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Tablel.1 Transition of weight ratio of materials applied to automotive car

[1973F] 19775 19804] 19835 1986 F] 19804 19925 1997 5] 2001 &
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EEEEE R s8] 379] 33s] 204 260 225 150] 133] 135
EIRAEE - 0.5 1.4 4.1 73 6.4 39 38 2.1
AR 2.8 5.7 5.5 54| 100 148 123] 14.6]

O EEHNEER } 1.6 0.6 1.5 2.3 2.8 2.9 5.4 6.7 5.7

EE 60.4] 61.6] 605] 585 5771 se68| s49] s52.1] 548

EHEEH |REEREA 7.9 B.8 6.1 6.0 6.1 5.0 5.8 6.8 5.8
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Fig. 1.7 Partsand their grades of high-tensile strength steel applied to
body of small size car
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Table1.2  Production region of magnesium in theworld
(200445)
E& =i 8 FrEith BlEA L {5 FA [ 4 HiREED
AE Jus Magnesium Rowly e K 38,000
TSV IBraamag |Bocaiuva Huztik rFOv4k 12,000
h+5 INorsk Hydro Canada IBecancour 5 N IR A+ 45,0001
Timminco. IHaIeyr Station HaEiE FOo=wak 7,000
ARAZT)L Dead Sea Magnesium Sdom Efigix Bk 2,500
HE AHMERARALF KR BuEUiEk FOv—+ 30,000
\IFERAE A B B LEMER [mEa KOw4k 50,000]
\LFERBRIL A BR A 5] BLE BB 5Tk Fo< Ak 20,000]
%G)@ ﬂlﬁ;i;i‘i rFOovwAk 500,000
1k Hyderabad% ERx K 1,500
av7 Solikamsk Solikamsk EBfifix Hh—+34k 20,000
Avisma Berezniki EBfigix 35,000
HFEIZE IKamenogorak IKamenogorsk EBfiRE 45,000
5544  |Kalush B 18,000
Zaporozhye EBiEE 23,000
EILET Bela Stema Magnethermiz [FBR<Ak 5,000
= B&t 852,000
15
151
D
8
1/4 2/5 MgCO; CaCOs MgCOs
12
(28
)
13 @)
1.74g/cm® 2/3 1/4
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Tablel.4 Chemical composition and material strength of representative
magnesium casting alloys &

ASTM I JIS mas % ™MPa) || (vPa) %)
JJ Fll 4o 70 -
AM10 O MC5 Al 10.0, Mn0.1 T4 24 0 70 6
T6 24 0 110 2
AM60A* || MDC2A Al 60,Mn @ 3
(AMB0B:Cu<100p m, Fll 220 13 0 8
AM60B* || MDC2B )
Ni<20ppm, Fe<50ppm)
AI50,Mn @ 3
AMS0A* - F 210 12 5 10
(Cu 400ppm, Ni<20ppm, Fe 40ppm)
F 18 0 70 4
T4 24 0 70 7
AZ63 A MC1 Al 6.0, Zn3.0, Mn0.15
T5 18 0 80 2
T6 24 0 11 0 3
AllE || WEZA Al 87,Zn07,Mn 0.1 3 I
T4 24 0 70 7
AZ91E MC2B (AZ91E:Cu<150p m, Ni<10ppm, 5 16 0 30 2
Fe SOppm) 6| 240 110 3
AZ91A* || MDC1A Al 90, Zn20,Mn 0.1 0
AZ91B* || MDC1B . el 230l 0 3
(AZ91D:Cu<300ppm, Ni<20ppm,
AZ91D* || MDC1D Fe 50ppm)
F 16 0 70 -
T4 24 0 70 6
AZ92 A MC3 Al 90, Zn 2.0, Mn 0.10
T5 16 0 80 -
T6 24 0 13 0 -
AS41A* || MDC3A Al43,Si10,Mn03 5
(AS41B:Cu<200ppm, Ni<20ppm, FI 210 14 0 6
AS41B*
Fe 85ppm)
AE4 2 - Al40,RE27,Mn 01 3 F 230 14 5 10
ZK51A MC6 Zn 4.6, Zr 0.7 T5 24 0 14 0 5
T5 27 0 18 0 5
ZK61A MC7 Zn 6.0, Zr 0.7
T6 27 0 18 0 5
E 33A MC8 RE 3.3,Zn 27, Zr 0.6 T5 14 0 100 2
Z B1A MC1 0 Zn42,RE12, 7Zr 0.7 T5 20 14 0 3
QE22A MC9 Ag25 RE21,Zr 07 T6 24 0 18 0 2
ZC63 A - Zn 6.0, Cu 2.7, Mn 0.5 T6 21 0 12 5 4
WES4A - Y 5.2, RE30, Zr 0.7 T6 250 17 2 2
WE43A - Y 40, RE34,Zr 0.7 T6 250 16 5 2

15



Tablel.5 Chemical composition and material strength of

representative magnesium wrought alloys ©*)

ASTM JIS (%)
mass%) (MPa) || (MPa)
o) 220 105 11
AZ31C MP1 Al 3.0, Zn 1.0, Mn 0.15
H14 260 200 4
= MP4 Zn1.2,7Zr 06 H112 240 160 5
= MP5 Zn 3.3,Zr 06 H112 250 160 6
= MP7 Al 2.0, Zr 0.1, Mn 0.05 o) 190 90 13
AZ31C MT1 Al 3.0, Zn 01.0, Mn 0.15 H112 230 140 6
AZ61A MT2 Al 6.4,Zn 1.0, Mn 0.28 H112 260 150 6
= MT4 Zn1.2,7Zr 06 H112 250 170 8
AZ31C MB1 Al 3.0, Zn 01.0, Mn 0.15 H112 230 140 6
AZ61A MB2 Al 6.4,Zn 1.0, Mn 0.28 H112 260 150 6
AZ80A MB3 Al 8.4,Zn 0.6, Mn 0.25 H112 280 190 5
= MB4 Zn1.2,7Zr 06 H112 250 170 8
= MB5 Zn 3.3,Zr 06 H112 270 190 8
H112 300 210 5
ZKG60A MB6 Zn5.5,7r 06
T5 310 230 5
AZ31C MS1 Al 3.0, Zn 01.0, Mn 0.15 H112 230 140 6
AZ61A MS2 Al 6.4, Zn 1.0, Mn 0.28 H112 260 150 6
AZ80A MS3 Al 8.4, Zn 0.6, Mn 0.25 H112 280 190 5
- MS4 Zn1.2,7r 06 H112 250 170 8
= MS5 Zn 3.3,Zr 06 H112 270 190 8
H112 300 210 5
ZK60A MS6 Zn 5.5, Zr 06
T5 310 230 5
F
T4
T5
T6
0
H
H 12

16




Table 1.6 Comparison of characteristic between typical magnesium
alloys and another light weight material applied for automotive car

p E (ob (co02 | 002/ p oblp
(g c GPa) | (MPa) | (MPa) | (%) | (MPa) (MPa) | mMpa?
AZ91D 1.82 45 230 160 3 89 127 20
AM60B 1.79 45 220 130 8 72 122 20
JIS ADC10| 2.7 71 315 190 3 70 117 15
JIS AC4C| 2.7 71 310 210 10 81 119 15
AA 6061 2.7 69 315 275 19 102 117 15
F, T6 * E'%p
(4)
4%
(36) (40)
©)
1.14
2000 180 190 /kg
280 /kg
2/3
15
2000 2000 /ton
1,000 3,000 /kg 500 /kg

17
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ASTM ZK60 n-Zr AZ80
@ zn-zr
— , Al-Zn
142 (154)
Al-Zn
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Al-Zn Zn 0.7 0.9 mass% Mn
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Table2.1 Chemical composition of magnesium alloy for grain refining (mass %)

Al Zn Mn Fe Si Cu Ni Mg
Alloy A 8.1 0.45 | 0.27 [0.0018 | 0.03 | 0.0025] 0.0009| Bal.

Table2.2 Chemical composition of magnesium alloy for improvement of
mechanical properties (mass%)

Al Zn Mn Fe Si Cu Ni Mg
Alloy B 6 0.9 0.27 ]0.0018 | 0.03 [0.0025| 0.0009| Bal.
Alloy C 6.9 0.7 0.27 ]0.0018 | 0.03 [0.0025]| 0.0009| Bal.
Alloy D 8.2 0.7 0.22 ]0.0018 | 0.03 [0.0025]| 0.0009| Bal.

2.2.2
CaCNs, ( ) C
Al AlaC3
0.25mass% 0.5mass% 1.0mass% 1.5mass%
2.2.3
2.1
2.2
178mm 127mm
2.3
127mm 10mm
65mm 127mm 10mm  40mm
2.4
2.5
493K 220 1063K 790 A
2.6
2.7
AT At A T/IA t (Kl9)
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Fig. 2.1 Schematic of direct chill casting for billet
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Fig. 2.2 Schematic of casting mold for experiment of grain refining
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Fig. 2.3  Position of thermocouplesin cavities of mold die
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Fig. 24  Position of thermocouplesin cavities of mold die

Fig. 25 Position of thermocouplesin cavities of mold die.

Fig. 2.6  Position of thermocouplesin cavities of mold
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Fig. 2.9 Schematic of equipment for forging test specimen
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50'mm 5.1x 10°N
623K
(2.1
300mm/s  0.3mm/s 10°%/s  1%ls
226
T6 2.3
B C D
Table2.3 Heat treatment conditionsfor alloy A, B and C
Solution treatment Artificial aging treatment

Alloy B 36ksat 673K — Aircooling | 28.8ksat 448K - Air cooling

Alloy C 36ksat 673K — Aircooling | 57.6ksat 448K — Air cooling

Alloy D 36ksat 673K — Aircooling | 57.6ksat 448K - Air cooling
227

2.10 2.10 ()
5mm 25mm
AG5000A) 6.6x10 “/s 2.10 (b)
8mm 16mm 2600/60/s
(2600rpm)
2.10(c) 10mm 55mm
2mm 25mm R=1mm U
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Fig. 211 Relationship between cooling rate and average grain

size of Alloy A with/without additive CaCN,
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(a) No addition of grain refiner  (b) 0.5 mass (% )CaCN,addition

Fig. 212 Microstructure of magnesium cast without refining and with
refining by CaCN,

Fig. 2.13 Microstructure of continuous cast chilled billet refined by CaCNa»
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Fig. 214 Limit forgingrate of alloy A with/without additive for
refining grains (permanent mold)
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Fig. 216 Microstructureof Alloy B,C and D before and after forging
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Fig. 2.17 Schematic structure of Al-Mg alloy
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Fig. 2.18 Compressive stress-strain curve of alloy A
and alloy B at 523K and 623K
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Fig. 2.22 Schematic of microstructure of mixed grain size
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24.1
2.3
24
CaCN, 0.5mass% 2.25
@ 228.6mm 9inch
350mm
2.25
2.26(a)
523K 12mm/s
2.27
423K 5.4Ks

30%

(

643K

2.26 ()

8.16x 10°N

457.2mm 18inch

T6

423K

673K

5.9Kg

¢ 460mm
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90°

643K

3.6Ks

2.28

JASO

Table2.4 Chemical composition of Al-Zn magnesium alloy for forged
road wheel (mass%)

Al n

Mn

Fe

S

Cu

Ni Mg

AlloyE | 71 | 06

0.3

0.0018

0.04

0.002

0.0009| Badl.

56



® 229.5

® 229.5x 350

Fig.2.25 Photographs of continuous chilled cast of alloy C
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Fig. 2.26 Schematic of forging processfor road wheel
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(@) Top view (Disc surface)  (c) Sideview

(b) Rear view

Fig. 2.28 Photographs of road whedl after machining
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24.2

T6
229
25
Js AC4C 2.30
2.30(d) (¢ 2.30(f) ()
) 50u m
(f)
- parallel per»pendicular
perpendicular

Rim

parallel

Fig. 2.29 Portions of test specimen cut out from forged wheel

Table2.5 Mechanical property of disc and rim portion of forged wheel

Tensile strength ] 0.2%Proof stress]  Elongation  JCharpy impact energy
Portion  IDirection (MPa) (MPa) (%) J100mm?
Disc Parallel 376 193 20.8 12.0
Perpendicular 355 187 20.0 11.0
Rim Parallel 360 186 20.0 12.0
Perpendicular 350 182 19.1 10.0
ACAC
(Ref.) Squeeze cast 343 237 10.9 10.0
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Fig. 2.30 Microstructure of forged road wheel
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20"x 30"

x 50" (mm) 32
222

—

[
(S —
(a) Conventional forging (b) Cast-forging

Fig. 3.1 Schematic of cast-forging compared with conventional forging

Table3.1 Chemical composition of magnesium alloy A and B

(mass%)
Al Zn Mn Fe Si Mg
Alloy A 6.8-7.2 0.7-0.8 0.3-05 0.0025 0.05 Bal.
Alloy B* 8.1-8.2 0.7-0.8 0.2-0.3 0.0025 0.05 Bal.

* AlloyB isequivdent to ASTM AZB0A.

Table3.2 Grain size of magnesum alloy for test piece

Used dloy Initial average Cadting

gransize gy m process
Test piece 1 Alloy A 766 CcC
Test piece 2 Alloy A 583 CcC
Test piece 3 Alloy A 305 CcC
Test piece 4 Alloy A 91 CcC
Test piece 5 Alloy A 60 PM
Test piece 6 Alloy A 110 CcC
Test piece 7 Alloy B 250 PM

CC: Continuous chilled cagting,  PM: Permanent molding
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Fig. 3.2 Schematic of forging test equipment
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Fig. 3.3 Reationship between grain sze and mechanical property
of magnesium alloy A and B
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Fig. 3.4 Schematic of the difference of diding mechanism between
largegrain and small grain
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Fig. 3.5 Effect of forging rate on mechanical property of magnesum alloy A and B
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Fig. 3.7 Microstructure of test pieces obtained by different for ging speed
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Fig. 3.8 Schematic of application part and its cross section
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34.2
3.9

39(a)
39(b)

39 (d)

/ 80% 39 (b)
55%

Table 3.3 Forging and heat treatment condition of actual part in automobile

Forging condition Blank temperature: 623K, Forging force: 15680KN

Heat treatment condition | T4 treatment; 673K x36,000s — Air cooling,
- T5 treatment: 448K x57,600s — Air cooling

(c) Final cast-forged part (d) After forging of conventional bar

Fig3.9 Photograph of preform and partsafter forging
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Fig. 3.10 Equivalent plastic strain contour of cross section obtained from FEM analysis
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Fig. 4.1 Photograph of semi solid magnesium injection

10mm

Fig. 4.2. Magnesium pellets chipped by machining
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Table 4.1 Chemical composition of magnesium alloy (mass %)

Al Zn Mn Fe Si Mg
Alloy A 7.2 0.7 0.17 0.0018 0.04 Bal.
Alloy B* 9.2 0.72 0.22 0.004 - Bal.

*AlloyB isequivalent to ASTM AZ91D.

(b) a 25%

Fig. 4.4 Microstructure of various solid phaserate of Alloy B (ASTM AZ91D)
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Fig. 4.11 Photographs of microstructures after forging and after T6 treatment
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Table 5.1 Chemical composition of magnesium alloy (mass %)

Al Zn Mn Fe Si Mg
7.2 0.7 0.17 0.0018 0.04 Bal.
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Table5.2 Heat treatment conditions after forging

5.4

54.1

@

D=5%

@

D=2%
D=2%
T6
©)
D=5%
5.7

T4 condition heat tretment condition
before forging after forging
@ 448K %x14,400s - Air cooling
(b) 523K %14,400s - Air cooling
(c) 573K %14,400s - Air cooling
(d) 673K x36,000s 673K %x14,400s - Air cooling
) - Air cooling 623Kx3,600s - Air cooling
)] 623Kx14,400s - Air cooling
(9) 623K x36,000s - Air cooling
(h) 623Kx54,000s — Air cooling
55
D=0.5% 230MPa 0.2% 145MPa
150MPa 0.2% 125MPa 1% D=0.5%
37% 0.2% 14% 88%
P=50 T6
5.6 D=2%
0.2%
D=2%
P =10%
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Fig.5.14 Surface appearance of test specimens after heat treatment by condition (a)
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Table6.1 Chemical composition of magnesium alloys

Al Zn Mn Ca Si Cu Fe Ni Mg Remarks
ACa43 4.2 - 0.35 3.3 0.12 | 0.001 | 0.004 | 0.001 | Ba. | a =3.7%
AZ91D 9.2 0.72 0.22 - - 0.002 | 0.004 | 0.0008| Ba. | o =4.0%
A4l 4.3 - 0.35 - 0.9 0.001 - 0.0001| Bal. Diecast
6.2.3
223
15mm 22.5mm
623K Plirit 223
(22
6.24
6.1 324

10"x 100"x 170'mm 10"x 21"x 35mm

623K 300mm/s
P (21
6.2.5
¢ 6.4mm 50mm
¢ 5mm 21mm
AG5000A) 373K 473K
6.6x10 “Is
360,000s
6.2.6
D(%) 536 (5.9
6.3
6.31 ACa43
6.2 a =37% ACa3
6.2 (8
6.2 (b)
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304 m
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