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Tube Extrusion and Hydroforming of AZ31 Mg Alloys
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11

1808 (magnesium, Mg) Davey [1]

1.93% 0.13%

(@uminum, Al) (iron, Fe)

(density) 1.74 g/en?

1-1[2] (structural metallic materials)
2/3 1/4 27 glen?  (titanium, Ti) 45g/en?  (zinc, Zn) 7.1
glent 79glcn®  (copper,Cu) 8.9 glen?
(solute element) (slver, Ag)
(lithium, Li)  (thorium, Th) (rear earth elements) (cerium, Ce)

(neodymium, Nd) (yttrium, Y')
(solution hardening) (precipitation hardening)

(cast capability) 1-2[2]

111

ASTM (American Society for Testing and Materials)

1-3[3-4]



AZ31B- H24 A Z Al Zn 31 3 wt%

Iwt% B H24

(high specific strength) (high specific stiffness)
(damping capacity) (therma conductivity)
(dimensional stability) (good machinability)
(shielding of electromagnetic interference, EMI) (shielding of
radio frequency interference, RFI) (thin wall cast capability)
(better heat dissipation) (recycling ability)

(environmental stability) [5-12]

1-4 [13]
AZ31 ZK60A

ZK21A ZK40A ZC71 HK31A AZ91 M1A HMZ21A

(1) Mg-Al-Zn AZ31B AZ61A AZ8OA

(2) Mg-Zn-Zr ZK 60A

(3) MgTh HK31A HMZ21A

(4) MgMn M1A

(5) (MgLi )  ZE10A ZE42A ZE62A

(1) MgAl-Zn AZ91D



(2) Mg-Al-Mn AM60 AMS50 AM20

(3) Mg-Al-Si A1l AS21

(4) MgAl- (RE) AE42
[ 14]

1.1.2

[15]

3C (computer,
communication and consumer electronic) [16]
(audio industry) (electronic industry)

(portable personal computer)

(video camera) (cellular phone) (gyroscope shedl) [17]
(portable data terminal) (electronic
product) (electrical product) (telecommunication product)
(1.80 1.2-1.7) ( / )
( ) [6,18] 1-5
(automobile)
(electronic devices) [19-25]

Q) (Drive train parts) (gear box) (intake manifold)



(crankcase) (cylinder head cover) (il pump housing) (oil

sump) (transfer case) (support)

2 (Interior parts) (steering wheel cores) (seat
components) (rear seat) (instrument panel) (steering column
components) (brake and clutch pedal brackets)

(air bag retainer)

3 (Chassi's components) (road wheels) (suspension arms of
front and rear) (engine cradle) (rear support)

4) (Body components) (cast components) (inner bolt lid
section) (cast door inner) A/B (cast A/B pillars) (sheet
components) (extruded components)

(General Motors) (Ford) (Chryder)
12 (instrument panel)
(transfer case) (steering whesl) ? (side mirror brackets)

(cast and wrought magnesium alloys)

( ) [26-28]
1-6 (instrument panel) (body panel) (loading)
(bending) (bending stiffness) (bending
strength) (limiting factors)
(the minimum thickness, t) (the minimum mass, m)

(materials performance index)
(thicknessratios) (mass ratios)
(subscript) “S” “Mg” [26-28]

Q) (Equal Bending Stiffness)



tyg/ts = 3[Eg/ Eyy =1.67 )

my,, /mg = (d,, /d¢)3/Eg/ Eyg =0.39 2
2 (Equal Bending Strength)
tyg /s :(dMg/dS),/YSS/YSMg =112 (3)
my,, /mg = (d,, /ds),/YSS/YSMg =0.26 4
E (elastic modulus) d (density)
26-39% 1-7 (lightweight material)
1-8 [25-26]
[18] 100
ABS 7.8
( )
3C
(hexagonal close-packed, HCP) (face-centered cubic,

FCC) (basal dip)



(non basal dip) HCP 1-1

1-2
Yoo [30]
[27-30]
@ (die casting) [31] (thixomolding)
[7] (3) (thixocasting) (semi-solid forming, SSF)
(thixoforging) [14]
1.2
(extrusion dloy) AZ80 6061
(tensile strength) AZ31 5052 5083
20% AZ31
1930
Aroda 196 XP56 F-80
[32-33]
1700
(block of metal) (die
orifice) (cross section) [34]

(cylindrical bars)

(hollow tubes)



(deformation resistance)

(billet) (high compressive stress)
(creak)
(stainless steel)
(nickel-base aloy) [35-36] (bar products)
(line products) (plate products) (tube products)
(hollow components) (unhollowed components)
[37]
[38]
— (forging) (rolling)
)
)
3
(4)
©)
(6)
(7)
(direct extrusion) (indirect
extrusion)( ) (hydrostatic extrusion) (impact
extrusion)

Q) (forward extrusion) 1-3(a)



(dummy block) (ram)
2 (reverse extrusion) (inverted extrusion)
(backward extrusion) 1-3 (b)
[39]
©)
(high extrusion ratio)
(die semi-angle) (metal flow) [40]
(vegetable oils) (castor oils)
(viscosity)
[41-42]
4 (hollow shape)
(punch)
(wall
thickness)

(collapsible tubes) (toothpaste) [41]



1.3

131
ASTM "tubes” (tubular products
"pipe” and "tubing” Dieter [43] Laue  Stenger [44]
(seamless round tubes)
Dieter [43]
132

Murakami [45]
Hsiang Liao[46]
(hot extrusion)

(interface)

(load)



@
)

3

(4)
)
(6)
()

Mwembela [47]

QL:KL/d

d (m Q.
(W/ mK)

?ij/?Xi+Fj:0
o Ti(du)
— =0
A x
18u, Tu
e; == +—
2 ‘Hxj x

(Yielding criterion)

AZ31

Qu

(W / nfK) K

300-450°C

Q)



[46-55]

@ Vy

)

~—+
I

@)

(3) von Mises

(4)
Q)

(6)
()
(8)
©)
(10)

1-4[49-50] (the upper bound method) (the finite
difference method) (ZONE1~
ZONE3, DEAD ZONE) (r,y,?)  Chang Choi[50]
ZONE1 ZONE3 (rigid zones) ZONE 2 (the plastic
deformation zone)

(1) ZONE1 ( )

U =e=0 ©6)

c
I
<
o
I
=

()



(2) ZONE2 ( )

U - ROR (- R?)r?- RY)
f r(R*(y) - R?)?

. R2
uy_%
R°(y) - R

e, ,te,teq =0

r

(3) ZONE3 ( )

(4) ZONE4 ( )

«y
(ZONE 2)

(8)

©)

(10)

(11

(12)

(13)



Ny
Wj:ésjeeqjvj (14)
j=1
VJ = S_]: équ:
Nj =
2 ( Gl & X
S
W, =a t4|DV,|S; (15)
j=1
I—J: tsF =
€ (G4~ )
M M
W, = ;Ji_lt i[DV(|F; = elﬁs i[pV |F, (16)
m= (0.0=m=1.0
4) (total power of deformation)
J :WJ+WS+Wf (17)
Manufacturing Processes for Engineering
Materias [41] (dead zone) 45°

Vo inr (18)
D

o]

g=



1.4 (Tube hydroforming, THF)

1951 Cincinnati

(tube hydroforming, THF)

[56] (cold press-working)

58] (liquid bulge forming, LBF)

(counter pressure)

THF

AZ

AZ31

1-5

Ahmetoglu

1-6

[59]

AZ31

[57



@

2

3

(4)

(engine cradles)

©)

(6)

@
THF

2

©)

AZ31

(roof headers)

(cycle time)

[60-72]

(spring back)

(database)

(flange)

20

(knowhow)



Fuchizawa [73] (profile of free-bulging)
(elliptical surface arc) (thickness of free-bulged)
(quadratic distribution)

(mathematical model)

(bulge height) (internal pressure)

Re=ro + re (1-cosf ¢) (19

Ze=L/2-rsSiNnf ¢ (20)

Ry = {Re (Ret Zetarf o)} (21)

R, = { Ze (Ze+ Recotf &)} 2 (22)

to lo tp (Re Ze) €

(coordinate) Re Ze e r z fe (contact angle)
L (initial tube length) re (entrance radius of the die) P

Ro Re 1-7[74]

(necking) (warped) (wrinkling)
( )

THF

(Least-Squares Pegression) NDEED LS-DYNA  PAM-STAMP



(finite element ssimulation, FEM)

coefficient)
0.25
(
(
14.1
3C
THF [72]
1-8
1-9
1-10

Q) (Engine cradles)

Hwang [75] 2003
(friction

0.1

THF

)[76-79]

[80-81]

(front subframe)



2 (Instrument panel support)

3 (Radiator supports)
5
4) (Frame ralil)
1-11
) (Roof headers)
(6) (seat frame) (control arm)
(exhaust manifolds) 1-12 (engine
cradle) (suspension components)
1-13
1-14
Audi BMW Damler Chryser VW Entwicklung Beetlg( )
1-15
1995~1997 Volkswagen Benteler Krupp Presta
Muller Weingarten 1-16(a)~(d)
[82]
142

1-17  [83] THF



@
@

(b)

(©

(d)

2
@

(b)

THF

(R



[74-86]

15 (The basic of super plastic materials)

(Superplasticity)

200 %

(free of localized necking)

1912
[87-88]
(spring back)
Considere [43]
ds/de=s
ds/de>s ©) (e)
9
s=s(ee,T,0
ds /de (22 (23)

ds / de = (s /e)+(Ts /7€) (de&/de)+ (Ts/TT )(dT / de)+( Ts / Tig)(d g/de)+...

(T)

(23)

(24)



(Ts /e)

(Ts /€)
s =K'e™Mg® constitutive equations power
law
s = kKe™M (25)
S (flow stress) K e (strain rate)
m m
(strain rate sensitivity) m
m:—ﬂ Ins :Ed_s (26)
fine s de
(Work hardening exponent, n¢)
fins _ae &ds o
n'= =—Cc—r——= 27
fine & &€ o &7
m 0~1 0.01~0.1 m 0.2
m (Ts /11é) ds/de ds/de > s
m (0.5 ~0.8 Ty
Tm ) 0.3~0.8 m
0.3 (ideal Newtonian viscous behavior) m=

1 Ty



90]
)

)

3

(4)

[88-96]

0.8 Tnm

(eutectoid)

(eutectic)

10 mMm
05Tm (Tm )
(diffusion-controlled process)

(second phase)

[20

10 nm

— (grain boundary sliding)

(monotectoid)

(high angle boundary)

(low angle boundary)

(equiaxed)



(random)

® (triple point)

(mobility)
1)
() (m )

10~10° ¢*
©)
(4)
Q) (fine structure superplasticity, FSSP)  (2)

(internal stress superplasticity, |SSP) 3
(high strain rate superplasticity, HSRSP) (4)

151
(Fine-structure superplasticity, FSS)
Q) (diffusional flow, Coble creep, Nabarro-Herring creep) (2)
(Ashby-Verra) (3) 1-18
[89-91]
1-19 1-20 [89-91] (flow stress)

(strain rate) S Region | Region



Il Region il

(power-law creep)

Region |
Region | (threshold stress)
Region | m
Region 11
Region 111
Region Il
Region 11 m 0.5
(offset)
10 mm
1mm d
[89]
_akom s 0 Q.
€= A5 S BEXp( =) (28)
e A p d S So G
D Q R T p n Q

(diffusion law) (impurity)



epdPexp(-1/T)

treatment, TMT)

( 1.3.2

152

93]
)
2

expansion coefficients)

3

153

(29)

(thermomechanical

(equal channel angular extrusion ECAE)

)

(flow stress)

(Internal stress superplasticity, |SS)

m 1

(anistropic)

[88,

(therma



(High strain rate syperplasticity, HSRSP)

(Low temperature superplasticity, LTSP)

104~10°s?
1000 10*~10* st
0.8 T (Tm=650°C  923K) (Tm=660°C  933K)
500°C 773K 0.8 T
0.4~0.7 Tn 200 °C~400 °C (28)
10
mm 104 st
5mm 1 mm
1-21
[89]
( 0.1~0.5nm)
2000
( 112
) Pu Huang 1993~1995  [94-96] 8090
Al-Li-Cu-Mg 350°C 8x10*s? 710%
[92-99] 190 °C~300°C 10 ~10*s?
350 ~ 700% (LTSP
but LSRSP) AZ31 ~2

[90]

154



Class |

(solute-drag creep)
m 0.33
(diffusion flow)

m 1 Coble creep (grain-boundary
diffusion)  Nabarro-Herring creep (lattice diffusion)  Harper-Dorn
creep
1.6

AZ31
Bussiba
[101] (thermomechanical process)
AZ31 Watanabe [102]
16.1
Nussbaum [93] AZ91(Mg-9Al-1Zn) (rapid solidification,
RS)

1-10 MgAl



AZ31 AZ91
MgAl Al
b
Mabuchi [97-98]

s =s,+kd"?

1.6.2

1990

AZ91

So

(sub- millimeter)

AZ31 AZ91
Hy= 28 47
15

T4

60 kg/mm?

b

(M g17AI12)

Hall-Petch

(30)



Li B S &

Y Nb Zr RE
(top down)
(shock loading) (torsion under compression)
(cyclic extrusion) (reciprocal extrusion) (equal channel
angular extrusion, ECAE) (high extrusion ratio extrusion)
(accumulative roll bonding, ARB) (rolling typed thermomechanical
treatment, RTMT) (powder metallurgy plus extrusion, PM/EX)
(rapid solidification plus powder metallurgy, RS/PM) (mechanical
aloying, MA) (bottom up)
(electrodeposition) (gas condensation) (spray
forming) (ultrasonic shot peening, USSP)
[103]
0.1~0.3mm
10~ 100
Hall-Petch
1-22
01~1mm

1-23



1-24

90° 120
4-8
Mabuchi [97]

AZ91(Mg9Al-1Zn) 1mm 200 °C(~0.5 Tm)

661% Mukai [104] AZ31(Mg3Al-1Zn)

50%
40:1 ~ 100:1
AZ AM
ZK 300°C
100:1
50%[105]
100 ~ 300 °C (press forming or press forging)
(tube hydroforming)
Pu  [96] 8090 Al-Li-Cu-Mg-Zr 5083

Al-Mg 0.5mm Saito  [106]

1100 1 mm 200°C



1-25 37 mm

0.67 mMm 100 MPa 300 MPa
1-26
(defect free) 10~50 nm
1-27 1~20 mm
8 mMm
100~500
nm
1-11103]
2004
(friction stir)
[107] 1-28
16.21

Mabuchi AZ91 ZK60 ZK61l (powder metallurgy,



PM) (ingot metallurgy, IM)

250 °C 500 MPa 100 1
300°C 100:1 300°C
30 (PMAZ91 IMAZ91 PMZK61 IMZK60)
14mm 50m 14nmm 24mm
[20]
Watanabe [108]
277 °C
nm 27hm
(relaxation) 277°C
accommodation)
pile-up)
1.6.2.2
1991 Solberg AZ91
12 mm 100 mm
12mm b 0.2 mMm
3~20mm
300°C 12
1.9 mm 3.3x103%s?  300°C
170% 1000%

25

(slip

(dislocation

(rapid solidification, RS)

40:1



100 mm

[90]

1.6.2.3

Kim [109] (rolling) 375°C AZ61 16
mm 8.7mMm 10 mMm

(edge cracking) AZ61 400 °C

2x10*4 st 580%

Mohri  Mabuchi [110] 400°C AZ91 300°C 15x103s?

39.5mMm 0.6

9.1 mMm
(dynamically continuous recrystallization)

[111] 2mm AZ31 10 nm
350 ~ 400 °C 160 °C 4 mm
MgLi-Zn [112]
Lin and Huang[93,99] AZ91
300°C 1x10° st 13 mm 2.5 mm

(dynamic recrystallization)

1.6.24
Lee [113] AZ91 AZ91/SICy, (extrusion)
(extrusion ratio) SC,

300°C 25 1



Mabuchi [114] (powder metallurgy)

AZ91 ZKe6l 280 °C 100 1

(grain boundary diffusion) (lettice diffusion)
[90,93,99-100] AZ31 AZ61 AZ91 100:1 ~ 166:1
AZ31 ~2.5 mMm HSRSP 1000%
200~250 °C LTSP 1000%
[115-116]
2 mm ~ 2 mm[90]
1.6.25
1-24
90° 120

Segal [117-118]
(equal channel angular extrusion, ECAE)
1-24



é2cot(f /2+y /2)+y cosec(f /2+y /2)u

ey =N 31
& J3 i
N f y
Mabuchi [97] AZ91 175 °C 8.05
1 nmm (extrusion) (rolling)
200°C  5x10°s* 661%
0.3
(viscous-glide of dislocations)
AZ91
ECAE 10~ 30 mm
Mabuchi [119] (high-resolution electron microscopy,
HREM ) (microstructure)
(non-equilibrium state)
(wavy) (distortion) 225°C
12 (annealing) (equilibrium state grain)
0.7 nm 3.1 nm 0.5
(long-range stresses)
1.6.2.6
Mukali [120] (double extrusion and reciprocal extrusion)
ZK60 17vol%SiC
double extrusion 1.7

nmm 350°C 350°C



3v0°C 10tst

0.5 81 kJmol
AZ91 275°C 10
st 989%
3 (ultimate tensile strength) 2.6
[90]
1.6.3
Narutanic [121]

(fracture behavior) Reed-Hill[122] Zn

450%

(reciprocal extrusion)
35mm 300°C 1x10°
(yield strength)

(cleavage plane)

(0001) AZ91 b (Magi7AlLL)
Mai7Al12 (body-centered cubic, BCC)
Mg/Mai7Al12 (microcrack Mg/Magi7Al12
Mai7Al Mai7A 12 Lahaie Embury
[123] M ai7AlL
Ma7Al12
Mg/Mai7Al12 Mai7Al12 (crack river)
(coalescence)
(growth) (cleavage steps) (cleavage rivers)

(second cracks)

Lu  [124] AZ91



(scanning electron microscopy, SEM ) AZ91 AZ91

(brittle fracture) (cleavage)
1.7 X
X (X-ray diffraction) (texture)
(Bragg' s law)
X
X

(macrotexture; macroscopic texture)

microtexture (local texture)

X (orientation distribution functions, ODFs) 2
(two dimension) 3 ODFs ODFs
X (Euler angles,
J .80 5) (polar coordinations) (Euler space)
ODFs
1.8

3C



[97,105]

) ( ) ( 0.5 mm
)
1.74 AZ
AZ91 AZ31
AZ31
Q) (rod-shaped bars) (thin sheets) (tubes)
AZ31
2 KCAEP-350E
50 mm 50 mm
(3) AZ31 250 °C~400 °C 6 ~1100
(4) AZ31
25°C 200°C 300°C 400

°C 2x10% 1x100 1x10°%s?



(5) AZ31

AZ31

(6)
3C

AZ31



21

AZ31 (Mg3Al-1Zn)

Deltabc CDN
(semi-continuous casting) 178 mm
mm AZ31 2-1
2.2

AZ31

75mMm

2-1
221

KCAEP-350E
350 2-2
(dummy block) 2-3

(ram) 2-4

AZ31

300



Dieter [43] Mechanical Metallurgy Laue Stenger Extrusion

Processes, Machinery, Tooling [44]

Mannesmann mill

KCAEP-350E
Dieter [43] Mannesmann mill
Assel (three-roll piercing
machine method)
200 ~ 300
65 mm (porthole die)
[126]
[127] AZ31 250 ~ 400 °C
SKD61
HRC 48~50 (spandepth ratio)
AZ31
57 mm 12.25 mm

37.5 mm 2-5 (piercing mandrel die)



SKD61

2.1kg HRC 48~50

25 mm 112 mm

2-8
30 mm SKD61
48~50
9.5kg
2-9 [128]
mm 4.1 kg 2-10
40 mm
2.2.2 (Tube extrusion)
AZ31
30 mm 25 mm

(power output controller) 2-12

2-6
KCAEP-350E
2-7
HRC
93
2-11
65 mm 45 mm
(BN)
154 1
25 mm AZ31
250 ~ 400°C

(speed indicator)
6s 125s 500s 1100 s



(Extrusion ratio, ER) ER = Ao/As

ER=(65/2) °p [(30/2) % p- (25/2) 2p]=15.4 1

(true strain) In(ER) = 2.7

65 mm 45mm AZ3l

4h

Ao

A¢

32

33



2.3

231
SHIMADZU HMV-2000
(Hy tests) 100 g 15s
2.3.2 (Superplasticity tests)
(ASTM) [129] 2-13 (gauge length) 5.5 mm
INSTRON 5582
(constant crosshead speed)
250 ~ 400°C (strain rate)
1x10°s?t 250 ~ 400°C
2x10*s? 1x10° st 1x10%s? AZ31
m
(K) (n)
Instron 5582 (displacement)
(load) -

(true stress) (true strain)



(uniform deformation)

L = (Ld/Lf) X Lm+ Lo (34)
@rve = IN(L/ Lo) (35
S true = Se (1 + DL/Lo) =Se (Lt / Lo) (36)
L =Lo+DL (37)

L Lqg Instron 5582

L¢ (fracture) Instron 5582

Lim Lo

Crue S true Se

(engineering stress)

(true stress-strain curve)

(m vaue) (work hardening) (activation energy)

K n

2.3.3

2-14[59]

( 2-14 )



( 2-14

1

mm

2-16 (3)

®
indicator)

~127 mm)

280 KN

1/2 (

@)
350 kgf/cnt

1400 kgf/cnt

4 [59]

d> = 120 mm

1400 kgf/cnf

2-14

2-16 (b)

2-16 (3)

20 mm

(pressure gauge)

(

1 4 ( 214 ®)
1000
2-15 d; =120
P, = 350 kgf/cn? 4
@)
[59] a
2-16 (a) (4) 2-16(b) a <
®
1
o
2-17[59]
(dia indicator)
2-16(b) ©
g 0.001 mm (dia
2~5 (510
100 MPa( 1000 )

400 kg)



AZ31 30 mm 25 mm

2-18[59]
1)
2-19
SNCM8 HRC 38~40
[127] 90 kgf/mm? (882.9 MPa)
(n=2) [130]
(b/2) +(a/2f _ _(20/2) +(6/2).
. p= 100 =120MP
(s) (b/ 2)2 - (a/ 2)2 (20/ 2)2 j (6/ 2)2 a (38
(s,).. =-P =-100MPa (39)
S, S, S .
P Tresca criterion[131]
s, = (St)m&-'z(sf)m- _120- ; 100) =110MPa (40)

2



AZ31

SNCMS8
90 kgf/mm2 (882.9 MPq) HRC 38~40 2-20
30 mm
(©)
AZ31

40 mm

AZ31
38~40 160 mm 10 mm

2-21
200 mm
4) (Elastic rubber)
2-23 20 mm

mm 26 mm 25mm 1.3 mm

[127]

188 mm

SNCM8

5 mm

HRC

2-22

24



2-24

)

AZ31 30 mm
2-25
234
[56-66]
AZ31 200°C 1h
400°C 4h
235
AZ31
2-26
[64]
LECTROETCH V45A
(stencil) (cleaner)

(electro-etch electrolyte) 2-27 2-28



AZ31

1, AZ31
2.
3. Az3l
4.
45W
5. AZz3l
6.
7. Az3l
2-29 (a) (b)
2.3.6

AZ31 188 mm

0.001 mm

2-30



237

(CPC-R69)

(CPC-R68)

54000 kgf/cnf  R68 (paraffin)

[59, 64]

3. AZ31

2-31

AZ31



10. 0
11. A
12. B
13.
14.
15. AZ31
16.
24
24.1
AZ31
20~24 h
800 1000 1200 1500 2000 4000
1mm 0.3mMm 0.05 nm
1~2 (etching) (morphology) AZ31
100 mi (ethanol)+5g (picric acid)+5 ml (acetic acid)+10 ml
AZ91 5ml (acetic acid)+95 ml (optica

microscopy) (grain sizes



difference)

24.2
(scanning electron microscopy, SEM) JEOL
JSM-6400 20 kv (working distance)15 39 mm
(secondary electron image SEI) SEM
?
243 X
X (XRD) Siemens D5000 X-ray 40 kV
30 mA X-ray
(longitudinal plane) AZ31 7 mmx5mm
X-ray AZ3l
(pole figure) Siemens D-5000

X-ray



31 AZz3l

AZ31 Deltabc CDN
178 mm 300 mm
75 mMm 3-1
HCP
65 mm 45 mm
4 h 154 2.7 250°C 300°C 350°C
400 °C 6s 125s 500s 1100s
AZ31
30 mm 30 mm 0° 112 mm
25 mm 25 mm 2
2.5 mm 10 ~12 mm
45 mm 45 mm 410
mm
6~7s
30 mm 32 mm
3-2
KCAEP-350E
180 mm

3-3(a)



3-3(b)

3-4(3)
3-4 (b)
AZ31
35
3.2 AZ3l
a 0° ( Al
A2
)
(lengthwise) (halve)
1.1x10° st oM
3-6 (b) (1)~(15) 3-6 (b) (14)

3-6 (b) (15)

40~50 mm

(metal flow)

250°C



3.3

AZ31 31

300°C 350°C 400°C

34 AZ3l

AZ31
(strain rate sensitivity)

M anufacturing Processes for Engineering Materials [41]

X 6V.D2t
e= M =InR
Do - Df
Vo Do R
(dead zone) 45° a=45° tan45° =1
. eV
e=—2InR
DO
1100s 500s 125s 6s
st 1.3x10% s! 54x10%2 st 1.1x10° st 6 s
KCAEP-350E 125s 500s 1100 s
20 85 180
35 AZ31

250 °C

(41)

(42)

6.1x10°3



(outer wall) OW A

(longitudinal plane)

(transverse plane) TP
4 250 °C
100 °C 9 350°C
A B CD
st 38 A B C D
3-8 (b)
6.1x10°s! A B C D

RD TD

(inner wall) IW B

RD
2.5 mm
LP C 25 mm

D

1.1x10° st
6.1x10° st
4 250°C 1.1x10°
1.2 mm
15.4
3-9 9 350°C

1.6 mMm

12 kg

90° KCAEP-350E

45°



250 ~400 °C 6.1x10° s1~1.1x10° s
oM 3-10~ 313
32 3-14
3-14
250 °C 1.2 mm
3.6
AZ31
200 °C 400 °C
100 °C
3.6.1
AZ31
75 mMm
Hv ~50 AZ31

250°C 300°C 350°C 400°C
6.1x10° st 1.3x10%s! 54x10°s? 1.1x10°s?

100 g 15s



3-3 3-15 315

Hall-Petch
Hv = 26 + 69 d*?2 3-15 250 °C
AZ31 ~91 300°C 350°C
~87 ~82 400 °C
~71 400°C
75mMm
~2.5 mMm
400 °C AZ31
3.6.2
1x10° st 250
°C~400°C - 316~ 319
(elongation, €%)
(ultimate tensile stress, UTYS) 3-4 AZ31
160 MPa 9%
UTS 289~322 MPa
[20] [90]
AZ91
100:1 UTS 340 MPa e% 16%
UTS 330 MPa e% 4% 100:1 AZ31
UTS 335 MPa e 38%
e 43% 154 AZ31

400°C 6x10°st 41%



AZ91 100:1 2.5 AZ31

3-3 2~3
uTsS 2
3.6.3
3.6.3.1 200°C
34 200 °C
2x10% st 1x10°s? 1x107° st 2x104 st
4 250°C 1.1x10°s? 334%
12 350°C 1.1x10° st
297% 1x103st  200°C
4 250°C 1.1x10°s* 233%
8 300°C 1.1x10° st 220%
1x107? s? 8 300 °C 1.1x10° st
171% 250°C 350°C
1x10° s+t 125%
200 °C 1x107? st 320 200°C
3-20
250 °C 200°C 4 400°C

1 400 °C AZ31



250°C 300°C 350°C 400°C
200°C 2x10*s? 3-21 (a) (b) (c) (d)
3-21(d) 400 °C 200°C

100 MPa 3-5

250 °C
2x10% st 1x10° st 1x10% st
AZ31 400 °C
1x102 st 98%
400°C 2x10* ' 1x10° st 1x10?s?
70 MPa 100 MPa 136 MPa 3-5
250 °C 2x10* s* 1x10°
st 1x102s?t 43MPa 65MPa 123 MPa
3-5 100 MPa
2x10% st 1x10° st 1x102%s?
250°C 185%
400 °C 136% 3-5
400 °C 102 MPa
250 °C
77 MPa
4 15.4:1 250°C 1.1x10° st 200 °C
2x10% st 334% [90]

100:1 200°C 6x10%s* 300% AZ31



200°C

323
350°C

300°C

2x104 st 1x10°

8 300°C

3.6.3.2 300°C
250°C 300°C 350°C 400°C
300 °C 2x10% st 1x10°s?! 1x102 st
322 250 °C 300 °C
300°C 300°C 324
300°C 3-25 400°C
300°C 300 °C
200°C
st 1x102st 3-5
10 350°C 1.3x102 st
607% 3 250°C 5.4x1072s?
605% 1x103st  300°C
1.1x10° st 438% 3

438% 3-26

2x10% st 1x10°%st  1x10?st

30MPa  3-26(b) 300°C 6.1x10°s?

250°C 5.4x10°s*
327 328

326()  250°C

44 MPa 0.8 300°C

483% 8 1x103 st

44 MPa 0.5

438%



3-27(b) 607%
10 3-26 (¢) 40 MPa
0.7
3-6
1x102 st 3  250°C 5.4x1072s?t
406% 400% 300°C
AZ31 1x107? s
2x10* s 1x102 s*
3  250°C 54x102%st
300 °C
250°C 2x10%s*  1x10° st 1x102?s?
AZ31 400 °C
1x102 st
179% 2x10* st 1x1073 s*
400°C 300%
400 °C 2x10* s' 1x10°3
st 1x102s?t 19 MPa 30 MPa 56 MPa 3-6
3-27 (d) 300 °C
1x10° st 400°C 6.1x10° s*
62 MPa 300% 3-28 (a)
3 250 °C  5.4x102 s? AZ31 300 °C
1x102% st 406% 3-28 (d) 400



°C 6.1x10° s? 1.3x10?%s? AZ31 13
14 300°C 1x102 s* 140%
15 16 AZ31
1x102 st

AZ31

2x10% st 1x10%s? 1x10?st

250°C 367%
3-6 400 °C 268%
400 °C 35MPa
250 °C
26 MPa
3.6.3.3 400°C
400 °C 2x10%s* 1x10° st 1x10?s?
3-29 250°C 400°C
3-30 300 °C 400 °C 331 350°C
400 °C 3-32  400°C 400°C
400 °C 400°C
200 °C 300 °C
2x10% st 1x10%s? 1x102% st 37
2x10* s?
3

250 °C 5.4x107° st 631% 10 350 °C



1.3x1072 st 540% 1x102 st 300°C

1  250°C 6.1x10°s! 423%
5  300°C 6.1x10° 386% 3-7
400 °C 1x102 st
3  250°C 5.4x10°s? 502%
500% 250 °C 300 °C
AZ31 1x10? s*

250°C 300°C 350°C 400°C

400 °C 3-33 2x10% st 3-34
1x103 st 335 1x107? st
3-33 334
2x10% st 1x10°3 st
3-7 250 °C

2x10% st 1x103s! 1x10?st

AZ31 350 °C
1x102 st 213% 2x10*
st 1x10° st 400 °C
280% 400°C
2x10* st 1x10° st 1x102 s? 7
MPa 15MPa 32 MPa 3-7 1x10°2
st 250°C 300°C 350°C 400°C
20~30 MPa

3-33 (a) 3-34 (a) 250 °C



400 °C

300°C 350°C 400°C

2x10% st 1x10%s? 1x10?st

250°C 386%
3-7 14 MPa 400 °C
279% 18 MPa
3.64
AZ31 (strength
coefficient) K (strain hardening exponent) n
5 mm 2-20 @ (b 188 mm
25mm 13 mm 40 mm 30 mm
2-28
188 mm 30 mm 25 mm
3-36 (a) (b)
12 kg

90°



4 250°C 1.1x10°s?

0.33 mm 0.19 mm 3-8
479 MPa 58.8 MPa
°C 1.1xae° st
36.0 mm 31.0 mm
58.0 mm
23.0mm [56-66]
( )
200°C 1h 400°C 4h
200°C 1h

250°C 1.3x10°s?

8 300°C 1.1x10°s?

AZ31
3-37
67.0 mm
8 300°C 1.1x10°st
35.0 mm
AZ31
1 250°C 6.1x10° st

12 350°C 1.1x10°s?

250

3-38

046 mm 0.56 mm 0.40 mm 47.2 MPa 47.4 MPa
55.9 MPa
3-38 () (b) (c) 3-38 (9 1
46.5 mm 22.0 mm 24.5 mm
(b) 2 435 mm
19.0 mm 245 mm 3-38 () 12
46 mm 20.0 mm 24.5 mm
3-8 200°C 1h



400°C 4 h

40 mm
250°C 5.4x10° st
225 mm 22 mm
MPa 16 400°C 1.1x10°s*
22.5 mm
mm 41.0 MPa
200°C 1h
400 °C 4 h
25 mm 188 mm
(@ (b)
1
MPa
22 mm 3-41 ()
23.7 MPa
19 mm 24 mm
400°C 4h

365

445 mm
3-39 (a) 1.63 mm
225 mm 3-39 (b)
AZ31
1.06 mm 3-8
43 mm
3-41 (b) 9
43 mm
3-8 AZ31
1.3 mm

49.6

45 mm

0.81

3-40

215

21 mm

1.04 mm



200°C 1h 400°C 4h
1x10° st 39 3-4
3-10
400°C 6x10° st 41%
400°C 1x1072 s* 31%
250°C  19% 300°C 18% 350°C 21% 400°C  32%
400°C 250°C 300°C 350°C
6x10° st 24%
22%
200°C 1h 400 °C 6x10° st
32% 350 °C 1x102 st 31%
250°C  23% 300°C 23% 350°C  24%
400 °C  24%
1x10° st 26% 5x102 st
22% 400 °C
AZ31 200°C 1 h
200°C 1h
24% 22%
400°C 4h 300 °C 1x10° st
51% 250°C 120 5107 s 49%
250 °C  39% 300°C 41% 350 °C
39% 400°C 37%  300°C 41% 400°C
37% 250 °C 350 °C? 39%



5x1072 st 42%

6x10°3 st 35% 400 °C
4h 39% 200°C 1h
50 kg/cn?
AZ31
400°C 4h
1x10?t st
311 311 342 UTS elongation
1x10°3 st
1x10t st
3.6.6
AZ31 30 mm
AZ31
400 °C 4 h 343
SHIMADZU UH-1000kNA 3-44 (a) (b)
3-45 ?=45° ?2=90°(
) 3-46 [64] ?2=0°
6 13 3-12 300°C  400°C

1x10°3 st 45°  90° uTsS



€% 0° 40% 20%

AZ31
X
37 X
X
X 3-47 3-50 250 ~ 400 °C
X
3-51 6.1x10° st
X 3-52 1.3x102% st X
3-53 5.4x102 st X
3-54 1.1x10° s X
3-55 X random (1011)
(0002) (1010) (1011) X
AZ31 random
(0002)
3-47 250 °C 5.4x102 st (0002)
1.1x10° st (0002) 3-48 300°C
1.1x10° st (0002) 5.4x102 st (0002)
350°C 3-49 1.3x102% s (0002)

1.1x10° st (0002) 400 °C X



3-50
st (0002)
st (0002)
354
400°C  (0002)
(0002)
(0002)
(0002)
(pole figure)
AZ31
(0002)

AZ31

6.1x10° st  (0002) 1.3x10°2
400 °C 6.1x10°3
{0002} basal
X 3-51
400 °C 6.1x10°st  (0002)
X
250°C  (0002)
HCP (0002)
HCP
(1010) (1011)
AZ31
AZ31
10 x 10 mm
3-56~ 3-58 pole figure
(hexagonal lattice) (basal plane)



3.8

39

3-60

2000

3-59

400 °C

dimples

20~40%

1000

Lu

AZ31

361 (a)
3-61 (b)
3-61 (¢)

3-61 (d)

AZ31

[124] AZ91

12

SEM

250°C

25 mm 40 mm
SEM
4
200°C, 1h
1 400°C,4h

3 400°C,4h



4.1

[132]



4-2

47.07%

79.33%
35% 4-2
AZ31
1.0 MPa [132]
42 AZ3l
[132]

1
2
3
4 Von Mises

59.48%

59.48%

70.23%

47.07%



250°C 1.1x10°s? oM
3-6 (b) (1)~(15) 3-6 (b) (14)
3-6 (b) (15)
XRD {0002} 3-6 (b) (15)
{0002} basal AZ31
{0002}
{0002}
{0002} {0002}
c- 0001
43 Az31
[90] AZ31 300°C
100 1 99%
4.61
1x10t st 200°C 250°C
300°C 60~70%
1x103 st 200%
(42) 7x103 st 1x10°3
st 7 154 1 2.7
1100 s 500 s 125s 6 s
6.1x10°s? 1.3x10%2s?! 54x10%2s? 1.1x10°s?
6s K CAEP-350E 125s
500s 1100s 20 85 180 157
1100
AZ31 300°C -



4.4

[90]
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45 Zener-Holloman

Z= eexp (Q/RT)

Pyl

Q

Zener-Holloman

In (d) =1.7-0.06 In (2)

1 mm

AZ31

AZ31

[136-137]

In (d) = 6.0- 0.17 In (2)

F

Zener-Holloman

8314 Jmole T

135 KJmol
(mm)

Wang

Zener-Holloman

Fr
Fr

154

(Z parameter)
(44)

(K = 273+ °C)
AZ31
4-3(a)

(45)

[115] Huang  [135]

d z 4-3 (b)

FSP

(46)



(45)  (46)
FSP

Zener-Holloman (d)

46 AZ3l

m 0.5 ( N=1/m=2)

Eb . abd'as -5,0

€ =A—D,C—~ 47
KT “&dg& E 4 (47)
A k Boltzmann' s constant  Degt
(effective diffusivity) D Dgo D. d
p ( 2~3) sn (threshold stress)
power law dislocation creep m

02 (m 0125 025 N=4~8 )



( N=3

e=cKlpa®?d
E eEg

Ds

200 °C

AZ31

2.5 mMm

200 °C

4.7 AZ31

300~400 °C

1.2nm

300 °C 400 °C

(strain rate senditivity, m

)

350°C

(48)

0.33

(49)

350 °C

14



AZ31 200 300 400 °C 2x10°*
05 1-16
m 4-1 (26) m
4-4
200 300 400°C m
4-4 400 °C m 0.40
278~386% 37 N ( ) m
25
300°C 200°C 400°C
4-4 m 0.29
268~367% 3-6 400°C
°C 60%
200°C m 0.22
power law dislocation creep 4-1
AZ31 200 °C m 0.16 N
[89] 3-5
4-1
m m
m 300°C
m m

1x107° st

fit

3.4

200

4.5

400°C

200 °C



4.8

P N
- 0a8 0
e= A — = C——+ 50
8d 7 gE 0
A b (Burgers vector) d E p
p n 1 (50) power
law  (25) s = Ke™M K é
.p/N
s = Bé“”é‘ig (51)
ebg
(51)
[90]
(LTSP)
(HSRSP) [115] 200 °C 300 °C 400 °C
UTS
4-5 Az31 200 °C (a) (b)
250°C UTS
400 °C uUTS

4-6 300°C  (3) (b)



250°C uTs

uTsS (grain boundary
diding, GBS) 400 °C uTS
400 °C 4-7 300°C
10° st
250°C uTsS 400 °C
UTS
4-8 4-9 48
200 °C UTS
300°C 400°C UTS 400°C uUTS
4-9 250°C 200°C 300
°C 400°C 300°C
350 °C 400 °C 200 °C
300°C 400°C
250 °C
400 °C
49 AZ3l
3-15 AZ31
Hall-Petch

Hv = Ho + k 02 (52)



Hv

Hv = 26 + 69 d*? AZ31
50  250°C AZ31 ~91
300°C 350°C ~87 ~82 400°C
~71
400 °C
75 mMm ~2.5mMm
400 °C AZ31
3-3
250°C  300°C  UTS
250°C  300°C
1x10° st 1.1mm UTS 322 MPa
400 °C  6x10° s? 25mm  UTS
289 MPa 250 ~400 °C
6.1x10° s1~1.1x10° s* AZ31 UTS
d*? 410 UTS =153 + 187 d2
4-10
uTS
AZ31 160 MPa
uts 2 1

AZ31 9%

3-3 2~3



[20] [90]

AZ91 100:1
uTsS 340MPa e 16% UTS 330MPa e 4%
100:1 AZ31
uTsS 335 MPa e 38% e 43%
15.4 AZ31 400°C 6x103st
41% AZ91 100:1
25 AZ31
15.4:1
4.10
AZ31 1 4
(asymmetric eliptic shape)
UTS 300 MPa  AZ31 400
°C 4h uTsS 260 MPa fitting

(tensile flow stress)

(power law)

s=Kd (53)

K (strength coefficient) n (work hardening exponent)

(strain harden exponent)



Ins =InK+nlne

(54)

(53) Ine Ins X
Y (least mean sguare root method) Y
In K n n (FLC)
n
n
AZ31
K n
AZ31 400°C, 4 h 1x103 st
n 4-2 n 052 K
2015 MPa K 1-6 AZ31
45GPa UTS 290 MPa
s=Ee (55)
S E e e 0.0064
e~0.02 AZ31
AZ31 2D 3D AZ31
0° 45° 90° (53) (54)
Ine X Ins Y



n Ine=0 Ins In K n K

400°C, 4 h
1.3 mm ? 50
kg/ent 1 7 15 4-3
AZ31 K n
4-11~4-13
K ~473MPa n 0.25 4-4
30 mm
K n K n
3-37-3-39 341 25 mm 13 mm
50 20MPa AZ31 6061 Al
[40]
1 defect (premature vertical
crack)
2. (bulging strain rate) ~102 -107 st
AZ31
3. A3l basal plane texture AZ31
non-basal direction
h P 25 mm 1.3 mm
4-14 AZ31 400°C, 4h 25 13

mm (hemisphere)

K n [62,66,



4-75] 4-15
K’ n 2.5 mm 821 MPa 0.34
1.3 mm K’ 401 MPa n 0.22
K n
K n AZ31
411
AZ31
AZ31
AZ31 FSP
[100,115,136] (10m)
random (0002) (1010) (10m)
X AZ31
random
(0002)
[40,65,75] 6061 Al 15%
AZ31
0° 45° 90° 6061 Al
20~40% 4-16~4-17
6061 Al AZ31 planar basal textrue



Al FCC
Goss type
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{0002} basal plane AZ31
HCP
3D
2~3mm
{0002} basal plane
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basal plane
{1010} {1011} {1122}
{0002} basal planes
cimb  cross-dip {0002} planes
basal planes

AZ31 3D

412 Schmid factor
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(Copper) (Brass)

(dislocation cross slip)
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(plane texture)
2D random condition [0001] c
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cross dip  nontbasa plane
4-19
{0002} planes
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circles 4-18 [43]

basal texture

S, S=cosgcosf q f

basal plane
Wang [137]

oriendation distribution

{0002} plane texture
{0002} <a> type (prismatic)

4-5 Schmid factor
90°
Schmid factor
0 +20° Schmid factor
01

FSP (friction stir processing)
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41%
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Mohr’s
crossdlip
Schmid factor
+20° 3-15
pole figures
Schmid factor
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0.11
0.2
AZ31
basal texture
plane texture
13

8 300°C 1.1x10°



st 400°C 4h 51% 1400 1000

800 rpm FSP
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AZ31

250 MPa 300 MPa FSP
4-20 AZ31
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75 MPa 250 MPa [136,138]

(critical resolved shear stress, CRSS)
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250 °C AZ31 ~01
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100:1 25 AZ31 1001
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1-1

[2]

Property Temperature Vaue
Q)
Atomic number 12
Relative atomic mass 24.3050
Natural isotopes 79% 2 Mg
10% 22 Mg
11% 2SMg
Melting point (650.0+0 . °®)
Boiling point 1090°C
First ionization energy 7.646 eV
Structure 25 Hexagonal (hP2)
a 25 0.32094 nm
c 25 0.52107 nm
cla 25 1.6236
Density 25 1736 kg/ m®
Electrical resistivity 20 4.46 x10°%Qm
(polycrystalline) 600 17.0x10%Qm
Elastic moduli Cyi4 25 59.3 GPa
Elastic moduli Cz3 25 615 GPa
Elastic moduli Cy4 25 16.4 GPa
Elastic moduli C;» 25 25.7 GPa
Elastic moduli C;3 25 21.4 GPa
Y oung’'s modulus of polyctystalline Mg 25 45 GPa
Poisson’sratio of polycrystalline Mg 25 0.35
Coeff. of thermal expansion parallel to a 27 24.7 x10°® /K
Coeff. of thermal expansion parallel to a 527 29.8 x107° /K
Coeff. of thermal expansion parallel to c 27 25.7 x10°® /K
Coeff. of thermal expansion parallel toc 527 30.5 x10™° /K
Coeff. of thermal expansion polyctystalline 27 25.0 x107® /K
Coeff. of thermal expansion polyctystalline 527 30.0 x10°° /K
Linear contraction 650-20°C 1.9%
Volume contraction liquid -solid 650°C 4.2%
Heat capacity Cy 27 24.86 Jmol K
Heat capacity Cp 527 31.05 Jmol K
Entropy S 27 32.52 Jmol K
Entropy S 527 59.72 Jmol K
Enthalpy H-Hys °c 527 14057 J/mol
Thermal conductivity 27 156 W/m K
Thermal conductivity 527 1456 W/m K
Thermal diffusivity 27 0.874 cm?/s
Electrochemical potential (Nomal hydrogen electrode) -2.37V
Rel. machining power Mg aloy: Al aloy 1:1.8
Rel. machining power Mg alloy: cast iron 1:35
Rel. machining power Mg aloy: Ni alloy 1:10




1-2 ASTM [3-4]

o O w

m

zZ

N 4 » XU O

1 0 F-

O-

H10 H11-

H24 H26-

T4-

T5-




[2]

element | Melting and casting Mechanical and Corrosion behavior
behavior technological properties I/M produced
Improves elevated
Ag temperature tensile and Detrimental
creep propertiesin the influence on
presence of rare earths corrosion behavior
Improves castability, Solid solution hardener,
Al tendency to microporosity precipitation hardening at Minor influence
low temperatures (< 120°C)
Significantly reduces
Be oxidation of melt surface at
very low concentrations
(<30 ppm), leads to coarse
grains
Effective grain  refining | Improves creep properties Detrimental
Ca | effect, dight suppression of influenceon
oxidation of the molten corrosion behavior
metal
Detrimental
Cu System with easily forming influenceon
metalic glasses, improves corrosion behavior,
castability limitation necessary
Detrimental
Fe Magnesium hardly reacts influenceon
with mild steel crucibles corrosion behavior,
limitation necessary
Increases evaporation and | Solid solution hardener at Decreases corrosion
Li burning behavior, melting | ambient temperatures, properties strongly,
only in protected and sealed | reduces density, enhances coating to protect
furnaces ductility from humidity is
necessary
Control of Fe content by Improves corrosion
Mn | precipitating Fe-Mn Increases creep resistivity behavior duetoiron

compound, refinement of
precipitates

control effect




System with easily forming Detrimentd
Ni metallic glasses influence on
corrosion behavior,
limitation necessary
Solid solution and | mprove corrosion
Rare | Improve castability, reduce | precipitation hardening at behavior
earths | microporosity ambient and elevated
temperatures improve
elevated temperature tensile
and creep properties
Decreases castability, forms
Si stable silicide compounds
with many other aloying Improves creep properties Detrimental
elements, compatible with influence
Al, Zn, and Ag, weak grain
refiner
Improves elevated
Th Suppresses microporosity temperature tensile and
creep properties, improves
ductility, most efficient
alloying element
Grain refining effect Improves elevated Improves corrosion
Y temperature tensile and behavior
creep properties
Increases fluidity of the Precipitation hardening, Minor influence,
Zn melt, wesk grain refiner, improves strength at sufficient Zn content
tendency to microscopy ambient temperatures, compensates for the
tendency to brittleness and detrimental effect of
hot shortness unless Zr Cu
refined
Most effective grain refiner, | Improves ambient
Zr incompatible with Si, Al, | temperature tensile

and Mn, removes Fe, Al,
and S from the melt

properties sightly




AM100A-T61
AZ63A-T6

AZ91C-and
E-T6

EQ21A-T6
HK31A-T6
QE22A-T6
WE43A-T6
ZCB3A-T6
ZE41A-T5
ZH62A-T5

ZK61A-TS

1-4

( %)
Al Mn(a) Th Zn Zr Other MPa Ksi MPa Ksi MPa
HRB(c)
10.0 0.1 275 40 150 22 150
69
6.0 0.15 . 3.0 275 40 130 19 130
73
8.7 0.13 . 0.7 275 40 145 21 145
66
0.7 15Ag,2.1Di 235 34 195 28 195
65-68
33 0.7 220 32 105 15 105
55
0.7 25Ag2.1Di 260 38 195 28 195
80
0.7 4.0Y, 34RE 250 36 165 24
75-95
025-0.75 ... 6.0 2.7Cu 210 30 125 18

55-65

Ksi

22

19

21

28

15

28

2in,%

MPa

145

145

145

Ksi

21

21

21



AMG60A -and
B-F

AS21X1

AZ91A, B and
D, F

AZ31BandC
AZ61AF
AZ80A-TS5
ZK21A-F

ZKG60A-TS5

9.0

3.0

6.5

8.5

1.8

6.0

17

0.13

4.2

57

6.0

0.13

0.7

1.0

1.0

05

0.7

0.7

0.7

2.3

1.2RE

0.45

205

240

310

1.1Si

62

70

230

260

310

380

49

82

30

35

45

38

45

55

140

170

185

205

240

150

200

230

275

260

30

35

38

20

25

27

29

33

40

140 20
170 25
185 27
115 17
130 19
165 24
97 14
130 19
240 35
195 28

35 160
4 165
170
115 17
130 19
3 140
15 130
16 140
7 165

135 20

23

24

25

20

19

20

24



AZ31B-H24

HK31A-H24

HM21A-T8

3.0

0.6

3.0

2.0

5.5

1.0

0.45

0.6

365 53

290 42
73

255 37

235 34

305

220

200

200

44

32

29

29

250

180

160

160

36

26

23

23

11

15

180

160

140

140

26

23

20

20



ABS

1-5

(W/m-°C)

121-239

75-138

8-12

0.28

(Jkg-°C)

880-920

1046

502-544

[6]

2.68

1.80

451

114

109

163

195

29



Material Cast | Cast | Wrought | Wrought Cast Cast | Wrought | Wrought Plastics
Mg Mg Mg Mg Iron Sted Al Al Al (PC/IABC)

Alloy/ AZ | AM50 AZ80 AZ31 Class | Gava | 380 6061 5182 Dow Pulse
Grade 91 -T5 -H24 40 nized -T6 -H24 2000
Process/ die die sand die Injection
Product cat ot extrusion sheet cast sheet cat extrusion sheet molding
Density
(d, gerd) 181 177 1.80 177 7.15 7.80 2.68 2.70 2.70 1.13
Elastic

Modulus 45 45 45 45 100 210 | 71 69 70 2.3

(E, GPa)
Yied

Strength 160 125 275 220 N/A 200 159 275 235 53
(YS, MPa)

Ultimate
Tensle 240 210 380 290 293 320 324 310 310 55
(SMPa)

Elongation 5 at vyield

(&,%) 3 10 7 15 0 40 3 12 8 abd 125 at
break

Fatigue

Strength 85 85 -- - 128 -- 138 95 -- --
(§,MPa)
Thermal

Cond. 51 65 78 77 41 46 96 167 123 --

(I, W/mk)

Thermal

Exp.Coeff. | 26 26 26 26 105 | 117 | 22 23.6 24.1 74
(mm/mk)

Melting 143
Temp. 598 620 610 630 1175 1515 595 652 638 (softening
(Tm,°C) temp.)




1-7

Material

Mg(AZ91) 1.67 0.39 1.12 0.26
Mg(AM50) 1.67 0.38 1.26 0.29
Mg(AZ80-T5) 1.67 0.38 0.85 0.20
Mg(AZ31-H24) 1.67 0.38 0.95 0.22
Al(A380) 143 0.49 112 0.38
Al(A356-T6) 1.43 0.50 1.04 0.37
Al(A6061-T6) 145 0.50 0.85 0.30
Al(5182-H24) 1.44 0.50 0.92 0.32
Pastics 4.50 0.65 194 0.28




1-8 [23-24]
Material (Mg) (Al
( Thermoplastics)
Dimensional tolerance
+0.001 +0.002 +0.002
(mm/mm)
Draft angle 0-15 2-3 2-3
Minimum wall
1-15 2-25 2-3
thickness (mm)
Casting/molding cycle
g 9y 14-1.6 11-14 1
time (unit)
Typical dielife
250 - 300 100 - 150 500
(x 1000 shots)
Trimimg cycle time
9y 1 1 1
(unit)

Machinability excellent good Poor
Welding/joining far good Poor
Surface finishing good excellent Fair

Recyclability good good poor




1-9 THF [72]
Material US designation German designation Material No. DIN
Steds AlSI 1015 C15 DIN 17007, 1.0401
AlS| 1020 C22 DIN 17007, 1.0402
AlS| 1035 C35 DIN 17007, 1.0501
AlSI 1045 C45 DIN 17007, 1.0503
AlS| 1015 St 37 DIN 17007, 1.0100
AlSI 1020 St 42 DIN 17007, 1.0130
ASTM A572-575 St50 DIN 17007, 1.0530
Alloyed steels AlS| 5120 21 MnCr 5 DIN 17007, 1.2162
AlSl 420 X20Cr12 DIN 17007, 1.4021
AlS| 304
AlS 409
Aluminum alloys AA 1050A Al 99.5 DIN 1712 (part3)
AA 5005A AlMg1l DIN 1725 (partl)
AA 5056A AlMg5 DIN 1725 (partl)
AA 5086 AlMg4 Mn DIN 1725 (partl)
AA 7075 Al ZnMgCu 15 DIN 1725 (partl)
AA 5052
AA 5754
AA 6260 T4
AA 6261 T4
AA 6063 T4
1-10 AZ91 [93]
b
1.2 mm 0.18 445 MPa
400°C 1 15 mm 0.06 320 MPa




1-11

[103]

0.1 mm

0.2mM

1mm

1mm

0.2 mMm

0.5mMn

1mm

0.5mM

10 nm

0.5mMm

0.5mMn

0.1 mMm

20 nm

20 nm

5mm

1nmm




2-1 AZ31 (wt %)
Mg Al Zn Mn Si Fe Cu Ni Be
AZ31B| Bd. 302 | 101 0.3 |0.0067(0.0028(0.0031|0.0001| --




31 Az31
No. | Temperature (°C) | Finishtime | Heatingtime | Average strain rate | Truestrain
1 250 1100's 4h 6.1x10°% st 2.7
2 250 500 s 4h 1.3x102s? 2.7
3 250 125 s 4h 5.4x10% st 2.7
4 250 6s 4h 1.1x10° s* 2.7
5 300 1100's 4h 6.1x103s? 2.7
6 300 500 s Ah 1.3x10?s* 2.7
7 300 125 s Ah 5.4x10% st 2.7
8 300 6s Ah 1.1x10° s* 2.7
9 350 1100's 4h 6.1x103s? 2.7
10 350 500 s 4h 1.3x10?s? 2.7
1 350 125 s 4h 5.4x102s? 2.7
12 350 6s 4h 1.1x10° s 2.7
13 400 1100's 4h 6.1x10°%s? 2.7
14 400 500 s 4h 1.3x102s? 2.7
15 400 125 s 4h 5.4x10% st 2.7
16 400 6s 4h 1.1x10° s* 2.7




3-2

No.

Temperature

Average strain

Q) e Grain sze Average grain size
1 250 6.1x10°3 st 1.2 mm
2 250 1.3x102% st 1.2 mm 1.2 mm
3 250 54x102% s? 1.1 mm
4 250 1.1x10° s 1.1 mm
5 300 6.1x103 s* 1.5 mm
6 300 1.3x10? st 1.2 mm 1.3mm
7 300 5.4x102 st 1.2 mm
8 300 1.1x10° s 1.1mm
9 350 6.1x10°3 st 1.6 um
10 350 1.3x102% st 1.5 mm 1.4 mm
1 350 5.4x102 st 1.3mm
12 350 1.1x10° s 1.3mm
13 400 6.1x10°3 st 2.5mm
14 400 1.3x102% st 2.5mm 2.5mm
15 400 54x102% s? 2.5
16 400 1.1x10° s 2.3




3-3

No.

Temperature

o) Average strain rate Grain size Hv
1 250 6.1x10° s* 1.2 mm 88
2 250 1.3x102% st 1.2 mm 88
3 250 54x102% s? 1.1nm 95
4 250 1.1x10° s 1.1 mm 93
5 300 6.1x103 s 1.5 mm 80
6 300 1.3x102 st 1.2 mm 87
7 300 5.4x102 st 1.2 mm 89
8 300 1.1x10° s 1.1nmm 92
9 350 6.1x10° s* 1.6 mm 79
10 350 1.3x102% st 1.5mm 81
1 350 5.4x102 st 1.3mm 84
12 350 1.1x10° s 1.3mm 85
13 400 6.1x10° s* 2.5mm 71
14 400 1.3x102% st 2.5mm 69
15 400 5.4x102 st 2.5 71
16 400 1.1x10° s 2.3mm 72




3-4 AZ31

Ext.°C 250 °C 300 °C 350 °C 400 °C
Ext. e No. | e% uTsS No. | &% uTsS No. | &% UTsS No. | e% UTS Ave Ave
6x10%st | 1 | 17% | 31AMPa | 5 19% | 314MPa| 9 | 18% | 206 MPa | 13 | 41% | 289 MPa | 24% | 303 MPa
1x10%st | 2 | 12% | 313MPa| 6 17% | 311MPa | 10 | 25% | 306 MPa | 14 | 31% | 294MPa | 22% | 306 MPa
5x10°st | 3 | 18% | 307MPa | 7 16% | 309MPa | 11 | 17% | 309MPa | 15 | 30% | 308 MPa | 21% | 308 MPa
1x10°st | 4 | 28% | 322MPa| 8 | 20% | 322MPa | 12 | 26% | 322MPa | 16 | 24% | 301 MPa | 25% | 317 MPa
Ave 19% | 313 MPa 18% | 314 MPa 21% | 308 MPa 32% | 298 MPa




35 AZ3l (200 °C)
2x10* st 1x103 st 1x10?% st Ave
No. % UTS (M Pa) % UTS (M Pa) % UTS (M Pa) €% UTS (MPa)
1 187 44 157 74 11 135 152 84
2 183 50 169 73 145 120 166 8l
3 250 44 203 60 121 116 191 73
4 334 34 233 53 126 121 231 69
Ave | 239 43 191 65 126 123 185 77
5 168 41 154 69 134 136 152 82
6 144 59 160 71 60 123 121 84
7 232 46 188 73 135 125 185 87
8 276 41 220 64 171 124 222 76
Ave | 205 47 181 69 125 127 170 82
9 228 62 110 112 104 133 147 102
10 272 57 188 88 97 134 186 93
11 152 60 169 101 131 134 151 98
12 297 50 186 83 126 124 203 86
Ave | 237 57 163 96 115 131 172 95
13 162 64 122 93 89 135 124 97
14 179 73 151 100 102 135 144 103
15 163 63 116 107 103 131 127 100
16 217 79 133 98 98 144 149 107
Ave | 180 70 131 100 98 136 136 102




36 AZ3l (300 °C)
2x10* st 1x103 st 1x10?% st Ave

No. % UTS (M Pa) % UTS (M Pa) % UTS(MPa) | €% UTS (MPa)
1 364 15 256 27 192 46 271 29
2 434 15 309 28 282 39 342 27
3 605 11 378 14 406 34 463 20
4 474 13 437 13 268 33 393 20
Ave 469 14 345 21 287 38 367 24
5 375 22 303 26 368 42 349 30
6 304 15 253 24 221 44 259 28
7 309 13 282 22 232 39 274 25
8 483 10 438 14 317 31 413 18
Ave 368 15 319 22 285 39 324 25
9 382 19 366 24 299 42 349 28
10 607 21 350 31 214 57 390 36
11 302 22 275 28 169 53 249 34
12 386 10 368 19 225 34 326 21
Ave 419 18 340 26 227 47 329 30
13 352 16 291 38 132 59 258 38
14 260 15 236 29 124 65 207 36
15 368 18 312 33 226 53 302 35
16 284 25 393 20 235 45 304 30
Ave 316 19 308 30 179 56 268 35




37 AZ31l (400 °C)
2x10* st 1x103 st 1x10?% st Ave

No. % UTS (M Pa) % UTS (M Pa) % UTS(MPa) | €% UTS (MPa)
1 427 5 423 9 201 27 350 14
2 435 9 304 14 243 25 327 16
3 631 7 364 11 502 22 499 13
4 511 4 336 10 256 23 368 12
Ave 501 6 357 11 301 24 386 14
5 421 8 386 11 211 25 339 15
6 313 8 336 7 210 35 286 17
7 383 8 293 9 235 26 304 14
8 386 3 344 10 311 23 347 12
Ave 376 7 326 9 240 27 319 15
9 230 7 239 13 221 30 230 17
10 540 7 309 10 237 27 362 15
n 508 5 310 14 228 34 349 18
12 424 4 322 10 165 33 304 16
Ave 426 6 295 12 213 31 31 17
13 309 9 308 13 249 27 289 16
14 382 4 368 12 226 34 325 17
15 317 9 193 15 243 42 251 22
16 292 6 266 21 189 26 249 18
Ave 325 7 284 15 227 32 279 18




3-8 AZ31

No. Tube Bulge Fracture Bulge Annealing Fracture
thickness length pressure height length
(mm) (mm) (MPa) (mm) (mm)
4 25 40 47.9 0.33 no 67
8 25 40 58.8 0.19 no 58
1 25 40 47.2 0.46 200°C,1h 46.5
2 25 40 47.4 0.56 200°C,1h 435
12 25 40 55.9 0.40 200°C,1h 46
3 25 40 49.6 1.63 400°C, 4h 445
16 2.5 40 41.0 0.81 400°C, 4 h 45
1 1.3 40 21.5 1.06 400°C, 4 h 43
7 13 40 20.3 0.30 400°C, 4 h 36
9 13 40 23.7 1.04 400°C, 4 h 43
15 13 30 19.8 0.37 400°C, 4 h 35




39 AZ31

Extrusion °C

| 250 °C 300°C 350 °C 400 °C

Extrusion e

annealing | UTS (MPa) 313 315 304 297

6.1x103%s*| 200°C, 1 h e% 19 21 23 32

annealing | UTS(MPa) 255 259 260 261

400°C, 4 h e% 35 33 35 38

annealiing | UTS (MPa) 361 306 313 292

1.3x10%st| 200°C, 1 h e% 19 19 31 25

annedling | UTS (MPa) 255 253 249 258

400°C, 4h e% 38 40 44 37

annedling | UTS (MPa) 350 326 297 268

5.4x102st| 200°C, 1 h e% 25 21 21 21

annedling | UTS (MPa) 253 256 257 258

400°C, 4h e% 49 41 41 35

annealing | UTS (MPa) 318 323 322 298

1.1x10° st | 200°C, 1 h e% 30 32 22 19

annealiing | UTS(MPa) 261 259 268 262

400°C, 4 h e% 32 51 37 36




3-10 AZ3l

Without annealing

Extrusion°C

Extrusion e

250°C 300°C

350°C

400 °C

Ave

6.3x10°3 s?

17%

19%

18%

41%

24%

1.3x102% st

12%

17%

25%

31%

22%

5.1x102 s?

18%

16%

17%

30%

21%

1.1x10° st

28%

20%

26%

24%

25%

Ave

19%

18%

21%

32%

200 °C, 1 h annealing

6.3x10°3 s?

19%

21%

23%

32%

24%

1.3x102% st

19%

19%

31%

25%

24%

5.1x102 s?

25%

21%

21%

21%

22%

1.1x10° st

30%

32%

22%

19%

26%

Ave

23%

23%

24%

24%

400 °C, 4 h annealing

6.3x10°3 s?

35%

33%

35%

38%

35%

1.3x102% st

38%

40%

44%

37%

40%

5.1x102s?

49%

41%

41%

35%

42%

1.1x10° st

32%

54%

37%

36%

40%

Ave

39%

42%

39%

37%




3-11 400°C 4h 1x10t st
EXtrUS. on OC 250 OC 300 OC
Extrusion e
UTS (MPa) 256 259
6x10°3 st
e % 42 41
UTS (MPa) 259 255
1.3x10° s?
e % 39 33
UTS (MPa) 246 259
54x102 st
e % 46 38
UTS (MPa) 229 264
1.1x10° st
e % 30 35
3-12
No. Annealing parameter Angle % UTS (MPa)
6 300°C, 1.3x107° s? 0° 40 253
6 400 °C, 4 h annealing 45° 28 266
6 400 °C, 4 h annealing 90° 26 277
13 400 °C, 6.1x103 s? 0° 38 261
13 400°C, 4 h 45° 28 265
13 400°C, 4 h Q0° 19 264




4-1 AZ31 m

No. 200°C 300°C 400 °C
1 0.27 0.32 0.47
2 0.22 0.40 0.34
3 0.24 0.36 0.45
4 0.31 0.32 0.50
Avem 0.26 0.35 0.44
N value 39 2.9 2.3
5 0.29 0.25 0.36
6 0.21 0.27 0.39
7 0.22 0.27 0.34
8 0.25 0.30 0.44
Avem 0.24 0.27 0.38
N value 4.1 3.7 2.6
9 0.20 0.25 0.32
10 0.20 0.30 0.40
1 0.19 0.28 0.49
12 0.22 0.30 0.44
Avem 0.20 0.28 0.41
N value 4.9 35 2.4
13 0.13 0.28 0.31
14 0.17 0.29 0.35
15 0.18 0.24 0.32
16 0.17 0.22 0.33
Avem 0.16 0.26 0.33
N value 6.2 39 3.1
Total Ave m 0.22 0.29 0.40
Total N value 4.5 3.4 2.5




4-2 AZ31 400°C, 4h n
No. Eng. stress | Eng. strain True stress True K n
(MPa) (MPa) strain (MPa)

1 254.6 0.41 358.5 0.34 633.1 0.51
2 2554 0.41 360.6 0.34 620.8 0.49
3 252.7 0.45 367.3 0.37 647.1 0.55
4 2614 0.38 362.0 0.33 677.2 0.54
5 2594 0.42 368.5 0.35 667.3 0.55
6 253.2 0.46 369.4 0.38 681.0 0.60
7 256.2 0.39 355.4 0.33 646.6 0.52
8 259.4 0.42 369.5 0.35 698.9 0.59
9 260.1 0.38 358.5 0.32 643.3 0.50
10 248.6 0.42 352.7 0.35 629.1 0.53
1 257.5 0.40 361.6 0.34 654.9 0.53
12 263.0 0.34 353.0 0.29 6754 0.51
13 261.2 0.47 3835 0.38 706.8 0.62
14 199.6 0.39 359.2 0.33 652.1 0.52
15 258.3 0.39 359.4 0.33 675.2 0.55
16 261.6 0.36 356.4 0.31 706.0 0.56
Ave 362.2 0.34 663.4 0.54
Error 7.9 0.02 26.9 0.04




4-3 AZ31 K n

No. 1 No. 7 No. 15
strain stress strain stress strain stress
0.0008 93.7275 0.0008 43.5362 0.0016 90.9328
0.0016 140.7538 0.0023 87.2905 0.0048 137.0889
0.0232 193.9657 0.0046 131.4097 0.0449 207.2839
0.0605 219.3272 0.0165 178.5084 - -
- - 0.0633 193.5952 - -
K =369.43 K =602.61 K=448.02
n=0.174 n=0.331 n=0.239
4-4 AZ31
No. Annealing Tube Bulge Strength Strain hardening
condition thickness length coefficient K exponent
(mm) (mm) (MPa) n
1 400°C, 4 h 13 40 369.43 0.174
7 400°C, 4 h 13 40 602.61 0.331
15 400°C, 4 h 13 30 448.02 0.239
Ave 473.35 0.248




4-5 AZ31 0° 45° 90° Schmid factor basal slip
system{ 0002} <a>
Stress 0° 45° a0°
Circumferential Average 0.10 Average 0.11 Average 0.11

(or meridional)

1/3(0+0.15+0.15) 1/3(0.17+0.12+0.05) | 1/3(0.17+0.08+0.08)

Radial

Average O Average 0 Average O
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Extrusion direction

2-9



Unit: mm

106 50
15

15

125

(@)

15

2-10

@
(b)



2-11



2-12



Unit: mm

L
L)
. ©
(’\R_'_“'h
<
e |
| D
Subsize specimen mm
G-Gage length 55
W-Width 3
T-Thickness 1-2
R-Radius of fillet 0.5
L-Over al length 30
A-Length of grip section 11
B-Width of grip section 10
D-Diameter of hole for pin 3




E-Edge distance from pin
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AZ31

Unit: mm
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10 1n | 12 5
7 8 9 10
4 5 6 15
1 2 3

(a)

5 2
36 250°C 1.1x10°s? €) oM



=
v

ol

\f




Exirusion direction

37 AZ31



Extrusion direction

3-8 4 250°C 1.1x10° st
@ oW 1.2mm  (b) W 1.1 mm

© LP 1.1 nm (d) TP 1.1 mm



Extrusion direction

3-9 9 350°C 6.1x10° s?
€) ow 1.7mm (b) W 1.6 mm

(© LP 1.5mm (d) TP 15 nm



Extrusion direction

3-10 250°C W
€) 1 6.1x10° st 1.2 nm
(b) 2 1.3x10? st 1.2 mm
(© 3 5.4x102 st 1.1 nm

(d) 4 1.1x10° st 1.1 mm



Extrusion direction

3-11 300°C W
@ 5 6.1x103 st 1.5 mm
(b) 6 1.3x102 st 1.2 nm
(© 7 5.4x102% st 1.2 mm

(d) 8 1.1x10° st 1.1 nm



Extrusion direction

3-12 350°C W
€) 9 6.1x10° st 1.6 nm
(b) 10 1.3x10? st 1.5mm
(©) 1 5.4x102 s* 1.3 mm

(d) 12 1.1x10° st 1.3 mm



Extrusion direction

3-13 400°C W
€) 13 6.1x10°3 s 2.5mm
(b) 14 1.3x10? st 25mn
(©) 15 5.4x102 s* 2.5mm

(d) 16 1.1x10° st 2.3mm
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3-22 250°C
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