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Fig.2.1.1 2 100nm

100nm
100nm
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Fig. 2.1.2 Sliding inclusion model
(@) (b)
Fig.2.1.3 Tensile behaviors
on constitutive laws
Fig.2.1.3 (a)
Backofen
(b)
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Fig.2.1.4
Al-5.5%Mg-2.2%Li-0.12%Zr
ECAP 0.2% ECAP
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4)

Fig.2.1.4 Tensile strength and elongation of Al-5.5%Maq-2.2%L.i-0.12%Zr

3)

(Fig.2.1.5)

6)

Fig.2.1.5 Tensile strength and elongation of Al-5.5%Mg-2.2%L.i-0.12%Zr
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Al-5.5Mg Fig.2.1.6
Al 10nm

Al CREO
Al

Al-Mg CREO
Al-Mg
CREO Al

Av S FLIRIL S
aj,ej,(1): With CREC

(a),(b),(c): Without CREO
{

Fig.2.1.6 SEM image of anodized Al-5.5Mg alloy with and without CREO
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2.1.3

2.1.1
10y m
“ ” 1990
ECAP Equal Channel Angular Pressing ECAE
Equal Channel Angular Extrusion HPT High
Pressure Torsion ARB Accumulative roll bonding
20)
1900 SPD Severe
Plastic Deformation
SPD
Table2.1.1 SPD 21)
SPD 4 99
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Table 2.1.1 Calculation of equal strain of each SPD process
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2.1.3.1 ECAP

Segal

Fig.2.1.7

23)24)25)

Plunger

ECAP

Die

7

.

.ot g

Fig.2.1.7 General picture of ECAP

30)

SPD

Equal Channel

Route Ba
N

B 5 ECAP EIZBIT AR ADEANNE

Fig.2.1.8 Process of ECAP
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ECAP

Fig.2.1.8
2.1.3.2. ARB
Fig.2.1.9 ARB Accumulative Roll bonding 20)
Fig.2.1.10
ECAP HPT
»WHRE%"' g
— SR
fE 7 T

B

Fig.2.1.9 General pictures of ARB29)

Fig2.1.10 Microstructure of IF steel
by 6pass ARB at 773K
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2.1.2.3 HPT

Bridgman HPT High Pressure Torsion
2
Fig.2.1.11
SPD
F iy

[11] iz C_?:| ol
F- # A L
Fig.2.1.11 General picture of HPT 25

HPT
Fig.2.1.12
Al-Mg-Sc d10x 8mm
HPT 200nm 26)27)
HPT
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[ISE 5

Fig. 2.1.12 General picture of HPT32)

Fig.2.1.11 Microstructure
after HPT treatment33)

2.1.3.4
Fig.2.1.12

28)29)

Fig.2.1.12 Principle of torsion extrusion
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2.3 “RMA-CREO”
RMA-CREO Continuo
Organizzazion di Metallo-Processo
Torsion Staining Process
RMA-CREO
RMA Renasciment Metalli Arty

2.3.1 CREO
CREO

Fig.2.1.13 Principle of CREO process

Fig.2.1.13
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Ruotato Evolutione

STSP Severe
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CREO

CREO

e=2nNR/ 31/2¢
CREO

Table2.1.1

Fig.2.1.14

Fig.2.1.14 Micro structure of alloys
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2.3.2 CREO

CREO 5
(Fig.2.1.15,16)
1 CREO
dl2mm CREO 50mm
Nol:1 Fig.3.1.14
CREO
2
No2 2
3 ®30
No3 3 1
No.1 No.2 No.3
Basic test Continuous CREO test | Test for large size
Period 2002,12~ 2004,1~2006 2005,2~2006,5

Diameter pl2 Max @20 Max @30

IH power 11KW 18KW x 2 50KW
IS, CREO length | 50mm Coil 300mm
E | Rodlength 500mm (Yield 10%) Depend on coil length 1500mm
C Cooling Ring spray Ring spray Ring spray

Speed Max 300mm/min Max 600mm/min Max 1,000mm/min

Fig.2.1.15 Fist step of CREO machine development

4

1,000mm

Nol 4

d50mm
CREO
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RN-1 RN-2
Trial for large size Mass production trial
Period 2006,1~2007,6 2007,6~
Diameter Max @50 Max D90
IH power 50KW 50KW
% CREO length | Max 1,000mm Max 3,000
E | Rodlength Max 2,000mm (Yield 50%) Max 4,000 (Yield 75%)
C [ Cooling Max 3.2L/min Max 35L/min
Speed Max 1,000mm/min Max 1,000mm/min
Rotation Max 200rpm Max 110rpm Both side rotate individuallv
Fig.2.1.16 Second step of CREO machine development
No5 RN2 ®90mm 3
000mm 4,000mm
No4
CREO 3.2L/min
No5(RN2)
35L/min
CREO
(1)
CREO 1
dl12mmx 500mm CREO 50mm




CREO 1 Fig.2.2.17 CREO

Fig.2.1.17 Outlook of CREO for basic test

Fig.2.1.18 Detail of heating and cooling unit of Nol CREO machine
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CREO 1

1 Fig.2.1.18
(2) CREO
No4 RN1
d50mmx 1,000mm 2,000mm
Fig.2.1.19
Fig.2.1.20
3.2L/min
CREO

Fig.2.1.19 CREO test machine for application study
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Fig.2.1.20 Detail of heating and cooling unit of No2 CREO machine

(3)

No5 RN-2 d90mMmm 3 000mm 4,000mm

Fig.2.1.21 No5 RN-1 CREO

Fig.2.1.21 Outlook of CREO machine No5

(Fig.2.1.22)
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Fig.2.1.22 Outlook of heating and cooling unit

Fig.2.1.23

0.2mm

Water inlet Water outlet

5

Fig.2.1.23 Structure of cooling unit with vacuum
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No4 CREO
35L/min
CREO
(4) CREO
CREO
CREO
2

3.2L/min
No5(RN2)

CREO

2 CREO

Fig.2.1.24

Fig.2.1.24 Principal of continuous CREO process

CREO 2
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CREO 2

CREO Fig.2.1.25

Fig.2.1.25 Picture of continuous CREO test machine
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2.4

“ RMA-CREO”
1,
“RMA-CREO”

2, CREO
3, SPD
4l

CREO
5 2 CREO

CREO
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“RMA-CREO”

Face Centered Cubic lattice : FCC

Hexagonal Closed Packed lattice : HCP

(0001)

RMA-CREO
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3.1 FCC

3.1.1
FCC

CREO

Al-Mg

FCC

1) 5)

A5000

CREO

Al-Mg

6)

CREO

CREO
CREO
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3.1.2
3.1.2.1
Al-Mg A5056
Tablel

Table 3.1.1 Chemical compositions of A5056 alloys (mass%).

Alloy Al Mg Zn Mn Cu Fe Si
A5056 Bal. 6.4 0.06 0.01 0.06 0.05
dl2mm 2000mm 500mm
CREO d5.3mm

3.1.2.2 CREO
3.1.2.2.1 CREO
CREO Fig3.1.1.

Fig.3.1.1 Principle of CREO process
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Fig.3.1.2 Principal of additional cooling spray

3.1.2.2.2 CREO
CREO Fig.3.1.3
P12mmx500mm CREO 50mm

CREO Fig.2.1.16 1
CREO Fig.3.1.2

Fig.3.1.2 Principle of CREO process

Fig.2.1.17
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CREO

CREO

CREO

CREO

1) ®l12mm 500mm
®5.3mm

2) CREO

3)

4) 50mm

CREO

40

CREO

25mm

10mm



3.1.2.2.3 CREO
CREO

CREO-Value
R
n
\Y/
CREO
CREO-Value
3.1.2.2.4
CREO
CREO 400
dl2mm
2

3.1.2.2.5 CREO

1)CREO

CREO

2nRn

mm
rorm

mm/min

CREO-Value

CREO Value

5.5mm(

41

) 11.5mm(

Table3.1.2



Table3.1.2. Condition of CREO

Temperature 300 450
Rotation speed rpm 10 40
Transverse velocity mm/min 50
Cooling condition Weak ,
Strong
2)CREO
ECAP
7)8)
CREO
Fig.3.1.3
»
3pass
|mm
Fig.3.1.3 Image of multiple CREO treatment
CREO 1lpass 2passes 3passes
Zener-Hollomon
(Z )9) A5056 CREO

300 (Table3.1.3
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Table 3.1.3 Multiple treatment of CREO

Temperature 300
Rotation speed rpm 10
Transvers speed mm/min 50
Number of CREO treatment 1,2,3,4
Direction of Rotate Right — Left —» Right
CREO Fig 3.1.4
450 10rpm 50mm/min

Table3.1.4 Dimension of mark line
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3.1.2.3

(1)
CREO Fig.3.1.5
X Y
20
10 70 20V 30
10V 2 30V 90

OLYMPUS BH UMA

Y

CREQ treated area

Fig 3.1.5  Section for Optical microstructure and SEM-EBSP observation
(2) SEM-EBSP
CREO (Scanning Electron Microscope:SEM)
(Electrode Back Scattering Pattern:EBSP

X
X 10004
20 10 70
20V 30 —10V 2
HITACHI 4300SE FE SEM
TSL OIM EBSP
Ag 10x10 pm

100x100 pm
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(3) TEM
CREO

Microscope :TEM)
CREO

CREO
100pm
70 20v 30
CREO
200kV

0.3um EBSP

(Transmission Electron

Fig.3.1.6
0.8mm
®3mm 10004
20 10
-7V
1.5mm
H-8100
(mm)

Fig.3.1.6  Section for TEM observation
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3.1.2.4
Fig.3.1.7
1000#
5.0mm 25mm

SHIMADZU AG-100E

0.3mm/min

Section X

Tension test
specimen | R

(mm)

Fig.3.1.7 Dimension of tensile test specimens
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3.1.3

Fig.3.1.8

19mm

CREO

Coil center position

\ 4

CREO

=18 D 0 5 10 15 20

Measuring position (mm)

Fig.3.1.8 Temperature of CREO at 300

3.1.3.1
300
250
18mm
Fig.3.1.8
350
6]
-25 20
450

Fig.3.1.9

250

47

25

100



Coil center position

v

ENN

=25 20 -15  -10 =5 0 9 10 15 20 25
Measuring position (mm)

Fig.3.1.9 Temperature of CREO at 450
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3.1.3.2 CREO
(1)CREO
CREO 300 50mm/min
CREO-value CREO
CREO Fig.3.1.10
CREO-value
Fig.3.1.8 Fig.3.1.9

~ CR-V30.1

20 mm

Fig.3.1.10 Outlook of each CREO-value at 300 ,50mm/min
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2) CREO

CREO
CREO
Fig.3.1.11
CREO-value
CREO
CREO-value
CREO-Value

Fig.3.1.11 CREO enable area at (a)400 (b)450 (c)500
50



(2) CREO

Fig.3.1.12(a) CREO

Fig.2.1.17
CREO Fig.3.1.12(b)

L | 1 21 1 ] ] 1 1

10 15 20 25 30 35 40 45

Rotation speed (rpm)

(a) Normal ring cooling

| e 1 [l i 1 1 I

10 15 20 25 30 35 40 45
Rotation speed (rpm)

(b) Ring cooling with extra cooling unit
Fig.3.1.12 CREO treatment enable area at 50mm/min

CREO-value
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CREO-Value

CREO-Value
3)
CREO
Fig.3.1.13
Sample Cooling water flow
Entrance side Exit side
(a) 200 700
(b) 500 500
(e) 700 200

Fig.3.1.13 Deformation area transformation with cooling condition

(a)
(a)

b (@) (c)
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(a)(c)
(b)

CREO
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3.1.3.3

(1)
Fig3.1.14 40pm
Fig.3.1.14 Initial microstructure
(2)CREO
CREO A5056 Fig.3.1.15

CREO
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A WLSLL VL WLAUVLAYA LAL LA

Fig.3.1.15 Microstructure distribution of cross section after CREO

CREO
SEM-EBSP Fig.3.1.16
1/2R
Imm
Fig.3.1.15
Fig.3.1.14 CREO
50 100pm CREO

10pm
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Center Surface

danrpaass N T.speris

Fig.3.1.16 Grain size distribution by SEM-EBSP

(3)CREO-value
CREO-value
10rpm 80rpm
CREO-value (Table 3.1.4)
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Table3.1.4 Condition of CREO

No | Temperatur Rotation Transvers Cooling CREO-Value

e rpm speed condition

mm/min

a 300 10 200 Strong 0.05
b 300 20 200 Strong 0.1
c 300 40 200 Strong 0.2
d 300 80 200 Strong 0.4

I

g

E

B CR-V CR-V CR-V CR-V

- 19 8.8 7.5 15.1

& 200 O O L @

2,

w 1 1 | | 1 1 1 I

g 10 20 30 40 50 60 70 80

§ Rotation speed (rpm)

®CR-V7.5 ®CR-V 15.1

Fig.3.1.17 Relationship between grain distribution and CREO-value
and CR-V=0.05,0.1 with extra cooling system

at 300
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CR-VST-V CR-V CR-V
0.05 0.1 0.2 0.4
200 O O ® ®

10 20 30 40 50 60 70 80
Rotation speed (rpm)

Transfer speed (mm/min)

®CR-V0.2 ®CR-V0.4

Fig.3.1.18 Relationship between grain distribution and CREO-value
at 300 and CR-V=0.2,0.4 with extra cooling system

Fig.3.1.17 Fig.3.1.18
CREO-Value
CREO-value=0.2

1.7mm

Fig.3.1.16
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(4) CREO

CREO
“ ” 300 450 2 CREO
SEM-EBSP Fig 3.1.5 X
1 300 - 20rpm- 50mm/min CREO-Value0.4
2 450 - 40rpm- 50mm/min CREO-Value0.8
Fig.3.1.19 (1)
5.5um (2) 8.9um
450 CREO-value (2)
(1) 300 CREO CREO-Value
300 CREO
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Fig.3.1.19 Relationship between microstructure and CREO temperature

at transvers speed 50mm/min

(5) CREO
CREO
3.1.3.2 (3)
CREO (4) 300
450
CREO (3)(4)
SEM-EBSP Fig 3.1.5 X
3 300 - 10rpm- 50mm/min ST-Value0.2
4 450 - 30rpm- 50mm/min ST-Value0.6
Fig.3.1.20 (3)
0.9pum (2) 5.2pm
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CREO-Value

(3)
CREO

10 15 20 25 30 35 40 45
Rotation speed (rpm)

Ten

Fig.3.1.20 Relationship between microstructure and cooling ability
with extra cooling unit at transvers speed 50mm/min

300 CREO
(1) (3) (Fig.3.1.21)
(3) 0.9um (1)
5.5pm
CREO
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CREO

CREO CREO
CREO-value

Fig.3.1.21 Relationship between microstructure and cooling ability
at 300 , transvers speed 50mm/min
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(5)

CREO 300
CREO
ECAP
3 1 CREO
Table 3.1.4 2 3 CREO
1pm SEM-EBSP
TEM
1 CREO (3)

TEM
(3) SEM-EBSP
Fig.3.1.22 SEM-EBSP

Fig.3.1.22 TEM observation result with 1 pass CREO at 300 ,10rpm,50mm/min
63



CREO 4 3

2
Fig.3.1.23 1 0.91um 2
0.86um 3 0.72um CREO
FCC
HCP
ECAP ECAP
CREO CREO

| CREO 2pass CREO 3pass

W

| 0.5 um

Fig.3.1.23 TEM microstructures comparing between 2 pass and 3 pass
at 300 ,10rpm,50mm/min
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3.1.3.4

H34

CREO

27

400 x1Hr
CREO (1) (4)
Fig.3.1.24
(1) CREO 300
CREO 450
300
(12)
2o o pyediae]
En—9o.&4 N 1U TS5 ¢
0.1 0.2 0.3 0.4 0.5
Strain
Fig.3.1.24 Result of tensile test
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3.1.4

1)

2)

3)

4)

5)

6)

7)

8)

9)

CREO

CREO-value

CREO-value

CREO

CREO

CREO

CREO-value

CREO-value

Zener-Hollomon

CREO
0.9pm

300

CREO-Value

66

300

CREO

CREO

0.9pm
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2)

3)

4)

5)

6)
7)

8)

“ " STSP“ ”

2003 12
Katsuaki Nakamura,Koji Neishi,Kenji Kaneko, Michihiko Nakagaki
and Zenji Horita
“ Development of Severe Torsion Straining Process for Rapid
Continuous Grain Refinement”

Materials Transactions,45(2004)3338

“ " STSP* Al-Mg

55 (2004) 395-396

Katsuaki Nakamura , Koji Neishi , Kenji Kaneko , Michihiko Nakagaki

and Zenji Horita

“ Continuous Grain Refinement Using Severe Torsion Straining
Process”

Materials science Forum Vols.503-504(January 2006) pp385-390
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3.2 HCP( )

3.2.1
3.2.11
HCP
1) 4)
( )
( )
( )
(178 J/cm3®  K)
( )
HCP 300
CFRP
HCP=Hexagonal closed packed lattice
Fig.3.2.1%
(0001)<1120> {1010}<1120>
{1011}<1120> {1122}<1123>
300
6)
330
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(210}~ ——(0110)
Ak T S — (0111)
(0002) ~|
(24" — (0112)
- > 2 t— (0001)
EEY~D BEET~D $EmMIRDI

(0001) (1120) {1010} (1120} {1011} (1120

Fig.3.2.1 Structure of HCP

11)
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330
CFRP

3.2.1.2

ECAP(Equal Channel Angular Pressing)!? 14 HPT(High

Pressure Torsion)®16) ARB(Accumulative Roll Bonding)!?

SPD
STSP) 14
CREO
(0001)
18) 22) CR EO
CREO

(a) CREO
(b)CREO

(C)CREO

CREO

CREO

CREO



3.2.2

3.2.2.1
Mg-Al-Zn JIS-AZ61
JIS-AZ61 Table 3.2.1
Table 3.2.1 Chemical composition of AZ61
Al n Mn Ni Cu Fe Si Mg
AZ61 6.40 0.74 0.35 0.0012 | 0.001 0.001 | 0.015 | Ral
3.2.2.2
CREO ®12 mm
500 mm @15
mm Fig.3.2.2
(SUS304) 280 mmx®12 mm
4.4 mm M4
- x 280 2
OIOL\IJL i -0 0’
Y 1D-1b (260) L10-1
T 7 i
A 1 T %}._._._._._______23 4 7 il S
v o> Ll | |
cs /. P4.4 W ®4.4 ez
(a) Test specimen
P (150) al
40
@ oy i 1
9 P 30-0
Y 20 55 (10)
el B ng |<—»
0 co.5 X ¢z, o
EI \K ______ e R T e ﬂ_l,_.___g‘
= 0.5

£05 12040.2

(b) Holding tool

Fig.3.2.2 Dimension of test specimen and holding tool
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3.2.2.3 CREO
3.2.2.3.1 CREO
CREO 3.1.2.2.2

50mm

3.2.2.3.2 CREO
CREO

Fig.3.2.3 6 mm(
r=5) @12 -
CREO

Fig.3.2.3 Position of thermo couple

Fig.3.2.4

73

®l2mm

r=0) 11 mm(



>

First position of thermo couple @ Last position of thermo couple

Fig.3.2.4  Relative position between thermo couple and radiation thermometer

3.2.2.3.3 CREO

1)CREO
CREO
CREO Table3.2.2
Table 3.2.2  Condition of CREO

Diameter of rod ®12mm
Temperature 300 350 400
Rotation speed rpm 10 15 20
Transverse velocity mm/min 75 200
Cooling With or without

2)CREO

ECAP

HCP

74



CREO
Fig.3.2.5

1pass 2pass

Fig.3.2.5 Image of multiple CREO treatment

300 (Table3.2.3

Table 3.2.3  Multiple treatment of CREO

Diameter of rod o012
Temperature 300 350

Rotation speed rpm 10

Transvers speed mm/min 200

Number of CREO treatment 1,2,3,4

Direction of Rotate Right — Left — Right - Left
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3.2.2.4

1)
#1000
10 mIHCI-10 mIHNO3-160 mIC2HsOH 15 sec
4.29 -10 mICH3COOH-10 ml H20-160 mIC2HsOH 10
sec (r=0) (r=3)
(r=5) OLYMPUS BH2-UMA
1000
100 Photoshop
Scion Image
i S/ ai
d, =2,]—
T
n d
n
_ =l
d= n
2.S
i=1
(2) EBSP
HCP (EBSP:
Electron Back Scattering Pattern)
Fig.3.7 CREO
#1000
10 mIHCI-200 mIC2HsOH 30s
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EBSP TSL OIM(Orientation Image Microscopy)
(FESEM: Field Emission Scanning Electron Microscopy) HITACHI
S-4300SE 20 kV 100 pmx100pmm
0.5pm
TSL OIM Date Analysis ver.2.0
90 % (Cl Confidence
Index)0.1 OIM
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3.2.2.5

1)
CREO Table3.2.4
Table 3.2.4 CREO condition of compressive test material
Appellative CREO treatment condition
1st pass 2nd  pass
As extruded
CREO 1 pass 300 -10 rpm-200 mm/min
CREO 2 pass 350 -10 rpm-200 mm/min 300 -10 rpm-200 mm/min
2

200kN Fig.3.2.6

Fig.3.2.7

Fig.3.2.7 Principle of compressive test

Fig.3.2.6 Compressive test machine
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)

8.9 mMm

CREO

#1000

Table 3.2.5

1 mm/sec

®10 mm

10.0 9.4

8.0 mm

20

Mo 5%

Table 3.2.5 Condition of compression test at room temperature

2

Initial height Compression rate Height after compression
10.0 mm 20%
9.4 mm 15% 8.0 mm
8.9 mm 10%
Table.3.2.6 150 175 200
8.0 mm( 20%) 6.0 mm( 40 %) 4.0 mm(

60 %) 2.0mm( 80 %)
Mg

1st

10mm

10 mm/sec

Table 3.2.6 Condition of compression test at Isothermal

Temperature

150,175,200

Compression ratio

20,40,60,80

Initial size of test piece

®10x 10 mm

Cross head speed

10 mm/sec
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3.2.3

3.2.3.1 CREO

3.2.3.1.1
Fig.3.2.8 300

300

5 10 mm

350
350

300

300

200

350

7 8sec

CREO 10 sec 50 sec
200
A= arnS™ M __a
=191V JJU ' UellilelL
| a0 (e n
l TEEET OV L Ouridle
400 | * annS M __a .
I - — WV LB TILET
| ,t Aannt gl n
_ 59U | IR~ el Lo .
z . -
300 ” g \
jab] . L] L4
~ . . ..
2250 S ~
= i 1 R NG
= N L - e
2200 7/ : | - S
E P 4 g: H B ‘. s, T
L 1=n / L2° ': t e, Se e \
Sl V4 oo F P IS T T 'o':u:‘.. s,
. . ®%0,50,
DN /!:..:'.: E [ o!T :.\. ° 00.--..£.¢0..0..
I O] N | k A
o o °-F - L N .
- e * °_ l ] A e
50 b te et S
L~ R,
0 I

Fig.3.2.8
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3.2.3.1.2 CREO
AZ61 CREO Table3.2.7 AZ61 350
10 rpm 100 mm/min
10 mm
CREO-Value CREO
CREO 1 2 1
CREO 2
HCP FCC BCC
Table 3.2.7 Outlook of specimens after CREO of AZ61
Temperature | Rotationspeed | Transferspeed | CR-V Outlook
As extruded
CREO 1pass 350 10rpm 100mm/min | 3.76
CREO 1pass 300 10rpm 200mm/min | 1.88
CREO 1pass 300 10rpm 150mm/min | 2.51
CREO | 1pass | 350 10rpm 200mm/min | 1.88
2pass 300 10rpm 200mm/min | 1.88
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3.23.1.3 CREO

(1) CREO1
AZ61 CREO Fig.3.2.9
300 CREO 10rpm 200mm/min
10rpm
CREO-Value 300 350
CREO-Value
400 CREO CREO-Value 350 25

(a) CREO at 300

C CREO at 350

(C) CREO at 400
Fig.3.2.9 CREO process limitation of AZ61 at each temperature
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10 rpm
Fig.3.2.10
1 CREO

CREO-Value @ CREO

CREO-Value
CREO-Value

B
)
=)

2
]
o

Temperature ('C)
(8]
Lh
=
)

3
4

.l)

o
(8]
=

6 8
CREO-Value

10 12

Fig.3.2.10 CREO process limitation of AZ61 at each temperature

@) CREO
CREO Table 3.2.8
CREO
300 1
CREO 1 2
1
) 1
2 CREO
2 300
4

84

CREOP

10 rpm-200 mm/min

300
350

350



Table 3.2.8  Map of CREO process limitation

Pass times
1 2 3 4 8

350

350 °C
00| OO A X

300 C
O

—300°C i

CREO condition(temperature)

O : Good A : Partiallybreak X : Break

()

CREO-value 1 CREO 1
(0001)
CREO
(0001)
CREO-Value
330 CREO
CREO
(0001) (0001)
2 300
300 AZ61 A5056 CREO (22)
200 mm/min AZ61 10 rpm

A5056 80 rpm
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(Fig.3.2.11)

AbH056

100 /
90

V) ou 1UuU 19U ZUuu ZdU JUU

Transfer speed (mm/min)

Fig.3.2.11 CREO process limitation of AZ61 and A5056

86



3.2.3.2
3.2.3.21
AZ61 CREO1
(300 -10 rpm-200 mm/min)
(Fig.3.2.12)
CREO

1 2mm

CREO

2 mm

Fig.3.2.12 Macro structure of AZ61 CREO cross section
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3.2.3.22 CREO

rpm-100 mm/min)

(0001)

Fig.3.2.13

CREO

(0001)

10pm
CREO

CREO
SEM-EBSP
OIM  Fig.3.2.13
CREO
CREO
CREO
D
RD
CREO
CREO
nm
(0001)

88
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(0001)

CREO



Texture Name: New Texture
Calculation Method: Harmonic Series Expansion
Series Rank {I): 16

Fig.3.2.13 Cristal orientation of each position by SEM-EBSP
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3.23.2.3 CREO
1)
Fig.3.2.13
18 um
19um 21pym

Fig.3.2.13 Optical microstructure of extruded rod
(1) Surface (2) 1/2R  (3) Center

(2) CREO 1
300 CREO 300 -10 rpm-200mm/min
Fig.3.2.14

47 % 57 % 5um
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1.5pm

Fig.3.2.14

350 CREO
Fig.3.2.14

CREO

1/2R

Optical microstructure of CREO 300 -10 rpm-200mm/min
Surface (@ 12R (3) Center

350 -10 rpm-100 mm/min

5um
10 20 pm
5 um
CREO 300
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Fig.3.2.14 Optical micro structure of CREO 350 -10 rpm-100mm/min
@) Surface (2 12R (3) Center

350 CREO
CREO
CREO-value

350 -10 rpm-200 mm/min
2 200mm/min
CREO Fig.3.2.15
20pm 5pm
350 -10 rpm-100 mm/min
1/2R
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Fig.3.2.15 Micro structure of 350 CREO 350 -10 rpm-200 mm/min
(@) Surface (2 12R  (3)Center

400 CREO 10 rpm-75 mm/min
Fig.3.2.16 10 20pm

10pm
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Fig.3.2.16  Microstructure of 400 CREO 400 -10 rpm-75 mm/min
(OSurface (20 12R  (3)Center

1 CREO
CREO
CREO
CREO
CREO

CREO
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(3) CREO

300 CREO
CREO
300
5pm
300

CREO

10 rpm-200mm/min

Fig.3.2.17

Fig.3.2.17

Microstructure of CREO at 300 without cooling

(1) Surface

(2

95

1/2R

(3) Center



(4) CREO

350 —300 CREO 2 10 rpm-200 mm/min
Fig.3.22 1.4 um
300 1 CREO
Fig.3.2.18 1 CREO
15um 2
1 2 CREO
1 CREO 2 CREO

Fig.3.2.18  Microstructure of 350 — 300 CREO 2pass
(1) Surface 2) 1/2R (3) Center
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350 CREO 2 10 rpm-200 mm/min
Fig.3.2.19
2 300 CREO
CREO

300
mm CREO

- 350 CREO 2pass
(1) Surface 2) 1/2R (3) Center
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350 CREO 4 10 rpm-200 mm/min
Fig.3.2.20 2 CREO

CREO 2 4

Viahia|
T Ll N i
Fig.3.2.20  Micro structure of 350 - 350 CREO 4pass

(1) Surface (2) 1/2R (3) Center

CREO
CREO 1

CREO
2 CREO
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3.2.3.2.4
AZ61

CREO

CREO

7.51m

100

Proportion in area (%)
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Fig.3.2.22  Grain size distribution at 1/2R of rod
Fig.3.2.23 CREO
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3.2.3.2.5

€y
CREO

CREO-value

23)

CREO

CREO

CREO

pm

CREO
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CREO

CREO?2
1
CREO
2)
CREO
CREO
CREO
200
A3) CREO
2 CREO
1
2 1
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1 CREO
CREO
CREO
1 CREO
CREO
1 CREO
(0001)
CREO 1 2



CREO 2

CREO 2 300
(0001)
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3.2.3.3

3.23.3.1
Fig.3.2.25 OIM
(0001)
(1010) (1122)
(0001)
(0001)
(@) Surface area (b) Center area

Fig.3.2.25 OIM result in cross section of extruded rod in cross section
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3.2.3.3.2 CREO1
1 CREO CREO

350 -10 rpm-100 mm/min

Fig3.2.26 CREO 1 (350 -10 rpm-100 mm/min)
oM
(0001) TD
(0001)
(1010)
(0001)
um
(a) Surface area (b) Center area

Fig.3.2.26 OIM result in cross section of CREO treatment rod
350 -10rpm-100mm/min
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350 -10 rpm-200 mm/min

CREO 200mm/min
50 OIM Fig.3.32
Fig.3.2.27 350 -10 rpm-100 mm/min
2 CREO-Vvalue 50
(a) Surface area (b) Center area

Fig.3.2.27 OIM result in cross section of CREO treatment rod
350 -10rpm-200mm/min
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300 -10 rpm-200 mm/min
Fig.3.2.28 350 -10 rpm-200 mm/min CREO
CREO 50 CREO 300 -10 rpm-200 mm/min

300 350 CREO

(0001)
CREO (0001)
5um
50 SPD z
CREO 350 -10 rpm-200

mm/min CREO 300 -10
rpm-200 mm/min

CREO

(a) Surface area (b) Center area

Fig.3.2.28 OIM result in cross section of CREO treatment rod
300 -10rpm-200mm/min
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(3) CREO

CREO
Fig.3.2.29 CREO OIM
(0001) (0001)
CREO 200
(a) Surface area (b) Center area

Fig.3.2.29 OIM result in cross section of CREO treatment rod
350 -10rpm-200mm/min without cooling
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3.2.3.3.3 CREO2

CREO 2
CREO
CREO lpass 350 -10 rpm-200 mm/min 2pass
300 -10 rpm-200 mm/min EBSP
2
Fig.3.2.30 CREO 2 OIM 1
CREO
5um
1 2
(0001)
(@) Surface area (b) Center area

Fig.3.2.30 Pole figure and OIM result in cross section of CREO treatment rod
350 -10rpm-200mm/min and 300 -10rpm-200mm/min
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3.2.3.34

(1) CREO
CREO
CREO-Value
Fig.3.2.31 CREO
oM
(a) Surface area (b) Center area

Fig.3.2.31  Pole figures and OIM results of 1 pass CREO on each condition

Fig.3.2.31(a) (0001)
CREO
(0001)
CREO-Value
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350
CREO-Value 350 -10rpm-100mm/min
CREO-Value 50
350 -10rpm-200mm/min CREO

Fig.3.2.31(b) 350 CREO-Value

CREO
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)

Fig.3.2.32 CREO
oM
CREO
(0001)
CREO 200
CREO
(a) Surface area (b) Center area
Fig.3.2.32 Pole figures and OIM images with cooling and without cooling
condiution
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(3) CREO 2

CREO 1 2
Fig.3.2.33

OIM

1 CREO CREO-Value
1 CREO
(0001) 2
CREO-Value
CREO 2 CREO
(a) Surface area (b) Center area

Fig.3.2.33 OIM result in cross section of CREO treatment rod
at 350 -10rpm-200mm/min without cooling

CREO 2 CREO-value
2 CREO-Value OIM Fig.3.2.34
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1 CREO 350 -10 rpm-200 mm/min 2 CREO

10 rpm 150 200 300
mm/min Fig.3.2.34 (0001) 200 mm/min
2 150mm/min
(0001) 200mm/min
300mm/min
(0001)
2 CREO

Fig.3.2.34 OIM result in cross section of CREO treatment rod at 2 pass condition
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3.2.3.4
3.2.34.1

Fig.3.2.35 AZ61

10 % 15
45° CREO 1
15 % 20 %
45° CREO 2
10 % 15 %
45°
CREO Mg

CREO2

2 CREO 1 CREO

1 CREO
1 CREO

1 CREO 15

Fig.3.2.35 Appearance configuration of AZ61 compression test result
at room temperaturel50
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3.3.4.2

(1)
Fig.3.2.36 150
20 % 45° CREO1
20 % 40 %
45°
150
CREO 2 20 % 45°
Compressibility As extruded CREO 1pass CREO 2pass
60 %
80%
150 °C g=1s5"

45°

Fig.3.2.36 Appearance configuration of AZ61 compression test result at 150

175

2 CREO

45°

118

Fig.3.2.37
20 %
1 CREO 60 %
45°
80 %



CREO 2 20 % 45 °

Compressibility | As extruded CREO 1pass CREO 2pass

Fig.3.2.37 Appearance configuration of AZ61 compression test result at 175

200
Fig.3.2.38
175 20 %
45°
CREO 1 80 %

CREO 2
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80 %

CREO 200
1 CREO
45°
Compressibility [ As extruded CREO 1pass CREO 2pass

Fig.3.2.38 Appearance configuration of AZ61 compression test result at 200
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25 150

Fig.3.2.39(a) 0.15 0.20
CREO —2 CREO — 1 CREO
56 MPa 15
CREO 1 CREO
175 - Fig.3.2.39 (b) 25
150
CREO 1 7 2 11
2 CREO 0.2
200 ~ Fig.3.2.39 (b) 200
2 CREO 175 14 1
CREO 12 2 CREO 14
200 20 0.22
CREO 1 2 1
0.25 2
0.15

CREO 2
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True strain
Fig.3.2.39 Compression load diagram of AZ61



®3)
Fig.3.2.40 CREO 1 80
Fig.3.2.13 (a)
(b)
(©)

Position

Fig.3.2.40 Optical microstructure of AZ61 after compression test at 200
CREO condition : 300 -10 rpm-200 mm/min

2  CREO 200 80 Fig.3.2.41
(a)
1/2R  (b)

(©)
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Position

Fig.3.2.41 Optical microstructure of AZ61 after compression test at 200
CREO condition : 350 -10 rpm-200 mm/min and 300 -10 rpm-200 mm/min

330 CREO 200
CREO
2 CREO
CREO
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3.2.3.4.3. CREO

(1)
1 CREO 2
CREO
CREO CREO
1 CREO
CREO
1 (0001)
(0001)
(0001)
Fig.3.2.42
45° CREO 1
(0001)

y Z
| Z plane | X plane
X y

Fig.3.2.42 Relationship image between compaction ability and crystal orientation
being depending on CREO pass number
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CREO 2
(0001)

(2)
150 175

200
1 2 80 %

(23)

CREO

1 CREO

175
(0001)

20 %
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3.2.4
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CREO-value
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CREO

1) 10)

CREO

CREO

CREO

Fig.4.1

(a) Expansion extrusion (b) Square tube extrusion (c) Lateral sheet extrusion

Fig.4.1 General pictures of extrusion forging

CREO AZ61
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200

CREO

CREO
AZ61
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4.1
4.1.1.

11) 14)

Fig.4.1.1

(1)

(2)
CREO

(3)

S~ -t

Fig.4.1.1 General outline of expansion extrusion process
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4.1.2

4.1.2.1
JIS-AZ61 CREO @20 300
15rpm 300 mm/min
CREO ®14.4 mm Table
4.1.1

Table 4.1.1 Chemical compositions of AZ61

(mass%).
Al Zn Mn Cu Si Mg
6.47 0.85 0.27 0.003 0.026 Bal.
4.1.2.2 CREO
CREO Fig.2.1.18 Fig.2.1.19 RN-1
CREO
K
4.1.2.3
Fig.4.1.2
2 20tonf

10tonf

Fig.4.1.2 Expansion forging test equipment
133



4.1.2.4 CREO

Fig.4.1.3
o15
60sec
®25
25
200 270
2.2mm 4.5mm
60sec
Table 4.1.1

Fig.4.1.3 Schematic illustration of expanding forging test
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Table4.1.1 Test condition of expansion forging

Treatment
of work pieces

1)As extrusion
2) As CREO (After extrusion)
* These rods were reduced to 14.5mm in diameter

from 20mm using lathe.

Forging temperature

1) 543K(270°C)
2) 508K(235°C)
3)  473K(200°C)

i Voo i
Uap beiwecll
upper and lower tools

1™ ol iy
1) 4.5mm

2) 2.2mm

Lubricant

Oil type

Forging power

Max 100KN(10TON)

Forging speed

About 50mm/sec
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4.1.2.5

(1)

— — —
10ml 10ml 160ml
4.29g 10ml 10ml 160ml
L150
NYpix8400S2-P84M
(2)EBSP
EBSP
JSM-6500F
EBSP TSL OIM (ver.4.6)
90x90pum 0.3n step
4.1.2.6
(1)
HM-103
0.3Kgf
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4.1.3.

4.1.3.1
Fig.4.1.7 20pm
CREO r=0mm
CREO
3.2
5pm
1/2R
Position from center of rod r/mm

As
Extruded
CREO
Treated
) B B =T s WSS B R,

300

Fig.4.1.4 Microstructure of as CREO-treated and as extruded AZ61
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4.1.3.2

Fig.4.1.5
270K 2.2mm
4.5mm
270K
235 200
3.2
45deg
CREO 200
4.5mm
®25
473K 2.2mm
Material As extrusion As STSP treated
Gap 4.5mm 2.2mm 4.5mm 2.2mm
il \ 270°C | Small crack Cracked No crack !

Fig.4.1.5 Result of Expansion forging test
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4.1.3.3

(1)
(Fig.4.1.6)

90deg

8.5

3.2.3.4.2
20

8

©15

A
v

Fig.4.1.6 Fiber flow of plastic deformation

P15

As Extrusion Expansion forging temp.

Gap between tools

25

®25
139

200

ECAP

®14.4



Fig.4.1.7

Fig.4.1.7 Transformation of crystal grain at the corner
As Extrusion Expansion forging temp. 270
Gap between tools 4.5mm

140



(1) 270  4.5mm

Fig.4.1.8

Fig.4.1.8 Outlook of expansion forging of extruded AZ61
at 270  with 4.5mm tool gap

Fig.4.1.9
10pm

ECAP

330

330
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As extruded
Temp. 270
Gap 4.5mm

Fig.4.1.9 Microstructure of extruded AZ61 expansion forging sample
with 4.5mm tool gap

(2) CREO 270 2.2mm
CREO 2.2mm
270
Fig.4.1.10
2 CREO

Outlook after expansion forging

Fig.4.1.10 Outlook of expansion forging of CREO treated AZ61
at 270  with 2.2mm tool gap
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As CREO
Temp. 270
Gap 2.2mm

Fig.4.1.11 Microstructure of CREO treated AZ61 expansion forging
sample with 2.2mm tool gap

CREO 270 2.2mm Fig.4.1.11
CREO
(3) CREO 200  2.2mm

CREO 200 2.2mm
Fig.4.1.12
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Pressure Velocity

PV

Fig.4.1.12 Outlook of expansion forging of CREO treated AZ61
at 200 with 2.2mm tool gap

Fig4.1.13 ,14

Fig4.1.13

Fig.4.1.4
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Fig.4.1.13 Optical microstructure of expansion extrusion 1

Fig.4.1.14

2 3pm

Fig.4.1.14 Optical microstructure of expansion extrusion 2
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4.1.3 CREO SEM-EBSP

2.2mm

4.1.3.4.1

(1) Image Quality
CREO

200 2.2mm
CREO
SEM-EBSP

10pm

Fig.4.1.15

Fig.4.1.4 CREO

200

200

1 3um

TO

Gray Scale Map Type: Image Guality
24.807...89.527 (24.807..89.527)

Color Coded Map Type: =none=

Fig.4.1.15 Transformation of grain size by forging
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(2)EBSP

EBSP 2 bdeg 5 15deg 15 180deg

Fig.4.1.16 15deg

2 b5deg

69.3 5 15deg 11.2%
19.5 15deg

2 b5deg 1Q
2deg
CREO

Clean up (NCIC: 0.1)
Fig.4.1.16 Grain map of extruded rod
Fig.4.1.17 5deg
in Area
5.2pm 15pm
2 4pm
10pm
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Grain Tolerance Angle:5*
Minimum Grain Size: 0.45um
Maximum Grain Size: 15.5um
Average Grain Size: 5.2um (Area)

Clean up (NCIC: 0.1)

Fig.4.1.17 Grain distribution of extruded rod in area
Fig.4.1.18
5.2um—6.0pm
5pum 2 4pm

R L wLL .

Average Grain Size: 6.0um (Area)

Clean up (NCIC: 0.1) ,(Twin B&4} R

Fig.4.1.18 Grain distribution of extruded rod in area except Twin
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Fig.4.1.19 EBSP

2pm

! Maximum Grain Size: 15.5um
Average Grain Size: 2.0um (Number)

ggggg
az1e7e

. Clean up (NCIC: 0.1)

Fig.4.1.19 Grain distribution of extruded rod in number

Maximum Grain Size: 15.5um
Average Grain Size; 2.5um (Number)

Clean up (NCIC: 0.1) , Twin [R5} Cr giviis

Fig.4.1.20  Grain distribution of extruded rod in number except Twin
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Fig.4.1.20 3um
(2)
CREO Fig.4.1.21
(0001)
3.2.3.3.1. CREO
(0001) CREO
15rpm 300 mm/min
20mm 1
=20xm= 62.8mm 1 20mm 1
tan-1(62.6/20)=72deg
Fig.4.1.21 Transformation of grain size by forging
ND
(0001) (Fig.4.1.22)
CREO

1010

150

(0001)

®20



Fig.4.1.22 Invers pole figure ND of extruded rod
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4.1.3.4.2
(1)

CREO
2.2mm
CREO

Fig.4.1.23

1 3um

EBSP

15pm

pm

Image Quality

0.3um

CREO

2deg

200

CREO

Fig.4.1.23 Transformation of grain size by forging
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D

2561995106 (25.619..95.106)

| Color Coded Map Type: <none=




200

EBSP 2 bdeg 5 15deg 15 180deg
Fig.4.1.24
CREO 15 180deg
83.4 CREO 69.3 5
15deg 9.6 CREO 11.2 2 bdeg 7.0 CREO
19.5 2 bdeg

Image Quality
CREO

CREO
CREO 2 bdeg

- Clean up (NCIC: 0.1)

Fig.4.1.24 Grain map of extended area
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Fig.4.1.25 Fig.4.1.26 5deg

in Area

Minimum Grain Size: 0.45um
Maximum Grain Size: 7.0um
Average Grain Size: 2.4um(Area)

Clean up (NCIC: 0.1)

Fig.4.1.25 Grain distribution of extended area (area)

i Maximum Grain Size: 7.0pm 2z 2
| Average Grain Size: 2.5um(Area)

Y= DUO00OE0D00D

Clean up (NCIC: 0.1) ,Except Twin

Fig.4.1.26 Grain distribution of extended area except for twin(area)
Fig.4.1.27 Fig.4.1.28 EBSP

2pm
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Maximum Grain Size: 7.0pm = g
Average Grain Size: 1.5pm (Number) s a

Clean up (NCIC: 0.1)

Fig.4.1.27 Grain distribution of extended area (Number)

Maximum Grain Size: 7.0pm
Average Grain Size: 1.5um (Number) T

Fig.4.1.28 Grain distribution of extended area except for twin (Number)
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(2)

CREO Fig.4.1.29
(0001)
CREO (0001)
(1010)
(0001)

Fig.4.1.29 Pole figure of expansion area

ND (Fig.4.1.30) (0001)

(0001)
(2110) CREO

eeding 2° is 1a

Confidence index>0.1

'Fig.4.1.30 Invers pole figure of expansion area ND
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4.1.3.4.3 CREO
(1)Image Quality

CREO IQ Fig.4.1.31 CREO
10pm
CREO
2deg
200
CREO
CREO

(a) As CREO (b)As Extended
Fig.4.1.31 Image Quality of CREO treated AZ61 and expansion area
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(2)

Fig.4.1.32
CREO 15deg 15deg
2 bdeg
1Q 2deg
CREO
CREO
80 Table 4.1.3
Table 4.1.3 Portion of each Grain boundary angle
Grain boundary angle As CREO CREO+Expansion
15 180deg 69.3 83.4
5 15deg 11.2 9.6
2 bdeg 19.5 7.0

(a) As CREO

(b)As Extended

Fig.4.1.32 Grain map
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CREO

CREO
CREO 2 5deg
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(3)

Minimum Grain Size: 0.45um
; Maximum Grain Size: 15.5um
Average Grain Size: 6.0um (Area)

Fig.4.1.33 CREO

0.3pum

16pm

0.45um
1 3pm

Minimum Grain Size: 0.45um
. Maximum Grain Size: 7.0um
. Average Grain Size: 2.5um(Area)

(a) As CREO (b)As Extended
Fig.4.1.33 Grain map without twin
As CREO After expansion
Grain Size (Diameter) [microns] T mmm————
Grain | Min. 0.45um 0.45um
size | Max. 15.5um 7.0um
Ave. 5.2um 2 4pum

Grain Tolerance Angle:5°

Fig.4.1.34 Transformation of grain size distribution
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(4)
CREO (0001)

Fig.4.1.35 CREO
(0001)

(a) As CREO

(b) As Extended
Fig.4.1.35 Transformation of pole figure

(0001) CREO
(0001)

Fig.4.1.36 ND
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(0001)
(0001)
(2110) CREO
CREO

(a) As CREO (b) As Extended
Fig.4.1.36 Transformation of grain size distribution in area ND 15 180deg

162



4.1.3.4 CREO

Fig.4.1.37 CREO
Al A3 Hv=76
Bl B3
B B1
C D
HV=88
Hv=90 CREO
Hv 14 CREO
200
4.1.3.3.3 CREO
CREO

Fig.4.1.37 Hardness distribution of crosss section
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4.1.4
RMA-CREO

1)

2)CREO

3)CREO

200

4)

5)

6)CREO

7)CREO

8)CREO

9)

AZ61 CREO

CREO

CREO

Hv 14
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1)
2)

3)

4)

5)

6)

7)

8)

9)

235- 280
250 (2006) p43-49
250 (2006) p51-58
252 (2008) p9-16

Katsuaki Nakamura,Koji Neishi,Kenji Kaneko, Michihiko Nakagaki
and Zenji Horita

“ Development of Severe Torsion Straining Process for Rapid
Continuous Grain Refinement”

Materials Transactions,45(2004)3338

Yuichi Miyahara , Naoki Emi , Koji Neishi , Katsuaki Nakamura ,
Kenji Kaneko , Michihiko Nakagaki and Zenji Horita

“ Microstructures and Mechanical Properties of Mg alloy after Severe
Torsion Straining Process”

Materials Science Forum Vols.503-504 (January 2006)pp.949-954

“ " STSP

55 (2004)  397-398

“ STSP ”
(2005) p303-304
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“ STSP Mg "

56 (2005)  107-108
10)
“ STSP Mg ”
56 (2005)  109-110
11) p113-123
12)
321-334
13)
“STSP Mg
57 (2006) p419-420

14) K.Nakamura
“ Rapid Continuous Metal Grain Refinement process “STSP” and its
Application to Plastic Forming"“

ICCES’'07 (2007) p1947-1951
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4.2

4.2.1
CREO
1) 2)
CREO
3) 6)
CREO
CREO
CREO
CREO
(Fig.4.2.1)
2
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CREO

4.2

CREO



Work setting Die cramping Extrusion forging Knock out

Fig.4.2.1 Schematic illustration of isothermal square tube shaped forging process
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4.2.2

4.2.2.1
JIS-AZ61030
mm Table.4.2.1
Table 4.2.1 Chemical composition of AZ61
(mass%).

Al Zn Mn Cu Si Mg

6.05 0.76 0.24 0.001 0.01 Bal.
4.2.2.2.
(1)

CREO Fig.2.1.18 Fig.2.1.19 RN-1
(2)CREO
®30 2000mm AZ61 Thle4.2.2
CREO
Table 4.2.2 Condition of CREO

Material JIS-AZ61

Size of rod ®30%x2,000mm

Temperature of CREO 350

Transfer speed 300mm/min

Rotation speed 8,10,12rpm
4.2.2.3

CREO
Table 4.2.3
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Table 4.2.3 Heating test condition

No | Temperature Keeping time Cooling
1 200 0.5Hr FC
2 200 2.0Hr FC
3 250 0.5Hr FC
4 250 2.0Hr FC
5 300 0.5Hr FC
6 300 2.0Hr FC
7 400 0.5Hr FC
8 400 2.0Hr FC
4.2.2.4
(1)
CREO AZ61
® 29.0x60mm
(2)
Fig.4.2.2 Fig.4.2.3
40mm 36mm
2mm
5mm
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YKR3 HRc=62 64

Fig.4.2.2 Schematic illustration of dies

so | | 7762

}
.
H
L

i

-
2

1 1 1 1 1 1 | i 1
L e i Bl ™ L — I
A Levl 14 I i
. ¥ . , - | 1 120 | =
! | 1 | ]

Fig.4.2.3 Principal dimension of die
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4.2.2.5

Fig.4.2.4
4 Table4.2.3

0.1sec

4th

4th

2mm

3rd

Fig.4.2.4 Photograph of hydraulic press with 4 cylinder
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Table4.2.4

Principal capacities of hydraulic press

Cylinder | Maximum Maximum Maximum
power speed stroke
Main 2500kN 140mm/sec 800mm
Cushion 1250kN 145mm/sec 300mm
3rd 1250kN 150mm/sec 500mm
4th 700kN 155mm/sec 500mm
4.2.2.6
180 200
4th 17.5mm/sec
0.07mm/sec
Table 4.2.5
180 200
17mm/sec

0.07mm/sec

Table 4.2.5 Condition of isothermal square tube shaped forging

No Forging temperature Extrusion speed
200 (473K) 17.70mm/sec
200 (473K) 0.07mm/sec
180 (453K) 17.30mm/sec
180 (453K) 0.07mm/sec
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4.2.2.7

(1)
4.1.2.5
(2)EBSP
4.1.2.5 EBSP
Fig.4.2.5
(a) CREO rod sample (b) Forged sample
Fig.4.2.5 Positions of EBSP measurement
(3)
Fig.4.2.6 8mm 4
Imm AGSG
500mm/min
Fig.4.2.7
10mm
Odeg 45deg 90deg
3

4 Odeg
45deg 90deg 3
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&
N \L/_
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o~ N
1M o sl ;
8 ——
. o7 / : \
24 _i_{L ______ — 4/.___
|
Fig.4.2.6 Dimension of tensile test piece \\—L//

Fi'g.4.2.7 Cutting out positions
from CREO rod sample and forged sample
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4.2.3
4.2.3.1
1)

AZ61
Fig.4.2.8
30pm

CREO

5 10pm

SEM-EBSP

(Fig.4.2.9)
(0001)

l—m’

|RD

Gray Scale Map Type: Image Quality
14.068. 64,168 (14,068, 64.168)

Color Coded Map Type: <none=

Fig.4.2.8 Image quality of raw material rod

(0001)

Confidence index>0.1

Fig.4.2.9 Pole figure of raw material rod
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Fig.4.2.10 (0001)
(1010) (2110) (0001)

(0001)

Fig.4.2.10 Orientation distribution map of raw material

| Clean up (NCIC: 0.1)

Fig.4.2.11 Grain boundary map of raw material
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Fig.4.2.11 15deg

86.5 2 bdeg
5 15deg 11.8
5deg Fig4.2.12
10um 18um 25pm

Maximum Grain Size: 33.6um
Average Grain Size: 21.2um

. Clean up (NCIC: 0.1)

Fig.4.2.12 Orientation distribution map and grain size distribution
of raw material 5degree
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(2)CREO
Image Quality

CREO 10pum
3um Fig.4.2.13
EBSP
EBSP

D

RD

Gray Scale Map Type: Image Quality
11.018..60.161 (11.018..60.161)

Color Coded Map Type. <none=

Boundaries: <none=

Fig.4.2.13 Image quality of CREO treated material
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CREO

Fig.4.2.9
(0001)
8rpm
1
=30xo 94.2mm 1
tan-1(94.2/37.5)=68.3deg

72deg

Fig.4.2.14
(0001)
CREO

CREO

300 mm/min

®30
37.5mm

CREO

Confidence index>0.1

Fig.4.2.14 Pole figure of CREO treated material

Fig.4.2.15 Orientation distribution m¢

of CREO treated material
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Fig.4.2.15 ND

CREO
EBSP 2 5deg 5 15deg 15 180deg
Fig.4.2.16 15deg
72.9 5 15deg 13.2% 2 bdeg
13.9
CREO
2 bdeg
1Q 2deg

CREO

. Clean up (NCIC: 0.1)

Fig.4.2.16 Grain boundary map of CREO-treated material
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Fig.4.2.17 5deg Fig.4.2.18
2deg 5—2deg
1 2pm 15pm
2deg
2pm 2 b5deg

Minimum Grain Size: 0.45um =
Maximum Grain Size: 15.0um o
Average Grain Size: 4.5pm

Clean up (NCIC: 0.1)

Fig.4.2.17 Distribution of grain with boundary angle less than5deg of
CREO treated material 5deg

Minimum Grain Size: 0.45um
Maximum Grain Size: 14.7um
Average Grain Size: 3.9um

Clean up (NCIC: 0.1)

Fig.4.2.18 Distribution of grain with boundary angle less than5deg of
CREO treated material 2deg
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4.2.3.2
CREO AZ61
Fig4.2.19 200
250 300
50pm

Tempe Keeping time

-rature 0.5Hr 2.0Hr

As i
CREO

200°C

250°C

300°C

400°C

Fig 4.2.19 Microstructure after annealing
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Fig.4.2.20 250 x2Hr
300

200 As CREO

105 AZ61 @30 350°C 9.9rpm

| SUU L U.o\Hr) JUuuL Z LHir)

o 1 2 3 4 5 6 7T 8 9 10 11 12 13 14 14.5

Distance from rod center (mm)
Fig.4.2.20 Hardness distribution of CREO treated AZ61 after heating

2mm
Fig.4.2.21
250 2Hr
300
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Fig.4.2.21 Microstructure after annealing 200 250

Fig.4.2.22 Microstructure after annealing 300 400
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4.2.3.3
1)
Fig.4.2.23

Fig.4.2.23(b)

(a) (b) (c) (d) (e) (f)

Fig.4.2.23 Appearance of square-shape cylinder forming at each step

Fig.4.2.24
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No. 12 15 17(5%)
CREO Temperature 350C 330C
Condition {ROOnSpeed | spm ] lopm
E Transfer speed 300mm/sec 300mm/sec
Test piece; Size @29 X 60mm  (Machining after CREO)
Forging Temperature 180°C(453K) 200°C(473K)

Fig.4.2.24 Forming condition and load stroke diagram

Fig.4.2.25
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Fia.4.2.25 Outlook of products

Fig.4.2.26
17.6%
9.5%

500
450
400
350
300
250
200
150 —&—17mm/sec

50

Load kN

180 200
Forming Temperature

Fig.4.2.26 Relation between load and temperature , forming speed
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3)

180 0.07mm/sec
Fig.4.2.27

370

350

2.0 2.5 3.0 3.5
Thickness of bottom (mm)

Fig.4.2.27 Relation between load and bottom thickness
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4.2.3.4

(1) 180
Image Quality
CREO

Image Quality

pm

17.3mm/sec

180
EBSP
CREO 15um
CREO

2deg

180

Fig.4.2.28

RD

Gray Scale Map Type: Image Quality
14.322..69.221 (14.322..69.221)

Color Coded Map Type: =none=

Image quality after forging at 17.3mm/min
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Fig.4.2.29 0001

(0001)

Fig.4.2.29 Pole figure after forging at 17.3mm/min

ND (0001)
Fig4.2.30 (0001)

Fig.4.2.30 Orientation distribution map after forging at 17.3mm/min
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EBSP

15 180deg
72.9
13.2 2 5deg 2.5

Image Quality

5mm

CREO

.~ Clean up (NCIC: 0.1)

2 bdeg 5 15deg 15 180deg
Fig.4.2.31
86.7 CREO
5 15deg 10.8 CREO

CREO 13.9% 2 b5deg

CREO

CREO 2 5deg

Fig.4.2.31 Grain boundary map after forging at 17.3mm/min
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Fig.4.2.32 Fig.4.2.33 5deg 2deg
5deg
3 6um

Minimum Grain Size: 0.45um
Maximum Grain Size: 10.2um
Average Grain Size: 4.7um

Clean up (NCIC: 0.1)

Fig.4.2.32 Orientation distribution map less than 5 degree
after forming at 17.3mm/min

Minimum Grain Size: 0.45pum
Maximum Grain Size: 10.2pum
Average Grain Size: 4.7um

Clean up (NCIC: 0.1)

Fig.4.2.33 Orientation distribution map less than 2degree
after forming at 17.3mm/min
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(2) 180 0.07 mm/sec
Image Quality

CREO 180
EBSP Image Quality EBSP
Fig.4.2.34 2um
CREO pm CREO
2
CREO

RD

Gray Scale Map Type: Image Quality

14 400 E7 ENT {11 408 E7 EO7Y
19.990,.57.507 (11.5435..57.507)

Color Coded Map Type: <none=

Fig.4.2.34 Image quality after forging at 0.07mm/min
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Fig.4.2.35 180

0001
2
(0001)
Fig.4.2.35 Pole figure after forging at 0.07mm/min

ND (0001)

(1010)(2110)

Fig4.2.36 (0001)
2
(2110)

(0001)

Fig.4.2.36 Orientation distribution map after forging at 0.07mm/min
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EBSP 2 bdeg 5 15deg 15 180deg

Fig.4.2.37
15 180deg 89.5 CREO
72.9 5 15deg 8.2 CREO 13.2
2 5deg 2.3 CREO 13.9%

Clean up (NCIC: 0.1)

Fig.4.2.37 Grain boundary map after forging at 0.07mm/min

196



Fig.4.2.38 Fig.4.2.39 5deg 2deg

5deg
lpym
Minimum Grain Size: 0.45um « ireer
Maximum Grain Size: 5.3um e g

Average Grain Size: 1.7pym

.......

Clean up (NCIC: 0.1)

Fig.4.2.38 Grain boundary map Area after forging at 0.07mm/min 5deg

Minimum Grain Size: 0.45um
Maximum Grain Size: 4.6pm
Average Grain Size: 1.67um e

DENAREY
R AR

Clean up (NCIC: 0.1)

Fig.4.2.39 Grain boundary map Area after forging at 0.07mm/min 2deg
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(3)

CREO
0.45 4.6pm
2pm 1.67um
CREO
CREO
180
(Table 4.2.5)
AS extruded As CREO Square tube extrusion forging at180°C

Fig.4.2.40 Microstructure of Forging product at 453K ,0.070mm/sec
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Table 4.2.5 Distribution of

each crystal angle

Crystal angle | Raw material As CREO 180 forging
17.3mm/sec 0.07mm/sec
15deg 86.5 72.9 86.7 89.5
90deg
5 15deg 11.8 13.2 10.8 8.2
2 5deg 1.7 13.9 2.5 2.3
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4.2.3.5
(1) CREO
Fig.4.2.41 CREO Fig.4.2.42

80.0

As extruded
75.0

70.0 A
A ~wM\
" 25 s0 15 Y

10.0 125 15.0
Distance from rod center mm

o))
o
o

Hardness

60.0

0.0

Fig.4.2.41 Hardness distribution of extruded rod
CREO

10rpm 12rpm
8rpm

80.0
As CREO 350

75.0

70.0
g
£65.0 ——38rpm
G —=-10rpm
L 12rpm
60'0 | | | | | | | | |
0.0 2.5 5.0 7.5 10.0 12,5 15.0

Distance from rod center

Fig.4.2.42 Hardness distribution of CREO treated rod
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(2)180

Fig4.2.42 CREO
1/R Hv 75
Hv 65
CREO
Hv 65 77 CREO
DE 3 5
. 1 2 3 4 5 6

Position No.

Fig.4.2.42 Hardness distribution of forging products at 180
with 17.3mm/sec
201
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2)180

180
Fig4.2.43
Hv 80
— e
0.2mm
90.0
85.0
6U.U
1 2 3 5 6 T

Posit%on No.

Fig.4.2.44 Hardness distribution of forging products at 180
with 0.07mm/sec
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4.2.3.6
CREO 180

Fig.4.2.45
Hall-Petch
3 CREO

0.2% 50 2.5
CREO 1.7

CREO 12
30

CREO 15

O As extruded

400 mAS CREO

(N
)

250

200

150

100

e ————
00.2 T.S. El

Fig.4.2.44 Average Mechanical Properties of Tensile Test

Fig4.2.45
CREO 45deg

0deg CREO
45deg 90deg

Odeg
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CREO Odeg 90deg

CREO 90deg
15%
Odeg
CREO 45deg 90deg
0 45 90 0 45 90
Angle from longitudinal direction / deg Angle from longitudinal direction / deg
(a) 0.2% Proof Stress (b)Tensile Strength

(c) Elongation
Fig.4.2.45 Mechanical Properties of Tensile Test
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4.2.4
CREO

CREO

CREO 10um
CREO
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4.2.5

1)

2) 500KN

3)

4) CREO

5) CREO

6)

180
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1)

2)

3)

4)

5)

6)

“STSP Mg
57 (2006) p419-420
K.Nakamura
“ Rapid Continuous Metal Grain Refinement process “STSP” and its
Application to Plastic Forming"“

ICCES’'07 (2007) p1947-1951

58 (2007) P267-268
113 Mg ”
25 7 2010 7 p90-91
Al-Mg
26 7 2011 7 pl18-19

May 2011 P28-30
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4.3
4.3.1

1)

2)3)

CREO
208



6)

9)

10)

209

4)5)



4.3.2 1

4.3.2.1 1
1

1 2

1

2
2
1
Fig.4.3.1
(a) Open position (b) Forging

Fig.4.3.1 General picture of lateral Extrusion from 1 direction
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4.3.2.2

1)
AZ61 Table.4.4.1
6
1 Mg-6Al-1Zn
Table4.4.1
Table 4.3.1 Chemical components of AZ61
Mass%
Al Zn Mn Cu Si Mg
6.05 0.76 0.24 0.001 0.01 Bal.
d30mm AZ61 CREO CREO
300
8.1rpm 300mm/min
CREO Table 4.3.2

Table.4.3.2 Condition of CREO

Material AZ61
Diameter ®30mm
CREO temperature 300
Rotation speed 8.1rpm
Transfer speed 300mm/min
Cooling water volume Forward 10 L/min
Backward 12 L/min
No. STAZ61 D30 0515 001,2,4
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2)

3rd

Fig.4.3.2

500

Table 4.3.3

Fig.4.3.2 Photograph of hydraulic press with 4 cylinder

Table.4.3.3 Principle capacities of hydraulic press
Cylinder Max. power Max. speed Max. stroke
Main 2500kN 140mm/sec 800mm
Cushion 1250kN 145mm/sec 300mm

3rd 1250kN 150mm/sec 500mm
4th 700kN 155mm/sec 500mm

213




3)
®36
2mm
®36 60mm
Fig.4.3.3
Fig4.3.4
AP&T NC 4
473K(200 )

®3

Fig.4.3.3 Principal dimension of tools

Fig.4.3.4 Outlook of extrusion area of principle tool

Fig.4.3.5~7

Table4.3.4
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10

Table4.4.4 Condition of tool design

No
Cylinder corner radius A 0 mm 1 mm 1 mm 1 mm
Lubricant supply pocket B Non Non Non Exist
Die corner radius C 2 mm 2 mm 0.2mm 0.2 mm
Diameter of Cylinder D ®36.5 ®36.5 ®36.5 ®40

115

(80>

35

$129
o
—
1
I
|
I
|
I
|
I
|
[
8130

Fig.4.3.5 Principal dimension of upper extrusion die
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40>

20

$180
#129

10

%130

Fig.4.3.6 Principal dimension of upper extrusion die with lubricant pocket

#180

_ (38
' ' 60
b ——————zat
20
2045
ek ﬁ ;
10 %
' !
|
P P ;
d od
=Y C s
|
J %
T J
|
Fig.4.3.7 Principal dimension of lower die
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4.3.2.3

(1)
300
200 Fig.4.3.8
135mm 0.5sec
700KN

135mm
(a) Billet (b) Products

Fig.4.3.8 Forging billet and products
2)

650KN
R O
R=0
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Table 4.3.9

Forging test result of condition No.1

No Result

Cylinder corner radius | A 0mm
Lubricant supply pocket | B Non Impossible to forge
Die corner radius C 2 mm
Diameter of Cylinder D ®36.5

R Imm Table

4.3.10
Fig.4.3.8
10mm
Table 4.3.10 Forging test result of condition No.2

No Result Load stroke diagram
Cylinder corner radius 1 mm
Lubricant supply pocket Non
Die corner radius 2 mm
Diameter of Cylinder ®36.5

Fia.4.3.9  Outlook of die surface
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Fig.4.3.10

Fig.4.3.10 Outlook of products
R R
2mm—0.2mm
Table4.3.11
R
Table 4.3.10 Forging test result of condition No.3
No Result Load stroke diagram

Cylinder corner radius ; A | 1 mm

Lubricant supply pocket | B Non

Die corner radius C | 0.2mm

Diameter of Cylinder D D36
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Fig.4.3.7

R 0.2mm
R
Fig.4.3.10
Table 4.3.11 Forging test result of condition No.4
No Result Load stroke diagram
Cylinder corner radius | A | 1 mm
Lubricant supply pocket B Exist
Die corner radius C | 0.2mm
Diameter of Cylinder D D40

Fig.4.3.10

Outlook of products with lubricant pocket
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4)

Fig.4.3.11 ®36

" 4 2R '

L e N
|9mm| ‘ 30mm | 30mm | 30mm |

0.2m

CREO

Fig.4.3.11 Measuring position of extruded sample of AZ61

Table 4.3.11
R Imm R 0.2mm
Fig.4.3.12 CREO
AZ61 Hv=65
Hv 20
A2
A3
B
Al A3
200 4.4.3.3
B1~B3
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®40

CREO
CREO
Al



C C3 4.1.3.2

CREO

Fig.4.3.5

90.0

Hardness Hv
~ ~ (00] (00]
=] a1 o a1
o o o o

o))
o
o

60.0

1 2 3 4 5 6
Position

Fig.4.3.12 Cross section hardness distribution of extruded sample of AZ61
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5)

40

Fig.4.3.13 Fig.4.3.14
Table 4.3.11
R Imm R 0.2mm
A Fig 4.3.13
B C
CREO

Fig.4.3.13 Cross section microstructure of extruded sample of AZ61
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Fig.4.3.14

Fig. 4.3.14 Cross section microstructure of extruded sample of AZ61
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4.3.24 1
300
200
135mm 0.5sec
700KN

Table 4.3.12 Condition of tool design

No
Cylinder corner radius A 1 mm
Lubricant supply pocket B Exist
Die corner radius C 0.2 mm
Diameter of Cylinder D ®40
CREO
CREO

Fig.4.3.5
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4.3.3 2
4.3.2.1 2

2 Fig.4.3.16

B
I S—
[ I
[ I

[ L L R

!m PR —— N —
WO WY ——
TR N YT R——

B - ..

i

(a) Open position (b) Forging

Fig.4.3.16  General picture of lateral Extrusion from 2direction
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4.3.2.2
(1)

8rpm

CREO

AZ61 Table.4.3.1
6
Mg-6Al-1Zn
Table4.3.1
Table 4.3.13 Chemical components of AZ61
Mass%
Al Zn Mn Cu Si Mg
6.05 0.76 0.24 0.001 0.01 Bal.
®30mm AZ61 CREO CREO
300
300mm/min
1
CREOS
Table 4.3.14 CREO Fig.4.3.17
Table.4.3.14 Condition of CREO
Material AZ61
Diameter O30mm
CREO temperature 300
Rotation speed 8rpm

Transfer speed

300mm/min

Water cooling Forward 15 L/min
volume backward 30 L/min
No. CAZ61 D30 100824
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Fig.4.3.17 Outlook of CREO treated AZ61

(2)
2 1
(3)
®36
2mm
®36 60mm
Fig.4.3.4
Fig4.3.5
AP&T NC 4
473K(200 )

Fig.4.3.18 Outlook of extrusion area of principle tool
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(4)

2 1
R
0.2mm
Fig.4.3.19 R 0.2mm
R 0.2mm $36.5mm

150 i

110 w0 |
7 60401

20
36
v A
le N

®129

Fig.4.3.19 Principal dimension of extrusion die

Table 4.3.15 Condition of tool design

No
Cylinder corner radius | A 0.2 mm
Lubricant supply pocket | B Non
Die comer radius C 0.2 mm
Diameter of Cylinder D ®36.5
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Fig.4.3.20 Outlook of lower extrusion die

Fig.4.3.21 Outlook of upper extrusion die
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(5)
2 Fig.4.3.22
Fig.4.3.23
Odeg 45deg 90deg 3
AG-X ( )

0.5mm/min

Fig.4.3.22 Position of tensile test specimens

40

_;TTE__%; 11.4 +0.10
| 8 -0.10_
—|

- /
I:I f |

¢0-0
0g'o+

SO0FF

&

Fig.4.3.23 Dimension of tensile test specimens
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4.3.2.3

(1)
2 Fig.4.3.24
2
30KN
1 600KN 2
550KN 470mm

Fig.4.3.24 Outlook of lateral extrusion product from 2 direction

Fig.4.3.25 Outlook of lateral extrusion product from 2 direction

Fig.4.3.26
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60mm

Forming steps

11 .

a o I

Fig.4.3.26 Outlook of forging steps

trocke/ mm Ioal KN

ann

800
700

a0

PP WaY

TUyv

300

NN

100

L

;

= T oOru Ouunsce

i -
\

i ‘ —3rdL0ad

A s T
I' lr - = l e Main Load |
| N | N | |

bal s Y
2 | | sk

| 1 ) | ||
===~ T T =
g

Time

25
sec

Fig.4.3.27 Load stroke diagram
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(3)

Fig4.3.28 Fig.4.3.27
No 1 ®30 ®36
4
4 5
Fig4.3.28
Fig.4.3.27
Stroke 65.85mm bo.Umm (d.6mm
Billet length 100mm 80mm 80mm
Load | Upper T30KN T30KN T30KN
Lower TO0KN T00KN TO00KN
Forging 200C 200°C 200C
temperature
Material AZ61 AZ61 AZ61

Fig.4.3.28 Cross section photo of extrusion area
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20mm

Table 4.3.16 Forging condition

No. 100913-11

Billet length 20mm

Remain rod height 4.8mm

Stroke 15.2mm
Load Upper 618KN
Lower 580KN
Temperature 200
Material AZ61

Fig.4.3.29 Outlook of short billet forging
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(4)

10mm

(a) Before forging (b) After forging
Fig.4.3.30 Outlook of extrusion punch

Fig.4.3.30
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(a) Overall appearance (b) Detailed image
Fig.4.3.31 Outlook of upper die surface after forging

Fig.4.3.32 Outlook of lower die surface after forging
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Fig.4.4.33

Fig.4.3.33 Inner surface of extrusion cylinder

(5)

Fig4.3.34 Fig.4.3.35

3rd4th

3rd4th
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Fig.4.3.34 Load-stroke diagram of Low speed forging
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Fig.4.3.35 Load-stroke diagram of High speed forging
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/r

3rd 4th

Fig.4.3.36 Fig.4.3.37
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Fig.4.3.36 3rd and 4th cylinder Stroke-Time diagram of
low speed extrusion
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Fig.4.3.37 3rd and 4th cylinder Stroke-Time diagram of
high speed extrusion
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N

Table 4.3.17

2
Table 4.3.17

Low speed(No09)

High speed (Nol7)

3rd+4th Cylinder extrusion speed

0.076mm/sec

0.168mm/sec

0.644mm/sec

1.424mm/sec

Sheet area extrusion speed

2 Fig.4.3.38
350N/mm?2
280KN 20 4.2.3.7
! AR ————— mmm = Tanclla ctemn~tkh aana
LUVY INCCU 1IVIY B

Odeg

45deg 90deg

Fig.4.3.38 Tensile test result at low speed

2
310MPa
10
2.2 2.7mm

Fig4.3.39

2.45 3.05mm 20
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Fig.4.3.39 Tensile test result at high speed
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4.3.2.4 2

1) 1 2
100mm
2) 2
3)
4)
5)

10
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4.3.4
AZ61 CREO
200 2

CREO

CREO

,Fig.4.3.40
CREO

Fig.4.3.41

l
STEP1 _ ’ | STEP3

F—

| Ep—— /7 ATrEna

Fig.4.3.40 Application of lateral sheet extrusion forging
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CREO

Fig.4.3.41 Product from sheet extrusion Fi9.4.3.43 Cross section design variation
of sheet extrusion forging
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4.4
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AZ61
200
CREO
1/5 1/10
CREO
CREO

248

CREO



CREO

CREO

CREO
CREO

249

CREO

CREO

RMA-CREO



“RMA-CREO” CREO
1
(EV) RoHs REACH
2
“RMA-CREO”
3 Al-Mg
CREO CREO
CREO
Hall-Petch
CREO
330
200
4 CREO AZ61
200 “ "

250



200

CREO ,
200 1 2
1
2 2

2

3 CREO
CREO
CREO
RMA-CREO

RMA-CREO

RMA-CREO

251



1)

2)

3)

4)

5)

1)

Kastuaki Nakamura, Koji Neishi, Kenji Kaneko,
Michihiko Nakagaki, Zenji Horita

Department of Severe Torsion Straining Process for Rapid
Continuous Grain Refinement

Materials Transactions,Vol.45.N0.12(2004) pp.3388 to 3342

Al-Mg
59 6 (2008) 43 47
Al-Mg
72 9 (2008) 395 400

Genki Sakai, Katsuaki Nakamura,Zenji HoritaT.G.Langdon
Developing high-torsion for use with bulk samples

Material Science and Engineering A406 (2005) 268-273

K.Neishi, T.Uchida , A.Yamauchi , K.Nakamura , Z.Horita ,
T.G.Langdon

Low temperature superplasticity in a Cu-Zn-Sn alloy
processed by severe plastic deformation

Material Science and Engineering A307(2001) 23-28

Katsuaki Nakamura , Koji Neishi , Kenji Kaneko,

Michihiko Nakagaki and Zenji Horita
252



2)

3)

4)

5)

Continuous Grain Refinement Using Severe Torsion

Straining Process

Materials science Forum Vols.503-504(January 2006)
pp385-390

Katsuaki Nakamura

Rapid Continuous Metal Grain Refinement process “STSP”

and its Application to Plastic Forming

International Conference on Computational &
Experimental Engineering and Science ICCESO07 (2007)
p1947-1951

Yoshiyasu Kawasaki , Koji Neishi , Yuichi Miyahara
Katsuaki Nakamura , Kenji Kaneko , Michoihiko Nakagaki
and Zenji Horita

Application of severe Torsion Straining Process for Grain
Refinement of steel

Materials science Forum Vols.503-504(January 2006)
pp943-948

Yuichi Miyahara , Naoki Emi , Koji Neishi ,

Katsuaki Nakamura , Koji Neishi , Kenji Kaneko,
Michihiko Nakagaki and Zenji Horita

Microstructures and Mechanical Properties of Mg alloy
after SevereTorsion Straining Process

Materials Science Forum Vols.503-504(January 2006)
pp.949-954

Koji Neishi , Akihiko Higashino , Yuichi Miyahara,
Katsuaki Nakamura , Kenji Kaneko, Michihiko Nakagaki
and Zenji Horita

Grain Refinment of Commercial Al-Mg alloy Using Severe

Torsion Straining Process
253



6)

7)

1)

2)

3)

Materials science Forum Vols.503-504(January 2006)
pp955-960

Genki Sakai , Katsuaki Nakamura , Zenji Horita and

Terence G. Langdon

Application of High Pressure Torsion to Bulk Samples
Materials Science Forum Vols.503-504(January 2006)
pp.949-954

R.Matsubara , N.Asie , K.Nakamura and S.Miura
Superplastic Forming of Corrosion Resistance CuZnSn
Alloys

Material Science Forum Vol.304-306 (1999) 753-758

456033

4002273

uUs 7,559,221 B2
USA
Zenji Horita , Katsuaki Nakamura , Koji Neishi ,

Michihiko Nakagaki , Kenji Kaneko
254



4)

5)

6)

7)

METHOD OF WORKING METALBODY OBTAINED
BY THE METHOD AND METAL-CONTAINING
CERAMIC BODY OBTAINED BY THE METHOD
US 7,574,888 B2

USA

Zenji Horita , Katsuaki Nakamura , Koji Neishi ,
Michihiko Nakagaki , Kenji Kaneko

METHOD OF WORKING METALBODY OBTAINED
BY THE METHOD AND METAL-CONTAINING
CERAMIC BODY OBTAINED BY THE METHOD

US 7,637,136 B2

USA

Zenji Horita , Katsuaki Nakamura , Koji Neishi ,
Michihiko Nakagaki , Kenji Kaneko

METHOD OF WORKING METALBODY OBTAINED
BY THE METHOD AND METAL-CONTAINING
CERAMIC BODY OBTAINED BY THE METHOD

ZL 03 8 22187X

301778

255



8)

9)

10)

11)

12)

10-1014639

4777775

ZL 2004 8 0006266.1

TR L EN S R A L&

4616173

ZL 2004 8 0021301.7

256



13) Us 7,389,668 B2
USA
Katsuaki Nakamura , Zenji Horita , Koji Neishi ,
Michihiko Nakagaki , Kenji Kaneko
METAL MOLDING METHOD AND MACHINES,AND
METAL MOLDED BODY

257



AP&T

258



