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Abstract

Thermodynamic assessments of the Ni—Zr and the Cu—Zr binary systems were carried out using thermodynamic properties obtained in a wide
range of temperatures. The associated solution model was applied to describe the short range ordering in the liquid. The critical cooling rates for
the glass formation were estimated from the optimized parameter set, and compared with experimental data. In both the Cu—Zr and the Ni—Zr
systems, the minimum critical cooling rate was found in alloys with compositions around 35 at.% Zr. Smaller critical cooling rates in the Cu—Zr
system than those in the Ni—Zr alloys suggest that Cu—Zr alloys have higher GFA than Ni—Zr alloys.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The bulk metallic glasses have been found in various alloy
systems [1]. It has been investigated intensively in recent years,
in order to improve glass forming ability (GFA) of those glassy
alloys and to explore alloys with higher GFA. Variety of bulk
glassy alloy systems with high GFA has been found since the late
1980s. The GFA has usually been discussed by the following
indicators: undercooled liquid range, reduced glass transition
temperature, the critical cooling rate, and the driving force for
the crystallization from the undercooled liquid. Those indicators
have been evaluated from experiments and from thermodynamic
calculations [2].

The CALPHAD method has been widely employed in
research on the phase diagrams of various alloy systems [3,4].
Accumulation of thermodynamic data and compilation of ther-
modynamic databases have enabled various kinds of thermody-
namic analyses. Using those thermodynamic databases, several
attempts have been made to estimate the GFA such as the driving
force for crystallization from the undercooled liquid, and the crit-
ical cooling rate for the amorphous formation [5-7]. Recently,
the authors have shown in the Cu—Zr binary systems [8] that
those thermodynamic properties at low temperatures, which are
missing in previous assessments of those binary systems [9—11],
are indispensable for accurate estimation of the driving forces
and the critical cooling rates.
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In the present study, the liquid phase in the Ni—Zr and the
Cu—Zr binary systems has been assessed using thermodynamic
properties obtained in a wide range of temperatures by means
of the CALPHAD method. Then, the driving force for the crys-
tallization from the undercooled liquid, and the critical cooling
rates for the glass formation were estimated, and compared with
the experimental data.

2. Thermodynamic models

In the present study, the associated solution model was
adopted for describing the effect of short range ordering in
the liquid, and an associate CuyZr; in the Cu—Zr binary sys-
tem, and an associate NipZr; in the Ni—Zr binary system were
assumed.

In a liquid X—Zr (X =Cu or Ni) binary alloy, it assumed that
nx,zr, moles of the associate X,Zry, is in equilibrium with the
nx and nz; moles of free X and Zr atoms, respectively. The
excess Gibbs free energy of mixing, G2, is given by
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. Te, e,
n = nx + nz; + nx,zr, , respectively. Gx,gxzzn’ GngZrl,Zr’ and
G;?ng are the Gibbs free energies due to the interactions among
components given by the Redrich—Kister polynomials as
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where L} j are an interaction parameters between components i
and j, and were fitted to experimental data.

For the glass transition, the thermodynamic model proposed
by Shao [12] has an advantage that the glass transition temper-
ature can be fitted directly to experimental data and thus was
adopted in the present assessment. In his model, the glass tran-
sition is treated as a second order transition with Hillert-Jarl
functions [13]. The Gibbs free energy change due to the glass
transition is presented in the following equations:

AGEA™ — _RT, In(1 + @) f(7), )

where 7, o, and f(t) are temperature normalized by the glass
transition temperature T,, a factor due to the amorphization,
and Hillert-Jarl function, respectively. a and T, are composition
dependent and, for the X—Zr binary liquid, are given by following
equations:
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where o, ng" Ag’, and §2;, are constants.

In the Ni—Zr and the Cu—Zr systems, the Gibbs free energies
of the intermetallic compounds have been well determined by
Zaitsev et al. [14,15]. Thus, in the present study, the thermody-
namic assessment of the liquid phase was carried out keeping
these Gibbs free energies of the intermetallic phases fixed in the
assessment. The parameters in Eqs. (1)—(4) were fitted to exper-
imental data such as enthalpy of mixing in the liquid, formation
enthalpy of amorphous, heat capacity, and latent heat for crys-
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Table 1
Optimized thermodynamic parameters for the liquid in the Cu—Zr and the Ni-Zr
systems (G and L in J/mol, and 7 and §2 in K)

GRiyze, = — 72000 + 20T Gz, = —38110+16.7T
LY 7 = —170700 + 13.4T L, 7. = —61890 + 16.2T

Ly 7 = —90000 + 40T LY, Cuyze, = —96100 + 72.4T
LR Niyze, = —295000 + 180T L, 70, 20 = —177800 + 134.4T
LY, 76, 70 = —278000 4 73T

T3 = 1035 anj=2.416"

TH = 444 oz =3.306"

T =795 acy =2.183"

TgCungl =620 Acuyzr; = 16.6

Tya?n = 855 Nz, = 32

25 =0 A =15

257 =0 ATV =224

QCuCnZr — 628 ANENZr — 58

QA =380 ANREE = 58

QNNZn = 290 ASwCwZnt = _57.58
QNZr2r = 510 Q§UZnZr = —20.23

Parameters with an asterisk are taken from Shao [12].

tallization, using Parrot module in the Thermo-Calc software
package.

3. Results and discussions
3.1. The driving force for the crystallization

A phase having the largest driving force is expected to form
as the primary crystalline phase at the crystallization tempera-
ture. Therefore, the driving force seems to be a candidate of the
indicator to show the GFA. Using the obtained parameter set for
the liquid listed in Table 1, the driving forces for the crystal-
lization in the Cu—Zr, and in the Ni—Zr systems at 800 K, were
calculated, and shown in Fig. 1(a and b), respectively.
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Fig. 1. Driving force for crystallization of the crystalline phases from the undercooled liquid at 800 K along with the experimental GFR (a) in the Ni—Zr system, and

(b) in the Cu—Zr system.



154 T. Abe et al. / Journal of Alloys and Compounds 434—435 (2007) 152-155

1010
v o[ :
o 1051 .
g J
‘(E - _
o - _
£
= i 4
8 100h .
g [ ® 130]
I5) ‘ e [31] ]
B Ni-Zr —This work |
10'5 l 1 [ 1
0 0.2 0.4 06 0.8 10
(a) Mole fraction of Zr

1010 T T T T
= . 4
X o 4
of 105f i
E" — -
S - -
o - -
£
6 ~ -
8 100 .
© - 4
8 i a [32] |
o A [33] i
Cu-Zr — This work |
10% 1 1 1 1
0 0.2 0.4 0.6 0.8 10
ole fraction of Zr
(b) Mole fract f Z

Fig. 2. The calculated critical cooling rates along with the experimental data (a) in the Ni—Zr system and (b) in the Cu—Zr system.

Experimental glass forming ranges (GFR) [16—19] in those
binary systems are shown in the figures as well. In the Ni—Zr
system, the GFR by Dong et al. [17] reported that the amorphous
does not form at around the 50 at.% Zr, where the relatively low
GFA is expected from the high driving force for the formation of
the NiZr compound. The experimental GFR in the both Ni—Zr
and Cu—Zr systems agree well with the composition ranges of
the smaller driving forces for the crystallization as shown in
Fig. 1(a and b).

It has been experimentally observed that the Cu—Zr alloys
[20] show the distinct glass transition on the DSC heating curve,
while it is difficult to observe it in the Ni—Zr alloys. The driving
forces in the Ni—Zr alloys are higher than those in the Cu—Zr
alloys almost all compositions, suggesting that the Cu—Zr alloys
have higher GFA than the Ni—Zr alloys.

3.2. The critical cooling rate for the glass formation

Several attempts have been made to estimate the
Time—Temperature-Transformation (T.T.T.) curve for the crys-
tallization [5,21-24]. According to Saunders and Miodownik
[5], the time, #, necessary to form the volume fraction of X, is
given by the Johnson—-Mehl-Avrami equation as

. 44.37] r(9)Xv CXP(G*/kT) ! (5)
T kT | 3N [ —exp(—Gm/RDPE [

where rq, f, Ny, 1, G', and Gy are an atomic radius, a structural
constant, the number of atoms per unit volume, the viscosity, the
free energy barrier for the nucleation, and the driving force of
the crystallization from the liquid, respectively. The thermody-
namic factors, G" and G, were estimated from the optimized
parameter set. The free energy barrier for the nucleation is given
by the term oy, is the solid—liquid interfacial energy, and has
been related to the molar heat of fusion,
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Hlfn, such that oy, = ozerfn, where oy, was empirically eval-

uated to be approximately 0.41 [5]. For the viscosity of the

undercooled liquid, the Vogel-Fulcher equation was applied,
coefficients in the equation were fitted to reproduce experimen-
tal data [25-27].

Fig. 2(a and b) show the critical cooling rates for the
Ni—Zr and the Cu—Zr alloys as a function of Zr. The mini-
mum critical cooling rate found at 35at.% Zr in the Cu—Zr
system, and at 35at.% Zr in the Ni—Zr systems suggests that
those alloys have higher GFA than alloys with other composi-
tions.

According to the results of the molecular dynamic (MD) sim-
ulations [28,29], for the case of an A—B binary liquid where an A
atomis 20% smaller in radius than that of a B atom, the maximum
packing density in the undercooled liquid is obtained at around
35 at.% B. They have found that the higher packing density gives
the higher coordination number and the lower atomic mobility,
and thus results in the lower internal energy and the higher kine-
matical stability of the system. Here in the present case, the
driving force for the nucleation decreases with decreasing the
free energy of the undercooled liquid because the stoichiometric
compound forms in the crystallization. The atomic radius of Zr
is 20% and 18% larger than tat of Cu and Ni, respectively. Thus,
their results explain very well the present calculations that the
highest glass forming abilities are expected at around 35 at.% Zr
for both systems.

Since the critical cooling rates in the Ni—Zr system are much
faster than those in the Cu—Zr systems, the GFA of Cu—Zr alloys
is higher than that of Ni—Zr alloys as observed in the experi-
ments [20]. The reason for the lower GFA of Ni—Zr alloys is
explained as follows. The parameters, viscosity, the interfacial
energy, and the driving force in Eq. (5) depend on alloy sys-
tems. The estimated solid-liquid interfacial energies the Ni—Zr
system are larger than those in the Cu—Zr system by a factor of
2, and this leads to the slower critical cooling rates in the Ni—Zr
system. However, the critical cooling rates in the Ni—Zr system
are much faster than those in the Cu—Zr system. For the viscos-
ity, according to the experimental data [25-27], the difference
in those binary systems is small. Thus, it can be concluded that
the higher driving forces in the Ni—Zr alloys than those in the
Cu—Zr alloys, as shown in Fig. 1(a and b), are responsible for
the lower GFA of Ni—Zr alloys.
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In the present case, although the thermodynamic properties
at low temperatures were properly taken into account, the criti-
cal cooling rates estimated in the present assessment are slower
than those experimental data [30-33]. This suggests that the
crystallization occurs much faster than that expected from the
homogeneous nucleation theory. One of possible explanations
for this large discrepancy would be that the heterogeneous nucle-
ation from the undercooled liquid is dominant where defects,
inclusions, and short range ordered structures such as an icosa-
hedral cluster can be potential heterogeneous nucleation sites.
Thus, for more quantitative discussions, the investigations on
atomic configurations in the undercooled liquids including the
short range ordering and their relations to the nucleation pro-
cesses are needed.

4. Conclusions

The thermodynamic assessments of the liquid in the Ni—Zr
and the Cu—Zr binary systems were carried out. The driving
force and the critical cooling rates for the amorphous formation
were estimated from the assessed Gibbs energy functions of the
liquids.

In both the Cu—Zr and the Ni—Zr systems, the minimum criti-
cal cooling rate was found in alloys with composition of 35 at.%
Zr. The critical cooling rates in the Cu—Zr alloys are smaller
than those in the Ni—Zr alloys, suggesting that Cu—Zr alloys
have higher GFA than Ni—Zr alloys. Comparing to the critical
cooling rates in those two binary systems, it was shown that the
GFA of Cu—Zr alloys are higher than that of Ni—Zr alloys.
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