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Alloy Design of Nickel-Base Precipitation Hardened Superalloys

Synopsis:

Rikizo WATANABE and Tsuneo KunNo

A new method of alloy design which consists of theoretical analysis and experimental examination has
been applied to development of turbine blade materials of gas turbines.
Oianed practical performance of the materials to be developed is settled at the beginning, and property

factors affecting practical performance are analysed.

Theoretical analysis involves decision of the most promissing alloy type, analysis of structural factors
affecting property factors, analysis of production factors affecting structural factors, limitation of the
range of the structural factors and computation of effective chemical compositions.

In experimental examination, factors which can not be determined through theoretical analysis are

investigated and practically valuable alloys are finally selected from the compositions extracted through

theoretical analysis.

In conclusion, 22 kinds of precipitation hardened nickel base alloys have been developed and the

method of alloy design used in this study has been proved to be an effective means to develop complicated

alloys.
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Fig. 1. Flow chart of developing an alloy by
alloy design.
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Table 1. Effect of structural factors and their parameters on property factors. In this table @ and
a;' are lattice parameter of 7 and 7’ respectively, LM is -7+ lattice mismatch (@rr—ar),
and 1 or | shows increase or decrease of property factor respectively with the increase of

v

structural factor or its parameter.

Structural
\actor Amount |Composition |Composition -7’ v grain y grain |y’ particle
Property of r' of 7 of ¢’ interface boundary size size
factor T ]

Stress rupture strength
Transitional creep
Steady state creep
Diffusional creep ar
Accelerative creep a;

——
9
-
=
N
)

High temperature
yield strength T are 1

High temperature
tensile elongation

Structural stabirity
Solution of 7' apr 1
Agglomeration of 7' ar 1 ar 1 ILM] |

= -y grain boundary B, Zr 7

Corrosion and
. . . r La
oxidation resistance l Cr 1 » Ce T

Table 2. Method of calculating amount of 7' and chemical composition of
y and 7' from alloy composition.

1. Change the chemical composition of the alloy from wt% to at %.

2. Remove carbides, assuming that half of carbon content forms MC type carbide, wherein the composition
of MC type carbide is Tig.;(NDb + Ta),.5C generally, TiC when the alloy contzains neither Nb nor Ta and
(Nb+Ta)C when it contains no Ti, and that the other half of carbon content forms M,,Cg type carbide
wherein the composition of it is Cry (Mo+W),Ce.

3. Remove boride, assuming that all of boron content forms MyB, type boride wherein the composition
of it is (Mo-+W),.5 Tigss Crozs Nigse Be generally, substituting Ti with (Nb-+Ta) when the alloy
contains no Ti.

4. Calculate temporary amount of 7' assuming that all of Al, Ti, Nb and Ta form 7' whose composition
is Nig(Al, Ti, Nb, Ta) and that all of the other elements form 7.

5. Partition each element to 7 and 7', using the temporary amount of 7', assuming that the ratio of the

concentration of each element in 7 and r, is following:

Cr Co Mo w Al Ti Nb Ta Zr
7 1 1 1 1 0-246 0-097 0 0 1
7! 0-133 0°345 0-314 0-833 1 1 1 1 0

and that the form of 7' is (Ni, Co, Fe, Cr)3 (Al, Ti, Nb, Ta, Cr, Mo, W), wherein half of Cr content
in 7' substitutes Ni-site and the other half substitutes Al-site.
6. Calculate true amount of 7' that is the ratio of the total number of 7y'-forming atoms to the sum of

the total number of y- and 7'-forming atoms.

7. Calculate the composition of y and 7'.
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Ni ZHTHREBEEBRAGTEOESWT 2281

Fizwb U LuEFAEDLNSHY, FHECET D
;5mimrm,Ta£5wu Co, Mo, W 7t D&
ST ELSRICTEMT 256 LM oZfbic s b
5 ) — FHEEEOY — s DSR2,
B 2 ) — THBEESY oo LM OFHEEHA
KT B THAHS. Davies 5T ¢ OBRELEEICH L
< |LM|<0-010A THIurve LTWBDOTHRR
ThHOEEZERRT 5.

TRRCRIT L. BRXO Zrid 2 ) — FTEaE &
Xy WRLEECH LAERCFERTS. B H50id
Zr ORMEHS EORE £ T £BMLEME ikt
IR R IR+ 2 00 A ARBATH HH5, EHIMEE 4
DD HAHFETIE BIE 0°015%, Zr vk 0:05% @R
T4 LT 5.

3-4-3 BLRkE& & ORt i

ZHE TR 7 FHE A HABIZE O3 R <
SHDRKA LT DOV THBER 7 x — 2 —&FFH L
FofE %A Table 4 iZ7R7. ZORTREBMICEHE SN
PR AL D LA EH | LMIZ0-010A Thp o Lk
HEH2NRE., LarLEesEll @ XU &' o
THEUERMETHE414E 26 4P 654THY,
FLERE LT ATO bR T 5 a4 Udimet
520 & René 80 D 2440HTH5.

3.5 HERREH

3:5-1 y@E G

HUSIRE I B TCRE A NI H B UDERE LMkt
BN TR TS g/ L TOLMARICDWTT
Uy, BRE LU R R T 5 A MR ML D, fhi
ANEEMEY BEC LTEBCAESFERT 25E
BETEOSAERIIEEE P LICEEBTLHDT, 5
D UDBILERICAT HHEEBELRE L T S LED
HBHH, TORTHAEEOMAETTE L ZRLS & SR
D2 LT H5OREHN TS, WERILEL —ERIDL
L{exg-tEx0 LM, Ny 53X U Ny' ORKEHE
B3 5 & Table 5 DX 5icic’b. Table 5 &L
ZoZEEL TOF MBI cEEMRITE T 54T
FZOHBLEHELE L, ERKAE* BRI IHEOET
ZosFERASMEREPLL L, BEREETELD
i@ 1/3 LT HERS e LB HELTHETS L
LM, Ny (XU Ny' 3EE@ERCKTSEZPLL
L, {BHeREES Fhrh 0003, 009 X003 BUF
ETAHEMG TR LB EHEED. MBI G&Mk
PEHECLTBERLELD LAk Ed LM, Ny
IO Ny BERREDROHBO LD LM, Nv
XU Ny' ik LR L7 fg whic T L eBiFE Ly

Table 5. Maximum variation of LM, Ny and
Ny corresponding to variation of each

element.
Variation of element
C £+ 015 +0-003 | F0-10 | +£0-01
Cr + 10 F0°003 | +0-09 | +£0-01
Co+ 50 F0:002 | +0-09 | £0-03
Mo+ 05 F0°003 | +£0-04 | F0-01
w 4+ 10 F0:004 | £0°06 | 001
Al 4 0°25 FO0-004 | +0°07 | +0-0!
1 4+ 05 F0-003 | £0°09 —
Nb4+ 10 F0:001 | +0-12 | F0-02
Ta+ 15 F0:002 | £0°12 | F0-02
B + 0°025 +0'001 | ¥0-01 —_
Zr + 0°25 F0'001 | +0-03 —

Table 6. Condition of computation of chemical
composition.

1. Range of chemical composition (wt9%;)

C 0-15 constant
Cr 6 ~ 30 every 2
Co 0 ~ 30 every 10
Mo 0 ~ 25 every 1
w 0 ~ 40 every 2
Al 1:0~ 10-0 every 05
Ti 0 ~ 15 every 1
Nb 0 ~ 12 every 2
Ta 0 ~ 24 every 3
B 0-015 constant

Zr 0-05 constant

Ni Bal

wherein the case of Ti+Nb+Ta=0 is rejected.

2. Condition of Adoption

(1) 25%= amount of y'<75%.

(2) Cr content =129, when amount of y'=<50%.

3) OC(‘:}:] glvi; + O(ijlv3 <1, wherein Cgy,
Cmo and Cw mean the concentration of Cr,
Mo and W in 7 respectively.

C'1i C'np+C'1a

@ o5 F o007 =D
C'np and C'r, men the concentration of Ti,
Nb and Ta in y' respectively.

(5) @;=3-585A and @;1=3'585A when Cr
content =129, a,gS-SQOA and @&;'=3-590
A when Cr content <129%,.

(6) |LM|=<0 007 A.

(7) Ny<2-25 and Ny =231

wherein  C'ry,

5, FhET 5EEMRICRT 5B RENEO DX D
BHEEZCEY T8 ELT5dhDE L
ILM|<0-007 Ny<2'25 Ny'=<2-3l
LUt FOEOEMT R L T EHEMRY % i
i L v & L7z, Table 6 o mikavcllkiEBE &4%

— 133 —



2282 & X 81 $6lgE (1975 BIS
Ry ATV ThIEZGRE, BLHEcIvEIE 65
3.5-2 HEER mm¢ D Y — FTHEHEHBEN £ 68mm ¢ DF[REY R

FTHOM G E L2 ME8H 5x108 fHodirbeks
L&zt T A4 e LT 4336 {4 i L
HEERITEEFE 1/105 TH D7

1. REBE MR

.'2"‘:

4.1 RBAZE

HHPSW CIHEEERE LT ¥ 3L Oy #R%
NRIA—F— Q@ BFXO @y TREI R LD, &
ZUE r kb Mo & W BB W ¢ #lpkdo> Nb &
Ta OZHRITE D/ RI—HW LTV B EEETEDR
RoOBWEEZTEGHA LTS, LS > CEBENISITIC
Xl En - lRohr SEEKMICER TSR E4
MK EBET BT y il P O Mot WDZh R D2,
BB WEIHRAISITCTRDEVEELBbhixv Cod
HE, o 7 Mkdo Ti, Nb 3 X Ta O%hED
ZIREWCDEEBRLBETEZMEX B LERH 5. F I
MUK SWKHERARHCELTT 7' B2 lewbi) 54D
ik 7 BoREHECS XIS TES R EEMNCHERS
PERDL. ZZTRET r Xy RO ERE
CHEIETERLHANOL, P EOREYFI. &
B DR CHEH & L THERDOEE I DOVWTHERL

HEOFMD bbb fTh o7 Thic X ) BT 22
BHOSEZREE L. EBcofh»5uviETHN

TWiE W 3BT RATHZ 7 ADRRE&E E L,
BAR LcBE&w ML 2.

B OIARITEHRAL. BREOEBRDIHIT 16mm ¢ x
120mm DOPERABA LEFRAL. ¥ ) — FTHETRER
RIS I X 0 FrH%FRAlE LT 5 5~6'0mmg
I bR T oEIEIX TR LS SRS 4D & LCFT
A QoY rul

IR D RBA BRI T X » ETE% 6-4mm ¢ (T
T EFEEET 25 4mm £ L7

HERBRIT Na,SO, 75%+NaCl 25% (Aigt{bateR)
BLU V,05 75%+Na,SO; 25% ([ V 7 £ » - 35)
D 2 DKL TI7e 27z, BT 10~12mm ¢ %3
mm & L, Y FROKGFCERILTNERT 55 (&
ZiE) LB RMICKS 2R LTnET5HE (B
fmEs) o 2 BEORME T2k, mEEHITVWTHh
DPFED 900°Cx20 hr & L7z, Hnzhsli NaOH-+KOH
DEMT VB VR CHREL TRy — %% s LSRR
ZBIE L7 _

i LERERIE 5mm ¢ X 10mm DFERR % ffivy, 1100
F/ciyx 1000°C CRRERFRIMBRIS AT 594 o vk
B0iEL, £94 200 L DREAEIE L.

42 7y BRIV BROBEMHICEXZITES

4.2.1 =p

HERHIS T X > THi X hc &4 (LM% Rikiloy &
ELEHRL, HrxOBELRBSOATEDLT) O5bh
L Cr EFERLV Y EX3FE—F0E5esr 4EHEHE
a4 & LT René 80, IN 738 (Lifg 738 14 3%)

Table 7. Nominal and real chemical compositions (wt%) and parameters of
structural factors of experimenting alloys.

Amount

(ﬁ“?N y| €| Cr|Co|MolW |AL|Ti|Nb|Ta| B |Zc |Ni|of p |& |@r | LM |y, |y,
cat o (%) | A A A

Rikiloy 3,571{0-13{14-0 | — |2°0 } 8013540 —|— 0-015!0-05 Bal| 50'3 |3-586'3-587] 0-001)2-16l2-26
(Y 2,646)|0-14{1359] — [2:00, 7-24/3-84/4-02 — | — [0-018/0- 04| Bal

Rikiloy 3,572/0°15/14:0 | — [2:0 { 8:0 |4-0 :2-0 | — [3-0 0-0150-05/Bal| 493 [3-5863-587] 0-9012-182-27
(Y 2,645)|0-12/13+41] — [2-06] 7-184-07i1-96] — 2-90i0-0190-03 Bal

Rikiloy 3,573{0°15[14:0 | — [2-0|8044-5]| — | — |6-0 ]0-0150~05 Bal| 48:2 [3-585/3-587| 0-002(2-19|2-27
(Y 2,685)0°09 14-33] — [2-03| 7-04}4-41] — | — 16-000-010/0-03| Bal

Rikiloy 3,757/0°15! 140 {10-0 {1-0 [10°0 |3-0 {4-0 | — | — [0-015'0-05|Bal| 463 [3-587[3-589 0-0022 25230
(Y 2,686)|0-10, 13-64| 9-86(1-02/10-452-9414- 14| — | — 0-026:0-05 Bal

Rene 80 |0-15114-0] 9540408050 — | _ 0-01510-05 Bal| 49-3 [3-5893-589/—0-0002-26:2-31
(Y 2,687)|0-18{13-81| 9-56i3-87| 4-04/2-854-84| — | — o~009|0-05 Bal

IN 738 0-17/16-0 | 8-5 |1-75| 2-6 [3-4 |34 {09 |1-75(0-0100- 10| Bal| 47.3 (3-580/3-589| 0-009}2-23]2-33
(Y 2,479)i0-18/15-70; 8-43[1-97 2'483'903'240'921‘860'01150'10 Bal

Inconel 713C{0-12/12-5| — |4:2| — l6-1 |0-8 |20 — 0-012510-10 Bal| 56'8 {3:580:3:579/—0-001/2-112-34
(Y 2,666)|0-13/12-37, — 1490 — [5:79/0°772-13] — 0-010‘“0-11 Bal
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Table 8. Heat treatment conditions.

As cast

A
B 1 080°C x 4hr AC+845°C x 24hr AC
C 1 080°C x 4hr AC+870°Cx 16hr AC
D 1 220°C x 2hr AC+1095°C x 4hr AC+1050°Cx4hr AC+-845°C x 16hr AC
E 1 200°C % 2hr AC +1080°C x4hr AC+845°C X 24hr AC
Table 9. Result of stress rupture test at 871°C,
T . Lol showing that there is not such difference
Effect of Tiand Ta between Ti and Ta as at 982°C, that Co
40 (4%Ti+0%To) is very effective to improve stress rupture
30 (2°/oTi+3°/»T0) . ° .
25— - (0%Ti+6%Ta) life at 871°C, and that W 1s more
20 — f preferable than Mo also in the case of
ts S 871°C.
10
Heat Stress 50 ksi (35° 15 kg/mm?)
Effect of Co Alloy treat- Red 1
—_ (Heat No) Life Elongation eduction
= 40 (10% Co) /| ment (hr) %) of area
= 30 //(O%Co) (% (%)
L 25 el SN
£ 20 = - Rikiloy 3571 | A 33-1 50 10-9
@15 B (Y 2646) :
o D 20-6 2-3 - 99
“ A 30-9 50 77
Effect of Mo ond W Rikiloy 3572 :
40 (1% Mo + 10%W) (Y 2645) , ©7n t .
30 (4%Mo+ 4% W) D 9:2 | ruptured on -~ 51
25— x—x—=pad — the punch.
20 = ' . . .
5 = SUI Rikiloy 3573 | A | 20 43 13
! | (Y 2685) | p | 927 23 | 65
10 20 30 40 60 80100 200 300400 600800 .
Rupture life (hr) . R
B Rikiloy 3757 | & | !17°9 91 13°8
Fig. 4. Effect of y and 7' composition on stress (Y 2686)
v 1. . .
rupture life at 982°C, showing that Ti is b 121-8 53 99
more preberable than Ta, that Co has A 658 7.7 146
. . René 80
little effect, and that W is more prefera- (Y 2687)
ble than Mo. b 57-0 3-8 65

%5 ¥ of Inconel 713C (LM4g 713C L3 %) O3 @EHED
EHE4Y RATEREZITN DO/, TR HOEEDIRNE
{EEE LR & HSEER €5 # — & — 3 X CEERE DMK
% Table 7 1wR¥. 3571, 3572, 3573 o3& XD
r Mk Ti & Ta o%h#ss, 3571 & 3757 kb
riEo Co DEHREA, %7 3757 & René 80 1 9
rTHIKR o Mo & W OEIREMBHETES. Nb igow
TIEEERNISH T Ta L EOHRBFCENVOTH
B L7z, B ozt g4 Table 8 iRy

4-2-2 2 Y — FRBTERERRE R

Fig. 4 iz 982°C ¥ Y — FHEiEEICI XIET rk
IO 7 MO EEYRT A, MEho Ti & Ta T
Ti oBERTHEBC L, rMlfHD Co BHHEHK
ERhEE bV L, £/ Mo & WTR W DK
PEMTHDZ &k Ebdr b, ik Fig. 4 TRHE

DEFD LD EFEHLEE L 7D O ORI ARERY L Z 0
B LN VWOTHEC oy hLTHS. Table 9 iz
i 871°C » 2 ) — ST RS A R 05, 871°CHE
o iEE T r ko Co oFhRMPIEFICKEL
Mo & W O3 EiRE L FRTH B, 7' KA Ti
& Ta OEE/INS .

Fig. 5 12X 3757 L ER&&D 982°C 0o Y — Tk
WiAGE O LR R o5, Fig. 4 © Mo & W oy
Hbsn L 3757 3EHE4D 713C, 738 35 L U René
80 7x FicH X 982°C iz kT 5 2 Y — PHEEE AR W
Z EMbrb.

4-2.3 5RO EBRER

Fig. 6 L r XU 7 HiROMN s X ETHEL,
F7 Fig. 7 CREBEORV MU OBETT. &K
BiIWTh 88 T OREBTHAL >/ Fig. 6 »5
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2284 % -z £ &
40
- %cs) !N 738 —— Rixitoy 3757
= F | ‘
w291 Inconel 713¢ ﬂﬁh%\
s 15 e on -
@ 10
10 20 3040 €0 80100 200 300400 600800) 0CO

Rupture life {hr)

Fig. 5. Comparison between stress rupture strength
of Rikiloy 3757 and that of two commercial
alloys at 982°C, showing that Rikiloy 3757
developed by this study is stronger than
commercial alloys of the same grade.

100 \\
80 §%§\ + A\
\(4%Ti+O%T
60 (2%Ti+3%Ta)
40 (0%Ti+6%Ta) =
E 20| Effect of Ti and Te
~
2 o
= 100
= N
§ s0 S S\
B0 \§}IO%CO)
E (OB/QCO)
>~ 40
£ 20 |—Effect of Co
o
e O
[4N]
& 100
80 |—1 —
60 ( I%Mo+|O%\W;)\\‘11
4%Mo+4%W
40 | Xk
| ~x
20 —Effect of Mo and W
0o |
RT 649 760 871 982

Temperature (°C)

Fig. 6. Effect of y and y' composition on 0'29%
offset yield strength, showing that Ti is
more effective than Ta to improve vyield
strength on higher temperature side, that
Co has no effect on vyield strength on
higher temperature side, and that W is
more effective than Mo to improve yield
strength especially on higher temperature
side.

AR Ti & Ta €k Ti oFXEEAO [ hicst
LRRFERTHY, rHlkdho Co xEERITIHIZEEA
EBhEBILL, Mo & W Tk W oF BNEiEAITHF
ThHbHIEN LIS, Fi Fig. 7wk s & rHbho

20
Co-
i8r contain-
ing alloy
Is|
14}
S 2t
~ Co-free
5 10b alioy
5
g °r
w 6
aql
2t 1
O 1 1 L 1
RT 649 760 871 982
Temporature (°C)
Fig. 7. Comparison of tensile elongation of each

alloy, showing that Co improve tensile
elongation.

Table 10. Average weight loss (%) of each alloy in
sulfidation and vanadium-attack tests,
which were performed heating bare test
pieces dipped in molten ash (dipping test)
or ash-spreaded test pieces (spreading
test) at 900°C for 20 hours, showing Ti
improves sulfidation resistance.

0,
Mas3Ch ;34: V,05 75% 4+ Na,SO, 25%
Alloy [0mm ¢ 12 mm & 0mm ¢

* X3 mm X3 mm X3 mm

Dipping test ISpreading test |Dipping test
Rikiloy 3571 6:8 (2) 9-2 (2) 56-7 (2)
Rikiloy 3572| 100 (2) | 104 (2) | 46'9 (2)
Rikiloy 3573| 100 (2) 42 (2) | 742 (2
Rikiloy 3757 254 (2) 12:1 (2) | 61-1 (2)
René 80 4-4 (2) 10°6 (2) 54-8 (2)
Inconel 713C| 100 (2) 51 (2) 73:9 (2)

Numbers in () indicate numbers of test pieces.

Co REER D BU DM LIS EMND 5.

4-2-4 THEMHBICHKBREE

Table 10 i AHBI BT 5EEGOBRBEL A
BATOAMGHh BRITHHY 5 §HRCRT. Table 10
TEERED 100% O L DRRBH AEREREIhD
{ Lz &%m+d. Table 10 & SEH L& LTIk
7P AR Ti & Ta © Ti OFAVHESLLHL
THBZ &, r#HRAD Co lafFi{bisr 22/ T4
LAJREMED DD T LMD 5. 3757 L René 80 % s
T35 L BEFOF A LSRR T hTwa s, oh
Ty MO Mo & WDEZXEL00H5 0T r'
A TigDELXDLO0TIPATHD. 3757 13 713
C el _"IEMBR b s it X v V7 % » 25t
BTk 5BMMEIERBRA O L THEIE 7 & b OB
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g7 K4 50mg/em? SEERAG UCEBR L/, BAFAD
Bl LBFETREEOMV 7 & v VOB R D,
EEHOENSTIEETH 505, ERCHiV 7 & » & #i
MEE L e _EEMoE/NE L, MkETRD S
N7y ko Ti & Ta 0BEEL D L ICED LR
AQ AN

Fig. 8 ciit@s{LiBass Re 3. v fMikbho Ti &
Ta OFFERLEEICH X IETEET L7 L BAFETZ VWA
Air LR IbED B A X S Ti oF»HTH
5z kit vs. René 80 & 3757 pM3»rd 4 &4t
LidEe bt psE v ik Co ATEEILEEZ T35 & 4%
25, Al pMEVOT Al BEE LTS Rt
335, 3757 X René 80 X pix 1100°C (=317 5iid
AL As L Vs 713C I~ 5.

4-2-5 st

(1) 29— g c > T

7 MUK Ti & Ta ORROEZ INLILERD r'
~DBIBEDOECL ETLLDEZELALND.

rinkho Co it 871°C T & Y — FRENTEE %
DEDITVWE LD UL EIRBHEH, 7 ) — TR PO
LHBLTWL EIAENPLRTY ) - HEERZRTTS
IoLLAMES ) — TE IS CHTEELE D
MEOFBRKEVWEF 26N, Co WRRORILMD
FrHk s L, WAL LT 9 v v DFEAEE
ROREZ IR 598 % L owfetr d 5. r il o
Mo *WTIRHRAISGITICIITS @ it T 53R E
DL R ThHokd, &) — PR sk U

O
A~ Rikiloy 3573
: Incone! 713C}
\)(\ Cone|
X\ ikiloy 3571
50| TNX Riki
— \Slkllvy 3572
b= x
£ René 80
-~ Rikiloy 3757
a
L
-
=
Ry
2 jo0}
lso 1 1 1 1 1 1 ] 1 1 1 1 1 i |

O 20 40 60 80 100120 140160180200 220240260
Heating time (hr)

Fig. 8. Result of oxidation test at 1 100°C (Average
of two test pieces).

DIFHITED ¢ DI R Z KT S 28 ROKRS ST
EnbBIdLELLND.
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% — % X OEROLEM kA Table 11 12773, Table
11 ® Rikiloy 3 /&0l L b ¢ BEOBEZHIDL
EMTED. Y77 BEXEFERCLNLD 2602 & M
200 35X 8 3757 & René 80 ZUEITHZ EWTXD
Rikiloy & L EREEOHBEBTE 5.
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a) Effect of amount of y' on stress rupture
strength at 982°C, showing that stress rupture
strength increases with the increase of amount

of y'.
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b) Comparison between stress rupture strength
of Rikiloy alloys and that of commercial
alloys at 982°C, showing that Rikiloy 2602
has the same strength level as Mar M200, on
the other hand Rikiloy 3757 has higher
strength than René 80.

Fig. 9. Stress rupture strength, at 982°C.
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10. Effect of amount of y' and y grain size
on 0-29, offset yield strength, showing
that vield strength increases with the
increase of amount of y' and with the
decrease of y grain size.
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Fig. 11. Effect of amount of y' on tensile elonga-
tion, showing that elongation decreases
with the increase of amount of 7'.
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Table 12. Average weight loss (%) of each alloy in sulfidation and vanadium-attack dipping and
spreading tests which were performed heating test pieces at 900°C for 20 hours, showing
that sulfidation resistance and also vanadium-attack resistance at least in the case of spreading
test increase with the increase of Cr content or with the decrease of amount of ',

Na,S0, 75% -+ NaCl 252, i V.05 75%+Na,SO, 259,

All test piece size 10 mm ¢ X3 mm { test piece size 10 mm ¢ X3 mm
oy !

Dipping test Spreading test Dipping test Spreading test
Rikiloy 481 100 €)) 23-8 (4) 453 (2) 652 (4)
Rikiloy 2602 100 (4) 10-9 (2 58-2 (2) 42-7 (4
Rikiloy 3757 16:5 (6) 5- (6) 49-5 (4 31'5 (6)
MarM 200 83-7 (4) 30- 4) 79°2  (2) 38-2 @)
René 80 3-7  (4) 3- 4) 68-3 (4) 24-7 (4)
Inconel 713C 100 (2) 65- (2) 73:'9  (2) 18-1  (2)

Numbers in ( ) indicate numnbers of test pieces.
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Fig. 12. Comparison of 0°2% offset yield strength
between Rikiloy alloys and commercial
alloys, showing that Rikiloy 2602 has
slightly lower yield strength than Mar M
200, on the other hand Rikiloy 3757 has
higher yield strength than René 80.
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X DERBE TR EBAIMADENED S L HE
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Fig. 13. Result of oxidation test at 1100°C,
showing that oxidation resistance increases
with increase Cr content or with the
decrease of amount of 7'.
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cast structure, showing that 659, r'

alloy (top) has considerable amount of
eutectic 7', that 549 7' alloy (middle)
has a little amount of eutectic y’, and
that 469, ' alloy (bottom) has no
eutectic 7'.
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BV EAEEEIRA. 2602 (3 M 200 izH L &L
EFCh TV B EREVOTERESE: LTIEE I
ElX7e <, 10%Cr O&/&: LTIXTE 5T Mo & W
BEWEEETERTRETHS. 481 IFHEHERbd
L5505 ) — THEGEECERM NI M 200 X9 35
WOTZ~—F + »ZEELTERT 3642 LCRER
HERD 5.
44 BRENEERTE

CAbo EBRER X h BEHMSIT cX>TH B L A
4336 oGk, L ERHEFRALES 2 EET
HBEMEL L THOEDOLERDE LT DR.

SERE VDT Co i 10% BERMEINI-ESLEEE
TRETHD.

(4) 7' BEEINT5E 7Y — 7 HEEEE S X O
i 13 T S Nt R E kKT T 50T, E£A
R LEDHHAERMSEETH 522 HHEHCH
HOETHE Lz ECHEYE 7 SV RETHNLE
5.

Dl Eo@BEEHEMEIT ff vy Rikiloy &4& s Table
I3 @Ry EMEmET 28485 mMELcL 559 D
Fé&rxmliahi. o 39 EoserH5R— Cr &F

Table

13. Concrete selecting conditions.

(1) 7' ko> Ti, Nb, Ta 0552 ) — TR Ao
e . R o Cr Nb Ta Co Mo £
SEIE, WIRA N X OB bEoE» S Ti Bhokd (%) (%) (%) (%) (%) 0(‘77)

- . (2

ARTHBDOT, Nb H5uvE Ta 26%F Tiohz 6 0 o 10 < o = 60
EDREEBRETRETHS. 8 0 0 10 =2 | =55
. v o a4 R 10 0 0 10 =2 = 50

(2) 7#pkHD Mo & W Tlx 2 Y — FREHIBHRE 33 19 0 0 10 =3 | S
IUHRMWBNDOET WOFBEFITHZD2E5 Mo XD 14 0 0 10 =4 | = 40

NS o . 16 0 1 = >
PWESRKATAEYRETNETHS. 8 0 o | 19 | 221X

(3) Co Biitp{biEz LoET 5 WREMRH D %g 8 8 18 =7 = 25

B, 2 ) — PR ¥ X OEIRG IR D N T B _ _
Table 14. Standard chemical compositions (wt%) and parameters of
structural factors of ultimately selected alloys.
. [ Amount
Rigloy | ¢ ar Co Mo W Al Ti B Zr Ni| of y @ @ LM N o,
(%) A A A)
414 {015 6°0 1000 — 140 40 60 0-015 0-05 Bal|73-8 3-592 3-591 —0-001 2-24 2-27
438 | 0-15 6°0 1000 1'0 14°0 3'5 6:0 0-0l15 0-05 Bal|69-5 3°593 3-593 —0-000 2'16 2°'25
481 | 0-15 6°0 100 2°0 14:0 30 6:0 0°015 0-05 Bal|65'0 3-594 3-595 0-000 2:09 2-23
1941 1 0-15 80 100 20 80 3'5 7-0 0015 005 Bal|[69'6 3-591 3-592 0Q-001 224 2-28
1942 |1 0-15 80 10°0 20 10°0 3-5 6:0 0:015 0-05 Bal|[65'5 3-591 3-591 0-000 2:19 227
1950 | 0-15 80 10°0 2°0 12°0 30 60 0015 0-05 Bal|62:7 3-594 3-594 0-000 2:19 2:25
2589 | 015 100 1000 — 140 25 6°0 0°0l15 0-05 Bal|57-9 3-590 3-595 0-005 2-21 2-24
2590 { 0-15 10-0 100 1-0 140 2°0 60 0:015 0-05 Bal|53-4 3-591 3-597 0-006 216 2-22
3056 | 0-15 12°0 1000 — 120 35 4'0 0°015 0:05 Bal {52:6 3:586 3-588 0-002 2-23 2-30
3058 ; 0-15 120 1000 — 140 30 4'0 0'0l15 0:05 Bal[49-3 3-588 3-590 0-002 2-22 2-27
3114 | 0-15 120 100030 80 35 4'0 0:015 0-05 Bal [50-9 3:589 3-588 —0-002 2-22 2-30
3121 | 0-15 12-0 100 3:'0 100 30 4'0 0'0l5 0-05 Bal |47°6 3-591 3-590 —0-001 2-21 2-928
3757 | 0-15 14-0 10.0 10 10°0 3-0 4:0 0-015 0-05 Bal|46°3 3-587 3-589 0-002 225 2-30
3753 1 0-15 14-0 10.0 1'0 120 2:5 4'0 0-015 0-05 Bal|42-9 3-589 3-591 0-003 2-23 2:27
3804 | 0-15 14°0 10.0 40 60 30 40 0-015 005 Bal 446 3-590 3-588 —0:001 2:24 2-30
3811 { 0-15 14°0 10.0 40 80 25 40 0-015 0°05 Bal{41'3 3-592 3-591 —0-001 2:22 2-28
41151 0°15 160 100 — 120 2°0 4-0 0-0i5 0-05 Bal|37°0 3-586 3-593 0-0067 2-22 2-26
4123 1 0-15 160 100 2°0 10°0 20 40 0'0l5 0-05 Bal|36-7 3-589 3-593 0-003 2-24 2-26
4129 | 0-15 16°0 100 3-0 60 2-5 40 0015 0'05 Bal{39-0 3-586 3-589 0°003 2:22 2-30
4153 [ 0-1516°0 100 50 40 2-5 40 0015 0-05 Bal{38-6 3-590 3-589 —0-001 2-25 2-30
4286 | 0-15 18-0 10-04-0 40 20 40 0015 0'05 Bal[33-3 3:587 3-591 0-°004 2-24 2-30
4332 | 0-15 2000 10050 20 1-5 40 0-015 0°'05 Bal|27-9 3-587 3-592 0-005 2-25 2-29
Allowable +0°025+0-25
range |[+0'153+1-0+£504+£0-54+1-0+025+0-5—-0-015—0-05
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Ny
2:26
2-30
2-30
2:35

2-41

0-004 | 2-24

3-589 | 3-593 | 0-003 | 2-24
3586 | 3-589 | 0-003 | 2-22
3-587 | 3-589 | 0-002 | 239

3-587 | 3-591

36-7
39:0
333
423

Ni | Nb tf;;f;m;:/;) ar (A) a,}(A) LM(A) Ny

Bal
Bal
Bal
Bal
Bal
Bal
Bal

Zr

0015 0:05
0015 | 0-05
0019 | 0-06

0 |40
106 { 405 | 0°015 | 0-05

Al
20 |40
2131399

9-
2

W

Mo

3-0

Co
80
0
9.
150
14-95 | 3:00

1 .

Cr
15-42
18-0
17-65
180
17-85

0 3:0
0-15|15-53 | 9'75 | 3.05

0-15|16°0 | 10
9
0-15| 16:0 | 10-0
7

010
0-15
0-15
0-07
007

Table 15. Nominal and real chemical compositions (wt%) and parameters of structural factors of experimenting alloys.

Rikiloy 4123 (Y 3042)
Rikiloy 4129 (Y 3043)
Rikiloy 4286 (Y 3044)
Udimet 710 (Y 3045)

Alloy (Heat No)

BTR Y ENSVFEXL W (L B 65% BlET
DRI ELR V), 7' BRI LS ar K
EWVIZE, EHIC @ KBTS Gr BRREWVWEFEE I W
& LV FRACESTEPC XD XVEES HET DX
- S5EeEREL, EMEERL &4 LTRENC
é Table 14 R+ 22 BHEOSL > EE L7
S 45 7' B 30% BOSSORERE
2 ) 4-5-1 =tH B - _
é INETr &85 40% L EDEEITDVTIEV L D2
o EBRA{TRDIDT, T2 TRBEHRINGETE L 22 &
2 Hodh» s v 85530% 50 3 5485 E#ATCHRLVNLD
—— 7 BEOBIKSE& LI L7z, Table 15 ZEBRGE&EDE
4 HE(L ML & MBI /€ 7 % — & — 3 X USERER D{LF:AL
«© Bia R4, Udimet 710 (Ll4% U 710 23 2) i3 4123
| noo w L 4129 pItEsAtcdH D, Udimet 500 (Lige U 500 &
N& & T5) 1% 4286 DLttt TcH B Mar M 421 LITFD 5
gg ;3;??3@;? ST EMRLRBCAVW-RETtHD. 55L£D5
B U 500 %fx< ¢ &0l vwihd r RED 3~
g |gonZg | 6mmEETHLOIH L US00 Dbk 18~26mm &
S5 |06000 | BEIHIATH D FRERL LTS A& LEH
or | ng-ow 3 BT OB A i LT 2 Y — PRk EER 2 1T
SS |ooooo ‘ . - -3 -
50 | cooes vy, oL bBEY LB E LTV ThoS4IEx L
;9 S eeD T3 1150°C x 2hr AC+1080°C x4hr AC+760°C x 16
N | AS S hr AC 74 2 2008 % Jif U CEBERRBRICdt L7z
N _— 4:5:2 ) — TRk aERES R
(e Na )] OO — — . . " .
I O R Fig. 14 Z&EEDY ) — THEMEE OHE L R T.
3 o Fig. 14 755 871°C L 982°C Cl¥ 4123 &+ 4129
NS VIS | 20— rummssmssiic 750 TR 4 2 b Mo U
-~ N S Y R s PR RS FE AL E s 2
= |sszns 710 i ~PUETRE T 2 Y 7{&!&&5&&7& =1 ‘;&%)
Too | e o bbb, F7c 4286 3Lkt U 500 b LHRE T
e oo | 7 - THMRRESE, LKHRNTEORESKE
DTS IITIT ] <5, Table 16 i &AED Y ) — THREIOZE R
4. 4123 2 4129 T3 871°C & 982°C D fhuiasif
o O~ O —
OF | OOSOAN | R Tnh. EAm 4123 BIIO 4129 X U 710 &
W~ L) N — 00 O
A RS 715 L 871°C DI RER VD 982°C DfvNix
[« o R{w] NN
oSO —— O — —
oS | osbooo Table 16. Average stress rupture elongation (%) of
each alloy, showing that elongation of
Gg . Rikiloy 4123 is higher than that of Rikiloy
§ :’\\§; é 4129 at 871°C, but they are reversed at
K %%E‘,A; 982°C, which corresponds to the reversal
2z L1 of slress rupture strength.
os
—~O 36~
S |z=2228 Rikiloy [Rikiloy [Rikiloy |[Udimet! Udimet
ro) N~ =) 7 7 7
o ;T):ow“; Temperature | 74193 | 4129 | 4286 | 710 | 500
g 2 S £ wé
5 | 8888% 871°C 70| 43| 96| 62! 72
P 1 ERSe 982°C | 11'9 | 136 | 1679 64| 339
]
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Fig. 14. Comparison of stress rupture strength at 871°C and 982°C between Rikiloy alloys and

commercial alloys of almost the same grade, showing that Rikiloy 4123 and 4129 have
higher rupture strength than comparative Udimet 710 and that Rikiloy 4286 also has
higher rupture strength than comparative Udiment 500.
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Fig. 15. Comparison of 0-29; offset yield strength
and tensile elongation between Rikiloy
alloys and commercial alloys, showing

that yield strength and tensile elongation

of Rikiloy 4123 and 4129 are almost the

same as those of comparative Udimet 710,

on the other hand yield strength of Rikiloy

4286 is higher and tensile elongation of

it is smaller than vield strength and tensile

elongation of comparative Udimet 500

respectively.

U710 @B MAH7k b/hEw. ZhiziL 4286 & U 500
D 982°C DT ZILET B LBEDTHBIIHLITKE

Table 17. Average weight loss (%) of each alloy in
dipping sulfidation test and spreading
vanadium-attack test, showing that five |
alloys in the upper part of the table have
almost the same sulfidation resistance
which is better than that of any of five
alloys in the lower part of the table,
while vanadium-attack resistance is not
so changeable as sulfidation resistance.

Na2504 75% V205 75%
Alloy + NaCl 259, + Na,SO, 25%
900°C x 20 hr 900°C x 20 hr
Rikiloy 4128 02 (4) 17:0  (2)
Rikiloy 4129 0 (4) 14-3  (2)
Rikiloy 4286 o1 4) 12-1 (2)
Udimet 710 0-2 4) 12-3  (2)
Udimet 500 01 (4) 87 (2)
MarM 421 400 (6) 11'5 (4
Inconel 713C 76:8 (2) 8:8 (2)
Inconel 713LC| 100 (2) 18'8 (2)
René 80 56 (2) 18:6 (2)
Rikiloy 3757 9-5 (2) 17:3  (4)

Numbers in () indicate numbers of test pieces.

Ve 2 ) — TR OMELE 4123 0 L < I EiR R
REAEDOBOIC TiIC+= F Y » 4 25MC+7' BK
T X B MC Bt otF A B DEET o 2 p #
7 KON HIEE D K B b D7
4-5-3 S5k 0 HERES R

15 L& EE&OMN LRV MU DEETT.
Fig. 15 5 4123 3s x0T 4129 13 U710 & RSHof
iz dt, 4286 1k U S00 iz LABEGEI -
T# 5 kg/mm? BEMNFE, —F, 3B HOR
4123, 4129 X U 710 0 3 FIxRRET 4286 13

Fig.
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Fig. 16 23 1000°C o [HEE{L KGR % =3
4123, 4129, 4286, U 500, U 710 oJlgizfit@e{bi:ix
<75, MBLCG b2 LbF<hTwn5b. 3757 &
René 80 138k L7z 1100°C oBE & iLdicEEOH
BETENEWIERTH D7

4-5-5 A&t
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BT O D 20 5% 2 T 871°C TWREH 2 Y — FliEE
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Fig. 16. Result of oxidation test at 1 000°C.
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