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Fabrication and Properties of Zr-based Bulk Metallic Glasses

Mi-Hye Kim

Department of Materials Science and Engineering, Graduate School

Pukyong National University

Abstract

ZrssAlioCuzoNiicPdis—Agy {x=0, 1, 2, 3, 4, 5atx) alloys were obtained by
melt spun(ribbon) and injection casting(bulk) method. Their thermal
stability, glass forming ability and mechanical property as well as the
effects of the element Ag have been investigated.

As a results, ZrssAliCuzdNiePdis-oAgy (x=0, 1, 2, 3, 4, 5atx) alloy
melt-spun exhibits a supercocled liquid region(ATy) exceeding 91K before
crystallization. The largest ATy reaches as large as 126K for the
ZreshlioCuzoNicPdsalloy. The reduced glass temperature, T, increased with
increase Ag content. The largest T,, is obtained for the ZrssAlioCuioNiieAgs
alloy. The bulk amorphous alloy ZrssAlioCuieNicAgs rod with 3mm in diameter
was fabricated by injection casting. H. and Yield Strength increased with

increase Ag content and the largest valuce oObtained for the

ZrssAlicCuioNiioAgs bulk amorphous alloy.
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Figure 1. DSC thermogram of the amorphous alloy



Table 1. Bulk amorphous alloy system and calendar yvears when

details about each alloy system were first published

1. Nonferrous metal base Years
Mg-Ln-M (Ln=Lathanide metal, M=Ni, Cu or 7n) 1983
Ln-Al-TM{(TM=VI -Vl group transition metal) 1989

Ln-Ga-TM 1989
Zr- Al-TM 1990
Zr-Ti- AlI-TM 1990
Ti-Zr-TM 1993
Zr-Ti-Al-TM-Be 1993
Zr(Nb,Pd)- Al-TM 1995
Pd-Ni-Fe-P 1996
Co-(Al, Ga)>-(P, B, Si) 1996
Co ‘Fe-(Zr, Hf, Nb)-B 1996
Ni—(Zr, Hf, Nb)- (Cr, Mo)-13 1996
Pd-Cu-B-Si 1997
Ti-Ni-Cu-Sn 1998
Ni-(Nb, Cr, Mo)-(P, B) 1999
II. Ferrous group melal base

Fe-(Al, Ga) (P, C, B, Si, Ge) 199
Fe- (Nb, Mo)-(Al, Ga)—-(P, BB, Si) 1995
Fe—(Zr, Hf, Nb)-B 1996
Fe-Co-Ln B 1995
Fe-(Nb, Cr, Mo) (P, C, B) 1999




5 Zr'-‘Alr—Ni Ln-Al-Ni
| Zr-Al-Cu Lon-Al"Cu |
 Zr-Al-Ni-Cu L.n-Al-Ni-Cu
| Zr-Ti-Al-Ni-Cu | Ln-Ga-Ni
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Figure 2. Features of allov components for bulk amorphous alloys
reported to data. ETM and LTM represent the transition

metals belonging to groups IV-VI and VI-VI in the

periodic lable, repectiovely
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Figure 3. Heal capacity curves of the Zr-Ti-Cu-Ni Be glass, the
corresponding liquid and crystalline solid as a function of

temperature
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Schematic  illustration of the change in volume with
temperature as a supercooled liquid is cooled through the
glass transition i{emperature Ty and during heating an

amorphous alloy
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Table 2. Mechanical properties of amorphous alloy
4 3 5 A
2 = SETEAR v =i, Whisker 2ot Z3h
T & dga Sl vs) 20~40% virh.
Hd W g dAdaEE & ogie o] 9lr)
e Ao Al BadWds sty newage x|y
7+-& 73 s} bada #abe) glg
B Az s del dasglol ag
MBERAN | A7) 335 AgE e A4m 4ad
TEEH Aol BrejEdol Am T Rzl HAAF Z713
A VAR | o) TR T, itel A Aol A E=rpe)
254 el gl slan)is ok 02~03 Fuort
VA °F 30~50%¢] Wzl 9} oF 9099 <lwvhFol 7lu g

- 15 -




23 W= 8] A A3 (bulk amorphous alloys)

231 Wa v AR A7

HE 0 ZAY Tl o FAE A9 A A= Masumoto, Inoue ol
Aot A E ol Fol Aeh 25 979 Zwrae wAAddAe 9o 3
St AN SRS AHAUA fEde) s dElil: g Fobye
A AE 1EL 10010K/sY WASEES ZbH e MEAT YRS o] g
M uHAR TS Axsty, Az FFE 0K/mine] 7Y 252 gyA
stel MR AR T TWE ZFOTA AT =T Teoll oa Al ek
S8 TRl W g AAAGL @AsA =Yl b = 4
G ThE shE AN 7e AT Hojdle] M ujy ARy
& Wristodl ol g8tk olelst we AT, S 2 dITHo| ¥
=7 =" (mold casting) 9 W& ©] &3 La, Mg, Zr-4 ®a n

AAGETo) 10°K/sKr) S AWz S Col A wAs s 9l

—_

Zr-base alloys

Zr Al U ET e 294 MAEYg G539 Ze-Cu, Zr-NiAlel M A9
2ol A9 s 929 Masumoto$} Inoue 56 Zr-#l 320 A] 713 2
ATx b2 /1A 394 g FWAsA Afstdn. ATgGS 549
42 53 # 5d 2923, 347 Zr-TM-AI(TM=Mn, Fe, Co, Ni,

—

Cwell M vlddggdel &ea AT 714 =& @S 394 Zr-Cu-Alz}
ZeN1-AL 3, 5 71K 38 7FA = ZrgNisAls 8394 dehg o7,
A4 4945 (Glass Forming Ability, GFA)S 24353 o 9]0] A A A A

b 2t R el &S (T, =TT, The Reduced Glass Transition

- 16 -



Temperature)i: 444d-& % (T, Liquidus Temperature)e] o3 T.9 AHdf
A e Aod 4 e Hl, Tpol 713 %S e 0643 ZroNinAko
BeEolA UE AL, ZraNinAlls 2o A= Te=060717 4435 W3ts19
TNE ESATEE B Te@t YA AuAe) Aztad o7y
Atk ZresAlrsCuzs TMes( TM=Co, Ni, Cu) §H&-o- 3EA FeARg ¥ %
T NAAAR S Axd F AAFY. AHY 2HE ZrgCursNinAlrs

FEOEM ATI2TKS] =& e uetuslch. 1oy, 060049 Trg

e 7hA= MAAEFE 2T £ A, Teob AT.o #AS 97
stodls daeta 2ok 0 5 258 16mel 2 AR shxis 2y

N AEFTE ZreCursNipAl; s Aol A 4 FEA T e g A4t R

1&_(40) -1 Z—:l

w
=

= Melsteds Ay

B A ST S 3348 krapid solidification)$} consolidation®) 7}

=]
. e un . -
A Mo R Az ¢ ot F4-& 32 water quenching, copper—

=

mold casting, high-pressure, suction casting, squeeze casting 5 S =2 i}
A"t W e AFEFe w Hug of 2o) o ofoj 4] Hatshe w4z
W5 hot- pressing @b warm extrusionell )8 AAE V) sl i 3o
HESIA g ARFA ) DDA WA ANA % 5 9l
U AI ZHE Slcritical  cooling rate, RS S okl L}l Ao o),
b L=k Mg @2 AN o 100, Zr- 2 AN 30m™,
Fe "™sb Ti- g3ol)el A 5~6m, Pd-Cu Ni P 2 Aol 4] 75— 80m' "™,

Ni Al A= 3m™ e e vebdyg, o5 atiA= R 7haskes
],

_17...



Table 3. Maximum thickness (tma) and critical cooling rate (R.) of

bulk metallic glasses

Alloy system tomax (mm) Rc(K/s)
CLnalcoN) | =0 | = oaw

Mg Al (CuNi) = 10 = 200
Zr Al (Cu,Ni) = 30 = 110
Zr Ti Al (Cu,Ni) = 30 = 15
Zr Ti1 (CuNi) Be = 30 = 15
Fe (Al,Ga) (P,C,B,Si) = 3 = 400
Pd Cu Ni P =75 0.1
Fe (Co,Nt) (Zr,Hf Nb} = 6 = 200
Ti Ni Cu Sn = 6 = 200
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Table 4. Densities of some bulk amorphous alloys in as-cast and

fully crystallized states

Alloy (state) Peast (Mg/ ') | Poryst(Mg/m) AP
, - , (Amorphous)| (Crystal) -
ZraoAlCuz | 6.72 6.747 0.30
ZrsAlisNis 6.36 6.38 0.31
Zrs5CuzAloNig 6.82 6.85 0.44
PdaoCuzNioPa 9.27 6.51 0.54
Zrs T13AL10CupNig 6.62 6.64 0.30
Zrs25 T1sAli2 sCuaoNi o 6.52 6.65 0.45

Table 5. Coordination numbers and atomic distances calculated from

(a) the ordinary radial distribution function (RDF), and from

the environmental RDFs for (b) Zr and

ZrenAlisNiz amorphous alloy

(c) Ni in the

Alloy r1 (nm) Nz rz(nm) | Nza - Nzew
As quenched| a | 0267+0.002 | 23:02  0317+0.002 | 103407 (L1409
b | 0.26740.002 2.1+0.2
c [0269+0.002 | 23202
Crystallized | a [ 026840002 | 30+0.2 | 0322:0002 | 82+0.7 0.8+09
b | 0.267+0.002 | 30402
c | 0.273£0.002 | 2.3+0.2
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Table 6. Mechanism for the stabilization of supercooled liquid and the

high glass forming ability for the multicomponent alloys

which satisfy the three empirical rules

f Empirical Rules

2) Large atomic size ratios above 12%

\3) Negative heats of mixing among the elements

1) Multicomponent system consisting more than three clement

!

structure

Formation of amorphous phase with a higher degree of dense random packed

Increase of solid/liquid

interfacial energy

Increase of T,

y

{

'

Necessity of atomic

rearrangement on a long range

scale for crystallization

J

|

=

Suppression of
nucleation of cryvstaliine

phases

Dhfficult of atomic

rearrangement

Suppression of crystal growth

Decrease of Tu, Increase of Ty/Tm
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Table 7. The purity, from and suppliers of raw clements used in

characterization of glass alloy

Element Form Purity Supplier

B e L
Al plate 99.99% Wako pure Chem. Co.
Cu wire 99.9% Aldrich Chem. Co.
Ni rod 99.9% Aldrech Chem. Co.
Pd rod 99.9% Aldrich Chem. Co.
Ag shot 99.99% CERAC
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Table 8. Physical and chemical properties of the constitucnt elements

. element
I Zr Al Cu Ni rd Ag

property -

1 element Zirconium | Aluminum | copper | Nickel |Palladium| Silver

T aeme | |

2 40 13 29 28 46 47

________ number _
electron oy . o

3 . , 4d5s” | 3s%3pl | 3d"M4s' | 3d%s® | 4d¥5s® | 4d"5s!

configuration oL - i
atomic .

4 _ 91.22 269815 | 63546 | 5871 106.7 107.88
“weight U N B R R

5 color 3| A Sk A oA oAl | ool | o e

6 L 1857 660.2 1083 1455 1552 960.8

| poin{T) _ ) S

density(20T) ) ) )

7 6.4%9 2.699 3.96 8.902 12.02 1049
[g/cc] o - I
specific

3 heat!207) 0.067 0215 0.092 0.105 0058 | 0.056

_ | lealig/C] | S B R B
thermal

o | 227 0923 | 0201

9 | conductivity Useennlo 0.487 (20 ) 0T 0.17 10

_ | fealensC) | _ ,

10} radius(nm) 0.158 0.143 0123 | 0125 0.137 0.144

11 structure hep fee fee fce fee fee
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Tabie 9.
(RSP}

Experimental Procedure of Rapid Solidification Process

Rapid Solidification Process (RSP)

Type single roller melt spinning
Wheel 250mm, Pure Cu
Roll Speed 26™s
Ribbon Bulk
= Inner Dia. : = Inner Dia. :
Quartz tube Nozzle 10mn = 17mm 10mm =< 17mm

= Quter Dia. © 8mm | » Outer Dia. : Smm
» Orifice : 0.813mn | = Orifice : 0.863mm

Gap between

Nozzle and Cu Roll

Atmosphere

Chamber Pressure

Injection Pressure

Ribbon :

99.9%Ar

68cnHg

1.217mm

Ribbon : 50kPy

Bulk : 100kPa

width © 2.6mm
68m ~ 80um

thickness :
inner Dia. @ 3am
length @ 50mm
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Chamber gage
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Injection

Chamber

44— Air cvlinder

nozzle

Induction 4 — I
coil

4 Molten alloy

Leak
Valve® High
Vacuum frequency

/_— generator

Control System

Ar

gas

Figure 7. Schematic illustration of Single-roller melt spinning
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Figure 8. Relations between the mixing enthalpies of Zr- M atomic

pairs and the atomic size ratio of /T
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ZrgCu, Al (Ni, Pd,
Zr Cuy Al Ni, Pd Ag,

ZryCuyAl Ni, Pd, Ag,

Zr55Cu20Aleide2Ag3
Zr;Cu, Al Ni Pd,Ag,
Zry;Cuy,Al Nij Ag,

T T T T d T T T T T
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2(0) [degrees)

Intensity [arb. unit]

Figure 9. X-ray diffraction patterns of melt-spun  ZrxAlgCuxNir

Pdes wAg(x=0, 1, 2, 3, 4, Sat?s)amorphous alloys ribbons
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Figure 10. DSC curves of melt spun ZrsAloCusoNigPde wALZy

(x=0, 1, 2, 3, 4, bat®)amorphous alloys ribbons
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Figure 11. Changes in T, T. with Ag content for mell-spun
ZruAliCunNioPdes wAg«(x=0, 1, 2, 3, 4, 5at%) amorphous

alloys ribbons
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Figure 12. Changes in AT, with Ag  content for melt-spun
ZrsAlinCuoNiwPds Agd(x=0, 1, 2, 3. 4. bat%g) amorphous

alloys ribbons
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Figure 13. DTA curves of mell-spun ZrsAlCunNipPds «Agx

(x=0, 1, 2, 3, 4, 5at?) amorphous alloys ribbons
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content for melt -spun

ZrsAlifCunNiePds wAg«(x=0, 1, 2, 3, 4, Hat%) amorphous

allovs ribbons
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Figure 15 Changes in Ty/T, To/Ts with Ag content for melt-spun
ZrssAliCuxnNipPdes WAgx(x=0, 1, 2, 3, 4, Hat%s) amorphous

allovs ribbons
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Figure 16. X-ray diffraction patterns

of as-cast rod ZrsAlCuw

NiwAgs bulk amorphous alloys
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Figure 17. DSC curves of melt-spun ribbon and as -cast rod

ZrssAlLinCuxNipAgs amorphous alloys ribbons
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Figure 18  Vickers hardness(H.) with Ag conlent for melt-spun
ZrssALoCunNioPds Ag.(x=0, 1, 2, 3, 4, 5at%) amorphous
alloys ribbons and ZrssAliCuNinAgs bulk amorphous

alloys
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Figure 19, Yield Strength(o,) of melt spun Zrs;:AlwCuxNiPde «Ags
(x=0, 1, Z, 3, 4, 5 at%) amorphous alloys ribbons and

ZrsAloCuNiAgs bulk amorphous allovs
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Figure 20. Comparison Yield Strength(o,} in Al alloy, Ti alloy,

Stamnless steel and ZrssAloCuxoNioAgs bulk amorphous

alloys
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