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(a) Appearance, (b) Cross section of erosion region
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Tablel. 1 Type of erosion®.
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Particle of angular form Ball-shaped particle
Steel grit (¢0.77mm) Alumina ball (¢1.16mm)

i

Fig. 1. 3 SEM image of cutting and dimple.
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HE w7 v AEERO SRR & AR RN A

2.1 85

7 1 AEEERIE, 12~30mass%(LLKE%)Cr & 1~3%C DRI L~ T, #EnE
FCEMEE 72 MiCs itk b Z2 B L TR Y, AR U TR L Rk
L Z W S0 R ZHIE L720 LTRSS LAMEEZRIcE 2 b
Mh, ier—Ya VEREMELE L TERTIASER SR TSR, 1 ETIR
APz X ) IR O FIT A 2.

AETIE, Crg, CEXVUN E2ZbsEsLEbiz, A4E N, Mo,
W, ZIRIM L7877 0 L858k AR L C, MRkEIES, MHsmE/o#HT, Thermo-Calc
FHE, EIRICEBT DR ETT > C, ik & IR O L B, EiEaE
SWZKRETEBILFROFEBLIE L. BiRICET 2EMRABIRE T —
3 VRBREFIC 173K TH .

2.2 FEBIE
2.2.1 HEEH

Fe-C-Cr RII Cr&ZZ{bSH T, CEZ3% &L LT, Cri 12%, 17%, 22%,
27%SIN L7- 4 f4H, Fe-C-Cr-Ni &% Cr % 27%, Ni % 3%& LT C % 1.4%,
2.0%, 3.0%, WiINL7- 3fH, CZ2Z&{bX¥TCr&/C&EI@LT CriIC &3 %)
AL ST, & 512 3C-27Cr #5812 Ni & 5% L7=. £ 7= Fe--C-Cr-Ni-X &
1%, 1.4C-27Cr-3Ni Z~X—2 & L N % 0.2%, 0.5%#SM, Mo % 2%¥sIN, W % 2%
WM L7z A FEEOGH 12 O E 7 v Ak EZRIE L2, Lit%, MM o4
% Fe-C-Cr &% 3C-12Cr ##8%, 3C-17Cr 48k, 3C-22Cr §4#k, 3C-27Cr §58k & Fr
7 %. Fe-C-Cr-Ni 5&1% 1.4C-27Cr-3Ni #4#k, 2C-27Cr-3Ni #58k, 3C-27Cr-3Ni #58k,
3C-27Cr-5Ni #8k, = HIZ N, Mo, W ZIRINL7=, 1.4C-27Cr-3Ni-0.2N 58k,
1.4C-27Cr-3Ni-0.5N #58%, 1.4C-27Cr-3Ni-2W #58%, 1.4C-27Cr-3Ni-2Mo #5485k & -
Frd 5 AbSRSY & Of CriC % Table2. 1(a), (b)IZ~9. BAID R4 IZHHE L7z 15kg
DM ;2 @ JEEFE S I THRE LT, PR INEL L TRV B 1823K THIYS
L Fig. 2. 1 IZR TR ORI~ GE1E Uiz, %, 873K LA F TRMRIMN S HLY H
L Lz,
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2.2.2 HARkEIZ

70 AEESROMBBIZICIIY 7 U VER-EE-T LV o — VIRIR(E L TR EK) &
AWTHER L, SRS OEARE 1 BMSI(SEM)IC TBIE 21T 72.
2.2.3 BIRIZET DGR
2.2.3.1 &iR5]9RHER

e i 5 | e R 1 LR AT BB IS B R 2 BRUSH U SR IREfR] 30 43 T 1173K £ TH-
WL, 15 0fRFF L7 0.2%EA £ THI9REE Imm/min. % D% 2mm/min. T 2
KRR AT S T2,
2.2.3.2 &Y v L BB

500 v /L B —fEEEEEREE 2 T, RBR A 10mm A X 55mm2mmyY /v F)
% SRR 40-50 4y THIEH 10 R LA 3 ARBRETT- 72,
2.2.3.3 iy I — 2 SR

R S FRBRICIT IR Yy 7 — AWER Y 2 iz, 5X5X10mm (2L
T RRBR T A SR TS LaRBR ISt L7, SRBRIEL 4 X 10°Pa L F O EZE 1T 1173K £
TRER A L OET 2B L 5 7 IOREF L7o1%, fardE 9.8N, EAfrREfd 30 7T 5 &
HIE LZEOFHEE SR Y D— A S L Lz, REUKE TR EET 2 —
Y a VRBRIRE IS D CREIRE 2 1173K & L7z,

2.2.4 R T

RGO Z AT 2720, FIHEEIEIC L R Z o Lz, fhil
FEEIEIE, 10%7 BF AT ® R -1%T FTAFAT UE=U LT BT RER
MUT= AL ) — VEMRCEMME L-%, 74002 02um TAHAEL, EiE
ERRTRMRE LRI R AW H SRS 7T X~ (ICP)YREAHTIE TR L. %
72, Fe-C-Cr #5853 X #REHriEE (XRD) & WV CHlH BB ST O RIE 247 - 7-.
X #RIEHTIE, Cr & EkA VY, 30kV-100mA DSAET 2 6 % 10~105deg. D#ilH T
1To70. FRIBORE L2 7 4 V& 3B ICEY 11T 72 B4 20mm @ X #f e —
LEBE L, BTy — F oGl — 7 ZRKIZFEEZIT o 72,

TCHR TR & IRALMRERE R 6 R &, FE¥ C, Cr & xfi L. &
72, WS Cr &0 HIRED ICP 4341 D Cr 43#fii % 51 < & FEHLo [EYAE Cr &3
KRED. £, RACMAD LFIE(TZ & X MIC) TH D HDIZTHOWNTIL Fe &
Cr DGR D IR O C & & FEHO[E Y C B OB R Z HHHE TR
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7-.
2.2.5 Thermo-Calc (2 X % ikt

MATUENS 235 2 A7 L Thermo-Calc? (Ver. 2016a : Thermodynamic Database
TCFET7) THAMERAR DALZERST T I 1T 2 FFAT R R 2 TV S O [E ¥ C &, Cr &
KOG RACEZFHE Uiz, £, CIXEFE T TOIRED EH 7= D PR AR

Z Lo WO TSR X 0 gL EEE 5 TR D v AP O[T C &2 K7,
—fil % Fig. 2. 2 1237

Wz, CriXEMH CHEB LIZ < W2 3 Scheil O TR L 7= di HBRAR RS A
TOy P OREE Cr &% KD, KALWH O Cr, Fe, CEIZOWT b b HBALARF
O Z KD, £z, EFEHER 9% A EEFE T & L TRk EL KO-, —4H#
% Fig. 2. 3 1277,

2.3, EBHER
2.3.1 HEMRBLER R

HEEB O YR EMEE 5 E A Fig. 2. 4 D (a)~(C)lZ~7". Fig. 2. 4 (a)l% Fe-C-Cr %
3NC —ET Cr EA AR THBOMMETH D, Wb IR DFED b
Cr BEOHINN & ST HAL BN L, 3C-12Cr §58£~3C-22Cr $hEk TIIandkas,
3C-27Cr $A8k TIFIFIeAbMR & 72 > T 7o, kAT 3C-12Cr $58kCT/X—F 1
N, 3C-17Cr 58k C/8—F A h+~/AT WA b, 3C-22Cr §5#k, 3C-27Cr $58k
TYNAVT A NROEREA—AT T4 FTho7z. Fig. 2. 4 (b)iX Fe-C-Cr-Ni
RTCCreEs 21%E LTCC &, Nimx&2xT-/##cdhHy, w714 P LD
P A — AT A b EHAbRIE & 72> T, 1.4C, 2C, 3C & C &MY
HIFE, F72, 3C-27Cr-Ni $58% Tl Ni EOHMNC L 0 HE AL A HIN L T
7. 723, 3C-27Cr-3Ni #H#kITITIT A0, 3C-27Cr-5Ni ##k TIIH K722 98k
M7Cs 237 & ALid S fHA% & 72 > T 7=, Fig. 2. 4 (€)I% 1.4C-27Cr-3Ni #58k & ~—
A2 Mo, W Z RN L7241 CTd 5 NEARIZR—A LR UM CTH-72. N
% 0.5% WS U 7= 858k Clafth & 1387 2 HATHRR S A DTz, = D SEM 4% Fig.
2. 512777, 1.4C-27Cr-3Ni-0.5N #58k CII#FiED £ £ T X—F 4 F ORI
NI DTN, ZOMKIT~ VT oA N HEREA— AT A M E CrN
DT ATHfEEEZ NS> Y.
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2.3.3 WIRIZE T 2B ARS
2.3.3.1 &SRB R

1173K &5 | RS OB R 4 Table2. 2 (27797, 3C-27Cr 58k The & =i ih
JEMRE <, SUS310S THEMEA B b <, 1.4C-27Cr-3Ni $58k 13 SRR & fEPES
T AR R AR R LT
2.3.3.2 &Y v L v — R ER R R

1173K &R > v /L B — B a2 Table2. 31277 7. SUS310S Thc b i <,
1.4C-27Cr-3Ni $58k13 3C-27Cr #58k L 0 L EWMEZ /R LT,
2.3.3.3 mEildE I — A S GBS

173K D& 1 — A SJAERE R % Fig. 2.6, 2.7 12”7, Fig. 2.6 (2389
WZCr, CENHEMTAEMINERL, FENEZOHEMTHHE IO EHNAL
Ni-. F72, Fig. 2. 7 IZ/R"T X512 C, N, Mo, W ¥INZ L Y _—A¥ D
1.4C-27Cr-3Ni $#ERIZ % L THE S 28 B H/ LTz,

2.3.3  HhHIFRHE TS R

FhH7RIE D XRD [FIERE R, B ot F, K OJEROE R C &, & Cr &,
Cr/C tb% Table2. 4 12779, 3C-12Cr LD ALIIT MiCs & MsC T o 7273,
3C-17Cr $58k & 3C-27Cr £58k1X M:Cs Th o 7-.

PO Cr&IXIWMCrE& & & H IS L 3C-27Crek T11.30% & e K & 72 D,
3C-17Cr & 3C-27Cr TliX Fe EIFHITIRNN Cr E&3HININT 5 L L7z, RALPHE
AR & VS C BB L QB8R Ttk 5.

2.3.4  Thermo-Calc I X % 25 #% 5

Thermo-Calc (2 & A 38L&, HEMifEPE C, Cr &, RILWEFHAER % Table2. 5
(27”9, 3C-12Cr BEEE D AL TR FE D XRD &R U< MyCs & M3sC Th -
7=. 1.4C-27Cr-3Ni-2W $58% Tlx M7Cs DT M2sCe 23 B 4LT=. Z DA d#ELD

IRAEIEET MiC3 Th o 7-.

C & Cr BTt i, RACMESEI L TH 0 ML, HhHRESHT
R & EMMIC—F LTV, 2L, FHARMER CITRIts & 772 3C-22Cr
PEERITMRE R CII S TH - 72,

AL D CriFe FbiZ 3 L IE 3 Cr/C DB 2 fhi A o pTRE &L & & 1T Fig. 2.

8 \Z/~9. Fe-C-Cr %, Fe-C-Cr-Ni % & &I Cr/C 23813 % & CriFe 23501 L T
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W5, CrlIC 235 DA, ALY D CriFe 175 1.0 THH A, CriIC N 1812725 &
CelFe 234 2.8 T THEMLTWD. Fiz, Ni 2T 5 & CriFe b3 228N
L7z, it o [EEE Cr B2 B KT T CriC o B2k & L HIC Fig. 2.9 1
7. CrIC OHAN(Cr EDHIN, C EDORA)NC LY EEE Cr &ITHML T\ 5.

FhHZIE 2 S F5E L 72 [E7E C & & Thermo-Cale #H5LIC X 2 BV C £ & o il
% Fig. 2. 10 \Z/~3. [AARICEA Cr 0 el % Fig. 2.11 (2 LW & D Ll & Fig.
2. 12 1Rk T. [EIR Cr &, RALMEIZ SV Tk Thermo-Calc O ZHE il 1 i 7S
DI & R —F L TW2s, [ C &S HOWTIE, bl M Ol 2 i il
R CTOEBREENKEL 2o T,

2.4 EBE
2.4.1 FHAbHEAR

Fig. 2. 13 {Z7v9" Jackson @ Fe-C-Cr = It 24— AT F A MEAEIREER D7 5
Cr EMRBINT 5 L HfEiicir-5< . 3C-27Cr $igkiLRER CTix 2L HTH
L0, EBEROMERITIZIEES & 2o T, £ 72, Thermo-Cale #H-HfGE S Tl
3C-22Cr #hgk Cilddhdh & 7o o TV, EEEOMBIIHFE LS TH Y, SEIOMER
BRSO LADE S & Fe-C-Cr =t DI #R 13 Jackson X & v & A (K
C i) Thermo-Calc & ¥ & 44 1fl(7%& C i) & 72 > Tz,

F72, Ni IR LV BEFREO A — AT A b~ BRI ke 1T/ S <220,

EEE IS AR~ AT 5 92 LB IEERRITIK C A ~BET 5720

3C-27Cr-5Ni gk I T Hedh T o 72
2.4.2  [RAVWIRERK

Fig. 2. 8 1Z/RT L DT MCa D Cr (X Cr BENHIINT 5 &L, C &AM
M3 2 LA LTWe, N IRIMOEEIT R E < 72003, Ni i E D MiCa iz
%5 Cr ONEURE N KT H7-0 7 CrlIFe NREL Koo E2bND. =
NE TOMIECTIIE SIZEND 72 EOBRHEN G &7 v A858k0 CriC 1% 6~10 ©
FPFHOMEENR A DI Y, 10 X AT L A EHL BTS20, KIFRICE
W Cr & 12~27% % WF7Ext5: & LC Cr/C 7% 4~18 &\ 9 RV T MCs D M
D CrlFe 3 CrIC LA D Z & &2 R L7z,
2.4.3 SRS
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FEEAE I Fig. 2. 6 1R E DI C, CrEDHIMNCENERLTWER, £
M e L TOA—AT A Mo EE®RL, QR EDOHEMN, RHiToh
. ZHIT Cr BOBIZL D MiC3 > CrlFe DS RBBZ 2 HND Y. Fiz,
1.4C-27Cr-3Ni #58£1Z Mo, W ZiiINd 2% 2 & TRl S 23 B L7z o3 FIT A
A EEEE L7c7zd B2 bivsd. £70, NIXERERIEE CN 7 2 Z 4T
ERHTF oD, NI Z VS8 EFH Lizoix, HEENME CANCBET
728, RALMENEIN L2729 EE2 6.

2.4.4 EEC=

i D 3C-27Cr $5Ek K ONiE 3L 5 00 3C-27Cr-5Ni #58k DFRER & A T R i
O 3 [EIDOMEE LT Z21T 72 & 2 A, Cr O4yHTEI% 3C-27Cr $58% THI 30%,
3C-27Cr-5Ni #58k THKI 37T%DFRETH o 7=, It L ONE LSk CTIX R 23
HRBRA DO TE DS, RIBMEZ DRSO T 5 2 LITRVRENKE
X I7golebEBZ A, ZOONTAZEIT Fig. 2. 10 1IZ/R 7 K 9 1235 &l
B CTRELSHEOOLI, T0O3mERIT D EHHIREN RO TZERE C & &
Thermo-Calc D [E¥E C A —FH L T 7=,

2.5 fEE

ARETIE, RENRMT o —Y g VEEMETHDIE 7 v LA 88KICEH LA
B, MR AT, Thermo-Cale 3+, miEAE SHIE 21TV, HAbFk & ik
(bW & B, miE SICKIT TS TTEDOEE LA L.

1) LEkERR & 725 C, Cr &% 3C-27Cr #58kCTh 5. Jackson DARFEX L v L
RCHITHY, Ni M THBRIS HITIK CANIEITL TV,

2) Cr/C 238925 & M:Cs o CriFe 1X¥IN3 5, Ni iz k> ThA Leghn
L7z, At o CriFe & Cr/C ®ESFRIZ CriC 73 4~18 &\ 9 JRFIFH TR D
ni-.

3) C, CrE&MNEMT 5 LA —ATF 4 FEHOBERR, RIEMEOREMZ X
V, EIEREIIXEFT S, —J7 Cr/lC BEEINT 5 & MCsH D CrlFe 73 K% <
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Fig. 2. 1 Casting shape for specimens.
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Fig. 2. 2 Carbon content of y phase in 3C-17Cr cast iron.
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Fig. 2. 3 Cr content of y-phase and M.C,, Carbide volume fraction in

3C-17Cr cast iron.
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Fig. 2. 5 SEM image of 1.4C-27Cr-3Ni-0.5N cast iron.
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Table2. 2 Result of Tensile test at 1173K.

0.2% yield strength, Tensile strength, Elongation, Reduction of area,

N/mm? N/mm? % %
3C-27Cr 160 258 4.1 6.4
1.4C-27Cr-3Ni 139 204 24.1 45.6
SUS310S 91 118 56.7 89.4
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Table2. 3 Result of Impact test at 1173K.

Absorbed energy,
J
3C-27Cr 2.1
1.4C-27Cr-3N1 7.1
SUS310S 210.0
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Vickers hardness at 1173K. HV1.0
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Fig. 2. 6 Change in high temperature hardness due to Cr, C, Ni content.
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Fig. 2. 7 Change in high temperature hardness of various 1.4C-27Cr-3Ni cast irons.
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Fig. 2. 8 Relation between Cr/C ratio and Cr/Fe ratio of M in MCa.
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Fig. 2. 9 Relation between Cr/C ratio and solid solution Cr content in Austenite.
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Fig. 2. 10 Relation between C content calculated from extracted residue and

C content in Austenite from Thermo-Calc.

39



L2
S

—_
-

Cr, mass%
(Calculated by Thermo-Calc)

! I ! I !
00 10 20 30

Cr, mass%
(Calculated from extracted residues)

Fig. 2. 11 Relation between Cr content calculated from extracted residue and

Cr content in Austenite from Thermo-Calc.
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Fig. 2. 12 Relation between carbide volume from extracted residue and

carbide volume from Thermo-Calc.
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Fig. 3. 1 Schematic view of the testing machine.
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Table3. 1 High temperature erosion test conditions.

Test pieces size

50x50x10mm

Erodent particles Alumina ball
Size of erodent particles 1.16mm
Hardness of erodent particles 1140HV

Particle temperature 1073K

Test piece temperature 1173K
Entrained air temperature 773K

Hot air velocity 100m/s

Particle velocity 30m/s

Impact angle 30,60,90degrees.

Particle loading

8kg (800g X 10times)
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Fig. 3. 2 Collision cycle pattern of high temperature erosion test.
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Table 3. 2 Specification of laser microscope.

+ Equipment specification.

Model. VK9700 made by Keyence
Hight resolution. 0.01um

Hight operating range. ~ 7mm

XY resolutione. 0.14um

XY operating range. 50mm

- Measurement condition.

Measurement area. 44.6mm X 9.9mm( X 3 zone)
Z pitch. lum
XY pitch. 11.048um
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Fig. 3. 3 Method of measurement by laser microscope.
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Fig. 3.5 Cross-sectional profile (1.4C-27Cr-3Ni)
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Table3. 3 Repeated experiment accuracy.

Z

Depth, pm

cross-sectional

Volume , mm’

area, mm-
1 187 1.64 16.6
2 160 1.71 18.1
3 168 1.44 20.4
Ave. 172 1.60 18.4
Deviation 27 0.27 3.8
Relative deviation 15.7 16.9 20.7
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Fig. 3. 6 Relation between weight loss by usual method and erosion

volume due to laser microscope.
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Erosion volume, mm’
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Fig. 3. 8 Relation between maximum erosion depth and erosion volume

by laser microscope.
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article velocity, m=S-!

Experimental conditio?(estimation)




Table4. 1 Chemical composition of specimens.

mass%
C Si Mn Cr Ni
SUS310S 0.02 0.49 1.77 25.24 19.38
SUS430 0.06 0.39 0.36 17.30 -
P,S=0.030
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Collision time 0.5min.
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Fig. 4. 2 Oxidation due to re-heating.
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Collision direction

As Cast HT

Oum  50pm 100um 150pm 200um 250pm I_I

Fig. 4. 4 Contour plane of erosion test surface measured by laser micro scope after
3C-12Cr and 3C-17Cr,3C-22Cr,3C-27Cr. (As Cast, HT)
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Fig. 4. 5 Cross sectional view measured by laser micro scope after high temperature

erosion test. (Fe-C-Cr As Cast)
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Fig. 4. 6 Cross sectional view measured by laser micro scope after high temperature
erosion test. (Fe-C-Cr HT)
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Maximum erosion depth, um

250 T I I
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Fig. 4. 7 Relation between Cr content and maximum erosion depth.
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Fig. 4. 8 Rate of erosion wear loss of high Cr cast iron and SUS310S

due to number of testing cycle.
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Collision direction

3C-12Cr | SUS310S

Oum  50um 100um 150pum 200um 250pum I_I

Fig. 4. 10 Contour plane of erosion test surface measured

by laser microscope after 1 and 2, 3 cycle.
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Fig. 4. 11 Cross sectional view measured by laser micro scope after cyclic

high temperature erosion test. (1,2 cycle)
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Fig. 4. 12 Cross sectional view measured by laser micro scope after cyclic

high temperature erosion test. (3,10 cycle)
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Effect of
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Fig. 4. 15 Relation between testing cycle and oxide layer growth. (3C-12Cr)
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Fig. 4. 16 SEM image of carbide hindering oxidation.
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Fig. 4. 17 Result of XRD at the surface of erosion region, comparison with

center of the test piece.
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SEM image O

Cr,0; Fe;0,  30um

Fig. 4. 18 SEM photograph and elemental mapping.
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Fig. 4. 19 Relation between Cr content in austenite and depth of oxide layer.
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Maximum erosion depth, u m
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Fig. 4. 20 Rate of maximum erosion depth of high Cr cast iron and SUS310S

due to number of testing cycle.
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Fig. 5. 1 SEM image of 3C-27Cr at 1173K.
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Fig. 5. 3 Observation of macro structure. (Co based alloy)
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Fig. 5.4 SEM image. (Co based alloy)
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Fig. 5.6 Cross-sectional profile.
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Fig. 5.7 Cross-sectional profile. (Fe-C-Cr-Ni)
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Fig. 5. 8 Surface SEM observation after erosive wear test at 1173K.
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Fig. 5. 11 SEM images (cross section) of close to surface. (1.4C-27Cr-3Ni HT)
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Fig. 5. 13 Relation between high temperature hardness and maximum erosion depth.
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Fig. 5. 15 Relation between maximum erosion depth and impact angle.
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Fig. 5. 17 Relation between impact angle and plastic deformation depth.
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SUS430 SUS310S

Fig.6. 1 Microstructure observed near surface in cross-section by SEM image
(SUS430,SUS310S)

(@) low magnification (b) high magnification
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2cycle erosion test 2cycle erosion test and reheating

Fig. 6. 2 FE-SEM image after 2cycle erosion test and 2cycle+re-heating.
(SUS310S)
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Fig. 6. 3 Grain structure map derived from EBSD measurement. (3C-12Cr)
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fine grain layer

Oxides
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particles

(IT') Recrystallized
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(IIl)Shear
deformation layer

Fig. 6. 4 Grain structure map derived from EBSD measurement. (SUS310S)
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Fig. 6. 5 Thin film milling for TEM observation by SIM.
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Fig. 6. 6 Thin film for TEM observation by SIM. (SUS310S)

132



‘uonoafo.d 1] anbuoy jo abew piaty wbug INIL 2 9 Bi4

Aoomtsmv SO mmDm

LH 1OCI Um

133



‘uonaaloid a1 anbuoy Jo uonealyiubew yobiy ‘ebewi ybug NIL 8 9 B4

134

~ ~J
7 ®1th

(9001I0S) SOTESNS  LHIDLTOE LH 9D71-0¢€




Analysis of electron beam
diffraction image

o1 (21D (121) _
-
B < A

Fig. 6. 9 TEM bright image and electron diffraction pattern of tongue like projection.
(3C-12Cr HT)
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TEM image

Analysis of electron beam
diffraction image
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Fig. 6. 10 TEM bright field image and electron diffraction pattern of tongue like
projection. (3C-12Cr HT)
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TEM image

Analysis of electron beam
diffraction image
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M23C6

Fig. 6. 11 TEM dark field image and electron diffraction pattern of tongue like
projection. (1.4C-27Cr-3Ni)
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Fig. 6. 12 TEM bright field image and electron diffraction pattern of tongue like
projection. (SUS310S)
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TEM image

Analysis of electron beam
diffraction image
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Fig. 6. 13 TEM bright field image and electron diffraction pattern of tongue like
projection. (SUS310S)
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Table6. 1 Recrystallized grain diameter.

3C-12Cr  3C-27Cr SUS310S SUS430

Measured grain
diameter, um

Calculated grain
diameter, um

Measured particle
radius, pm

Volume fraction of
particle, ratio

06 (@) 04 () 1.1 (y) 7.6 (a)
3.1 1.7 4.4 25.6
0.027 0.056 0.144 0.230

0.0119 0.0750 0.0731 0.0105

Particle : Secondary carbide or ¢ phase
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Table6. 2 Summary of recrystallization.

Structure during Grain diameter,

Material . ) Pinning particle
erosion testing um
: : Secondary
High Cr cast iron Y 0.4-0.6 carbide
SUS310S Y 1.1 o phase
SUS430 o 7.6 Carbide
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Fig. 6. 14 Schematic mechanism of surface recrystallized fine grain

due to erosion testing at 1173K.
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Fig.7. 1 Effect of adding Mo on the formation of eutectic carbides.
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Figure Captions

F1E  FEam

Number of Figure Title of Figure

Fig. 1.1 Outline of biomass boiler.

Fig. 1. 2 Eroded air nozzle in biomass boiler.
(a)Appearance (b) Cross section of erosion region

Fig. 1. 3 SEM image of cutting and dimple.

F2E w7 a LBRERO S A & AR A

Number of Figure Title of Figure

Fig. 2.1 Casting shape for specimens.

Fig. 2. 2 Carbon content of y phase in 3C-17Cr cast iron.

Fig. 2.3  Cr content of y-phase and M, C,, Carbide volume fraction in

3C-17Cr cast iron.

Fig. 2.4 (a) Optical micrographs of Fe-C-Cr cast irons.

Fig. 2.4 (b) Optical micrographs of Fe-C-Cr-Ni cast irons.

Fig. 2.4 (c) Optical micrographs of Fe-C-Cr-Ni-X cast irons.

Fig. 2.5 SEM image of 1.4C-27Cr-3Ni-0.5N cast iron.

Fig. 2. 6 Change in high temperature hardness due to Cr, C, Ni content.

Fig. 2. 7 Change in high temperature hardness of various 1.4C-27Cr-3Ni
cast irons.

Fig. 2.8 Relation between Cr/C ratio and Cr/Fe ratio of M in M.C..

Fig. 2.9 Relation between Cr/C ratio and solid solution Cr content in

Austenite.

Fig. 2. 10 Relation between C content calculated from extracted residue
and C content in Austenite from Thermo-Calc.

Fig. 2. 11 Relation between Cr content calculated from extracted residue
and Cr content in Austenite from Thermo-Calc.

Fig. 2. 12 Relation between carbide volume from extracted residue and
carbide volume from Thermo-Calc.

Fig. 2. 13 Austenite liquids surface for the Fe-C-Cr by Jackson.
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Fig. 3. 1 Schematic view of the testing machine.
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Fig. 3. 2 Collision cycle pattern of high temperature erosion test. 51

Fig. 3.3 Method of measurement by laser microscope. 53

Fig. 3.4 Contour figure due to laser microscope. (1.4C-27Cr-3Ni) 54

Fig. 3.5 Cross-sectional profile (1.4C-27Cr-3Ni) 55

Fig. 3. 6 Relation between weight loss by usual method and erosion 57
volume due to laser microscope.

Fig. 3. 7 Cross section of erosion region due to laser microscope. 58
(Yellow area)

Fig. 3. 8 Relation between maximum erosion depth and erosion volume 59

by laser microscope.
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Number of Figure Title of Figure Page

Fig. 4.1 Schematic map of erosion and corrosion region due to testing 68
temperature.

Fig. 4. 2 Oxidation due to re-heating. 70

Fig. 4.3 Appearance of tested specimens after 3C-12Cr and 3C-17Cr, 71
3C-22Cr, 3C-27Cr. (As Cast, HT)

Fig. 4.4 Contour plane of erosion test surface measured by laser micro 72
scope after 3C-12Cr and 3C-17Cr,3C-22Cr,3C-27Cr. (As Cast,
HT)

Fig. 4.5 Cross sectional view measured by laser micro scope after high 73
temperature erosion test. (Fe-C-Cr As Cast)

Fig. 4. 6 Cross sectional view measured by laser micro scope after high 74
temperature erosion test. (Fe-C-Cr HT)

Fig. 4. 7 Relation between Cr content and maximum erosion depth. 75

Fig. 4.8 Rate of erosion wear loss of high Cr cast iron and SUS310S due 76
to number of testing cycle.

Fig. 4.9 Appearance of tested specimens after 1 and 2,3 cycle. 77
(a:3C-12Cr, b:SUS310S)

Fig. 4. 10 Contour plane of erosion test surface measured by laser 78

microscope after 1 and 2, 3 cycle.
Fig. 4. 11 Cross sectional view measured by laser micro scope after 79
cyclic high temperature erosion test. (1,2 cycle)
Fig. 4. 12 Cross sectional view measured by laser micro scope after 80

cyclic high temperature erosion test. (3,10 cycle)
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Cross sectional view of oxide layer after cyclic high
temperature erosion test. (3C-12Cr and SUS310S)

Cross sectional view of oxide layer at erosive plane. Effect of
re-heating.

Relation between testing cycle and oxide layer growth.
(3C-12Cr)

SEM image of carbide hindering oxidation.

Result of XRD at the surface of erosion region, comparison
with center of the test piece.

SEM photograph and elemental mapping.

Relation between Cr content in austenite and depth of oxide
layer.

Rate of maximum erosion depth of high Cr cast iron and
SUS310S due to number of testing cycle.
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Fig. 5.1 SEM image of 3C-27Cr at 1173K.

Fig. 5. 2 Optical microscope of high Cr cast iron and Co based alloy.

Fig. 5.3 Observation of macro structure. (Co based alloy)

Fig. 5.4 SEM image. (Co based alloy)

Fig. 5.5 Contour figure by laser microscope.

Fig. 5. 6 Cross-sectional profile.

Fig. 5. 7 Cross-sectional profile. (Fe-C-Cr-Ni)

Fig. 5. 8 Surface SEM observation after erosive wear test at 1173K.

Fig. 5.9 Effect of erosion angle on surface figure observed by SEM.

(1.4C-27Cr-3Ni)

Fig. 5. 10 SEM images (cross section) of close to surface, upper: low
magnification, lower: high magnification. (3c-12Cr, 3C-27Cr,
SUS310S, Co based alloy)

Fig. 5. 11 SEM images (cross section) of close to surface.
(1.4C-27Cr-3Ni HT)

Fig. 5. 12  Effect of erosion angle on deformed protrusion by SEM,
upper: low magnification, lower: high magnification.
(1.4C-27Cr-3Ni)

Fig. 5. 13 Relation between high temperature hardness and maximum
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Fig. 6. 1 Microstructure observed near surface in cross-section by SEM
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FE-SEM image after 2cycle erosion test and 2cycle+re-heating.

Grain structure map derived from EBSD measurement.
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Grain structure map derived from EBSD measurement.
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Thin film milling for TEM observation by SIM.
Thin film for TEM observation by SIM. (SUS310S)
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tongue like projection. (SUS310S)

Fig. 6. 13 TEM bright field image and electron diffraction pattern of
tongue like projection. (SUS310S)

Fig. 6. 14 Schematic mechanism of surface recrystallized fine grain due
to erosion testing at 1173K.
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Fig.7.1 Effect of adding Mo on the formation of eutectic carbides.
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