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[ Abstract] The thermodynamic model of multicomponent chemical short range order (M CSRO) was established in or-
der to evaluate the glass forming ability (GFA) of ternary alloys. Comprehensive numerical calculations using MSCRO
software were conducted to obtain the composition dependence of the MCSRO undercooling in Zr- Nt Cu, Zr-StCu and Pd
St Cu ternary systems. By the MCSRO undercooling principle, the composition range of Zr- Nt Cu system with optimum
GFA is determined to be 62. 5~ 75Zr, 5~ 20Cu, 12.5~ 25Ni (n(Ni)/ n(Cu)= 1~ 5). The TTT curves of Zrr Nt Cu
system were also calculated based on the MCSRO model. The critical cooling rates for Zr-based alloy with deep MSCRO
undercooling are estimated to be as low as 100K/s, which is consistent with the practical cooling rate in the preparation of
Zrbased bulk metallic glass (BMG) . The calculation also illustrates that the easy glass forming systems such as Pdbased
alloys exhibit an extraordinary deep MCSRO undercooling. It is shown that the thermodynamic model of MCSRO pro-
vides an effective method for the alloy designing of BMG.
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1 INTRODUCTION

Great advancement has been achieved in prepar-
ing bulk metallic glass ( BMG) by alloy designing
since 1990s. Zrbased ?', Trbased **, Febased®
and Pd-based BMGs!'® have been successfully fabri-
cated with the ordinary casting, suck casting and oth-
er conventional methods at the cooling rate lower than
100 K/s. Tt is shown that all the BM Gs are composed
of more than three components. Some BM Gs such as
Cog7Cr3Fe3AlsGarPisB4sC even contain eight compo-
nents. Therefore, how to select the kind and the
amount of components is very important in the devel
opment of BMG. Theoretical models should then be
established to direct the composition designing. So far
as present, the alloy designing of BM G is usually con-
ducted according to the following rules: 1) the re
duced glass transition temperature proposed by M ar
cust'(T o/ T\, T, is the glass transition temperature
and T, is the melting point). For most BMGs, T,/
T, ratio is usually larger than 0.56; 2) the eutectic

rule proposed by Donald et al'®, which is considered
that the alloy with the composition near the eutectic
point is easy to form amorphous; 3) the empirical
rules proposed by Inoue!” that multicomponent alloy
systems consist of more than three elements; signifi-
cant atomic size differences are above 12% among the
constituent elements; and mixing heat among the
constituent elements is negative. Although the above
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rules are proved to be valid for most BMGs, their
foresight in the predication of GFA is not good e
nough. The “trial error” is still the popular method in
composition designing of BM Gs.

From the view point of crystallization, the forma-
tion of BMG is practically a continuous cooling pro-
cess at the temperature lower than melting point in
which the nucleation is impeded and undercooled liq-
uid is kept in the chaotic state. Thermodynamically,
this means that great undercooling should be needed
to produce homogenuous nucleation. Kinetically, the
diffusion rate of atoms reduces and diffusion distance
increases so that it is difficult to form a homogenuous
nucleation. Therefore, it is reasonable to establish a
theoretical model for the composition designing of
BMG based on the thermodynamic and kinetic char
acteristics of alloys.

In this paper, it is considered that the undercool-
ing caused by the co-existence of multicomponent
chemical short range orders ( MCSROs) is the most
important factor for the formation of BMGs. The
thermodynamic model of M CSRO is established in or-
der to evaluate the glass forming ability (GFA) of the
alloy. Comprehensive numerical calculations using
MSCRO software are conducted to obtain the compo-
sition dependence of the MCSRO undercooling in Zr-
NrCu, ZrSrCu, and PdSrCu ternary systems. The
composition range with optimum GFA is also deter
mined based on the theoretical model and experimen-



Vol.11 Ne5

Thermodynamic model for glass forming ability of ternary metallic glass systems - 685 -

tal results.
2 THEORETICAL FORMULATION

Amorphous alloys are known as short-range or-
dered materials. It is noticeable that metallic glasses
always exhibit strong compound forming tendency
and the corresponding inhomogeneity of the concen
tration resulted from the change of structures' ' 'l
Many investigations indicate that the assumption of
the random distribution of atoms in the metallic melt
disagrees with experimental results. This can only be
reasonably interpreted that MCSROs are present in
the multicomponent liquid. At any moment the M C-
SRO may be changed in composition, ordered state
and volume, but the MCSRO domains are in a statis-
tically dynamic equilibrium with the random dis-
tributed atoms. Therefore the volume fraction and
the stoichiometric composition of MCSRO domain can
be determined at a given temperature and initial con-
centration. It should be pointed out that the model of
coexisted MCSRO domain are simplified. In fact the
lifetime of those MCSRO domains should be longer
than the time necessary for atomic diffusion at that
temperature.

In the above physical model of liquid structure,
the second derivation of the Gibbs energy ( G) with
respect to the molar fraction (x ) satisfies the follow-

f -1
Ing equation

No1| A2 2
1 oG 2 _0°G
2| (Dxi)"+ Ax; Ax;
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> 0 (1)
where N represents the multicompnent number, ¢

and j represent the component ¢ and j.
Now we consider a metallic melt composed of
Ay, Az, .-, Ay component. The base binary system

Ai-A; contains M kinds of MSCO domains, i. e.
A}IAJH, A%IAJM, s 5 A?“AjMz. M | and M ; represent
the composition in A'AM* MCSRO domain. The
substance amout of the domains is noted as
n(A'A%), n(ATAP), o, n(AV'AM?). The
substance amount of free atom is noted as n(AY),

Saale a0t ()

j= i+ 1

Then total amount of substance

n(A), n

n (Ay) are related to the substance

The absolute substance amount,

(A2), -

amount by the following equation.
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The mixing enthalpy and the entropy in regular

melt can be written as follows.
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where  C(A!'A}?) is the formation enthalpy of
AflAfz MCSRO domain, C(AY, AJO) represents the
interaction coefficient between the A; and A; single
atom, C(A), Ai'A}?) is the interaction coefficient
between A, single atom and A;'Af* MCSRO domain,
S(AT'A?) is the additional formation entropy, x; is
the molar fraction of single i atom. x (Af?lAfz) is the
molar fraction of Af'Af> MCSRO domain.

The chemical potential K (i= A% . AflAfz,
--) is expressed as

W= Wyt RTIn(ni/n)+ RTInY (6)

where R is the gas constant, T is the temperature,
Y is the activity coefficient.
The Gibbs free energy of different species deter

mined by the chemical potentials is
N-1

M
D] n(ABAR) acAFAR)] 4

i=1 k=1
j= i+ 1

N N-1 M
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AGU(AT'AS?) = W(ANAP?) - ki W(AY) -
ko O(AY) (7)
The equilibrium value of n(AflAfz) in Eqns.
(6) and (7) is determined by
_OAG
NG
a”(Ai Aj ) T.P,n(A), n(A,), - n(Ay)

Dynamic equilibrium equation of MCSRO is then ob-
tained from Eqgns. (6) and (7)
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where K(Af-clAfz) is the dynamic equilibrium con-
stant of AflAfz M CSRO domains.
The coexistence of MCSROs in the melt may
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result in a reduction of Gibbs free energy and then af-
fect the thermodynamics and kinetics of crystalliza-
tion. When crystalline nuclei form and grow, the co
existed MCSRO near the nucleus is dissolved. Much
more energy must be supplied to decompose the
neighboring MCSRO domains. In addition, the diffu-
sion for the crystallization may become more difficult
because the diffusion distance of the atoms increases.
Therefore, in order to form a critical nucleus, the
melt containing coexisted MCSRO ( noted as MC-
SRO-melt) need larger undercooling in comparison
with single atom ( noted as homo-melt). Therefore it
is reasonable to evaluate the GFA of an alloy by the
difference between the undercooling in M CSRO-melt
and in homo-melt. In this paper, the difference is de-
fined as MCSRO undercooling ( ATy ). The larger
the ATy, the higher the GFA of an alloy is.

The Gibbs energy barrier AG, to the nucleation
of a critical nucleus can be described as

% _1_6 03
= ]
AG, 30 A2 (10
where 0 is molar interfacial energy, AG, is the

Gibbs energy driving force.

When homogeneous nucleation occurs at the
temperatures Ty and Ty in M CSRO-melt and homo-
melt, the Gibbs energy driving forces, AGwy and

AGy, can be expressed respectively as

Ay (Hy= Hyl = PulSe— Su)
= - L”],AJM‘+ (HL- Hy) -
Tu(Si- Su) (11)
AGy = — L“TATH (12)
where H is entlrr;lalpy, S entropy, 7T, melting

point, L ., fusion latent, AT undercooling. L and S
represent liquid and solid, respectively.

Assuming interfacial energy O is not changed,
the MCSRO undercooling for certain critical radius of
nucleus could be estimated:

Hy- Hy)- Ty(S;- S
ATy = (Hi- Hy) - w( Sy, Mle
= (Gu— Gu)/ AS, (13)
It is shown that the MCSRO undercooling is re-
lated to the difference of Gibbs free energy between

the two kinds of melt at Ty and to the entropy of fu-

sion. Larger difference between the Gibbs free energy
of MCSRO melt and homo-melt and smaller entropy
of fusion at T, for the solidification of homo-melt are
favorable to increase M CSRO undercooling. The
Gibbs free energy of homo-melts can be calculated by

the welFknown formulae! ' !

3 EXPERIMENTAL RESULTS AND DISCUSSION

3.1 ZrNi Cu system

On the basis of theoretical model, comprehensive

numerical calculations are carried out for Zr-NiCu
ternary system by using an MSCRO software. The
basic thermodynamic properties of all elements are
given. In ZrNrCu system, the prevailing MSCRO
domains possess the following stoichiometric composi-
tion: Zr;Ni and Zr,Cu. The Gibbs free energy of
Zr;Ni and Zr,Cu is given in Ref. [ 16, 17]. Experr
mental data of the mixing enthalpy of the three binary
system were obtained by Witusiewicz et all'* ', The
dynamic equilibrium coefficients, the formation en-
thalpy parameters and the respective interaction pa-
rameters are calculated to be

C(Zri,Nij)= — 191. 8kJ/ mol,

C(Zr;Ni)= — 77.5k]/ mol,
(ZraNi) = 21.4,
(Zr1, Cup)= — 51kJ/ mol,
(Zr,Cu) = — 36. 8kJ/ mol,
(ZrCu) = 2. 44,
C(Nij, Cuy) = = 13.2kJ/ mol

Fig. 1 shows the effect of Zr content on the mix-
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Fig. 1 Effect of Zr content on mixing enthalpy (a)
and entropy (b) of ZrrNtCu system at 1600K
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ing enthalpy and entropy in the Zr-NrCu ternary sys-
tem. It is indicated that both the mixing enthalpy
and entropy are related to the ratio of n(Cu) to n
(Ni). With decreasing the ratio, the mixing enthalpy
becomes more negative and the value of the molar
fraction of Zr with the minimum mixing enthalpy
moves toward the stoichiometric composition of Zr,N1i
(x(Zr)= 0.67). With increasing the ratio from 0. 05
to 1.0, the mixing entropy increases and the molar
fraction of Zr with maximum entropy decreases. It is
also shown that when the ratio is very low, an addr
tional minimum value occurs in the entropy curve.
The minimum entropy corresponds to the Zr mole
fraction of 0. 67. This means that the mixing entropy
of the melt is reduced due to the formation of large
amount of MCSRO domains. These results illustrate
that both the mixing enthalpy and entropy are related
to the formation of the MCSRO domains. Fig. 2 illus-
trates the dependence of the mole fraction of coexisted
Zr;Ni and Zr,Cu MCSRO domains on the alloy com-

position. The mole fractions of MCSRO domains are
0.25

(a) n(Ni}/n(Cu) =10
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n (Zeri)/mol
=
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=
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®
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=
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n(Ni)/n(Cu) =10

0.15 0.30 0.45 0.60 0.75 0.90
x(Zr)

Fig. 2 Effect of Zr content on formation of ZrNi
(a) and Zr;Cu (b) in Zr-NtCu system at 1600K

characterized by parabolic concentration dependence
on the mole fraction of Zr. The mole fraction of Zr
with the maximum substance amount of Zr,Ni or
Zr;Cu MCSRO domains is related to the ratio of n
(Ni) to n(Cu). With increasing the ratio, the sub-
stance amount of Zr,Ni domain increases and the
maximum moves toward higher Zr content, while the
case of Zr,Cu domain is just opposite. However, it
seems that the Zr,Ni MCSRO domain shows higher
stability than the coexisted Zr,Cu domain does. When
n(Ni)/ n(Cu)= 1, the substance amount of Zr;Ni is
much higher than that of coexisted Zr,Cu.

The contour lines of the Gibbs free energy of Zir-
Nt Cu homo-melt at 1 600K are shown in Fig. 3. The
Gibbs free energy of the melt at the Zr, Ni and Cu
rich corner is much higher than that in other zones.
When the melt is composed of 50% Zr, 35% Ni and
15% Cu, the Gibbs free energy of the system reaches
the minimum value. Fig. 4 presents the contour lines
of MCSRO undercooling in the ZrrNtCu isothermal
section at 1 600 K. It is clearly shown that the composr

Fig. 3 Contour lines of Gibbs free energy
of Zr-NtCu homo-melt at 1 600K

0%1.00

0.25 0.75

1.00 y y '
0 0.25 0.50 0.75 1.00

x(Zr)
Fig.4 Contour lines of MCSRO undercooling

in Zrr NrCu system
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tion range with the maximum MCSRO undercooling
is not in agreement with the composition range at
which the Gibbs free energy of the homo-melt reaches
the minimum. According to the MCSRO undercool-
ing principle, the composition with the best GFA is in
the range of 62. 5~ 75, 5~ 20, 12.5~ 25 for Zr, Cu
and Ni respectively ( n(Ni)/ n(Cu)= 1~ 5).

The above calculation results show that the
MCSRO undercooling concept is in consistent with

the Inoue’ s empirical rules' .

It is easily understood
that the negative mixing heat and the rather large dif-
ference in atomic size are favorable in principle to
form chemical compounds as well as intermetallics and
topological close packed phases. This tendency is rea
sonable to extrapolate the formation of the chemical
short-range order in the liquid structure. Many com-
pound-forming constituents in a melt, of course,
should be favorable to form various coexisted M CSRO
domains. In Zr-Nr Cu system, the atomic size differ
ences between Zr and Ni, Zr and Cu, Cu and Ni are
25%, 22% and 3%, respectively, and the mixing
heats of both Zr-Ni and Zr-Cu are negative. The cal-
culation results illustrate that the substance amount of
Zr;Ni MCSRO domain is rather larger than that of
coexisted Zr,Cu M CSRO domain because of the larger
value of the negative formation enthalpy and the in-
teraction parameter.

It is emphasized that the basic MCSRO under
cooling concept requires the co-existence of various
MCSRO domains. It is shown that multicomponent
alloy system is favorable to form coexisted M CSRO
domains. As illustrated in Fig. 4, the MCSRO under-
cooling of the ternary alloy with the composition of
Zr67. 5Nil6. 25Cul6. 25 which contains 0. 125 and
0. 06 ( mole fraction) of ZroNi and Zr,Cu M CSRO
domains respectively, reaches 200K. If only one kind
of MCSRO exists, the melt with the stoichiometric
composition of MCSRO can not form amorphous
state, but crystallize to form an intermetallic com-
pound. Therefore, if the fourth and fifth alloying ele-
ment is added to the Z-rNrCu system, the GFA of
Zr-NtCu alloy will increase due to the increase in the
M CSRO undercooling. For example, there is a strong
tendency to form compounds between Al and Zr, Ni,
Cu. These elements are favorable to form more M C-
SRO  domains.
Slipenyuk et al validate this prediction. They made a
thick ribbon (0.36 mm) of quaternary alloy of
Zr50Ti16. 5Cul5Nil8. 5 with full amorphous struc

ture. Since the effect of T1i is similar to that of Zr in

Recent experimental results of

the reaction with Ni and Cu, the quaternary alloy
could be considered to be similar to the ternary alloy
of Zr66. 5Cul5Nil8. 5. This composition locates in
our predicted optimum composition range of GFA.

In order to further validate the MCSRO princi-
ple, we calculated the TTT curves for Zr-Nt Cu alloys
by combining the calculated thermodynamic parame-

ters based on MCSRO model and the experimental
data of Zrbased alloys'®**1. The TTT curves are
shown in Fig. 5. It is illustrated that with increasing
the MCSRO undercooling, the TTT curves of the al-
loy move toward longer time and lower temperature.
It means that the alloy with larger MCSRO under-
cooling exhibits lower average critical cooling rate.
The lowest critical cooling rate of Zr 70Ni 25Cu5 al-
loy is of the order of 100K/s. This value is identical
to the practical cooling rate for the production of Zr-

based BMG alloys! %

1100
1000} _—
900 F\ { "_ T e T T
1y —-- Zr70Ni25CuS
% ol —=Zr75Ni20.8Cud. 2
= 800 —--Zr65N29. 2CuS. 8
- Zr80NiL6. 7Cu3.3
700} ~— Zt85Nil2.5C2. 5
— Zr60Ni33.3Cu6.7
600 |
500 |

ad e | 1 3 § 7 9 11 13 1§
lg(z/s)

Fig. 5 TTT curves of Zr-Nt Cu alloys based
on MCSRD model

The view point of coexisted MCSRO domains can
also be used to interpret why the alloys near the eu-
tectic composition usually exhibit a higher GFA. As
shown in Eqn. (4), the MCSRO undercooling is e
qual to the ratio of the free energy difference between
MCSRO-melt and homo-melt to fusion entropy. The
alloy system with higher free energy difference be
tween MCSRO-melt and homo-melt and lower fusion
entropy will be favorable to the MCSRO undercool-
ing. In multicomponent system, the alloy composi-
tions near eutectic point may be composed of more
than two coexisted MCSRO domains, which leads to
a more negative Gibbs free energy of liquid or larger
free energy difference between M CSRO-melt and ho-
mo-melt. However, the fusion entropy at the exactly
eutectic composition may be not the smallest. T here-
fore, it is the composition near eutectic point, but not
the exact eutectic composition, could exhibit larger

GFA.

3.2 PdSi Cu system

It is experimentally proved that Pd-based alloys
are easy to form metallic glass. the MCSRO under
cooling of PdSrCu system are calculated. The pre-
dominant MCSRO domains in the melt are selected to
be Pd,Si, CupPd and CusSi. The Gibbs free energies
of these three domains are given in Ref. [ 13, 22, 23].
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Experimental data of the mixing enthalpy of the three
binary system are given in Ref. [ 24, 25]. The dy-
namic equilibrium coefficients, the formation en-
thalpy parameters and the respective interaction pa-
rameters are calculated to be

C(Pd;, PdySi)= — 75kJ/ mol,

C(Pd,Si) = - 221 kJ/ mol,
(PdsSi)= 1364;
(Cuy, CusSi) = — 10k]J/ mol,
(CusSi)= - 75.2k]J/ mol,
(CusSi) = 38.2;
(Cui, Pdy) = - 30kJ/ mol,
(Cu2Pd) = - 78. 5kJ/ mol,

K(CusSi)= 4

Fig. 6 shows the relationship between the
M CSRO undercooling and the concentration of Zr at
various ratio of n(Cu)/ n(Si). By compared Fig. 6
with Fig. 5, it is shown that the MCSRO undercool-
ing for the PdSrCu system is extraordinary large
(> 500K), which leads to a larger GFA. The exper
imental results generally prove that the GFA of Pd
based alloy is better than that of Zr-based alloy. For
example, the lowest critical cooling rate of
Pd40CuzoNijoP20 BMG can be as low as 0. 10K/ s and
the thickness of the BMG sample can be as large as
72mm. Fig. 7 presents the contour lines of MCSRO
undercooling in the Pd-StCu isothermal section. It is
clearly shown that the MCSRO undercooling of Pd-
SrCu in the composition range of 0.45~ 0. 65Pd,
0.25~ 0.358i, 0.1~ 0.3Cu is larger than 150K.
This value is much larger than that of Zr-NrCu sys-
tem. Therefore, it is shown that the MCSRO under-
cooling principle is valid to evaluate GFA of an alloy.
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Fig. 6 Undercooling caused by
MCSRO in PdSrCu system at 1600K

4 CONCLUSIONS
1) A new thermodynamic model to evaluate

GFA based on the concept of MCSRO undercooling is
proposed. It is considered that coexistence of MCSRO

1.00

Y ’ , 0
0 0.25 0.50 0.75 1.00

Fig.7 Contour lines of MCSRO undercooling
in PdSrCu systems

domains affects the thermodynamics and kinetics of
homogenuous nucleation. The coexisted MCSRO do-
mains are favorable to form amorphous alloys. The
larger the M CSRO undercooling, the better the GFA
of an alloy.

2) A simplified model of MCSRO is established
to calculate the thermodynamic parameters as well as
the MCSRO undercooling. The calculation indicates
that the optimum glass forming composition of
Zr-Nt Cu system is in the range of 62. 5~ 75Zr, 5~
20Cu, 12.5~ 25Ni, (n(Ni)/ n(Cu)= 1~ 5). This
result is in general consistent with the published ex-
perimental results.

3) The MCSRO principle is in accordance with
the welkFknown empirical rules. Negative mixing
heats, significant atomic size difference of con-
stituents as well as multi component in an alloy are fa-
vorable to form coexisted MCSRO domains and to in-
tensify the MCSRO undercooling. The composition
near eutectic point is favorable to form various M C-
SRO domains in the liquid and produce deep M CSRO
undercooling.

4) The MCSRO undercooling principle is also
validated by comparison the welkFknown easy glass
forming system such as Pd-based alloys with ZrNr
Cu system. The PdSrCu system exhibits extraordi
nary MCSRO undercooling (500K) in the range of
0.5~ 0.77Zx.

[ REFERENCES]

[1] Inoue A, Zhang T, Takeuchi. Ferrous and nonferrous
bulk amorphous alloys [ J]. Mater Sci Froum, 1998, 269
- 272: 855- 864.

[2] Busch R, Kim Y J, Johnson W L. Thermodynamics and
kinetics of the undercooling liquid and the glass transition
of the Zryi 2 Ti13.8 Cuin. s NijgBexn s[J]. J Appl Phys,
1995, 77(8): 4039- 4043.

[3] Lin X H, Johnson W L. Formation of TrZr Cu Ni bulk
metallic glass [J]. J Appl Phys, 1995, 77(11): 6515-



- 690 Trans. Nonferrous Met. Soc. China Oct. 2001
6519. application to ternary metallic systems [ J]. Z Metallkd,
[4] Zhang T, Inoue A. Preparation of TrCu Nt SrB amor 1993, 84(3): 185- 191.

[ 12]

[ 13]

[ 14]

[ 15]

phous alloys with a large supercooled liquid region [ J].
Mater Trans JIM, 1999, 40(4): 301- 306.
Inoue A, Takeuchi A, Zhang T. Ferromagnetic bulk

amorphous alloys [ J]. Metall Mater Trans A, 1998,
29A(7): 1779- 1793.

Nishiyama N, Inoue A. Flux treated PdCu NrP amor-
phous alloy having low critical cooling rate [ J]. Mater

Trans JIM, 1997, 38(5): 464- 472.

Marcus M, Turnbull D. On the correlation between
glass-forming tendency and liquids temperature in metallic
alloys [ J]. Mater Sci Eng, 1976, 23: 211- 214.
Donald I W, Davis H A. Predication of glass-forming a-
bility for metallic systems [ J]. J Noncryst Solids, 1978,
30: 77- 89.

Inoue A. Stabilization of metallic supercooled liquid and
bulk amorphous alloys [J]. Acta Mater, 2000, 48: 278
- 306.

Greer A L. Metallic glasses [J].
(3): 1947- 1953.

Yassin A, Castanet R. Investigation of the short-range

1995, 267

Science,

order in AurTe melts [ J].
1998, 281: 237- 240.
Bouhajib A, Nadiri A, Yacoubi A et al. Investigation of
the short-range order in the CaSb melts [ J]. J Alloys
and Compounds, 1999, 287: 167- 169.

Arpshofen I, Pool J M, Sommer F, et al. Determina-

J Alloys and Compounds,

tion of the integral mixing enthalpies in the Cu PdSi
liquid ternary alloy system at 1600K [J]. Z Metallkd,
1983, 74(3): HI.

Lupis C H P. Chemical Thermodynamics of Materials
[M]. New York: Elsevier Science Publishing Co.,
1983. 120- 135.

Desre P J, Ttami T, Ansara I. A statistical Thermody-

namic approach of the stability of liquid mixtures and its

[23]

[ 24]

Zeng K J, HamARinen M, Lukas H L. A new thermo-
dynamic description of the CurZr system [ J]. ] Phase
Equilibria, 1994, 15(6): 577.

Witusiewicz V, Arpshofen I, Sommer F Z. Thermody-
namics of liquid CurSi and Cur Zr alloys [ J]. Metallkde,
1997, 88(11): 866- 872.

Witusiewicz V, Sommer F. Enthalpy of mixing of liquid
NiZr and Cu Nt Zr alloys [ J]. Metall Trans B, 2000,
31B(4), 277- 284.

Witusiewicz V, Stolz U K, Arpshofen I, et al. Ther
modynamics of AFCuwZr alloys [ J]. Z Metallkde,
1998, 89(10): 704- 713.

HE Guo, BIAN Zan, CHEN Guo liang. Kinetics study
of formation of bulk glass state Zrsy sNijg 6AligCuy7.9T1is
alloy [ J]. Trans Nonferrous Met Soc China, 1999, 9
(2): 273- 2717.

Tanner L E, Ray R. Metallic glass formation and prop-
erties in Zr and Ti alloyed with Be [ J]. Acta Metall,
1979, 27: 1727- 1747.

Sommmer F. Association model for the description of
the thermodynamic functions of liquid alloys [ J]. Z
Metallkde, 1982, 73: 72— 86.

Massalski T B, Kim Y W, Vassamillet L. F. Search for
the most stable PdSt Cu metallic glass using the phase
Mater Sci Eng, 1981, 47: 1- 11.
Arpshofen I, Pool M J, Gerling U, et al. Bestimmung

diagram [J].

der mischungdenthalpien im system Palladiunr Silicium
bei 1600K [J]. Z Metallkde, 1981, 72(HI11): 776-
781.

Arpshofen I, Pool M J, Gerling U,

mentelle Bestimmung der

et al. Experr
intergralen mischungden-
thalpien inbinaren systemen Pd-Cu und St Cu bei 1 600K
[J]. Z Metallkde, 1981, 72(H12): 845.

(Edited by YANG Bing)



