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Glass formation and mechanical properties of Zr-Al-Co-Cu-Ag bulk metallic glasses (BMGs) were inves-
tigated. The glass-forming ability (GFA) of Zrs5Al50Co,0Cus alloy is significantly improved with minor
addition of Ag, indicating by the impressive increase of the critical diameter of glass formation from
5mm for ZrssAl20Co20Cus to 16 mm for (Zrg s5Alo.20C00.20Cuo.05 )97Ag3 and (Zrg.55Alp.20C00.20Cuo 05 )95 Ags
alloys. The Zr-Al-Co-Cu-Ag BMGs exhibit high compressive strength of 2160-2280 MPa and distinct

plasticity of 0.6-2.5%. The Zr-based BMGs with outstanding GFA and mechanical properties as well as

Keywords:

Bulk metallic glass
Glass-forming ability
Thermal stability
Mechanical properties

low-level cytotoxicity elements are expectative for industrial and biological applications.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Zr-based bulk metallic glasses (BMGs) are one of the most
attractive alloys due to their combinative properties of high glass-
forming ability (GFA), superior strength (~2GPa), high elastic
strain limit (~2%), relatively low Young’s modulus (80-100 GPa)
and excellent corrosion resistance, which make them as good
candidates to have promising applications as structural materi-
als and biomaterials [1-5]. Zr-Ti-Ni-Cu-Be [6], Zr-Cu-Ni-Al [7,8]
are two classic Zr-based BMG systems with the critical diame-
ter (dc) of more than 10 mm. Moreover, these Zr-based BMGs
exhibited a good corrosion resistance in phosphate-buffered saline
(PBS) [9,10]. However, in the viewpoint of biocompatibility, these
Zr-based BMGs containing highly toxic elements (e.g. Ni, Be or
high-concentration Cu) are not suitable for the applications as
biomaterials. Therefore, the development of biocompatible Zr-
based BMGs without highly toxic element like Be and Ni [11], is
required. The efficient efforts have been done in several candi-
date alloy systems, such as Zr-Al-Cu-Ag [12], Zr-Al-Cu-Fe [13],
Zr-Al-Cu-Pd-Nb [14], Zr-Al-Co-Nb [4] and Zr-Al-Co-(Cu)[15,16]
so far. Glassy rods with a diameter of at least 15mm can be
obtained in the Zr-Al-Cu-Ag—(Pd) [17,18] and Zr-Al-Fe-Cu [19]
system. Recently, glassy rods of Zrs5Al,0Co,5 and near-eutectic
Zrs6Al16Co5g alloys can be obtained with a diameter of 10 mm and
18 mm, respectively, by using a special method named ladle arc-
melting type casting [20]. However, glassy rods of ZrssAl;0Coys
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alloy only can be produced up to 5mm in diameter by injection
copper mold casting [5].

The Ni-free Zr55Al50Co2¢Cus alloy exhibited a large supercooled
liquid region of 80K and good mechanical properties, such as
large elastic elongation limit of 2.1%, low Young’s modulus of
92 GPa and high compressive fracture strength of 2200 MPa, as
well as low-level Cu concentration, indicating its good mechani-
cal biocompatibility [16]. However, limited GFA of Zr55Al;9Co59Cus
alloy (d:=5mm) obstructs the potential application. It has been
found that the addition of Ag into Zr-based glassy alloys can
improve the GFA, mechanical properties and corrosion resistance
[12,21-24]. In this study, the influence of Ag addition (up to 7 at.%)
in Zrss5Al,90Co,0Cus precursor alloy on GFA, thermal stability and
mechanical properties was investigated. The proper Ag addition of
3-5at.% can improve the GFA of the resulting alloys indicated by
the fully amorphous rods in diameter of up to 16 mm. The com-
pressive mechanical properties were also evaluated in detail. All of
the results provide the foundational information of this family of
Ni-free Zr-based BMGs for further biological applications.

2. Experimental

A series Of(ZI’0455A10.20C00420CU0.05 )IOO—XAgx (X= 0, 1, 3, 5,7 at.%) alloys were pre-
pared by arc melting mixtures of pure Zr, Al, Co, Cu and Ag elements with nominal
chemical compositions in Ti-gettered high purity argon atmosphere. Cylindrical
samples with a diameter of less than 10 mm were prepared by a Cu-mold injection
casting method. For specimens of 10 mm in diameter or larger size, the ingots were
remelted in a quartz crucible using an electromagnetic induction heating device
and then poured into a copper mold with 50-mm long rod-shaped cavity in a highly
pure argon atmosphere. Ribbon samples with a cross section of 0.02 mm x 1.2 mm
were also prepared by melt spinning. The structure of the rapidly solidified rib-
bons and the rod specimens was examined using X-ray diffractometer (XRD, Bruker
AXS D8) with Cu-K, radiation and high-resolution transmission electron micro-
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Fig. 1. XRD patterns of as-cast (Zro.55Al0.20C00.20Cuo.05)100-xA8x (=0, 1, 3,5, 7 at.%)
rods with the critical diameters.

scope (HRTEM, JEM2100F), respectively. The thermal stability associated with glass
transition, supercooled liquid and crystallization and the melting behavior for the
glassy alloys was investigated by differential scanning calorimetry (DSC, NETZSCH
DSC 404 C) at a heating rate of 0.33 Ks~'. The specimens for the DSC and XRD mea-
surement of the bulk samples were taken from their central part of the cross section.
The rod specimens with a diameter of 3 mm and an aspect ratio (height/diameter) of
2 were tested in a compressive condition using a testing machine (CMT5504 SANS,
China) at an initial strain rate of 2.1 x 10~4s~! at room temperature. The rod speci-
mens used for compression test were cut from as cast rods with a diameter of 3 mm
and a length of 40 mm.

3. Results and discussion

Fig. 1 shows XRD patterns of as-cast
(Zrg.55Al0.20C00.20Cug 05 )100-xA8x (x=0, 1, 3, 5, 7at%) rods to
indicate their GFA. The patterns of all alloys show one main
broad diffraction halo indicating fully glassy structure within the
sensitivity limits of X-ray diffraction. The d. of Zrs5Al;0Co9Cus
alloy was 5mm. After a minor addition of Ag in this precursor
alloy, the GFA of the resulting alloys is increased significantly and
the d. of the glassy rods can be increased to 16 mm for both of
(Zro.55Al0.20C00.20CU0.05)97A83 and (Zro55Al0.20C00.20Cuo 05)95A85
alloys. Further increase of Ag content up to 7 at.% will deterio-
rate the GFA. The similar results of the existence of optimized
addition concentration have also been reported in other glassy
systems, such as (Cu-Zr-Al)-Ln and (Zr-Al-Ni-Cu)-Ln, which
can be attributed to the complication of crystallization [2,25,26].
Fig. 2 shows the comparison of DSC curves between as-cast
16-mm rod and as-spun glassy ribbon with the same composition
of (Zrg55Alp20C0020CUg05)95Ag5. No appreciable difference in
the glass transition temperature (Tg), the onset temperature of
crystallization (Tx) and the heat release of crystallization can
be found between the rod and the ribbon. The bright-field TEM
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Fig. 2. The comparison of DSC curves between glassy ribbon and as-cast rod of
16 mm in diameter (central region) for (Zrg s5Alp20C0020CUo.05 )95 Ags alloy.

image and selected area electron diffraction (SAED) pattern of
(Zrg.55Al020C00.20CU0 05 )95A85 rod of 16 mm in diameter are shown
in Fig. 3. The homogeneous contrast in the images and a broad halo
in the SAED pattern indicate that the structure of 16-mm-diameter
(Zrg.55Al020C00.20CUg 05)95A85 sample is a single amorphous phase.

Fig. 4(a) and (b) shows the glass transition, crystallization and
melting behaviors of the (Zrg 55A1p20C00.20Cug.05)100-xA8x (X=0, 1,
3, 5, 7at.%) glassy samples. The glass transition temperature (Tg),
onset temperature of crystallization (Tx ), melting temperature (Ty,),
and liquidus temperature (T;) are marked by arrows in Fig. 4(a)
and (b) and summarized in Table 1. The samples exhibit a clear
endothermic heat event characteristic of the glass transition to
supercooled liquid, followed by characteristic exothermic transfor-
mations corresponding to crystallization of the supercooled liquid.
It is found that Tg increases monotonously from 737 to 753 K with
the increase of Ag content, while Tx decreases from 815 to 806 K.

Fig. 3. (a) TEM bright-field image, (b) selected area electron diffraction (SAED) pat-
tern and (c) high-resolution TEM image of the (Zr55Alp20C0020Cuo 05 )95 Ags5 glassy
rod of 16 mm in diameter. The sample was taken from the center part of the as-cast
rod.
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Fig. 4. (a) DSC curves of (Zrg55Alp20C0020CU0.05)100-xA8x (X=0, 1, 3, 5, 7 at.%) glassy samples in the temperature range of (a) crystallization and (b) melting behaviors at a

heating rate of 0.33 K/s.

It results in the decrease of the supercooled liquid region from
78K to 53 K. Fig. 4(b) shows that the introduction of Ag signifi-
cantly depresses both of the Ty, and T; of the resulting alloys. The
(Zrg 55Alg.20C00.20CUg 05 )95Ag5 alloy shows a melting behavior of
near-eutectic composition with the lowest T in these alloys, indi-
cating the addition of Ag can promote the formation of an eutectic
composition. Tg/Tm, Tg/T}, ATx (ATx=Tx — Tg)and y (y =Tx/(Tg +T}))
are usually used as indicators of GFA [27-29]. These parameters of
the present alloys are listed in Table 1. It is found that the increase
in the Ag addition content results in the increase in Tyg and y values,
which can give a good explanation of the enhancement of GFA. On
the other hand, the supercooled liquid region decreases from 78 K
to 53 K with increasing Ag content, which is not in consistence with
the change in GFA of the Zr-Al-Co-Cu-Ag alloys [27].

Previous studies showed that atomic-size mismatch and effi-
cient atomic packing may enhance GFA of a system [27]. In the
Zr-Al-Co-Cu-Ag system, the atomic radius of Zr, Al, Co, Cu, and Ag
are 0.158 nm, 0.143 nm, 0.125 nm, 0.128 nm, and 0.144 nm, respec-
tively [27]. The atomic radius of Ag is significantly different from
that of component elements of Zr, Co and Cu, while the difference
between Ag and Al is slight. The proper adjustment of atomic size
mismatch by the introduction of Ag may result in a more efficiently
packed local structure, leading to a superior GFA [27]. In addi-
tion, the heats of mixing for Zr-Ag and Al-Ag pairs are —20 and
—4K]J/mol, respectively, while the ones of Co-Ag pair and Cu-Ag
pairare 19 kJ/mol and 2 kJ/mol, respectively [30]. The proper adjust-

ment of the heats of mixing associated with the concentration
between Ag and the other component elements would improve the
stability of local cluster and restrain long-range diffusion of atoms
in liquid, thus enhancing the GFA [25]. High content of Ag addi-
tion in the Zr-Al-Co-Cu alloy would result in segregation of the
component atoms and increase the potential energy of a system
[31]. Therefore, as the x is increased over 5 at.%, the GFA begins to
deteriorate.

Fig. 5 shows compressive stress-strain curves of
(Zro55Alp20C0020Cug.05)100-xAgx (x=0, 1, 3, 5, 7at.%) glassy
rods. The yield strength (oy ), compressive strength (o) and plastic
strain (gp) were listed in Table 1. The yield strength is determined
by the crossover point from elastic to plastic portions with a very
small offset of 0.05%. The stress-strain curves are characteristic
of an elastic limit of ~2% for BMGs, followed by yielding and a
serrated plastic deformation before fracture failure. This family of
Zr-Al-Co-Cu-Ag BMGs exhibits high compressive strength values
of ~2.2GPa, which is higher than that of other Zr-based alloy
such as Zr-Al-Ni-Cu, Zr-(Ti-Nb-Pd)-Al-Ni-Cu, Zr-Ti-Ni-Cu-Be
[16], a Young’s modulus of 98-102 GPa, and a distinct plasticity
of 0.6-2.5%. The addition of Ag will not significantly depress the
strength and plasticity in this Zr-Al-Co-Cu-Ag system. This family
of Ni-free Zr-based BMGs with high GFA and good mechanical
properties is expected to have wide applications as biomaterials.
More studies about the biocompatibility and corrosion behaviors
of the Zr-Al-Co-Cu-Ag BMGs are in progress.

Table 1

Glass formation, thermal properties and mechanical properties of (Zro 55Alp20C00.20Clo.05)100-xAgx (X=0, 1, 3, 5, 7 at.%) glassy alloys.
Ag content dc./mm Tg/K Tx/K Tm/K T/K ATy /K y Tg/Tm Tg/Ty oy/MPa o./MPa &p(%) E/GPa
x=0 5 737 815 1215 1285 78 0.403 0.61 0.57 2080 2160 1.3% 102
x=1 10 739 813 1194 1275 74 0.404 0.62 0.58 2080 2180 2.5% 102
x=3 16 740 805 1178 1246 65 0.405 0.63 0.59 2010 2210 1.4% 98
x=5 16 747 806 1174 1220 59 0.410 0.64 0.61 2000 2170 1% 98
x=7 14 753 806 1169 1222 53 0.408 0.64 0.62 2100 2280 0.6% 100
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Fig. 5. Compression stress-strain curves of (Zrg s5Alp20C0020Cuo.0s)100-xAgx (x=0,
1,3, 5, 7at.%) glassy rods of 3 mm in diameter.

4. Conclusions

The addition of Ag can significantly improve the GFA
of Zr-Al-Co-Cu system and a series of centimeter-size
Zr-Al-Co-Cu-Ag BMGs can be synthesized by copper mold cast-
ing. The glassy rods of 16 mm in diameter were obtained for the
(Zro.55Al0,20C00.20CUQ 05 )97Ag3 and (Zros55Alo.20C00.20Cuo 05)95A85
alloys. The high T,z and y values are responsible for high GFA
of Zr-Al-Co-Cu-Ag BMGs. The Ni-free Zr-Al-Co-Cu-Ag BMGs
with high GFA exhibit good mechanical properties with high
compressive strength of 2.2 GPa as well as distinct plasticity of
0.6-2.5%, which makes them as promising materials for industrial
and bio-applications.
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