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NiZr2, AlZr, CuZr2
NiZr2, AlZr, CuZr2
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Zr59CulNi28A112
Zr59Cu3Ni26A112
Zr59Cu7Ni21A112
Zr59CullNi18A112
Zr59CulbNi14A112
Zr59Cul9Ni10A112
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Zr59Cu23Ni6A112 0 0 NiZr2, AlZr, CuZr2 X
Zr59Cu28Ni1A112 0 X CuZr2 X
Zr61CulNi26A112 X X - -
Zr61Cu3Ni24A112 0 X NiZr2, AlZr, CuZr?2 X
Zr61Cu7Ni20A112 0 0 NiZr2, AlZr, CuZr2 X
Zr61CullNi16A112 0 0 NiZr2, AlZr, CuZr?2 X
Zr61CulbNil12A112 0 0 NiZr2, AlZr, CuZr2 X
Zr61Cul9Ni8A112 0 0 NiZr2, AlZr, CuZr?2 X
Zr61Cu23Ni4A112 0 X NiZr2, AlZr, CuZr2 X
Zr63CulNi24A112 X X - -
Zr63Cu3Ni22A112 0 X NiZr2, AlZr, CuZr2 X
Zr63Cu7Ni18A112 0 0 NiZr2, AlZr, CuZr?2 X
7Zr63CullNil4A112 0 0 NiZr2, AlZr, CuZr2 X
Zr63CulbNi10A112 0 0 NiZr2, AlZr, CuZr?2 X
Zr63Cul9Ni6A112 0 0 NiZr2, AlZr, CuZr2 X
Zr63Cu24Ni1A112 0 X CuZr2 X
Zr65CulNi22A112 X X - -
Zr65Cu3Ni20A112 0 X NiZr2, AlZr, CuZr?2 X
Zr65Cu7Ni16A112 0 0 NiZr2, AlZr, CuZr2 X
Zr65CullNi12A112 0 0 NiZr2, AlZr, CuZr?2 X
Zr65CulbNi8A112 0 0 NiZr2, AlZr, CuZr2 X
Zr65Cul9Ni4A112 0 X NiZr2, AlZr, CuZr?2 X
Zr67CulNi20A112 X X - -
Zr67Cu3Ni18A112 0 X NiZr2, AlZr, CuZr?2 X
Zr67Cu7Nil14A112 0 0 NiZr2, AlZr, CuZr2 X
Zr67CullNi10A112 0 0 NiZr2, AlZr, CuZr?2 X
Zr67CulboNi6Al12 0 0 NiZr2, AlZr, CuZr2 X
Zr67Cu20Ni1A112 0 X CuZr2 X
Zr69CulNi18A112 X X - -
Zr69CudNi 16A112 0 X [-phase 0
Zr69CubNi 14A112 0 0 [-phase 0
Zr69Cu7Ni12A112 0 0 [-phase 0
Zr69Cu9Ni 10A112 0 0 [-phase 0
Zr69CullNi8A112 0 0 [-phase 0
Zr69Cul3Ni6A112 0 0 [-phase 0
Zr69CulbNidAl12 0 X [-phase 0
Zr69Cul7Ni1A112 0 X CuZr2 -
Zr70Cu9Ni9A112 0 0 [-phase 0
Zr71CulNil16A112 X X - -
Zr71Cu3Ni14A112 0 X [-phase 0
Zr71CubNi12A112 0 X I-phase 0
Zr71Cu7Ni10A112 0 X [-phase 0
Zr71Cu9Ni18A112 0 X I-phase 0
Zr71CullNi6A112 0 X [-phase 0
Zr71Cul3Ni4Al112 0 X I-phase 0
Zr71Cul6Ni1A112 0 X CuZr2 -
Zr73CulNi14A112 X X - -
Zr73Cu3Ni12A112 0 X [-phase 0
Zr73CubNil10A112 0 X I-phase 0
Zr73Cu7Ni18A112 0 X [-phase 0
Zr73Cu9Ni6A112 0 X [-phase 0
Zr73CullNi4Al12 0 X [-phase 0
Zr73Cul4NilAl12 X X - -
Zr75CulNi12A112 X X - -
Zr75Cu3Ni10A112 0 X B-Zr -
Zr75CubNi18A112 0 X B-Zr -
Zr75Cu7Ni6A112 0 X B-Zr -
Zr75Cu9Ni4A112 0 X B-Zr -
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[0076]

[0078]

[0079]

[0080]

[0081]

[0083]

[0084]

[0085]

[0087]

[0088]

[0089]

SESdl 10-2727774

Zr75CullNi2A112 X X - -
Zr77Cu3Ni8A112 X X - -
Zr77CubNi6A112 X X - -
Zr77Cu8Ni3A112 X X - -
Zr70Cu9Ni9A112 0 0 [-phase 0
Zr70CulONi10A110 0 0 [-phase 0
Zr70CullNill1AlI8 0 0 [-phase 0
Zr70Cul2Ni12A16 0 0 [-phase 0
Zr70Cul3Ni13A14 X X - -
Zr70Cu8Ni8A114 0 0 [-phase 0
Zr70Cu7Ni7A116 0 0 [-phase 0
Zr70CubNi6A118 0 0 [-phase 0
Zr70CubNi5A120 X X - -

volzk, 47l £ 28 Fastd, dElE ZresCuNisAle, ZresCuNipAl, B ZreCuNipAl,S £44 828 (1-

ZresCuny 5-XNig sAly 2439 tishe]l H7F4Ql Nbe &8 WH3IA7]WEA 100 m 2] EE A|Zse] ARFEALE

FEA 2 dXelE A * -4 FJARLAS FI FREAS Jsisid.

T 4= 2 2y A HAANEI] ZresCuns 5-XNijgsAly 27430 diste] H7Fd4 (XD NbE 3 at. %= 7k 74
o

at %2 H7FSE A 2 9 at. %2 H7FS A2 AZS 100 mm 22 AAFAIEEEA] Ay 2 DA

|
ZI'63CL11/1_5Ni10_5A112 Z:*é %L%oﬂ Eﬂﬁl-oq %—:‘]7}"%}_5\_?1 Nb% 3 at.%i %]7}'5} 78“?‘, 6 at.%i %]7}'5} 73% ‘g‘l 9 at.%

2 A7k A= A 100 m el ekl 2 2AER AEH e AS F8 AFE 100 m 2ol o
sto] WA 7AW AoldA 5@ 3 44 SHAEH7E A" As F<lst

ol

A7 = 1% = 45 Fastd, EAYAl NiZr,g® 2 533 (AlZr, CuZrn)d 2A44E 34

5

Ao 3

ZrooCugNighl;y, 2SR 2 mm 574 AlHE Ao, Axd B4AH X-A a3 @ AIAFALE FitA]
(Differential Scanning Calorimetry, DSC £41) Z3}E &<Qlstar, 7] ZrCuNigAly, =

o] AWAA ZAA3 AF2l HA (Peak point)Q] 435 T7HA] €A 8]d & X-A 3)AEY ZAAE 2315},
T 5 & 2oy A HAAGEHS 2 mm BAAIHOZ A2 ZrCuNigAl, A0 dish X-4 A4 d3(a)

(Differential Scanning Calorimetry, DSC #41) Z3}o} AW ZAA3t As7HA A
/_\j' @ﬂ(b)% L}‘E}"TH ZEHEO]Tjr = 5(3)% 7331-51-8}'13\_:]_, /8'7] Zr7()CU9Ni9A112 »JZ—.}E]?_] 2 mm %“

A WA F2E 2t Ae A6l ol F A7) ZraCuNieAl, 27491 2 m E3AIH ] ARFFALE
[e=]
=

Felsha, ANA A4 A FHA 435 TAx

o

il He Aok, wEkA, A e] oo m W@z el A
HaEe] G4 o] o £24Ae 5494 A7 ZraCuNigAl, 2470 2 mm SgAH A Alzd vA

AU ol 5% 24 Y7 @4HEE AS AT ¢ ey, dHgE 8 24 S A

of

Zr7CuNigAlyy, 2402 2 mm S/dAI 8-S Azt o, Azxzd AHY Alxzd AlAS 10 3] XFAkelE 5 Al
FAIEEA S P,

T 62 2 wgel A AAHR 2 mm BAAAHOZE AZRS ZrCuNihly 24 W8] 2 A8y 2 F 10
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Astg o

=

g Fe=H7E AdE A
oRE E 3 Y F 40

ik, 87l ;oA =

oz A
ox, I

Slepgitt. vgd 1AW =244 Fe2H (I-phase) <]
A4 2287 849 22 I-phase® FAISH3IT

#Z 3
[0103] A7Hd 49 il 77 e 10 pm & =2
=5 (nm) (at.%) 44 34
e

Mo 0.136 2 0 [-phase

5 0 [-phase

8 0 [-phase
Ta 0.143 2 0 [-phase

5 0 [-phase

8 0 [-phase
Ti 0.146 2 0 [-phase

5 0 [-phase

8 0 [-phase
Zr 0.160 5 0 [-phase

8 0 [-phase

9 0 [-phase
Ag 0.144 5 0 I-phase

8 0 [-phase

9 0 [-phase
Hf 0.158 5 0 [-phase

8 0 [-phase
Pd 0.138 5 0 [-phase

8 0 [-phase
Pt 0.139 5 0 [-phase

8 0 [-phase
Au 0.144 5 0 [-phase

8 0 [-phase
Ir 0.136 5 0 [-phase

8 0 [-phase
V 0.131 5 0 [-phase

8 0 [-phase
Si 0.115 2 0 NiZry, AlZr, CuZr,

5 X -
Gd 0.180 2 0 NiZry, AlZr, CuZr,

5 X -
Y 0.180 2 0 NiZry, AlZr, CuZr,

5 X -

[0104] A7 ® 38 Fastd, HA7FAA7)F Mo, Ta, Ti, Zr, Ag, Hf, V, Pd, Pt, Au, Ir¢l A% 4% Z27l 4
AEE e FAsgon AN Si, 6d, Y A9 FAY FA2EL A4HA ggee FAsdn

[0105] At #e gk (at. %) 158k

Ti 50Ta50

MosoNbsg
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[0106]

[0108]

[0109]

[0110]

[0111]

[0113]

[0114]

[0115]

[0116]

[0118]
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Tig,oNbg,o 3 1 I—phase
6 [-phase
9 3 [-phase
AgsoNbsg 7 1.6 [-phase
9 2 [-phase
Vol fs0 7 1 [-phase
9 1.29 [-phase
Tis3NbssTass 3 1 [-phase
6 2 [-phase
9 3 [-phase
TisNbzsTagsMogs 3 1 I-phase
6 2 [-phase
9 3 [-phase
T1i95NbgsTassHf 25 6 1.71 [-phase
9 2.57 [-phase
T125NbosTagsVas 6 1.71 [-phase
9 2.57 [-phase
B7] B 45 FAEH, A7) HAUMHAE Tde 2R HUbshe Ak AiAA VAW #4244 F syt A
5= Ae FAstgc,
A3 8

T3kt
=102 ¥ gl o HAAGEQ ZreCun s XNigsAly 2400 tiste] H7h4Ql Nbe H7behA &2 49 2
3 at. %= H7 S A2 AZE 2 mn BHAHY] AFAAAAE HeERA 1ot

A7) = 108 Faehd, ZreCuysXNip Al 249 tsle] H7Fd49 NbE H7bskA] &8 4
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o AL JHAE W, Nbol FFel 3 at.49 B $EHS FASHNE ZolAA ¥ GEo e gHe] 4
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2 AT T AR FE A AR ARFALY B4 s,

T 112 B e d AANER] 2 mn BFe R AT ZresCuns-XNipsAly 249 diste] 3 A, 50 %
SEWMY T AH, 23 50 @ 4EFHE F 10 39 AF APolES AR AR AIAFAIE FEA A9E UE

471 = 118 A, ZreCun s XNip Al 2430l thste] Nbel o] 3 at.%? 49 $FATES Sk 50
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o Gl W AfF FAAgE G & AU, o7 G A AeS Ir ol B2 =4

oM H3 wAA ZAW oAl F¥8 £24 SEEHTE ARwE A N dAuA A7 LA A -
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k1
N2

1
(g
~

10 pm ribbon

® Amorphacs farmation O
O Amorphouws formation ¥

Al
18at.% Al A /\
12at.% Al Cu ; |
Bat.% Al Al 4 :
_________ ) =t
Zr - : Rsss :
(P n 5 1 15 20 25 £ 35
. Zr Nizr2

Hicowcewiralion [ak%)

k1
g
[\

Elemen | Atomic | Radins | Elemen | Atomic | Radins | Elemen | Atomic | Radius |Elemen | Atomic | Radins
t No. | (nm) [ No. (ian) i No. (o) t No. ()
0 8 0.073 Tc 43 0.136 Cd 48 015683 Gd 64 018013
N T 0.075 Mo 42 | 013626 Hf 72 0.15775 Y 39 018015
C b 0.0773 W 74 01367 Mg 12 0.16013 Sm 62 0.181
B 5 0.082 Re 75 isisn - Zr 40 0.16025] Ce 58 018247
S 16 0102 Pd 46 0.13754 Pa 9 0.161 Ma 11 0.1857
p 15 | 0106 Pt 78 01387 Sn 50 0,162 La 57 0.1879
Be 4 0.1128 Ga 31 0.1392 Pm B1 0.163 Ca 20 0.1976
Si 14 0.1153 Zn 30 |0.139%45 Ml 60 0.164 Eu 63 0.19844
Ge 32 | 0124 Se 34 0.14 S¢ 21 01641 Sr 38 0.2152
Fe 26 | 012412 J 92 0.142 Pr 59 0.165 Ba 56 0.2176
+ Ni 28 0.12459 Mb 41 0.1429 In 49 0.1659 K 19 0.231
Cr 24 0.12491 Ta 73 0.143 Y 70 017 Rib 37 0.244
Co 27 01251 | * Al 13 014317 Tl 81 01716 Cs 55 0.265
* Cu 29 01278 | Au 79 | 01442 [ L 71 (017349
W 23 01315 Ag 47 014447 Pb 82 0.17497
Ru 44 0.13384 Te 52 0.1452 Er 68 017558
fh 45 0.1345 Ti 22 |014615 Ho 67 017661
Nn 25 0.135 Li 3 0.15194 Dy Bb 01774
Os 76 0.13523 Po 84 0.153 Th 65 017814
Ir i 0.13573| Tm 69 0.156 Th 90 018
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=93
12.at% Al
Al Precipitated primary phase
: phase
HE : Multi-phase precipitation
comprising NiZr2
- 1 mm rod
: e ® Amorphoos farmation &
O Amosphows formation X
18at.% Al )
12at.% Al Cu 0
HE
Bat.% Al ; R‘x £ \
1 I rPy
- X AN
Nizrz 15 35
s % NiZr2
=04
Crystallization to |-phase After annealed up to first crystallization peak
" o w ¥ l-phase
Zr63Cu5.5MbINIL0.5A112 ot
o I i Span s, P
. Zr63CUS,SNBONI10.5A112
m‘
Zr63CuE.5NbEMNI10,58(12 'u" I 5 all e v .
| III f 3 s
2 [ s L W L S——
= | I >
] LUy ! F | Zre3CuB.SMbENIL0.5AI12 W
£ . B v o
Zr63Cu11.5Mb3Hit0.5M112 | f_r’\-, .' = “ |
|
T .
U|' ‘|| B B R
Heating rate : 40K/min / Zr63Cu11.5Nb3NI10.54112
00 330 00 450 500 550 irs 35[0 - 3]:,5 * iﬂlﬂ I 425
Temperaiure (T) 2 theta (degree)
=85
(@) (b
Zr70Cu9Ni9AI12_2mm rod Zr70Cu9Ni9AI12_2mm rod
3 E ¥ I-phase
)
£ HIER
= = |5 v
5 ? |2
£ | M
“:““‘ . yjl:uuuu:u wxr '\Il: It lq'v i '
Annealed up to 435°C|—» |
) ) ) # ot tiagenyy " Heating rate : 20K/min
30 40 0 70 100 200 300 400 500 600

50
2 theta (degree)

Temperature (T)
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Compressive stress (MPa)

Compressive strain
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6
As-cast (1)
— As-cast + 10 cycles of healing @
0.00 \
o
s @
=
Q
[
®
m =
o
-0.02 : L L ‘ L
0 100 200 300
Temperature ()
7
3500 -
L Zr70Cu9Ni9AI12 2mm rod
3000
2500
2000
1500
[ Before After
1000 |
0 i L | L 1 L i I | I
0.0 0.1 02 0.3 0.4 0.5

400
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EH8
® |I-phase
B B-Zr
]
o f
M M{ W&WWMM
= Zr63Cu5.5Nb9Ni10.5A112_2mm
s
> AR\
a W('W *\WEWNMAMM ) I
5 e o Py b s g A
= Zr63Cu11.5Nb3Ni10.5A112_2mm
I %m
Zr63Cu14.5Ni10.5A112_2mm
L l L I 'l I il
30 35 40 45 50
2 theta (degree)
EH9
(a) (b)
Crystallization to |-phase After annealed up to first crystallization peak
b4 ¥ |-phase
_______ 4 * Nizr,
N\ A v A CuZr,
2r63Cu11.5Nb3Ni10.5A112_2mm | ! v m AlZr
: :
E FRACAANR0SAIR e ‘E Zr63Cu11.5Nb3Ni10.5A112_2mm o
e A 7 ™ 1 A u
' . . . . 2r63Cu14.5Ni10.5A112_2mm .
400 450 500 550 32.5 35.0 37.5 40.0 425

300

Temperature (TC)

2 theta (degree)
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=910

3000

2500 |
fa -
o e
= 2000/ @ Icosahedral Quenched-in
0 B Nuclei O
o
£ 1500 | \
0 @ Icosahedral Quenched-in
= i Nuclei X
0
) 1000 |-
o
£ I
S

500
—— Zr63Cu14.5Ni10.5A112_2mm @
——Zr63Cu11.5Nb3Ni10.5A112_2mm @
0 i 1 y | 1 1 4 1 N ] i
0.00 0.04 0.08 0.12 0.16 0.20 0.24 0.28

Compressive strain

As-cast @
—— As-cast + 50% plastic deformation (2)
— As-cast + 50% plastic deformation
+ 10 cycles of healing (3)
0.00
=2
s
3 AH
g 1.30
:it:, Plastic (® /g
deformation
2) 2.21)/g (D)
10 cycles of @
Healing 43 1.741/g .
-0.02 tre.atm!ent. 1 " | 1 1 L | i | =5 @ L
o 50 100 150 200 250 300 350 400

Temperature (C)
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