY IMPROVED COMPONENT DURABILITY
@ UTILIZE ADVANCED DESIGN TECHNIQUES
¢ MECHARICAL PROPERTIES OF ALIGNED EUTECTICS DEPEND ON THE INTERPHASE
SPACING (x) WMICH CAN BE REFINED THROUGH INCREASING GROWTH RATE (R)

A2R = CONST.

® THE YIELD AND FLOW BEHAVIOR OF ALIGNED EUTECTICS CAN BE GENERALLY
EXPRESSED BY THE EQS.

of = oy + Ka-1/2, m

Gf " oj + KIRU‘

1% 19



SYSTEM AND COMPOSITION OF ALIGNED EUTECTICS
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TENSILE PROPERTIES OF ALIGHED EUTECTICS

Fim LI e T
SR R

\ & STRENGTHENING MECHANISMS: S5 + PRECIPITATION OF y° AND CARBIDES +
FIBER/LAMELLAE

e |ONGITUDINAL TENSILE PROPERTIES OF AS-GROWN ALIGNED EUTECTICS, 25°C

- i (TABLE 14)
« Transveny microswucist of spwonid high k
oS Kmen, A= emiv

® EFFECT OF TEMPERATURE ON ILTIMATE TENSILE STRENGTH OF HT EUTECTICS
(F1G. 62)
- —Cotac 74 IS THE STRONGEST ALLOY AT RT
—Nitac 13 EXHIBITS THE HIGHEST STRENGTH ABOVE B00°C
~MOST EUYECTICS IN THIS FIGURE ARE STRONGER THAN THE CONVENTIONAL
SUPERALLOYS SUCH AS IN-100 ABOVE 1000°C

J- e EFFECT OF A ON YIELD AMD TENSILE STRENGTHS OF y* — & AT 1093°C
l (FIG. 63) o = gj + Ka-1/2

/ e EFFECT OF TEMPERATURE AND HEAT TREATMENT ON TEXSILE PROPERTIES OF
' v/y* — ¢ (FIG. 64)

.+ leonth.

oF Y8 (BNCiE, M« 3 omim

¢ Co, 10Cs, 10NFTC, B+ 2.6 cmiw
a7 FEMo (AG-16) R = 1.9 smiw ; e OFF-AXIS PROPERTIES: OFF-AXIS PROPERTIES OF COMPOSITES ARE INFERIOR

- TO THOSE OF THE LONGITUDINAL ORIENTATION

UL tc'a.w-nf:.'u - 08 omMw

FIG. 65: COMPARISOM OF TRANSVERSE AND LONGITUDINAL TENSILE
STRENGTH OF SEVERAL HT EUTECTICS

F1G. 66: TEMPERATURE DEPENDENCE OF LONGITUDINAL AND TRANSVERSE
STRENGTH AND DUCTILITY OF y/y~ — & (6% Cr)

779 &/ 03
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CREEP PROPERTIES OF ALIGNED EUTECTICS

& EXCELLENT CREEP STRENGTH AT HT (FIGS. 67 AND 68)
THE CREEP RESISTANCE OF ALIGNED EUTECTICS IS SUPERIOR TO

1200

1000 |
COMMERCIAL SUPERALLOYS AT HT

e ¢ CAN BE GENERALLY EXPRESSED BY THE EQUATION
t = Aghe-Q/RT

THE CREEP PARAMETERS ARE GIVEN IN TAELE 14

® RECENT WORK HAS SHOWN THAT DECREASING A OR FIBER RADIUS
~RESULTS IN GREATLY ENHANCED CREEP RESISTANCE FOR

SEVERAL ALLOYS (FIG. 69)
o T e gt w4 wih snd —THE BENEFICIAL ASPECTS OF INCREASING R TO REFINE A
CONTINUES SO LONG AS STRUCTURE IS WELL ALIGNED.
CELLULAR MICROSTRUCTURES OBTAINED AT HIGH R LEAD
TO INFERIOR STRESS-RUPTURE PROPERTIES

¢ CREEP PROPERTIES TEND TO BE LESS ATTRACTIVE WHEN TESTED
IN AN OFF-AXIS DIRECTION (FIG. 70)

79 66
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LENGTH MEMORY EFFECT OF ALIGNED EUTECTICS

e A UNIQUE FEATURE OF SOME EUTECTICS IS THAT HEAT TREATMENTS AFIER
CREEP, NOT ONLY PERMIT THE RESTORATION OF THEIR CREEP STRENGTH
BUT ALSO ALLOW THE RECOVERY OF THEIR INITIAL LENGTH.

¢ EXPERIMENTAL OBSERVATION OF THE LENGTH MEMORY EFFECT IN Cotac 744
(Ni-10 Co-4 Cr-10 ¥-2 Mo-6 Al-3.8 Nb-0.47 C)
—PERFORM CREEP TESTS (OR TENSILE TESTS) TO 1.5% PRIOR TO THE
ONSET OF TERTIARY CREEP
—REMOVE THE CREEP LOAD AND HEAT TREAT FOR 20 MIN/1200°C/AC +
16 H/850°C/AC
—SPECIMENS CONTRACT TO NEARLY THEIR INITIAL LENGTH.

e THE PERIODIC HEAT TREATMENTS IMPROVE CREEP RUPTURE LIFE, DUE
TO THE LENGTH MEMORY EFFECT (TABLE 15).

® THERMAL EXPANSION MISMATCH SETWEEN PHASES OF SOME D.S. EUTECTICS
(TABLE 16).

e THE LENGTH MEMORY EFFECTS IS BELIEVED TO BE DUE TO THE THERMAL
EXPANSION MISMATCH BETWEEN PHASES OF D.S. EUTECTICS

~WHEN THE COMPOSITE IS SUBJECTED TO A PLASTIC DEFORMATION,
IN TENSION, THE FIBERS DEFORM ELASTICALLY AND THE MATRIX
DOES PLASTICALLY

—~IF THIS STRAINED IS NOW HEATED TO A SUFFICIENTLY HT (~1200°C)
IN THE ABSEMCE OF AN EXTERNAL STRESS, THE ELASTIC FIBERS _
WILL EXERT A COMPRESSION STRESS ON THE PLASTIC MATRIX S50 THE
BACKWARD FLOW OCCURS

G



Improved strass-rupture thees dus 1 “langth mamory sifect”.

Time
Cresp tesle Langth measuramants "
[ e ot [atter Trefotur oy
S e ::_ wer e g 1eate
1C) :
850 | 400 | 30.02| 3040} 30.08 | 30.42 | 3010 | 1040 | 700
800 | 270 | 2e9e| 30.3¢| 3008 | 3039 | 3004|1303 | Too"

« Average of Thwes teols

Table /5

9%

« Approximate thermal .

b phaset of some
D.5. mareciics /187
Aversme Therma Egmbﬁ
D.8. Eutsctic Mismatch [ C)
Ni-NbC 100 x 107
Ni,Cr-NbC 04 107"
€0,Cr-NLC 0.4 x 107
Co,CrNI-TaG 99 n 107
ML,Cr-TaC 89 x 10°*
Ni.CrAl-TeC 8.1 x 10+
iy ALNi Nb (y'3) 150 107"
INLEH (N AN-NI N, 8.1 x 1074

vty 8

bl /6



—THIS TYPE OF REVERSED FLOW SHOULD BE EXPECTED IN MANY D.S.
EUTECTICS HAVING A ELASTIC FIBRUS AND A PLASTIC MATRIX,

e FROM A TECHNOLOGICAL STANDPOINT, THIS PHENOMENON IS OF GREAT
INTEREST TO THE ENGINE MANUFACTOR.

94



