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1. 1 B®W

20134 K E D Y KF D A N~ KIFEFHIC X 2 —MEF D 0T, KE2 S L 72
SEXoMEST 28T e LT, $EROEEZRKE(EZ 584fi& LT, 3D PRINTER2:
WY EFohs-., cinzxege L CfHndhE(Additive Manufacturing: AM) (3R 2R Tk
FHEEHIN LY, oMt LYy e,

DA, HAoEEER Y FEltic X 3 HEHAR, BilkERE, - ok
DAL DO WTHEIANENE U F o T7z2d), $hEER T, Stb3$hEME & L R T
2720 Cldel, BEERCHENY A4 XETEEN - it hTn Y. BEEMAEY O X
) e KRBEAEEMIREENNE ST 22 8%, 2o tZEiI% o LESAHl I L
HET A VvEAL TS, WMo REEIZ L, ey b o— BB 0%
D BAELZFHTASIEMICH Y, FEETTI TEAS COBEIRTH 5. NEBHE
FTg &/ vy OMEDPEETH 5 1CHEL O THE OMRICEHE D Y, X HIcHmED
BAEEICEO TRV ZEET 27200 ARBBE AL 2D 2 00, RERARX—ALEEE
HMORTRKEAAHE > TV, 29 Lo/ NMNIREEFTIZ Y, KIEAREE 7o+ 20
e EEEOWEN RO LN TEY, I CHET v ADEFIICE LBro T2 LT
Z5.

Z D X5 R T TR O RN e EEEE O 77— L4 bR Y, HHEo it Th K
Rz FERNICH R 280E T 2 HEESIEOEIN A TEH I N5 2 & Loz, kR~ ofE
JEi& 7 e v Ao T, FFICHER I N TV 20 I3icxt LT 7 7 v EEZ BRI HIR L
THfbE 2 7n22ThH 3. ZoHFATREEZHRT S 7)Y b~y FRT7 =27 2
—2ERBEL LT o AhEEEZR EXECF v, Figl-licR A cliE I iz
RoW Y B LFEDOBEEZRT. ANTETRAZVE ) BRELRWETH > TDH1IHTEE
RIS ARETH v, BfEEEE e L i omuEEEZ2E L Tw 3, BULED
DPir I RHIM TR 2RO R I ST o T MDD EAEE~DIIFFAKE v,

KT ADOBEE G E~DWIFHIRE K SR—EOE L AT 255, ThE TR R
DIEEEFEEDIZE AL ZHEL TW DI FA Y ORETH 72, £ THEEEEHIC
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Fig.1-1 Photo of picking up an additive-manufactured sand mold
(S-MAX, Exone). 1.26m3 workspace is printed in 28h.

WE I HAME OEEZHIET 2, HRICBWTHER v Y = 7 b & L CEEER
FEDMHEAE X 729,

BMESEDMELL MEPBEAEECICH IS 2 LT, KM OERRE 3D
CAD(Computer-Aided Design) 7 — X DIRE ICZ D Y, R OEFEIZTEEIC X 3 K&
E253DCADT — 2 DEIEICfb 2 Z Lic/as. 513D CADT — & &l ffg 2 7
EIRICELT 3 2 &tk » T, ##ECAE(Computer-Aided Engineering) 28 & Y —[@iZi%& ¢
e TEEIN, DAY TITON TV FHETRICDO VT, RN Z2#HECAEICY) b &
DB ECHMNEMEPAFFCE L. 2D X i, CAD, CAE, AM, CAM(Computer-Aided
Manufacturing), IoT(Internet of Things) & \» o 7= £ I3 A HFER R BIRIC H 5. kD
INBTRZEFT O RE i BiE 2 7 & &, BEEHEO R SHRENTIFFICRKZ v,

L2 L7Za3s, AFEEZGE X 25 HWCEIE O KREML - @i b 2388 A — 1 — &l &



DD LN TS —/TC, EEGHIC L VPRI IMROFEICOVWTIEINETIZEA
I T, BEEBW R O @I KT TEE Y v T oBIERNR O E LR 721
HOL»E o Thb T, HiEaX ORI CTHEDO T n v A% EEXIZ 213 8OHSFTTE AL
TRV EDHETH 5, — VW OEE IWHofEa 2+ LK T 5. BIERINE
DRI R O MBEAR T % b 72 5 28, R ICELEFRMOE T D 7257, BEe v 7ol
RIFWHORER T2 b 7203 & PRI NS, EEEOKIERSGESHAGFI N, 2k
A MERICTER T 2. L7zdio T, BEEPHIOMEIC DWW CHEZFD 5 2 L i3ilEa
A b DOBEICHENRD

AWFFEClE, BEERIC X D ELE L 2R OBER LD L S ICHT 202 HL 2T 5
723, EEICKIT T O X EEORE, BIRANEORE, BEY vy FoEIcOnT
BIRE(L S 2 2 L 2 HIE L7z, &5, D EOBIRHINCEME DM 215 2 7- D iREiE A
TEHACERBESEE 7n 2 2 2% T 5 L L bic, BESEENEo BNt e LT
A AT v L A GG O BGE RN O Ic oW TH HI E L 7=,

1. 2 FEX DB
ARHFLEUAT IR T TE D SRS LT3

1= e

2 bR D FEEE T O BLIR & M R

H3E BRSO RIE I IS T 2 S HEE B X Ol i o
H4E W ORI KIS THEME © v 7 R UBHRRINE O E
5 BRNEN T O EE I RIT TR R D2

FoHE ATV L AFHH O BRI IE TN 7 0 2 R DRE
7 THE

AL DR % Fig.1-21C 78 3.
FB1ETE, KaXoMEERE L CHEHMWIC O W TR,
F2wmTlX, WHoBEEREs L7 7 v HEWHER OBR & ES IO W TR L 72,



B 3E T, EEEENE O XEE LIEEOBRICOWTHRE L 2. HEEPWALIC Sk
T2 IHEEDOIELOERPFAET 2L DI, MECRIETH»IBEOHE T ONTZDR
K Z B & 212 L 7=,

FA4ETE, BESEWEOBEEY v F LBEOBREFAEL. HEry 72l
7R DBEOZAICO VT, WO I HEOFE LEEDIREDKE 2V Y 47 CFHEi L
7z, O ICHBIEAINE LiREOBIRIC OV T H HFE L 72,

95 3T, AREA T Z w2 BEERIC oW, iR O{LH % 3500 L 72 Bicid2s
BET 2 REICOWTER L 72, 2 OFE R O IREE N T % B RE R 5 E 2 & 2 L
7z.

Hom T, BMESEDHEMA T, A7 v LA EZE2ICEET 2 7 0w X%
U7z, SFEE O BREMESH A D TG L 72 BR O X 7 v L 2§ o ik % FEs T L 7=,
S DT D E I KT T RE X OB ICOWTHL 2 I L 7.

FBTETEIAMECHELON-HMAZRIEL 7-.
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Fig.1-2. The structure of this thesis.
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2. 1 HEOBEESEORIRK

i s (Additive Manufacturing: AM) I HAR Clid —IcEEEE S L 13D 7Y v
TAVIZ LIS, BIEPEEOEEEH I NS 28, FRHCH S 208 &I b ol I
T& 7. KETIE, T CIclHBINAMEEEMD 5 5B, FHiEoD 720 OREEEE
CBELCHEL, ZoiioBREZILES 2.

fHNELE DRPFIZ1980F IC/hRIC X W FFE I N EEL 2 TH B L I N D, DR
R4 e T RO BGEEBE L S, BEClIfmEhEREMizzor:c X v, ISO/ASTM
52900 CltTable 2-1iC/R 3 7 HEIC —RICHFHI N TV 59, FEnEcofEEE O
I, RO R b L CREQ2EEGET 2. BEHEHOET V2 ET 256 &,
WG oMM 2 F RS 256 TH 5.

2. 1. 1 H=E#HhtHoeT v 2EHT 2 EEEE

R FY Y7 AEE, BREGOBIK (7)) 27y 7 ZATHERL, 207 v 7 ZADR
PICt 7 Iy 72y s V@RI LIZRICNEO T v 7 2% BRE L, b 0 IS E % it
Ll cd 29, BIRORBEERM% b L iceBH R 238G 27201, B X bT7 v
7 A BTV EREREEY cBLE S 2 kSR &, BITECE—RINIciTbh T b,

/

Table 2-1 Seven Categories of Additive manufacturing®).

Method Outline

Vat photopolymerization Curing liquid monomer of resin by light.

Material extrusion Deposition by thin extrusion of flowable materials.
Powder bed fusion Fusion by selective heating of powder bed.

Binder jetting Curing by printing binder to powder bed.

Sheet lamination Lamination and adhesion of film-like materials.
Material jetting Deposition by injection of flowable materials.
Directed energy deposition | Deposition by suppling materials and heat energy.
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ZDETNADHEGEIC B W TIL, FRiCEEREE (Vat photopolymerization) i X % /5iED X <
HueonTns, SLEBEREEY v F2IEHIC NI SRET 5 2 A TE, 2D bR
e M AEELRE L T2 FETH 5. Mt Ptz & OEBEDE P, 16k & O FHf
D AR TEAML I N TEH Y, AN g ofhEicm a2 2 TH 549,

2. 2. 2 WHEHEHOWHZERS 2 EEEF

Wil 72 (R85 2 SN 1L, BEHEOoZN LY b REAEFIcmL FevwxT, &
BB LD D TESTHCERIN TV S, BRIz vy vy 2l e L HEHE RO
AfEZE L CTREL TE L,

W2 RE S CFR T 2 Tk, 2 o8ENEroRE(201EnrNnNDE. DEDR
Powder bed fusioniC /I N2 FiET, LY v a—F v F4 v F(Resin Coated Sand: RCS)
EFL—F—IlX W {tE 22 D0THE™. COFETIRKBEETLLHLNATHS
Y NE—NREFAEFEOMRERGE LB TE S ZLh0, o 7w+ X CRIE X N ibH
LA G b CHBHEEMOGER LITHW LN TE 2210,

b O —ODFEKIL, WENE LKA 2 BN 5 ik TH 5. T DFiEiEBinder Jettingic
SFEENS. Binder Jetting® i1 19894F 1CSachs & 1T X Y BAFE X /=112 2, Bk
KA v 7Y oy b CHREM &2 @RI LCAD T — 2@ ) OBk %15 2 Fik<, ¥t
BRI L TKRDOANL v X —%HlT 2 7atx b LTI NLLD, ZDOFET
X7V h T — ORI AERIC R, EERICH R — FMPBEAE L WO Rz Fio., X b, %
NFE TERTH o 7= &% (Vat photopolymerization) %2 ¥ K PR BE#E & JiE 125 (Powder bed
fusion) & LR TIHEFEINICER & W) RS 23H 319, 2 o FRUC X % & 1ZZ corporation: &
3D Printing (3DP) DEIECHRGE X, 5 HD3D PrinterDEHEDER L o T3, 0D
Binder Jetting DAl Z JGH L 723 0 LG 7RI TN E TS HBHHFE I N TS, I
TICHFE I NS 7 u ke 2D % LT ICHZET 5.

— BEBEICH L TKR DA v X — R ERIS 2 A3k
— % T Iy BRI LTI R A X ) A R B AR
— 77 Vil E e L7 TR LR LA & B 5 77
—  EREBLA R R L 2B LT 7 7 AR FIRI 5 ik ie o



— AV MR EERL 20N LTOKR DN v X — & HIRE 5 T5EY
— KA T RABIEML oI LT R T RAECH & HIR S 2 753520
— Wi L CEME L 7 = 2 — v BfiE & BRI L INEA S 2 U5 ik2Y

LLEodcd, {LH 2R/ L 72t LC 7 7 Vsl % HUl 3 2 75k, fVE, 4rEH:,
IR P DOEIHREICFHICENLTW S 7202, HHOMEI LEBEBRIFETINTED,
G mfEDBEEFE~OMFERKE W, 207 7 v BlMHER 2 EEER IO L 7260, F A4
VCHEEPTIREINZOPIFILCE Y TH 5. 2019F[AETIE, LEEIRFEL TWd A —H—
21X F 4 Y dVoxeljet AG®, KEDExOne?, #EdKocel®, HAD T — X v b #kEH:
WREDRD L, WINOERBSFEEEE L L CIIEEICEETRERTH 2 2 BRI L
Tk, L oHHBTIMZ2/Z 57— 34 XL4A0L/hWA LOEEE*HT 5.

HARICBWTH 2o RAOEREEEIFEE I N, EXR 7 ey =7 b & L TEERFAEE
X N7z, 20134E6 H ORRERIE O T, MEEHEEKNOMFHAEZERX 7v Y 27 + T
T 2 2 LRV IAENTZ & 25T 2, BED2014F ITH = 4 V¥ — - FEERINR A
FHHE (NEDO) D ZELHIZE & L C, £Aiiige & R I IDREE & BT i & Brl e b

(TRAFAM) #30EV . A 7=, TRAFAMICIZ2O DB 7wy = 7 P BFEEL, 0 &2l
BETE—LBLU0 L —F—c XV EEMRZAEMGS X ¢ 2HEEREEDOHFETH Y, b
FVEOD, DA v oYy FHIRNC XY 7 7 v AW %215 2 BE &R EE O T
5., FOWHMOBREEREEICOWTIX, EROBEIHZa—T 4 v 7 LW
(Catalyst Coated Sand: CCS) 2 fbJ@ L, 7 7 vEllgx 4 v 7Y = v +HIRI$ % 556
FEINT, WROMFE T ey = 7 FIF20184FEE T T L, 100L/hBA Eoi&ESE %5 3
LEEB Y — Ay PRS2 LTI N TS,

AR 0@ Y, MWROEREEEOKRE 2 HNTABERTSOMERECcH 5. BEIEHD
PEEmIZZ DR L AEBT VI =Y A8 TH Y, WHOBEEEFICH T H HEE M T
TN L=y LEREOFENETONMBE . T AD 7 7 v BB Z v 72558k -
M OPFE TR T 2RV IR LEFEST 2 2 200, Y BHTOGHITIRL
AEITTONTZ o7z, LL, 7AWMWE AT ZRAELZWEHWSE I TR—=v 7
RGziHilcE 2 2 EBHLDICR Y, FHHEROHEMME~DEMIEL 2 & L 7r o725,



2. 2 77vBEEMFEORESEETRIK

WRIgEEClIE, chEClIcls AdMloshE 7y o x 23 Ih, BETH LR 7ok
ABERICHEI N TN, Dikh T v ABBET 2HIE, 202 ICHIR & REDETE
LTEY, ARichbe TR onTnws 20 Th 5. WHloEEEERfiics T,
INHLOAREE T e A Z AL Cwa, L o>T, 77 v BEEHENZIGH L 7218
JEERICE T, 77 vEBEFENOROMEEREZHLTEY, ZhodEMH LD
HoRREZRDZ L ich?d, KETIE, o 7o R EHKLZE ED 7 T v HiEEH
DIHEL, TNETOMRICOVWTHTHET 2 E2HNWET 3.

2. 2. 1 77 vHMBENGH ORI

W RIBEIEIC 5\ C, BIFE C IR AR R Oz % 5l B A & P OF, 2 LASh o 3R T bRl
BE 7o e R % E O TRHRFHN LIPS, BRI w25 D8 % Fig.2-11CR 7,
ZDH5b, Bl bRV bF A OFHPIEE - 721920 U2 5 B E T, $igko K
BAEEICEWTREMNEH VL 08EAKCTH L. ERIIWEZR T L KToEED 7§ T,
IIZIETERICHAA SN, A 7024 2b B e bax P cRRICEET 2L
BTEDL, —HT, ZEVBEECES TR H L W zoBEH S hic < L, Fa
BEEME W20 1tR 2 5 X9 A KE ARBEICITEHSEEL V., 2 5 vo 2 KBRS %
EVREOHBSH G OELESITICE W TR, ZoHHoiE 7 o+ R FRMRIC X W &L L T %
773530,

I b oELEICIE, H R E w7z, BRI L0 D% Wb R KTl TR
L7722 ST T 25 D TH 5555, FHRUFPOHHIN TV EFETH S 7
B, Z ORI PFRRIC K VA TH 2. 2D, 19MHILKITIZCOM L IFIZI KA T
R & RiRER & L2 I N TE D, 1950FER2ofibivs X 9 ick o723, COM I
KA T AL WEBEBHL7Z D DERICEHED, CONTAZBRIEMLTE 702 THSE. W
RSEICAHZRE L e b b, DD 2R TEN R 785 T & THEMED R L 7.

Lo L3, SHBRIRIGOBIC X WIKAT I AREHT 2 2 L H 0, i O 5
Zhe3l, EERoME L LYW oBNMHIc#ird o7, 2 ARM, 77 v BEEED
B 19404F 1 OKRE CRFE T 723, BIIE 2 R & L 728, 5 o BIC X 0 RS 235
XN B7-0, FERICHDP LW EEL TOREH LI X) v FBDH B, L -HdERRIC

-10-
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Fig.2-1. Classification of molding processes3?.

- A AE{CER

- ZooiFEi

WPAARLL 72720, WOBEAHABES TH 5. BFLYNIIELAIE L) v S
Tw7z3, 1970FERICHEA V& v % T & L 7268 LAI 23 B SE & T b AL 23
HEIN, WK ERTEI Lo/, GREMEHFMNLE LC3ficTr*y FyLxv
EREPESERI(Y /2 7)0, 72/ —A 7L &y HEEHFERN(<~T 2y 1), TArhY 7=
J —VEBEESER(T A 7 7y P2 A EREFEI N

AR EBEEM R, T oI LA & REER 2 B L T Ww T, BUTAY 3 IR A ICRE
DET L, BEAREBT 5. AEEDRN ORI E LT, IFI— MUl oI RE T
Pl a2 X P MR e, LGB T 201D LD 10 L Lo ZE T 5 2 &
Th 5. AEATEEFHEIIARTICN L CAN T EIAD DT 2008 Th 5. il 21X
AONZALZ3ETSE, 1THShOH@ Tl y F KRB A 51550 2 HRIF16MHIC L
27 b, FEAFBEHR IR E LRI A 724 Lk o L b, S5
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DEAEFERTO T e R THBE E VRS,

2. 2. 2 77y ETHEENO IR

77 B, T AT YAT AT AR v =k LT, SHEBAMRHE T O
KEEE X E-D DR VS . 75 VSO WIIE A K IG 13 Fig.2-210w T X 5 708 CifEfT L,
AOBHEC X ) EBAT 2BA L, KEFL LT AT FOBEIC L 3 BAOBALD 3 & &
hé'“mgé%%ib’%%%“%ﬂﬁmﬁﬁi5@3&%@%9%@@%%&?5.:

[H*]
] U U
o OH o o OH

-H,0

A A e W L W W

-H,0 - HCHO

Fig.2-2. Initial reaction of polymerization of furfuryl alcohol.

Fig.2-3. Structure of furan resin.

-12-



NH, NH,

» X+ aHcHo

0

OH NH NH OH
—_— 2
0]

OH

g

OH NH NH N NH OH
_’HO ~_ Y ~_ Y ~
LY

o) 0]

Fig.2-4. Initial reaction of polymerization of urea and formaldehyde.

DRIGIIFRARISTH Y, MEIEVIEERICOETERE 5. BHEIIWDOBAERICHL T
RGBT X B FEEED D In 7z 0RO EFIEIR O 12 203, Bl & LA 2 BT 5 & F
KL % B RN ISP HEITT 5 2 LB Y, FEILETH 2.

Bt e LClt, ED LI dDTLDHIREOMENRFLND & INDD, BFETIHIR
gl TIFNVRANKVIEDIREGVHR M TH 5. T L 75 EBBKFEERIE TS 5729,
RAEL 72K DBRIMNCHH SN2 20 &) D BRISHEEZ EAT 5 2 L ichk 5. WRIRME CIEH
A L 7K IZEFE L 030 720 OB H40CHEFT 37 2 23, W RINER C LIRS DHETT 2358 C
DB L. COBRIFFEMBHELARLE LTHONT WS, 77 v AEESHE 2R S 2y
¥R Y VEER D LEI DG ST W28, TAF A ZRF VIER DRI IS
LT OFEHHELORMBEA K E UGEE I N, EETRIEGRORRE KT 2 72010 K
JEHICHERE & A R S R REALF & L CHRBE X & 2 b 9%, H 7 & O iR IC KOG EE A 4
filT 2 HWCTHBED X 5 e VKR VEERRME Nz d 0P EbFEI LTV,

HHRENTWE 77 VBIISBICIE, 7LV 7 VLT A a—LOflic, RE, FLLT AT K,
Zx) =N, KEERGENT VL, ZOFEIIITL—FICKoTELRYD, —fRICT LT
IATAIa—LDEREPORELS ZMBEICHEHINTHE, A7 Y AT v a — VRN
80D 7L —FEET7 TV (N4 7T v) LY, FICHEHRHE LCHYOS, TR

RYKDOEREDLL L, 77 VAT a—VREHR40-60%D 7L — F&2{K7 7 v (1 —
-13-



75 V) LMY, FICHHEAE LTHYONE., A7 YAT AT —LEE FE 2 ot
Bllc 75075y LTS, REICOWTIE, %< % 518 LI ESSE X h
20, WHDOBIC X O FRRET DR ARICERT AR 2, TARMOKEAL 725
CERBLIRBLANLT T e FOBEGRICEFig2-4R T, £/, FICHAIR ST,
TN T VAT AT — LA B 5 TEK BRI D b s, BIK S %A E F
F, RE LoL e e D 2 BN DK BREMEI NIz 7L — FiconThHiRINA T3,

2. 2. 3 77 vHBEMEHFENICE T 500 FAFFHS

77 vEIBIC X WiEb L =L, BE 7 7 vBHIE 2RI L ik & 8 7285 E1c 0,
WEIOBIELS FRT 5 C LARONT WS, 77 v AR OB, Bl L Bo Rk
E0SEET B, < 0B LBIIRE L 7B c, LARTIC R L 710 & 97 L < 50 L 7 Riie
DDA, WEBEOHAENT L VIR0 THS. LizdoT7 7 v HEEHEN DS
B I BT (35 L BHIS 2 55 & 3 2 & A < GBS 2 0 RN 2 2 & CRY o A
23T % 5919, 2 OFEIZ R D TREEE % 0.7%LL T ICHER: L 72 J 2UIESRIE 25+ ic F6B1
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Fig.2-6. Thermal expansion rate of various materials known as typical refractories.
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Fig.2-7. Veining defects on the surface of ductile iron that cast with furan self-
hardening mold. (JIS FCD450-10)
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Fig.2-8. Schematic diagrams of scab defects cast with green sand mold.
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Fig.2-9. Veining defects prevention effect of artificial sand mold.
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Fig.2-10. Schematic illustration of the influence of thermal
expansion coefficient of mold.
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Fig.2-11. Layer lines on the surface of cast aluminum alloy (JIS AC4C).
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Fig.2-12. Comparison of surface quality of additive manufactured sand
mold (left side) and Die molded sand mold (right side).
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Fig.2-13. Comparison of surface roughness of additive manufactured
sand mold (left side) and Die molded sand mold (right side).
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Fig.2-14. Schematic diagram of Die molded sand mold.
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Fig.2-15. Schematic diagram of additive manufactured sand mold.
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Fig.2-16. Schematic diagram of relationship between
production cost and production number.
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Manufacturing cost

Size of products

Fig.2-18. Schematic diagram of relationship
between production cost and production
size.

Fig.2-17. CAD image of printing layout of
120 cores of impeller.
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Fig.3-1. Schematic illustration and picture of a necking formed on
contact point.
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Fig.3-2. Definition of axes of the AM equipment and movement of the recoater and printing
head.
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Fig.3-3. Structure of the recoater.
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Fig. 3-4. Microstructure of used sand Diameter, D, pm
particles. Fig.3-5. Particle size distribution of sand.
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1
Fig.3-6. Schematic illustration of bending testing.
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Fig.3-7. Layout of the 15 printing. The two Fig.3-8. Layout of the 2" printing.

specimens (No. 2-03 and 4-57) are eliminated
from measuring due to their defects.
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Fig.3-10. Bulk density of 323 specimens obtained in the first printing.
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Fig.3-11. Relationship between the order of measurement and bending strength.
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Fig.3-12. Relationship between the bulk density of sand mold and the bending strength.
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Fig.3-15. Relationship between contact number on fracture
surface and bending strength.

TR T IR IS B AL 72 i A R C % EBRITH X 7. BRI IS B 7= A B s B C & il I, = il
WIS o % eI H - 72 X % Fig.3- 151 R 3. =i ey, JFm 2@ ER ECH 0, B
Wi ICE N B AN CICIERHI L Tw 3 2 e 3bh 5. 2 CHEMDMEX ZEA1EFRH
720 DB gl MM L, X 20.042MPa-mm? (=0.042N)CH 3. ZnzRXTRT & (3-1)
Kehd, 72720, TNEFSHOERICE T 2ETH Y, WoRBECEIERIES ICEE
Ns3bDTH 5,

c=00C=0.042C - (3-1)

3. 6 WAUBEOERICETIZER

WL D 5> X FEpps, EWTHNIC N 2 #i G RBCIC ED X 5 g % MIT ST 0 ICDOnWTHE
295, BAARERICE N2 RE L o kG R CHE, AR ICE £ 2 R TEy
L, oM EME AT, G2) Rk S cKT RN TcE 3. 22T, FHRNMEK
X, WH ZRITIIC I O W DD RIORL L L T 3 22 R THIETH 5. FHRC
fBMIZH Tl ODRFBEOK FLELTWErZ2RL TS, AL LT
FTEICBATWDEZ Lick s, Lo, PHRMBEMAERE Y O &R 2RI 5

-46-



iaicld, 2CHIZLERDH B,
Cy= M N, - (3-2)
2T, BTRREOBWEIRICE E N DK TENAII T O 5 X B Ep, & iV 1 0 OB Ewo>

5@B3)XcEKINd, T/, WRERLIET 2 &, WROEEWIIR T Ep, & IR
Dx#HAWT(3-4) KL 3.

Nv=p»/w -+ (3-3)

w = %T[D3pp - (3-4)

(B-3)XBLUG-4)HX 25, FERMEKE L CHEMABEICE TN 3R OBN Z KD 3
(353,

f -+ (3-5)

—77Smith & "W3H—F O L W% F\C, FEE2%H H74%DMIcEH T 5, 7T
R OENC X B PR EMOEA & EFIICTHX T3, 2 ofER % Fig.3-161C7R- 7.
KEERDFIEEAI51%5 556% 7% DT, ZDSmithd DETEHE LN TV EEMED 5 b
Xt CHEBRDO I % FOER D — KB & LGRS 5 &, FERMZEMIZG-6)RK o X 51
BLILNTE 3B,

M=357f-12.7 -+ (3-6)

(3-2)AK, B-5)AKTUB-6): & v, HARPICE LN 2K RBC &2 TEELS DB
LLTRTLE-DAE k3.

Cy = — (35.7f2 — 12.7f) e (3-7)

B D RAEDIZ128um T H 5 DT, WO FHEKH 6 (3-7) X % v CHAL AR h o
BOEBCERkD 2 TR 3. Fig3-150%F — &%, FHEEMDHEINTHSDT,
Z OWIE L 7= 7 % (3-T) ICRA L €, BT olRKEA RBC ZRkD 5. 2 DHLL
R DRSS BEC ., EHNIC X Y Ko =BT 05 A S8 Cco Bf% % Fig.3-1710 R

-47-



Average number of contacts, M / -

JR % 08 2 LIRS 6R 23 5%

=
N

=
o

(o]

(o)}

iy

—h
M =35.7f-12.7 praal
L—_|/
// D
//
P/
Obtained Range of f
45 55 65 75

Packing fraction, f/ %

Fig.3-16. Relationship between the
packing fraction (f') and the average

j—% &s

FEIC

ORI D = RS L
=X, B-8)XxHWwT

-

16 X

ORI DR A iR %2

Y

&

<, ‘VFERED%0.128mm, Fig.3-14 X Y &

KE%0.035L B &, AGlRDO
-48-

Y

it £ 5 D &

coordinate number ( M ) obtained by

Smith et al®).

70

60

surface, C/ mm-

Measured contact number on fracture

0

Total contact number in unit volume,

500

1000

G,/ mm3

1500

2000

Fig.3-17. Relationship between the contact
number (C) on fracture surface and the
contact number per unit volume (Cv).

2O 5, ZOMEEIX0.035TH 3.
D9 HIEWIIHICIRN 2 FE A RED3.5%TH L L ZEKL THY
3-8 ks, 2iZL. COBRHEEKETISE O
FT3LeEZLND,

C=ECy=0.035Cy

300E

o= O'OC—

~ (3572 — 12.7f)

Z T AR O il A
) Z h%ru = O)Eé

SPRLCE A DETH 6 LEZ b,

o il T 58

- (3-8)

A RBCoMIciZ@-DRXoBEFR2EH 2 2 L b, (3-5)K, (3-7)
W OHRIF R % (3-9) D L 5 ICFREEDRIHTRT I LA TE 3.

- (3-9)

L& T & 72 » D58 X 69% 0.042N, Fig.3-
o 1Z(3-10)XckIn 3.

A



6=239712-850f ... (3-10)

Fig.3-181C/R 3 2 ol ihfR 1%, BT MEcDHHE L L —H L Twb 2 L hbh b

INHDZ ehb, RETHOWAMEEGEEWR O ITHEEsL) X BEEpd 5\ IZFCIHES
DR TIHEMT 2 LB TEL L Db2 S, %72, P IEEpITHERERTEE,
ThWRLAETH 2720, thFMEelddr S HEpD KB CElTE 22515 L
b 7es, UEXY, B4ty ¥ v 72T 2 X5 AREBEHICEWTE, o
M TRE A RETE LB L 2 e o7, COEMSEEIL, A IFEETAb L HE
EHREIEEL RS, WO =ZRITH R ER R C/ T LT, i Eeic e & L T 51K
T D —RICH 7R a8, D T35 RETH B 2 L& 7o 7z,

Packing Fraction, f/ %
30 35 40 45 50 55

2" printing x
n =40 %

3.0

2.5
2.0

"4
15 S

1.0 Jﬁ/

Bending strength, o / MPa
&

0.5 o 7

0.0

800 1000 1200 1400 1600
Bulk density, p, / kg m3

Fig.3-18. Bending strength as a function of packing fraction.
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Spreading the Printing resin
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hardening agent CAD data the stage
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“Re peating the above procedure?

Fig.4-1. Schematic illustration of the printing procedure of additive
manufacturing of self-hardening furan process.
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Fig.4-2 Used artificial sand prepared Fig.4-3 Definition of axes of printing equipment.
with sintering method.
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Fig.4-4. Conceptual illustration of resin addition adjustment.
Assortment of short layer thickness and long printing interval (left) and
assortment of long layer thickness and short printing interval (right).

Table 4-1. Conditions of layer thickness
and printing interval.

Dot pitch | Dot pitch | Layer Density of
of X dir., of Y dir., thickness, | printed dots,
Rx/mm Ry/mm Rz/mm | Dp/ mm?
0.14 0.30 234
0.12 0.35 234 Bending specimens
0.10 0.42 234 |
0.09 0.1016 0.47 233 Z
0.08 0.53 232 Y X
0.07 0.60 234 Fig.4-5. Printing position of bending
0.06 0.70 234 specimens.
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Table 4-2. Conditions of layer thickness and printing interval.

Dot pitch Dot pitch Layer Density of
of X dir., of Y dir., thickness, | printed dots,
Rx/ mm Ry/ mm Rz/ mm Dp/ mm™3
0.08 513
0.10 410
0.24
0.12 342
0.14 293
0.06 586
0.1016
0.10 0.28 352
0.14 251
0.07 281
0.10 0.50 197
0.14 141
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R,=0.47mm | R, =0.53mm | R, = 0.60mm

L
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Fig.4-6. Change in appearance of specimen with changing layer thickness.
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Fig.4-7. Relationship between layer thickness and average bending
strength, and layer thickness and packing fraction.
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Fig.4-8. Curve of equation (4-2) and distribution of bending strength.
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Fig.4-9. Relationship between layer thickness and bending
strength of sand mold with standard value of packing fraction.
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Fig.4-10. Relationship between resin addition and bending
strength of sand mold with standard value of packing fraction.
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Fig.4-11. Relationship between resin addition and bending

strength of sand mold with standard value of packing fraction.
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Fig.4-12 Schematic illustration of a
necking formed between sand particles.
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Fig.4-13. Relationship between volume of necking V and connecting area S.
Solid curve obtained from equation (3) and (4), and dotted approximate curve.
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Fig.5-1. Unspread sand made by electromelted atomizing method.
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Fig.5-2. Slump testing of the mixture of sand and acid catalyst.
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Table 5-1. Median diameter of the sieved sand.
36 mesh 50 mesh 70 mesh 100 mesh 140 mesh
Median Diameter, Dso / pm 445 322 245 168 128

36Mesh 50Mesh 70Mesh 100Mesh 140Mesh

Fig.5-3. SEM images of the sieved sand.
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Fig.5-4. Particle size distribution of the sieved sand.

-69-



Vibration
:17Hz

. Amplitude
:0.5mm

) Imm

Fig.5-5. Model of the recoater (sand feeder) of the
equipment of additive manufacturing.
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Table 5-2. Printing resolution conditions.

X direction Y direction
Distance between dots / mm 0.10 0.128
Resolution / dpi 250 198
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Fig.5-6. Calibration line to estimate binder addition.
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Fig.5-7. Flowability of mixture of sand and acid catalyst.
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Fig.5-10. Model of a necking of
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Fig.5-12. Relationship between the particle size and the
additive amount of acid catalyst.
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F6E XRT UL REBHOMBEBICKIZTEHREDRE
FrWBEIDRE

6. 1 =S

A== ZHHAT v L R E CERIEE & s w2 e Rio 2 LTS i Tn
5. 7z 74 MHEA =R T F A4 MHO ZHOMBABN 2 “HA T v L R L8/ X
EHROBIERFH G L NALTAT YA LT3 ) 218, 408 EDiiffLEIEE (Pitting
Resistance Equivalent Number: PREN) 2315 5 4, MHEMEDFFICEN T 2MERECTH B,
Fig.6-LICHEMH S LT w3 REMW L R T v L 28 E DR FEMR 22K D & % DPREN &
GIRIBE 2R 32, A= ="M RA T VL RFHHE< VT VYA P RRAT L R L [
EOMEEZE LD, MOMEEbHAMA TWE I eBbrs.

W 2R b A —o— T2 T v L T, B2 13K R ED 720 DIKESR
Ry 7 LTHwOLNA TS, BfERD —MRIN7E 7 7 v v ZAKESNL, =3 F—2%%

1000 - —T—
scs24 <=4 Precipitation

900 = hardening
& 300 5Cs6 1
=
s o0 - Super Duplex
73 Martensite * °
3 Duplex 4 ceswn|
& 600 = po s CEC3314ITIV1'WN
) scsi
= Austenite ses11° 0
5 500 p xx

400 SCs13 sc514“ SCS16AXN

0 10 20 30 40 50
Pitting Resistance Equivalent Number / -

Fig.6-1. Balance between PREN and tensile strength for various
stainless steels.



AT 5 72D IR BEFOHHGMFIC X o TRMNICEGTE NS 2 L% WY, ZoGEIcf
HINA v_T7 =7 =2 Vv IR Ny NERED 2 VIR DOBDEREL 72 5.
ZH o tBRHClk, BESHEWREEZHAWCHET S LIicky, ERIEE KL T
A a R b ORIR-CEANIAL R C % 5. MRlOBEEEOERNICL > TRICEE
DHEHD—DOTH 5.

L2 L7as s, AHBIEZAv-miic X 28, ShEmoRmOMENE?% %
ERHILNTWAD, BRIcEb L TR T VL AT, RRICMuCaID 7 v LAt %
AT 5, MEHEIMET 3 2512, @H O EA AL 21T o 7 8ip CIZRIEIC 72 D 12 <
WS, SEAL BV 2 2 L & IO & T CofiIC X o TREFICERILI S ER T 5. C
i X0 RACYI L o F R © 7 v ZREMET 32 2 & TRSAUSERREET L &
Nz, AREEZHCZ#EICEWTIL, BIEDDIET R 2 B850 WIN L BFNLERS D ik
BRERERT 2, CORRBEKPEL 2 &, @PERRFEICL > CERACENUERZ S AL
ORI ER L, FRCSHENLEFEOMB MR K E L2 2 &IN5, Fige-2iIcfE=EiE
TR cBLE L 7 AT v L RSO FHNUAHE O Z R 3. 10mass% > = 7 BE/KIBIR

_~ Carbides

Intergranular
corrosions

Fig.6-2. Image of intergranular corrosion of cast duplex stainless steel before (upper
picture) and after (lower picture) the electrolytic etching. This phenomenon is related
with the superficial carburization of the material.
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THEMBREZITS &, RKIOEHEF EEMICEEI N, FUNAEEZELTWwE I
Bbrsb.

FrICEE SR OG5 I IBIIERINEDS % <, RAGHMK D i TE AR E 15 M
CH5. LrLaro, MEGEDRIZRINICEMLIZIRZE D e 5 & v S ME S e
ffoTwad., 22T, AETIR, MEEEDREORNEZFIHT 2 2 & TIRIRBIR 2 HilfHl 3
52 lRHEHME L. 72, BHE—MRAVICH G o T 23 A% B MR o filid 7
ok X CHEHINWRTHELZ B R, RIRAK DK 2T 7.

6. 2 ZEEBRAE

6. 2. 1 HHOFE

FEGME IZASTM A890/A8IOMIMICHIE & 117-5A(CD3MN)Z FH > 72. SAIZPREN =407k
HDONEA—N—"HHRAT VLR EIFINEMED S b D—D>TH%. PRENDRIHEITIE
Ik 4 B 20, TOMEDEEICIIFRBMKICED ONLATONXTEIRL, 40U Lk 2
Zenkoohs,

PREN = (mass%Cr) + 3.3 (mass%Mo) + 16 (mass%N) = 40

BFRIT 150kg D & ERGH BN &2 I\ CAT o 72, IR ENIHMIER, k7 v o A%, EF= v
TN, Bkevhvae, ke avade, $EY) TTvAe BBk o sE582 v
2. C,PSICOWVWTIFTE SRRV AR AR LS, thotkr»HEREATZ D DL IIT
ML Twinu,

THAT VLRI RIICELIEZ DO T 2 T4 FERE X Z50v0l% (A—RTF A4
FERIZOWTH B L Z50v01%) & 72 X9 aisn o CAMzZHE T 2D, 27V LR
MO TR 2ICH7zoTE, Mo+ —27F4 MLailET 2 tHE 2=y 7 L Y8
Nieg)& LTEKL, 7274 MLERET 2TLHEDOERFREL 7 1 LY EH(Cre) & LTKT DN
—fETH 5. RETHEL7Z5AD X 5 ICER 2 EOMETIX, AT DDeLong> YD %
VI TNiegB & UCreg 2 KD B Z D3 TZE 3.

Nieq = (mass%Ni) + 30 (mass%C) + 30 (mass%N) + 0.5 (mass%Mn)

Creq = (mass%Cr) + (mass%Mo) + 1.5 (mass%Si) + 0.5 (mass%Nb)
-83-



FRA»omalN g X518, Fic=y F AV YREIIRFRVERDEHEDE 2 IFE
R Z U, FRE L TRENICEONEG 7274 PR REIEH T 2. @ oM
HEBAY, RuRICEEEHEHZEDTC7 274 M EEGHEIT20IRNEECH S, L
o T, HoBh D7 254 VREE2/[L7-01C, MEBETED -5 & ICHGKT %57
L, ZDBROEITLRDOIHED bAI O BERM Y % FaGt L, Ro##2{To7%. X7
v L 28 O fH# Tl 13 DeLong 319 °Schaeffler YO KB F X/ TH 54, 774 PR
20vol% LA F oAk Ml CIEERAEA K 2 v, THRA T v L 2o riloRXiE, HlziE
ZH LI L VIME TN TV B 219, BRI B W TH0 Rk E %2 2 > TRl 23T EE 72 X
37,

LR (X AF3 T o 72, TR CTOMEBIBETE S 721ERIC0.05%D T 4 FA LT L
42 (60mass%Si-30mass%Ca) CULHE L, A% IC AL RIRE D S CALBE L 72, HidH
%, b UXPFTO0.10mass%® >V 3 ¥ I a = LA 4 (50mass%Si-35mass%Zr-
15mass%Fe) CALER L 7z, s Y 72 VAl K 53-8 % Table 6- 11T/~ 9. [EiA (L AVULER |3 H 22 B

Table 6-1. Chemical composition of the melt (5A Super Duplex Stainless Steel Alloy)

Content / mass% C Si Mn P S Cr Mo | Ni Cu N PREN
ASTM <0.03 | <1.0 | <1.5 | <0.04 | <0.04 | 240 | 40 | 6.0 | <1.3 | 0.12 >4()
A890/890M 5A -26.0 | -5.0 | -8.0 -0.30

Analyzed 0.023 | 0.43 | 0.77 | 0.008 | 0.007 | 24.1 | 48 | 79 | 032 | 0.24 | 438

Ty
1150°C 1h TR
@ N "
S
+— 5
E 3 >
QJ YA
o 2
= o
C 3
X i 200um F
\»?z ,.:‘";é ff\;-gmés}gng
Time Fig.6-4. Microstructure formed by
Fig.6-3. Applied thermal cycle in the ferrite and austenite phases.

heat treatment.
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Table 6-2. Mechanical properties of the cast (5A Super Duplex Stainless Steel Alloy)

ASTM A890/890M SA Measured
Tensile strength / MPa >690 780.3
0.2%Yield strength / MPa >515 535.5
Elongation / % >18 24.9

HYF A AW CFRig6-3Icmn T imE 7 e 7 7 A L CTiTo 7z, GWEIZT ATV AR E Wiz A
MTH 5. Figo-dlIlBMHBR LB o W@z Rs. 7274 eA—XTF 4 D
b7 2 MR R T v L Ao TH Y, HBEE,»SRkO7Z7 274 PFIZ
53vol% T 5. BEMIMHEE IC oW TiE, BIED MR P2 ERL L, 14A 53 ERA1®
ML L CHIRERER % 1T - 7z. Table 6-2038 H RAF M %R L, ASTM
A890/890M D LK AE IC DT b F4rICiiz LT 5,

6. 2. 2. BHRUOIFRISEMN

Fig.6-5(a)iC /R T & 9 AR EE50mm, & X 150mmD H 1% —fk iy 7 Fih o Rlic X b sl
L7z, LN, v X 27003, 77 v, 7=/ -y 2y Bl Tk
Y7z —ABEEWNTH S, 72, Fig6-5b) AT & 57, HEAS0mm, £ X150mmd R
BHAEOHTFICONT, 77 VAT m v 2 2 I0H L - BESEE AR X 0 ERL L
7. ZONETERINEZBOFLERN IZ VbW 2 N RIEERER->TEY, T TR
JEiX3mm, Smm, 7mm, 10mm, 20mm<TH 5. F7z, NOEWTWARWIMHIGERIL 72, T

Core thickness
3mm

oMM 7mm No vent
B ' ' 10mm 500 m ole
E l l
£ |||
o
(e}
—
d)50rr;{m
(a) Bench molded core shape (b) 3D printed core shape

Fig.6-5. Schematic diagram of the different shapes of cores used in this study.
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TOWMRIIBEEEO N T2 CcihE X, Z DOAFSKETREUIZ108, FERERIX128um
Th 5.

P OWBAIF & LTI O T w3, HIRDZSIONF =4 v +308, [iFEH;
FEVIRR R 4t D oK MR AU % APPSR AN ¥ AR L 72, 3B AR L 7= W0 B o0 W7 TH 5231 % Fig.6-6 171
. BHH OBAIC X ZWEOFEZIZ0. 1 mm T TH 3. B OREE X 1FLFTIC X
DIELOEFRALNED, FXZ03mmTH 3.

T, N UKL AT LOFEELRFET 5720, BHE Lz TAoERE A v iR
AR DO 1T o 7. Ric, HEEEDHORNE L RIRAR O ELZRET 570, &

Coating Layer

Fig.6-7. Additive manufactured the cope mold, the drag mold and
the cores.
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HAERL7Z23DEML TRV DDICDONWTZENENRRRRO WK% 1T- 72, RERICH
W72 D &E % Table 6-31C8 T, D DHFZFig6-71Cmn s X 9 7 ERNCTHL A A4,
Fig.6-8I1C/R T X 5 AfRICERE L 72, 3 RCoEcERIR 7 7 v Btk ofEERIC X
DVERLL 72, O N 7= B 13Fig.6-9Ic /R L7z & B 0 YR L, 10mass% 3 = 7 FE/KIATR
FROCEREEL, WL o RmEFEOMMSEHEL 2.

N\

Table 6-3. preparing conditions of cores

Resin Catalyst | Core
System | method Addition / Addition | Thickiness

mass% / mass% |/ mm

Furan 2 0.3

Alkaline Bench 5 04 N .
Phenol enc‘ : o ven Z1Si0,
molding hole

Phenol 1.2phenol +
0.07

Urethane 0.8isocyanate

Coating

Condition

3
5
7
10
20

Without

coating

No vent

Additive hole
Furan 1.8 0.27
manufactured 3

5
7
10 ZrSi0,
20

No vent
hole
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70mm 120mm

/

\@6‘6\/,\ 10mm ﬁ

7mm

70mm

Fig.6-8. The shape and dimensions of the cast specimens.

feeder

Fig.6-9. Cross section analysis of the test specimens.

6. 3. BREARIIRIFINAVES AT LOFE

RETIE, IravFERERA L ZFEOAN, VAV AT A2 X ) FAwER I -
WRIC DWW, [Fl—D AT v L RS % #iE L 72RO R Z I L 2. wIhodk
ECH R E NIFE T TN TR, Fig6-101c % OfiR 2R+, AEH ()%, 7ArhV) 7
=/ = VABEEHENAACCHELZ2b DR R LT3, HErBRMNEMHPBE I D 2,
BREREZTo CORADFRIIBIZE I N v, BiE, SHRMEoHEICETIRD —
BRENCHW BN TV E AN, VX R T L TH S, RO, 7=/ -y Lz v iEE
FRZHCTHEL 2D 2R LT 5, MBI EY DSBS I 223, RS EITE
HaInhrotz., kR (o), 77 vAEEHENZHCHELZbDEZRLTWS, 7
7 vEBHENEZRACTHEEL 2D DICOWT, ERKL7Zd D %EFig6-111Cnd. SHELTEE

CEREIBR I N, FEWRRRONMEY B S 8E %I NS, ZONMEWITOWT, EDS
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Fig.6-10. Microstructure of the specimens cast with various binder systems: (a) alkaline
phenol, (b) phenolic urethane and (C) furan system.

(a) Granular inclusion (b) Corrosion in the
vicinity of the surface

Fig.6-11. (a) granular inclusions and (b) corrosion in vicinity of the surface in
the microstructure of for the specimen cast with Furan system.

S Fe Cr Mo

SEM image

Fig.6-12. EDS analysis of the inclusions from the specimen cast with a furan system
core.

M DFER % Fig6-121C/8 T, Bids, v, ) 77 VAR I, CrSPMoSE o 7=
WAL ER L T2 Z e BHL L o7z, 7 7 v BRI EEAR S I X 2 Bk &
IC & DL ETS 5. BUEClIbiR R A A V& VIR DR EY) 2 LAl & L3
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BHILNT WS, KEOFERI Y, 77 vABEEHEHNOBLANIZ, 27T v L 2EH0oLE
THoTHEBMMICTHEENRD L LWL E R 5T,

HZNA VvV E AT LCHEE L 2ABRA O, KD O NE~ D R FEIRE D 434 % Fig.6-131C
Y. WThOLEETH, BILTIIIER ICEVRFRESRT TN 225, WEicfT<icL
2o CTAMICRBIEBEIIMET TS, TArh) 7=/ —A 70w AT, REDKBIEE
DECKIE, $EUL2 50 2mmOE X TIREURCONE L 12IEFEZ%E 2%, 77 Fuk
2L, £/ w—THBZI7NT7IATAIT—LDOERMELS, A v 7Yy FHIRIL ST W
ZErLEEERICLXHVONS, L LA, A7 v L AFMoEEIC BT,
FECHKEKRPEL e RERAHE LT,

g
o
o

0 Alkaline phenaol system
O Phenol urethane system
% Furan system

[l

=
o
o

o
U
o

o
[
o
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o

rbon concentration/ mass%

0 0.2 0.4 0.6 0.8 1
Distance from surface / mm

Fig.6-13. Carbon concentration near the surface for different binder systems.



6. 4 RRBRIIKIIITHENELZEDOZE

B 2 WE & Er o E S S L= o WCHIE &[RRI i 2 1T o 7. gt L
THREATD 7 b o T2 StF O BB O BIZHAE R % Fig.6-141C7R 3. 3mmD HEOWHLIC D0
TEFFHGOBRICEGIC X VAL 7228, SmmPA EOREOWEICOWTX, wind e
BABLOBE T 2BF o N Tw 5. RN RFHEIZH L wis, WEECIDECIRRKIC X
LRFEER D 700,

WAL D NIED20mmD A & AR E R WEAETIE, 1§EAEETZROMAR W, A&
DEESEMF TR, WHOREL20mmDEE D H AKZ ROBEREIE ¢ 10mmTH 5. i
X, EEOWMEFREIT 2 BRICERT 2 HEHBN AN AIKEROERTH S, LrLl, TDOX
) e MR IR AR E R T 72720 Tk, BREZVIET 28R IFIFLA LRV 23D
25, RIKBRZHEH T 5720101, {ECROFEHRL Y WM % 13 2 210 GREHT 2 B E
BB, LirL, BWHZSmmE CHIHKFLAZE LTHRREKEZE2ICHGF2 2 &3
TET, U RICECGEICIIFREICHE R 2 R TE v,

RIZETOHRFIIN L TEMEITY, RO M THIEZ 1T - iR 2 Fig.6-151C /" 7.
ZOFMETIE, SmmEIDOFFICOVWTHIFIAT 5 & i HamifHonTnws, Bl
179 2 LI X o TERRBRRIIKIEICER S, BRORWESTmmEL T O&ETix, KR
BRIFBE IRV, PRIEEROBVEETH->TH, BHEFEHL & o7 & KT
2L, FORBEOFMELY DEREDHRL 5. BEEOMRE T & ik L T T
720, DETZAORINEZHE L2720 ThseELLNS. RER OFEIHTHDKRE
BREEICD W, Fig6-1610n 3, RFEEIFBEH AT Z L ICL o TREMEFEI LTS
ZeBbhs, oD Ehb, WHOREZ —ELLT (KRETHEML 254 TlE7mm
LIT) &L, »olctkofECBAHZWAREICEMT 22 it ko, HILAHECTD
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5mm
thickness
core

7mm

SRS

W

10mm

20mm

No vent hole

500pum

Fig.6-14. Microstructure of the specimens cast with different core thickness without
coating.
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e T N e v o 4 thickness
A b B VIR core

10mm
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No vent hole

> 500pum

Fig.6-15. Microstructure of the specimens cast with different core thickness with coating.
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2.00

m 5mm core without coat
1.00 @ 20mm core without coat

0 5mm core with coating
0.50 O 20mm core with coating

0.20

0.10

0.05

0.03
0.02

Carbon concentration / mass%

0 0.2 04 06 0.8 1 1.2
Distance from surface / mm

Fig.6-16 Carbon concentration near the surface for different
thickness core and coating conditions.
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LT3, RFEED XS HENICH L TIHNE APy23 522> 2 BRICHE U % MG T ocl(6-1)
RTHKINBY,
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22T, REMEDXE, HIMBOESTH 5. WMEAPIIBELGOHFHKIETH L L T2
&, BGEEpnkTx10°kg/m?, BEIINEE g% 9.8m/s?, KiHrE REECORKIETH %
0.1lmet ZNnZNnBVT, 62ROV X -4 DEMEY, £ U B5)E AP35 L %7.8kPa
L,

AP, = pgh ... (6-2)

L7z3o T, (6-1)F &Y, WARICA U 2 A1 1F0.13MPafEfETH % & FRII N 5.
KECHWZMROERBE BN TWRWE, —RNZR 7 7 v B O SRR

ICOWTIRFZIFIARSOIc kYA I N TS, Fhick g, 79 vEBEEHEN DS
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- TEHIRETH .
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RMOBRETH 5. APIZBEGHIHEOTENE, INBOENDETH L. LIIWHOE X TH
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L
EHRETIE, TAOBEEEVIIN ADAEBHEEICHE L, iz, BXEp A E
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Fig.6-17. Schematic diagram of the relationship
between sand mold thickness and gas pressure
near the casting surface.
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Fig.18 Cross sectional CAD image of hollow Fig.19 Cast impeller specimen with
structured core (3mm thickness). hollow structured core.



Fig.20 Microstructure of cast impeller specimen with hollow structured
core.
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