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2.2
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151
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221

251

26.1
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3.2

3.3

34

35

4.1

321

322

3.2.3

324

3.25

SEM

351

3.5.2

41.1

412

3231

3232

3511

3512

3513

3514

3515

3521

3522



4.2

4.3

4.4

4.5

4.6

4.1.3

4.1.4

4.3.1

432

4.3.3

4.4.1

4.4.2

4.4.3

45.1

45.2

4.6.1

4.6.2

44.1.1

4.4.1.2

4413

4431

4.4.3.2

4.4.3.3

4434

AZ31

4.6.2.1

4.6.2.2

200 L

300°C BX104 S 55

400°C  BX104 St 56

1x10° st

11

300°C  400°C 57
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AZ31  AZ9L e, 73

AZ3L e, 74

Az31 103 EFEY Thapue 30000 ... .75
31-E2

.76

Fl B2 § ol g™ ... . i3, 77

31-E2 78

........................................... 79

(49) .80

2 . 81

23 ., 82

...................................... 83

......................... 84

AZ31 L1 ] 85

11 e, 86

\



1-1 87

12 (@ 88
1-2 (D) 88
L4 90
L T PP 91
1-6 00 FEELFIERL o hempenre 3F .. 91
1-7 >50 mm 5mm
........................................................ 92
1-8
..................................................................................... 92
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3-5

3-6

3-7
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................................................................................... 109
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S 111
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E2 (a)E2
6x10* st (b)E2 1x102st 121
E2 6x10“ st 10
mm (8)300°C 6x10*st (b)400°C 6x10°s?....... 122
E2 6x102% st 10
mm (8)300°C 6x10“ st (b)400°C 6x10“4st........... 123
E2 1x10? s* 10
mm (8)300°C 1x102s? (b)400°C 1x102st........... 124
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S e i A38

333 B2 (@ 30-4-3 (b)
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Xl



AZ31

330~340 MPa 300°C

200°C

20

6x10* st

1x107? st
6x10* st

2 mn

300°C

144

AZ31
70 mMm 2~-5mMm
30~50%
1x107? st 1000%
600%
400°C 300°C
50~70%
6x10* st

12

Xl



400°C 0.7
1x107? st

300°C  400°C 20

1l



(Superplasticity)
( 200%)

(free of localized necking)[1]

[2]

s =Ke™,
S (flow stress) K e
(drain rate sengtivity) m
fiins _éds
flne s de
m
m 0-1
m (05~08Tm Tm

0.3~0.8 m=1

1912

@)

(strainrate) m

2

0.01-0.1



[3]
1) 10

mm — (grain boundary
diding)
2
3 (high angle boundary)
— (low angle
boundary)
(4)
) (triple point)
(mobility)
(diffusion creep)
(didocation creep) (grain boundary diding) 1-1
(strain rate) (flow stress)
S 1-2 Vdiev  Kaibyshev[4]

MAS (Mg1.5%Mn-0.3%Ce)

C )

(intragranular dislocation strain)



0.5

« )
(accommodation process)

1.2

3C

(shielding capabilities)
[6,7]
1-15]
(1) 1.74 gen? 2/3 20%
)
3 1/3
(4)
®)
(hexagonal

close-packed, HCP) (dip system)

(face-centered cubic, FCC)

(1)



(die casting) (2)
(thixomolding) 8] (3) (thixocasting)

(semi-solid metal forming)[9]

1.3

(microstructure)
(fine grain structure) Bussiba [10]
(thermomechanical process)
Watanabe [11]
(low
temperature superplasticity, LTSP) (high strain rate superplasticity,

HSRSP)

131

(grain refinement)

1311

Kim [12] 375°C AZ61 16 mm
8.7 nm 1 Omm

(edge cracking) AZ61

4



400 2x10% st

Mohri  [13] 400°C

9.1 mMm

580%

AZ91 300°C 15x10° st

39.5mMm 0.6

(dynamically continuous recrystallization)

AZ91

13 nm

recrysdlization)

1312

Lee  [16] AZO1

300°C 25 1

Mabuchi [17]

AZ91 ZK61

diffusion)

[14,15]
300°C  1x10°s?
25 mMm (dynamic
AZ91/SC
(powder metalurgy)
280°C 100 1
(grain boundary diffusion) (lattice



1313 (Equd channd angular pressing, ECAP)
Segal[18]
1-3
é2cot(f /2+y /2)+y cosec(f /2+y /2)u
ey =N 1 (©)
- V3 t
N i
Mabuchi [19] AZ91 175
8.05 1 mm 200°C  5x10° st 661%
0.3

(viscous-glide of dislocations)

AZ91

Mabuchi [20]
(microstructure)
(wavy)
(non-equilibrium state)
(euquilibrium state)

0.5

(high-resolution electron microscopy)

(distortion)



(long-range stresses)

1314 (Double extrusion) (Reciproca extrusion)

Muka  [21] ZK60/SIC

350°C 1x10* st 400%
0.5 81 kJ/mol
[22] (reciprocal extrusion)
AZ91 275°C 10 3.5mm
300°C  1x10°s? 989%
(yield strength) 3 (ultimate tensile strength) 2.6
1.3.15

Mabuchi [17] AZ91 ZK61 250°C 500 MPa

100 1

Watanabe [23]

277°C



25 nm 2mm
(relaxation) 277°C
(dip accommodation)

(dislocation pile-up)

1.3.16

Solberg [24] AZ91

1.2mm Magi7AL> 0.1-0.3 M
( 20 Mm 3 mm)
275°C~300°C  6.3x10° st 1000%
14 (Cavitation)
(neck-free)
(cavitation) [25,26]
(nuclegtion) (growth) (coalescence)

141



Greenwood [27]

(intergranular cavitation)

(vacant lattice Sites) (agglomeration) (grain
boundary) (thermal vibration)
Ry Ashby[28] (nuclei)
(lattice) (vacancy)
(free energy)
r. 3 29ls 4)
g S Stowel [ 29]
(pre-existed) Pilling Ridley
(flow stress)
Pilling

(accommodation process) (precipitation)
[26]

(grain triple junctions)



14.2

(creep)
Q (diffusion-controlled growth)
(void) 2

(plasticity-controlled growth)

Chokshi Langdon[30]

(void)
(superplastic
diffuson-controlled growth)
1421
1-4 Hull  Rimmer[31]
D)
(quasi-equilibrium) 2

Ry [28,32] Hull-Rimmer

10



é u
4. & ( ) 2)@
- - a
ﬂZZp\N gb g(s p-291r)- r4]1 I
dt kT & 6 3 r22 »20g
Ang==- = +—61- —~
€ érg 4 2§ 4224
e au
% S p
21 W
k T
14.2.2
(creep flow)
(transport)[31]
1-5
dv 3 o
- 468 =22
a T 2s g
A é¥ r
(dvldt) %
39/ 2rs (capillarity effect)

Miller  Langdon[33]

1

©)

gb

Hancock[32]

(6)



1-6

Te (flow stress)

deldt

h (8)

V= voexp(h e) ,
(10)
C, = Cpexplhe),

Cv Co

)

()

(8)

9)

(10)

(11)



StowelI[34]

3aan +16_ . €2(2- m)u

h=— =9nh , 12
26 m o Ed2+m)l 42
h
14.2.3
[28,35] (creep fracture)
7

(structure superplastic, SS)

>10 nm
1-7
1-6
7, Miller Langdon[33]
Cu-2.8% Al-1.8%SH0.4%Co r. 1mm
40 mm
Chokshi  Langdon[36]
(diffuaveflux)
dD,, .
j =—=2Rim, (13)

13



Nm (chemical potentia gradient)

1-7
J=Nj, (14
J N ( )
1-8
m=s yW=sW, (15)
SN
8
sy=s s,=s/2, (16)
"2+s,7 4

Mg = (51 65 2" 4\ 0.7sW, (17)
J=0.7Nj. (19)

Chokshi  Langdon[36] Speight-Beere 37]

14



dr _ 2WDgp &s - (29/7)a

de 2 8 e H’

1
a- = f f \ )
ain(al 2r)- - (2r1a)?)3- (201 a)?)
a
(i::eig »a(0.7N)§ gb %B (?g/r)g
éde g, r°kT
spd
N
Chokshi Langdon[36]
d
N » 32(r /a’)2
(21)

1424

15

(19)

(20)

(19)

(21)

(22)

(23)



Chokshi[38]

1-9

Chokshi Beere- Speight

0.1 (19)

Hancock (7 A
Ero -, 40
éde g, &2 g
Langdon (23)
Chokshi 24 ()
39/ 2s (capillarity effect)
Miller  Langdon[33]
1/3
:mgb s O
¢ § SkT €5

16

(24)

(25)

2/ r

(26)

Vesp



Chokshi  Langdon[30]

dmax a57'c

Chokshi

Fosp =d12.

143

(interlinkage)

1-10

Pilling[39] Stowell[34]

& 220
DN, =8V,-N,-2(;1+hie MUY
& 3 21 5
V. 14 De

17

(27)

(28)

7

(29)

(29)



DN,
= =8V .f (De)hDe,
Y TN st (De)

0.13 - 0.37dr)+dr

_—

1
1- =
5Y

dr

&
¢

o)
dr=f(r)De= E@_Eg_'_v\@bd%_Z_gg;_De
836 2 g kTrleé rglna:_aa('j 3—
€ e2rg 4@

fr)
Hancock (6)
Beere-Speight ~ (19)
30

33 32

D-_8V,f (Deh(0.137- 0.37/(r)De + £(r))
De 1- 47,f (De)hDe '

1-11

18

(30)

(31)

(32)

(33)

(34)



15

151

1511 (Hard second phases)

Bae Ghosh[40] Al-Mg-MnCu
(particle- matrix interface) (defects)
(crack-like)

(debonding)

1512

Lombard  [42]  Ti-45.5Al-2Cr-2Nb

1177°C 1238°C

19

Ghosh

[41]

1254°C



1-2

h
h
(flow stress) (6)
1513 (Grain boundary characterigtics)
K obayashi [43] Al-Li
(random grain boundaries)
Hirata  Higashi[44] 50% 7475

(ingot metallurgy, I/M)

7475 7475

7475 Hirata  Higashi



1514 (Liquid phase)

|wasaki [45] SisN4p/A-Mg-Si

(partial melting) 560°C 2mm
1mm
(reinforcements)
(accommodation helper mechanism)

Iwasaki [46] AA 7475 500°C
533°C 533°C
500°C

15.2
1521 (Effect of hydrogtatic pressure)

Pilling  Ridley[47]

1-12

(flow stress)

Bampton [48] 7475

21



1522

1.6

m

(superplastic ductilities)

(4)

(relaxation)

[26,40-42]

3C



(thixomolding)

@

)

3

(4)

)

AZ31

AZ31
200°C

HTSP

AZ91

(quasi-single phase)

400°C

23

3C

(die casting)

b (A |12M 917)

HSRSP

LTSP

LSRSP



21

AZ31 (Mg3Al1zZn)  AZ91
(Mg-9Al-1Zn) AZ31 CDN
(semi-continuous casting)
178 mm 300 mm AZ31 2-1 AZ91
Nanjing Welbow Metals Corp.

AZ91 2-2

22

AZ91 125mm AZ31 75mm

221

AZ91

AZ91 415°C

24



65 mm 40 mm

(BN)
280°C~330°C
100 1 6.5 mm 13.8 x 2.4 mn?
AZ31 AZ91
100 1 AZ31 AZ91
100 1
(Extrusion ratio, ER) ER=A0/As
ER1=(65/2) >p (6.5/2) =100 1, 461 (35)
ER2=(65/2) °p (13.8x2.4)=100 1, 4.61 (36)
(reduction in areq)
RA1={(65/2) *p- (6.5/2) p}/(65/2) >p=99.0%, 100 1
RA2={(65/2) °p- (13.8x2.4} }/(65/2) *p=99.0%, 100 1
K CAEP-350E
350
(1) AZ31 100 1 31-E1
(2) AZ31 100 1 31-E2
(3) AZ91 100 1 91-E2

2-3

25



2.3

(jJump-strain-rate test)

m
(step-strain-rate test) m
Optiams 6.0
2-1
24
2-2 2-3
(gage length) 83 mm 55 mm
100 1
24 mm 800 1000 2 mm
ASTM Instron 5582
(constant cross- head speed)
1x10° s*

350°C 400°C 450°C

1x10°% st 6x10% st

26

200°C 250°C 300°C

1x10t st 1x10?s?



11
>

e:Inae% 9
&/lop

S =sp(d+ Dllo)'

So

DI

25

800

0.05mM

(morphology)

g, /.,
=24/ 271+l
sﬂam(’

(true Stress)

(l—lo)/ lp s
1000
1mm
1-2
AZ31

27

(true grain)
(38)
(39)
(40)
la
In
I e
1200 1500 2000
0.3mMm
(etching)
100 mi (ethanol)+5g



(picric acid)+5 ml (acetic acid)+10 ml AZ91 5ml

(acetic acid)+95 ml (optical microscopy)
JEOL-JSM 6400 (scanning electron microscopy)
251

0.05mMm
2511
334
Nikon coolpix995
fine 14
JPEG 2048x1536
Epson  1640SU 400 dpi

2512

28



2.6

261
8
255 1~254
255
35~50
2-4(d)
262

AZ91

(8 bit gray) 2-4(a) 8
28 0
(threshold gray)
120 60~90
2-4(b)~(d) 120 130 140
140



Optimas

6.0 [47]
V= ZA = AA , (41)

v A,
2.6.3

Optimas 6.0

trace area
27 m
[48] 2-5
0.03 0.05
m



31

AZ31 100 1

31-E2

3.2

50°C

321

2mm

3-2(a)

3-2(b)

31

3-1 100 1
3-2(c)
2.9 mMm
200°C 450°C



El E2

El (ultimate tensile stress, UTS) 338 MPa
309 MPa 38% E2 E1
329 MPa 268 MPa  E1
14% = 43% =i
4.1
100 1
160 MPa 9%
31
3.2.2 200°C 450°C
32 El E2
El B2 250°C 1x102 st
300°C 1x102 st
3-4 35 El 300°C 1x10?%s? 1000%
200°C( 051T,) E1 E2 =i
st 596% 3-6
37 E 200°C 300°C  400°C
200°C 1x1072 st 0.3
1x10* st
1x102 st

1x10°3 st

32

6x10™*

37(a



300°C 1x10t st 1x10°3 st

37 (b
400°C 1x10t st 37 (©)
200°C 1x107?%s? 0.3
200°C 300°C 400°C 200°C
1x103 st 300°C 1x10*t st 400°C
1x10° s+t
(rate-contralling)
323
AZ31
100 1
E2
3231
6x10% st 200°C 300°C
400°C 3-8



3-3 3-8(a)

E1
200°C 0.7 90 MPa 300°C
1.3 25 MPa 400°C
3.2.3.2
1x107° st 200°C 179%
300°C 400°C
3-8(b)
3-3 300°C  400°C
300°C
1 54 MPa 400°C
0.6 35 MPa
324 (Plastic anisotropy R rétio)
(Rw)
(R)
R (R=ew/e ew=In(Wo/wr)  e=In(to/tr) Wo 1o
Wi t; [50]
R 0.8~1
3-9
6x10“ st R 1 200°C



100% 08  300°C 30% 0.8
100% 0.9 400°C 50%
1  1x10%s?t 300°C R 0.8 150%
09  400°C R 0.9 300°C
R R 1 3-9(c)
325
(gage length) 1 mm 3-10
6x10“ st 200°C 100%
3mm 55%  300°C
500% 400°C
424%
1x102s*  300°C
300% 400°C 200%
300°C 6x10“ st
1x102 st 400°C
300°C
33
= 200°C  300°C 6x10%s*  1x10° st

35



34 SEM

m
E2 5x10* st 8x10“ st
x10° st 2x10? st
3-11(b) (¢ ElL m
0.35 E2 200°C m 0.3
El B2 0.5
m 0.6
B2 300°C
0.35~0.4 El E2 m
m
Nieh [2] m 0.5
0.33 (solute drag creep)
m Nieh
(threshold stress) m 0.4~0.6
SEM
323
SEM
200°C 34%

3-11(3)

200°C
300°C
400°C

0.55

400°C

34

Nieh

3-12 3-16

300°C



400°C 100%
300°C
400°C 47%
200°C 300°C  400°C
200°C
300°C  400°C  300°C
300°C
300°C 40%
400°C 40%
400°C
7~10 Mm 400°C
300°C  200°C
200°C
300°C
200°C
400°C 3-17 300°C  400°C
3-18
3-17(c) 400°C

37

200°C

10 nm

260%

200°C

3-16(a)

300°C



300°C 400°C

3-18(a) (b)
400°C
200°C  300°C
35
10%
20% 40% 50%
300°C 30-2-1~30-2-5
10%
1500
30%~40%
3-19
10% 0.5~1%
30-2-5

3-19



30%~40%

35.1
35.1.1
320 E2
6x10% st
300°C
400°C
400°C  1x102 st
1x10° s+t
35.1.2
E2
3-21~3-24 321 323

200°C 400°C 0.7

1% 0.7
(11)

hap 27 300°C

(12)

300°C 0.83 400°C

300°C

400°C

300°C

0.72



400°C

3-5
50~70%
10 M
3-24 6x10% st
1x107? st
400°C
400°C
35.1.3

400°C

2m

300°C

04

0.3~0.2

300°C

3-22

1

300°C

3-25



3514 (aspect ratio)
35.1.2
y
2mn
2 mm
300°C 400°C
st 50~80% 15
40°~50°
2mn
y 328 329

3515

a4

20
326 327
6x10* st

y
45°
20
1.5

0°~90°

2mn

1x107?

2nmm



3.2.3

3-30

200°C

1x107? st

200°C
400°C 300°C
352
3521
E2

(linear intercept method)

3-31 6x10* st

300°C
400°C

200°C

200°C

300°C  400°C

42

200°C



3-32

nmm 300°C
6x10* st

400°C

6x10% st

1x107° s?

3522

3-33

3-33(h)

1.5

3-30

400°C

1x107? st

400°C

3~5 mMmm

300°C

400°C

8~10



4.1

41.1

El
E2 1x10*t st 200°C  250°C
300°C 60~70%
1x10° s 200%
El 3m
30 B2
25
0.017 mm/s 0.003 mm/s Manufacturing
Processes for Engineering Materials [51] (dead zone)
45°
e= ZV: InR, (42)
v, D, R
7x10° st 1x10° st
7
[52]
Zener-Holloman (Z parameter) Z=éexp(Q/ RT)



In(d) = 27- 0.95In(2). (43)
z
E1 In(Z) 23.38
st d 120mm E2 In(Z) 21.43s? d
766 mm E1l 2mm B2 2.9 M
z
1mm
412
E1 E2 309 MPa 268
MPa 30 MPa Lin [53]
Hall-Petch Sys=56+3484Y? s MPa d mm
E1 E2 1.9 mm
28mm  Lin AZ31 166 1 280
MPa 2.5mm 3.1
413



E2

SEied
(]
Sk
& .|.O:=

::I'l
2R

@

.pln
_ -1/;1@0
s
evg

Hall-Petch

1mm

(preferred orientation)

(n::ljm) p

(Burgers vector) d

n

3-2
1mm

1nmm

(44)

(44)

(45)

3-7 38



4.1.4

4.1.1

F=F,+FF,

F: 20.2 mm

47

F

32.4



4.2

@ot—€cBsteisteépc €cBs

€pc
{0002}
Wang [52]
317
400°C 300°C  200°C
3-4 400°C m
400°C
R 300°C 200°C
6x10“ st
( )
300°C 1x107° s?

6x10% s*

€s
6x10% st
3-11(b) m
300°C 200°C

3-11(c) 300°C

1x107? st

6x10* st R



(marker line)

4.3
[54] AZ31 166 1
3-32(a)

4-1

431
3-32 4-2
Wilkinson
Cd cereq55]
( )
d, =abed (46)
a b
d Wilkinson  Cd ceres

(triple junction)

(damage zone)

49



(46) 4-2

1x10°2
gl
(46)
d =d, explabe) (47)
do
3-32
4.3.2
(continuous
recrystallization) (discontinuous recrystallization)
(stacking fault energy) FCC
BCC
4-3(a)~(d)
411



4-3(e)

4-4 sle
sle
433
6x104 st 3-32(a)
43.1 6x10% st
6x10% st
m
4-2
3-32 4-2
1x10°? s* 3-32(b) 4-2
1x1072 st 6x10* st

(46)

51



3-8(b)

1x102 st
4-2 - 400°C
1x10% st 300°C
400°C 300°C
6x10* s?

3-33(b) (d) () ()

4.4

44.1

52



4411

(24) Beere-Speight

(48)

4412

h 34 14 3-20

(48)
Vo
(49)
42
3- 20
h (12)

m 03 06



h App 4-3 200°C 300°C
6x10%s! 300°C 400°C 1x1072 st

400°C  6x10* st h 27

400°C
4413
3512
4-6 (23 4-4 4-6
300°C 300°C 400°C
400°C 10~15 mm
dr/de 9~-3 mMm 0.24

400°C

3512



4.4.2

4.4.3

4.4.3.

dr/de

2nmm

2 nm
20
2mm
35.1.4
2mm
20
1 300°C 6x10“ st
1.28
40~20°
0.04 1.86 mm

50~70%

1mm

15

8~9 mMm



dr/de=1.03 mm

12

1.28

1.28 15 20 25

dr/de 2.14 mm 4 mm

10 mMm
1.28
4.432 400°C 6x10“ st
038 075 1.87 1.61
16° 35°
53mm 12~15mm
10~13 mm
0.75
1/2
0.75
1.05 1.86 2.35
30° 15°
dr/de 10



mm 30 M 80 M

4433 1x107° st 300°C  400°C

300°C
dr/de 7 mm
1.37 1.81
300°C

400°C

1.8~2.2
20°~10°
dr/de
4434
2mm

50~70%
20 300°C

57



6x10“ st 1.2
1.2
st 0.7
1x107° st
4-6
400°C
2mm
4.5
45.1
6x10% s* 3-21
2 mm
300°C 400°C
300°C 322
400°C

300°C

400°C

400°C

400°C

400°C

6x10*

300°C

400°C

300°C



400°C 300°C
300°C
400°C 400°C
300°C 400°C
300°C
3-30 300°C
1x107? st
400°C 300°C
300°C 400°C
300°C 3-20(b)
400°C 300°C
452
3-25(a) (b)
3-20 300°C

59

400°C

400°C

400°C

300°C

400°C

3-25



400°C

4.6

461 AZ31l

(gas-blowing bulging)

(hydro forming)

e~11

11

400°C

300°C

1x107? st

11

400°C

4.6.2

11

(press forming)

200%

AZ31

200°C  300°C 1%

1%

1800 mmn? 400°C 1100 mm2
45

300°C 400°C

400°C 300°C

45
200°C  300°C

400°C

(press forging)

6x10% st



4.6.2.1

AZ31 Bae  Ghosh[40,57]

4-7

400°C  7.11x10®° nt st
nt st

400°C

450°C

Al-Mg-Mn-Cu
[40]

AZ31

Bae  Ghosh[57]

4-8 1x107? st

6x10* st

10 nm

61

Al-Mg-Mn-Cu dloy

3mm
8mm 450°C 9.51x10%°
Bae Ghosh
AZ31



10 nm

4.6.2.2

4.7

AZ91

10 nm

50~70%

11

AZ31

A-MgMn-Cu

62

AZ31



200°C



280°C~330°C

70 mm 2~5mm
30~50%
9% 160 MPa
1x107° st

200°C 6x10% st

200°C 400°C

(1) AZ31
2
1mm
(3) AZ31
330~340 MPa
(4) 300°C
600%
(5) 0.4
(6)
7) 300°C  400°C
(8) 1x102% st

1000%



6x10% st

(99 300°C 400°C 6x10* st 1x10°2% s*
2 mm
(10) 6x10* st 300°C 20
1.2
400°C 0.7 1x102 st 300°C
400°C 20
(11) 6x104 st 1x10°2 st 400°C
300°C 400°C
(12) 6x10*s? 300°C 400°C
1x102 st 400°C
300°C  0.5% 300°C
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1-1

[4]

Cast Wrought Cast Wrought Plagtics
Materia I Sed ot g
Mg Mg Al Al (PC/ABYS)
Dow
Alloy/ AZ3l | Gava-
AZ91 _ A356-T6| 6061-T6| Ti-3Al Pulse
Grade -H24 nized
2000
Process/ _ . . Injection
Diecast | Sheat Sheat | Diecast | Extruson _
Product malding
Densty
1.81 1.77 7.80 2.76 2.70 4.2 1.13
(gfent’)
Elastic
Modulus 45 45 210 72 70 140 2.3
(GPa)
Yidd
Strength 160 220 200 186 275 925 53
(MPa)
Ultimate
Tendle
240 290 320 262 310 1000 55
Strength
(MPa)
. on 5avyied
J 3 15 40 5 12 16 and 125 at
(%)
break
Mdting 143
Temp. 598 630 1515 615 652 1600 | (softening
(°C) temp.)




1-2 Ti-45.5A1-2Cr-2Nb [42]
Lamdlar
Condition shepe Sze shepe Sze Colony
(mm) (mm) (rm)
Asrolled equiaxed 3to5 equiaxed 3to5 <500
1177 /4h equiaxed 10to 12 plate 6 to 8* 12to 15
1238 /2h equiaxed 10to 12 equiaxed 10to 12 —

* Long axis messuerment

71




2-1 AZ31 (wt %)
Mg Al Zn Mn Si Fe Cu Ni Be
AZ31B| B4. 302 | 101 0.3 |0.0067|0.0028(0.0031|0.0001| --
2-2 AZ91 (Wt %)
Mg Al Zn Mn Si Fe Cu Ni Be
AZ91D| Ba. 9.07 | 0.62 | 0.331 |0.0172| 0.0026| 0.0006 | 0.0004 | 0.0002

72




2-3 AZ31 AZ91

AZ31 Ingot - -

AZ91 Ingot -- --
300°C 65 mm

AZ31 31-E1* 100 1 99% 461
300°C 65 mm

AZ31 31-E2* 100 1 99% 461
300°C 65 mm

AZ91 91-E2 100 1 99% 4.61

AZ31 El 31-E1 E2

31-E2 AZ91 91-E2

73




31 AZ31

E1( EX(
, MPa 100 309 268
, MP4) 160 338 329
% 9 38 43
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3-2 AZ31 100 1

El
TCC\e(sh | 4x10* 6x10* 1x10°3 1x10°2 1x10°?
200 445% 596% 352% 191% 105%
250 -- -- 515% 405% 183%
300 1093% -- 711% 1020% 332%
350 -- -- 458% 324% 181%
400 -- -- 986% 332% 230%
450 -- -- 483% 492% 312%

E2
TCC\e(sY) | 4x10™ 6x10* 1x10°3 1x10°2 1x10?
200 -- 300%- 248% 179% 117%
250 -- -- 296% 250% 131%
300 -- 657% 738% 481% 259%
350 -- -- 713% 224% 171%
400 -- 598%: 572% 291% 165%
450 -- -- 558% 220% 140%
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3-3 AZ31l E2
200°C, 6x10* st
9% 34% 104% 205% 300%
0.08 0.29 0.71 1.12 1.39
20-4-1 20-4-2 20-4-3 20-4-4 20-4-5
300°C, 6x10* st
27% 102% 261% 503% 657%
0.24 0.71 1.28 1.80 2.03
30-4-1 30-4-2 30-4-3 30-4-4 30-4-5
300°C, 1x10% st
49% 86% 156% 295% 510%
0.40 0.62 0.94 1.37 1.81
30-2-1 30-2-2 30-2-3 30-2-4 30-2-5
400°C, 6x10* st
47% 111% 186% 424% 598%
0.38 0.75 1.05 1.65 1.94
40-4-1 40-4-2 40-4-3 40-4-4 40-4-5
400°C, 1x102 st
18% 36% 116% 197% 266%
0.17 0.31 0.77 1.09 1.3
40-2-1 40-2-2 40-2-3 40-2-4 40-2-5
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34 AZ31 El E2
E1
(°C) 0.0006~0.001s' m --
200 0.36 --
300 0.45 --
E2
(°C) 0.0005~0.0008s* m 0.009~0.02 s
200 0.31 --
300 0.46 0.37
400 0.55 0.40




3-5 AZ31

E2
300°C, 6x10™“ s*
i Cavity diameter Cavity diameter
Strain
<2nmm >2mm
0.24 58.8% 41.2%
0.71 63.1% 36.9%
1.28 66.4% 33.6%
1.80 64.2% 35.8%
2.03 54.3% 45.7%
300°C, 1x10?% st
. Cavity diameter Cavity diameter
Strain
<2mm >2mm
0.40 57.1% 42.9%
0.62 61.1% 38.9%
0.94 58.3% 41.7%
1.37 67.7% 32.3%
1.81 53.2% 46.8%
400°C, 6x10* s
i Cavity diameter Cavity diameter
Strain
<2mm >2mm
0.38 59.6% 40.4%
0.75 64.2% 35.8%
1.05 69.6% 30.7%
1.65 58.4% 41.6%
1.94 37.9% 62.1%
400°C, 1x10? s
_ Cavity diameter Cavity diameter
Sran
<2mm >2mm
0.17 59.4% 40.6%
0.31 57.0% 43.0%
0.77 62.3% 37.7%
1.09 62.8% 37.2%
1.30 53.7% 46.3%

78




Temperature and strain rate dD g5 (7 st Maximum flow stress(M Pa)
200°C, 6x10* st 3.46x10% 85
300°C, 6x10* st 2.05x10%° 25
300°C, 1x10% st 2.05x10%° 55
400°C, 6x10* st 3.62x10°*° 15
400°C, 1x102 st 3.62x10°*° 35

1.72x102° n? K

I

1.381x10 2 JK 1




4-2 (49)

Temperature and drain rate Chn=Cot+tme
200°C, 6x10* st 0.4+3.2x10 %
300°C, 6x10* st 0.4+4.7x10 %
300°C, 1x102 st 0.4+6.0x10 %
400°C, 6x10* st 0.4+4.2x10"e
400°C, 1x102 st 0.4+4.2x10 %




4-3 (12)
Temperature |  Strainrate mvaue Ntheo Nexp
5 6x10“ s* 0.31 3.22 0.76
200°C ——
1x10° s - - -
. 6x10* s* 0.46 2.05 0.41
300°C >
1x10° s 0.37 2.64 0.83
. 6x10* st 0.55 1.64 2.7
400°C e
1x10° s 0.40 241 0.72
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4-4 (23)

Temperature | Strainrate, s* | Gransze mm | dr/deteo, MM | dr/deexp, MM

3 9.28

6x10™* 6 2.32 0.14
300°C 9 1.03
) 3 1.20

1x10 0.54
5 0.43
9 9.30

12 5.23 0.24

6x10° 15 3.35 l

400°C ' 2.54
18 2.33
> 7 2.17

1x10 0.31
10 1.06

82




300°C 6x10%s?

<2mm Maximum 20 cavities
A Average A t Aver
Stran rji?)ct Angle, di amZtger Z;C Angle, di am?fr
0.24 14 45 1.2 mm 1.7 39 8.6 Mm
0.71 13 43 1.1 mm 1.6 29 8.7 mm
1.28 14 49 1.0 M 14 22 10.8 mm
1.80 14 46 1.0 M 2.0 20 13.0 mm
2.03 1.4 46 1.1 mm 2.5 16 14.8 mm
400°C  6x10*s?
<2nmm Maximum 20 cavities
Strain Asp.ect Angle, ° Average Aspgct Angle, ° Average
ratio diameter ratio diameter
0.38 14 38 1.2 mm 19 16 6.8 Mm
0.75 13 49 1.3 mMm 1.6 35 10.7 mm
1.05 15 44 1.2 mMm 1.9 32 17.0 mm
1.65 15 58 1.2 mMm 1.9 26 51.6 mm
1.94 13 54 1.5mMm 2.4 17 97.8 Mm
300°C  1x10?s?
<2mm Maximum 20 cavities
Strain Aspect Angle, ° Average Aspgct Angle, °© Average
ratio diameter ratio diameter
0.40 16 42 1.1 mn 1.9 19 6.8 Mm
0.62 15 46 1.1 mn 15 37 10.0 mm
0.94 14 47 1.1 mm 18 15 125 mm
1.37 15 48 1.1 mm 2.0 17 10.5mm
181 14 43 1.1 mm 2.2 14 9.2 mm
300°C 1x102s?
<2mm Maximum 20 cavities
A Average A t Aver
Stran rji?)ct Angle, di amZtger Z;C Angle, di am?fr
0.17 13 43 1.1 mm 2.1 22 9.0 mMm
0.31 13 38 1.2 mm 1.8 12 8.8 mMm
0.77 14 35 1.1 mm 1.8 19 11.8 mm
1.09 15 39 1.1 mm 2.1 19 19.4 mm
1.30 14 36 1.2 mm 2.2 15 19.5mm




4-6

Temperature and Srain <2rm Maximum 20
Strain rate cavities
0~1.28
300°C 6x10%s?
1.28~
0~0.75
400°C 6x10“s?
0.75~
300°C 1x107°s? 0~
400°C 1x10?s? 0~




4-7 AZ31 1.1
Growth rate | Tota number
Temperature | Strain rate m vdue vaume ameter of caviti
b fraction Vs par _25’
(happ) mm
6x10“ st 0.31 1% 0.76 --
200°C
6x10% st 0.46 1% 0.41 1850
300°C
1x102 st 0.37 1.5% 0.83 2000
6x10% st 0.55 2% 2.7 1140
400°C
1x10° st 0.40 1.7% 0.72 1980




4-8

11

Al-4.7%Mg-0.8%Mn-0.4%Cu, weight percent[57]

) Vdume Growth rate
Temperature Strain rate mvaue _
fraction Vi |parameter (Napp)
1x10? st 0.28 Fracture 6.0
450°C 1x103 st 0.40 Fracture 4.2
1x10% st 0.33 5% 4.7
1x10° st 0.35 Fracture 5.6
500°C 1x103 st 0.42 - 4.7
1x10% st 0.48 8% 4.8
1x107° st 0.43 Fracture 55
550°C 1x10°3 st 0.50 9% 4.6
1x104 st 0.48 1% 4.2
Al-6%Cu-0.4%Zr-0.3%Mg-0.2%Si-0.1%Ge,[47]
) Vdume Growth rate
Temperature Strain rate m vaue ]
fraction V¢ |parameter (Napp)
460°C 1.17x103 st 0.55 0.7% 2.7
Al-2.5%Li-1.2%Cu-0.6%Mg-0.12%Zr,[47]
] Vdume Growth rate
Temperature Strain rate mvaue ,
fraction V¢ |parameter (Napp)
520°C 1.17x10° st 0.48 2% 3.6
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