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Trend of Heat Resistant Alloys for Aero Engine Applications

Nobuhiro Miura

Synopsis

In recent years, with emission reduction of carbon dioxide and nitrogen oxide, higher output and effciency of civil aircraft

engines are demanded. They have been done by improvement of thermal and propulsive efficiencies. The thermal efficiency of the
aircraft engine strongly depends on the turbine inlet temperature (TIT). With an increase in TIT, hot section parts in the engines
such as combustion chambers, turbine blades, nozzle guide vanes, discs and shafts are expected to endure higher temperatures.
Ni-based superalloys have been used for the hot section parts because of their excellent high-temperature strength, ductility,

thermal fatigue and oxidation resistance.

Recent alloy design of Ni-based superalloys has focused on increasing the temperature capability through the addition of
Rhenium and Ruthenium. For the next-generation engines, further lightweight of the heat-resistant alloys has been demanded and
practical use of ceramics matrix composites is expected as materials beyond Ni-based superalloys.

In this paper, the latest developing trend of the heat-resistant alloys is outlined.
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Fig. 1. Improvement of SFC of aero gas turbine
engines.”®

2. MEWRAI D OHME

MUZEt = > ¥ 2 1d 1930 LA ICER L S Tl
F, OB IOH T4 BELLICA LA Yy
PR E AL THEAET) TR Z RIS EL 2L T, 4
IS 2HEHEZ2 MO TT LI ENS, T2 Y DR
IRATHE & ORARICTHRE S, TV T ORI
1) Y V)TV F PWR & BHGRL 4 L F Q&
DITH BEKNFE 5,

7w=PWR/Q; (1)

2) BRARDHEME D N7 R HE AL GERRHET) B, <R
T V,) & PWREDILTH 5 HEHEMTE 5,

7,=F, X V,/PWR (2)

3) ARhHEEALE & G RE AV F LD TH DG
BIES 7o

0= Tu X7, (3)
D3IODTEIND,

—7, ERHEIIF 2o & —Flb 720 OBEEE &
13 SFC TRa M, KAOBMRIZHS.

SFC = W,/F, (4)

CITW TS OBKELERTH L. &
RFIL Y VIE SFC b/NE L BB 720, AR
—Of, WlHMESERE L, R ERITT 258
2IE, BRI EE AR RS L, I OB EE & 2
%.

IV MR RS A -0 O BEELRED —D I
IV ORNERS ) OERN FETHEEREIL
F, %), KA TREINS.

F,=F,/W (5)

F, W1 ETHITHENA Ly Y VEEW L) KE
{, ZOZy T 2R LBEEH LT, =0
CHEIOARTEBELEAT S, E I WA/ EWITE, K
R0, EOMEHHTY Y VIZ6 RRETHA .

(1) 25 (5) RIS, BREELZ-BE2ET S
IANFEPRENZTEROWAMFIC G 572089, T
»HY, SFC Y #E L, %wmi%ﬂh Iy rafk
DEFRZHIT A ENEHRL Y YV OREHEE %
B, BREOBIFIIE, BRhE, HEEMEREB LU EE
WomESLETHY, HE, @il BEltrEzE S
B8 <H A 9. RIELE, Zh 5B REO R
HLHA BRGSOV TS T 5.

3. BABFEUEICHFETS
NiZEBE &

3. 1 42— t"“/JKEI:E'F'Fd)J:ﬁ

RLZEREH — > ¥ ¥ O BRI LR O — D ICEMiE,
7—E/ﬂ$®w$%if,l///WﬂskHél
ANVFHEET MO T ENEITFENE. La2rL, ®d
BMEM M ERIE, EHRE Y- ADRE (TIT:
Turbine Inlet Temperature) % LiF 5 2 & Tdh b, Huh=R
BHEDRZEDLZETHET A, MEHRHT Y
TIE TIT 12 U7 el L ) e AF £ 4. Fig. 2 12 TIT
LEDREOMGRERT Y. EhkERET B2, Z
NI L CTIT O L/ %A LENH 5. L, TIT
EORBALAS SN B Z L IxE LT, SEC b/hE L
%A, Fig. 312y U Y HFHOZEL TIT L DR E IR
IR

BRI HT AT — ¥ v v TV AR E A
N7=D13 1950 FR%FTH Y, TITIE 900 TTH -7z,
DI, Mtk KAEUL, Sksefbicxdis LC, TIT 134
FHF 10 COEET ER LT, oy Y v Tl
1600 C 12 ifé?é IESTWE, 41k, HIEREREEA
DA EREIC LD, S5 R EFNEZHIELT,
HTimmtifLﬂLﬁHét%méné“ TIT
O FRICEBENICED S DIIBEERS, ¥ Y ) AN
A FR=VBIPY -V TL—FTHY, FHENS
fif LA E Ot IR EASLEAT R CTH 5. FRICHE
HOILY T ZBWT, Wk, ILmm2 5 /T b i



B IS END D 1 BERESY — ¥y 7L — KT
bbh. TORH, HFIEEHEY - 7L — FMEHZIE
BNoEmiR s U — TR, BIRESTRE, BRI RS
DM, TERLIE, @S SRk an 5.
IS ETIAAEEE LT, NiBBEE RS
n, IS OMEDPHZERH T D v OMRER LITKE
CHEHLZEVSTHHS TRV, Ni EBAEON
HiEEOmMEE LB, F—E 7L — FIENi Ol
RIXDPIHBR DT AREIC 2 5720, B0k
M2 7 — 7 1 >~ 7 (TBC: Thermal Barrier Coarting)

TIT=3,000
50 |
45 - TIT=2,500
<
S 40 - TIT=2,000
3
Qo
® 20| TIT=1,500
[+
=
E]
< 10}
TIT=1,000
5|
O L 1 1 1
8 16 24 32

Pressure ratio

Fig. 2. Relation between pressure ratio and turbine inlet

temperature.?

1800
1700 - 5
. M.m_tary e_ngme XGao .3‘ het
1600 © Civil engine Frioce120 @ Froopwze
1500 PW4084 O O Gegp
Figo V2500 g
Faga TRENT800

~ 1400 CF6.50 Figl ° o
9 F100 PW2037 CFMSE-5
R I CFMS6
c 1300 LEN . oy 6% O o CF6-80
= JT9D-7R4

o o ORI

o, -
1100 Tag Trio @5es o e
Dart10 ‘EGD -’Tgno Ly
1000 9791
B o‘ P o TFE
° JR220
900 ° cT610 @
78 BT o
5 JR100
800 . . y '
1950 1960 1970 1980 1990 2000
Year

Fig. 3. Evolution of TIT of aero gas turbine engines.
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Fig. 4 SEM of as-heat treated single crystal Ni-based
superalloy CMSX-4.
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B R, B REA 4T Re ORINEIC XV 4 5E
M ENTW S, 1970 FELF 1 DS M1 A iR
AHI 50CE vy, PWAI1480, Rene N4 B & UF CMSX-2 7
SlITREINZE L IHBEEENRE I N, Z01E,
Re IS & i &1, SiREEOSGER RIS MO NS
IRy, FEIHABEEICRe ZHIWM% EHT S
PWA1484, Rene N5, CMSX-4 F D% 2 A &4 255
N, JUERL CERBEHIN TS, F2 iflEs

G 1A A e RS 258 25 Clay - L7z,
EHICRe &5~ 6 wt% & =72 CMSX-10, ReneN6 &
D3 MAUB A S SN, WTHREE LR 1050 Tl
FTEL TV S, GFEIEREMEZ DR Ex Hig
L, RelZflZ, Ru% 2~ 3 wt% @il L7255 4 ALHEA
%75, KEIGEf, 79 ¥ A SENCMA B & O° NIMS
X DAFEREE SR TWS Y. 25213, 44408
A4 Ru 2HE L, WHHEE 1100C F THl & B4
5 A A4 TMS-162 B X U TMS-196 %5 NIMS 12 & 1)
BZE s, HRIISEE SATng 9,

Table 1. Chemical compositions of single crystal Ni-based superalloys (wt%) .

gen. | Aloy | Cr |Co|Mo| W | Ta|Re|Ru|Nb| Al | Ti | Hf | Ir | Ni
PWA1480| 10 | 6 | - | 4 | 12| - - - | 5 [15] - -
ReneN4 |[12.8| 9 |19 (38| 4 | - - (0537 |42 - -
SRR99 | 8 | 5| - 10| 8 | - - - |55(22] - -
1st AM1 8 | 6| 2| 6|09 - - - | 52|12 - -
AM3 8| 6|2 |5| 4] - - - | 6| 2| - -
CMSXx-2| 8 | 5 (06| 8 | 6 | - - - | 56| 1 - -
MC2 8 | 5| 2| 8| 6| - - - | 5 |15] - -
CMSX-4 | 65| 9 06| 6 |65| 3 | - - |56 1 |01 -
ong |PWA1484| 6 |10 | 2 | 6 | 9 | 3 | - - |56 - |01] -
sci8o0 | 5 |10 | 2 | 5 |85 3 | - - |52 1 (01| -
ReneN5| 7 |75|15| 5 |65| 3 | - - | 62| - |o0.15| - |Bal
CMSX-10| 2 | 2 |04| 5| 8 | 6 | - |01|57|02(003]| -
ard | ReneN6 | 4.2 |125|14 | 6 | 72|54 - - |5.75| - |0.15| -
RR2100 | 25| 12| - | 9 |55|64 | - - | 6| - - -
T™S-75 | 3 |12 | 2 | 6 | 6 | 5 | - -1 6| - ]01] -
EPM102 | 2 (165 2 | 6 |8.25(595| 3 | - |5.55| - |0.15] -
4th | RR2101 25|12 | - | 9 |55|64| 2 | - | 6 | - - -
TMS-173| 28 |56 |28 |56 |56 |69| 5 | - |56 - |01 -
TMS-138( 29 |58 |29 |58 |55 |49 | - - |58| - |01 3
st | TMS-162|29 58|39 |58 |56 |49| 6 | - |58 - |01 -
TMS-196 | 46 |56 |24 | 5 |56 |64| 5 | - [58] - |01 -




3. 3 TL—FEMOLTXZIVEKER
Hikk S A S IR Lo o2, £ oEEs
EBRPEINEN, FOREPLT ATV THL, — KM
WZLT A Z NV EITHER FOFEEIHITH L, HDH W
IHAMOERICE VAL OHEENE L LW
&, mEEB L OEHEI P VIESRESEE ST, Ly
L, L7 A% )VIZHEE OB IR H E DR &
D, BUBARZEN A LIRS 586, ZaEids IChE
LS. FRIC, BEESEAEONHIRE DM L Re,
Ru DRI HAET B 7. Reld 7 L — &bk H
ELTOEEDPHBEEERIIT L TOENEL, Mzekk
TEIZL ) ZOflitE b HEDRKE CERT S, 2011 4F
6 JJBIAET 3,000 ~ 4,000 K/ kg &5 & 4D TEfli Td
D, SHRAREROTEHFCT - A MF ¥ ) TOIK,
MRV ORFEEIC LY, B MO ERE DA
Ih, MEoOEIEE ) B TFEENS. —F T, Reld Cu
BIOMo i< HHL, BIERTREFELEWY, L
A5 T, Cu, Mo DENLFE 2 ARAE L, HisEOEE
LHREE > TWA., TNHDERDS, Re, Rud
WNEEZ WA L2 GE8%eHciEI " EFE > Twb. GE
HTlE, 55 2 ACHGES 5 Ni £ A 4 D ReneNS % JG 12
Re iR INHE % 1.5 wt% (2% L 72 Rene N515, & 5 121
HERINE L7 Rene N500 #f % B3 L C\v» 4. Rene N5 &
Rene N515 O 7 V) — THWTFE IR IZIZRED 7 ) — TH
Witk 2 L CTB D, RedMEREOELEIZITTH
53 (Fig. 5)%, BERMMERHTAY -y Y
YOMREREE LTEE LTBI37 B X U A320 IS
BHINTWS CEMS6 V) —AB X UHEMABHZ > v
YOBEY - T L — FANOBANEE > Tw5 2,
Fig. 6 |2 %% 2 AT B i & i & 4 CMSX4 O 1273 K,
[001] 5IER AL C OIS HEHIRE IR, B GETH
% Re HERINHAL S8 A4 NKH71 O R % ELQTRT.
CMSX-4 |ZIEx, EIoHEITo 7)) — Tl o E
DEMDH B L DD, 160 MPa LL T OIS HEIIC TER
b2 EB L TWAD, —RICHRE A 413 [001] 5158
Do) = TEREZITAE, MILHTH 5y MHIZIE]
R L CHERE S TANCERS L, (100) (ISFAT 2RIk 7
T MEEEREET A LB LMOENTwD, T, B
a0 7)) — THEPUE y M &R B 5w Bfnis o
RPZIMMAET 5. 57 MEEOFHIZ y HF ¥ %
NVERERSEDL20, 70— TEIOEKET 2 b 7257,
CMSX-4 ODARIEIIICTIE, T 7 N Rk (R R C A i
LT, BHAHASy M5 " NS N L) ZIEHE

PR R > AL > o~ Hii 2 G & 0 ik OB 39

550

—Rene N5
--Rene N515

ey

o

=)
|

Stress (MPa)
w
[
o

N
o
o

-
(4}
o

50
27 28 29 30 31 32

LMP, Rupture (C=20)

Fig. 5. Comparison with creep rupture property of Rene
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Fig. 6. Stress-time to rupture curves of CMSX-4 and
NKH71 at 1273 K.

ARL, HEFEICHBEEZ L EL 2 2. Tk
L, NKH71 T3 CMSX-4 12k~ T 7 b %
KT HbDD, FOREER MR E TLE L THERFL
BelF TWwad, 5121 CMSX-4 12y /5 HFHE 2
R e A SR S TB Y (Fig. 7), Zhuid
R0 T 7 Mee L, SRR En s ®mo, ¥ M
F v ANVIBEOZEALEIHIT 20F %2726 L, fHREL
TRIBH TOFMOEEINMIDO BN >Tnb, Thbb,
MR BN 7 ) — THGOEINCEE 2 &E % 572 L
TWwWbEE25. NKHTL 1y /v° HOKERET3
AT A4y MIEDES N A0 REimfiEcX )
) — Tl A A S 725 4 D TMS-138 4T O



BELAIM H83% 15 20124

MR EHELL, ReERIMTD I A7 1y MHIEIZL D
ESREALAENS Y L LEFBITH A D . SHROBE
SOHRFHESE LT, 77 MER BB LTy T v
IV DIEIFRAIREL REEL, 2L TT 7 MEEPTEK
LA TH BIRERICH 7 o TIRIE 2 MERE UiselT 5 Jk
EETAIEDETENLS.

Fig. 7. Dislocation substructure at y/y’ interface of

creep interrupted specimens a) CMSX-4 and
b) NKH71.
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