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Abstract

In this paper, we report the formation of a series Zr—(Cu,Ag)-Al bulk metallic glasses (BMGs) with diameters at least 20 mm and
demonstrate the formation of about 25 g amorphous metallic ingots in a wide Zr—(Cu,Ag)-Al composition range using a conventional
arc-melting machine. The origin of high glass-forming ability (GFA) of the Zr—(Cu,Ag)-Al alloy system has been investigated from the
structural, thermodynamic and kinetic points of view. The high GFA of the Zr—-(Cu,Ag)-Al system is attributed to denser local atomic
packing and the smaller difference in Gibbs free energy between amorphous and crystalline phases. The thermal, mechanical and corro-
sion properties, as well as elastic constants for the newly developed Zr—(Cu,Ag)-Al BMGs, are also presented. These newly developed
Ni-free Zr—(Cu,Ag)-Al BMGs exhibit excellent combined properties: strong GFA, high strength, high compressive plasticity, cheap and
non-toxic raw materials and biocompatible property, as compared with other BMGs, leading to their potential industrial applications.
© 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Bulk metallic glasses (BMGs) have been regarded as
potential structural materials since their first emergence
several decades ago. Great effort has been made to develop
alloy systems with excellent glass-forming ability (GFA) by
cooling the alloys from the liquid state to mm-sized glassy
materials [1-5]. To date, great successes have been achieved
in several alloy systems in terms of producing amorphous
alloys with diameters larger than 20 mm in Pd [6], Zr [7],
Y [8], Mg [9], and La-based alloys [10]. However, one of
the drawbacks severely restricting their applications as
structural materials is that glassy alloys do not simulta-

* Corresponding author. Tel./fax: +86 571 87952107.
E-mail address: jiangjz@zju.edu.cn (J.Z. Jiang).

neously have high GFA, decent ductility, superior strength,
and high fracture toughness, made with cheap and environ-
mentally friendly raw materials.

Recently, due to their excellent mechanical properties
and cheap and environmentally friendly raw materials
used, bulk metallic glasses based on copper and zirconium
have been paid considerable attention since binary Cu—Zr
and Cu-Hf BMGs were fabricated [11-17]. Among these,
the ZrCuAl and ZrCuAIM (M =Ti, Ag, etc.) BMGs free
of poisonous (Be, Ni, etc.) and noble elements (Pd, Pt,
etc.), exhibiting excellent glass-forming ability as well as
good mechanical properties, are promising engineering
materials. Very recently, we reported preliminary results
on Zr—(Cu,Ag)-Al alloys, which can be successfully fabri-
cated fully amorphous with diameters at least 20 mm
[18]. However, as is proved by experiments, GFA of BMGs
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is sensitive to the alloy compositions [10,15,19,20]; for
example, in the La-Al-(Cu,Ag) alloys, the Cu/Ag ratio
can significantly influence their GFA. This factor has not
been considered in our previous Zr—(Cu,Ag)-Al work
[18]. Furthermore, the effect of Ag addition and the origin
of the high glass-forming ability of the Zr—(Cu,Ag)-Al
alloys are still not well understood.

In this paper, a systematic study of the Zr—(Cu,Ag)-Al
alloy system has been carried out. We report the forma-
tion of a series Zr—(Cu,Ag)-Al BMGs with diameters at
least 20 mm. By simultaneous refinement of the Cu/Ag
ratio and relative contents of Zr and Al, we optimize
the composition range for glass formation and demon-
strate the formation of about 25 g amorphous metallic
ingots in a wide Zr—(Cu,Ag)-Al composition range using
a conventional arc-melting machine. The effect of Ag
addition on GFA of the quaternary alloy is systemati-
cally investigated from the structural, thermodynamic
and kinetic points of view. The high glass-forming ability
in the Zr—(Cu,Ag)-Al BMG alloy system is attributed to
denser local atomic packing and the smaller difference in
Gibbs free energy between amorphous and crystalline
phases. The thermal, mechanical and corrosion proper-
ties, as well as elastic constants for the newly developed
Zr—(Cu,Ag)-Al BMGs are also presented. By comparing
with other BMGs (e.g., Mg-, La-, Pd- and Y-based),
these newly developed Ni-free Zr—(Cu,Ag)-Al BMGs
are promising for industrial applications considering their
combining properties, i.e., high GFA, high strength, high
compressive plasticity, cheap and non-toxic raw materials
and biocompatible property.

2. Experimental

Metallic ingots of Zrjgo_—,(Cu. Ag;_.),Al, (x="7-
9 at.%, y = 38-50 at.% and z = 0.75-0.875) alloys were pre-
pared by arc-melting a mixture of pure Cu (99.9 at.%), Zr
(99.8 at.%), Al (99.99 at.%) and Ag (99.9 at.%) in a Ti-get-
tered argon atmosphere. Each ingot was arc-melted at least
four times to achieve chemical homogeneity. The weight
loss of samples by alloying was less than 0.1%. For smaller
samples (diameter <20 mm), the master alloys were further
processed by suction-casting into copper mold in a high-
vacuum (2 x 107> torr) chamber under a purified argon
atmosphere, in which 20 mm is the maximum size of cop-
per mold for suction-casting in our laboratory. For rods
with diameter of 30 mm, alloys were induction melted in
a low-vacuum (2 x 107! torr) chamber using a BN crucible
container, followed by tilt-pouring the melt into copper
mold with cavity of 30 mm in diameter and 60 mm in
length.

To examine the structure of the rods prepared, the
transverse cross-sections of the samples were examined
on a Rigaku X-ray diffractometer with CuK, radiation
at 45kV. The central parts of the arc-melted ingots
and 20 mm cast cylindrical samples were analyzed on a
NETZSCH DSC 404 C differential scanning calorimeter

under a continuous argon flow at a heating rate of
20 K min~'.

Structural analyses of newly developed Zr—(Cu,Ag)-Al
BMGs were also conducted by using synchrotron radiation
X-ray diffraction at BWS5 station of HASYLAB, Hamburg
[21]. The beam size was 1 x 1 mm? and the wavelength
used was 0.12398 A. High-resolution X-ray diffraction
(HRXRD) patterns for Zr46(Cu4A5/5A5Ag1/5.5)46A18 BMGs
with 20 mm in diameter with large ¢ range were recorded
on an image plate (MAR 345, with 150 x 150 pm? pixel
size). Scattering intensity I(g) (versus scattering vector)
were extracted by using the software package FIT2D
[22]. Then, structure factor S (¢) and reduced radial distri-
bution function (PDF) G(r) and g(r) pair correlation func-
tion are obtained by PDFgetX2 according to the following
equations [23]:

6(r) = 4mrl(p(r) = )] =2 [ -1l sintar)dg (1)
p(r) G(r)

g(V)ZTOZH'm (2)

S(g) =1 +4’;p D /0 " le(r) — 1] sin(gr) dr 3)

where p(r) is the radial density function, p, the average
atomic number density, S(g) scattering factor, ¢g=
4 sin(0)/A.

To study the kinetic and thermal stability properties of
the newly developed Zr—(Cu,Ag)-Al BMGs, DSC mea-
surements with different scanning rates (¢ = 10, 20, 40,
80 and 120 K min~') were performed on Perkin-Elmer
DSC-7. The specific heat capacities of the amorphous
phase, supercooled liquid phase, and crystalline phase
were also measured on DSC-7 by comparing with the
specific heat capacity of a sapphire standard sample using
Eq. (4) [24]:

_ Qsample - Qpan % Msapphire X Hsample

Qsample - Qpan
x CP(T)sapphire (4)

where m is the mass, u the molecular weight and C(T)sapphire
the standard specific heat capacity of the sapphire. The term
Q is defined as [24]:

h_d0_ (90) _(9Q\ _ . dT
Q_E_<at>r¢o (at>T0_C dr ©)

and the first term (0Q/0r) 7.4 corresponds to the power nec-
essary to heat or cool the sample and its sample pan at a
constant rate of 5 K min~', (00/d)7—, is the power needed
to hold the sample and its pan isothermally and C refers to
the heat capacity of the sample and the pan. In order to
identify the heat flow into the sample, identical measure-
ments were also performed on the empty sample pan and
a sapphire reference. The specific heat capacity of the sam-
ple is then calculated. The heat capacity measurements
were repeated at 5 K intervals using a heating rate of
5K min~'.

C!’ ( T ) sample X
Msample :usapphire
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Vickers hardness of newly developed Zr—(Cu,Ag)-Al
BMGs were measured under 200 g load by a Vickers
diamond pyramidal microhardness tester (MHS, China)
at room temperature. Cylindrical glassy rods (2 mm
in diameter and 4mm in height) of ZrysCuysAlg,
Zr46(Cuy 5/5.5A81/5.5)a6Als  and  Zrys(Cuy s/s.5A81/5.5)a8Al7
were used for compressive tests, which were
performed using a universal testing machine (CMT5205
SANS, China) at a strain rate of 4 x 107* s~! after
calibration.

The acoustic longitudinal velocity (v;) and shear velocity
(vs) of the ZrssCuyeAls, Zrye(Cuys/ssAgisss)asAlg and
ZI'45(CU4A5/5A5Ag1/5.5)4gA17 BMGs were measured by a
MATEC 6600 model ultrasonic system with a measuring
sensitivity of 0.5 ns. The shape of sample was Smm x Smm
x 1 mm. The carrying frequency of the ultrasonic is 5 MHz.
Based on Archimedean principle, density (p) measure-
ments of the Zr46CU46A18 and ZI‘46(CU4_5/5.5Ag1/5_5)46A18
BMGs were performed with a Mettler Toledo XS105
microbalance having a sensitivity of 0.01 mg. The
Young’s modulus E, shear modulus G, bulk modulus K
and Poisson’s ratio v were derived from the acoustic veloc-
ities and the density data using the following equations
[25,26]:

G=pV? (6)
K:p(Vf—gi) (7)
v= (V7 =20) /2077 = 7?) (8)
E=2G(1+v) 9)

Corrosion behaviors of Zr46(Cu4A5/5A5Ag1/5.5)46Alg BMGs
were evaluated by electrochemical measurements.
Specimens (3 mm in diameter and 6 mm in height) for
corrosion test were closely sealed with epoxy resin and
only leave an end-surface exposed for testing. Prior to
the test, the testing surface of each specimen was
mechanically polished to mirror finish, then degreased
in acetone, washed in distilled water and further exposed
to air for 24 h for good reproducibility. Electrolytes of
1 N H,SOy4, 3 mass% NaCl, and 1 N HCI solutions open
to air were used at room temperature (about 298 K).
Polarization curves were measured with a potential sweep
rate of 50 mV min~' after open-circuit immersion for
about 10 min when the open-circuit potential became
almost steady. Electrochemical measurements were con-
ducted in a three-electrode cell using a saturated calomel
reference electrode (SCE) and platinum counter
electrodes. For compression and corrosion experiments,
at least three-time tests were performed for each compo-
sition to ensure reproducible results.

The thermal Conductivity of Zr46(Cu4.5/5'5Ag|/5'5)46A18
BMGs were measured on sheets with 10mm x 10
mm x 1 mm sample size by NETZSCH LFA 457. Mag-
netic measurements for Zrse(Cuys/s.sAgi/s.5)a6Als BMG
were performed using a vibrating sample magnetometer
at room temperature (about 298 K).

3. Results

3.1. Glass-forming ability of Zrpg—_,( Cu.Ag;_) Al
alloys

Fig. la and 1b shows the selected DSC scanning of
glassy alloys with variable Al and (Cu/Ag) contents, as well
as the ratio of Cu/Ag at a heating rate of 20 K min~".
Table 1 lists the critical sizes and thermal parameters of
these glassy rods including glass transition temperature
(Ty), onset crystallization temperature (7%), melting tem-
perature (7Ty,) and liquidus temperature (77), as well as
supercooled liquid region, AT, = T, — T,, reduced glass
transition temperature 7, = T,//T} and y value (y =T,/
(Ty + T))) estimated by using a heating rate of 20 K min L.
Other typical BMGs reported in the literature are also
included for comparison [20,27,28]. It is found that with
increasing the Al content from x = 7-9 at.%, T, increases
gradually from 703 to 710 K, while 7, decreases from
781 to 762 K, which result in the decrement of the super-
cooled liquid region. Al concentration significantly affects
the glass-forming ability of the alloy system: with x =7
and 8 at.%, wider composition range can form fully glassy
20 mm rods, while for x =9 at.% it becomes much nar-
rower. This can also be reflected by the two GFA indica-
tors, Tys and y values. Fixing the Al content, we then
examined the effect of (Cu,Ag) content on the thermal
properties and GFA. It is found that the slight increment
of (Cu,Ag) content (from 42 to 44 at.%) results in the dis-
tinct increment of T, and reduction of 7j, leading to the
increase of 7T,, and y values and enhancement of GFA.
However, by further increasing the (Cu,Ag) content to
48 at.%, T) quickly raises. Consequently, the T}, and y val-
ues come down and GFA deteriorates. The third factor, the

a Zr5(Cusyshgye)antls /| \

Zryg(Cus/6Ag) 16)44A18

Zry6(Cug eAg) j6)46A1g

Ziy5(Cusiehgy 16)4659
Zry7(Cusi6Ag ) 16)46AL

Zryg(CugjeAAg) jp)gqhlg

]

b

Endo. (arb. units)

Zryg(Cug 7Ag) 17)aqAlg

Ziyg(Cuy 5155881554488

Zryg(Cuy sAg) 5)a4Alg
T A/ ZrgCugyghrey ) asly

600 700 800 900 1000 1100 1200
Temperature (K)

Fig. 1. DSC curves of glassy Zrg_—,(Cu.Ag,_.),Al, alloys at a constant
heating rate 20 K min~': (a) variable Al and (Cu, Ag) contents; (b)
variable Ag/Cu ratio.
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Table 1

The critical sizes (d.) and thermal parameters for Zrgo_—,(Cu.Ag,_.),Al, (x = 7-9 at.%, y = 42-50 at.% and z = 0.75-0.875) alloys, together with other

BMGs reported in Refs. [20,27,28] for comparison

Alloys Critical size Amorphous ingots (25 g) T, T, T T AT, Ty b

Zr46CuyeAls 5 mm No 715 771 978 1163 56 0.615 0.411
Zr47(Cuy/sAgy/s)asAly <20 mm No 704 783 1055 1242 79 0.567  0.402
Zr47(Cuy s/55A81/5 5)a6Al; <20 mm Partial 702 782 1056 1123 80 0.625 0.428
Zr47(Cu5/6Ag1 /(,)4(,A17 <20 mm Partial 703 781 1060 1125 78 0.625 0.427
Zr47(Cug/7Ag1/7)a6Al7 20 mm Partial 709 774 1057 1118 65 0.634 0.424
Zrs(Cua/sAgys)asAly 20 mm Partial 710 783 1062 1208 73 0.588  0.408
Zr45(Cuy s/5 5A81/5 5)asAl; >20 mm Yes 711 785 1063 1154 74 0.616 0.421
Zr45(Cus/sAgy/c)asAly >20 mm Yes 713 786 1061 1159 73 0.615  0.420
Zray(Cus/sAgys)soAly 20 mm No 738 770 1075 1127 32 0.65 0.413
Zr5o(Cu4/5Ag1/5)42A18 20 mm Partial 703 774 1089 1155 71 0.609 0.417
Zrso(Cus/sAgiye)aAlg <20 mm Partial 701 764 1095 1138 63 0.616 0.415
Zr43(CusjaAgiya)aaAls 20 mm Partial 706 770 1092 1218 64 0.580 0.400
Zr43(CuyysAgys)aails >20 mm Yes 707 762 1090 1132 55 0.625 0.414
ZI‘48(CU4.5/5‘5Ag1/5‘5)44Alg >20 mm Yes 706 777 1089 1129 71 0.625 0.423
Zr43(Cus/sAgiye)aaAls >20 mm Yes 705 778 1090 1122 73 0.628 0.426
Zr4s(CugrAgy/7)asAly >20 mm Yes 706 778 1089 127 7 0.626 0424
Zr43(Cuy/gAgy )aaily 20 mm Partial 707 719 1095 1127 72 0.627 0.425
Zrao(Cuy/sAgy/s)asAls >20 mm Yes 710 776 1091 1228 66 0.578  0.400
Zr46(Cuy s/5.5A81/5.5)a6Alg >20 mm Yes 703 775 1088 1126 72 0.624 0.424
Zrao(Cuysys.sAg1 s 5)a6Alg ingots  >20 mm Yes 704 776 1089 130 72 0623 0423
Zr46(Cus/sAgiye)asAls >20 mm Partial 710 778 1088 1120 68 0.634 0.425
Zrs3(Cus/sAgy/s)ssAl 20 mm Partial 711 767 1089 1129 56 0.63 0.417
Zr51(Cuy.s/5.5A8175.5)40Alo 20 mm Partial 703 758 1092 1144 55 0.615 0.410
Zrao(Cus/sAgy/s)arAly 20 mm Partial 708 767 1092 1242 59 0.57 0.393
CugsZrsALAg, [27] 8 mm - 722 794 1125 - 72 - -

Zr41‘2Ti13‘8Cu12A5Ni10B622‘5 [28] 25 mm - 623 672 932 996 49 0.67 0.415
Pd4oCuszoNijoPs [28] 72 mm - 575 670 804 840 95 0.72 0.473
LanAIMCul1,3Ag2‘7Ni5C05 [20] >20 mm - 422 482 642 727 60 0.580 0.419
LagsAl14Cug ,Ag; gNisCos [20] 35 mm - 419 459 641 687 40 0.610 0.415

“Yes”, “partial” and ““no” are roughly defined by eyes for ingots having volume fractions of larger than about 80%, 30-80% and less than about 30% for

the amorphous component, respectively.

ratio of Cu/Ag, is considered to refine the composition for
higher GFA. Fig. 1b shows the influence of Cu/Ag ratio on
thermal properties. All the curves in Fig. 1b exhibit typical
endothermic characteristic before crystallization with glass
transition around 706 K and large supercooled liquid
region AT, over 60 K. The almost single endothermic melt-
ing peak indicates that all these compositions, forming at
least 20 mm BMGs, are near eutectic composition, which
tallies with the criterion that eutectic compositions are gen-
erally more favorable for glass formation. It can be con-
cluded that T}, and y two indicators can predict GFA in
the Zr—(Cu,Ag)-Al alloy system with different Cu/Ag ratio.
Element concentration plays crucial roles on the glass-
forming ability of the Zr—(Cu,Ag)-Al alloy system. In the
next step, meticulous scanning of compositions was carried
out to get better glass formers.

Fig. 2a-2c shows the XRD patterns recorded from the
cross-section of 20mm diameter as-cast Zrigo_y—_y
(Cu.Ag_.),Al, alloys with x=7at% and y=46-
50 at.%; x =8 at.% and y =42-46 at.%; and x =9 at.%,
y =38-42 at.% and z = 0.75-0.875. It is found that most
of these alloys show broad diffraction humps, indicating
their glassy nature. A wider composition range, which
could be formed fully 20 mm amorphous rods, are listed
in Table 1. To further ascertain the glassy nature, a

Zi CuAg) Al Zr, CuAg) Al
a 1'93,},( u g)y 7 b 92_y( g)y 3 C ng 1 ,y(CUAg)yAIQ
=5 B : = B :
y=50 Cu:Ag=6:1 y=46 Cu:Ag=6:1 y=42 Cus Ag=6:1
A\ y=50 Cu:Ag=5:1 — -Ao=5:
2 < y::(; Eu":gji | y=42 Cu:Ag=5:1
—_ y=50 Cu:Ag=4.5:1 Y= WAZ=4.01 - e
a ——— o~ Y46 Cu:Ag=4:1 y42 Cuag=45:1
g Y WAZ=4T V=i CuAg=7:1 y=42 Cu:Ag=4:1
5 y=48 Cu:Ag=6:1 y=44 Cu:Ag=6:1 y=40 Cu:Ag=6:1
5 y=48 Cu:Ag=5:1 /N y=44 Cu:Ag=5:1 y=40 Cu:Ag=5:1
; y=48 Cu:Ag=4.5:1 y=44 Cu:Ag=4.5:1 y=40 Cu:Ag=4.5:1
‘é y=48 Cu:Ag=4:1 y=44 Cu:Ag=4:1 y=40 Cu:Ag=4:1
5} =46 Cu:Ag=6:1 y=44 Cu:Ag=3:1 =38 Cu:Ag=6:1
15} y g y g
= y=42 Cu:Ag=6:1
— y=46 Cu:Ag=5:1 y=42 Cu:Ag=5:1 y=38 Cu:Ag=5:1
y=46 Cu:Ag=4:5:1 y=42 Cu:Ag=4:5:1 o y=38 Cusag=:51
y=46 Cu:Ag=4:1 A Y=42 CuAg=4:1 Jon y=38 Cu:Ag=4:1
25 50 75 25 50 75 25 50 75
2 theta (degree)

Fig. 2. XRD patterns for 20 mm Zrjgo_ —,(Cu.Ag,_.),Al, quaternary
alloys with different Al content x: (a) x=7, (b) x= 8 and (c) x=09,
prepared by suction-casting into copper mold in a high-vacuum (2 x
1073 torr) chamber under a purified argon atmosphere.

cross-section of 20 mm Zrge(Cuy s/5.5A81/5.5)46Alg alloy is
selected to perform high-resolution X-ray diffraction scan-
ning with 1 x 1 mm? beam size using synchrotron radiation
source and a wavelength of 0.12398 A. Fig. 3a illustrates a
schematic map of scanned positions. From these about 20
HRXRD patterns presented in Fig. 3b and 3c, it is clear
that all of the patterns consist of only a series of broad dif-
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Fig. 3. (a) Illustration of scanning direction for recording 20 XRD patterns of 20 mm Zrss(Cuy s/5.5A81/5.5)46Als BMG alloy; (b) and (c) are high-
resolutio? X-ray diffraction patterns recorded using 1 x 1 mm? beam size by synchrotron radiation at various positions (a) with a wavelength of

0.12398 A.

fraction maxima without any detectable sharp Bragg
peaks, confirming the fully amorphous structure of the
20 mm rod sample prepared here.

According to our experience, it is not unreasonable to
expect the maximum critical size for glass formation in
the pseudo ternary Zr—(Cu,Ag)-Al to be larger than
20 mm if we had a copper mold with larger diameter
(>20 mm) using suction-casting in a high-vacuum (2 x
1073 torr) chamber. Hence Zrys(Cuy s/s.5A81/5.5)a6AlsWas
selected to prepare rods with 30 mm in diameter by tilt-
pouring the melt into copper mold with 30 mm cavity in
a vacuum of 2 x 107! torr chamber. From the inset of
Fig. 4, surface of the as-cast rod is smooth and exhibits
metallic luster. However, due to extreme low-vacuum
(2 x 107" torr), the XRD pattern of 30 mm rod presented
in Fig. 4 shows a dominate amorphous component
together with crystalline oxides ZrO (PDF 89-4768),
Ag,0, and Cu-Zr phases (CuZr, CuZr, and Cu;yZry).
Oxygen reacts with primary elements to form oxides, which
might further induce crystallization to form crystalline
phases, such as: CuZr, Cu;¢Zr;. Consequently, high oxygen
content largely deteriorates GFA, which is consistent with
data reported in other alloy systems [29,30]. We believe
that the maximum critical size for forming BMGs in the

CuyoZt
CuZr
CuZr,
Zr0

340> 0

AgO

Intensity (arb. units)

20 30 40 50 60 70 80
2 theta (degree)

Fig. 4. XRD pattern for 30 mm Zrs6(Cuy_s/5 sAg1/5.5)a6Als alloy prepared
by tilt-pouring the melt into copper mold with 30 mm cavity in a vacuum
of 2 x 107! torr chamber . The inset is the appearance of the as-cast
30 mm rod.

Zr—(Cu,Ag)-Al alloy system is more than 20 mm if one
uses a high-vacuum chamber for preparation, which is
under construction.

After cracking the arc-melted ingots, shining fracture
surfaces were observed as presented in Fig. 5a. Hence,
XRD and DSC were employed to examine their structure.
Fig. 5b schematically shows the cross-section of a cracked
ingot with about 28 mm in diameter and 30 g in weight. As
the bottom part contacts with copper mold and its cooling
rate is relatively lower; this part is crystalline. The samples
taken for XRD and DSC measurements were illustrated in
Fig. 5b. Fig. 5c shows DSC curves and XRD (inset of
Fig. Sc) of the ingot and as-cast BMG sample with compo-
sition Zr46(Cuy s/5.5A81/5.5)46Alg. Strikingly, XRD pattern

b XRD/DSC samples

= A —
‘g T, T T;
5 g4 X} Zr46Cu46Al8 *Tm 41
O
g
S g
E § as-cast
g
2
&
Q
k]
20 30 40 50 60
L. Ptheta (degree)

" 1 " 1
600 700 800 900 1000 1100 1200
Temperature (K)

Fig. 5. (a) and (b) illustration of fractured surface of the arc-
melted Zrss(Cuy s/s sAgiss)aeAls ingot. (c) XRD patterns and DSC
curves of the arc-melted Zrse(Cuys/ssAgi/s.s)a6Alg ingot and as-cast
Zr46(Cuy s/55A81/5.5)46A1sBMG sample, together with DSC curve of as-
cast ZrysCuysAly BMG alloy.
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and DSC curve of the ingot are nearly identical to those of
the as-cast BMG. All the thermal parameters, including T,
Ty, ATy = T—T,, Teg= To/T and y value (y = T,/(T, +
T1)), are almost the same within the experimental uncer-
tainty for both ingot and as-cast BMG. These results con-
firm amorphous structure in the ingot. Ingots with
amorphous phase are found in a wide composition range,
as listed in Table 1.

3.2. Properties of ZrCuAl and Zr—(Cu,Ag)—Al alloys

Mechanical properties and corrosion behaviors of the
newly developed Zr—(Cu,Ag)-Al BMGs have been stud-
ied. Fig. 6 shows compressive stress—strain curves of
the as-cast ZrysCuyseAls and Zrge(Cuy s/s.sAg1/s.5)a6Als,
Z145(Cuy 5/5.5A81/5.5)48Al; glassy rods at a strain rate of
4 x 107%™, The compressive yield stress (ay), fracture
stress (of) and plastic strain (e,) were listed in Table 2.
All the three stress—strain curves are characteristic of large
elastic limits about 2% with different plastic strains. The
mother alloy ZrssCussAls exhibits ¢, = 1673 MPa and
&, = 3.6%. Ag addition remarkably improves its mechani-
cal properties, leading to o, of 1800 MPa and 2100 MPa
and significant plastic deformation for the two alloys:
Zr46(Cuy.5/5.5A81/5.5)a6Als and  Zrys(Cuy s/s.5Ag1/5.5)a8Al7,

2400

2000

1600

1200

Stress (MPa)

800 —Zr46Cu 46A18
T Zigg(Cuy 5/5 5215 5)46018

Zry5(Cuy 55 5A21/5.5)48A1

400

1 " 1 " 1 " 1 n
0 8 16 24 32 40
Strain (%)

Fig. 6. Compressive stress—strain curves of as-cast ZrysCuycAls,
Zr4f,(Cu4_5/5_5Ag1/5_5)46Alg and Zr45(Cu4_5/5_5Ag1/5,5)48A17 glassy rOdS Wlth
2 mm in diameter and 4 mm in length at a strain rate of 4 x 10%/s at
room temperature.

Table 2
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respectively, especially for the latter alloy, &, reaches up
to 28%. This alloy exhibits extraordinary compressive
plasticity, high GFA (25 g amorphous ingot), high frac-
ture strength, and cheap and non-toxic raw materials,
which have never been reported previously in any other
BMG alloy systems. According to three-dimensional
atomic probe study [31], nanometer-scale (2-3 nm) Ag-
rich phase separation was detected in a ZryCuysA-
g;A1;BMG, which might occur in the present alloy too
because of similar compositions. Thus, the phase separa-
tion could be a conceivable factor in the present alloy
to the extraordinary compressive plasticity, in which
nanometer-sized heterogeneities in the sample could act
both as initiation sites for shear bands and as barriers
to shear band propagation, resulting in an increase of
compressive plasticity. The understanding of the mecha-
nism for such high compressive plasticity for the present
alloy is in progress.

Ultrasonic measurements were also carried out to deter-
mine the elastic constants of these Zr—(Cu,Ag)-Al BMGs.
Their values are listed in Table 2. For comparison, the
values of other ZrCu-based BMGs, such as ZrsyCus,
ZI'47'5C1147'5A15 and CU43ZI'43A17Ag7, were also included
[27,32]. In addition, hardness (V" .) and thermal conductiv-
ity (4) are also measured for the newly developed
Zr46(Cu4_5/5,5Ag1/5_5)46Alg alloy, to be VC:533:|:3 and
2=53Wm ' K™!, respectively. The alloy is paramag-
netic at ambient temperature.

The corrosion behavior of Zr46(Cu4_5/5.5Ag1/5A5)46Alg
BMG in three types of solutions were tested. Fig. 7
shows the potentiodynamic polarization curves of Zrye
(Cuy.5/5.5A81/5.5)a6Als BMGs in 1N H,SOy,, 3mass% NaCl,
and 1N HCI solutions open to air at 298 K, respectively. In
IN HzSO4, the Zr46(Cu4A5/5A5Ag1/5.5)46Alg alloy is paSSiV-
ated with a corrosion potential of about —0.5 V and a rel-
atively low passive current density of about 2.8 x 1074 A
cm 2, indicating that protective surface film was formed
immediately by anodic polarization. The polarization curve
of ZI‘46(CU4.5/5_5Ag1/5'5)46A18 alloy in 1IN H2S04 shows
wider passive region (—0.3—1.5 V) before trans-passive cor-
rosion occurred. The slow change in the corrosion density
with anodic potential at above 2 V implies a general corro-
sion. In 3mass% NaCl and 1IN HCI solutions, the
Zr46(Cuy.s/5.5A81/5.5)a6Alg alloys dissolve actively and their

Mechanical properties obtained by compression test and elastic constants including elastic modulus (E), bulk modulus (K), shear modulus (G) and
Poisson’s ratio (v), obtained by ultrasonic measurements for newly developed Zr—(Cu,Ag)-Al bulk metallic glasses together with those for other BMGs in

Refs. [27,32]

Glasses p(gem™?) E (GPa) G (GPa) K (GPa) v oy (MPa) ar (MPa) &y (%0)
Zr46CuyeAlg 7.021 96.4 35.2 121.6 0.368 1673 1931 3.6
Zr46(Cuy 575 5A81/5.5)a6Als 7177 92.4 33.8 115.5 0.367 1822 2163 6.0
Zr45(Cuy s/5.5A81/5.5)48Al7 7.322 93.5 34.2 119 0.369 1839 2105 28.1
ZrsoCusg [27,32] - 84.0 313 101.2 0.35 1745 1781 3.9-49
Zr475Cuy7.5Als [27,32] - 90.1 33.0 113.7 0.365 1700 1800 4.0-5.0
Zr4pCuypAl;Y s [27,32] - 84.6 31 104.1 0.364 - - -
Zry;3CugzsAl;Ag; [32] - - - - - 1771 1745 4.9-7.0
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Fig. 7. Potentiodynamic polarization curves of as-cast Zrs(Cuys/ss-
Agy/s.5)a6Alg alloys in 1 N H,SOy, 3 mass% NaCl, and 1 N HCI solutions
open to air at room temperature (at 298 K).
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Fig. 8. Kissinger plots of the onset crystallization temperatures 7, at
different heating rates for ZryCuscAlg and Zrse(Cuygs/s sAgiys.s)acAls
glassy alloys.

anodic current densities increase quickly by anodic polari-
zation. Pit nucleation appears at potentials of about —0.5V
and —0.3 V in 3mass% NaCl and 1N HCI solutions, respec-
tively. Similar results were also reported in Zrs, sCuj7.9-
Ni14A6A110Ti5 and Cu60Hf25Ti15 BMGs [33,34] It can
be concluded that the newly developed Zrys(Cuys/s.s-
Agy/s.5)a6Als BMG exhibits excellent corrosion resistance
in H,SO,4 solution, rather poor in solutions containing
Cl™ ! ions. To improve the latter, more effort is needed.

Compared with crystalline materials, BMGs are meta-
stable and devitrify upon heating. In view that crystalliza-
tion kinetics could redound to the understanding of
thermal stability of BMGs, DSC measurements with
different heating rates (¢ = 10-120 K min~') were per-
formed for the Zrse(Cuys/s.sAg1/5.5)a6Als BMG together
with ZrsCuysAls BMG for comparison. It is found that
for both BMGs the glass transition temperature and crys-
tallization temperatures shift to higher values with increas-
ing heating rates. Fig. 8 presents Kissinger’s plots of the
onset crystallization temperatures 7, at different heating
rates based in Eq. (10) [35]:

> E,

In " fRTJrconst (10)
where R is the gas constant, and E, is the activation energy
for crystallization. The activation energies of crystallization
E, for ZrysCuseAls and Zrye(Cuys/s 5A81/5.5)a6Als alloys
are evaluated to be 3.30 eV and 3.01 eV, respectively, listed
in Table 4. Ag addition leads to the slight decrease of E,
value. However, compared with other BMGs [10,26], the
newly developed Zr—(Cu,Ag)-Al BMG alloys show rela-
tively higher E, values. Generally, the larger the E, value,
the higher additional energy needed for atomic diffusion
from glassy state to crystalline one.

4. Discussion

Glass-forming ability is a competition between cooling
rate and crystallization kinetics, which is closely related
to structural, thermodynamic and kinetic characteristic.
From a structural point of view, the significant difference
in the atomic sizes and negative heats of mixing could lead
to an increase of random packing density in the super-
cooled liquid and hence increase the difficulty for atomic
diffusion. Kinetically, the viscosity is an important param-
eter for structural rearrangement of atoms in undercooled
liquid to the growth of a crystal nucleus. Thermodynami-
cally, lower AGi_{(T) (Gibbs free energy difference of the
undercooled liquid with respect to the crystal) is expected
to stabilize the undercooled melt against crystallization.
Attempts have been made to probe the glass-forming
mechanism from all these three aspects. However, for dif-
ferent alloy systems, factors determining the glass forma-
tion may change from one to another [4,10,36-44]. To
understand the underlying physics of the beneficial effects
of Ag addition in the present alloy system, a systematical
study in terms of the structural, fragility index, and
thermodynamic factors was carried out for Zrye(Cuy s/s.5-
Agl/5.5)46A18 BMG together Wlth ZI'46CU,46A18 BMG for
comparison.

Structural aspects including atomic sizes and negative
heats of mixing were considered to probe the origin of high
GFA in the present Ni-free Zr—(Cu,Ag)—Al system. Atomic
radii of elements are Zr 0.160 nm, A10.143 nm, Cu 0.128 nm
and Ag 0.144 nm [45]. The ratios of atomic radii are esti-
mated to be Rzyae=1.111, Raycu= 1117, Rzycu=
1.250 and R za; = 1.119. Heat-of-mixing values between
elements are: Zr—Cu: —23 kJ mol ™', Zr-Ag: —20kJ mol ™!,
Zr-Al: —44kJImol™!, Cu-Al: —1 kImol™' and Cu-Ag:
2kJ mol~! [46]. The large negative heat-of-mixing values
of main components and intermediate atomic mismatches
basically satisfy the Inoue’s empirical rules [4]: atomic size
mismatch (>12%) and large negative heating of mixing,
which were proposed to enhance local random packing den-
sity and GFA.

Fig. 9 shows the structural factors, S(g), and pair
correlation function, g(r), for ZrssCuyeAly and Zryg
(Cuy.s/5.5A81/5.5)46Als BMG alloys. Peak positions and
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Fig. 9. (a) Structure factors, S(g), and (b) pair correlation function, g(r),
for the glassy ZrycCuycAlg and Zrss(Cuy s/s.sAg1/5.5)46Als alloys at room
temperature recorded by using synchrotron radiation HRXRD with a
wavelength of 0.12398 A.

profiles in the S(g) and g(r) curves of ZryCussAlg and
Zr46(Cuy.s/55A81/5.5)46Alg are similar. Considering peaks in
the nearest atomic pairs, revealing information about the
short-range order, we enlarged curves of the first peaks of
pair correlation function, g(r) in Fig. 10a. Using the hard
sphere model the difference in the first g(r) peaks will be dis-
cussed. Interatomic distances and concentration-weighted
partial radial distribution values for Zr;sCuysAlg and Zrys-
(Cuy.s/5.5A81/5.5)46Alg alloys are indicated in Fig. 9b and 9c
and also listed in Table 3. Zr—Zr, Zr-Cu and Cu—Cu atomic
pairs dominate the first peak. In the Zrss(Cuy.s/5.5A81/5.5)46
Alg alloy, in which the atomic radius of Ag almost equals
that of Al, the primary bonds become complex. Since the
concentration-weighted value for Zr-Cu atomic pair decrea-
ses and those for Zr-Ag, Cu-Ag, Ag-Ag and Ag-Al atomic
pairs increase due to Ag addition, the first peak of g(r)
slightly shift to high r value. More bonds exist in the quater-
nary system and the pair radial distribution, thus, becomes
uniform, especially at about r=2.72A and r=3.03 A.

Table 3

—a— ZrCuAl
—o— Zr(CuAg)Al

g

C —=— 7r(CuAg)Al | 0.6
= 80—
2r U<F <. =
ELEESA. 0.4
— N
! 3% | %
oF (3 5 E N { 0.2
sl 0
2.0 2.5 3.0 3.5 4.0
r(A)

Fig. 10. The first peaks of pair correlation function, g(r), for the
Zr46Cu46Alg and ZI'45(CI,14_5/5_5Ag1/5_5)46A18 glassy allOyS. (a) Enlargement
of the first peaks of g(r). (b) the first peak of g(r) for Zr,sCuysAlg alloy, (c)
the first peak of g(r) for Zrys(Cuy s/5.5Ag1/5.5)46Alg alloy. The bars indicate
the interatomic distances from hard sphere model. The height of the bars
corresponds to partial structure factor weight values.

The shoulder, appearing in the g(r) curve of ZrsCuysAlg,
becomes less prominent in Zrsg(Cuy.s/s.5A81/5.5)46Alg alloy.
Coordination number, N, a key parameter to access the
atomic packing density, could be deduced by integrating the
radial distribution function over the range of the first
peak. The coordination number was found to be slightly larger
for the quaternary Zrge(Cuy s/5.5A81/5.5)46Als BMG alloy than
that for the ternary ZrysCuysAlg BMG alloy. The structural
results and density values obtained in the present work indi-
cate that the quaternary Zr4(Cuy 5/5.5A81/5.5)a6Als BMG alloy
has a slight denser local random packing than that for the ter-
nary Zr4CussAlg BMG alloy.

The kinetic and thermodynamic aspects are of great
importance in understanding the dynamic nature of glass
transition, structural rearrangement and GFA, which
reflects the competition between cooling rate and crystalli-
zation kinetics [39-43]. According to the classical
nucleation theory, the steady-state crystal nucleation

Interatomic distances estimated from the hard sphere model and concentration-weighted partial radial distribution for (A) CuyeZracAls, (B) Zrae(Cuy s/s.5-

Agi/s.5)a46Als alloys

Bond type Cu-Cu Cu-Ag Cu—Zr Cu-Al Ag-Ag Ag-Zr Ag-Al Zr—Zr Zr-Al Al-Al
D (A) 2.56 2.72 2.88 2.71 2.88 3.04 2.87 3.2 3.03 2.86
Wi (A) 0.166 - 0.457 0.026 - - 0.315 0.036 0.001
Wi (B) 0.101 0.073 0.342 0.019 0.013 0.123 0.007 0.288 0.033 0.001
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rate per unit volume, I, can reflect the interplay between
the kinetics and thermodynamics, which is expressed as:

16ng?
I =) exp <_2kB[AGls(T)]2> (11)

where A is a constant, #(7) the temperature dependence of
viscosity of the supercooled liquid, ¢ the interfacial energy
between the liquid and the crystal, and A G|_¢(T) the Gibbs
free energy difference between the supercooled liquid state
and the crystalline state. High GFA expects a higher vis-
cosity around melting temperature and a lower driving
force AGy_4(T). The viscosity at melting point is generally
correlated with the liquid fragility, which is defined as [38]:
dlog(7)
"TATYT), L, (12)

where 1 is the average relaxation time, 7 the temperature.
The well-known fragility parameter could be used to clas-
sify glass-forming liquid into strong and fragile [38]. Gen-
erally, a strong liquid usually has a higher viscosity at the
melting point than a fragile one. The fragility parameter
m can be calculated using Eq. (13) [47]:

m=—DToTs OTf (13)
(Ty—Ty) In10

where D is the strength parameter in the Vogel-Fulcher—
Tammann (VFT) equation, and 7| describes the onset of
the glass transition in the limit of ¢ close to 0. These
parameters can be obtained by fitting the VFT equation
from the heating rate dependence of the glass transition
temperature:

DT,

Ing=mnB——7F+
n¢ =In To— Ty

(14)
where B is a parameter of time scale in the glass-forming
system.

Fig. 11 gives the dependence of T, on heating rate fitted
by VFT equation. The fitted parameters and fragility index
m are given in Table 4. The m values are m =43 for

5.0 Zrge(Cuy 575 58815 54618

25F
| Zr46Cu46A18

2.0 1 " 1 " 1 " 1 " 1 " 1
705 710 715 720 725 730

Ty (K)

Fig. 11. The dependence of T, on heating rate fitted by VFT equation for
ZryCuysAlg and Zrao(Cug s/5.5A81/5.5)46Als glassy alloys.

Table 4

The parameters obtained from the heating rate dependence of the onset of
crystallization temperature and glass transition temperature, including the
activation energy E,, Ty, strength parameter D, In B, fragility index m and
viscosity # at Ty,

Alloys E, (eV) Ty (K) D In B m nat Ty, (Pas)
A 33 588 388 2075 43 0.137
B 3.0 578 477 2407 49 0.117

Zr46CuyeAlg and Zrye(Cuy s/s sA81/5.5)a6Als alloys are labeled as A and B
in Table 1, respectively.

Zr4sCuyseAly and m =49 for Zrss(Cuys/s sAg1/5.5)a6Als,
which are similar to the values reported for CusyZrsg
(m =46) and ZrspCuspAl;Ys (m =40) BMGs [32]. These
values can be classified to the intermediate fragile liquids
and are larger than the rare earth alloys [10,26]. As the vis-
cosity 5 also follows the VFT equation:

DT,
_ 15
1= 1y exp (Tg — T()) (15)

where 1, the infinite temperature viscosity, one can get the
viscosity at the melting temperature based on the fitted
parameters D and Tj. The values obtained for ZrssCugsAlg
and Zrye(Cuy.s/5.5A81/5.5)46Alg are 0.137 and 0.117 Pas,
which are comparable with the values listed in Ref. [32].
Ag addition slightly decreases the viscosity. Hence, kinetic
aspect fails to explain the enhancement of GFA in the Zr—
(Cu,Ag)-Al system.

Thermodynamically, nucleation does not occur unless
the driving force exceeds the activation barrier for
nucleation:

16703

AGF=——— 16
3AG, ((T) 16)

70

Zr46Cu46A18

50

Cp (J /(mol K))
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Temperature (K)

Fig. 12. Specific heat capacities (C,) of (a) Zr4sCuyeAlg and (b) Zras(Cuy s5/5.5-
Agy/s.5)a6Alg alloys measured in the crystalline, supercooled liquid and
amorphous state.
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Table 5

Fitting parameters from the heat capacity data, using to fit the crystalline state heat capacity data and to fit the liquid heat capacity data, together with the
melting point T}, the heat of fusion AH,,, the entropy of fusion AS,, = AH,,,/ T, and Kauzmann temperature Tk for the ZrysCuyeAlg and Zrys(Cuy s/s.5-

Agy/s.5)a6Alg alloys, which are labeled as A and B in Table 5, respectively

Alloys a(Jmol™'K™3) bs(Jmol'K3) c¢(mol'K? dldmol K3 T,(K) AH,(kImol™!) AS,(Jmol™'K™) T, (K)

A —0.00166 5.59 x 107° 0.01268 4.6084 % 10° 979 8.035 8.208 596

B —0.000504 8.0089 x 107° 0.01348 5.931 x 10° 1063 7.104 6.683 671

Lower AG,_(T) and higher ¢ result in the greater stability Tm .

of the melt from crystallization. For the reason that it is AH\(T) = AHm — /T [C;(T ) = G(T)dT (19)

hard for us to get the ¢ value, here only the AG|_; will be T O (T) — C(T)

evaluated based on the specific heat capacities. The high  AS, (T) = AS,, — / % dr (20)
T

thermal stability allows us to get the heat capacity of these
alloys in a wide range of undercooled liquid. Fig. 12 shows
the specific heat capacities of ZrysCuycAlg and Zrye(Cuy s/5.5-
Agy/s.5)46Alg alloys, which were measured in the crystal-
line, supercooled liquid and amorphous state. The heat
capacity of the glassy phases is similar to that of the
crystalline ones before glass transition temperature, which
is consistent with data reported in other alloys. However,
with the increase of temperature, the glassy phases begin to
relax and the heat capacities simultaneously rise. These spe-
cific heat capacity data of the undercooled liquid and the
crystal are fitted using the following relationships [24,417:

C,=3R+al +bT* (17)
C,=3R+cT+dT? (18)

where R=28.3142] g atom 'K ! and a, b, ¢, and d are fit-
ting constants. Table 5 lists the fitting results together with
heat of fusion AH,,, the entropy of fusion AS,, = AH,,/T,
at the melting point 7}, for ZrssCuyseAlg and Zrae(Cuy s/s.5-
Agy/s5.5)a6Alg alloys obtained in this work. Based on the
above experimental data, the thermodynamic parameters,
including enthalpy change AH,_y(7) and entropy change
AS;_4(T) of the undercooled liquid with respect to the crys-
tal can be calculated according to the following equations:

10|

gl a  ZryCuycAlg

6

4t

2L

_2 [ T T crystal ?
T, T, T

b Zr6Cuy 55 58215 5)a6Als

AH (kJ/mol)

a2l T f crystal f
Tk Tg Tm

600 800 1000
Temperature (K)

1200

The results are plotted in Fig. 13. For both alloys, it is found
that that the enthalpy of supercooled liquid decreases more
slowly than the entropy, which leads to the entropy crisis.
The Kauzmann temperature Tk is a theoretical tempera-
ture, at which AS;_; = 0 or the entropy of the liquid equals
to the entropy of the crystalline, to be 596 K for Zrys-
CU46A18 and 671 K for Zr46(Cu4.5/5A5Ag1/5A5)46Alg alloy.

The Gibbs free energy difference AG;_(7T) can be calcu-
lated as

AG, ((T) = AH, , — AS,_,T (21)

Fig. 14 shows the Gibbs free energy differences for
Zr46Cu46Alg and Zr46(Cu4.5/5A5Ag1/5_5)46Alg BMG alloys to-
gether with data reported for other alloys as a function of
temperature normalized to the melting point of the corre-
sponding alloy. The AGj_ value at T ;. for Zrse(Cuy s/s.5-
Agy/s.5)a6Alg 18 1.5k] mol~! while for ZrssCuucAlg alloy
is about 1.8 kJ mol~'. For comparison, the values of other
bulk metallic glass formers were also listed here
[10,41,43,44] Zr62Ni38 3.65kJ molfl; Cu47Ti34Zr11Ni8
3.5k] mol_l; Mg65CUZ5Y10 3.3kJ 1'1’101_1; Pt57,3Cu14_6-
Ni5A3P22A8 32klJ mol_l; Zr4gA75Ti3_25Cu7_5Ni10B627A5 2.5KkJ
mOlil; Zr41.2Ti13A3Cu12_5Ni10B622.5 2.2kJ mOlil; ZI'52_5
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Fig. 13. Enthalpy change AH, (7) and entropy change AS;_(7) of the undercooled liquid with respect to the crystal of (a,c) ZrssCuysAls, and (b,d)
Zr46(Cuy s/5.5A81/5.5)46Alg alloys, respectively. Kauzmann temperatures T for the two alloys are indicated by arrows in the plots.
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Fig. 14. Gibbs free energy difference AG|_4(7) of the undercooled liquid
with respect to the Crystal of (A) Pt57.3Cu14,6Ni5_3P22,g [44], (B) Zr62Ni33
[44]; (C) CuyyTizaZrNig [44]; (D) MgesCuysYio [44]; (E) Zryg7s5Tig o5
Cuy sNijoBesy s [44]; (F) Zryy 5Tii3.8Cu 2 5NijoBex s [44]; (G) LassAlysNiag
[41]; (H) LassAlysCuoNijg [41]; (I) LagAlisCuzg [10]; (J) LagyAljy-
CuypAgs [10]; (K) LassAlsCuNisCos [41] (L) LagAl4Cuys-
Ag, 7NisCos [10]; (M) Zrsy 5Cuy79Nij4 6Al1oTis [44]; (N)
Zrs;Cuys4Nijp Al gNbs  [44],  (O)  ZryCuseAls;  (P)  Zrae(Cuy.s/s.5-
Agi/s.5)a6Als; (Q) PdaoNijgCuszoPa [44].

CU17A9Ni14_6 AlloTi5 2.2kJ mOlil; ZI‘57C1115A4Ni12.6A110Nb5
2.1kJ mOlil; La55A125Ni20 2.29kJ molfl; La55A125Cu10
Nil() 2.1kJ molfl; La62A114Cu24 2.0kJ molfl; L362A114-
CuzoAg4 1.82kJ molfl, La55A125CU10Ni5C05 1.63 kJ
mol_l; La62A114Cu1 1'3Ag2V7Ni5C05 1.5kJ mOl_l; Pd40-
Ni10CU30P20 1.22kJ mOlil. Both ZI'46CU46A18 and
Zr46(Cu4.5/5.5Ag1/5.5)46Alg alloys show low Gibbs free
energy difference, which are even lower than that of
Zr41 5Ti138Cuy, sNijoBesr 5. Ag addition slightly decreases
the value of the Gibbs free energy difference of
ZI'46(CU4A5/5A5Ag1/5.5)46A18 BMG alloy to the value close
to Pd4oNioCuszoPyg (critical size for BMG is 72 mm [4])
and LagAl4Cuy;3Ag, 7NisCos (critical size for BMG is
35 mm [10]). The relative lower AG)_ value implies smaller
driving force for crystallization, turning out to be one cru-
cial factor in interpreting high GFA of Zrys(Cuy.s/s.5-
21/5.5)a6Alg BMG alloy.

5. Conclusions

Meticulous scanning of the Zr—(Cu,Ag)-Al composition
range was pursued to obtain better glass formers. System-
atical investigation for the mechanism of their high GFA
was carried out. Results obtained in the present work can
be summarized as follows:

(1) Fully glassy alloys with at least 20 mm in diameter
can be fabricated in a wide Zr—(Cu,Ag)-Al composi-
tion range using copper mold suction method. About
25 g amorphous metallic ingots can be detected in a
wide Zr—(Cu,Ag)-Al composition range using con-
ventional arc-melting machine.

(2) Two GFA indicators, T;, and 7y, can correlate with
GFA of the studied Zr—(Cu,Ag)-Al alloy system.

(3) Various properties of a selected Zrye(Cuys/s.s-
Agy/s.5)a6Als BMG were characterized. The alloy
shows good thermal and mechanical properties: glass
transition temperature 7, =703 K, relatively wide
supercooled liquid region AT, = 72K, high activa-
tion energy for crystallization E, =3.0¢V, fragility
parameter m =49, yield strength ¢, = 1822 MPa,
fracture strength of= 2163 GPa, Vicker’s hardness
V.=1533+3, density p= 7.177gcm >, Young’s
modulus E = 92 GPa, shear modulus G = 33.8 GPa,
and Poisson ratio v = 0.367. It also exhibits high cor-
rosion resistance in H,SO, solution.

(4) The combination of high glass-forming ability (crit-
ical sizes for BMG more than 20 mm), relatively
wide supercooled liquid region AT,= 72K, excel-
lent mechanical properties (up to 2100 MPa
fracture strength and about 28% compressive plas-
ticity), high corrosion resistance (in H,SOy4
solution), with cheap and environmentally friendly
raw materials enables to make the newly developed
Zr—(Cu,Ag)-Al BMG alloys as promising engineer-
ing materials.

(5) The effect of Ag addition on glass-forming ability of
the quaternary alloy has been systematically investi-
gated from the structural, thermodynamic and kinetic
points of view. The origin of high glass-forming abil-
ity in the studied system is attributed to denser local
atomic packing and the smaller difference in Gibbs
free energy between amorphous and crystalline
phases of Zr—(Cu,Ag)-Al BMGs (for Zrs(Cuy.s/s5.5-
Agy/s.5)a6Alg, AG_g = 1.5 kI mol™ ).
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