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Effect of Alloying Elements on the Glass Forming Ability of
Ni—Cu—Zr—Ti Alloys

Joung-wook Kim

Department of Materials Processing Engineering,

The Graduate School, Pukyong National University

Abstract

The aim/ of this research was observing the GFA(glass forming ability)
by measuring the thermal properties by alloying elements. The thermal
properties of the Ni-Cu-Zr-Ti alloy were tested in different contents of
Ni and Cu, and, the GFA of this alloy is also tested after replacing Ni
with Pd. Mother alloys" were manufactured by using the vacuum arc
melting process, and 1.5%0.02mm ribbons were manufactured by using
the rapid solidification. process. The phase of the.produced ribbons were
identified by XRD(X-ray .diffractionmeter);”and the ~thermal properties
were analyzed by —~DSC(Differential "scanning calorimetry) and
DTA (Differential thermal analysis).

Typical amorphous halo pattern was observed in the produced
Ni-Cu-Zr-Ti alloy ribbons. ATy and T of NissCusZrsoTiio amorphous alloy
was 42K and 0.603, and AT, and T, of NijgCuseZrsgTie amorphous alloy
was 43K and 0.602. In order to enhance the GFA of Ni-Cu-Zr-Ti alloys
which has high GFA, Pd was replaced with Ni. In the case of the
Nis.qCusZrTiPdy amorphous alloys, GFA decreased according to the
Pd additions. However, GFA increased in NigoxCusoZrsoTiioPdx
amorphous alloys according to Pd additions. In  particular,
NiyCusoZr3oTi;pPds amorphous alloy showed a high level of GFA with the
result, 54K of ATy and 0.603 of T
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Table 2.3.1 Typical bulk glassy alloy system and calender year

when the alloys were found

BMG System Year
Pd—Cu—Si 1974
Pt—Ni—P 1975
Au—Si—Ge 1975
Pd—Ni—P 1982
Mg—Ln—Cu(Ln = Lanthanide metal) 1988
Ln—AlI-TM ( TM = group transition metal) 1989
Zr—Ti—Al-TM 1990
Ti—Zr—TM 1993
Zr—Ti—Cu—Ni—Be 1993
Nd (Pr) v Al=Fe~Co 1994
Zr— (Nb, Pd) ~Al-TM 1995
Cu—Zr—Ni—Ti 1995
Fe— (Nb, Mo) — (Al, Ga) = (P, C, B, Si, Ge) 1995
Pd—Cu(Fe) —Ni—P 1996
Co—(Al, Ga)—(P, B, Si 1996
Fe— (Zr, 'Hf, Nb) =B 1996
Co—Fe— (Zr, Hf, Nb)-B 1996
Ni—(Zr, Hf, Nb)— (Cr,-Me)—B 1996
Ti—Ni—Cu—Sn 1998
La—Al-Ni—Cu—Co 1998
Ni—(Nb, Cr, Mo)— (P, B) 1999
Zr based glassy composites 1999
Zr—Nb—Cu—Fe—Be 2000
Fe—Mn—Mo—-Cr—C—B 2002
Ni—Nb—(Sn, Ti) 2003
Pr(Nd) — (Cu, Ni)—Al 2003
Fe—MMn—Zr—Nb—Mo—B 2003
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2.45. High glass forming ability <!%}

o} Qs nadl YA WAL BB 9
= Fig. 24.5.1 o] Yed ATh

AR AEE(R), L/ A AHA TR (0), viscosity(n), THiF S o=
(Trg), AS, = Ackst™, HFe] A A (Vi), seed density(p), fraction of accept
site(f), AH, & Ztotol gt} o]9} 22 I R HFsE fsiA= Al7HA
AR Fgslol o

1) 37FA Q& oS E3ete TR A 2H
2) FLTAYAE Atole] @T|AFo|7E 12% ©]%
3) F8& TALAE AtolY Avd 5o EFE

Hoo RuE Ha v A 2o AFH W

==
v 5o v 4 sl

) 3 =l
2) HRAQ Fol Ao AL AR AW o] =)
3) Aol AR taRAe) 4 Ao £
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| Empirical Rules
1) Multicomponent system consisting more than three element
2) Large atomic size ratios ahove 12%

]| Hegative heats of mixing among the elements

L

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

Increase of solidiliquid Increase of T, Necessity of atomic
interfacial energy rearrangement on a long range
i ] A scale for crystallization
J I ry:
b |
Suppression of Difficult of atomic SLppression fo crystal growth
nucleation of rearrangement
k- £

crystalline phases

Decrease of T, Increaseof T iT, |

Fig. 2.4.5.1. Mechanism for the stabilization of supercooled liquid
and the high glass forming ability for the multicomponent alloys

which satisfy the three empirical rules
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251 ¥1ZE &3 FAYAF

HAE e 259 ZleiAle §8dd wet F 7HA9] WE3ASS 7HA=H)
=2 2xdAe TYf5(Homogeneous flow)S UEHI W 2T oXe &
1t Y+ & (Inhomogeneous flow)S YEPAT #dF52 HIAGA U9 7Ztzte] ¥
A AEo] "] FLHEREEHO ddsH WIS dod|e= Aot HAES &
HgEEclmE TS o =23 S dFS A @ Edd frE
o] B¢ olHg Fxeste] o] A olg ML o] e AE WF
45° H}3F o 2 ghear bands’} @ AIE ©] shear bandsE Wz} S8 FH =3 Ato] WHA)
sho 3} 7} HL"@ﬁ]":}
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& 99 /A 23 ug ) BFol os), A}-f 4 H (free volume)©] Z7}5}
7] W&ol A AewW-S wakd softening Aol HATTE® viscositys &
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zpololl ol g Fol T oY SHHFT AL 231 shear bands
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311 =44

H A

R

Lo

AFHE Ni-Cu-Zr-Ti 494 FFdA] NiZt CudEHe sty zbzr
2 vgd 45 BEEY] st AR Zrs 30 at% =2 TiE 10
at. %= 1A, NigoyCuZrsoTin G CuZ 5~25%7HA] Cud#s 283t
9, CueonyNinZryTin TFNM NigtFe 5~05%717 elate] d2e 47 3
gon, zZtzt A HAR FASo] ¢ Hog AGEHE FFo Nig

PdE X 3te] FFe AASHL

XL

312 23 A
B AgdMe gt @5 249 BEgFS A7 A8 4Z 99.7%01A4
999%9 ¢E& 7HA€ d4E . Hi=FAQl A3 dXk= Fig 31.21

of ettt Cu, Ni, Pd ¥ 2EX4E E7F2=AE g Zrd THE ¢F 20g 3%
OF23(99.99%) Ea7k 29| 7]5toll A FF

= S|

- =1
£g3te] BT S AxSFAY. AF ArcgH 2o ZAEES Fig 31220 e
AT FHARE 01% oS Aolstel Hhe BHE =4
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Alloy Design

+

Mother Alloy

Vacuum arc melting furnace

!
Ribbon

RSP single roll type
'

Thermal Properties
XRD, DSC, DTA
[

Evaluation of GFA

Fig. 3.1.2.1. Experimental Procedure
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Cooling water

Fig. 3.1.2.2. Schematic diagram of vacuum arc melting furnace

and button type specimen
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Yacuum

—
%
Induction ? !.
b3

coil

* Quartz nozzle

Copperroll

Fig. 3.1.3.1. Schematic diagram of rapid solidification processing (RSP)
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3.2 AHEA

321 X-4 3& 24

ZAZke] A4S F5E1HS T S Axst] Fzo] AR gt A4
T v A5 AsS BES7] YA XRD (X-Ray diffractionmeter) S ©]-§
st ZAEIY T XRDEAS 2° /min®] 2A&EEE 203k0] 20°0) A 80°F-7Hol| A
Cu BP(Ka , A=1.5405A) & AMEstlom, 7hE Ada Wf{= 247 40KV,

30mAS] Ao g A#ET
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3.3 @84

331 ARFALF B4

59 A" 8T BUIAAE Ayl g 4984 AsE 271 HAS
Zr oz dig T, TE AIAFAME B 4] 7] (Differential  Scanning
Calorimetry, DSC)E ©]-&3}o] 24 1000Ke] =¥ olx A =
Bd AHe €9 & HES FA A231, AEE 9 10mg ~15mg Fx=9]
AFo 2 HEFdt Cu-pancl ¥ H, 29 QA& A9 &7% ¥ 243
AT 7IEAEE ALOs FEE AFESAT- AR At £917] shelA 0.67
K/so] 4783 $2&5=Z Jldsiidth HI8d A5 2AAs 2= 484 4
o] & &£xd mat WetH, GE4 peak o of= {AE I|FELFE d=Lfo
=2 =

TG nhgo] AFEHE S on se)E 7IE

332 A QA

AzAAY  BFHEE(liquius  temperature, T;) 2 TAFA LT (solidus
temperature, T)E Z38l7] 23] 1992 900K~1600K2] &

&4 7] (Differential Termal Analysis, DTA)S©] &3t &3 A|H
A= i, ok 50mg AE R FEste] ALOs =Y gkl ¥ F Arrks £97) 3
dlA 033 K/s9 && £=2 T3 T.8 47 43
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4. A

ot

A¥ 3 v

£ AT E Ni-Cu-Zr-TiAl &5 v8d FAsS AFE37] Aste 23
Z (empirical rule)S 7|20 F 3}, Ni ¥ Cu? FFS 24-sl d¥E54S &
A3l om, 47 FFA 9 Ni2 PdE X335l zhzte] 3o 3] 9h=E4S
BFs, Z47te] FEANAe HAZE TS BHINAT olF B ATelA
HE 24 2% AA%@t.%)E EAIS

4.1 ¥|34 A=
A 4% JAYLEER) 9ste] HrtE F9A T o2
2 AAS dAY AR A5 g7 W g8 71A u}?—_ AAE EaA

= =
R ARoZ uAA FALSS st gfETHL v AR A

Ze ZAF2ET)S FEACI2E(T)e A= UrE‘rUr—t— HI A ddS A
TTx-Ty), A tgh FEdo]l2=e] nicl B a2 Ho] 2% Ty(Ty/Tn)
gol Stk B delA s elek 22 JdAE Fal HFE FHTS BUERe
B, A=A x dele EAGA T HF D FATo] FrT FF B THe

0.600 ©]4F AT &= 40K o|Ato = <aaH A ok
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4.2 Ni—Cu—Zr—TiA &&
421 Ni(so.x)CueraoTim;*“ ?}%(x=5~25%)

Fig. 4.21.1& NigoyCuZraoThodl #5831 EZA X-A 34 dels Uepd
olty, XE A9 F&Sa FEoIA 42° A9 diffuse haloES A 9dtaE
Ao EAE Y= dart #FEA 4tk ol A7EAY F581
A7 AP A v Fds YERAT

Fig. 4212% NigoCuxZrsTin 5483 FEAS DSCHAS Uetd AL
zyzke] Ao oA 28t RAl wad S o] & &
AReH, x=5 & 10%AMX= 2709 TLik-g 2L
5% e st LS T A = AT H Cud FFo] T e o
2} ToF 822KolA 773KE sk o H, T, A 780014 753K=2 £E ZHAa
e s BT 5 UATh

Fig. 42.1.3& NigonCuZrsTiny 5582 HE2A S DTAFHS HEd Aotk
59 Tmd Cu® o] S7ighe] wef 1293Kel| A 1254K7HA] &AF ZAaste

el

B2Y 5 At

P

iih)

o)
b
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.lf""'\h.k. NigsCugZryTiig
ek,

— Aot Ay s i ARt M S ot
T e L i 4 '

NiggCupZr Tiyg

Al )
¥ icandd il

NigsCuysZr Ty
RISl
NigoCuapZra Tig

g IR, B . S
Tyt L) Ll e 2l - 4 mw

Intensity

NigzCuseZry Tiyg

b ibe vl M Paeiiagl |
s el od A

20 30 40 50 80 70 80

20 (deg.)

Fig. 4.2.1.1. X-ray. diffractionspatterns of melt: Spun”Nigo=)CuxZrsoTio alloy

ribbons
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,A\"ﬂascuaz"aunm E +

T,

—— NigCuyZrs, Tiyg + J
—

(Y

Ni5Cu,52Zr; Tiyg

Exothermic —

NiggCu g Zrs,Tiyg

NigsCus2ry Ty,

500 600 700 800 900 1000

Temperature (K)

Fig. 4.2.1.2. DSC curves of melt spun Nigo-xCuxZrsoTii alloy ribbons

NigsCus2iypTig

NiygCu5i2rsoTing 1

NiysCuy5ZrsgTigg

NigCug2ryoTiyg

NigsCus2ry Tiyg

Exothermic —

1000 1100 1200 1300 1400 1500
Temperature (K)

Fig. 4.2.1.3. DTA curves of melt spun Ni@o-xCuxZrsoTiio alloy ribbons
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Table 4.2.1.12 NieCuZryTing 55 &3 A Ty Ty, ATy Tm 2 Ti
£ Agst YehAdoh
Table 4.2.1.1. Alloy composition and charactertics of melt spun
Nio-0CuxZraoTiie alloy ribbons
(unit : K)
Composition Ty Tx ATk T Mg
Nis5CusZr3oTii0 780 822 42 1293 0.603
NisoCu10Zr3oTi10 775 808 40 1292 0.599
NigsCuisZrseTiio 766 802 36 1289 0.594
NisoCuz0ZrsoTi10 754 789 35 1275 0.591
NissCugzsZr30Ti10 753 773 23 1257 0.596

B AN AT, = CugFo| =7Fshol whel 42Kol A 23K7HA] 45k Q)
om, ol Toh AAse Bo| Tl srishe Erg =7] W2 AT, s
© Ao 2 #IHIM T,© CudFdol 57kl wet 0.603904 0596712 7ha

stA=H, ole Tt #aste Foll Hls] FF o= T,ol #Histe FHo| A7)
uf #21 Aolth
NigogCusZrseTio 5583 2o 4% 5S4 B2 23 NissCusZryTin

= 4
£33 FJEA AT, ¥ T,7F 247 42K, 060322 71g & & Yegusie
3

A N3 F450l g 5T Ao Ba

2
e
El
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422 NixCU(so.x)Zl‘aoTim;q] ?}%(x=5~25%)

Fig. 42212 NiXCu6g_X)Zr30Tilo71] HF58a ZEA XA 4 HEE yehd

Holth, BE A9 F4583 gEAA 42° ZAH Y diffuse haloE A|9|3tale=
27949 £A8 dehie 927 BEEA 9t Rozve AFH WA

ds #HEAE 5 AAYTH

Fig. 4.2.22% Ni,CuexZraoTindl #4851 2249 DSCHA
2 74zhe] 249 graelA 2As fAe] wEe S A
& ATk 2 dEAl #4583 gEANAE x=5%14  F ¢
2 & F ddon, x=10~25%7MA = shpe TRt #Ed
x=54 15%74A ZF7Vetell wel T, € Toe Z2b 719KelA 736K, 760Kl A
774K74 A sl on, x=20 2 25%E T, 2 ToF #astao

Fig. 4.223¢ NixCugonZraTiodl F5-5aL 22419 DTAFAS Yed
2 FFY T NifteFol Z713te] we}l 1197K9) A 1239K7HAl AZ =7}
e #EY F AAJTH

Table 4.2.2.12 NixCugongZrsoTinAl F&FSaL B2 Ty Ty, ATy, Tm R Ty
£ et yehf Ao

o

el

\

& m[o

el
o>

m[o e

0{0 AN
o e

7

==

}A

>
(o}

ks
>

paus
o

ol

Fe

Table 4.2.2.1. Alloy composition and charactertics of melt spun

NiCugo-wZrsoTio-alloy ribbons

(unit : K)
Composition Ty Tk ATy T iz
NisCussZraoTi10 719 760 41 1197 0.600
Ni1oCus0Zr3eTiio 728 771 43 1209 0.602
Ni15CussZrseTiio 736 774 38 1228 0.599
Ni2oCus0Zr3eTi10 725 753 28 1235 0.587
NigsCussZr3eTio 724 749 25 1239 0.584
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L NijeCuasZry Tiyg

ok gy
Py i \‘“"’»‘-‘ o A AN S PG e bt

o NizgCuypZrs Tiig
= | TR b e gkt
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GCJ NiyCueZrs Tigg
PR . 4
— b, e
£
Nij ;CugpZr Tiyy
" R Wi
NizCuz:Zr Tiyg
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20 30 40 &0 80 70 e0
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Fig. 4.2.2.1. X-ray diffraction=patterns of melt spun NiCugo-vZrsoTio alloy

ribbons
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Ni5Cu352r3,Tiyy

NiygCu 3 2r3,Tiyg

Exothermic —

Niy5Cuy5Zr3,Tiyy

NiygCugyZrTiyy

Ni; Cuss2ry Tis

500 600 700 800 900 1000
Temperature (K)

Fig. 4.2.2.2. DSC curves of melt spun NixCueo-vZrs0Ti10 alloy ribbons

T
. 4 S )
N|250u352r3,]T.|JEL = N [’ B e
 NiggCu,gZry, Tiy \ 1
Niy5Cuy5Zrsg Tigy “: i

NijgCugyZragTigg

Exothermic —

NigCussZry Tiyg

1000 1100 1200 1300 1400 1500
Temperature (K)

Fig. 4.2.2.3. DTA curves of melt spun NiiCugo-vZrsoTiio alloy ribbons
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B OGgFANA AT E x=5~10%7FA 41KoA 43Ko.2 Z71eta 9om,
x=15~25%7} A& 38KolA  25K7HA] Atk B @EACA ATE
NisCussZrsTito®t NiwCuseZrsTinol Al ZHzb 41K, 43KE & AT ZS UERRA
ok Te x=5~10%7}4] 0.600914 0.6027+A] £F ZF7}etdom, x=15~25%7HA &
0.59991 4 0.584712 A3kt ol Tyl F7Hstdey W& T7b Z71skd
r:}7} Faste AR A8, NigCusZraTieo A =2 Te#kQl 0.6025 715

T O Nig#Ee SVl met g4ste A4S 32 & 5 Addoh

Ni,CuoxZrsoTio w583 ZEAY 24 58S ##3 23 NipgCuspZrsTin
2 NisCussZryTinn 5461 B EAS AT, B T/t 2 43K, 0.602 18]1 41K
060002 & S YERRA S, NijgCusZryTin 5551 E2A7 B F3A
AXE BIAA P50l 7MA 4T ALE dddEH.

-Dlru

__]
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4.3 Ni-Cu—Zr—Ti—PdA &=

&5 A AT B Ty7t 22 42K,
b ZF7F 43K, 0.602%
] %ol Fssitha v
7] uﬁ%oﬂ EE} Tf& HlXéél FsE E7l 946}04 371 &=e Nig Pd=

N
=
o
Ry
ol
>
BL

431 Ni(ss.,qulle‘aoTidexlﬂ “;’}%(X=0"‘6°/0)

Fig. 43112 NigsyCusZraTinPdi Al 58 A9 XA 3d i v
bt Z4Zbe] ZAj ol F483 gl E oA 40°9] diffuse haloE A|Yslaie Z2A
2o EAE JYEle I3t BFHA @ston, ol AFHQA wAAZAS
[Sa=iR=s

Fig. 4.3.122 NignCusZraoTinPd Al 54563 &9 DSCHAS YEhd A
o2 Z4zte] Ao FFeM ZAAS A Aol B3 FA Hol A4S B
Z & g UAe B FEA 558 H2AdAE BE A F R T
g R F ARG =W Te Pde gl 13l w =
2 34 WseA. etk T,.= 790KdA] x=4%°) 4 Ho gk 800KSE 7|23 =
THA] x=6%9|A] 795K= Z+A s}k,

Fig. 4.31.3& NipsgCusZraTinPd Al -F &332l 2j&aje] DTA 45 yehd
Aolth. x=2%% FF FHE 1358KZ Wl =how x=4, 6%lM Zt7}
1284K, 1278KE 71234t

kY
L2
-
a1
O
2
o
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Nig5CugZry Tiyg

Nis;Cu;Zry, Tiy Pd,

Exothermic —

Nig,Cu52rqTiyPd, ¥
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Temperature (K)

900 1000

Fig. 4.3.1.2. DSC curves of melt spun Niss-0CusZrspTiioPdy alloy ribbons

NigsCusZrsg Tigg

Nig;CusZry, Tiy Pd,

Nig,CusZry, Tiy Pd,

NiygCus2rsy iy Pdg

Exothermic —

1000 1100 1200 1300 1400 1500

Temperature (K)

Fig. 4.3.1.3. DTA curves of melt spun Niss-0CusZrseTiioPdy alloy ribbons
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NiEsCusZrTigPd Al H&-8L 29 T, Ty, ATy, Tm B TyE et
Table 4.3.1.1° YER AT

Table 4.3.1.1. Alloy composition and charactertics of melt spun

Ni5-0CusZrsoTi10Pdy alloy ribbons

(unit : K)
Composition Ty Tx ATx T Mg
NissCusZrsoTiio 780 822 42 1293 0.603
Nis3sCusZrapTioPd2 759 790 43 1358 0.558
Nis1CusZraoTiioPds 758 800 54 1284 0.590
NigCusZraoTioPde 760 795 35 1278 0.594
B GFANA ATE x=2 4%°4 Z+7+ 43K, 54KE =2 7S dehuion,

x=6%NA = 35KZ 1 o] ko, NisCussZrsTiPdsolA wl$- =& 54KE
71538t Tpe Pdol &&Fo]l S7Hekdl wet 0558904 0.5947H4] <5 o

0
H, x=6%N A 05UZ 717 =2 &S GJERAT. x=2%< A5, AT} 52 g
O 2 YEgOo, Tol ¢ =2 23 Tt dzos Sopxls & & o
x=6%2] ZFoll= Twol 7HE Skom AHiHo s Tezk wob 7HE w2 Ted
ol A

05942 7123t o), S5k A A 34500 7]FEo) 0.6000] 7] W&
=2

i)
ot
X,
olr
flo
H
R
o]
Al
rlo
2
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43.2 Ni(1o.x)CU5oZr30Ti1ode7q] ?}T—:"(x=0~6%)

Fig. 4.3.2.1& NigoCusoZrsoTioPd Al H5-8 242 XA 3 sjdS o
et ztzhe] Aol F458a 2lEolA 40°9 diffuse haloS Al¢ldtae 273
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Fig. 4.3.2.2. DSC curves of melt spun.Nigo-xvCusoZrsoTiioPdy alloy ribbons
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Fig. 4.3.2.3. DTA curves of melt spun Nigo-»CusoZrsoTiioPdy alloy ribbons
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Table 4.3.2.19] YeERJAT-

Table 4.3.1.1. Alloy composition and charactertics of melt spun

Niqo-0CusoZrseTioPdyx alloy ribbons

(unit : K)
Composition Ty Tx ATx T Mg
Ni10CusoZr3oTi10 728 771 43 1209 0.602
NigCusoZrapTioPd2 725 781 56 1205 0.601
NisCusoZrapTiioPda 725 779 54 1202 0.603
NisCusoZrapTioPde 723 774 &7 1201 0.602
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5. d&
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