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Abstract: Zr—Al-Ni—Cu bulk metallic glasses (BMGs) were developed and their fragility parameters (m) were calculated by
Arrhenius and Vogel-Fulcher—Tammann (VFT) equations. The results show that the m values of the Zr—AIl-Ni—Cu BMGs derived
by Arrhenius equation are in agreement with the corresponding m values derived by VFT equation. These Zr—Al-Ni—Cu BMGs
characterize in low m values. The low m values for these BMGs would be due to their network microstructures. In addition, the m
values of Zr—Al-Cu—Ni BMGs could be obtained by regulating Zr content. The composition of Zr—Al-Cu—Ni BMGs with the
lowest m value would be near 54%Zr (mole fraction) because the m value about 13 of Zrs;Al;3CugNijs BMG is the lowest among

these Zr—Al-Ni—Cu BMGs developed.
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1 Introduction

Up to now, many kinds of bulk metallic glasses
have been developed including Mg-, La-, Zr-, Ti-, Cu-,
Nd-, Fe-, Pr-, Pd-, Ce-, Ca-, and other rare earth-based
[1-5]. Among them, Zr-based bulk metallic glasses can
be produced by the conventional casting process, leading
to successful applications as sporting goods, surgical
instruments and electronic devices. The applications of
metallic glasses require high stability in various
environments in order to ensure an acceptable lifetime.
The metallic glasses are metastable materials. With
increase of temperature, such non-crystalline systems
transform into crystalline state in course of time. From
the technological application point of view, the thermal
stability of the metallic glasses is of considerable
importance. The fragility parameter m can be used to
estimate the thermal stability and/or glass forming ability
(GFA) of metallic glass. In addition, the m has been used
to segregate glass forming materials into three general
categories: strong, intermediate and fragile liquids [6,7].
For strong liquids, m is less than 30 with a lower limit of
about 16. For example, the rigid tetrahedral network
oxides SiO, and GeO, have m value of 20 at glass

transition temperature 7, [7]. In contrast, fragile liquids
such as polymers and ionic melts which have thermally
sensitive structures that can be easily disrupted by small
increase in temperature display large values of m>100. In
the case of metallic glasses, a previous compilation of
the m for a range of ternary and higher-order alloys
indicated an intermediate fragility strength where
30<m<70 [8], such as Zr- (m=34-39), Fe- (m=34), and
Pd-based (m=41) BMGs [9]. However, ZHANG et al [3]
found that the m value of CegNijgAl;(Cuyg BMG was 21,
which was the lowest m value for metallic glasses. Then,
could other BMGs with lower m value than 21 be
developed?

In the present work, a family of BMGs consisting of
conventional metallic components Zr, Al, Ni, and Cu was
obtained. =~ Through  compositional  modification,
Zr—Al-Ni—Cu ternary BMGs with relative low m values,
even lower than 16 were developed.

2 Experimental

2.1 Composition design

CHEN et al [10] noticed that the known amorphous
phases in Zr—Al-Ni, Zr—Al-Cu, and Zr—Al-Ni—Cu
systems all have e/a=Y C;E; (C; and E; are atomic fraction
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and conduction electron concentration of the ith element,
respectively) ratios in the range of 1.3—1.5 close to the
value of 1.4 of Inoue alloy and average atomic radius
R.=Y CiR; (R; is atomic radius of the ith element) in the
range of 0.1487-0.1533 nm close to 0.1496 nm of Inoue
alloy. They determined that the conduction electron
concentrations for Zr, Al, Ni and Cu are 1.5, 3, 0, and
1.0, respectively. Then a group of Zr—Al-Ni—Cu glass
forming alloys was designed by e/a=1.4, R,=0.1496 nm,
and Y C~=1 by adding a suitable cluster. However, it is
difficult for selecting a suitable
multi-component alloys. A large quantity of direct and
indirect evidence [11-16] topological and
chemical short-range order (SRO) in amorphous alloy.
Compositional difference, even minor addition can
change the magnitude, type and distribution of SRO
[14,15], which influences the relaxation, diffusion and
rearrangement of atoms, resulting in the change of GFA
and thermal stability of glass forming alloys [16]. In
addition, better GFA and thermal stability of glass
forming alloy are achieved for the rationalization of the
combination of the magnitude, type and distribution of
SRO [16]. The microstructure of metallic glass inherits
from the melt. The magnitude, category, and stability of
SRO are related with the binding force among atoms. It
is well known that the melting heat AH,, can be used to
characterize the binding force. In addition, we found that
the Zr—Al-Ni—Cu system had optimum GFA when the
melting heat AH =Y C:AH,; (AH,,; is the melting heat of
the ith element) was near 19.7146 kJ/mol [17]. A group
of Zr—Al-Ni—Cu glass forming alloys is designed by
merging the AH,, condition with three afore-mentioned
conditions. It must be noticed that the AH,, constraint
condition is not strong but weak. If the AH,, constraint
condition is strong, the composition is unique. On the
other hand, if the AH,, constraint condition is weak, there
are many finite compositions satisfying with four
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conditions. The constraint conditions for Zr—Al-Ni—Cu
glass forming alloys are: e/a=1.38, d,=0.1500 nm and
AH,~19 kJ/mol for Zrs;Alj3CusNis; e/a=1.38,
d,=0.1486 nm and AH,=19.7 klJ/mol for other
Zr—Al-Ni—Cu alloys. The detailed compositions for
Zr—Al-Ni—Cu alloys are listed in Tablel.

2.2 Experimental procedures

Pre-alloyed Zr—AIl-Ni—Cu ingots with nominal
compositions (mole fraction, %), as shown in Table 1,
were prepared by arc melting of the pure elements: Zr
(99.99%), Ni (99.99%), Cu (99.99%), and Al (99.99%)
under a Ti-gettered argon atmosphere. The ingots were
remelted five times in order to obtain homogeneity and
finally cylindrical rods with 2 mm in diameter were
prepared from the pre-alloyed ingots by suction casting
into a water-cooled copper mould.

2.3 Testing methods

The structure of the samples was
characterized by X-ray diffraction (XRD) using an
XD-3Adiffractometer with Cu K, and transmission
electron microscopy (TEM) using a JEM2000EX
instrument operated at 160 kV, respectively. The
microstructure was investigated by an SIRION scanning
electronic microscope (SEM) operated at 20 kV. The
energy dispersive spectrometry (EDS) system was
combined with the TEM. The microhardness was
performed using an HVI-10A microhardness tester
under a load of 1.47 kN for a dwell time of 30 s. Thermal
analysis was carried out using DSC—404C differential
scanning calorimeter at heating rates of 0.25, 0.33, 0.5
and 0.67 ks, respectively.

as-cast

3 Results and discussion

Figure 1 shows that these glass forming alloys can

Table 1 Glass transition temperature 7, undercooled liquid region AT, fragility parameters m, and m, for Zr-based metallic glasses

Metallic glass - 71Tg/K - - AT, /K My my
0.25 ks 0.33 ks 0.5 ks 0.67 ks
ZrgsAlg 7Cu14 aNij 647.0 648.0 652.7 655.3 69.9 301 352
ZrgsAly1Cuyy 7Ni 4 657.9 662.8 668.5 672.0 60.8 20.3 18.3
Zrg3.5Al107Cuy07Niys 653.5 658.6 667.1 669.6 71.9 16.7 17.2
Zrgy5Al15.1Cuy 9sNij7.45 668.9 672.5 679.1 688.8 68.9 13.6 23.5
ZrsyAl;CuysNiy3 660.6 661.8 669.3 674.7 75.5 17.8 25.8
Zrg15Al197Cuy3 65Ni14.15 664.2 670.1 675.2 681.1 67.4 16.7 15.8
Zrgo.5AL12 1CU 10 05Ni 16 45 681.4 685.2 688.3 692.3 70.1 270 264
Zrs4Al;3CugNiys 700.6 709.2 717.2 720.3 71.0 14.1 12.9
Zr4;Ti4NiCuyz5Bess s 57 [18,19] 39 [20]
ZrgsCuy75NijpAly s 79.1[21,22] 35 [23]
ZresAloNijoCuys 79.5 [5,24] 35[5]
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be cast into entirely glassy rods with diameter of 2 mm
without any apparent crystalline Bragg peaks. Clear glass
transitions and sharp crystallization events are observed
in the DSC traces (Fig. 2), confirming the glassy nature
of these BMGs. The thermal parameters are also
summarized in Table 1.
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Fig. 1 XRD patterns for Zr—Al-Ni—Cu glass forming alloys:
(@) ZrsyAlj3CuigNiss; (b) ZrgosAlin1CuigosNijgas; (€) Zrgys-
Alyo7Cuy365Nifg1s; (d) ZrepAljgCuysNiys; (€) ZrgysAliz 1 Cuyos-
Nij74s; () ZrgzsAljosCuiosNiss; () ZreaAlyg1CuyysNis;
(h) ZrgsAlg ,Cuy44Nijy o
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Fig. 2 DSC curves for Zr—Al-Ni—Cu glass forming alloys:

(@) ZrsyAlj3CuigNigs; (b) ZrgosAlin1CuigosNijgas; (€) Zrgys-

Alyo7Cuy365Nig15; (d) ZrepAljgCuysNips; (€) ZrgysAln1Cuygs-

Niygas; () ZrezsAlio7CuiosNigsy; (g) ZrggAlyg,CuyysNijgo;

(h) ZrgsAlg 7Cuy44Nijy o

For glass forming liquids, the temperature
dependence of 7 on the temperature intervals between T},
and T, can be described by the Vogel-Fulcher—Tammann
(VFT) equation [25]:

B
n=noeXp(T_Tj )
0

where 79, B and T, are fitting parameters and T is the
temperature. Often over a narrower temperature range,

especially near T,, #(7) can also be approximated very
well by an Arrhenius equation where 7;=0 in Eq. (1), and
is given by

n=mex [%j @
where E, is an activation energy and R is the gas mole
constant.

For some liquids, such as SiO, and GeO, which
have a three-dimensional tetrahedral network structure,
the Arrhenius law can be used to fit #(7) over the entire
temperature range between Ty, and 7, [26]. All other
glass forming liquids exhibit varying degrees of
departure from Arrhenius behavior. Strong liquids are
those with an Arrhenius temperature dependent of the
viscosity, while fragile liquids are more sensitive to
thermal changes and display large deviations from
Arrhenius behavior. In order to quantify the fragility (the
degree of departure from an Arrhenius temperature
dependence), BOHMER et al [6,27] introduced a
fragility parameter m defined as

dlgrm

= 3
m d]é/T |TJg (3)

where 7(7) is relaxation time. Since the viscosity is
proportional to a structural relaxation time, m can be
estimated by replacing «(7) with #(7) in Eq. (3). The
fragility parameter m is then a measure of the steepness
of the slope of the viscosity curve at T, when the
temperature is scaled by T,. If #(T) can be described by
the Arrhenius equation, then,

Ey

m=——— 4)

RT, In10

On the other hand, values of fragility can be directly
taken by the VFT equation fitting to viscosity data [7].
The liquid fragility can be determined from a purely
thermodynamic way near Ty, and the m estimated by this
method is consistent with that obtained by the kinetic
method [28]. Since viscosity relaxation and the glass
transition measured by calorimetric methods occur on the
same time scale, the dependence of heating rate f on
glass transition can be used as an alternative way to
determine the fragility of the glasses [3,28—34]. Previous
studies confirm that the f dependent on 7, describes the
fragility equally well as complementary viscosity
measurements [31]. Therefore, the dependence of 7, on
can also be described by a VFT-type relation:

B(T,) = Aexp[D'T, (T, —T)] ©)

where A4 is a constant, T, go is the VFT temperature, and
D" is the strength parameter. From the relationship
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between 7, and f of the metallic glasses using the VFT

equation, the VFT parameters 4, Tg0 ,and D" are obtained.

Then m can be obtained as
m=(D"/In10)(T, /T,)A-T, /T,)™ (6)

Although the uncertainty of the values of Tgo and
D’ is quite large, the change of Tg0 results in change of

D", which keeps the m value reasonably constant [28—33].

The relationship between T, and f was fitted with the
VFT equation. From the best fit according to Egs. (5)
and (6), the m values (m,) for Zr—Al-Cu—Ni are shown
in Table 1. On the other hand, the m values (m,)
calculated by Eq. (4) at the heating rate of 0.33 ks ' are
also listed in Table 1. Obviously, the m, and m, values
are consistent with each other although the m, deviates
from the m, for Zrg, sAlj>1Cuy95Ni745. In addition, the

m, values for these Zr—Al-Ni—Cu BMGs are less than 36.

Among them, the m, values for Zrs;Al;;CugNis,
Zre1 5Al107Cu13 65N 14,15, ZresAlj1Cuyy 7Ny and
Zrg3.5A1197Cuy7Nijs; BMGs are less than 20. Especially,
the my, values for Zrs4Al;3CugNis and
Zr61 5Al107Cuy345sNi1415 BMGs are less than 16. This
indicates that these Zr—Al-Ni—Cu BMGs have the
similar microstructure to SiO, and GeO,. As shown in
Fig. 1, a high halo about 26=20°appears which is smaller
than that of other Zr—Al-Ni—Cu metallic glasses
(26=40-50°) [10,14,15,32,18-20,23]. If the average
distance d between the atoms is estimated by

A
2siné

(7

where 6 and 1 are angle and wavelength of incident ray,
respectively. Then, the d values of the studied
Zr—Al-Ni—Cu metallic glasses are about 2 times those of
other Zr—Al-Ni—Cu metallic glasses. This indicates that
the size of the short and/or medium range orders of
studied Zr—Al-Ni—Cu metallic glasses is 2 times larger
than other Zr—Al-Ni—Cu metallic glasses, resulting in
that these orders can be observed. Thus the
cross-sections of all Zr—Al-Ni—Cu metallographic
specimens are etched with 20% hydrofluoric acid
solution. Figure 3(a) shows a typical microstructure of
Zrg; sAl17Cuy3 65Nig 5 metallic glass. We can clearly
observe a network structure which is due to not the
corrosive cracking but the dissolution of the alloy
elements because no cracks are observed (see Figs. 3(b)
and (c)). In addition, we can clearly observe from
Figs. 4(a) and (c) that the network structure does not
show the characteristics of the crack. Microhardness tests
are conducted on the “matrix” and vicinity of the
“network”, as shown in Figs. 3(b) and (c). The different
hardnesses are clearly seen from the different sizes of
two indentations. It would be due to the different

25pm
Fig. 3 Typical network-like microstructure (a) and indentation

of Zr61A5A110A7Cu13,65Ni14A15 metallic glass (b, C)

contents of the alloying elements, resulting in the
different corrosion resistances and different dissolution
rates.

The selected-area electron diffraction SAED
patterns (the inset of Figs. 4(a) and (b)) for Zre; sAljg7-
Cuy;345Nij4 5 indicate the amorphous states not only for
the matrixes but also for the networks without the
observation of the diffraction dots for the crystalline
phase.

As shown in Figs. 4(c) and (d), although the number
of elements is the same for the matrix and the network,
the content of alloy elements for the matrix is different
from that for the network. The difference of the content
of alloy elements is the largest for Zr, namely, the
content of Zr is more in the matrix than in the network,
resulting in the difference of the corrosion resistance
between the matrix and the network. It is also indirectly
proved by different hardnesses, as shown in Figs. 3(b)
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Fig. 4 SEM images (a, b) and EDS results for areas 4 (c) and B (d) of Zrg; sAljo7Cuy35Nijs ;s metallic glass (The insets are
selected-area electron diffraction patterns of 4 (a) and selected-area electron diffraction pattern for B (b), respectively

and (c). Recently, LIU et al [35] found that the size and
distribution of B2 CuZr particles can be effectively
homogenized by Ta addition in rapidly solidified
CuyZrygAlsTa, (0=<x<1%, mole fraction) alloys. This
indicates that a regular distribution of the alloying
elements appears when the content of the alloying
elements arrives at a rational value. Thus, the network
structure results in a lower m for Zr—Al-Ni—Cu BMGs
investigated. The small value of m is considered to be
one of the empirical rules for designing the BMG
formers whose metastable-equilibrium supercooled
liquid is fairly stable [32]. The afore-mentioned results
indicate the better GFA [17,36] and thermal stability for
the investigated Zr—Al-Ni—Cu BMGs. As shown in
Table 1, the undercooled liquid region ATy of the
investigated Zr—Al-Ni—Cu BMGs is more than that of
Z1r4Ti14Ni;(Cu,sBey s [18,19], and the m of the former
is smaller than that of the latter, indicating that the
thermal stability of the former is better than that of the
latter. In addition, we compared the investigated
Zr-Al-Ni—-Cu BMGs with other Zr-based BMGs
[5,23,20], as shown in Table 1. One can observe that the
m value of Zr—Al—(Cu, Ni) BMGs is the same when Zr
content is 65%. Otherwise, the m value of Zr—Al—(Cu,Ni)
BMGs less than 65% Zr is smaller than that of
Zr—Al—(Cu,Ni) BMGs with 65% Zr. Especially, the m
decreases down to the smallest when the Zr content
decreases down to 54%. This indicates that

Zr—Al—(Cu,Ni) BMGs with the low m could be obtained
by regulating the Zr content and the composition of
Zr—Al—(Cu,Ni) BMGs with the lowest m is near 54%Zr.
These phenomena are necessary for further investigation.

4 Conclusions

1) A series of Zr—Al-Ni—Cu BMGs are developed
and characterized in low fragility parameter values. The
fragility parameter values of these BMGs are between 13
and 36.

2) The low fragility parameter values of these
BMGs would be due to their network microstructures.
Zr—Al-Cu—Ni BMGs with the low fragility parameter
values could be obtained by regulating the Zr content.
The composition of Zr—Al-Cu—Ni BMGs with the
lowest fragility parameter value is near 54%Zr.
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