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Fig. 1 Phase stability change by alloying elements.
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Fig. 3 Temperature capability for year of development.

| Ti-811
400°C
+Al
| Ti-64 |_ Ti-6242 _‘Ti-GEdESH Ti-685 H Ti-829 Ti-834
200°C 450°C 520°C 520°C 550°C 600°C
80,26 Mo Silicide]| +Sn,Zr,8i  Nb < [
_‘ Ti-550 Ti-6246 Ti-17 DAT54
a00°C 400°C 400°C goc |
+Mo, Si Mo +Cr +Mo
Ti-679
470'c
+8n, Zr

Fig. 4 Flowchart of development of Ti alloys (modified version
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Fig. 5 Microstructure of Ti alloys produced by SLM. (2) as build
sample, (b) high magnification image of as-build sample,
(c) heat-treated sample and (d) as build samples cooled by
slow cooling rate™
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Table 1 Chemical composition of representative Ni-based alloy for aircraft engine disk material
Alloy Chemical composition (mass%) Major precipitation
Ni Cr Co Mo W Nb Al Ti Fe C B Zr  Others strengthening phase
Alloy718 bal. 190 - 30 - 51 05 09 185 004 - - - y"+ 7y -
Waspaloy bal. 195 135 43 - - 14 30 - 006 0006 0.05 - 7' -
Alloy720Li bal. 160 147 30 125 - 25 50 - 0015 0015 0.03 - 7' -
Rene'65 bal. 160 130 40 40 07 21 38 10 001 0016 005 - 7' Ref. (1) (2)
TMW-A4M3  bal. 135 250 28 12 - 23 62 - 0015 0015 0.03 - 7' -
TMW-24 bal. 138 250 26 11 - 22 56 - 0015 0015 0.03 - 7' -
Rene88DT  bal. 160 130 40 40 07 21 37 - 003 0015 0.03 - 7' Ref. (2) (3)
RR1000 bal. 150 185 50 - - 30 36 - 0027 0015 006 20Ta, 0.5Hf 7' Ref. (4)

b o ¥,

‘3ternary.y”
o b

Fig. 1 Typical microstructure of Ni-based alloy disks (2) (b)Alloy718 and (¢) (d)Alloy720Li.
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Fig. 2 Representative manufacturing process of cast and
wrought Ni-based alloy disk material.
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Fig. 3 Schematic of VIM, ESR and VAR.
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Fig. 5 Typical microstructure of Alloy718 billet.
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Fig. 6 Temperature, strain rate and initial grain diameter
dependence on peak stress during deformation of
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Alloy718.
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Fig. 8 Example of numerical analysis on the
distribution of grain size of disk material.
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Fig. 9 Hydraulic forging press in Hitachi Metals.
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Fig. 10 Example of forged material(approx. ¢ 550mm) with
shape and size equivalent to actual disk material.
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Fig. 11 Inference of solution heat-treatment temperature on
average grain size and volume fraction of primary y’
in TMW-4M3 .
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Fig. 12 Typical microstructure features of Alloy720Li forging material with various cooling

rate after solution heat-treatment.
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Fig. 13 Effect of cooling rate after solution heat-treatment on
the size of y ' phase in aged Alloy720Li.
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Fig. 14 Effect of cooling rate after solution heat-treatment on 0.2% yield strength at 650C , 700C and 750C in aged Alloy720Li.
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Table 1 Chemical composition of typical Ni-based superalloys for disk applications
Processing Ni Co Cr Mo W Al Ti Nb Ta Hf Zr C B  Others v volume
Alloy S

route Wt.% fraction, %
C&W Waspaloy Bal. 13.5 195 43 - 1.4 3.0 0.09 0.07 0.006 Fe<2.0 -
C&W Alloy720Li Bal. 150 160 3.0 125 25 5.0 0.03 0.03 0.02 45
C&W TMW-4M3 Bal. 250 13.5 28 12 23 62 - - 003 003 002 50
PM RR1000 Bal. 150 185 5.0 - 3.0 3.6 - 20 0.5 0.06 0.03 0.02 47
PM ME3 Bal. 182 13.1 38 19 35 35 14 27 - 0.05 0.03 0.03 53
PM N18 Bal. 157 115 6.5 - 435 4.35 - 0.45 0.03 0.015 0.015 56
PM TMP-5002 (HGN200) Bal. 27.0 11.7 34 19 32 44 05 22 035 0.05 0.025 0.02 54
PM TMP-5006 (HGN300) Bal. 29.0 11.7 3.7 21 29 39 05 21 035 005 0025 0.02 47.5
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Fig. 1 Schematic illustration of gas atomization system. 1: High

frequency induction furnace, 2: Stopper, 3: Alumina
melting crucible, 4: Molten alloy, 5: Molten metal nozzle, 6.
gas nozzle (Developed by MHI), 7: Ar gas jet, 8: Atomize
chamber, 9: Cylinder for supplying high pressure Ar gas,
10: Consists of Ar gas pressure control valve, and 11:
Collection chamber
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(a) Shape and satellite of classified powders
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Fig. 2 Powder features of sieve-classified gas atomize powder: (2) shape, (b) microstructure and pore in the < 38 xm,
3853 pm, 53-75 pm, 75-106 1z m, and >106 1 m sized powders prepared by gas atomizing at 1650 C and 9 MPa
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(a) Cumulative distribution by image analysis and sieve Fig. 4 EDS result showing elements mapping in powders
classification, and (b) secondary dendrite spacing in gas (a) >106 ¢ m with slow cooling rate and (b) < 38 xm
atomized powder prepared at 1650 C and 9.0 MPa with fast cooling rate
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Fig. 7 Image of P/M disk forged with high-strain rate and
intermediate temperature by NIMS 1500 ton forging
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Fig. 8 High-temperature mechanical properties of TMP-5006 (HGN300) fabricated via proposed P/M technologies: (2) Image for
billets, (b) Tensile properties, (¢) Larson-Miller plot of 0.2 % creep life, (d) Low cycle fatigue properties at high-temperature

4. BEERE CIRERAE
Fig. 812 FHiMRET 0 720 5L L 72 TMP-5006 (HGN300)
ARE Ly OSMBLE FRERMIEE 2 R KT

KM TH 2 ATER RO IRL L 72 MY Ly Mg,

1125 C / 4 hoERMLEMLELT:, 650 C / 24 h+760 C /
16 hO 5 CRERDBILIL % i L T\ %, Fig. 8 (IR
RIS, TS R B X O O Ik & W42 L
ETH o720 650 TILIZBT 5 55EME1X1528 MPaTH
D, WHRYF—=2MTHEMEIDL D bV EE R
L7zo F72, 02 %2 ) — 7ELERICE L CH, g
MBIOMEIX WEN-2 ) —THmEan L7z (Fig 8
(c))o Life-limited partsT&H % 74 A 7 I1ZBWT, Flik
Bt - 02 %2 ) — THMGRIMDTEETHY, R_ES
Ot 204 AR TE %, Fig. 8 (I FRERIELEE650
CT. R.=0I2B1T B4 7 Vg5 Rk 2R d o
Wb & MSEDL Lo diFmERoL L bl vI3I v
ZIRAW S OWIBIIFER S N o 726

—7, KA 7 VIESERER7Z T, BEWRAY X2
*HTAHP/M7 at ZADEEW %G 2 DX HEET
Hb, FZT, MELy MIBWT, HiEBEWkESS
Braditid b 2 LT, SR A2 FhE L 7z, EE D
W RBRIM KBS T O ABED, 73 v 7 ARA

WO FAM % i 5 (R CEMMTRETH D, dhEMRAE L
LT THETH 5", Fig. NIHEWi# i AT107I0] % 48
2 BIEFRBRORERE S N FWIERE S OBEETH
%o BINIR L7z & 9 ICRIEM OBIERMIE 7 72 v M
WEThHy, £ 3y 7 2HORYD S OWIERMERE SR
Lo lze M7, PETREE R —BRYIC—EROIES

200um

Fig. 9 SEM image of fracture origin resulting from giga-
cycle fatigue test (Nt >107) for TMP-5006 (HGN300)
fabricated via proposed P/M technologies
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Fig. 1 Transition of TIT and Turbine airfoil material
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Table 1 Titanium aluminide for practice use for civil aero engines ®-%
Process Engine Parts Alloy Name Composition (at.%) Development
Cast GEnx LPT** Blade 48-2-2 Ti-48Al-2Nb-2Cr General Electric
LEAP LPT** Blade 48-2-2 Ti-48 Al-2Nb-2Cr General Electric
Wrought PW1100G-JM | LPT** Blade TNM Ti-43Al-4Nb-1Mo-0.1B MU Leoben, MTU
AM* GE9X LPT** Blade - - -

* Additive Manufacturing, **Low Pressure Turbine, —Not reported
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FICFAAD TR FRILAE) 12 Additive manufacturing
DOTIAIBEI R SN TV 5,

Wk TRIZE S N72TIAIN ¥ — ¥ VB BRLEEM & LT
ibE B, RAETIZ20144E 2> 5 @ 5 4ER], SIP®
WHEESEOO DL LT [Yay by IV
BB TIALZE A O RE - Wk B O st D o
=¥, ZORARE L TEBAAOERLE S L D w2
P & BEPE BN AR BT D) L Ak o FE ALY
WFEs 5,

250 i Typical temp. _

in LPT*

200 Outlet Inlet

| Titanium aluminide

150

100

Ni based superalloys
50 pe y

\\\.}\

| H
1000 1200

I I L I
0 200 400 600 800
Temperature (°C)

Specific yield strength (MPa/g/cm?)

Fig. 6 Temperature capabilities of titanium aluminide and Ni
based superalloys for low pressure turbine blade of aero
engines (*Low Pressure Turbine)

Fig. 7 Titanium aluminide low pressure turbine blade for GEnx ®
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Fig. 1 Comparison of electric power supply ratio in Japan in
(2)2019 and (b) 2030 'V
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FE DO AEFIMEE 2 T00C FEJE T CTHid 72 e 4 i L
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FEAT20004E R 2 & 0 BRIN & R E TR S 7z, HAR
IZBWThH, 20084 B~ 20164F E THEFMEE S O W)
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BEORFEKETH 543%% BEEE LTWw5b,

AETIE, SBROEREL RITEE~O B WFF
ENDH LIS - i 254 TdH 5 Gr. 9380 &L HR6W
ZHNT Do Gr. 9381, BEfFO 7 =54 bRIEGRIC
HB LT, BICHEERTO 2 ) — TIREDOIKT 2 8K
TAHIERHNE LTRESNIMETH S, HR6WIE,
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2. 7174 MR Gr.938
2.1 FIREREL

Gr. 938 (ASME Code Case 2839, ASTM T93/P93)
IHAT H a0 (B HARBEM) Xk o THE
SN0, Gr. 9380 O & &k EHE % Table 11Z/R 77,
Gr. 9381%, 11Cr7 = 7 4 R #44 T&H 5SAVEIL2
(0.1C-11Cr-3W-3Co-V-Nb-Ta-Nd-N, mass%) #% & K L
TMETH B2, VT A MREBOREBRELE T
774 FOEEIIEEZH®E LT 3mass%d I N
V2 R AL & FeeWHILavest 12 & % #7 k1L %
HiE LCT3mass%D ¥ ¥ Z A5 v, 7 —FilHiE
Hom bkxHIE L T003 mass®%® + 4 ¥ AW% Zh
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mass% & LTWh, e ik, FEISH T 5 MxsCed
MR L ZFRI L, T AHME&O 15 %2 ) L CRIGR 7
) — TERIEDHEFICH ST 5 Z & 25001 mass%i il
LCTwa9e, F7- ASME Gr. 9187 & OEAF O FECr
7 =74 R EMOBEERTIIB VT, )RR
DR TD Y ) — THEWREEARM O 7 1) — T HREE I
BLTHELIEKTTAZERAOLNTEY®®, Zhid
MFHAZICBWTRI 527 Y) — 713 (Type IVAkE)
MEZRFEKRE SN THE9D, HllSIE, &SR rpo
REFR L LB oBERT I, MRHAZMREE
WSy, RIS T T 52 LIS X YHAZD 2
) — TERENYGE S, Type IV % Jif] < % % G
Wa R L7z 2L T, Type IVHIEZL HIH] 3 248 &
L TMARBN (MARtensitic 9Cr steel strengthened by
Boron and Nitrides) 72B% & 72925, Gr. 9382 B\
Td, MARBN#iOE 2 Y A, FurLBIOHR
I L T b,

VoA &EaHReNcEo %, Gr. 930 bk o
#ipH % Table 2& L7,

(10), 1)

Table 1 Alloy design concept of Gr. 93 steel

Elements Objectives Improvements
9Cr + Long-term creep strength
+ Laves phase precipitation
3W strengthening
+ Solution strengthening Creep strength
0.01B + Suppression of M23Cs of base metal
coarsening on G.B.
0.01N + Suppression of Z-phase
(low-N) + BN precipitation
0.03Nd Suppression of S segregation Creep ductility
3Co Stability of martensite Toughness
0.01B Suppression of fine grain in HAZ Creep strength

of welded joint

Table 2 Chemical composition range (in mass %) of Gr. 93
(ASME Code Case 2839) steel -1

@ Si Mn P S Cr Ni w
0.05 [ 0.05 | 0.20 <0.020 | <0.008 8.50 <0.20 2.5
/0.10 | /0.05 | /0.70 /9.50 /3.5

Co | V [Nb+Ta| Nd B solAl N O

2.5 1015 | 0.05 0.010 | 0.007 <0.030 0.005 <0.0050
/3.5 1/0.30| /0.12 | /0.060 [ /0.015 /0.015
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LU CTENZENEDLE TR, ERERE o [l B
ZEO L2, BUFITIE5008: 2L E Tl L 27— %

DA FA L 720 600°C 123 W Tz K T40,00005 B DL _F
DWW T =7 EBOLNTEY, BERHICBVWTHZEEL
CEWI ) = THER AT A, T2, Gr. 3 OM O
600C (2B 1) B FHZIG I IEGr. 918 D#154%, Gr. 9240 D
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Average creep rupture strength curve

---- Minimum creep rupture strength curve (95 % confidence limit)
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Fig. 2 Creep rupture strength of Gr. 93 steel base metal

2.3 BE#®RFOUU-TRHM

Gr. O3 OB T- 0 7 V) — THWrREBAE R 2, B
DR HE & P TFig ISR T BRI R T IZFE
DOWM (Weld Metal), BM (Base Metal), FL (Fusion
Line) B X UHAZ (Heat-Affected Zone) 1XBHiZED
Pl ZRL, ZNEIEESE, M, His X 0%
BB 2R3 20,000W5 [ X 0 BRE ] CRERT L 729
BMFEIL WINLIBHMOTEBELDEEGTHD, &
BEROMIICL 5 7 ) — THERRE OB R =R R
o tze BEWTERERONEIIMEN L@ BSm I L @
MY, ERIOS-G#x i L 72 M TF oW MEREI%E
BE&R Tl 5 Type I, 2R3 BEHELSED SHAZIC
D709 % Type IITH Y, ERNiCr-3% i L 72
kT, B, 7RI BT L 72,
I X o THEMBROMEY» R 28I, FHMTH
%Gr. 938 & IR RER O 7 1) — THEWRREE O 2RI N
TL5bDLHELESIND, —F, 20,000 % 2 5 G
N7 ) —THEETIE, WIThOBRESREY HWi-EHE
WFD 7)) — THEFEE D MO TRELZ TR D, #ia
HAZZ% &8O TRl L 720 SR oM 23 25
BEMFO 7 ) — THWRE O T I, B2 13Gr. 9280 T
H1E, 600C TL0,000W I HT, 650°C "T1,000MF [ Fi %
NOEL 5%, S OGr. O3MEHENEKT 07 U — FHilr
WRERE RS, Gr. O3EHMTF-0 7 ) — TR MR EE &
IS I T RAFHR LR35 2%, AR O BRI I
Kl O FEFRET I U CRERBITH L, 51,
M2 ) — TREWTIREE IR T 2 EERT O KT o B
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Fig. 3 Creep rupture strength of Gr. 93 steel base metal and
welded joints
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TWwaEB), 7)) —7HBITHER A 51,000 xm ~
1500 1 miZ EEEN =R M OHAZTHE L THB Y, A
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Fig. 4 Microstructures of Gr. 93 steel welded joint after
creep testing

Fig. 5 Microstructure used for the calculation of area of
creep voids
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Fig. 6 Area of creep voids in HAZ after creep test ®
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Fig. 7 Alloy design concept of HR6W
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Suppressing 6 phase precipitation

Table 3 Chemical composition range (in mass %) of HR6W
(ASME Code Case 2684) %

C Si Mn P S C W
<0.10| <1.0| =1.50| Z0.030| <0015 21 6.0
245|180
005 | 0.10 | - 0.0005 | 20.0 ,
=0.02
/020 | /0.35 10,006 | /27,0 | Remeinder
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Fig. 8 Creep rupture strength of HR6W base metal
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Fig. 10 TEM microstructure of extracted replica of HR6W
after creep rupture ®
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1. [FC&HIC

Mo-MosSi-MosSiB; & TiICOM - 2 JH L 7zo1%, K
HAKREROBIZF1EIIEGTHoTze TOH, FE
(2 b Mo-MosSiB,-TiCH it #A4 BHZ 6 L TH T34 7' 1
Vs FERIRLTWAZE, »Iw X% % K& IEE)
L&onbw) i, 20114E 3 HITHICHHARKREL T
BESEL, TR PgEBBE 2 L7z, LL, €90
I fEREIIRIL TS H > T, AR S I13M 4 [R5 I 7-6f
REBOHRTHEHG OB 2 kil T iz, Bk, R
JERF T2 B2 LI LRE~NO AFZ HEICL T
TEARETED, BERELIES LTRELI VG
BY, Mo-Si-B-Ti-COMFZRICHY MATL hizo HIFRIC
Lo TRERPELZI72HENTEID S EREEEHE DT
2R CHEOW L, FNO IS TEEMEIFZEIT N
WCIRE X KTV W/h o7 — 7 B & R
TR, w23B X OBRARNE SR HBE, TSRS
P fio T, MIEZMo-Si-B-Ti-CHE DRI & EefE 2 7 o
MO BIER 2 RIS 20, B E
ARV UM, XMPITEESI iz 2 X912k 5 L
1800C TEMLHEL L 72Mo-Si-B-Ti-CEE DO E I 7 0
MR ORI 2 S SISRHIICTR TV E, Bk pAER
Bz 5 X912 o7:8 25 TMo-Si-B-Ti-CHED
TEARRE T — 7 R T 5 F TICE 72, BIRE
BCThoto TNEWATLT, HEETIE Y2 T7O Y -
Iy F R U7 CHIGTRERIC X o TR A
A9 2 BB D B R, PEDORIES I X o TIZIFFEIE
WNCHIE D T — & IR ONDL X H Ik o Tz, TR
B, EARMEEMELIRREAET 5 TIZ, BT
DEYTF v 7 EFEUNEL T IR R P o7, L
NLZO 1R, EAREPENMRE L72GE0I, i

Rt 202248 7 H12H
FALR AR BE AW GERFAIRE 773 4 AR
T980-8579 AT # 5 X 54 7 5% 6 - 6 -02
E-mail: yoshimi@material.tohoku.ac.jp

* 1

HRIPEAEATIS MPa - mY 2% B2 2 b0 EEhTwb S
ENHB L7z, 20, BIEERL S THRES 7
F v 7 a4 L IERY A Mo-5Si-10B-10Ti-10C (at%) &4
Tholze TDH, EEHHIZ, Hl1RES TFv 24
OB & O, BT ) — TEE S SR b a8 7
&, AR FEAM S 6 B A AR & U 2 BT S S

ToH eI, BIHARESTTF v 7 BEOMENE TR
BB, 5L LEEHMOERCHE 71t 2

ORETERT 2o LA LBIRE TR TEY) 28L&

1HRELTF v 7 EEOMEIREDONT P ZAORE L
RTFVIXNVDEESTH D, T LTHE, AEHERHR
ot#E, MR 7ae 28 E 55 5L %R F52 LT,
PR BIHNETE Y 7F v 7 GEFARINLZ LITKE
LIRS T TV D,

ZIZTARTIE, TNETEZLOMET N — T
DICHEDSNTEZEY TF v 7 EEORBEOTHRN LM
BHREDOBIRE £ &, SHROBRIZIANT 2T A T4 T
ERRL 2V,

2. BERHFEEICEL > TERESWEEITFVIE
£OEHMEE BB A I 7O
kDL, TEYTF v 7 E5EEMokTi, Si, C,
BOETHETHER IR TS, LYPLBEDEZA, £
JHT & 2 Mo-Si-B-Ti-CHL G R - IRBE NI AFAE L 72 o
EYTF v I BEDOEFRIIBVWT, SEI LI PEIRE
X1x, Mo-Si-B=JtRIRFEX"Y, Mo-Si-B= It R A i %
P, Mo-MosSiBetit — 76 R AR EE [, Mo-Ti-C=
TERIRER-®, Mo-TiCHt 0 RIREX %5 TH 5,
1T 7F v 7 &4 (Mo-5Si-10B-10Ti-10C
(at%)) &, ZHITH L TMoR ik % [ % L TiCHLEK % 4%
0 TTAHLIK % & & 72Mo-6.7Si-13.3B-75Ti-7.5C (at%) £+
4, ¥ 7:MosSiBy GEFRT,) #LE % [ 22 L TICHLEL % %
% T Mol % 5 8 72Mo-5Si-10B-75Ti-7.5C (at%) &4
DT — 7 FEIR% OPEMEE % Fig. LR T9 AFTi
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P, 7B TERIWE IHRE 7Ty 0
& 4 2 TiCp & 4, Mo-6.7Si-13.3B-7.5Ti-75CH 45 % T2p
4, Mo-5Si-10B-7.5Ti-7.5CH 4 & Mop & 4z & MR 3 %6
TiCp& 4 (Fig. 1 (a) 1%, #SETICHA S HI%, Mol
AR TICZ I3k, Te Mol &k T,/ TiC=Jt
;j\:EIEI Z L THeiitE & L TMolE R Ty MoC=
e & V) BEEAEAE 2 HNTE 7, L L,
SPring-8 T jiti L 7z Z o 38 B i X | 37 92 8% T, Mo
E A, TICZIE IR TMoB2S I L, &2 %
5 Mol ik~ ngm:,\ B X o TToAER T 5 2 & A°
IRIEENTWBEY, ZOFE, MoBIXwHEAETHESIZ
SR HETHIEDREBINTWDLY, T2pH a3
WmDTAHTH O, FDHEMoEEA, T, TiC /" MoC
WREFICLI o TELIZEEPETTLELZLN
% (Fig. 1 (b) Wy 3#12, Mop& i3 # kA Mol &K T,
ZDHEMOEEIK, T2/ TiC / Mo:CUTEIH I L - T

Fig. 1 SEM-BSE micrographs of as-cast MoSiBTiC alloys™.
(a) TiCp, (b) T2p, and (c) Mop

BEHICEREPETT5EE26N5 (Fig 1 (<) DL
DOFRIZ, HBIZ L > THHPZALT 5721 TH L, —
FO I PUBIZTICATR S BAG- L CTwbH T L 2RET 5,
+H 7p AZFukuyama i, A BASE U 728 & oAt
Pt % i o TTiCp & Mop® W LK & 72 A Mo-5Si-10B-
8.75Ti-8.75C (at%) &4 D EEE B % AT L, #5Mo
AR O S REE GRAIRD 251955C,  fefdefE SUs <
H Mol ER To / Mo CEItIk i o 3L Sl & (FAH
M) B1720CTHLH T e xHE L Tw b,

Fig. 212, 1800C, 24IF[, 7N I ¥ A CEAL
L7:TiCp, T2p, Mop&&®» I 7 uflikz Rmn30, kil
DX 51, MolElEM, Ty~ MoxC= It 3k b o It il B2
(M A) 281720CTH o722 L 2 EET 5 &, 1800T
iiﬂi?"fxﬁlﬁl Lt/\ S B 2SR L, [ _AHIREECTH 5 72
WEMEDE V. 20720, WTFNOGEbMHEDOI A X
tiﬂif‘:/\m‘:‘@?ﬂi?ﬁ&b‘#, HEETIZ I 7 oM

Fig. 2 SEM-BSE micrographs of MoSiBTiC alloys after
heat treatment at 1800°C for 24 h". (a) TiCp, (b) T2p,
and (¢) Mop

— 33—
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Table 1 Volume fractions of constituent phases, density, and elastic properties of the TiCp, T2p, and Mop alloys "

Volume Fraction (%) [Dens,i;[m g&?)ﬁﬁslguz MSOI:ieL?lE , | Poisson’s
Moss T, TiC Mo:C gem™] [GPa) [GPa] Ratio
TiCp 49 312 19 0.8 8.8 358 142 0.26
T2p 38.2 45 42 12.6 8.8 356 141 0.26
Mop 54.5 317 79 59 9.0 349 138 0.26
KA Z 5 T b, TICpAEE T, TAHIOME L7 ol = ains BRa Aacsanis A
MARAL D HE TH 5. Uemurab™id, & L72TAIX & 1000 L T2p 2% 104 s ]
SIBURTH D, WA (001) B (i) T EI = Son
A<L00F I THH 2 L AL TV, $72, T2A Rl o5 ]
STEMETAHNIE, Mo, TiC, MosCo Bl 7 4 i 2 ol ]
MRS Do MopE 4T b #) il Mol A L il 75 % ]
TICOHT AR S N5 £ =
PDEDXHIZ, BYT7F v o E5E&EDI 7 OflikIIER 2 mf -
CHAETIE D 2%, ML LTI FEIIMofEl#E R & T, i o
0 2 4 ] 8 10 12 14

M, TiICHTH Y, LPEMoCOEENL, LaL, &6
LREY 7F v 7 &4 T, 1500 - 1600°C O BALEL T
MoeCHASMoE Bk & TICH IR 2 kT b BlgE s
THBOY,  Z oI #H P TMo.CAHIE F i A Tl 7 vl
REVEDSE V. BV 7F v 7 5& % & L2 FRIRER
RWAHT BN L TIEBfERAER TH Y, TEHI|
DELAFELTVEL Y,

3. EVTFvIEEDEREFH

METRLZ3E&ED, HEHEE TR (EBSD)
BTRO 7B OREAT D ERIESR, TV F X 7 A%
THE L%, ERGE SIS (EMAR) 3% T
L7-itkE & R 7 v VL& Table 1IR3, £ 1 IHQ
VT F v AL (TiICpHE4E) &, MoEA A O SE
WB X Z50%, ToAA%30%, TiCHIA20%TH Y, MoC
X 1%L T CTH B BWEEIIH8SE g/cm® TNtk H ik
BEEERBETH DL, ¥ 7EIZH360 GPa, R
138140 GPaTH b, #E) 77T 9L D H10%EFE V.
IR T V¥ %RV, T2pRMoplZ DWW T B,
INSYHEMIZIZIER L TH S,

4. EVTFvIEEOERERERE

Fig. 312, 1800°C, 24 [ & L ¥ L 7= TiCp, T2p,
Mop&E Y 7F v 7 &40, 1400C O FEHM B THS
N AFIBT-EE O3 AR 2 R T0, RO 72D12,
R4t cillE Lz #e ) 77 v &48MHCO ARG
VAR O3 AR D W X 2R $, TiCp& 4 & Mop &
£131100C Dh_E i EEHiPH CHWITEZLREDS I 5 L 5 27,

1600C  TIAEBISIZFEIRRIE HIZE — 27 IBIIITEL,

ZOHERPIMLT Lze BWISHOK T, AEEAMT
HDHTAHRTICHO I 7 0 fIC L 2D L AR INT
W LW T2pE IOV TIE, M00CTH->THE—
ZIBINCEER, BMEERENORTERsh~ 71
W E 5 72, Fig. 412TiCpA & & MopEED Y — 7~

Plastic Strain, (%)

Fig. 3 Nominal stress — nominal plastic strain curves of the TiCp,
T2p, Mop, and MHC alloys obtained at the temperature of
1400C , and the strain rate of 2x10* s

2000 (—————— 11—
Ticp

\ £=21x104s" |

Mo-6.151-7.98

o TR

S ro L e y

Wi - __:"‘:_\ o O~
-' _:-:-:-

0 1 1 1 1 1 1 1

900 1100 1300 1500 1700

Temperature, T/ °C

Fig. 4 Temperature dependence of the peak stresses of the
TiCp and Mop alloys ™ with those of TZM ", MHC", and
Mo-6.1Si-7.9%

1500

T

*

Peak Stress, apl MPa
=)
S

IS ORBERGEEE AT, KO0, HET) 75
VEETHHTZMYEMHCY, & 512 Alurb5®ic X -
TH S N7z Mol i 4k & MosSi, MosSiBz= H & 4:Mo-
6.1Si-79B (at%) OEAMREEIC XL > THONZEY =25
NOWBERGEES PR, BIMRES TF v 7 G
£TiCp& Mopld, JAWIEHPHCHEAME) 77 v &4
RMo-Si-BE&E L RTERNRM S 2H->Tnod,

Z 2T, ZOMEHMEREZHE TR LZLEE [MPa/
(g/cm®)] THLOT ZbrFL & K L 7245 3 % Fig. 512R
9o LRSIk, MarshallkCoxiC Lo TFEFEHEN
PGB A R, Padturelc k> CEF o ohizt T
Iv 7 A% (CMCO) & RFRHEAME (CO™, £LT
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Fig. 5 Temperature dependence of the specific strength of the
1st generation MoSiBTiC alloys compared with several

heat-resistant metallic materials", CMCs® and CCs®, and
21

refractory high-entropy alloys
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#Fig. 612/R 3, D7, Jaink Kumar®23% & o
7oNiZk§hiE &4 TH HRené 8055 2 HHARUNIFEHLA
& & OCMSX-4, Mol # & (2 Mol ¥ #&-MosSi- T2 =
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IZNASA®DiCarlo #25#i# L 72CMC  (SiC,/SiC#i & 1
B ©7 ) =T 7= BHPITIRT, W LB T
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Fig. 6 Larson-Miller parameter plots of the 1st generation
MOoSiBTiC alloy with a constant of 20% compared
with René 80, CMSX-4, Mo-MosSi-T2*, TMS-138%,
and SiC;/SiC composites®
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& 7278, Lemberg¥ Ritchie ™2520124E 2 F L 7K 91,
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Fig. 9 Oxidation curves of the TisSis-containing Mo-30Ti-17Si-
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Fig. 11 BSE micrographs of the as-SPSed (As-SPSed) compact and the SPSed compact followed
by heat treatment at 1800C for 24 h (SPS (HT)) of the EIGAed 1st generation

MOoSiBTiC alloy powder *
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Fig. 13 Isothermal oxidation curves of the 1st generation MoSiBTiC alloys produced by Ar-arc
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1. ¥8

Honda Aero, Inc. (RHIFMF TE@HD100% 1-4E) &
GE o4& 92441 T3 % GE Honda Aero Engines (GHAE)
(2013412 H 12Fig. 11278 $72,000 lbs 7 7 A O it 22 4%
I VY YHF1204 — K7 7 v v ¥ v (HF120) O
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FAAORISGFH A EARICL TES ZRBT A2 L T,
European Union Aviation Safety Agency (EASA) #
ELo, HAR, 759N, 4 FiEKEOHZELFO
FUAGER 2 B L 72

Fig. 1 HF120 Turbo Fan Engine
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Ehn, Bzt v Y v oRGEHOIAHCE T 5 HA
DIHRIE, FHESOMBIRY TIHIZITMLS, MHEIC
B35 XbIZEA LRV,

ZI T, RETIIFAAORAGEH L 20—HTH 3
MEREE OME % T 5, Mz v ¥ v OREHIH
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Quality (PQ) # & MIEN B 4FICHAE 2 B M 2 2
K3 mEnE AR L, AW ARy 7 IZERE
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Reinforced Plastic (CFRP) #% Fan Outlet Guide Vane
(OGV) THRHL, ARy 7% HiLTRAO» OMHEL L
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TH5LDTHb, TvI VB, arF—% v MR,
CAENT, HDHVIEZENSOHMAEDLE R EE2 HiEH
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R VR—=F v MikBE, CAEMAT23FEE S, #ED
IENLENS DI L 70 5 5 b AR 2 FEIEE O —>
Td 5o CAEMNT TIXIS IR MO % &% MR & b
L, GRANEREEZ G 5o T v Y v ilBRTT D HATISH

w77 b 7)) SRR G LA R R EE & i LT,

LYY ViRBOKREE TlT 5. HF12004, BRE
DE; 52 TN B R IR BY TR A GRBR 2 &1 55 1 L2 350 iy B GR
Bea g2l L, FetalBR ot O g 57 BRE M e & & b
L 721%, BN U THMTZIRDZE W 72 &2 940 L T
Nox YT VHBICERA TS,

BAGEHIZ BT 28 BIM L & 1E, £ OWEEEDPREF
L T\ % Gt KB IS 35 A Type Designllid & N T
B 59, 7D, SAE Aerospace Material Specification
(AMS) R ABARY 7 FE I HWS LTV WA R
D ERIBT, FHMBEZEHT 8, ZoMEICH
TAHME ARy 7 2R L, #HELVFR—FANEERL T,
FAAD LIKR PR T 5L ENH L, Thbb, Type
Design® —#B & U TH M BLDSFEE S, DikE oM
BEAR Yy 7 3o RIS EHWTREE 72 %

— 5T, BKXAEHZFTREOL Y Y V& BN
FICAEET S I LIETET, #EHEW (Production
Certificate, PC) #FAAD LI L7 TE% bW,
BB, BV AT AL LT, BREEHESEET
B, Y794 Y —0EH, BEROEMICERL 2ho
RS 22 2 MEFE L TV B0 &) 2 KIS 5720
DTA—LEPREENDL, FY TR, KE/—ZH0
F A FIN=1 ¥ YIZdH BHHonda Aero, Inc. 2 HF120
DOHEENZ L, GHAED O Rix 2T TEDLEM#L
fToTwWb,

2.2 14 CFR §33.15 MaterialsiZE D < ¥ HEEE

14 CFR Part 33009 &, MRRBEICET A7 ¥ a v
73§ 33.15 MaterialsTdH 5. LLFIZ §33.150AK L %51
T 5,

The suitability and durability of materials used in the
engine must -

(a) Be established on the basis of experience or tests;
and

(b) Conform to approved specifications (such as
industry or military specifications) that ensure their
having the strength and other properties assumed in
the design data.

RO Z OARZ(NH 5 L H 12, MR
LB (LLANCRIZGER 2 B0 L7226 R 2 &) %258l
ER L7z D THLETR AL RV, ZLTC, Fhid &
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TE%ohv, 20LE, BERDIILDE LT TK
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FHNICIND TS 2 OIZ RS OMBCTh 5, L7z
Ao T, BAGEHPEEE RGN 2, B
SEREHHGEE DR RER D DO TR TR b v, £
D72, Fig. 2IZR- T X912, Bk ER o WEE
TR SN, FEoIX S0 X 2RI EHME S iz
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21T
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(Type Certificate) (Production Certificate)
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Fig. 2 Material data under TC and PC quality control
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LCWwa2, THIEAMEEANEITL TWDE ARy 712
BHEZLTWIIETSE WD 2 ETIR RV MR E
PG EEEREEOIX SO X B RAET A0 IR
WHHIE, 72 ARG ARY ZIZEA 2 THERL
B TR bRV LadoT, BIARY ZITAREL
TWARHHIIAW R ARy Z1BNT A2 THLANR Y
2EAET LD, YT IAX—LOEELEL LTAN
ARy HOEAZGRR L2 LHE T HETL2LENDH 5,

3. BH1 : EEFHMAPQMH
3.1 §33.70 Life Limited Parts

Life Limited Parts (LLP) &, ZoO#amigkiszo v
YOTREFEOERGERITEHMBEERSINTED, 2
IR E SN EmiL, RBFmE e T 5 2 LK
ENTWw5b, AREITIEET §33700MEZHHT 5,

Lt o 7 Kk o g iz “Non-containment of high-
energy debris” 2’ %, MERH A Ay - D
VIEE, R Y — U ORDSHHEL TH OB
WYY UARRICRELL v X IZEFF SN TWw B 75,
T4 A7 BERHE - RERL72B3121E, = ¥ UAMERIC
RET B REMEDSH B §33701F, KREINTHEERIT
EW R ORI X 2 H B OHI % b L2, IHROER
EEBENCET L2 23 v (§3314) Z3BHENET
%I C20074E 12BN S 7z IR L WEHICH %,

Fig. 3i&, 19894 7 H19H 2, ¥ & T2y CTRAT
DLF ATy Pz (UA) 2328 T34 L - F i Tl
W MREAL7Z27 7 71 A7 TH Do REL B I
ROME A2 T RTHEE L, UA232MIE i ic 7
AFTTMA=Y T4 DA— -+ 7F— b7 x4 IR
BIRATZHKRBEREL, 1128050 otz TDT 7
VT4 AT NIT 7 VA AT BRI AR B
PRALTEY, ORI &I L7z ED E W
BAETH LA SNIHER, T4 A7 OBHRICE S 72,

Fig. 3 Failed fan disk (cited from ref. 6)

CDX) BB, S, FAARDTO 32077~
ZEF L, LLPOHFRER & i R % 0K <

TA & 91T, BEtFd, S, SR E RS IE
HITLHILEEERLTW S,
(1) Engineering Plan
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(2) Manufacturing Plan
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(3) Service Management Plan
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NI THROEHEZWHLL, ZEIEET LHA%E
Lea—L, RKRTH2MAHADEETNS,

F I U EEDOEMRE TREIFEMITEET LA L L
C, Anomaly Distribution% I 1J 5. Z ® Anomaly &
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DL 72T 5 Y OMBRGTH B, DK
DFHM S ZCD VT, §3314DACIRRBE N TV 5,
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GREAD 72D 25l %2 3 5 LD D b o

AC3314Tlx, % v DO)—Fa KD RKE S L HHE
D44 (Exceedance Curve & FER) R IERERA CTO
BEBIMERE Mo T, F 5 ORI TR
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MEREFHE L, TN EDME (FMHICL-TRE )
UFTHiHI EHERL TS, Fig 41ZAC33.14I125
;SN T % Exceedance CurveDfl % 77378,

Post 1995 Triple Melt/Cold Hearth + VAR
Hard Alpha Inclusion Distribution
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Fig. 4 Exceedance Curve if Triple Melt Ti alloy
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SMC prepreg roll Detail

Fig. 5 SMC prepreg
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Fig. 6 Example of Layout of Material Test Specimens
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Table 1 List of Special Process

Type Scope

Anodizing, Conversion coating, Plating,

Chemical Processing Etching, etc

Thermal spray, Vapor deposited

Coatings Coatings, etc.

Lay-up/laminating, Metal bonding,

Composites .
Core processing, etc.

Conventional

Machining Holemaking, Milling, Grinding, etc.

Printed boards, etc.

Heat treating process, Equipment,
Pyrometry, Carburizing, Nitriding,
Brazing, etc.

Chemical analysis, Mechanical testing,
Metallography, Hardness, Corrosion,
etc.

Coordinate measuring machines, Laser

Electronics

Heat Treating

Materials Testing

Measurement &
Inspection tracker, etc.

Non Destructive Penetrant, Ultrasonic, Radiography,
Testing Eddy current, Magnetic particle, etc.
Electrochemical machining,
Electrochemical grinding, Electrical
discharge machining, Laser beam
machining, Shot peening, etc.

Nonconventional
Machining and
Surface Enhancement

Non Metallic Materials

. Resin, Adhesive films, Core, etc.
Manufacturing

Diffusion welding, Fusion welding,
Electron beam welding, Welding for
resistance, Laser welding, etc.

Welding

2.2 NadcapZzWE§ 57:-0ICIF

Table 2, JUN3128:4L O NadcapHUSNAEZ 7R T
BRI 25Nadcap % P37 % 1213 ]IS Q9100 FEGE &
ISO/IECI70258E # A L TWB Z BRSNS,
ZNAY, Nadcap®/H— FIADBEWEEbLNLFUTH
D, MRS EEH SN ALL ) ELTHE
CRBATEZENTELRVHEHHO—DTHH %,

FEHTRMEIEICF 3 L, JIS Q1001 AT 225 1 4
BWOEBIHETL00 KW RERTH Y, 1SO/
[EC170251%, FRERAr 25 AMHRKICHE U TR T E 5
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Table 2 Scope of Accreditation for Materials Testing Laboratory

Scope Test Code Test Item

O High Cycle Fatigue

P Fracture Toughness

XE Crack Propagation/Crack
Growth Testing

ACT101/3 Rev.D Y Low Cycle Fatigue
A Room Temperature Tensile
B Elevated Temperature Tensile
C Stress Rupture
XA Creep

LO Metallographic Evaluation
L11 Grain Size
L12 Inclusion Rating

AC7101/4 Rev.F

L8 Alpha Case: Wrought Titanium

L9 Alpha Case: Cast Titanium

XL Macro Examination

M1 Brinell Hardness
AC7101/5 Rev.D M2 Rockwell Hardness
M3 Vickers Hardness

Z Standard Specimen Machining

71 Low Stress Grinding

ACT7101/7 Rev.D Low Stress Grinding and

Z2 Polishing

73 Cast Specimens

Table 3 Scope of Accreditation for Non Metallic Materials Testing

Scope Test Code Test Item

1181 Glc
1.19.1 G2c

AC7122/1 Rev. B

F21 Specimen Fabrication
AC7101/4 Rev.F

F.31 Specimen Machining

111 Tensile Ambient Temperature
Tensile Non-ambient

1.1.2
Temperature

1.1.3 Tensile Strain Measurement

121 Compression Ambient
Temperature

1.2.2 Compression
Non-ambient Temperature

1.2.3 Compression Strain

AC7122/1 Rev. B Measurement

131 Shear Ambient Temperature

by SBS

132 Shear Ambient Temperature
+45 Tension

1.34 Shear Ambient Temperature
by V Notch

1.35 Shear Non-ambient (any method)

1.3.6 Shear Strain Measurement

1.20.1 Compression after Impact CAI
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Table 4 Residual Stress Requirements for Fatigue Test Specimen

I
v Test " Ie_u |uI¢I1-t ln:u
S ' a 3 7 Depth Residual Stress Value MPa
[mmmm e i Vol ! | Company | Company | Company
! : ¢ I | v . | | | | | pm Nadcap A B C
:' : cl8L ¢ I8 I | 0 550 to -140 | 590 to -140
1 A 1 " 1 5 [} | | |
I W | \ ' 12.7 Per
(] % 1
| X L | <:> | 954 customer No No No
il A lec e : requirements requirement | requirement requirement
! ! 50.8
: Nadcop : S e
F i Eot | 762

(c) External Round Robin (every 5 years)

Fig. 1 Round Robin Evaluation for Low Cycle Fatigue Testing
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—8-Lathe
—4—Lathe+ Glind
| —#-Lathe+Glind +Polish

Residual stress (MPa)

0.00 0.05 0.10
Depth (mm)

Fig. 2 Example of Residual Stress for Fatigue Test Specimen
(Material: INCONEL718)
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Table 5 Example of Calibration Frequency

I’I;le; Cal. Ttem | Nadcap Comé)any Comé)any Comcpany

Test Force | 1 year 1 year 1 year 0.5 year
T,?Iézitle Speed 1 year 1 year 1 year 0.5 year

Displacement | 1 year 1 year 1 year 0.5 year
Creep Test Force | 1 year 1 year 1 year 0.5 year
Test Strain 1 year 1 year 1 year 0.5 year
LCF | Test Force | 1 year 1 year 1 year 0.5 year
Test Strain 05 year | 0.5 year 0.5 year 0.5 year
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Fig. 3 Static Strength Testing Room

Fig. 4 In-plane Shear Test of CMC at 1200C
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Fig. 5 Creep Testing Room
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Fig. 6 Fatigue Testing Laboratory
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Fig. 7 Fatigue Testing Room
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https://www.kanto.meti.go.jp/seisaku/kouku_uchu/
data/201503nadcap_guide.pdf> (S H : 20224E6 H 30
H)

(2) ZAMEEN BARBSHERENSHP
<https://www.jab.or.jp/contact/fag/ql4.html> (&M
H : 20224:6 130H)
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A320neol - E L 72LEAP (Fig. 1), PW1100GTFIZ
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Fig. 1 TiAl turbine blade in LEAP engine®

Z 9 L72TIAID# IR T, MSE%M R o R #E T
EBCLOPEEEINT W5, 21, GEIxIZHRH &
N7-TIANZ K% 3E (investment casting) THEEI N
TWAH DR L, PWII00GTEF Tl &k & (isothermal
forging) THIE XN TW22G, 512, GEIZ KRB BN
JRER T v Y VGEIxIZ, BT Y — AWBE (EBM:
Electron Beam Melting) T @ & (AM: Additive
Manufacturing) L7zTiABRE Y — ¥ > 7L — K&
FHL®, 20204F V2K [ IFHL 22 R O GEGE % WS L7 & %
FL T2,

ZZFTIETIAIE DL TV by VUV
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R & 72 TiAlZ Ti-48Al-2Nb-2Cr (TiAl4822) T &
., PWII00GTFT @ % L i&, Ti-435A1-4Nb-1Mo-0.1B
(TNM) &%2oTwb, 22T, BEEETHTHKE
533 (U Tat%eitd) Thbo CridFiRmEEgHo
DITHEIMENTWD, NbIXHEIL 2 %HTE 5720
wNSN57%5, WKNERETH 2 7-0BE ko 2 v
FERbenwk I NG Y AFRFPEN TS, TNMA
IR BEIIS U T B W Triplexfilik (8 + Sl v
H+lamellar#l#%) Rfully lamellarfL#% 72 & v 4017 A3
WHETH D & ENBY, Fig 202 Ti-AlZ 03RRI X
INC I
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Fig. 2 Ti-Al binary system phase diagram'”

RS> T, Al48 at%D & &, L — L +
B—a—a+ y—=>ar+t yORENEI Thb
B, WSS L D o BHOEKZRET, AT RS E
(1120C) BFIBWTa lZBAMLL, a2k d. $ixk
REDWFEN G R H 5 OB X - TS DOAHRERK
RAHER B SN S, gk X 512, LEAPHITO
TiAl48221853%, GEIxMIT D TiAl482213EBMIC & - T
FNENHEBEINDD, HONLMBEMMBIKE RS
5T EDHLNT WS, WAL 2 KL, 7l
RIFERIEFHEE, 7 V) — TR 2 & ORI R R
LTiAl4822TH » TH B B, WEITIXZ ) L7-8iE
& AMM OMBLAR B L OB AFEEOE IOV T
TIT %o

2.2 TiAI4822 DR 15 & FARAVAF %

Fig. 312#iE B L O'EBM THLE L 72 TiAI4822 D it Al
OSEMIE 2R T %8B, #HilldEZETORLHET
HY, EBMbEZEZNTITONLIERL 70X TH5S
72, BRALD Y 27 HHI S b,

FETIAN, PRI ymTH Y, WEKHET
Hb, bokd, HFIHOKEHE L F LI TOENITE
U325, WUSMEATIEIMRAEELMEThdir, &
Mzt L, EBMIC THEE & - TIANS P RAE D333 1
mTHh Y, 2Dy &lamellark] THEE X 15 Duplex
We, MRZyR»5KS y 2l 32502200

FISRON DL, TOMBIEED X 1 = X AIZDOWTIT,

Todai 5>EAFHI LT 5, WiWIZIE, BEEE ot

(a) TiAl4822 manufactured by centrifugal casting

(b) TiAl4822 manufactured by EBM

Fig. 3 Microstructure of TiAl4822. (a) Homogeneous y phase
was observed and « . is precipitated between 7y grains,
and (b) Duplex region and y region were observed. Note
that average grain size obtained by casting was much
larger than that of TiAl fabricated by EBM.

BT, REHMOMEPBEMING L&, HTOH
BRATR SITIE U7 TR D & LA S, RIS
HI D M2 L, BIRMEEAER S hab e £2 6hT
Who AHEITIE, $iEk & EBMA OMBLHKED V28,
BRI EE, BRI IRIFE B X 02 ) — TR
2T RHEERT,

Table 1 Comparison of tensile properties at 23 C and 750 C

23T 750 C
Cast EBM Cast EBM
0.2% proof stress [MPa] 277 392 270 319
Tensile strength [MPa] 352 429 438 403
Elongation [%] 1.27 0.62 7.00 1.50
Total strain [%] 1.50 0.88 7.39 1.85

Table 112, $53E & EBMCTYE#R L 72 TiAl4822023C B
LOT0CICBIT 55 R EEZ/RT, 22T, EBMM®
T, MEAnERBRAmE LR TH LY, &
B, AR 138E, EBMM & b IEHSEHEME (HIP:
Hot Isostatic Pressing) WE % il 72 D TH 5, HIP
LB, Zefl7e ENERRKGOMIR, FEAE I X B E N E
2R, oy Y UERICBWTHIEEBAEINTS
D, TIABFEMICBVWTHERSI N TS, EBMAIC
BT HEERIAE U 2 ZILOM I ERA REISIC B
T AEEICHIPLE A TH L e #EELIZINTE
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LlofiiE a2 H 35 y I L, a203NFH RD0wEE %
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bE WD DH L, EBMM IEFig. 3 bIZRT X912, g
JPENC T LIEEE S v 41 & Duplex A& IR o # i & 73? 572
O, BTN &) BRI TEIZ %R 5 2 EAHIS
NTWb, L723-TC, FHaELlEIZ, EBMO R EH
B LTI 2 ek L 723 - E A THh 5, £
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BB T 2 BAFICRO 72D IR ICHE L R L 7 b,
ZHUZDOWTIIIREHIZ R B
50
40
S Cast, HIPed
‘é’ 30 /
% 20 /
g EBM, HIPed
o}
10
L
0 1|
0 100 200 300 400 500 600 700
Time ¢ [h]

(a) Creep curves
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(b) Relationship between creep strain rate and time

Fig. 4 Creep properties of TiAl4822

Fig. 412, TiAl4822% $ #& # B X 0'EBMA# #0750 C
/200 MPal2B1F % 7 ) — 7B L Wl - 2 1) — 7
O3 AR E R T — IS, FIHRENKEVEHD,
RARTRY) ZWHTE L0, 7)) —THGIERD L
Tz A%, TiAl4822D Fi &t & EBMA & HiKIZ B>
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DEEZ N5, EBMMIZIZlamellardB & O a 2 H3855E
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WRD ) —DOOEELREHRKTH b, Fig. 512, TiAloY)
HIIML7aY 2R TELLZERHLRBOBERT,

Chipping

Fig. 5 Examples of defects observed after machining

(a) pull-out, (b) crack, and (¢) chipping

HAkASH &y, RELIZXHD % TV 77+ (Fig. 5
(2)), AZDHER L2 5y 2 (Fig. 5(b), —EDKE
XOMEDIE LTRIELZ2KT (Fig. 5 (¢) 7 &3k
U, BMINTCTIE, Wb 5HmTHED X 5 %%k
ZHOWZZOEMITICME, ¥—¥ Y7L — KOOI
X oTiE, WA X AUHEIN LA S, Lo
AR F 2 S KRN T )72 & o TH KMo MEmIE R 2
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B4 (FPL Fluorescent Penetrant Inspection) T 7
IS ASH #2256 S H 5. AeroEdgeTid, TiAl
TL—FOREEZFHITBY, HA IO R
DU & MW I2AT > TV B AEDIEET 5 ER
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Crack propagation

Shear ligament

Lamellar

Fig. 6 Model of crack propagation in TiAl microstructure
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(a) EBM (b) SLM
Fig. 7 TiAl4822 manufactured by (a) EBM and (b) SLM
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Study on the Transient Vibration and Fatigue Life Estimation
of Turbine Blade of Turbocharger Passing Through Resonance
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KANEKO Yasutomo

ABSTRACT

AN Wi F kee™?
KAGE Taiga TAKESHITA Tomoaki

In a variable speed engine, it is impossible to avoid the resonance during operation. In a constant speed engine,

the resonance during start-up or shut-down also cannot be avoided. Therefore, the increase of the acceleration rate

in passing through the resonance has been considered as one of the effective methods for increasing the reliability of

turbomachinery. In this study, the transient vibration analysis of mistuned bladed disks passing through the resonance
is carried out using the reduced order model SNM and the conventional modal analysis method. The effect of the
acceleration rate and the blade damping on the transient vibration response and the blade fatigue life is examined

in detail. From these results, it is concluded that SNM is very useful for the transient response analysis of mistuned

bladed disks with the complicated vibration characteristics, and the control of the acceleration rate is very effective

for the increase of the blade reliability.
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1. Overview

In Combustion, Fuels & Emissions, a total of 120
papers were presented. The affiliations of the authors
are classified by country as follows: 31 from the United
States, 17 from Germany, 12 from China, 10 from
India, 8 from Norway, 7 from the United Kingdom, 6
from Italy, 5 from France, 4 from the Netherlands and
3 from Japan (5 including co-authors). A total of 32
sessions were held, and additionally 2 plenary/panel
sessions and 2 tutorial sessions were arranged.

G2t 20224: 7 H15H
* 1 JINGTE TR BT BB =3 L% -2 27
NS
T673-8666 WA HIGNT 1% 1%

rao=H— y=x*!
KRONIGER Daniel

2. Technical sessions

This year, hydrogen technologies have been
recognized to play a key role for generating electricity
and powering aviation to address the anthropogenic
climate change. Combustion dynamics research
for lean combustion and liquid fuel applications
for aviation remain on a high level of interest. The
modelling ability of combustion processes with CEFD
is successively improving: more LES than RANS
applications were observed to investigate combustion
and especially applied to transient effects like ignition,
flashback and lean blow-off.
2.1 High hydrogen applications

Hydrogen as gas turbine fuel became a high-impact
topic. For generic combustors at laboratory scale,
swirl-stabilized burners for mixtures up to 40% H:
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(GT-82062) and for pure hydrogen (GT-82111) were
presented. Pure hydrogen operation was validated in a
generic DLE combustor (GT-83630) and for sequential
combustion (GT-80651). High hydrogen content fuel,
like syngas or 30 vol.% admixture were applied to
micro gas turbines (GT-81643, 82888).

A flamesheet combustor for retrofit of an industrial
gas turbine was presented (GT-82652). The increase
in hydrogen fraction up to 45 vol.% H: has been
announced for a DLE combustor of 8 MW class gas
turbine (GT-82110). For an industrial 5 MW gas
turbine, pure hydrogen combustor concepts (multi-
tube, pyramid impingement plate, concentric reducing
volume) were presented (GT-80619). A demonstration
with a 2 MW gas turbine integrated in a combined
heat and power (CHP) plant for pure hydrogen based
on the micromix combustion was also published (GT-
81620).

2.2 Novel combustors, design, flows

Novel combustors developed for high hydrogen fuels
mainly base on flame miniaturization and rapid mixing.
A micromixing concept with swirled annular air flow
(GT-77959) was introduced. A new micromix injector
geometry for enhancing fuel flexibility towards natural
gas (GT-83025), and an industrial approach for fuel
flexibility up to 50 vol.% H: based on premixing tubes
(GT-82299) were presented. A micromix concept for
methane in a humid air turbine (HAT) cycle was also
shown (GT-81919).

New swirl-stabilized burners for liquid fuels were
presented (GT-83221, 80762, 81692) for aero-engine
applications. The effect of compressor unsteady wakes
on the combustor flow has been shown here (GT-
78404).

Pressure gain combustion developments for
conventional fuel (GT-83423, 83401) were presented,
while pressure-gain combustion for high hydrogen
fuels gained interest (GT-83528, 81152, 82393). A
simulation approach with LES was shown (GT-81366).
2.3 Combustion dynamics

Combustion dynamics play a continuous key role
in gas turbine combustors. Flame transfer functions
(FTF) that have been determined by experiments
and were reported for carbon based fuels (GT-83014,
80226), high hydrogen/ammonia fuel (GT-83298) and
liquid fuels (GT-81769, 81745, 82281, 80577).

The characterization of oscillation modes with
Rayleigh index mapping for multi-nozzle can
combustor (GT-83392), for a swirled combustor with
partially premixed combustion (GT-82001) and for

a swirled combustion of liquid fuel (GT-79706) were
reported. Mapping instable operating points for
combustion dynamics characterization by bifurcation
diagram, phase portrait, and recurrence plots were
revealed for a liquid fueled Rich-Quench-Lean (RQL)
combustor (GT-81590), for a lean direct injection
(LDI) burner (GT-82665) and for a multi-nozzle can
combustor (GT-80725).

Combustion instability induced by auto-ignition
was studied for a premixed burner (GT-82248) in
experiment and computational fluid dynamics (CFD)
using large eddy simulation (LES) and experimentally
observed for reheat flames stabilized by auto-ignition
and propagation (GT-81127).

Flame excitement and forcing of flames were
presented for an annular combustor (GT-81729) and a
swirler-stabilized laboratory flame (GT-84211). Flame
response analysis to acoustic excitation with proper
orthogonal decomposition (POD) was also reported
(GT-82871).

The Rijke tube has been used as reference
for an annular combustor (GT-79653) and a can-
annular combustor (GT-80785). Experiments with an
electroacoustic feedback loop were presented (GT-
83006).

Unsteady LES has been applied to combustion
dynamics investigations. The reactive flow represented
by the artificial thickened flame (ATF) model was
applied to a dual-swirled combustor (GT-83810). The
acoustic response of a perforated plate was analyzed
(GT-82670) and POD has been applied to a LES
solution (GT-81552). A steady RANS approach was
used to predict oscillations of a lean partially-premixed
laboratory burner (GT-78296).

In a theoretical study, a decomposition approach to
prevent spurious entropy generation in thermoacoustic
stability computations was reported (GT-82637).

2.4 Ignition, flashback, blow-off

Experimental studies on ignition phenomena
comprise the effect of swirl on ignition in annular
combustors (GT-79181) and the ignition delay
time of syngas and COj; mixtures with detailed
chemistry (GT-81134). The operating characteristics
of a flameless combustor by experiments informed
modelling (GT-81808) used particle image velocimetry
(PIV) to parametrize a chemical reactor network
(CRN). CFD related approaches focused on auto-
ignition effects in DLE premixers with LES (GT-
83667) and on a sequential combustor (GT-82592).
Furthermore, the high altitude relight potential for an
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aviation engine was reported (GT-82951).

LES has been used to predict the occurrence of
flame flashback (GT-82601) and applied to a full
premixed gas turbine combustor to investigate a
coupled blow-off/flashback process (GT-82163).
Boundary layer flashback for hydrogen was
theoretically addressed and experimentally studied
(GT-79816).

Lean blow-off phenomena were investigated with
LES for spray flames (GT-79347, 81339). Experimental
studies reported about blow-out limits in a plasma
assisted combustor (GT-83239), and lean stability
limits of ammonia-methane air swirl flames (GT-78304).
2.5 Emissions

Experimental studies with kerosene/liquid fuel
have been carried out with focus on NOx, CO, and
unburned hydrocarbons (UHC) emissions. The
emission performance on a LDI combustor (GT-81895)
and of a ceramic matrix composites (CMC) combustor
with swirled flames at engine conditions (GT-81619,
82070) were reported. Hydro-processed esters and
fatty acids (HEFA) fuels have been investigated as
new aviation fuel being an alternative sustainable
fuel to Jet A-1. Experiments on gaseous emission and
smoke numbers in gas turbines with HEFA were
revealed (GT-82201). The atomization and combustion
process of emulsified fuels with CFD was reported for
heavy duty gas turbines (GT-82184).

Regarding gaseous fuels, pollutant formation was
also investigated. The extension of fuel flexibility
of industrial DLE gas turbines with a power range
between 5 and 15 MW was evaluated in high pressure
combustor tests (GT-80895). A solution-based adaptive
mesh refinement (AMR) method for LES under lean
gas turbine conditions has been developed and applied
(GT-83343). NOx emission were estimated with CFD
including NO2 chemistry for low power conditions
(GT-82622).

2.6 Liquid fuels

Focus of this session is on modelling the atomization
and breakup prior to combustion. The combination of
a volume of fluid (VOF) model for the liquid phase/
atomization with a discrete particle model (DPM)
after droplet breakup is a novel approach in CFD
investigations of spays. Computational investigations

with LES couple the VOF model with the DPM model
for a jet-in-crossflow geometry (GT-80993, 82766).
The primary atomization model for a jet-in-crossflow
configuration was improved (GT-81654) and a DPM
was applied to lean spray flames in an inclined multi-
burner arrangement (GT-82102).

2.7 Combustion modelling, kinetics

Generic combustion related models have been
developed to predict flashback occurrence (GT-
82506), to study the ignition delay time at gas turbine
conditions (GT-82269), and to investigate the ignition
performance of natural gas blends including the effect
on hydrogen addition (GT-82305).

CFD models have been used to simulate turbulent
combustion of swirl-stabilized flames (GT-82583,
82272) with LES and flamelet generated manifolds
(FGM), and an ATF with LES/FGM was applied to
partly-premixed lifted flames (GT-82122, 82291, 82150).
Studies on solution-based adaptive meshes for flame
front tracking were reported (GT-80187, 82620). In
order to improve the prompt NOx mechanism, the CH
kinetics were calibrated (GT-78466).

The potential of a data-driven optimization method
in order to balance between emission and flame
stability was evaluated (GT-81756).

3. Panel/Tutorial sessions

Significant attention is dedicated to high hydrogen
applications of stationary gas turbines throughout
this conference. In the plenary keynote “Hydrogen and
Energy Storage for Propulsion and Power”, experts from
industry presented the state of the art of hydrogen
generation, transport, storage, and the use of hydrogen
for power and propulsion. In the panel session
“Plasma Assisted Combustion”, a promising strategy
to stabilize lean flames to enhance combustion using
plasma discharges was reviewed. A remarkable
property is its high energy efficiency because the
energy is only spent on accelerating electrons
instead of heating the entire gas. Two lectures on
combustion gave an introduction for newcomers to
combustion fundamentals in the “Gas Turbine Combustion
Tutorial”, and to combustion instability phenomena in
“Combustion Dynamics”.
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Table 1

B3 HEibd gty v a v

1 EF I HNVky T ay

2 Aircraft Engine Committee2S ¥t L7277 =h vty ¥ a v
Coal, Biomass, Hydrogen & Alternative Fuels Committee, Cycle Innovations Committee, Electric Power Committee,

3 Industrial & Cogeneration Committee, Marine Committee, Oil & Gas Applications Committee, Organic Rankine Cycle Power
Systems Committeed & U"Supercritical CO2 CommitteeSF i L7=7 7 = A vt v T a v

4 Microturbines, Turbochargers & Small Turbomachines Committee & U*Ceramics Committee?S £ L7277 = Aty ¥ a3 »

5 Turbomachinery Committees i L7z [l 7 7 >~ - E#Mi# | KB 3T 55727 =7Vt v ¥ 3 ' Axial Flow Fan &
Compressor Aerodynamics

6 Turbomachinery CommitteeSEfE L7z [l s —¥ > ] ICB$5 727 =4Vt v ¥ a3~ : Axial Flow Turbine Aerodynamics

7 Turbomachinery Committee?s ¥t L 72 [ ®.ODEME - SV 7V -V ] BT A7 27 =AMty ¥ 3 v Radil
Turbomachinery Aerodynamics

3 Turbomachinery CommitteeSFf# L7z [#F T ECFDETY) v 7] BXO [EEFRNL] CETA2F7=A vty v ar:
Design Methods and CFD Modeling for Turbomachinery / Unsteady Flows in Turbomachinery

9 Heat Transfer Committee2SEfE L7727 = AVt vy ¥ a v

10 Combustion, Fuels & Emissions Committee 2 EfE L7277 =H vty ¥ a v

11 Controls, Diagnostics & Instrumentation Committee2’ Lt L7277 = A vty ¥ a v
Manufacturing Materials & Metallurgy Committee 2’ £ L7277 = h v+t v ¥ a3 ¥ B X UStructures & Dynamics Committee

12 BEMLE [Z>—Y 7T, S, L HFaTill] BXO [#EmTE] KBT477=hVtvy 3 Emerging
Methods in Engineering Design, Analysis, and Additive Manufacturing / Fatigue, Fracture and Life Prediction / Probabilistic
Methods
Structures & Dynamics Committee2SEME L7z [T —% ¥4 F I 7 A |, [HEEDZEEER], [z vy —Vo#hE] BIO

13 [Z2)Ihhdk & e | (2945527 =)Vt > a3 : Rotordynamics / Structural Mechanics and Vibration / Bearing and Seal
Dynamics / Aerodynamics Excitation and Damping

14 Steam Turbine Committee X FE#E L7277 = A vty T a v
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20214
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H
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F3 OEREESEL NS (kW)

F4 WEREEGBLTHT (kW)

X5 Ky X4 ]

JH & a-F AR | B BT (kW) | B JH & AR | B | ) (kW) | B
o 204F i 3 67,070 20204 6 6,900
“iigﬁzﬁk LNG| 214 6 1,352,900 JeimsE | 20214 3 2,300

vs MIAERG] 3| 100% | 1,285,830 [1,917% vs MifERI|  A3] A50%| A4600| A67%
204F 12 2,935,030 20204 3 14,560
| R#H 2 |GNG| 214EpE 10 3,081,600 5[4 20214 3 4339
% P T
2 vs MifERE A2| AL7%| 146570 5% vs FIEHI I 0 0%| A10221] A70%
wlo 204 JiE 0 0 20204F: 73 158,902
* “igﬁij*m LPG| 2145 1 34,150 ME | 20214 66 163,119
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A A GTW] 2146 5 4902 Hh 20214F 33 45,281
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20204 29 3,050,212 20204 19 11,855
HAME At | 20214 22 4,473,552 bl 20214 42 184,100
Vs HifEHE I AT% | A24% | 1423340  47% vs MifEREE] 23] 121%| 142245| 340%
20204 30 81,633 | 20204F 6 7,844
fTal | T | 20214 35 81,139 Q [ 20214 10 44,580
vs MIAERS] 5| 17%| Ad94| A1% 53 vs FIAEHE 1] 6% 36,736 | 468%
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}3}2 B 20214F 36 174,433 Y ] 20214F 5 125,400
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FT 20214 B AEREABKR O (kW)

X% Size| /\#1  Small Unit | H1%  Medium Unit | A% Large Unit & W N
~735kW 736~22,064kW 22,065k W~ Total
H 7 =R =G R A B = & G B < By M I = G B s RS I B = v~ G I s B |
Application Code | Units | Output (kW) | Units | Output (kW) | Units | Output (kW) | Units | Output (kW)
S 0 — N8
oA I.‘%E@}ﬁ BL 11 3,652 16 38,200 16 | 4,780,250 43 | 4,822,102
Generator Drive for Base Load
Y—zu— F5EH
Generator Drive for Peak Load PL 0 0 0 0 0 0 0 0
A Z% A

o e EM 40 17,946 134 456,356 0 0 174 474,302
Generator Drive for Emergency
[} i Jif|
Merchant Marine M 0 0 0 0 0 0 0 0
i HHE H
Military Marine MM 0 0 0 0 2 80,000 2 80,000
At 7o v AH
Oil Refinery and Chemical Process OR 0 0 0 0 0 0 0 0
Zofn7at 2 [
Miscellaneous Chemical Process PR 0 0 0 0 0 0 0 0
£ B A XP 0 o] o o] o ol o0 0
Experimental
z= il H
Air Conditioning ACD 0 0 0 0 0 0 0 0
%. ? fte MC 2 1213 7 19,192 0 0 9 20,405
Miscellaneous

PN =

D Total at 53 22811 157 513,748 18 | 4,860,250 | 228 | 5,396,809

BL 18.9%

EM 76.39
76:3% BL 89.4%

B2 20214 @R A ARG A (%) B3 20214 &R IEE (%)
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#8 20214 MRFBI A EB L O (kW)
X% Size | /N8 Small Unit | 1% Medium Unit | A%! Large Unit & Woh
~735kW 736~22,064k W 22,065k W~ Total
PRFRERE e I G T N R = G < s I I = G I < s S VB B = &~ B < - B |
Kind of Fuel Code | Units | Output (kW) | Units | Output (kW) | Units | Output (kW) | Units | Output (kW)
WAL RIR A A
Liquefied Natural Gas LNG 0 0 0 0] 6 | 1,352,900 6 | 1,352,900
e
RIKHT A GNG 0] 0] 3 19,800 7 | 3,061,800 10 | 3,081,600
Natural Gas
WAL I AT A LPG 0 0 0 0 0 0 0 0
-
;;é AWMTS Y N EFTHA GOG 0 0 0 0 1 34,150 1 34,150
H iR (FA k) A GCG 0 0] 0] 0 0 0 0 0
Gaseous | 13 4 2 372 GRF 0 0 0 0 0 0 0 0
Fuel
Akl 7 2 GTW | 2 02| 3 4800 | 0 ol 5 4902
Town Gas
kA AT A
Blast Furnace Gas BFG 0 0 0 0 0 0 0 0
AR A 9 102 | 6| 24600 | 14 | 4448850 | 22 | 4473552
Sub Total
E“m T 14 6183 | 21| 74956 0 0l 35| 81139
. erosene
iid WY
g}i Gia (S oil K 7 3,233 27 91,200 2 80,000 36 174433
g1 AR
Heavy Oil No.l H1 30 13,293 103 322,992 0 0 133 336,285
Liquid 55 frmspe o =
WAREREL  /NET
Fuel  Sub Total 51 22,709 151 489,148 2 80,000 204 591,857
fih CB 0 0 0 0 0 0 0 0
BERBREL /NG
Sub Total 0 0 0 0 0 0 0 0
_ xofe MF 0 ol 0 0| 2| 331400 | 2| 331400
Miscellaneous Fuel
pas =
nTotaanr 53 22811 157 513,748 18 | 4,860,250 228 | 5,396,809
MF LNG
26%
'
“%" K 32%
HAREL T 15%
9.6% GTW 0.1%
GOG 06%
WARIREL 89.5% AWK 82.9%
24 20214 A A A (%) 15 202L4ERREHINI I EIA (%)
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#9  20214E BRI ABEL O (kW)

X45 Size | /M Small Unit | %! Medium Unit | X#¢ Large Unit |
~735kW 736~22,064k W 22,065k W~ Total
fbIs = O I RS B = & B S B B = &G A < RS B B = &G I < L B3 |
Location Units | Output (kW) | Units | Output (kW) | Units | Output (kW) | Units | Output (kW)
v i &
Hokkaido 1 300 2 2,000 0 0 3 2,300
w®ode
Tohoku 6 2,539 2 1,800 0 0 8 4,339
o H 15 6,953 51 156,166 0 0 66 163,119
Kanto
% gjhubuﬁﬂ 9 4,041 24 41,240 0 0 33 45,281
[E] 2
- .
v = .ﬁ% 2 1,100 40 183,000 0 0 42 184,100
Kinki
i) 5 1,830 4 8,600 1 34,150 10 44530
Chugoku
]
Shikolu 0 0 2 3,600 3 121,800 5 125,400
Domestic| , Y
9 3,190 7 16,400 0 0 16 19,590
Use Kyushu
?qj. # 3 1,600 3 8,800 0 0 6 10,400
Okinawa
i ME
Military Marine 0 0 0 0 2 80,000 2 80,000
%_ > 2 1,213 4 7942 3| 1,231,100 9 | 1,240,255
Miscellaneous
AP A 52 22,766 | 139 429,548 9 | 1467050 | 200 | 1,919,364
Sub Total
= PN
North America 0 0 0 0 0 0 0 0
oE K
South Central America 0 0 0 0 0 0 0 0
7 .V 7 0 0 18 84,200 4 | 1,621,400 22 | 1,705,600
ity Asia
H "
If] KM
F Oceania 0 0 0 0 0 0 0 0
A 1 5100 0| 2| 288000 | 3| 288045
For | Europe
Export| @37 - NISi4[E
Russia *+ NIS 0 0 0 0 0 0 0 0
BOR
Middle East 0 0 0 0 3| 1,483,800 3| 1,483,800
770
Africa 0 0 0 0 0 0 0 0
BSOS 0 0 0 0 0 0 0 0
o =
Htho iy Gt 1 45 18 84,200 9 | 3,393,200 28 | 3477445
Sub Total
N =
o Total it 53 223811 157 513,748 18 | 4,860,250 | 228 | 5,396,809
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210 2021 4F- W BREPHEAR U A2 PE B B N T (kW)
X4 Size| /M8 Small Unit | 7% Medium Unit | K% Large Unit & Hoh
~735kW 736~22,064kW 22,065 kW~ Total
B SR B AR e N G I I I = =G < R B = G B < s B ) B B = < G B < s B
Driven Machinery Code | Units | Output (kW) | Units | Output (kW) | Units | Output (kW) | Units | Output (kW)
= R
% @ﬁ% G 53 22811 154 502,498 16 4,780,250 | 223 | 5,305,559
Electric Generator
KKV T
Water Pump W 0 0 3 11,250 0 0 3 11,250
HEAERE F 7212 mlgR 3 PRR 0] 0 0 0 2 80,000 2 80,000
LIPS DM 0 0 0 0 0 0 0 0
Z DM i B GC 0 0 0 0 0 0 0 0
PN =
o it 53 22811 157 513,748 18 4,860,250 | 228 | 5,396,809
Total
PRR
W 0.2% PRR 1.5%

P16 20214 BEEREBAR I A EE R BRI (%)

B7 20214 B ERENBEAR I 0 EI S (%)

FI1 20215 M XA EA BRI (kW)

mo K 5 (kW) B o
Units Output Units | Output (kW)
0~146 2 102
AN 147~367 12 3273
Small Unit
~ 194
0TI 368~735 39 9436
/NGF Sub Total 53 22,811
736~4,412 116 221,938
g 4,413~10,296 34 182,610
Medium Unit 10.297~16,180 3 32,400
736~22,064k W 16,181~22,064 4 76,800
/NEF Sub Total 157 513748
K om 22,065~44,129 7 272,950
Large Unit 44130~ 11 4.587,300
22,065k W~ /NEF Sub Total 18 4,860,250
& 7 Total 228 5,396,809
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12 20214ERBHIA A & — € v @BV AEERE LI (kW)

K4 Size /N Small Unit Fiftl Medium Unit KHY Large Unit 2 W)
~735kW 736~22,064kW 22,065k W~ Total
i & a—F | H% moh [EF o = B = i BS|
Application Code Units | Output(kW) | Units | Output(kW) | Units |Output(kW)| Units |Output(kW)
N—Zu— K& | BL 0 0 0 0 5| 1315900 5| 1315900
V—su— F5EH | PL 0 0 0 0 0 0 0 0
R EEREN EM 0 0 0 0 0 0 0 0
ﬁ S XP 0 0 0 0 0 0 0 0
Zof MC 0 0 0 0 0 0 0 0
D i 2 Sub Total 0 0 0 0 5| 1315900 5/ 1315900
~N—2Zu—F%EM | BL 10 3607 15| 30400 2| 71150 27| 105157
V—su— F5@H | PL 0 0 0 0 0 0 0 0
'Q I HF I EM 0] 17946 118] 380956 0 0 158| 398902
% | XP 0 0 0 0 0 0 0 0
gy MM 0 0 0 0 0 0 0
Zoh MC 0 0 3] 11250 0 0 3] 11250
D"Tf]tg%%vaﬁi“e “ Sub Total 50| 21553 136 422606 2| 71150 188| 515309
EN#ARE Domestic Use Total 50| 21553 136] 422,606 7] 1,387,050 193] 1,831,209
N—Au— F%EM | BL 0 0 0 0 7] 3,061,800 7] 3061800
g |(E—zo—FEEA | PL 0 0 0 0 0 0 0 0
%‘g R MIEN EM 0 0 0 0 0 0 0 0
= | R XP 0 0 0 0 0 0 0 0
A lewem MM 0 0 0 0 0 0 0 0
Z o MC 0 0 0 0 0 0 0 0
R e U b Total 0 0 0 0 7| 3061800 7| 3061800
N—zZ2u— F%EM | BL 1 45 1 7,800 2| 331400 4] 339245
g |€—2O— FREM | PL 0 0 0 0 0 0 0 0
téﬁ I R EM 0 0 16| 75400 0 0 16| 75400
% | B XP 0 0 0 0 0 0 0 0
g MM 0 0 0 0 0 0 0 0
Zoh MC 0 0 0 0 0 0 0 0
N b e U ol 1 45 17| 83200 2| 331400 20| 414645
#it &7t For Export Total 1 45 17| 83200 9] 3393200 27| 3476445
N—Au—F%EM | BL 0 0 0 0 12| 4377700 12| 4377700
V—su— %@ | PL 0 0 0 0 0 0 0 0
i JEH SN EM 0 0 0 0 0 0 0 0
e XP 0 0 0 0 0 0 0 0
AT MM 0 0 0 0 0 0 0 0
Z o MC 0 0 0 0 0 0 0 0
LA BEE & B Totl 0 0 0 0 12| 4377700 12| 4377700
N—Zu— K& | BL 11 3,652 16| 38200 4] 402550 31| 444402
V—su— K& | PL 0 0 0 0 0 0 0 0
% e IR EM 40| 17946 134| 456356 0 0 174| 474302
T XP 0 0 0 0 0 0 0 0
A MM 0 0 0 0 0 0 0 0
Zof MC 0 0 3] 11250 0 0 3] 11250
Private Usea sm & & Total 51| 21598 153| 505,806 4| 402550 208| 929954
#  Grand Total 51 21598 153] 505806 16| 4,780,250 220| 5,307,654

Note : Code Explanation BL : for Base Load PL : for Peak Load EM : for Emergency

—92 —
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2000F  80F
1500+ 60|
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1000 40| %61
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500 20 15
6
oL 0 = =~ =
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4 Year

M8 ¥—KVzy b Iv/ F3—FK77 20 J

]
.

2\ s
=S |-
&ls WE
NE S
=|2 ~
120F 1204
100 100F
8o sofF
60  60F
W0F  40f
21
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4 Year

K9 #¥—Kvxy 7 by / F—KTayr7rrI v

&

ins

No. of Units

5000
4500 - 4324
4000 -
3500 - 3359

3,000

2583
2500 - 2468
2239

2,000 1,906
1,500

1000

500

2016 2017 2018 2019 2020 2021
4 Year

K10 EREMEy Y Y HEY 22—V

K13 20214E8 — KV xy bV Y S I =K T VY
EREGEIL AT A bEFE (KN)

AFERE 25 A MRk
Number of Units Thrust

¥ 1 I LA T A b
Normal Thrust at Sea Level Static Condition

#14 2024EF =KV ¥ 7 VLUV Y ¥ —RKTay S LYY
EEREB O (kW)

—
" 0~735kW | 736kW~ | 4
. v | 752 o | %2 W | 2
s L L~ AN
A;Elic:zon [?n?;t% Output I?nﬁ% Output [?nﬁ% Output
(kW) (kW) (kW)
[i] 5 S
Fixed Wing Aircraft 0 0 0 0 0 0
~Ya7ryH _ _
Helicopter 9 0 0 9

mggmamn |0 o ol ol ol o

Aux. Drive Units

& #

Total J - 0 0 9 -

¥ 2 gLk
Normal Output at Sea Level Static Condition
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3. EiptE
#15 7 5 AROEMAERE #16 27 I AP oML
X pix Size X o Size
- 7 % (mm e T | £
Clase %ﬁﬁ%ﬁ;ﬁr 03 201645 [ 201745 | 201842 | 20194 | 20204 | 20214 Clase gﬂiﬁﬁfﬁglgf) 201645 [ 201745 | 20184 | 20194 | 20204 20214
Compressor Impeller Compressor Impeller
Class 1 0~ 100 44153 | 046275 | $951875 | #5837 | 494925 | $63613 Class 1 0~ 100 50| 48| 48| 49| 46| 47
Class 2 | 101~ 200 34041 (39,008 [37,067 [17.867 | 8,012 [13574 Class 2| 101~ 200 20 25 21] 21| 20| 20
Class 3 | 201~ 300 951 897] 1,005 1154 1,009] 760 Class 3| 201~ 300 15| 16| 15| 15| 15| 14
Class 4 | 301~ 400 196 164| 172] 165 200] 192 Class 4 | 301~ 400 12l 13| 1] 11| 10 9
Class 5 | 401~ 500 299 239] 181| 216| 233] 180 Class 5| 401~ 500 13 13] 12] 11| 12] 10
Class 6 | 501~ 600 2331 173] 196] 213] 174] 176 Class 6 | 501~ 600 4] 120 9] 9o 8] 7
Class 7 | 601~ 700 48] 88| 85| 100] 112] 79 Class 7 | 601~ 700 71 8] 6] 5| 5 3
Class 8 | 701~ 800 2] 38 47| ] 5| Class 8 | 701~ 800 50 3] 4l 4] 2] 2
Class 9 | 801~ 900 25| 44| 10| 36| 49| 82 Class 9 | 801~ 900 4] 5] 2 2 3] 2
Class 10| 901~1000 0 0 0 0 0 0 Class 10| 901~1000 ol ol ol o of o
Class 11 | 1001~ 0 0 0 0 0 0 Class 11| 1001~ ol ol ol o of o
&it Total™ 35915 40,651 | 38,763 [19,795 | 9,844 15,068 &3t Total ™ 90| 95| 79| 78] 75| 67

Class 1 DHBEEHZ W72, Class 2 ~ 11O 2R T,
As the Production number of Class] is too many, Total number only

includes Class2 to Classll.

W

a1l

=1
T

iR
No. of Models

L]

#IBWREIWThIPRI - TH D,

4 AR, EATRIEAMELOOMm % 8§ 5 2 R,

Total number of superchargers over 100mm in impeller diameter

JE AR HAHE (mm)

Diameter of Compressor Impeller

[M11 20214 A FE A B OB (%413 K162 )
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is shown.
Z
k=i
jon)
[
S}
S
Z
#1636 17
13574 15,068
- 760
192 w0 17
|| 79 82
2 67
|| |47
20
14 9 10 7 , ,
1IN BN 2 0,0 0,0
Class1 Class2 Class3 Class4 Class5 Class6 Class7 Class8 Class 9 Class 10 Class 11 &&F
Total

Every model is an exhaust turbine type supercharger.
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