
1.1 

1.1.1

(superplasticity)  [1]

(superplastic forming, SPF)

 (m )

 (grain boundary 

sliding, GBS)  

1.1.2

 (thermomechanical treatments, TMT)

 1975  Rockwell 

 7475 Al-Zn-Mg  [2, 3] 

 (500 oC 

) (2x10-4 s-1 )  

 (ductility) 

1



 (diffusion bonding, DB)  (SPF/DB) 

 1984  Nieh  [4] 

 (1x10-2 s-1 )

 (high strain rate superplasticity, HRSP) 

 (top ring groove) 

 (brake rotor discs)  (exhaust 

manifold)  (rocker arm)  [5]

 (Yamaha)  Mitsubishi Aluminum 

 [6]

 [5]

 (heat sink) 

 [7, 8] 

 [7, 8]  6061/15vol%SiCp  2024/15vol%SiCp 

 6061

(UTS) 120 MPa  (e) 1%  UTS 460 MPa  e  

10%  2024 UTS  570 MPa  e  4% 

2



250%  SiC

 SiC 

1.2

1.2.1

 [9] 

Ç ( )e
s

= -ADd
E

p n (1)

Çe A D  d  

p  (  2~3)  s  E  n 

 n=1/m m (strain rate sensitivity)

 1-1 

 [10] 

1.2.2

 0.5 Tm (Tm ) 
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Al-Ca [10]  Zn-Al [11]  Ti-

Al [12]

 (  Zr  Mn  Sc  Cr )  

(precipitates or dispersoids) Al3Zr  Al3Sc Al3Fe 

 (triple points) 

  (cavitation)

 (recovery)  Chung  Cahoon [13] 

 Si particles  Al-Si 

Brown  [14] 

 Lin [15]  

 10 vol% 

 (porosity)  (nucleation)  

(growth) 

1.2.3

 

(high angle)  (disorder)  Monzen  [16] 

 ledge 

 (heterophase) 

 (homophase) 
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 (crack nucleation) 

1.2.4

 1-2  (mechanical 

alloying  MA)  IN9021 (Al-4.0wt%Cu-1.5wt%Mg-1.1wt%C-0.8wt%O)

 [10] 

C Cv vo= exp( )he (2)

 Cv e  Cvo  h 

2

 4  1-2

1-2

 (particulates)  (whiskers) 

 Chan 

Tong [17] 

 1-1 [18, 19]  MA (powder metallurgy, PM) 

 1-3 

 (550 oC)  IN9021

 (450 oC) 

 (liquid phase)  481 oC 
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 (local stress)  [10] 

1.3 

 (cast method) 

  

Al-Mg 

 1993  Wang  [20, 21]  Al-3%Mg 

 0.2 mm 

 (130 oC)  (1x10-5 s-1) 170% 

 (~ 0.43 Tm) 

7-8 power-law 

breakdown 1995  Verma Ghosh [22] 5083  

(Al-4.7%Mg-0.7%Mn)  4 mm  TEM 

 Al6Mn

 Al6Mn

500-565 oC  3x10-5-1x10-2 s-1  

Friedman Ghosh [23] 5083  7 mm 550 

oC  8x10-4 s-1  300%  (1x10-2 s-1) 150% 

 two-stage (1.2x10-2 s-1 ® 8x10-4 s-1) 

470% 

 SKY  5083  

[24]  Patankar  [25]  SKY  5083 
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10-4 s-1  10-1 s-1

 400 oC  1x10-

4 s-1  280% 500 oC  1x10-1 s-1 

(triple junction) m  0.3  solute-drag 

creep  1.6  Hong [26] 

Al-Mg (solute strengthening map) 

Mg 

[27-29] Woo  [27] Al-5.3Mg Al-7Mg Al-11Mg

Mg  Al-Mg  solute-

drag creep Mg 

Al-7Mg 

 450 oC 1x10-2 s-1  350%  (1x10-1 

s-1) Al-7Mg Al-5.3Mg  250% Al-Mg 

 (HT&HRSP) 

 Taleff  [28] solute-drag creep  (binary) Al-Mg

 (ternary system) 

Mn  Zr  Al-Mg 

 solute-drag creep 

 m  0.29  0.32 Mg 

 300%  (necking) 

 Mn  Zr 

 Mn  Al-Mg
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 1991  Valiev  [30] Al-4%Cu-0.5%Zr 

TEM  0.2 

mm 

(internal stress)  boundary

 (low-angle relationship) fragment 

boundary  (annealing 

220 oC  1 hr) 

1998  Kim  Shin [31] Al-7%Mg-1%Fe 

 Al-7Mg  (short fiber-like) Al3Fe 

 3 mm  TEM 

 m  (m=0.3)  Al-

7Mg  Al-7Mg-1Fe  solute-drag controlled 

creep Al-Mg-Fe  (creep activation energy)   

Al-7Mg 

Al-Mg  (plastic 

flow) Al3Fe 

solute-drag 

Al-Mg 

 (m ) 500 oC  1x10-3 s-1 Al-Mg-Fe  m  0.5 

 (grain boundary sliding)

Al-7Mg m 0.3 550 oC 1x10-4 s-1 

 400%  1x10-1 s-1 

 Al-7Mg-1Fe (~480 oC)  1x10-1 s-1 

 450% 
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 Nieh  [32]  Al-6%Mg-0.3%Sc 

 (Scandium  Sc) 

 Al3Sc 

 1000% 

 7 mm 

Al3Sc

 solute-

drag creep Al-Mg  Komura [33] 

Al-3%Mg-0.2%Sc  (equal-channel angular extrusion, 

ECAE)  (     8)    0.2 mm

 (thermal stability) 

 Sc   400 oC

 1 mm              3.3x10-2 s-1         

 1030% 

 (PM) 

PM 

Al2O3

SiC  Si3N4 

 Sc  Zr Mn   [19, 34-39, 49, 52-60]

(metal matrix composite, MMC)  Imai  [34] 

 PM  IN90

 10~20 mm TEM 

 2 mm  640 oC  1~5x10-2 s-1 

 200~400%  m

 0.3  Kum   [37] 

    Al-10%Ti-2%Fe                  240 mm 

  450 oC         (25:1)              0.8-

1.2 mm        620 oC       1 s-1          
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600%                            

  Al3Ti  Al3Fe                   Kim [38] 

 (interface 

area)

Mishra  [39]  PM 

 PM  MA 

 (threshold 

stress)

(  1-2 [39-45]  

 1-3 [44, 46-51]  1-4 [19, 49, 52-57]) 

 Imai  [61]

 (IN90) ZrO2

 44:1

600 oC ZrO2

ZrAl3  Al2O3 1-2 mm

5%  650 oC  

1x10-1 s-1 170% 10%  640 oC 1x10-1 

s-1  200%

  IN9021 [62] 

 IN90211 [51]  IN9052 [48]  IN905XL [47] 

 MA IN9021/SiCp [49]  MA 7075A/SiCp [63]  MA

 (namometer) 

 IN9021  MA  [62] 

30%~40% 
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50 s-1  550 oC  1250%

 MA 

 (solidus 

line) IN9021  550 oC

495 oC  m  0.3  0.5  Bieler [50] 

 

 (drag force) Zelin  [64] 

 (cooperative grain-boundary 

sliding)  IN9021 

 MA  Higashi  [65]  IN9052 

(590 oC, 10 s-1)

300%  MA

 1-3 [44, 46-51] 

1.4

 (secondary 

work treatments) 

 (compaction) 

 [66-69]

(shock)  (torsion)  (cyclic extrusion)

(equal channel angular extrusion, ECAE)  (rolling) 

 1994  Andrade  [70]  Cu  (shock) 

11



 Cu 104 s-1 

 (plastic strain ~ 3-4) 0.1 ~ 0.3 mm 

 (flow stress)  

 (strengthening effect) 

Hall-Petch 

s s= + -
o kd 1 2/ (3)

 (250 ~ 300 oC) 

(1x10-3 s-1) (dynamic 

migration recrystallization)  1-4 mm 

 (torsion) 1984  Saunders 

 Nutting  [71] 

 torsion  compression  TEM

 1 mm 

(dislocation density)  (subgrain) 

 (work hardening)

 transition bands  shear bands 

1994  Gertsman  [72]  torsion 

 0.17 mm 

 150 oC 
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 1999    Mishra   [73]     torsion     

 2009      15% SiCw                   

  0.2 mm                 MMC       

                          (interface) 

                             

               

 cyclic extrusion Korbel 

[74]  6.0  Zughaer  Nutting [75] 

13.8

(chamber)  (ram) 

Yeh [76] 

Al-12%Si 10:1

6 

 0.8 mm

25%

11

6

 (rapid solidification)

 Valiev et al. [77-80]  Tsenev et al. [81]  

Mabuchi et al. [82-84]  Kawazoe et al. [85]  Berbon et al. [86]  Iwahashi et al. [87-

88]  Ferrasse et al. [89]  Komura [33] Yamaguchi [90] Gholinia [91] 

 (ECAE)  90o  120o 

Berbon  [86] 
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 400 mm ECAE  (true 

strain~3.7)  1 mm

330 oC  

3.3x10-3 s-1  550% 

427 oC 

 ECAE Al-Mg  177 oC

Al3Zr 

Al-Mg

 

ECAE  Iwahashi [87-88] 1 mm   1.05 

4 mm 

A B C  ( 4 )

 route B  route A C 

 route A

ECAE

 (   1-5  )

Al-Mg-Li-Zr  Valiev  [77] 

 ECAE (e=12  400 oC

ECAE)  1.2 mm 350 oC  1x10-2 s-1 

1180% 350 oC  1x10-1 s-1  910%

 (LT&HRSP) Valiev 

[80] Al 6061/10%Al2O3 torsion ECAE 

(microhardness) 

 (~600 MPa) ECAE 10 

Al2O3 

ECAE ECAE 
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Mabuchi  [82-84]  ECAE

 (AZ91  Mg-Al-Zn-Mn alloy) 

200 oC (~0.5 Tm)  6.2x10-5 s-1 661% 

 m  0.3  [92] Al-Li

 Pu [76]

 (viscous glide)

 LTSP

 (dislocation core diffusion)      (grain boundary diffusion)  

Mabuchi                   150o-250o C     

AZ91            2       

                Mg      

Gholinia   [91]    ECAE      Al-3%Mg-0.2%Zr-0.2%Fe  

Al-0.3%Mn            (strain path)            

   (electron backscattered diffraction, EBSD)       

                             

  0o, 180o, 90o  +/- 90o   0o                 

(route A  1-4 (a) )   180o  90o        180o (route C  

1-4 (c) )  90o                +/- 90o    

                  90o     90      

    90o     EBSD                  

 90o                            

             e=16    

 McNelley et al. [93]  Han et al. [94]  Nieh et al. [32, 95-96] 

 Kim et al [31]  Imai et al. [34]  Verma et al. [22]  Saito et al. [97] Hsiao et al.

[98-100]   McNelley  [93]  Al-10Mg-0.1Zr 
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(annealing treatment) 300 oC 30

 25 mm 2 mm 2.6

 b  (Al8Mg5) 1.5 

 0.5 mm 300 oC 1000%

5% b

 Han  [94]  

(duplex stainless steel) (cold rolling) 

 1~2 mm 90% 850 oC  

3x10-3 s-1 750%

Saito   [97]     roll-bonding          1100  1 

mm          200 oC                 

                       37 mm     

0.67 mm           100 MPa    300 MPa        

                             

            (misorientation)       

      (shear texture)    

 Nieh  [32, 95] Al-Mg-Sc 

1 mm  (250 oC  30 )  0.09 

mm  91% (~2.41) 

 Sc Al3Sc m  

0.35~0.45

 200%

80% 2 

mm 475 oC  1.38x10-2 s-1  1130%

Al-Mg-Fe  Kim  Shin [31]  25 mm

450 oC  (warm rolling)  7 mm

350 oC       2 mm  465 oC  
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480 oC  1x10-1 s-1    450%  Verma   [22] 

5083  15% 

 200 oC  30  92% 

 (strain energy) 

 500 oC  60%

 92%   500 oC  two-stage (1.2x10-2 s-1 ® 8x10-4 s-1) 

 630%  160%

20 mm  9 mm 

39 mm 

Imai   [34]

 500 oC  200 MPa   (sintering) 

(44:1)  (      200 oC  650 oC) 

0.75 mm  450 oC    m    

0.17  100% 450 oC  0.4  m    

200%~400% (  2x10-2 s-1  640 oC)           10~20 

mm 500 oC 

Al-Mg-Si 6xxx  Kovacs-

Csetenyi  [101]

m  0.4

 Ismail [102] Al-Mg-Si

 under-aging  peak-aging

17



Nieh   [96] Al-Mg-Si  6061

200 mm  500 oC~610 oC 

1x10-5 s-1 ~ 2x10-2 s-1 1x10-4 s-1  590 oC 

350% 582 oC

 (liquid phase) 

Lou [103]

6061 2x10-4 s-1 590 oC 400%  m

0.5-0.7  200%

1.5

 (>0.5 Tm)   (<1x10-3 s-1) 

 [92, 104]  1x10-2 s-1

 0.5 Tm 

1.6

18



 grain-boundary migration  recrystallization 

 diffusional flow  1-5

 (  1-6) 

 (     ) 

 (     ) 

 region 0  region I  region II  region III  region 0 

diffusional creep 1-6 n~1 region I 

 region II       n  

  2  region III power law n

4-8                    1x10-4 s-1 

 (  0.01~10 s-1)

 slip creep  

     1-7       GBS  slip creep           

           [105, 106]    

Ç ( ) ( )( )e
s

gbs gbs
gbA

b

d

D

b E
= 3

2
2 (4)

Ç ( ) ( )( )e
l s

slip s
LA

b

D

b E
= 3

2
8 (5)

Çegbs Çeslip  GBS  slip       A
gbs

  A
s
     b     

 (Burgers vector)  d       l        (interparticle spacing) 

19



        Dgb  DL             (diffusivity)  s 

 E             (Young's modulus) 

 1-7              (4)  (5)      

s
leE

A D b

A D d
sp

gbs gb

s LÇ

/

max

( )=
6

3 3
1 6 (6)

Ç [
( )

( )
]

max

/

/e
lsp

gbs gb

s L

A D

A D

b

d
=

4 3

1 3

3

4 (7)

                 ( Ç
max

esp )           

                             

           Ç
max

esp  (i)    Ç
max

esp  (ii) (   1-7  )    

           (    (7)  )            

                             

             (ultra-fine)             

               

Solute-drag creep        (solid-solution alloy)        

   Al-Mg    [27]         Weertman   [107]  

 (glide)              

 solute-drag creep           Weertman          

            

Ç ( )e
s

= AD
kT

E Esol
3 (8)
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Dsol            k  Boltzman's    T       E  

      m   0.33 (n=3)                  

          m          m  (0.5~1)      

       200%~400%             m      

  m                           

                             

                    1-8 [104]     

  m    1               m   1      

       m    0.3                

m 

1.7

7475 Al-Zn-Mg        (500 oC)   

(2x10-4 s-1)    (1500%) [108, 109]  8090 Al-Li      (525 oC)   

(2x10-4 s-1)    (600%) [110]   8090 Al-Li      (350 oC)   (8x10-4 

s-1)    (710%)    [111]                 Al-

Mg-Si  6061/SiCp      (580 oC)   (5x10-1 s-1)    (     

250%)         (640 oC)   (1x10-1 s-1)    (     220%)  

  5083 Al-Mg      (230 oC)   (2x10-3 s-1)    (     511%) 

   6061 Al-Mg-Si 
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 6061     

                           6061 

             (      [96])    6061     

                             

                            

90%          2.5           1 mm      

              (volume fraction   5%)       

30 nm     SiC  SiO2                   

PM    6061

6061

500 oC

 [112]  15-25vol%

Si3N4 SiC 0.2-1 mm 

 [113] 

L rs Vf
=< > 2

3
p (9)

Ls

(              ) <r>

Vf 0.3 mm

20% Ls 1.0 mm

0.5-2 mm

3%

[114] Advance Materials Corp
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HSRS 6061/SiCw

HSRS 6061 1vol% SiO2  SiC Al2O3 (

30-50 nm)  (9)

0.3 mm

1.    Al-Mg-Si   6061                 

                           

   

2.   6061       200%                

                       

3.  30 nm     SiC SiO2                

                         6061 

       Zr  Cr  Mn  Sc            30 

nm     Al
2
O

3
      

  6061        

4.           (microtexture)             

                           

 (cooperative grain-boundary sliding)              

5.   DSC                      

           

6.                            

        

TMT-6061

6061/1%SiO2 6061/20%SiC
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2.1

6061

2-1

 (TMT)

24



 (ECAE)

 6061

(ingot metallurgy,  

IM) (powder metallurgy, PM)

6061 ( 2-1)

500 oC 60 mm

 (Lou)

12 ECAE

12 PM 6061

(SiC) (SiO2)

 6061 

 6061Al/SiC

2.2

 6061 Valimet 6061

20 mm  2-2

 Plasmachem GmbH

25-50 nm 30 nm  2-2 

 6061 +1 vol% (SiC, SiO2)  6061

 (wet-mixing) 

( 300 oC)

25



300 oC

600 oC

(vacuum hot pressing 

machine) Centorr Vacuum  50 

 (   2-2  ) 

100-120 MPa 10-4 torr 1x10-5 torr ~ 4x10-6 torr 

(channel 1)  (channel 2) 2-3

2.3

 

(   2-4)

2.3.1

 350

 (   2-5)

 ( 65 mm) 

100 oC

300  500 oC

26



(extrusion ratio) 19:1  42:1 100:1 

15 mm 10 mm 6.5 mm 

 = Ao/Af (10)

(as-extruded) (RA)

15 mm RA=(652-152)/652 = 95% 2.93

10 mm RA=(652-102)/652 = 98% 3.74

6.5 mm RA=(652-6.52)/652 = 99% 4.61

2.3.2

530 oC (solid 

solution treatment) (aging 

treatment)  250 oC 0 24 48

(overaging treatment) 6061 

Mg2Si

T6  530 oC  2

160 oC        18

 (peakaging treatment) 

2.3.3
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HF 200x200  (   2-6) 

60 mm

30 mm  (cold rolling)  

(warm rolling) 200-300 oC 

2 mm  1 mm 

10% 90% 

 15 mm  10 mm  6.5 mm

 2 mm  1 mm 

 330 mm/min 10%

 250 oC 300 oC 30

                     2-3   2-4  

                 3.4         

  500 oC           19:1           

     3      42:1  100:1          3.74  4.61  

                         

                    2 mm  1 mm   

                    

                             

                 ECAE       5-12   

                             

       

2.4

2.4.1

(ASTM) 
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 8 mm 

   ASTM 

 8.3 mm

5.5 mm

 4 mm

 2-7 2-8 

2.4.2

 Instron 1125  (   2-9)  Instron 5582 (   2-10) 

 MTS 819 

 (   2-11)  (Instron)  (strain rate 

<1x10o s-1)  (MTS)  (strain rate >1x10-1 s-1) 

 (3-zone) k-type (thermocouple) 

 ±  2 oC 

 

(constant cross-head speed)  (decreasing strain 

rate method) 

 (initial stain rate) 1x10-3 s-1  (yield stress, YS) 

 (ultimate tensile stress, UTS)  (ductility) 

200 oC 1x10-3 1x10-2 1x10-1 5x10-1  1x10o s-1 

 (true stress-true strain curve) 

 (m value)  (work hardening)  (elongation)
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2.5  (Thermal stability)

6061

(200-400 oC)

(incipient melting point)

SETARAM  DSC 131

(differential scanning calorimeter, DSC)  25 oC

 680 oC 5-20 oC

 (  10 psi) 

2.6

 Keller's reagent (1.5%HCl + 10%HNO3 + 

1%HF + water) Boss reagent (10%HCl + 10%HF + water) 10  60 

 (optical microscopy, OM)  JEOL-JSM 6400 

(scanning electron microscopy, SEM) 

 SEM

(electron backscattered diffraction, EBSD) 

30



 SEM  

JEOL 200CX  (transmission electron microscopy, TEM) 

 (twin-jet) HNO3 30 ml + CH3OH 70 

ml -30 oC  10 V 2.5 

l/min 

 SEM

(partial melting point) 

(liquid 

phase) 

(GBS) 

2.7

 JEOL-JSM 6400 SEM EBSD

 

SEM

EBSD                         

                             

                             

                             

   25%                         
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                80%    6%        

14%               25 V      0.5 A      

5 oC                            

                              

               EBSD    

                           

                         20 kV   

   (working distance)  19 mm            5 kX~10 kX  

           2-12   

                             

            (Ge)                

 (pattern center)                        

   mapping                     (pixel 

size)                            

                             

                             

                             

                             

             2-13  FCC 

 [115]
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3.1  6061 

3.1.1

(a) AR 

 6061  (as-received, AR) 

(      2.1   )
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 AR AR

3-1 AR

600 mm

60-100 mm

(b) TMT 

 6061 

 250 oC 15     

   10% ( CR1  CR1 ) 

5 mm 250 oC 30  (  CR2

 (

 7.95 rpm 4.33 rpm) 

(asymetrical rolling)  20 mm  6 mm 250 

oC 30 ( CR3 CR3) 

CR1-CR3

 

 CR2  

CR3      CR1           CR2  CR3       

  2 mm                   CR1      

                       CR1 TEM 

 (   3-2)  0.5 mm ~ 1.0 mm 

 Mg2Si 

3-1  TMT
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(c) ECAE 

(transverse direction x )

 0.3 mm ( 3-3a )  (longitudinal 

direction y ) 0.3-0.5 

mm 1-2 mm ( 3-3b )

550 oC  10 mm

550 oC 10.5 mm 610 oC 14.2 mm (

3-1 )

3.1.2

6061

 3-4

  285 MPa  

18%  T6  

530 oC 2 

160 oC  18  3-4

253 MPa  298 MPa  

11.5%  (Metals Handbook)  6061  T6

 (260 MPa)  (300 MPa)  

12% AR  TMT  3-5 
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TMT TMT

250 oC 48  

2 mm  2.71 UTS

230 MPa  1 mm 3.4  UTS

270 MPa 1 mm

e=3.4  UTS 290 MPa

TMT

17%-20%

UTS

355 MPa ( 3-6 ) 

Hall-Petch 22.5% 

T6    UTS  289 

MPa  25%  ASTM    300 MPa

3-2

3.1.3

400 oC ( )  400 oC

1x10-2 s-1  1x10-2 s-1 ( ) 

(a) AR

 AR 6061  

2 mm 300 oC  

(  3-7) 100 MPa 

36



 0.2 ( 25%) 

AR Al-Mg  5083 ( 300 oC  1x10-3 s-1) 

 140%  [82-84]   500 oC  (  3-8) 

0.6 (~82%) 1x10-1 s-1 

3-7 3-8 Al-Mg 

 6061

 Mg2Si b'  ( 3-9 )

(1x10-2 s-1)  (  3-10) 

 3-3

(b) TMT 

CR1 3-11 400 oC 

3-12 500 oC 

 1x10-1 s-1  0.8 (~123%) 

5x10-4 s-1  0.6 (~82%) 

500 oC 

3-13 3-14 5x10-4 s-1  1x10-1 s-1 

5x10-4 s-1

1x10-1 s-1  

CR1 3-4  (CR1)

 1 mm 

 (500 oC, 1x10-1 s-1)  0.8 

(126%) 0.9 (157%)  (   3-15  

) 
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 CR2 3-16 300 

oC  500 oC  (   3-17) 

500 oC  1x10-1 s-1  

0.9 (~145%) 

300 oC 

 300 oC 

 (1 hr   2 hr)

 3-18 

 CR2 3-5

 (two-stage)  (150-250 oC) 

 (preload)  5x10-4 s-1 

500 oC  1x10-

2 s-1  100% 3-19  m 

 0.14~0.18  0.1 

 (CR3) 

6061

 CR3 3-6

 6061

 (incipient melting point) 

 

 

(local necking)  (Lou)  [103] 
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550-610 oC

(  3-7)  CR2 

25-

500 oC  

3-6    Lou [103]            6061         

    582 oC                        

                           

(570 oC  590 oC)                       

200%                         

                            

(decohesion)          

(c) ECAE

(590 oC, 

5x10-1 s-1  220%      ) 

 1x10-3 s-1  200-400 oC

 140% ( 3-20 ) 

350 oC

150% ( 3-21 )

 3-8 3-9 
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3.2  6061 

3.2.1

(a) PM 6061Al

   6061         

                             

                             

                             

       (  3-22)           42:1       

 SEM    (   3-23)            

SiC SiO2 

SiC  SiO2

6061

 6061 Al

6061 Al 6061 Al 

  TEM     (   3-24 (a) b) )           

   4-6 mm                

  2-4 mm          

           

         PM 6061               

        2 mm  1 mm           TEM 

       PM 6061    2 mm     3-25 (a)    

  1-2 mm    PM 6061       1 mm   3-25 (b)    

  0.5-1 mm 

 (static annealing)  
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300 oC 500 oC  550 oC

300 oC  1.5 mm   (   3-26  )

500 oC  TEM

PM 6061  500 oC

3-1 PM 6061

(b) PM 6061Al/SiC

6061 

1vol%  SiC  (

19:1 

 SiC 

SEM  (   3-27) 

 (bonding)

 (  3-28 (a)  3-28 (b) )

 PM

 PM 

 3-29

 (~5-10 mm) 

 6061  SiC 

41



 (BN)  SEM 

 (   3-30  )  BN 

 BN  6061 

 

 SiC

5-10 mm  ( 3-31 )

 SiC 

 

SiO2 

(c) PM 6061Al/SiO2

 SiC 

 SiO2 

 6061/SiO2 

 SEM 3-32

 (clustering) 

600 oC

 10-20 mm  (   3-33  )  

SiO2  (500 oC) 

42



42:1  100:1 

 19:1  3-34  3-35 

42:1 100:1  6 ±2 mm   4 ±1 mm  42:1 

    3-34 (a) 

 

8 mm 

 (subgrain) 

 3-35 (b)  4 mm 

 

10 mm (42:1)  6.5 mm (100:1)  

(300 oC) 

 4 mm  TEM 

3-36 (a)  TEM 

3-36 (b)

 300 oC  30 min 

1 mm 

  300 oC  15 min 

 3-37  (a)  (b)  1-2 

mm  15 min            
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 well-defined 

 2 mm  TEM

 (   3-38  )

 4 mm 

 1-2 mm 

       1 mm                 

TEM                     

          0.5 mm   (  3-39)           

         well-defined         0.5-1 mm   (

 3-40)                           

                             

       ECAE  torsion                 

                             

                        

10 1

 3-41  300 oC 

 3-41 (a)  1.5 mm  500 oC

 2~2.5 mm  (  3-41 (b)  ) 550 oC  1 (  

 3-41 (c)   3 mm 590 oC

10    1   (   3-41 (d) (e)  )

3 mm

3-42 (a)  (300 oC)
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500 oC 1  (   3-42 (b) 

 ) 2 mm

 3-1

TEM

100 nm  (

  3-43  ) 

3.2.2

(a) PM 6061Al

 6061 Al  42:1

 1 mm

273 MPa  20%

T6

6061Al 550 oC 1x10-1 

s-1 PM 6061Al 42:1 30%

570 oC 5x10-1 s-1  (   3-44  ) 36%
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590 oC 5x10-1 s-1  5%

TMT-CR2

150%

190% (570 oC, 5x10-1 s-1)

 3.2.1 (a)

PM 6061

(b) PM 6061Al/SiC

 6061  

(MMC) 15-25 vol%  1 

mm  10-100 nm 

1 vol% 
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 SiC

30-50 nm

 300 oC 19:1

3-45  240 MPa     30%  

  T6

 T6 500 oC  (

  3-46 )

 (500 oC)  (1x10-1 s-1)  0.65 (~93%) 

3-10

 SiC 

 [7, 8]

300 oC  6061

 (  500 oC) 19:1  2.93 

30 mm 2 mm  

(2.71) 

PM 

500 oC 42:1  500 oC 

(   3-47  )

 

1x10-1 s-1  (   3-48  ) 

590 oC

47



PM

 [116]

well-defined 

590 oC

SiO2 

(c) PM 6061Al/SiO2

SiO2 

 2 mm  1 mm 

 1% SiO2 

500 oC  42:1  213 MPa 

25%  (   3-49  ) T6  (

) 343 MPa  23.5% 

2 mm  T6  277 MPa 

 18% (   3-50  )  T6 

 275 MPa  27%  

 T6

160 oC  18

T6

3% SiO2 

 2 mm 

3-51 T6  328 MPa 
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 5%  (   3-51  )  T6 

245 MPa 25% 

42:1 3-52

550 oC   1x10-1 s-1 

150%

 100:1  500 oC  500 oC

(   3-53)  1x10-3 s-1 31% 

1x10-1 s-1  67% 42:1

 2 mm  1 mm 

 (300 oC)

(I)    42:1 

             10 mm            

       1 mm    7 mm  4 mm ( 2 mm)      300 oC 

     15           1 mm
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 7 mm  4 mm  ( 2 mm)       300 oC   30     2-3   

     42:1                     (400 oC 

 )                            

             (   3-54)          100% 

                             

            2 mm              

         500 oC  1x10-2 s-1    (   3-55)       

 40%                        (   

3-56)         160%                  

                         

                            

 550 oC  1x10-2 s-1   191%             (1x10-1 s-1)   

    210%   (   3-57  )              PM 

        200%                    

590 oC   1x10-1 s-1        215%          

               1 mm 

2 mm

 3-11

 1 mm              2 mm          

               1 mm       7  4  

mm     300 oC    30         1 mm        

                         3-12

                         

    200%                3-58   550  

570  590 oC 

       590 oC  5x10-1 s-1       284%  
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        300 oC      (

)          

     7  4  2 mm      300 oC  15      

         30%        1 mm        

       200%    3-59   550  570  590 oC 

 590 oC  

1x10-1 s-1            304%             

     5x10-1 s-1        273%    

                         

                 1 mm

3-13

                           

             300 oC        1 mm      

  7 mm  4 mm      300 oC       

                             

               (air-cooling)           

                      

               200%         

3-60      570 oC  5x10-1 s-1        207%        

      590 oC     297%       

                  

(II)    100:1

 100:1 

 42:1 
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42:1

 6.5 mm  1 

mm 3.8  1.9 mm  300 oC 

30 50%  3-61  590 oC

 42:1

5x10-1 s-1  

171% 3-62  1x10-1 s-1 

3.3

3-63

 10 oC/min 250 oC b' 300 oC

b 400-450 oC b'

520 oC b 585 oC

partial melting 6061

582 oC 300 oC-400 oC  LTSP

500 oC-610 oC partial 

melting point

                        

                6061

DSC 3-64 6061 

3-
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64 610 oC 

3-65

615 oC  

1%SiO2   3-66 

         

 595 oC   DSC   

   ASTM     6061            582 oC   

      

 EPMA 

(5 mm x 5 mm) mapping  25

PM 6061 0.72 wt% 0.79 

wt% 2-1 6061

PM 6061/1%SiO2

0.58 wt%  0.96 wt%

PM 6061  (<1x10-4 torr)

 (600 oC)

 PM 6061 

PM 6061/1%SiO2

SiO2

3.4      

3.4.1

 6061Al 550 oC 

(550 oC ) 

53



3-67 500 oC 

(1x10-2 s-1) (5x10-4 s-1) 

3-68 (necking) 

(cavitation) 

[103] 

(vacancy) 

PM PM 6061Al PM 6061Al/1%SiO2 

PM 6061 Al/1%SiO2                      

                  (   3-69  3-70 )

600 oC

PM 6061Al/1%SiO2 

PM 6061Al 

 6061Al 
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3.4.2 SEM 

 T6  SEM

1%  (dimple)

 (   3-71  ) 1 mm

3-4 mm SEM PM 6061 

Al/1%SiO2 550  570 590 oC 

( 3-72 ) MMC 

 [103] 

( 3-73 ) 

550 oC

0.14 mm 590 oC  0.41 mm ( 3-14 )

3-74

610 oC

1x10-3 s-1 

4.14 mm ( 3-13 ) PM 6061Al        

     (1x10-1 s-1)     SEM            

  (   3-75  ) 

Mg

3.5
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10o  15o 

 18o (low angle 

boundary, LAB) 10o

30o  (high angle 

boundary, HAB) (medium angle 

boundary, MAB)  LAB  MAB  HAB

2%  19%  79% 3-76

 bimodal MAB  10%

 EBSD        

 6061 Al                      

               

 (coincidence site lattice, CSL) 

S = 3-11 

3.5.1    

(a) TMT

            CR1  CR2  CR3        

     2 mm    ( 2.71)    EBSD      CR1 

      ( 3-77 (a) )  misorientation angle 
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CR2  CR3 (   3-77 (b)  (c) )                

    a  b  c bimodel   

         ( 3-78  3-80 )           

         TEM                   

       0.5-1.0 mm                 

                             

      CR1         10%            

 (250 oC 15 )                   well-

defined       CR2  CR3                 

                        

                             

        81  3-83

CR1-CR3

brass {110}<112>  Cu {112}<111>

 (background intensity) CR1  16

(16x)  CR2 CR3 30x (   3-15  ) CR2 CR3 

3-16  CR1  20.3% 

11.3%  68.4%  CR2  CR3 

53.3%  47.6%  CR2 10.8% (MAB)  35.9% 

(HAB)  CR3  7.9% (MAB)  44.5% (HAB)    CR1

 (special  CSL boundary)   3-16 

    CR1      CR2  CR3 

 S /(MAB+HAB)  14%-17%

(twin boundary  S =3n =3 9 27.....) 
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CR2

 CR2 590 oC 1x10-1 

s-1  60%  80%

 3-84 3-85

 ( 3-86 3-16 ) 

34% 31%

53.3%

60%

10% 56% 80%

 11% 58%

(b) ECAE 

 TEM

ECAE  (e~12)

 ( 3-87) 

3-15

 (8x) EBSD

 3-88

bimodel

 69%  3-16

12.7%  14.9%

 3-16

 2.71 CR-TMT

12  ECAE ECAE 12

 CR-TMT

CR-TMT  CR1
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CR2  CR3

 TEM

CR1  (   3-2 )

 CR2

13%~17%

 80%

random

3.5.2 PM

(a) PM 6061Al

PM 6061Al 42:1 300 

oC 1 mm  ( 3-89) 

12  brass {110}<112>  (   3-15  )

 (   3-90  )

 20.7% 12%  67.3% 

3-16

6061Al

 random 12.1% 

 15.3%         5.7% 

(b) PM 6061Al/1%SiO2

59



 1% SiO2

2 mm  1 mm  (   3-91  

3-92  ) 4x  brass {110}<112>  10x  Cu 

{112}<111> (   3-15  )  (   3-93  

) 3-17  2 mm 41.2% 

  1 mm 31.9%

 2 mm 8%  50.8%  1 mm

 13.6%  54.5%  10%

 9.6%  19.7%  14.1%

1 mm          random

 4.8%  5%

1% SiO2 

2 mm  1 mm  3-15 20x  Cu 

{112}<111>  random  (   3-94  3-95  ) 3-17

 2 mm 1 mm

 15.7%   8.2% 13.7% (MAB)  70.6 

(HAB)      15.9% (MAB)  75.9% (HAB)

 (   3-96  ) 

12%  12.7% 14.2%  13.9%

 6.2%  6.4%

 PM 6061/1%SiO2 

EBSD

 (550 oC  1x10-1 s-1)

200%  random (  

 3-97  )  (   3-98  )   

16%  12% 72%

 15%  18%
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7%

3-17  PM 6061  PM 

6061/1%SiO2  EBSD

PM 6061/1%SiO2 

 200%

 EBSD

 80%

well-defined

2 mm

1 mm 

20%  80%  

random

3.6

3.6.1

 PM 6061 500 oC

 TEM

TEM EBSD
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PM 6061/1%SiO2 TMT-6061 (  

ECAE-6061)  3-1

3-D 3-D

1.686  [117]  3-99

TMT-6061 ( ECAE-6061)  PM-6061

1%SiO2 20%SiCw

5 mm

1% 6061

20%

3.6.2

EBSD

ECAE  2.7 12

2 mm 1 mm

5.35  6.05

 (   3-100 (a) ) 

 (   3-100 (b) 

) 

 (   3-100 (c) ) 

 (CR2)  (60%  80%)

 (   3-101 (a) )
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 0.6

(   3-101 (b) ) 

(   3-101 (c) ) 

 0.6

 200%

EBSD

 70%

random

3.7

 

(uniform)

 (RW) (RT)  ( plastic 

anisotropic factor  R=RW/RT)  (~0.8-1) 

3D

 RW/RT 

RW=(Wf-Wo)/Wo (11)

RT=(Tf-To)/To (12)
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W
o

T
o

 W
f

 T
f

1%SiO2

20%SiCp

3-102 TMT-6061

( 3-103  3-104 ) (  

3-105 ) RW/RT  

0.8-1

 (local necking)
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4.1

 6061

 4-1

4-2 4-3

 TMT-6061 6061Al/1%SiO2(nano)

6061Al/20%SiCw  0.4

 200%

20%SiC  450% TMT-6061Al

200%

310% 1 

vol%

 1 vol%
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4.2

4-1

 400 oC

 (grain boundary relaxation effect) 

 (defect)

[118]

E=81057-37.62T (13)

T E MPa

4.3

4.3.1 ma
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300 oC  500 oC

 (apparent strain rate sensibility, ma)

ma

ma T=
¶
¶
ln
ln Ç

s
e

(14)

20%  1%

500 oC m

 0.4

(work hardness)  (work softness)

 0.4  m

 

0.4  4-1 4-3  0.4

 1%

 

 4-2

ma  0.1  ma 

 0.4

 ( 4-3 )

 1%SiO2 PM 6061/20%SiCw

4-4  (500 oC) 

67



4.3.2  (sth)

m s Çem

m 4-2 

  4-4 1%SiO2 

 6061

m m  0.2 6061/20%SiCw

m (1)  

 d-p 1/2

m=0.5  0

(550-610 oC)

m  0.5

 [119]

 PM 6061/1%SiO2 4-5

m  m=0.5 4-4

500 oC

n 2.5  m (=1/n) 0.4

500 oC

 (sth) 500 oC 550 oC  570 oC

590 oC  610 oC 10.4 

68



MPa  9.1 MPa 5.5 MPa  1.5 MPa 0.6 MPa

4.3.3  (Activation energy)

(a)  (Apparent activation energy, Qa)

(rate controlling)  (power law creep)

Ç exp( )e s= -A
Q

RT
n (15)

A s n R

Q R

T

a = -
¶

¶

(ln Ç)

( )

e

s

1 (16a)

Q nR

T

a =
¶

¶

(ln )

( )
Ç

s

e

1 (16b)
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n

 5x10-2 s-1

(550-610 oC)

 6061  n=5 (ma=0.2)  

4-6  6061 550-570 oC

 157 kJ/mol 570-610 oC 302 kJ/mol 

8 MPa  550 610 oC 

(  4-7 )  984 

kJ/mol  1x10-1 s-1  

500 610 oC (

 4-8 ) n=2  550-570 oC 263 kJ/mol

570-590 oC 414 kJ/mol 590-610 oC 557 kJ/mol 550 oC

n  2.5 (  m~0.4) 500-550 oC

 60 kJ/mol

6061/20%SiC 550-610 oC

 1x10-1 s-1  n=2  (  4-9 )

550-570 oC  339 

kJ/mol  570-590 oC  453 kJ/mol 590-610 oC  744 kJ/mol 

610 oC [119]

(b)

sth

seff=s-sth 

70



 SiO2

 (d-p) 

Ç ( ) ( ) exp( )e
s s

=
-

-A
D Eb

kT

b

d E

Q

RT
o p th n (17)

(b/d)p E/T

 (17)

(I)

Q R E

E

T

T

th n

=
¶

-

¶

[ln( ) ]

( )
Ç

s s

e

1 (18a)

 (18a)

Q nR E

T

R

E

T

T

th

=
¶

-

¶
+

¶

¶

ln( )

( )

ln( )

( )
Ç Ç

s s

e e

1 1 (18b)
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(II)

Q R

T

E

T th

E

= -
¶

¶
-

(ln
Ç
)

( )

e

s s

1 (19a)

 (19a)

Q R

T

R

E

T

Tth th

E E

= -
¶

¶
+

¶

¶
- -

(ln Ç)

( )

(ln )

( )

e

s s s s

1 1 (19b)

 (19b)

4-6 kJ/mol 

 4.3.2 1% 20%

500-610 oC  (s-sth)/E  ( 4-10 ) 

6061

 (18b)  1x10-1 s-1

1% 500-550 oC

78 kJ/mol 550-590 oC 212 kJ/mol 590-610 oC

537 kJ/mol 4-11 (a) 20%

4-11 (b) 570 oC 590 oC  550-

570 oC 325 kJ/mol 570-590 oC 545 kJ/mol 590-
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610 oC  888 kJ/mol 

1x10-2 s-1 1%

500-550 oC 132 kJ/mol 550-590 oC  270 

kJ/mol 590-610 oC 516 kJ/mol 4-12 (a)

20% 550-570 oC 226 kJ/mol 570-590 oC  

551 kJ/mol 590-610 oC 723 kJ/mol 4-12 (b)

 20% 1%

 (19b)

1%  (s-sth)/E

1x10-4 550-610 oC  

4-13 (a) 500-550 oC 141 kJ/mol 550-

590 oC 229 kJ/mol 590-610 oC 556 kJ/mol  

20%  (s-sth)/E 2x10-5 550-610 oC

 4-13 (b) 550-570 oC

 169 kJ/mol  570-590 oC 616 kJ/mol 590-610 oC 1161 

kJ/mol 4-5

 1%

20% 1000 kJ/mol

 [103, 119-120] 1%

Mabuchi  [121] 6061Al/20%Si3N4

1000 kJ/mol  20%
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n 1  n=2 1%

590-610 oC n 1

n 1-2

550-590 oC

Pharr Ashby [122]

(mobility)

74



1  6061

6061

2 6061 0.7 mm

 190%

0.3 mm  150%

220%

100 mm

3

1%

 

0.5 mm 3 

mm  120%

310%

20%
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4 6061

b

 6061  e=12 ECAE 350 oC

1x10-4 s-1 150%

 (<200%) PM 

6061/1%SiO2 590 oC  1x10-1 s-1 310%

 350 oC

5x10-1 s-1

5 DSC

 ASTM

PM

PM 6061

 PM

6

vacancies

vacancies vacancies

vacancies

1%

 610 oC 
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7

1%

3 mm

8  TMT ECAE 

 random

well-defined

random 200%

random

9

500 kJ/mol 

 1000 kJ/mol
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