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2.1 fERHFSE
2.1.1 BEEEINFEED A T = XKD T

VRl L 7o B2 m AL CREE T 2881, EIRIAAREIRZ R TR T 5. 2D
R AR U IV TR D TIEMEDIR W B 5 Z L NV b D, 2 Oz
[l G S ek (Solidification brittleness temperature range: BTR) & FEA TN 5. Z OFEIKIC
BOTEBICEFIGEICHE S AR LICLY, —EEL EOOT BRI 5 & E s
B35, ZOEF A EEEFFL(Solidification cracking) & FEA TN 5.

EEE BRI 5 A I = X A0F Singer™ 2= Pellini®™ 12 & © @i S =05, Borland”
1% [Generalized theory) Z#2W L, %R 2 O FIZEM S LG 72 BRE, @)
BHEWELE - TL HBRE, OSSR OB, @FEREEE B D 4 BePEizs31) T
LTS, 204D S, BEEFINE, ORI 2 BT 2 BRIV T
ATHEEZLN TS, ZOEBICEWT, HIFHEERIEE L, MikiTsEWIC
HHBEI TERUVRERBIZ R > TV DL Z OB % i SR 355 (Critical solidification range)
ERECY, 2 OEFREEEFIE AR X WEEOTTD, £z, EEA O/ S WIRE R &
HOEEIE ERBEENNEE LT N ERRITND., EECHED X 9| T A 2 F:

Grer, THIEERE & 1378 bR, Zr R DA 4 TIEEARRREE MRS RBIT L,
B OB BRI AN K X < Ap B 720, BEEEINSIEAE LT D,

el O, ALSi R, Al-Cu %O EEIAERIEICI T D, DU BIAAIEEE & UG 1%
REROBIREMS 2 JE Lz, ZORENS, BEIRIEREITIGEIRGIEE &, 5195
SFARE (ERIRFISHRAERE) L0 ) 2 008MEICE > TH T bR Z &%
BISNZ L7z, 51T, Singer O & Borland DA 5 F 2T, REEX OEHEILAFEK
DG YA (Semi-Liquid), %5 1 OYEEFH (Primary Semi-Solid), 55 2 DO YE[REFH
(Secondary Semi-Solid), %5 1 OYEFE MR (Primary Semi-Solidus) & O, %5 2 OYHEFEFHKR
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(Secondary Semi-Solidus) (2571772, EEEFINVDOFEANLA B OEEEIMEIZ LV, AR
RSB ET DIRRE TR Z 572, IRV NS WIRENDH Y, /OO D720 2
OHEE AR 2 OUEREFIREEHIPH A K5 & L CGHii T 200384 Th D B 272, &
7z, BEEENFEAET DM, WHORUC T S AV EIET 2B, IUREICAE
BT UGS S5, 5 2 OWEFRFITOSIRM S 2 LR 7256 Th D Lk T d.

ProkhorovV I3M B O EIRIC IS 1T D AEME £ 7213 B4 Fig. 2.1 O L 5 IR Lz, Mo
FEMEITIRAFEARIEEE K 0 D UARUWEE CRBICAR T L, BEFBREELLTIZ/ 5 & IEMEN 2
BB T 2 R TR &, 2 O ili#R & IENE #R(Ductility curve) & EFR L TV D, Z Ol
FRED, FEMEDNBIIAR T Ligw DIRE & [BI1E Lig HIREHEIPH 4 BTR TRL, ¢ P
X O Dpyin V2R [E P D 42 8 O B ARAEME I (Minimum ductility) & L CHEH L T\ 5.

B OO, @36 L OIFEEE T ORJBITMI DML E I ITOT HE R LTV D.
SEMEHRHR & 2230 DGR @IE, MBHRHETd 2 PRI LV & RERENLE T2 ITOT Z23
Mo 278, BEEFNNREET D, MR TITEMEHHRE LV /NS WA E 72T 0T A
Lo Bz, EEEEIILAFEAE L, BHROITEEfiR 8 LTl 0, BEE

NWDFET AL WVDDIRRE LTV 5.
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Fig. 2.1 Schematic explanation for the occurrence of solidification cracking from a view-point
of the relationship between ductility of alloy and deformation.”



T, R E 2 S IR ARO O %% At %2 CST (Critical strain rate for temperature
drop)& L, ZhZRElEAVEZMEO BEARFEE L LTI L 72, 20 CST 1L BTR DK &
SR € miny Dmin DR E 70 CHEMEMAR OB B I N T CE 246 E LTAHD)

ThDEI~TND.

212 [BEREAAR I I 2 12 A B3 S s

BEEFIIE, WHEROEREINEEZ, @M EnMET 52 LIk VAT L51REN
ICEVRAETHEEZLNDD, TNETOMETIE, ERILFERERICET 5%
WPEEAFIE, SIRRERIZ LD 6 On%.

R AR L C D S F R O BUG 5 iE121E, SRR 2 B AR AR 5
BRICOFMNEN U TR RRIC W TR 5 715 & O 2 m A L CREE R o oo
BEERIE TR 2 HIEO 2 I T D 2 LR TE 5.

ALk & O IR EEBER I B HUNHE R, SISRIR S A E Lz, HER, KIS "OILEREE
BRICBIT 28RS, MO Y T 2 ERREOIEEZITo72. fHS Y, kEs P
~O RS O @A INEE DT AR S E 20 b, EIREFIRE E TR A
L7cDb, Eiis RSB 2 W CoRM S Z210E L7z, fEH O 3m A (0.17 K/s)

THRBRA Z2mAIT 5 2 8T, RFHOMREHFERT O [ AFIRRE OFARE I ZAH 4 9 2 fi ik

iy

THIERBR L TV 5A. KEGITRFEM, A7 VA, &7 v 28i%05ERBRICHE N
T, BEEET AN ATEMEHL, MR Imm OT VI FHl~——I2 LD in-situ TO
FTHEFML, 2 AREHZ AV TIRABREOERIOREMRIEL TWD. RilEHIX
6000 %, 7000 R7T /LI =T LAGEOGERBRZITY, SIEMRS & EMEEORER, v
7R EREDORRERDTND.

C.S.Lin & "2V%, BT ICEBifi & it LIRPUNB S 5 Z L1k - T, #20° Cs T
B A FINEL L EYARIIREE T Rene 108 = v 7 IV ESEBA S OB IERR 21T - 72,
Novikov & 2 |33 BRF 2P RIS ANVEIIEN L, Al-Cu, Al-Mg, Al-SiZ7Z2EDT L
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2= U LG OFEFIRAE TOIRMR & &R O RFRYIZ KO TS, Fig2.2, Fig2.3
(2 DG RO 2777

HH S T Al7%massSi A4 O EEEREE T O T FRHEE HER © DOk 55
VAR R ] 5 | BRI S A /ERL U, RN T ORE[EHE & 51 9RIE & OBIfRZ BUS L T
5. Flm, TVRIA be~v—A—L LT L TENEZREEET AT ATIZLDZD
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&% W ELAT
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Fig.2.2 Temperature dependence of tensile elongation of Al-Cu alloys.*”
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Fig.2.3 Temperature dependence of tensile elongation of Al-Mg alloys.

(a) cast alloy and (b) homogenized (400°C, 24h) and hot rolled alloy*”
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BEEBINESZ MO 2+ 272012, Mx R TIERHVWLTZ. £OH Ty, U 78
& s R oD 2 FEFH OS2 A U 72 BEE R A — ki TH 5.

U v 7 RBRIEIL, Singer D 20 TN E AL & BEEEIN L OBREREIT 22 0ICB R
L7eiETH S, U o 7RETRNCH S LR ORmICHN D, FIIvE S Ofid 5%
EIE CHBOFFEEFUVEZ T 5. Bl DR E LI WESOFFERINMEZBETT 5
72812, Singer b & X7 B HEDOHR & W IZFEE b IAET 5 2,

W AE LW 2 7 7 o D% TR LT BRI & O L, BINRBAEOH B2,
HNEZEL LB R OR/INRES, H50TENEECRVEBR ORRKESIZE-T, &
SOHFEEINEZTMT 5 HETHD P BRETHHMliT 2040, BROELRDLKED
B & L, OB CTHERNELZFmT 2 5E b5 5.

Vo 7RI, TRERIA L2 ORNH D P b b b3, AR
PRERIN 24 LT W a0 MR IEGHMEEIC T E v, —J7, ko st kT
N OFAE LI WAEE, KOEIORE LT WESICK LT, il T 2 51
LT, FNAL L DR A AT 5 2 LN TE LN, SEEFHn LRI TE D
BRITELEROLNATND.

— 05, WEEREO 2O ORMBICK L, T, ms R 04 & O - id s
Boris (LA, 1 B — L BREPRT.) 2R Lo, BBRA I R BE BRI 72 5 &
T, STIDOMEE RSB 2 JE D 1T T 5. BBRA ORI L RS
TWD T2, FofEEERNCIE, ZNLSNOES TONMEA G HROT & LTNP 5. £0
RE SIHHIGIERES R R DIZEREL QD (> THNS WERIZEENEZEL D
PHIRIEREN R < 72 5. T 72b b, Ba0#FiEtt2Hh o4 UV ok aik EEc L v
M CE 5 & LTS,

BEE U AR 5B 2 B OTBANICRET L, ERICFHN T 24BN H L LB, &
325 1308 U < Ehai BBl Esis (D% MISO 5 L Fid) 25 R L7-. MISO ikx#M+ %
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Z LTk v, BEERE OZEE) & O R EREIARERIC 3T D EEERIN O FEA, K OIEHE
ZH) & X OREEZRSNTND RSN T AV AITBWNTHALND B — FERH DOBERR
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IEEICRB W TERERN AR AT DRI R O e RO TFFITIT L A R0,

Z T, HI3ETH, MM UM ERSIRBRIGE VY2 Az 0gBlgRic &
2T, BEFINSEET L ETOREIBILROTHPEGTE 5 TEERETD. £L,
BB~ 71220 LGBV TEEFINEERAOTHAZNEL, TLLEEDR

IR DIEMEMFR A KD, ZNENOEEEFIRSZ D ik 21T - 72

3.2 ERMELE R
3.2.1  HEEABTEL

AR EHZ TR ER 4 TH % Al-Ca-RE &, Al-Ca-Mn %3 KT8 Al-Ca-Sn RiiHE~ 7%
U LG4E L TTIRD AILRE R(AE44)D 4 T DM~ 7 Rr v U LG LINHO~ 73
7 LE4 (AZ91D) % AV /=, Table 3.1 12F DALSERSY 2”7
322 #EgA

PEERBIEE 2 ANVEME AT A TS L, HUKHE /) 245MN O i@ R REE SRS A 7 4 X% v 2 b
~ vy (FHEBLPE(BR) Y UBE-HV250T) T & 100mm, §E 60mm, &I 24mm O % ik
FBLlob, ZolazRS 100mm, §E 10mm, #HJE 4.5mm OFIEISHEMINT L, B
NFRERFOTHRBEEHOREBRA & Lc. RO EZRET D700, =AY —ifEE
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A% # 600 2 T, BRER i R m OWFEEG N 53R R & ST/ B L 5 IZHFEE L7, 18 15~20

pm DTN E#E A 0.5mm fHFE THL L CTEREFINABAET HBEOFHOT 2%

AR O [ KRR R GBI RE L 72 ) 3 SRR O IREZ IS & Fig.3.1 12”7

Table 3.1 Chemical compositions of magnesium alloys used. (mass%)

FHHIL7-.

Material Al [ Zn | Mn Si Cu Ni Fe Be [ RE[ Ca| Sn | Mg
Al-Ca-RE | 6.3 0.03] 0.19( 0.018] 0.002| <0.001] 0.001 - 251 22 - | Bal
Al-Ca-Mn | 4.0 - 0.3 - - - - - - 3.0 Bal.
Al-Ca-Sn | 4.5 - - - - - - - - 1.7 0.7 | Bal
Al-RE
(AE44) 4.101 0.02] 0.28| 0.030| 0.003 [ <0.001| <0.001 - 3. 77 - - | Bal
Al-Zn
(AZ91D) 9.06| 0.68] 0.19] 0.031| 0.006| 0.001| 0.002] 0.001| - - - | Bal
¥
-
¥

Y

L

100

Fig.3.1 Configuration of a specimen for measuring critical strain for solidification cracking

using in-situ observation method containing gauge lines drawn in the photo.
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3.2.3 # AR U B s B B 5k & 2 o R EE

PG U B iR B B & O CRE BN A RN O3 4 & BUS 5 6% 1 % Fig.

218, 7, FsaEinal U B el B alingg B L 23807154 Fig. 3.3 (IR, Fig3.4
TIEF R REAN A U R SR BN GBRIE O E F L R0 bAh i d & OBRZRT.
PO oI EIR R OBIRICH D Z LD, LER-T, BObii
ERASEDZ LICLY, BRI D0 OMEOTAREZEESEDL LN TE
L. RBROFNAL, £37, WRPICHMNBTEZ AN TNZ, RE2bEET,
HOR FURICERBRT & EE L7 tg, SNBMEAZRA T 5. ZAUC kD, BTN
FEROT A SR L 72 5.

Fig3. 1 IZ/R L2 L 218, R E#RA R0 L 7ilBi i vh o 2 e K H ) 2kW @ Nd-YAG L
— Ry (EACEMM LA, MW2000) 2 HWCRTBIICInES % &, N
BN EIlE, BIRBMEOT AN ART S, RPTHNCENA AT D.

ARFEBRTIE, Fig3.5127-7T X912, YAG L—V—2R v bS5 UlEEA 16~32mm
ELTMEAL, ARy MEEK 64~12.6mm & LT L —¥ —HET N OIRE A 25500

U7 B IEREBR T O b Z2 ik 572w, REB A OMIE DS Ar H A % 10 UVmin i
Lz, od, =Y =~y RFADOREEDO AT ZRET D720, L—F—~y FiL10° #

T TWD. L—P—IZ XD IMNENGEA: % Table 3.2 (2T,

21



Radiation
Thermometer
EL_ = i

U-type hot
Cracking tester

Fig.3.2 Appearance of in-situ observation method.

High speed camera Radiation

thermometer

Laser beam

Heating point
Initial
load

Specimen

Strain gage

Fig.3.3 Configuration of U-type hot cracking tester with measuring critical strain for
solidification cracking using in-situ observation.
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0 05 1 15 2
Deflection, mm

Fig.3.4 Relationship between deflection of U-type hot cracking tester and load.

Just focus Defocus

Fig. 3.5 Schematic illustrations of laser beam energy profiles under focusing and defocussing
conditions.

Table 3.2 Heating conditions for in-situ solidification cracking test using YAG laser.

Laser power, kW 1.11~1.58
Heating time, m/s 5.0~30.0
Defocus length, mm 16~32
Initial load, kN 1.3~1.5
Gas flow rate(Side shielding), I/min 10
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324 (a) LEEEAMSIIC K HRBIE Tk
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FWTH 1500 F UM 2 =N L, 201, 10um, 3um O 7 /L X FRRER % v

TARTEAEIT-C, ABRE A8 B 7o, MRREIZ212IE, Aceticglycol #R (=
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32.4(b) AEERIE TBMEEC X DHRREIE L onE o ik

v 72U DRSO EEMICRE Y 2720, EERE IS E WV CElgE
Tote. £z, mH VX —3 8 X BoHTEE 2 AT, oz ot =17 -o72.

3.24(c) XBREHTIZ L DM OFRIE T

X BEHTEEICLY, BT e 77 A VE2RIEL, mHHEORIEETo7. ¥—F

v b & LT, ACM522,A &4, AZ91D 1% Cu %, AE44|21%, Cr A=,
325 BOOMTIC K DIEFAMR - BARBRREE IIE 7 15

F~ TR YT AEAORBBIRE, FERRIREZFHET 572082 To7-. %
WX % Fig.3.6 (27 . BUGHTIZLL FTOFIETITo72. £9, #o~vrE (=vy W h—:
SSA-H, 21X17X100mm) (Z#EHEK) 50g Adv, #) 700°C CHEfESH7=. —J, JIS CK
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Fig.3.6 Schematic illustration of thermal analysis.
33 ZORBIREIC L 3 BIREEERS S

EHE T 45 AZ  (Photoron : FASTCAM-1024PCI, Mf%551-:1024x1024 C-MOS A
A=k =) & AV CERER A TR 6mm U7 THRAT HEEEEINLE, R 125 =
~ TRy Liz. AZNANTA FRIAZE (FF0 : HVC-SL250) DSkl F#ERDd 27 >
L 2B DR 2 B0 AT 8O SO Z B A IS U, gl C B0 B2 fefe LTz,
L & RN ARNRIL 7 4 v 52— (3 7= Stk : CCF-508-500C, WU & 800~1000nm)
L a—L K7 4 V& — (7 <HH : CLDF-50C, 900nm LA EDJE R~ ) Bh fHi)7=.

FRBR B INENER Z 1 ORI E 1R, FRBR A2 D 200mm DAL E IS EHEE R v Rk
> — : FTC-R300) % i% & L CIERE CIT o 72, R SO IEE NI E#PHIX ¢ 0.6mm T
B 57z, MBHLEGEEEENRAET)S Z OREHBICAD L HORE L. 2B, &l
BT AR L DB LY, EROBAEGH L —F—IEGERO P IS, bbb
HHREFHZ LA FHIAIE N B AN b DI T —Z B ERS Liz. B HREFNE I E
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V7T 7 4 VZ—%fFAL, YAG L—F—KHH0 5, 1500nm F TOWRH RO % 5=
S/ F T, AEAANTA T FORNTE 1000~3000nm D E 2= S % Cold
filter(3 7'~ Yt : CLDF-25C) %A L, {BERE~DOEELZSIL Lz, Fig. 3.7l cL—W%

—~y N, BEECT AN AT, KL OB O ERRZ <.

Metal halide Lamp

Radiant
thermometer YAG laser

1

Molybdenum filter / ™~ _
Cold filter

Heatlng point

Metal halide Iamp

A AR

K YAG laser

High speed X ’ _
& vic?eo (F:)amera 607 LK 60° Test specimen

Fig.3.7 Layout of the observation devices.

Fig. 3.8 IZEEFEEFINEAOT HORD F 2R, L—V—2 BT 2EFN D, Fiun
BAETHECEEELT A I AT TIRE L, BB REIHE LIRS ROB X 2E=
S — L7z, INEABHAGRSA t =ty T OREARHIERRE L, SRR FRmEISHIALABH 109 5 Tk
A t=t; CORERMERE L ZHE L, RO TERBFNEEDT 2 2 ER L.
e = (li—1p). 1hx<100 (%) (1)
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A5 R B OO R (2 X M AT > 7 b (Ditect @ Dipp-motion 2D) &l L, & ZnNFEA LI
WTE OIS 2B LT L Z2RD7=. £ 6mm % 1024pixel THr L, &N O LD
JEER O 70 2 A% R BERE 2mm,  1pixel &7V 9 0.3% DO Ao RETHIE L7z, 7eds,

P A EERE 2mm N O = L F — A0 X IREC 0 R 7o, BRI BEREN T TH

D ERE LT,

(a) t=t, Start of laser Heating

Specimen Reference points

A

™~

-

marker

) =t Crack initiation

Specimen  Reference points
/ «— marker

F

-

Crack initiation

\

Fig.3.8 Method of obtaining solidification cracking strain.

Molten pool
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34 EBRFERBIUEE
34.1 BEERINFEAEZEOZ OLHIE

P ARE AN U B SR B ERER CF OGBIE0EIC KV RS Lo BNV DR % Fig. 3.9
(R BT E RS OFEIE S YAG L —H—IC X WIS L= fE THh 5. NER
D EIRIAFIR BT 8 U7 C R AT BN &2 @il EE D A 7 CHRICHRE L, Flan
FAETORAOT AZEHTL LN TE.

0.5mm
Mg Solidification cracking

1
)
1
1~
|
.
s
4
- |

Heating area by YAG laser

Laser power: 1.31kW, Defocus: 19mm

Fig. 3.9 High speed camera images at solidification crack opening.

ZOHBEEIC L VIR LB E £ ToRB A R OLLORE T % Fig.3.10 (2
A7 Figl.10 1R L7e & 9 ICRBR A RSB AET 28 Z, ARICIRE T 52 L8 T
&7z, BEEBINEAEOBREIL, FNFEMEZIR L THHE THEGR T2 LENH D703,
ZOFEIUTNE N, BHIFIC L DENEL D, £ 2T, R 2 GO
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N EBRONL 2 EE L 0 JIE L7-FE RS Figl. 11 TH D, ZOOT BB A FFE T
BTHZEICLY, FEE OP R L OBMR Fig3.12 M3 b 5. BlanRgAeL,
FANKESHAOT D LOTAFEENRIMIC LR T 570, B ERT5-FRIORZIC

B 50T HZREEEINEAERAOT 2 E LTRDT.

————

s e s et i
'

A 4 ¢ A b et 1 e g

|
.
!
|
i

Fig. 3.10 High speed camera images of Al-Ca-RE magnesium alloy in the fabrication of

squeeze casting.
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2.5

 Al-Ca-RE ]

! Load: 1.42kN A

[ Laser power: 1.58kW ]

X 15} i
€ | :
— [ ]
= 1k .
(/)] [ )
0.5}

0 [ PR B 1 g 2 3 3 1 3 3 3 3 | 4 4 2 31 PR 1
0 1 2 3 4 5

Time, s

Fig. 3.11 Relationship between time and strain history of Al-Ca-RE magnesium alloy
in the fabrication of squeeze casting.

| Al-Ca-RE
| Load: 1.42kN
| Laser power: 1.58kW

Time, s

Fig. 3.12 Strain rate history of Al-Ca-RE magnesium alloy in the fabrication of Squeeze casting
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1Defocus: 19mm

Power: 1.31kW
Defocus: 25mm

o
650 600 550 500 450 400 350
Temperature, °C

Fig.3.13 Relationship between temperature and strain during laser heating.
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Al-Ca-RE A-RE

SM image SEM images SM image SEM images

A R DTN

Reverse side
Revgrse side Reverse side
Top side

Al-Ca-Mn AZ91D

SM image SEM images SM image SEM images

Revgrse side
Top

Fig. 3.14 SM and SEM images on crack surface of magnesium alloys.
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Fig.3.15 %, (a) Al-Ca-RE &, (b) AI-RE 5&2(AE44), (c) Al-Ca-Mn 5%, (d) Al-Ca-Sn S&i#E~
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THI 1.8%, Al-Ca-Mn % T 1.9%, Al-Ca-Sn % THJ 1.8%, AZ9IID T 2.5%& FbH D=

IZFEFIZ /R,
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Fig. 3.15 Critical strain and ductility curve of magnesium alloys.

34



10

Critical strain, %

T Ts /(b)) AE44 |
sl & i) ----Ts=575°C | |
=== TL=622°C
6 4 Te -
4 L 4 -
CST=13.3x10™/°C
2 i rrrrrrr A B A b e -
/P P PP AP TP S

600 550 500 450 400
Temperature, °C

Critical strain, %

0 Lia..

. ._ILL. — . TS('c) A|-Cla-Mn

| ===-Ts=522°C
| === TL=600°C

{ CST=3.00x 10/ °C

650

600 550 500 450 400
Temperature, °C

Fig. 3.15 Critical strain and ductility curve of magnesium alloys.
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Fig. 3.15 Ciritical strain and ductility curve of magnesium alloys.
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% FRSEfR HEE CST(Critical strain rate for temperature drop) > Y2418 L T\ %. 2T,
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FIZZDRERZ R LTS, ZHED, AE4M R 133X10YCTRHREL, RNT,
Al-Ca-RE 13 43X 107/°C, Al-Ca-Mn %1% 3.0X10%°C, AZ9ID 1% 1.96X10*/°C L /&<
720, Al-Ca-Sn B2 b/ E L 135X 10 CTh -T2, K~ 7 % 7 LB4D CST,
€ min B L OGEEEE#PH(T-Ts=AT) 2 £ & T, Fig 3.16 [ZHH L7z, REBRTHW:Z
~ TR T LGB DOREEEIVERZEZ TS 537 A—42 L LT CST & L < [ThEERE
FPA(TL-Ts=AT)Z WD Z &2 XV, AZ9ID & Al-Ca-Sn % & DJANLIX CST & AT TIZA

NEDLbDOD, B~ 7 X7 LESOEEE TR 2 IR T T&E 72

15 -

B CST
s

12 z Smin
ROAT

X e R,
LI

.

-4
CST, x10™ /°C
RN R R o

Fig. 3.16 Comparison of solidification cracking susceptibilities of all magnesium allys used using

critical strain rate for temperature range (CST) ,minimum critical strain (¢ . ) and
solidification temperature range (AT).
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(c) Al-Ca-Mn (d) Al-Ca-Sn

(e) AZ91D

Fig. 3.17 Microstructures of all magnesium alloys used.
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WREOSEE Y 2 LSHDHZENTES.

4.2 HEERAE

HEERMEHZIXEMED Al-Ca-RE %, Al-Ca-Mn 23 X OV Al-Ca-Sn RIiEA~ 7 1 v 7 G
&7 bNTHTRD ALILRE Riit#~ 7 %20 LG 4(AE4) B LOPWH D Al-Zn H~ 7Ry
U LhHB4 (AZ91D) & Wiz, ORI Table 4.1 (2R,

Table 4.1 Chemical compositions of magnesium alloys. (mass%)

Material Al | Zn | Mn Si Cu Ni Fe Be RE| Ca| Sn | Mg
Al-Ca-RE | 6.3 ] 0.03] 0.19( 0.018] 0.002 | <0.001] 0.001 - 25 22 - | Bal
Al-Ca-Mn | 4.0 - 0.3 - - - - - - 3.0 Bal.
Al-Ca-Sn | 4.5 - - - - - - - - 1.7 0.7 | Bal

Al-RE
(AE44) 4.101 0.02{ 0.28] 0.030( 0.003| <0.001f <0.001 - 3.77) - - | Bal
Al-Zn
(AZ91D) 9.06] 0.68| 0.19( 0.031| 0.006( 0.001| 0.002| 0.001 - - - | Bal
43 EBRGE

431 ZA T A NIRRT OURRE AU PR 7 vk

Fig.4.1 |29 S REM %2 W THRER D ) 0.9MN 7 A 7 A k= 2 2 K5 e
AT o7z, Table 42 |24 A W A MFESEMEEZTRT. ZOBBIIANTEANEZD Z &I
K0, WA EERE L & 105, 65,25mm &AL S5 2 LR TE L. BRIRENLE LTk,
BHRIET2 IS TNV ERIL, SR~ 7 12T MG ORERIIVRSZ N 23
L7z, iSRG A HNTH A A MRIE LI2#lBl2 6 Figd2 [ORT X918, Hl
fa—F—RIZEAELLENORE DI Z2JEL, W2 —F—DEMES D Lotbs
BEEFINRL L, BRFICBT 2 EEENREZE L. 7ok, 7— MUOHHIRD 4
BRNREED 7 — MUlOFHEG L 0 &< e b7, 7 — MO s TEICHEI D FEAT

5. XD, F— MUOHHRERIZI T D A F R 2 JE L.
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105, 65,25

L=

Fig.4.1 Appearance and dimension of solidification crack susceptibility test mold.

Table 4.2 Conditions of die casting.

Molten temperature (C) 700
Casting Pressure (MPa) 75
Die temperature (‘C) 100
Plunger speed (m/s) 2
Chill time (s) 5
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Di: Crack length =
e B s L N omm

Di: Crack length

Crack rate =

— x 100
D: Total circuit length

Fig.4.2 Crack on the actual die-casting test specimen and definition of crack rate.
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Fig. 4.3 Tensile test specimen for measuring the mechanical properties at high

temperature of magnesium alloys.

Fig. 4.4 Image of high temperature tensile test by the high-speed camera.

Table 4.3 Conditions of high temperature tensile test.

Test temperature (‘C) 350~600
Tensile speed (mm/s) 50
Flow rate of shield gas (I/min) 10

f

Fig.4.5 Appearance of apparatus for high temperature tensile test system.
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Fig. 4.6 Schematic illustration of measuring system for high temperature tensile test.
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Fig. 4.7 Schematic illustration of equipment for high temperature tensile test jig.
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(a) Tetrahedral element mesh model

(b) Contour figure of equivalent strain

Fig. 4.8 Simulation mesh model of cavity and strain analysis area.

 AE44 Test Temperature 430°C |

Youhg's modulus:9.68GPa _
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(a) Stress strain curve
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Fig. 4.9 Result of high temperature tensile test.
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Fig. 4.10 Stress-strain curve in each temperature.
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Fig. 4.14 Thermo physical and physical properties of magnesium alloys for thermal stress analysis

which was calculated using software JMatPro.
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Fig. 4.14 Thermo physical and physical properties of magnesium alloys in thermal stress analysis

which was calculated using software JMatPro.
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Table 4.4 Boundary condition

Heat transfer coefficient between molten metal and mold 10,000 W/m® + K
Heat transfer coefficient between die and die 200 W/m?* - K
2 .
Heat transfer coefficient between die and air lovg/m . K,
at 20°C air temp.

4.6 TR & IEEE DBILR

i 5 | IRER 21T o 72 1%, SEM (T X Y fkWrim Bl a2 417 - 7. Fig.4.15(a)~Fig.4.15(g)lZ,
ZNZEI Al-Ca-RE &, AE44, Al-Ca-Mn Rii#~ 737 LEE IO AZIID ~
TR LEEOEMIEMMEE ~T. HY IR LAREICBNT, KIBMITIET v
TOVKARRNBIER X, IBEN ENRDIZONT, T RI7 A4 Mk~ &bz, Fiz,
REN ENDIZHONT, T T4 MERRITHARIC 2 o7z, BB TOIRETY, K
FARBEAEL TV LB N LMEA RGNS, 2 kD, BMERICHEE L, JS/IED

OFTHN/NES L RoleDid, AHBEE L TWelehEEZ LS.
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392°C

470°C

486°C

492°C

Fig. 4.15(a) SEM images of fracture surface for Al-Ca-RE magnesium alloy.
(High temperature tensile test 392°C~492°C)
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500°C

530°C

543°C

565°C

Lowmag 20Um Highmag 10um

Fig. 4.15(b) SEM images of fracture surface for Al-Ca-RE magnesium alloy.
(High temperature tensile test 500°C~565C)
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500°C

830°C

543°C

565°C

Fig. 4.15(c) SEM images of fracture surface for AE44 magnesium alloy
(High temperature tensile test 470°C ~560°C)
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377°C

438°C

461°C

486°C

Fig. 4.15(d) SEM images of fracture surface for Al-Ca-Mn magnesium alloy.
(High temperature tensile test 377°C~486°C)
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536°C 504°C 492°C

593°C

Fig. 4.15(e) SEM images of fracture surface for Al-Ca-Mn magnesium alloy.
(High temperature tensile test 492°C~593°C)
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B,
’ Iy

Fig. 4.15(f) SEM images of fracture surface for AZ91D magnesium alloy.
(High temperature tensile test 360°C ~406°C)
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442°C 430°C 424°C

480°C

Fig. 4.15(g) SEM images of fracture surface for AZ91D magnesium alloy.
(High temperature tensile test 424°C~480°C)
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BEEEINR & 72572, £72, Al-Ca-Mn RAfHEV~ 7 3% 7 A/48 L OV AZIID (s
Bt 65mm LL BT RTOY o TV CRBEEINAFEA LA, 25mm TiE—#HO 3 71z
D FHEEEEII DI LN STz, Al-Ca-Mn RIHEA~ 7 % o 7 A G-3RI O K X
MREL 72D & & L BITEFEINERDRE L Ro72)d, Al-Ca-Sn RIMNEA~ 72U LG
&3 X OVAZIID TiE, ARt 65mm O ZEE BN RN R bEm< otz Z OfE 5
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4>, Al-Ca-RE R~ 7" % 7 5584, AE44 ONEICEEEEINATEE LIT WD b h
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(a) Observation of surface crack (b) Fracture surface of solidification cracking

Fig. 4.16 SM and SEM images of solidification crack on Al-Ca-Mn magnesium alloy in the
fabrication of die-casting casting. (Constraint length L=105mm)
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Fig. 4.17 Effect of constraint lengths on cracking susceptibility of each magnesium alloys.
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Fig.4.18(b)AE44 & Fig.4.18(c)Al-Ca-Mn RIHEN~ 7% o 0 LEE DO = —F —I24
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C 2 FE MO 7013 Al-Ca-RE REA~ 71X 20 LG40 L LR, T TOH R
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HoHZENDND.
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Gl T 5 L REL D, WEEEEE 105mm 35 KO 65Smm OGA, LM & AL DT
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TRTORAEGEHICB W TRBESNABBELL TV E THIEND. 2RI,
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Fig.4.18 Relationship between equivalent plastic strain and critical strain.
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Fig. 4.19 Verification of evaluation of solidification cracking of each magnesium alloy.
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Molten metal
‘ ‘ Table 5.1. The main specification of the trial

Hopper \53 | ‘ l Barrel injection molding machine at clamp force 200ton.
Item Main specification
Injection speed Maximum 4 m/s
Heater Acceleration at injection | Minimum 40G
Shut-off [ jacket Hold pressure at injection | Maximum 70MPa
valve ||| _ Screw Capacity at injection 430cm’
Nozzle Plunger Semi-solid ratio Maximum 30+5 %
Vacuum in mold less than SkPa
Cycle time less than 60sec
Measurement accuracy less than £1%
Clamp force 2000kN

Fig.5.1 Schematic illustration of screw and plunger parts
in the tentative semi-solid injection molding machine.

~

Screw portion for

controlling semi-
solid slurry
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5 %Ek;_ﬁ = ;r_i

/’ :
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Plunger portion for
injection

.

[ Clamping portion J

Fig. 5.2 Appearance of Rheological-molding machine.
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27V a—=NERT5H., WICORELIZEETAZ Y 2—R3 L, FEERT Y —

EBIELRNO T 70V = ~BIET S, ENEFRFIC, A7 U a—~y N
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Fig.5.3 Schematic diagram illustrating the operation of semi-solid injection molding machine.

5.3 ERAMER L OERFE
53.1 fHEHAME
FKERIZH W AL B L Ca BRI EN 2B~ 7 % v 7 5G4 O{L /%A Table 5.2

WRT. £, BUSHTIZ Ko TR 72 Z OMELOBRARFIERE 1L 612°C, BEFIAREE X 522°C
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Toh o7 B LIZARG D J) 2MN D~ 7 % 3 7 D4 R E ST HH ROP 2 VT Table
53()DEEAAFIC LY, 15 100mm, &S 120mm, EX 5.5mm OWARZERL L 72, ik
& LT, 09MN Z A B A b~ %V, Table 5.3(b) DA & 0 HE 60mm, &
150mm, JEE 7mm OV EER L7z, 512, 25MN DAY A X% v A b~ & AN
T Table 5.3(c) D EIEZAAFI &V #E 100mm & & 60mm JE & 12mm O AR 2 ER L 72, 73,
ZANANRIERLIORZ A X% ¥ 2 bR OWHHRE TSGR AR ZiEd 5729,
TRFRAREE X 0 100°CE 720°C & L. ZHUS R O i s | aRaER A 38 X OVEEE &
AUV AR ONT B0 FH o5 i 2 R U 7.

Table 5.2 Chemical compositions of magnesium alloys (mass%)

Al

Mn

Ca

Si

Cu

Ni

Fe

Mg

4.03

0.37

3.17

0.02

0.0001

0.0005

0.002

Bal.

Table 5.3 (a) Conditions of semi-solid injection molding

Slurry  temperature (°C) 592, 602, 640
Plunger speed (m/s) 1.5
Pressure (MPa) 70
Die temperature  (‘C) 200

Table 5.3 (b) Conditions of die casting

Slurry  temperature (°C) 720
Plunger speed (m/s) 2
Pressure (MPa) 90

Die temperature  (°C) 150

Table5.3 (c) Conditions of squeeze casting

Slurry  temperature (°C) 720
Plunger speed (m/s) 0.2
Pressure (MPa) 100

Die temperature  (°C) 250
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Fig. 5.5 Microstructure of Al-Ca-Mn magnesium alloy produced by semi-solid process and
the grid for measuring the solid fraction.
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534 miRn|ERER

Fig.5.6 \Z@iASIERB T OREZRT. XA WA PBLOARTZ A XF v 2 MlJE LT
PR NS EAE 6mm, &S 100mm O AR 2000 H U7z, F7z, FEEES IR Tl
T U T2 EBUIARIE DS 5.5mm T 5 728, —HIS YAk 2 A 2 A 6mm O HERREER &
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TR S22°CAHTIC B L 72, IR A 1TV, BRS8N OT B i o,
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Injection molding

Fig.5.6 Tensile test specimen of magnesium alloys for measuring the mechanical
properties at high temperature.
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Fig.5.7 Appearance and dimension of solidification crack susceptibility test mold and
a test sample by using semi-solid injection molding.
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Fig.5.8 Mechanical properties of Al-Ca-Mn magnesium alloys produced by semi-solid process.
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Fig. 5.9 Thermo-physical and physical properties of magnesium alloys for thermal stress analysis
using JMatPro.
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Fig. 5.10 Optical microstructures of semi-solids having different solid content.
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Fig. 5.11 Solidification cracking rate on test mold for each processing.
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Equivalent plastic strain, %

Equivalent plastic strain, %
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Fig. 5.12 Relationship between equivalent plastic strain and critical strain.
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Fig. 5.13 Relationship between critical strain rate for temperature drop and fraction of
solidification for semi solid injection molding and die casting.
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Fig.5.15 The solidification model in semi-solid injection molding
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Fig.5.16 Relationship between the temperature and the proportion of each phase of the 4%
Al-3% Ca magnesium alloy in Scheil equation.
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Fig. 5.19 Relationship between critical strain rate for temperature drop and
mean grain diameter for each process.
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F3EBLOE 47 TIE, Al-Ca-RE 5%, Al-Ca-Mn 5%, AI-RE %5 X Al-Ca-Sn &P
AFEHEOME~ 7 % 7 2548 L 1 EONA~ 7 X v 564 (AZ9ID) VT,
TN TR T LABGEDE A TA NEIBIZE T 5 EEFIVES I DWW T L 7.
5 WIZHWVTUE, AlCa-Mn RO~ 72U A G482 HWT, XA A MIE, A
7 A X% X MBI KO B LI BREE S AR 0 3 SRR 7 Bk A DiEWIT
L DEEEBINEZMECOWTHIE L, PEESNHEIPIC X - TEEFISFEAE LICL
KB EaRLEZ. EDIT, &MEL &7 rtRB T 2BEBNEERROTHO
BIEIC K- T, BRIFREIRICRT 2 B2 BUS T 5 & & big, BRI FRE
BT DIENOTHRERS LT, v Ialb—rarEH0Viirz Hns Z &
WZ&Y, @RNTEBEPICHATLIOTAZRDDL ZENTE, BEFNOFRAE T Z
THZLNRAREL I oTe. TO TR ROREE 2 REET 572, EEEFIGE 45 2
WCARMEL, &7 mt R80T 2 FEEEHREER ATV, B ToORBEFNIEEDOES &
BEEFINOFATRRE R & i L, BEBINBEDTHTELZ LW LN L.

Z T, H6ETIE, REOWMMBIROSTZ AT, BEENORAETHEZITV,
ZOREE EEICOWTHRAT AT 72, F72, PRENHEE 22 TH, EEOW
s IR OB 2 ERL L, S5 O E R JOMAPEIC DWW TRl 21T - 72

1 20F Al-Ca-Sn R~ 712 7 A G&E MWIZZ A A MERIC KD X7 Y o
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9 —oI, %55 E THH LIEBHTE - EEE S RO AEE 2 VT, Al-Ca-Mn SRITHER
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WORMEZITH & & bIT, ZOMEAOMEMAMERRA Fh L, FEEEH HREIC LD
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62 FANAMNRBIZLZRT Y 77— LERDORE

6.2.1 AR DOTAR

Fig.6.1(a), (b), (c)B L A= ¥ B X URIERMRELDORT U v 7B — Lk R,
R7 Y 7= LMEIOWRT LIS, TP @D FOHICHDH I T 7% 7 haK
R LOWMZELTHD. BURIZT VI =T LEE@L A DA MRIPIZ L > TAES TN D.
(B L NDIEME~ 7 32T AGEEHNTHEA A M LT2giEmOEETH Y,
BLELE S O BB DMFNT WD L (VFFBE O BRI SR L7 b DT, (A MMld:

LI LZbDTHS.

(b) Bearing beam

(c) Aview from the upper of bearing beam (d) A view from the lower of bearing beam

Fig.6.1 Photographs of bearing beam for fabricated heat resistant magnesium alloys.
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6.2.2 FERAEE

X7 Y v 7= AORIEICHW M EHT Al-Ca-Sn R DHEA~ 732 7 A A4 LA~
THT LG AZI ThHhDH. ZO FEO~ 7R AEEOMRITHIELF L H DT,
Z ORRL%E Table 6.1 ([ZF89 5.

Table 6.1 Chemical compositions of magnesium alloys. (mass%)

Material Al | Zn | Mn Si Cu Ni Fe Be Ca| Sn | Mg

Al-Ca-Sn | 4.5 - - - - - - - 1.7 0.7 | Bal
Al-Zn
(AZ91D) 9.06| 0.68| 0.19| 0.031| 0.006| 0.001| 0.002( 0.001 - - | Bal

6.23 fEHTET L

U 7D R=2.0mm D7 4 Ly MEREA L, BHERERE LTS, ZORIRER
B 2701203, BEAFORSZ Imm U FICT20ERSH L. LrLenb Y TEx
0.5mm DKEZDEHRY A XCTRIELET MET D EERBNRL R, Ry ar—
ATODALEa—FTIEAEY —NARET 5. Fig 6.1 IR LIZEIEMOBIRIL, Zf%t
PRIBR TIZZ2 0, Fig6.2 (R LTZfITE T LD X 912, AEITH -85 &2 K< &,
AR, 2 2°C, AREARRY Mo BRHEIT 5720, Z 2T, Al
BETLE LTHITZIT)> 2 & L. ZOTT VO ST 279,641, EHRIKIX
1,384,204 TH 5. WA THSIZERZITY TEHOILRKTH Y, VTR EZ LV EfEIZE
TIMMETHZ LN TE 7. o729, R=0mm OV 7ERIRIC LT ET V& 1ERR LT
AT o T, FEATIEES 4 7 44 Hi Tl 72 X 51T, BYS T E AT 23 FTREZ: ESI A8 O $hiE
v X2 b — 3 ProCAST % 7o, BUSIAENT 3SR LR T L & U, el
FEINBEICHFGT L2074 L LT, RFTREECOSEMNROTAR, T7hbh, MY
FAMEOT AT L V24T o 72, SEATIC LB MBS 4 7 4.5 Hi TR L7z, Fig. 4.11,

Fig. 4.12, Fig. 4.13, B XU Fig4.14 /5, Al-Ca-Sn ADfi#E~ 7' %> v AE4E L OV
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A~ 7 %27 554 AZ91 OFERZ -, F7-, BERSAM:% Table 6.2 127

Table 6.2 Boundary condition

Heat transfer coefficient between molten metal and mold

10,000 W/m® + K

Heat transfer coefficient between die and die

200 W/m® + K

Heat transfer coefficient between die and air

10W/m’ * K,
at 20°C  air temp.

SR ORIV XLE R A 7 TR > ToRFOIREE 2000C & L, £ D4 700°C
D~ TR T AEEEEE RE ST, FBHEFE TR ORET 5 £ TOISIENT &2 Ehi
L, ¥7 320 ABERENEERT HIC LN > T, @RANTRAET DO B2 T
L7z, fRNTORRIEIREIL, EEEBIAOIOBRES(ENRE VW L 25 E L, UIHEE
0.0001s MB@ & L7z, =D, IREEALEIZE U, ik 0.5s MR % CHBIMICE(L S,

30s e =TT 2 AT o 7=, 7238, BYS JIFRENTIZA- T DO EFHRMN 30%IZBE L= & Z Ah

LRI D L OREL.

(a) Mirror symmetry mesh model. (b) Enlarged view around ribs.

Fig. 6.2 Analysis mesh model to predict the solidification cracking of a bearing-beam.
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6.2.4 fEATHER

Fig.6.3 1Z AZ91D DORIE M BROF LBV OTHDONAIRETH H. U TE &85 H
HRCR LTALE CUIWT L, 2 ORI Is1T 250 4 SO B O 0 AMIRBEDS Fig.6.4 Th
5. HREOOENIRT LT, X7 YU ZEEHDICH I D BERES OWmGIZH 5 ) 7

JEIZOTHBER LT W ERbho Tz,

Cutting posmon\

ProCAST

©.1600
.a.nsza
LR
0. 0800
©.0733
0. 0667
. 0600
0.0533
8.0467
0.a100
0.0333
.e.ww
.B.ezeu
III:.::::
Ills,ass7
[

0. 0000

Fig.6.3 Contour figure of equivalent plastic strain of bearing beam using AZ91D
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Fig.6.4 Distribution of equivalent plastic strain at the cutting plane of bearing beam using AZ91D
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Fig.6.5 Distribution of equivalent plastic strain at the cutting plane of bearing beam
using Al-Ca-Sn magnesium alloy.
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DHATRETH D, AZIID & FERIC Y TIEICH Y BHEOT ZREF LT D Z L b
5.

ZZT, V72060 7 5OESITEBIT DY EBEIEOT AO (L% Fig.6.6 35 L U Fig.6.7
27”7, Fig.6.6 1% Al-Ca-Sn R DIiH#A~ 7 % v v 564, FigoT TNA~ 7R U L5654
AZ9ID DFERTHDH. TNZI@IX) 7D 7 1 Ly MEIRA R=0mm OHE Tb)H
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AZIID A& b L. U7 5T, 741 hR=22.0mm 352 L2k0, UTEHIC
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TIRFEAEBERR SN o7=. VT 2 TiE, R20mm D7 4 Ly MZT5HE, T
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Fig. 6.6 Relationship between critical strain and equivalent plastic strain at the ribs of
prototype bearing beam using Al-Ca-Sn magnesium alloy.
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Fig. 6.7 Relationship between critical strain and equivalent plastic strain at the ribs of
prototype bearing beam using AZ91D
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Fig.6.8 IZRfEMD ) 7HOGETH L. T CIREEBEFINARAET D & TR L7223,
ZOTHNIK L CRIELTEBEMIZIZEL LD 7 R 7 AGETHEINAFEL TR
59, RAREIENRTE .

FEITIZPC DRENN AR L TEY, HEHR L THEND L ZENTE R0, LITICH
WO ICIIT DRI RZ IR ~D.

EEEEINAHE @ 0 X 5 el R IR OGS, OF HERES 2 BERSER S 0.5mm
THELTYH, TOEBEOAFEL Smm LLEEEW. 207w, OTHEFEEZ0E
DEHRII T RBEREBETHEESN TS, L, N7V 7 E—ATIROTANEH
T2 ONED dmm L0 HELS 2o TV BAH/FTAH Y, EHEHERE SA 0.5mm Tl
WEF R OREEN DR iao TS, D), 74 by MESTOOTHERE L
EMT CETWRWIZ ENRFZHND. IHIT, BMRREEIC K > TRET 0T H
FRFHI D BEIDR R E L R DITERENEHEL, BEFNANEET HHEOOT HEL KX
SLTLESHERTHD EEROLND. FEAMRKHUNTIHERK T T2 2 L08EE
D3, PCORE N ERRWSNFHRIZ K » TR SN O BETH 0, MO REEE D & g,

BEEFINA L EREICHETE D LBZATND

Fig.6.8 Macrophotography at the rib area of the prototype of bearing beam using Al-Ca-Sn
magnesium alloy.
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6.3 FEEHFHHBREEICLS2 7y F R P ORE

6.3.1 FIESOIAK & ST

Fig.6.9 |ZERIERGBITBATY (75 v F R b OBMAEN 27T, AREKSE) 0 4 %
F—=r~vF I Iyvva OMETHO—2THY, 2OV T7vFER N AIMERH
MWD ESRT T v F 2O T, EERERLERT 5. £72, MEDOENBEIND L
YR2—= 27 Y72k, BERERNOUVEE SN OEEEZ A5, Len- T, i
DML THERER SN DEMTH D, O MEREE(LT 2 Z L1 K o THERZEER
M EL, AL—ATULARAOEWERNEBTELLEZXOND. £ T, LW
LG R~ 722 7 LE@T, 7 U —7REDORN Al-Ca-Mn 7~ 7 X2 U LA & &)
WL, ZOMEORIEZRE L. ZOMBHIREEINZBE LT VMBI TH D720,
BEE BN INE] T & 55 5 BT X72 2MN D PEE[E 5 HH T 2 F 7 B8 [ Rl .~

O AEHNTC, 7T vTFERAMERIETHIEE LT

H-C

NM559F) | s ek ELL Ko

EEEH

Fig.6.9 The location of the prototype clutch piston in a transmission.
6.3.2 BB
FEBRICHW BN AT Z O Ca 23RN S 4172 Al-Ca-Mn R DB~ 7 R 0 W B4 D
{b=Fk R % Table 6.3 12739,
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Table 6.3 Chemical compositions of magnesium alloys (mass%)

Al Mn Ca Si Cu Ni Fe Mg

4.03 0.37 3.17 0.02 0.0001 0.0005 0.002 Bal.

633 77 v FER b OMAMERHI

77w FER D OMAMEZE T 572, Fig.6.10 OFREBREEE %2 N CTHE 2.45MPa
& OMPa D% 3s A 7 /L TR0 IR LIBIEZATYY, 7T v FEX M AACHHENET D
FTOMRYIRLEEAERE L., L LT, BUTOTAVIXA DA NDI T v T ER
R CTHRMli A T o7, 7238, M0 LAMDS 847,800 [EIIZEE L7- L Z A Tt i LR
b7,

/

High pressure
oilinlet

Fig.6.10 Test apparatus for the durability evaluation of the clutch piston
6.3.4 FAEMITIEAT D REEIRDL

Fig6 11 1IIE LI2 2 7 v FERA R THY, Fig6.12 13 12 2537 5 XD JEZ LK L7
HLOT, TOEDOa—F—ZEREFNAFHEELTNDZ Enbnd. 22T, RIEMIC
KL TCHT—F =y 7ICKHREFNEELITo72. ZNOXRMEREIET 5 &, BGK
2 HBIEETE D (a) SR HIEOEII, (b) NEIEM LEO I 7 v Jids XU )sMETE N

TEICHETE 7. ZORIEAHOIMEL L 372 KI5 LB FTIC O T Fig.6.13 12737
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Fig.6.12 Solidification cracking that occurred

Fig.6.11 A sample of clutch piston
at the corner.

(2) (b) (©

Fig.6.13 Defect on the surface of the clutch piston by color checks method
(a) FHEZFEDOFNLOKIEIZIZT » 7 A FABESH, BEHNAZERE LTER
DERL TS EEDbND. LT, $HESEOREREA LT 5720, Bk
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JZRRE BT DR DT=D, FEE O~ 7320 LGB AT U —REHT 5% TIZ
TR GEN A RESEDL ZENHLLS, BHMRARICRY I 7 B REAE LT

WEEBZLND. £IT, SFROBAETHEITY, RKERT— MNESEZREFLE.

63.5 HEY I 2L —va LB — NESORE
PEEE A T V) — I RGN AR ST 5700, F— M3EEET 5 £ TORM &
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NEARESELZ EITEH LW EEbiLs. —7, SMNEFEM TEOEEFER 10%IZET 5
BE A9 0.91s & TRl S 4L, SMEEIN TE IR REGENMeEL, 7 m B
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Fig.6.14 Relationship between the thickness at gate and the solidification time at the gate.

Fig.6.15 Distribution of solid fraction in gate Fig.6.16 occurrence prediction of the
thickness Smm shrinkage defect
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6.3.6 IIEPRESRI OB
12 T dd 2 7RI E BN 384 L W BRI SR A R 72 i, B TEICES N
TRt E B I odc. HEHFRERKF T LT, FIEHE, A7V 2a— S LLOiRE,
R EE, WS, (RIERR, BE22, &RURRE, FL 4 A A0 SHEHOR T2t L,
Table 6.4 (279" L18 [ELAZHATHEI Y DU 7o etk THEE SR 2 320 L 7. REAGSRI3E I
DEREZIZHD DEFEEFNOR ST, ZOHER % Table 6.5 127”7, Fig.6.17 il #HIA +
PEEEEINIE AN EORERBE 52 500 7R LIe 7 T 7T, fithho SIN HORIEA K
EVHD, BEFINSFEE LR, ROBESRIE 5. ZhbOfRER S EEEIILO
AEVEHHHEREE, $REE N ORBRRKEI N ERbroTo. PEEEAT U —DOIRESB
temp.) X S22 TR B RIBEN BN ERboTz, st e L TEWAEEE, =7
U 2=V OIREE 592°C, SR 4nvs, SFHET) 7T0MPa, fRIERFR] 600ms, FLZEEE
50kPa, AMUREE 150°C, F/Z A L 10s 2R L, MAMERMOHO 2 7 v FER o

Table6.4 The forming experimental condition by semi-solid injection molding machine.

Control factor
Pressure— Injection | Injection Hc?Id. tim.e Degree of . I
No. up speed SB temp. speed pressure of injection vacuum Die temp. | Chill time
pressure
(°C) (m/s) (MPa) (ms) (kPa) (°C) (s)
1 High 640 1 20 200 Air 150 1
2 High 640 2 40 600 50 200 3
3 High 640 4 70 1000 5 250 10
4 High 602 1 20 600 50 250 10
5 High 602 2 40 1000 5 150 1
6 High 602 4 70 200 Air 200 3
7 High 592 1 40 200 5 200 10
8 High 592 2 70 600 Air 250 1
9 High 592 4 20 1000 50 150 3
10 Low 640 1 70 1000 50 200 1
11 Low 640 2 20 200 5 250 3
12 Low 640 4 40 600 Air 150 10
13 Low 602 1 40 1000 Air 250 3
14 Low 602 2 70 200 50 150 10
15 Low 602 4 20 600 5 200
16 Low 592 1 70 600 5 150 3
17 Low 592 2 20 1000 Air 200 10
18 Low 592 4 40 200 50 250 1
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SN-ratio

Table 6.5 Rate of solidification cracking in each hole

Result: Solidification cracking frequency
No. 1 2 3 4 5 6 7 8 9 10 11 12
1 0.8 1 1 1 0.8 1 1 0.6 0.8 1 1
2 0.8 1 0.8 04 0.6 0.8 0.8 0.4 0.6 1 0.8 0.6
3 0.4 0.8 0.4 0.4 0.8 0.4 0.6 0.6 0.8 0.8 0.6 0
4 1 1 1 1 1 1 1 1 1 1 1 1
5 0.6 0.8 0.8 1 1 0.6 0.6 1 1 1 1 1
6 0.4 0.6 1 0.4 0.2 0.2 0 1 0.8 1 0.4 0.4
7 1 0.8 1 1 1 1 1 1 1 1 1 1
8 0.75 0.75 0.5 0.5 0.5 0.25 0.75 0.25 0.75 0.75 1 0
9 0.8 0.8 0.2 0.2 0.8 1 04 04 0.2 0.2 0.6 0.4
10 1 1 1 1 1 1 1 1 1 1 1 1
11 1 1 1 1 1 1 1 1 1 1 1 1
12 0.2 1 0.2 1 0.4 0.4 0.4 0.4 0.8 0.6 0.2 0.6
13 1 1 1 1 1 1 1 1 1 1 1 1
14 0 0.2 0.4 0.8 0.4 0.2 0.4 0 0.2 0.8 0.4 0.2
15 0.6 0.8 0.6 0.4 1 0.8 0.6 0.8 0.6 0.4 0.4 0.6
16 0.6 0.6 0.6 0.4 0.8 0.8 0.4 0.8 0.6 0.6 0.4 0.8
17 0.6 0.8 0.8 1 0.6 0.4 0.8 0.8 1 1 1 0.8
18 0 1 0.67 1 0.67 1 1 0.67 1 1 0.67 0
5.0
45
40
35 *—¢
3.0
25
2.0
1.5
1.0
05
0.0 < & - N [ ORI N O 5‘ - N _
> " S8~ (333 282  §8 3| Z€¢ 2838 [FF
gaod |ev e PP | 28 3| 23F 554
o o @2 &
Pressure—up iecti jecti Hold time of
speed SB temp. [:f:::fn LT:::E’; snjoction 3:5:3:1“ Dietemp. | Chilll time
pressure

Fig.6.17 Influence on optimum molding conditions by evaluation of the number of solidification
cracking.

ABR T DR LTz

BHEEHETHRIE L7 7y FERX M ONEXRE X BE8E X0 BIZELEFEEN

Fig6.18 Th 2. £7z, BT —F = v 7 TREOENABIE LI-RERD Fig6.19 ThD.
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ZIBRAERIRDN D, BEEEFIND 72 <, WO RMEB DR EmE G0 Z LR TE .

L N e

Fig.6.18 X-ray radiography.

Fig.6.19 Defect on the surface of the clutch piston by color checks method.
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W <120 DB FR R (TN VR EILEE 7> & D EF R 25%2 N, 9.9% L /hE < go> T o,
£/, X7 — MUOWTE 7 38 X OWH 8 OEAHRITA 12% /NS <o TS, R
DRGSR « B T, VST WIS eim S iRE L3 <o 2 &
"o, 7= MUOBEMREN NS RolzbDEBEZBND.

7T v FEA N OMMAREBROFE R % Fig.6.21 (TR, BillI 7 LI XA H A Mo o
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T v FER N ORBREH(847,8000% 1 & LCERICHT DAL E L TRLEE. Tv

IXA A MLORBREIT 4 T, v~ 7 X2V LH8HMORBEITS THD. v /xRy
BT T o TFER AL, RBMAMEREV S DT 334,200 [FIO#: 0 I LTI L,

TNIFATAMNEOZN LIS 5 & 173 DIAYE LG bRinoTe.

NIRRT LEEDOTTH o & B AMEDEALTZBUE OMHRIRI A Fig.6.22 127§, ik
BLIEIEA T Y v TREIERZ <, TS — MUDOES 0 HRHE L Tz
Fig.6.18 33 LU Fig.6.19 TR L7 K 9 IZHHRSS RN BLIE S LTV RNWZ &b, K7 —
MUDEMENNS oo TWIZZ L0 D, MEHRRR OB K 2 5REAK T A A M %
KFSEE-—REEZLND. —F, TAIXZA DA EFUBIR, WETY 732D

BRMOI Ty FERA P HRIELTWS. TAI =0 LAE5E0OMEIT~ 7Ry T A
SOMIMED 1.4 (555720, FCHETIE, 7327 AEEICNMb 0T HEIT 14

72 D72, JEEDEEEORIEDHENEMIN SN E LT BN 5.

12 78
Position Fraction of | Position | Fraction of

solid (%) solid (%)
1 23.8 2 19.4
3 14.8 4 9.9
5 20.5 6 16.2
7 125 8 12.4
Mean 16.2

Fig.6.20 Microphotograph of the structure of a clutch piston of heat-resistant magnesium alloy.
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Fig.6.21 The evaluation of result of durability test
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Fig.6.22 The photograph of fracture point of the sample after the durability test.
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