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Alloy Design for 7' Precipitation Hardening Nickel-base
Superalloys Containing Ti, Ta, and W

Synopsis

Hiroshi HARADA and Michio YAMAZAKI

The increase in the inlet gas temperature of a gas turbine is the most effective to raise the output
efficiency of the turbine. For this purpose, blade materials having superior creep strength and hot

corrosion resistance are required.

In this study, 7’ precipitation hardening nickel-base superalloys being superior in the above two
properties have been developed by a computer-aided alloy design. The outline of the computer-

aided alloy design is as follows.

At first, compositions of 7 and 7’ which are in a state of equilibrium each other, both highly
solid solution hardened, and have a small lattice mismatch are selected. Compositions of alloys with
optimum amount of y/ can be calculated by the application of the lever rule to the selected 7y and
7’ compositions and the addition of carbides and boride compositions.

The evaluation of the alloy was made by creep rupture tests and a crucible test using a molten

Na,SO,+252% NaCl salt mixture.
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Fig. 1. Schematic phase diagram of Ni-Al-A-B
quarternary system. A and B: substitu-
tional solid solution hardening elements,
Ti, Ta, W etc.
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Table 1. Equation of y' surface obtained by
regression analysis.

YAI=29.203—1.096YCr—1.195YW—1.220YTi
—1.066YTa—1.950YMo—1.446YNb

: testt 0.1 0.1 0.1
0.1 0.1 0.1

F test* 0.5

M.C.C. 0.9873

* Probabilities(%) of error are smaller than the shown values.
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Table 2. Equations of partitioning ratios obtained
by regression analyses.

CRDIV=0.1811+0.0070YCo—0.0095Y Ti

t test* 5 0.1

F test* 0.5

MC.C ‘ 0.7892

COD1V
=—0.0836-+0.0177YCo+0.0209YAl 1+ 0.0492YW

t test* 2 0.1 0.1

F test* 0.5

M.C.C. 0.9121

ALMULT=0.4104—0.0219YW —0.0212Y Ti
—0.0239YNb—0.0551Y Ta

i test® 20 !
20 1

F test* 2.5

M.C.C. 0.7000

TIMULT =0.1017
TAMULT =0.261
WDIV =0.6753

* Probabilities(%) of error are smaller than the shown values.
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Table 3. Equations of 7 and 7' lattice parameters.

Lattice Const Coefficient (A/at%)

Parameter A) Cr Co Mo w T Nb 1 Ta Hf Al
ar ] 3.5240 120 |0.20 |4.35 |4.12 |3.40 |6.45 |6.30 |7.00 |1.85
ar' \ 3.5208 %10-3 | x10-2 | x10-3 | x10-3 | x10-3 | x10-8 | x10-3 | x10~8 | x10-%
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Table 4. Equation of stacking fault energy of r
phase obtained by regression analysis.

S.F.E.(I"/Gb x 10%)
—12.914—0.224XCr—0.356 X Mo —0.0826 X Fe

—0.271XNb—0.822XTi—0.238X Al
—0.113XCo—0.720XW—0.271XTa

0.1 | 0.1
t test¥ 50 0.1 0.1
0.1 0.1 50
F test* 0.5
M.C.C. 0.9767

% Probabilities(%) of error are smaller than the shown values.
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Fig. 2. Steps of computation for the alloy design.

Table 5. Setting conditions of 7’ compositions(at?,).

Element | Solubility l Range ) Pitch Step
YCr 14.028) 0~6.65 0.35 20
YCo 25.0V 0~25.0 1.25 21
Yw 5.8 ’O~&8! 0.58 1
YTi 16.52) 0~16.5 0.97 18
YTa 8.0 0~6.0 1.0 7¥4

Number of combination of steps 582120
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Fig. 3. Mean lattice parameter and stacking fault
energy (S.F.E) of y phase of selected 16
y-r' pairs (S.1.: Solubility Index).
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ool D
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BB R CEE LS BN 5.
2.5 ASHEBORE

BAE -7 oo, 7V — FHRRE AR S
T5(r+ 1)K, Tihbb 1/ &2 65mol%y Lins
(r+7) 8% (2)XEAWCHETS. G, B, Zr 12
Ni #$5Eae s LTCPEENeESE L, G, Bix 2-2.2
TRARIHFECHE IS R, 13 5o <
25.

Table 6 I FHE AL ERERT. Kb S. L i3]H
BiEETHS.

3. F M BK

3.1 Y-
EEOBRLE BB ERBERIF CTIT\, 690 2 ) — 7K
WiEB A 12 REDDrA LTy 7 AGFRIREEALL.
R Lo 2y v FRT, REAEYTOTH
e O FEWT. & ORI SR Wty 7
7o 7 LTEEL, 900°C¢3 hin# LT L. £
DB b BERRIFCey P L, DRI VEALR
bt— & —T 800°C 1ffke LTEWTEHAAK. A%
EERERIARE +150°C & L. KHEA&SOHE

Table 6. Nominal compositions of designed alloys (atomic pct. S.1.: Solubility Index)

Alloy Cr Co w Ti Ta Al S.1.
T M-34 17.1 0 0.81 2.66 2.30 10.2 1.09
T M-35 15.2 .0 2.13 2.05 1.58 11.3 1.08
TM-36 16.1 4.64 0.80 4.00 1.55 9.6 1.05
TM-37 16.1 8.94 0.80 5.34 0.79 8.8 1.05
TM-38 15.3 4.00 2.12 3.41 0.80 10.5 1.07
T M-39 15.0 11.07 2.12 4.82 0 9.3 1.09
T M-40 15.0 0 2.80 0.75 1.58 12.4 1.08
TM-41 14.5 0 3.47 1.45 0.81 12.2 1.09
TM-42 14.0 1.67 4.21 02 0.90 13.3 1.10
TM-43 13.7 4.93 4.20 1.58 0 12.5 1.09
T M-44 14.4 5.88 2.79 3.38 1.62 8.9 1.29
TM-46 14.8 6.49 2.11 4.69 1.62 7.9 1.29
TM-47 14.5 9.54 2.78 4.76 0.83 8.1 1.29
TM-483 14.1 12.09 2.11 6.08 0.83 7.1 1.28
T M-49 13.5 11.72 2.79 6.89 0 6.9 1.29
TM-50 13.8 7.92 3.45 4.71 1.67 6.9 1.49

Fixed: C 0,55, B 0.06, Zr 0.06.
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U i v

6 i YTa75
Yiatvwes, (d4)

Fig. 4. Proportions of Ti, W, and Ta concen-
trations in 7' of selected alloys. Alloys
numbers are shown in the circles, and
their rupture lives(h) at 1000°C and 12
kg/ mm? are given beside the circles.

BEEBRIATR RS 1335~1385°C T o7, WD S\ &
REEFCECHEEL R DR, FALBIL L — 5 —
ZYOTEDEEBRHL, BORERBRA IO BE
BRBRAER T as cast T2 ) — 7HEMABfE L, R
BR 413 800°C 35kg/mm2,900°C 25kg/mms2, 1 000° C
12kg/mm?, 1 000°C 7kg/mm? D 45: 1, 55— v 3
5—=5 2= (C=20) TEELI~AX—H— ik
D LMD ERHER L.
3.2 FMLRRRER

ORI LY, AEOMIRILE A 2R L.
NaCl 25wt%-Na,So, 75wt% DB OEEE 12 ¢ »
B LOWHL O (A& 1lml) st 900°C CHFL X
B TEKE, ascast D27V — TR F OFIFHH HY)
hDH Lz 69 x4.5mm ORI E =2 ) —FFELC=—
TTHER UTRA L. AR 20h &1L, &T
BAYy—AB VLAY 75 TRELCERR (%) 20
EL, TheERH»LDOLREOMFESR (metal loss, Bfr
mm) HBF L1z, 20h TEENELEREIhES
WL 3 hCofEik 20 hidME LT fe.

4. FASREBREIER

4-1 VU — T BREE

Fig. 4(a), (b)Ix7XTo&4& D 1000°C, 12kg/
mm?* TOHKFwEY 77 FOW, Ti, Ta BEL & 1ok
bLebOTHS. .1 HREY D L5 nSAEE T ER
L7cDRETD X 5 Bl i< .

B2RMHTRINACEED 17 12, Cr B ATE
DEBRCHNAEE LT B, BEEEETRE LR
FV. LeddoT, ek BB EER 1.1 & 1L
THEERTEEOBE, (1)K S.I=1.1,YCr=4.9
G Cr B)2RALTE LR (4)RIiiE Lt
DT YW, YT, YTa 2\ BbT52¢ e b, =D &

YW YTi  YTa
587165 7 8.0

=075 oo (4)

&, YW,YTi, YTa 11 Fig. 4(2) o=fMEEER
Ihs., —F, YW —Eod i YT »B88md5 L
YCo 13172 LW 5BRND 5 & & hibhodk. L
A3D>C, Fig. 4(a) D=AEEHC, YW, YTi,YTa @
N vARPRDBE YCo ARPEH,YCr REBIE—ET
HBH0b YAl L YNi $EE B Licieh, r’ RN
1 owREs. RESHTIX 1’ BiZ—5E (65 mol%)
THHL 1 HREAESEERTIFICHIE L TH
D, YW,YTi, YTa D5 v 2 CEHELER D BITHRE X
bz bwwien. BEBEEHEN 1.3,1.5 oBsd e
LT Fig. 4(b)DnXs5rFkbIh s, EEHEEMN 1.5
DEXZ( )VTRLEYW, YT, YTa OfE0=fHEER
wEREbhIh5., UE YW, YT, YTa D35 vATH
SHEBREREIRLBHCHS.

XC, BEBERS 1.1 o4 (Fig. 4(a)), 1000°C,
12kg/mm? ORHTFF AL Mar-M200(206h) & @ F
DEEE TM-38,39,41,43 ThHH, Wod i b o &
Ta D%\ ORPEMFGHEZ L2l s, 900°C
25kg/mm? & 1000°C 7kg/mm? T4 4 < & Uikisa
SANME Shtz. 800°C, 35kg/mm? ¢4 EENLE LT
Hote. BEBEER—TFDOH L TOU LR r& 17
DFIGRETER, 1 OBBRME=% ¥ —, B LIOKRTF
EHD mismatch O 3 ODRFIEFTCIL S ¥ SCcx
7o, LiehioT, TM-38,39,41,43 M550 & &R T
ARG SR THOE LB 2o BTF, o ik
FBEOHTHRR L) FERHFGNAZ L KDk b D
LEZBRD.

—77, WHLBERRO BR 4-2 CEHR) 75,
Mar-M200 &&L Eo WELEEEEZE 5k v h
Ti &2 S5aty Ll bk, F&T 3.5ty YU ELNETHS
T EDbote. LhioC, 7V — FTHEMERE & it
LB &M O F BN A SIIRPREERMD YW, YT],
YTa X5 vADNBRIZ EELDRS.

YW,YTi, YTa ~ 5 v 2% EEE LB, BEEE
BrRkELTHRErE 17 OPFHBTERNKEL &
D, HELs Y - THRECENTHS. EBRBEMN 1.3
DEE L LTl 1 o L TM-44 133X C OB
SUECREIEER 1.1 0 1054% FELHEHFESETRL
7o L, LA ME Mar-M200 44 X h B
Dy,

1Bkt L 11 4B 50 EoRBREE
v, BEEisxr 1.3 ©, YT, YTa, YW 035 v =
1% Fig. 4(a) OfIPHBOMNBID S X 5 tEEEES
Ty, 7Y —-THRELHBCEAEEOTFCER
LEENELhBIDEEL. ZOBE2DLLIE?2
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B ol & 7o CGREEh 7oh TM-46,47,48,49 C©H
b, BEuERo LEEY M5k TM-50 (B
1.5) yhmz 7.

Fig. 4(b)iczhbos&4 o 1000°C, 12kg/mm? T
DOREWFH LR Lic. BRiFHGONMTERER 1.1 0
BAL IBTWBY, BEHFGZTO b OHANEES
nTuw3s. Hie, TM-47 3Ehir ) — 7HEEREY
LTS C LA . BEIEH Y 1.5 1 Lic TM-50
EBEWIE R X O TE T LTWw%. Zhik, Photo. 1
T Xowr, & UTRAMER») 0EOHRIRD
LR Bk DL A WHE UlctedTh B, 0 Dh, BEE
e 1.5 & LB AREBREEE e 1, TbbE
gL 7 DERERE L QWi LIl s,
TM-47 (EEfEH 1.3 T, &b o HFTH LTV
BEL RT3 900°C ©n 7 Y — FHEiE oM
SR P BEORRNHIEE IR, L2 T, KE
S 7T L b EABRASIEGERY b oae0EERE
o LRILEE 1.3 ThB o Lhibaotk. Ni,Al ©
1 eEL M- 3 TROBABEHER O LRI LR 1.0
THDHT LMD, HTLHRTRTREOMEIER LA
B o FEAENTE b0 EEZ bhb., ZhkFig.
1 DB LS ONTE XL AL & B #ESHB AR LV
BREBOE VLS BATHWS WS T ERInS.
7o ds, TM-47,49 12 UHBIRE &1L 3T, BarRrROWs D
PHACOMP i TAHED ¢ HEERTS LHEIh T
W3 (Ny—Ny=—0.038~-0.099). L L, TM-50,
47 pSNE o HEBDR D ILEMIIRE I TUWIinL.

Fig. 5, 6 1%, TNCORBREMHFTERIC? ) —TH

10u

Photo. 1. Desirable alloy (TM-47) and undesirable alloy (TM-50) structures after heating
for 200 h at 1000°C, etched in glyceregia, observed in S.E.M. Massive (M) and
plate like (P) compounds are observed in TM-50.

1000°C 39 49 .48
12kglmm2

(o2}
~
~

Alloy | S.I,

331 11

&
@
TR
(52
o

(28]
@
B~

o m =X

47 | 1.3

SRS

[ S

€ (%)

- 50] 1.5
A

% 100 200 300 200
Time  {br)

Fig. 5. Creep curves at 1000°C and 12 kg/ mmz2,

5
900°C )
25kg/mm
4 Ritey TS
T”ijaé 11 63 4 s,
3 i Qo
T B / a8 i
= | us s 4 I iMaM
w ¥ ool oo

e emex gy

% 100 300 300 700 500
Time (hr)

Fig. 6. Creep curves at 900°C and 25 kg/ mm?.

WiERE SR Lic 9 &4 @, 1000°C, 12kg/mm? & 900°C
25kg/mm? CD 7 Y —7F H—7TH%. 1000°C, 12kg/
mm? Tk TM-44,46,47 &4 (TS EEHEE 1.3)
DEWFEHHH Mar-M200 52K E < EEOT3.
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Ti{at%) in ¥’
2 4 6

0 10
1032 MarM246(10)
40 ° SL=15
~ S5 44 50
£ U S.I=13
~ MarM200< 8 12\7
a - (10) WA
210 F / 3 33) TH
G Sl=11
]
kT 1'2
E SI=1.1
e o Sl=l Us0 37
£ _ . N-752014
Qi’t &4 13 (tos) ~CuINTSZ(
. n 15 49
W73 4 5 6 7

Ti (at®) in Alloy

Fig. 7. Relationship between Ti concentration in
alloys (bottom) or in 7'(top) and 20 h
metal loss in molten Na,SO,+ 252, NaCl
salt mixture. Alloys TM-49 and 37 have
good hot corrosion resistance. Cr con-
centration in conventional alloys are
shown in ( ).

F7,Mar-M200 54X 0 48327 v — FHBOE
BERNEL, BEFLHEEOONERL T\,

900°C, 25kg/mm? TIXEBEHOK E A4 L
WEMAREWCE WS EANBEOCTR Y, HEEE
1.1 L 1.3 oEXNEETHS. 7, 1000°C, 12
kg/mm? DFEH D LN ERE L ORENVME
TLTWBZ &30 5, 800°C, 35kg/mm? it @
HELEE E D, Mar-M200 A &% EE->7% 01k TM-50
DL TH DTz, TM-50 ZFFIN D&M 4 B L T
2, EREIGT TIRBEE S K Z . 1000°C, Tkg/
mm? DRBEGME 1L, TM-38,43,44,47,49,50 0 6 &
Bah Mar-M200 &&% EE SR L bd, RER
BRIBCERTO 7 ) — THEEHFE GBS &
bbb, 7Y~ THERRBRERC oW, BihcH
WRRT, fo b 2 IR TES, mismatch, BB &M= &
WFE T EEOBR, BHECIESER L OGRS
EERCHEN LASERCE D ARTWSFETH 5.
42 RILERABRER

Fig. 7 33 _Cof4 o 900°C, 20h TOMILK A
BEXBAKCTED, Cr B2—F (13.5~17.1 at%)
EAT 1 R IUEST TIBELRH LT e, F L
TedDThH5. BEEHRH e Ti BECTICEEIN
2% [f— Ti @BE CREFREOKX X 0 Lkt
BEELEB G LW S\ RO E ) Ebh. Zhul,
BB EZ NS s Zic Ta LWOENHEM L7
DTHAH 5. 2Fh,Cr BANIIF—E 7 S, Ti2ieh
LB EEZH EXe, Ta, WHET IR LE2 5

1
1
400 47 MonZIoG
= 46,
o A
=300 44
[
5 48 3g °Y Riioyd)
a A0
p=] 1'9 AOA3
& 39 41
000 ° ° o 42
~g IN792 MarM200 o-
£ - ;7—“—“" F? 035
ikiloy3
:c") 360 ikiloy: 757040
o~ ()
s 100 %
o
o
=
Us00
0 . .
100 100 100 10 1 10

20 hr metal loss (mm )

Fig. 8. Comparison of developed and conven-
tional alloys in respect to creep rupture
lives and hot corrosion resistances. Seven
alloys are superior to conventional ones
in the two properties.

N5, FEILERE LWRLEALORRI >V, &
BRERUR 7 81 X 5 BRI 2T\ &4
EDANDFETHS.
4-3 RAFME

Fig. 813, A&&HHw I oTHRIhiTNTDE
REFEFOBEEEOWT, WHILEARBRERC LT
1000°C, 12kg/mm? COHEKHGE T2 » b Licdh DT
B%. 0h COFEEBIVNEL, DHOBEEFHOK X\,
R EERBEMCTHD LHMIhD., 2% Wik
DR LM ALE T 5 H5 803 EREHEENE . = s
Bz D&, REERHCIOTHREIRL 16 540
5B 7 E5E0, Rl oR LEBEESS oMY FE
DT BHEE2S. Ik, BHEAE&D 5 v Rikiloy48l,
3757 DBWiFE M L WMHIEE LD, L0 U-500, IN-
792 OWWIFMIIR L D FHE LcETHE. FED
BRI FHREL EOMRED d DIXFEELE Lisys.
Wl 900°C, 25kg/mm? TOPWIHE AL L oT,
Fig. 8 L RIBELEMNAEER Lics 25, BESESAY LE S
D1 TM-47,48,49 © 3 &4 THo7%. 1000°C, 7kg/
mm? OEP AL TM-38,44,47,49 © 4 &4, 800°C, 35
kg/mm? -Gy, TM-49 I NEEES S FE- 7.
UEXy, glAETXTodBLHETHESSY b
Bla&&ds LT TM-47 Lt TM-49 38 ¥h 5. TM-
47 1%, 7V — TREREE i R T b, 800°C, 35kg
/mm? AN EE ST Mar-M200 % F[E[D7-. i
L&t s Mar-M200 @ 3 % (BAEN 1/3) LB
THD. LichioC, Pzu b2V VvOBE D L 5
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i, HEBMHRCERE L v S 2 ) — FHRERE 2 B
5 DrBELTS,

TM-49 OHBULZz OB CHRILEREC DB, 7
) - FRED REFC, BEMRRLERESE 7V — 7Bk
HMEOWFCENCES L LTRIE @I TS
IN-792 # &M kB> T 5. Licht o REH
HAz—€voBBEME LToOERLLETES.

&%, ThOBRESOVT, BgEhigie, #A
AR 1R DI BB I OFHERER & 1T 5 BB
H5. BERUAE JBA%Z FRET 5 B> T,
TM-47,49 %13 U & T 5HREE O g FEX
VAQAR

5. &

HAx—EvOBBEMZHIETS AN T, BEEKLH
W 7 AT NI R B A S o e REt e T2
Fr. FOEE, TM-47, TM-49 & &4 Li-E&ffE
EhaXote, 79— 7HERE LWLBREORSE
S CHEO G4 EE b —EOASN MBI,

woiw, 7V —7RBRAOHEECEKRIB IR
s T B GERT O YR EERERE D JF 4 B A S g —, AT

ShmEE L, 7V — 7 By Y I hic PR
¥, HFREHREEOADR#HOBLELET.
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