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SEM

100 ~ 400 °C

EDS

102



DSC

DSC

DSC



11

(

0.2 um~0.8 um



1.2

(1.1)

o=0,+kd

-1/2

Hall-Petch*?

(1.1)



Hume Rothery

15 %

(9

(interfacial energy)

N =K exp(-Q/RT)

Q

(3]

12-15%

K

VIAT

(48]

(48]

AT



To/Tm (Tg

AT



1.3

10°K )

(11

1988

(8]

131

Klement [12]

50 pm

50 pm)

(10]

11

(splat quenching method)

10%-108K/s

To/Tm

[4-8]

1.2

1960



(twin roller quenching)*? 1.3

(chill  block
melt-spinning process)!*? (planar flow casting
process)™? 1.4

10° K/s
(thermal evaporation)!* (sputtering)™ 15
Ar
[16]
20-50 um 50-100 um 20-100 um

-6-



1.3.2

(hydrogen-induced
amorphization)™*”! (mechanical alloying)!*®

(multilayer interdiffusion)!*®

( ZrAl )
1983
ZrsRh (17

(diffusion-induced amorphization)



1983 K och!*®! NigoNbao

1988  Schultz
Fe-Zr-B [20] Eckert (Zr-based)
[21]
(Tw)
(supercooled liquid region, AT = Ty — Tg)
1.6 (o]

(accumulative roll-bonding, ARB)

1983 Au La

[22]



Sagel 23]

Zr-Al-Ni-Cu
( - )
133
[24]
[29]

( N")
Neutron and ion bombardment irradiation Electron beam irradiation lon
implantation lon beam mixing

UgFe®



14

Fe Fe-Ni

11

D

1.71%0

-10-

[27, 28]

[29]

Zr-Al-Ni-Cu Zr-Al-Ni-Cu-Ti

100 135 kIm?



12-14 MPa mY?® 1.2 [3y

1.2
[32-34]

[35] (supercooled

liquid region, AT =Ty —Tg T« Ty )
(strain
rate sensitivity, m)  1.0°° Newtonian flow
2
[37]
Nb Ta Ti Cr
Zr-Al-Ni-Cu [38] (Pd-based)
(8l
500 90%

)

-11-



(soft magnetic) [38]

TM-M (TM  Fe Co Ni Zr Hf

M B C S P Ge ) M 15-30

15

(39]

ZrssAl10CusNis (VI cker's

hardness) (40l

-12-



-13-



21

(Al (Ni) (Zr)

(Gredmann) 99.00%

143 A

124 A 160 A

1532 % Al-Zr 11.89 %

29.03 %

(accumulative roll-bonding, ARB)

21

2.2 (Accumulativeroll-bonding, ARB)

-14-

21

Al-Ni

Zr-Ni

1:1 1.2



1:3 2:1 31

2.2
140 mm
0.1~0.2 m/s
40 60 80
4cm
2.3
ARB
1500 lpum 0.3 pum
Diano 5000 X CuKa
20=90°

-15-

HF200x200

220 mm

0.05 um

20=20°

10

600 800 1000 1200

(Al03)

Siemens
A = 0.15406 nm

1.5°

JEOL JSM-6400



(scanning electron microscopy, SEM)

2.4
(TEM, transmission electron microscopy)
Scherrer equation!”
)
M~ N A~ p ! (2.1
D,, cosé
Bhk (hkl) D [hKI] 0
A CuKa
2=0.15406 nm Kk 089 094 k=0.90
(2.2
(micostrain)
[42]
Bcosez%wysine, (2.2
B k 6 D A n
Bcos® sino
kA/D n
25
JSM-6400
(energy-dispersive spectrometry, EDS) 20 kv

-16-



ZrsoAlsp

(line scan)

2.6

10

2.7

(An)

eroNi50

Setaram 131

NisoAlsg

(indentation hardness) (Vickers)

SHIMADZU HMV-2000

1000 g 15

(differential scanning calorimeter, DSC)

10 K/min

(To) (T)

-17 -



3.1

13
n
(2" to(1-1/2" to

von Mises
[43]

gz[%ln(hh” Dxn=%ln2zo.80n, (3.1

n-1
h, n
31

3.2

-18-



3.2.1 X-Ray

31~ 315 X
(hkl) HCP  (hkil) i
31~ 35 -
(111)
311~ 315 -
(111)
{111}
FCC
36~ 3.10 -

80

-19-



{0002}

3.16

3.2.2SEM

317 ~

BEI

HCP

{1011}

311~ 315

(111)

20 30°~ 40°

331 SEM

BEI

SEM

160

-20-

{111}

(BEI)

15



SEM

90 um

3.17(a)

um

[44]

(172"
(1/2)40

1x10™° um

[45]

NizsAl2s

100 um

100

SEM

40

3.17

40 60 80 100

40
0.1 um
3.17 321
5um 3.21(a) 30
(necking)
n
100 um 40

1um 1984

k (misaligned factor)

-21-



tn = to[ (1+K)/2]", (3.2)

tO tn n
100 0.1 um
k 0.87 k
k
[44]
3.2 3.3
k
0.1 um SEM
- 327~ 331 -
SEM
k
k

0.1 nm

-22.



3.3

34~ 36 X

34~ 36 (2.1) Scherrer equation

(2.2)

Scherrer equation

20~40 nm

40

120

10 nm

34~ 36

-23-



X (2.2)

33~ 35 (2.2)
() 1%
n
X
3.4
332~ 3.37 EDS
40
EDS
100
EDS
SEM

0.1 mm

-24-

3.32(b)

3.32(3)



3.33 100

96.87 %
%
SEM
3.34 3.35 Zr50A|5o
NisoAlso
3.36 3.37 Zr50Ni5o
40

120

34

-25.

NisoAlso

3.33

1:1

beam broadening

100

SEM

3.36(a) 3.36(b)

96.45



338~ 352

21

163.3 HV 173.8 HV

NigzAl33 100

480 HV

353~ 355

( 354)

3.6

3.56 Zr75Ni25 Zr67Ni33

X

21.6 HV -

290 HV

240 HV

100

ZI'5oNi5o DSC

(Tg)

-26-



100 ~ 400 °C

DSC

DSC

-27-

DSC



4.1

3.1
k 0.87
€n
to[(1+k)/2]"
(1+ k
g, =In —
2
k 0.87

J

160

128

(3.1)

322

In(t/to)

th

40

-28-

100
80
von Mises
(3.2 t, =
(4.0
2.69



100 672 (3.1)

33~ 35 40
50 nm
TEM
(dislocation walls) (dislocation pile-up)
4.2
4.2.1
(ECAE)
e=4~8

100~200 nm

-29-



33~ 35 40

3.3 34 - -
35 - 15~20 nm
- 10 nm
3.2
31 3.2 - -
3.26 SEM
3.27~ 331
3.2
317~ 321 - SEM

3.26 -

SEM

-30-

3.17~

3.22~



327~ 331

4.2.2

15A

83 -

4.3

12

-31-

SEM

311~ 3.15

83

FCC



3

41~ 4.3

AINi Al3Nis AlNis -
A|ZI’2 A|ZI’3 -
NiZr NiZrs

- ( 41)

- ( 43

D) (2
(4)

- AlsNi  AlsNi;
AIng AIZZr A|3Zf2 AZr A|3Zf4 AIZng

Ni5Zr Ni7Zr2 Ning Niglzl’g NiloZr7 Nillzrg

(42

1350 °C

1855°C  1455°C

Zr76Niog (900 OC) ZresNizs

(1010°C)  ZrgNies (1070 °C)

- 29.03 %

Zr40-80(CUN iAITi Be) 60-20

- 15.32 % - 11.89 %

(3.2) k -

-32-



4.4

132

21

m?/s

nm

3.26 -

3.34 EDS

1x10° nm

SEM

3.2

9.43x10%® m’/s

-33-

3.17~

321

2.18x10%°

10A

0.60

3.22~

3.32~



21

2.43x10% m¥/s

10 A 2
3.0x10* nm -
50°C 1 nm
10 nm
45
170 HV
500 HV



D

2

3

30~40

-35-

10

40



(4)

(%)

(6)

(7)

(8)

EDS

FCC

-36-

3.56



(9)
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11 [27, 28]

1.2 (31

Zr-12Cu-12Ti-11Ni-3Be

Ti-6Al-4V

-41 -



(Zn)

28

40

13

(g/em’)

8.9

6.5

2.7

FCC

HCP

FCC

(A

1.24

1.60

1.43

()

1453

1852

660

Lattice diffusion
frequency factor
(m%s) at RT

3.14x10°>*

1.48x10°®

2.18x10%°

Boundary diffusion
frequency factor
(m*/s) at RT

2.43x10°%

1.47x10°%

9.43x10%°

(um)

914

76.2

101.6

(HV)

163.4

173.8

21.6

(%)

99.00

99.80

99.00

2 .

31 2:1 1:1 1:2 13
(1) Ni-Al Ni7zsAlos NigzAlz3 NisoAlso NissAler NizsAl7s
2) Zr-Al ZreAl s Zrs7Al 33 ZrsAlsp Zr3zAlgy ZrasAlzs
(3)Zr-Ni | ZrzsNizs | ZreNiss | ZrsoNiso | ZrssNier | ZrasNizs

-42-




31 (nm)
40x F&R | 60x F&R | 80x F&R | 100x F&R | 120x F&R | 160x F&R
than | 9.24x10° | 8.81x10™ | 8.40x10%° | 8.01x10% | 7.64x10°% | 6.95x10°*
thvy | 8.31x10° | 7.93x10™ | 7.56x10%° | 7.21x10% | 6.88x10°% | 6.25x10°*
thzy | 6.93.10° | 6.61x10™ | 6.30x10% | 6.01x10** | 5.73x10°* | 5.21x10™*
€n 32 48 64 80 96 128

-43-




32 - (um)
( k )
40x F&R 60x F&R 80x F&R 100x F&R

NiveAle 6.2 2.0 05 <0.1

(0.87) (0.88) (0.7) (0.87)
NigAls 7.0 1.9 0.6 <0.1

(0.88) (0.88) (0.89) (0.87)
NissAlss 6.8 1.7 0.8 <0.1

(0.87) (0.87) (0.89) (0.87)
NigsAle 45.0 1.9 11 <0.1

(0.97) (0.88) (0.89) (0.87)
NisAl e 40.0 7.1 14 0.8

(0.96) (0.92) (0.90) (0.92)




33 - (um)
( k)
40x F&R 60x F&R 80x F&R 100x F&R

S 7.0 6.7 1.1 <0.1

(0.88) (0.92) (0.90) (0.87)
2t Al 7.3 2.0 1.0 <0.1

(0.89) (0.88) (0.89) (0.87)
2ol 34 2.1 1.2 <0.1

(0.96) (0.88) (0.90) (0.87)
ZroAle 36 5.2 0.9 <0.1

(0.96) (0.92) (0.89) (0.87)
Al 40 6.3 13 <0.1

(0.97) (0.92) (0.90) (0.87)

-45-




34 (nm)
( Scherrer equation
40x F&R 60x F&R 80x F&R 100x F&R
21.98 21.63 18.65 17.97
Ni (45.22) (113.57) (58.85) (47.57)
. [0.70%] [1.14%] [1.10%] [1.04%]
NizsAl2s
25.78 20.12 16.76 16.08
Al | (10387) (508.44) “) (95.81)
[0.86%] [1.429%] [1.80%] [1.73%]
23.91 22.05 22.89 20.51
Ni (56.41) (47.41) (21.66) (21.95)
. [0.72%] [0.73%] [-0.05%] [0.10%]
Nig7Alzs
28.61 22.93 18.82 16.68
Al (61.58) (48.65) “) (40.16)
[0.54%] [0.67%] [1.75%] [1.16%]
27.15 21.20 19.81 17.55
Ni | (188.04) (43.27) (29.79) (47.25)
. [1.00%] [0.71%] [0.51%] [1.08%]
NisoAlso
44.65 21.97 18.09 15.58
Al (39.72) (77.84) (78.84) A
[-0.05] [0.96%] [1.25%] [2.34%]
19.91 19.66 17.77 16.51
Ni (14.97) (25.56) (28.47) (28.82)
. [-0.46%] [0.35%] [0.63%] [0.77%]
NiszAls7
27.17 20.51 16.17 14.56
Al (68.74) (103.71) (113.72) (193.00)
[0.65%] [1.15%] [157%] [1.89%]
21.64 19.98 19.18 19.78
Ni (19.12) (13.97) (14.85) (22.71)
. [-0.17%] [-0.50%] [-0.41%] [0.19%]
NizsAlzs
27.67 25.71 23.81 20.03
Al (75.72) (57.49) (87.10) (169.66)
[0.67%] [0.62%] [0.89%] [1.31%]

- 46 -




35 - (nm)

( Scherrer equation
)
40x F&R 60x F&R 80x F&R 100x F&R
20.66 19.47 14.67 15.84
zr | (3837) (61.37) (3.92) (45.72)
[0.75%] [1.15%] [-2.86%] [1.37%]
Zr7sAl s
21.54 18.01 11.29 11.87
Al (71.47) (853.30) (29.34) “)
[0.99%] [1.69%] [1.80%] [5.12%]
19.43 18.56 18.17 16.80
7r | (113.99) (51.50) (58.23) (48.08)
[1.40%] [1.15%] [1.24%] [1.27%]
Zre7Alz3
27.85 18.88 14.87 14.56
Al ) (59.40) (73.48) (20.02)
[1.11%] [1.08%] [1.63%] [0.53%]
19.93 17.31 17.44 16.35
zr | (32.50) (65.66) ) (112.65)
[0.64%] [1.40%] [1.97%] [1.73%]
ZrspAlsg
35.46 21.21 17.09 13.58
Al | (25136 (293.39) (39.57) (26.13)
[0.71%] [1.29%] [0.97%] [1.04%]
18.40 18.80 16.43 16.37
Zr ) (206.83) ) (53.92)
[1.93%] [1.61%] [2.21%] [1.38%]
Zr3zAler
31.72 25.45 20.37 17.50
Al | (13330) ) (98.24) (54.07)
[0.69%] [1.43%] [1.14%] [1.15%]
18.63 17.63 18.59 16.51
zr | (19057) (8933.94) (115.81) (161.28)
[1.60%] [1.89%] [1.53%] [1.79%]
ZrysAlzs
31.74 27.06 21.89 17.47
Al | (134.43) (148.40) (129.13) (37.84)
[0.69%] [0.89%] [1.11%] [0.88%]
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36 - (nm)
( Scherrer equation
)
40x F&R 60x F&R 80x F&R | 100x F&R | 120x F&R
14.03 9.36 8.20 7.32 5.65
Zr (13.25) (8.68) (9.93) (14.75) (14.35)
. [0.04%] [0.28%] [1.23%)] [3.33%] [4.04%]
Zr7sNizs
18.61 11.65 9.64 10.17 8.80
Ni (53.27) (16.23) ) (18.57) (17.48)
[1.16%] [0.79%] [3.58%] [1.33%] [1.67%]
13.98 10.15 7.64 7.47 4.40
Zr (40.29) (32.30) (13.80) (10.72) (9.12)
. [1.41%] [2.24%] [2.25%] [2.34%] [4.61%]
Zre7Niz3
16.02 12.34 9.40 9.60 5.36
Ni ) (16.85) (9.70) ) )
[2.63%] [0.68%] [0.16%] [4.17%] [1.19%]
15.71 10.04 7.98 8.76 7.52
Zr (33.87) (371.94) ) (10.60) (8.41)
ZreNie [1.06%] [3.25%] [5.34%] [0.95%] [0.76%]
18.75 12.75 10.81 10.86 8.57
Ni (16.74) (42.14) (24.82) (22.90) (19.26)
[-0.17%] [1.72%] [1.78%] [1.57%] [2.10%]
17.78 8.51 8.24 8.81 6.93
Zr (72.47) (11.76) (9.40) (177.59) (65.29)
_ [1.28%] [1.72%] [1.13%] [4.57%] [5.69%]
Zr33Nig7
22.31 13.06 12.24 11.81 9.49
Ni (27.57) (12.79) (12.25) (10.32) (7.12)
[0.27%)] [-0.11%)] [0.06%] [-0.10%] [-0.94%]
16.06 9.91 8.00 7.36 5.73
Zr (50.68) (64.57) (9.80) ) )
, [1.28%)] [2.92%] [1.57%] [6.15%] [9.81%]
ZrsNizs
20.45 13.41 11.50 9.52 7.62
Ni (35.08) (14.42) (12.02) ) (403.79)
[0.66%] [0.36%] [0.26%] [7.73%] [4.10%)]
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Fe-,Co-
- Ni-bas

Pd-,Pt-base

Ln-Al-TM
"Mg-TM-Ln
L Zr-Al-TM
Zr-Al-Ni-Cu-Pd
" Fe-Al-Ga-P-B
Pd-Cu-Ni-P
Fe-Zr-Nb-B
Ni-Zr-Nb-B
Co-Zr-Nb-B

| i b

0.4 05 0.6
Tg | T

11

Tm
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1.2 (Splat quenching method) [12]

Melt

o Induction coil

Rnllcr&

Quenched Strip

Crucible

1.3 (Twin roller quenching) [13]
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1.4 (Planar flow casting process) [13]
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temperature
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Residual ——— .
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evaporation

T ll‘ ‘ boats

- To pumping
system

Vacuum jar

Sotid to be
| sputtered
_—1 (cathode)

Ar gas —— Sputtered
‘ec‘f atoms
X
| __.Specimen to
be coated
lanode)
15 (Thermal evaporation)!*” (Sputtering)™®
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Surface treatment | - W l|

;5.?"“"2"'".? .
1 ru in '
e sming E
! 5
i
| Roll bonding
+
. "n
Stacking i
e [T - o -
Healing
d
1.6 (Accumulative roll-bonding, ARB) [19]
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3.17 NizsAl 5

(a) 40, (b) 60, (c) 80, (d) 100
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(BEI)

SEM

(b) 60, (c) 80, (d) 100

(a) 40

3.18 Nig7Al 33
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(c) 80, (d) 100

(b) 60,

(a) 40

3.19 NispAlso
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3.20 NizzAle7

(a) 40, (b) 60, (c) 80, (d) 100
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(c) 80, (d) 100

(a) 40, (b) 60,

25

3.22 ZrzsAl
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(BEI)

SEM

, (b) 60, (c) 80, (d) 100

(a) 40

3.23 Zr67AI33
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3.24 Zr50AI50
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3.26 Zr25AI75

() 40, (b) 60, (c) 80, (d) 100
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Heat flow Exo—[a.u.]
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