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a b s t r a c t

A novel Ni and Cu-free Zr-based bulk metallic glass (BMG) system with enhancement of glass-forming
ability (GFA) and bio-corrosion resistance was prepared by copper mold casting by the addition of Ag.
It was found that the addition of Ag can considerably enhance the glass-forming ability, as indicated by
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vailable online 18 February 2010
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the increase of the critical glass dimension from 3 mm diameter of the ternary system to over 10 mm in
the alloy of Zr53Co18.5Al23.5Ag5. The bio-corrosion behaviors of the Zr-based BMGs in phosphate buffered
solution (PBS) were investigated by electrochemical polarization at 310 K. It was found that the addition
of appropriate amount of Ag can enhance the corrosion resistance of the BMGs. The X-ray photoelectron
spectroscopy (XPS) indicated that the formation of an Al2O3-enriched passive film is mainly responsible

istan
orrosion
hermal analysis

for the high corrosion res

. Introduction

Zr-based bulk metallic glasses (BMGs) have attracted much
ttention in last decades due to their high glass-forming abilities
GFAs) and unique combination properties of superior strength
above 1.5 GPa), high elastic strain limit (around 2%), relatively
ow Young’s modulus (50–100 GPa) and excellent corrosion resis-
ance in phosphate buffered solution (PBS) [1–5]. The properties
ogether with easy forming ability in the supercooled liquid region

ake the BMGs promising as biomaterials. However, most Zr-based
MGs developed up to date contain the elements of Ni and Cu,
hich are toxic to human body. Especially, Ni is usually blamed

or the occurrence of an allergy and has antiproliferative effects
n cell cultures [6]. To overcome the drawback, researchers have
ecently developed a few Ni-free Zr-based BMG systems includ-
ng Zr–Cu–Fe–Al [1], Zr–(Cu, Ag)–Al [7,8], Zr–Co–Al–(Cu) [9,10],
r–Cu–Pd–Al–Nb [11], Zr–Cu–Al [12] and Zr–Cu–Al–Ti [13]. Among
hem, the Zr–Co–Al BMGs are free of both Ni and Cu, thus are more
romising to be biomaterials from the biocompatible point of view.
owever, the ternary Zr–Al–Co system suffers from poor glass-

orming ability with a glassy diameter no more than 3 mm [9,10].

ntil recently, the large size of BMG up to 18 mm in diameter was
ast in Zr56Al16Co28 system with a near-eutectic composition [14].

It has been recently reported that addition of Ag can remarkably
nhance the GFA and mechanical properties of some Zr-based sys-
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E-mail address: lliu2000@mail.hust.edu.cn (L. Liu).
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ce of Ag-bearing alloy in phosphate buffered solution.
© 2010 Elsevier B.V. All rights reserved.

tems. For instance, the addition of 2 at% Ag into Zr–Cu–Al system
could increase the critical glassy diameter up to 12 mm form the
original 5 mm [15]. More recently, Jiang et al. [7] reported that par-
tially substitution of Cu by Ag in the Zr46Cu46Al8 alloy increased the
critical glassy dimension from original 5 mm to large than 20 mm
in Zr45(Cu4.5/5.5Ag1/5.5)48Al7. This modified alloy also owns very
attractive mechanical properties with compressive yield stress of
2100 MPa and plasticity of 28%. In this paper, Ag was also cho-
sen as the doped element in Zr–Co–Al system. It is shown that
appropriate substitution of Ag for Co can considerably enhance the
glass-forming ability of the ternary alloy. To investigate the biocom-
patibility of the Ni-free and Cu-free BMG, the corrosion resistance
of the Ag-modified BMG was tested in artificial body fluid by elec-
trochemical polarization measurement.

2. Experimental procedure

The alloy ingots with nominal composition of Zr53Co23.5−xAl23.5Agx (x = 0, 1, 3, 5,
7, 9 at%) were prepared from elemental metals of pure Zr, Co, Al, Ag (purity > 99.5%)
by arc-melting under a Ti gettered Ar atmosphere. The ingots were remelted at
least five times to ensure chemical homogeneity. From the master alloys, sample
rods with different diameters from 3 to 10 mm were produced by copper mold
casting. The structure of the as-cast alloys was examined by X-ray diffraction (XRD,
Philips �’Pert PRO) with Cu K� radiation, and thermal behavior was investigated by
different scanning calorimetry (DSC, Perkin-Elmer DSC-7) and differential thermal
analyzer (DTA, Perkin-Elmer DTA-7) in a flow of argon atmosphere at a heating rate
of 20 K/min.
Electrochemical polarization was conducted in a three-electrode cell using a
platinum counter electrode and a saturated calomel reference electrode (SCE). The
whole cell was kept at 310 K throughout the test. The electrolyte used in the present
study is (PBS, pH 7.4), which is of 8.0 g/L NaCl, 0.2 g/L KCl, 0.14 g/L NaH2PO4, and
0.2 g/L KH2PO4. Corrosion samples were obtained from BMG rods (3 × 5 mm) trans-
verse to the long axis and were closely sealed with epoxy resin, leaving only a

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:lliu2000@mail.hust.edu.cn
dx.doi.org/10.1016/j.jallcom.2010.02.078
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ig. 1. XRD patterns of as-cast Zr53Co23.5−xAl23.5Agx (x = 0, 1, 3, 5, 7, 9) bulk metallic
lasses with different diameters.

ongitudinal surface of about 15 mm2 exposed for testing. The potentiodynamic
olarization curves of the specimens were recorded at a potential sweep rate of
mV/s when the open-circuit potential became almost steady after immersion in
BS for at least 20 min. To characterize the composition and chemical states of
lements in passive film formed after electrochemical treatment, a specimen was
otentiodynamically polarized nearly to the pitting potential and then taken out

mmediately for X-ray photoelectron spectroscopy (XPS, VGMultilab2000) analysis
ith Al K� excitation. The binding energies of electrons were calibrated by the peak

f C 1s, 284.8 eV. XPS spectra were analyzed by a least-squares fit with XPSPEAK
nalytical software to obtain further information about chemical status. In addition,
alvanostatic-step technique (GIT) was applied to investigate the formation process
f the passive film under a constant electrode current density of 2 mA/cm2 at 310 K
n PBS.

. Results

Fig. 1 shows the XRD of as-cast Zr53Co23.5−xAl23.5Agx (x = 0, 1,
, 5, 7, 9) bulk metallic glasses with various diameters. As show in
ig. 1, the patterns of all samples consist of only broad diffraction
ump without any Bragg peaks within the resolution limits of X-
ay diffraction, indicating all alloys are fully amorphous structure in
heir respective dimensions. With Ag addition, the glass alloys with
arger diameters have been prepared, and the best GFA is achieved
or x = 5, which has a critical diameter (dc) at least 10 mm. With
urther increase in Ag content, the dc decreased to 5 mm for x = 7
nd 9.

Fig. 2 shows the DSC and DTA curves of Zr53Co23.5−xAl23.5Agx

x = 0, 1, 3, 5, 7, 9) BMGs with diameter of 3 mm. It can be seen
hat all BMGs exhibit a distinct glass transition followed by a wide
upercooled liquid region before crystallization (see Fig. 2a). The
lass transition temperature Tg, the onset crystallization tempera-
ure Tx and the supercooled liquid region Tx (=Tx − Tg) are listed in
able 1. Tg remains almost unchanged of about 770 K with different

g contents, while the Tx decreases monotonously from 841 K for

he Ag-free BMG to 821 K for the BMG containing 9 at% Ag, leading
o the decrease of Tx from 69 to 52 K. On the other hand, the addition
f Ag has a signification effect on the crystallization behavior of the
other alloy, as indicated by the change from a single-step crystal-

able 1
ummary of the critical sample diameters and the thermal parameters of Zr53Co23.5−xAl23

x dc (mm) Tg (K) Tx (K) �Tx (K)

0 3 772 841 69
1 3 771 840 69
3 5 773 839 66
5 10 776 839 63
7 5 770 830 60
9 5 769 821 52
Fig. 2. DSC (a) and DTA (b) curves of the as-cast Zr53Co23.5−xAl23.5Agx (x = 0, 1, 3, 5,
7, 9) alloys at heating rate of 20 K/min.

lization for the BMGs with x = 0 and 1 to a multi-step crystallization
for the alloys with a higher content of Ag. The melting behavior of
all the BMGs with various Ag contents is displayed in Fig. 2b, from
which the melting temperature (Tm) and liquidus temperature (Tl)
can be obtained and are also included in Table 1. As can be seen, the
Ag content significantly affects Tl and the melting behavior of these
glassy alloys. The base alloy has a high Tl of about 1296 K. With 5 at%
Ag addition, the Tl value significantly decreases to 1185 K, which is
the lowest in all BMGs, and then increases in the higher Ag content
range. Additionally, there are multiple melting peaks for Ag-free
BMG, indicating that the base alloy is at off-eutectic composition.
As the Ag content increases, the melting peak in the high tempera-
ture range becomes smaller, and there is only a single melting peak
for 7 at% Ag content, indicating that the Zr53Co16.5Al23.5Ag7 alloy
locates nearly at eutectic point.

Electrochemical polarization was conducted to study the bio-

corrosion resistance of the BMGs in phosphate buffered solution,
the samples with the Ag content of 0, 3 and 7 at% were chosen
for exemplification. Fig. 3 shows the polarization curves of the
BMGs in PBS open to air at 310 K and are compared to Ti–6Al–4V

.5Agx (x = 0, 1, 3, 5, 7, 9) glass alloys.

Tm (K) Tl (K) Trg � �H (J/g)

1217 1296 0.596 0.407 −51.5
1163 1309 0.589 0.404 −53.8
1189 1297 0.596 0.405 −55.4
1185 1245 0.623 0.415 −65.8
1215 1261 0.610 0.409 −52.9
1195 1265 0.608 0.404 −58.7
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ig. 3. Potentiodynamic polarization curves of Zr53Co23.5−xAl23.5Agx (x = 0, 3, 7)
MGs in phosphate buffered solution open to air at 310 K.

lloy and 316L stainless steel. It can be seen that all BMGs show
uite similar polarization behaviors in PBS, i.e. they were sponta-
eously passivated with very low passive current densities of the
rder of 10−6 A/cm2 and a distinct passive region before pitting.
mong all BMGs, the one containing 7 at% Ag displays the high-
st corrosion resistance, as indicated by an extremely wide passive
egion of about 624 mV and the smallest passive current density
f 2.9 × 10−7 A/cm2. Compared with 316L stainless steel, all BMGs
how a superior corrosion potential with the passive current den-
ity of about one order of magnitude lower than 316L stainless steel,
ut comparable to Ti–6Al–4V alloy.

To better understand the corrosion mechanism of the BMGs
n PBS, XPS was performed to characterize the composition and
hemical status of elements in the passive film that was formed
fter potentiodynamic polarization in its passive region. For this
urpose, The Zr53Co16.5Al23.5Ag7 BMG which shows the highest
orrosion resistance was chosen to be investigated and compared
ith the Ag-free BMG (i.e. Zr53Co23.5Al23.5). The XPS spectra of dif-

erent element are shown in Fig. 4a–e.
The Zr 3d spectrum consists of two peaks by multiplet splitting

pproximately at 182.0 and 184.3 eV, which can be assigned to Zr
d5/2 and Zr 3d3/2 electrons originating from Zr4+ oxide state (ox)
16]. The Al 2p spectrum was decomposed into three spectra peaked
t 71.41 eV corresponding to Al 2p3/2 electrons from metallic state
me), while at 74.45 and 75.50 eV Al 2p3/2 electrons from Al3+ oxide
tate [16]. The Ag 3d spectrum consists of two peaks at 368.3 and
t 375.5 eV, which corresponds to Ag 3d5/2 and Ag 3d3/2 electrons
riginating from the metallic state [16]. The O 1s spectrum is fitted
y two peaks, at 531.53–531.6 and at 533.3–533.5 ev assigned to
H− and to O2−, respectively. A broad peak corresponding to P2p

pectrum appeared at 134.1 eV, which is attributed to PO4
3−. In

ddition, very little Co (about 0.3%) was detected in XPS, which is
elieved not to pay a critical role in the outer passive film.
The atomic concentration of each element in the surface was cal-
ulated from the integrated intensity of the spectra, as summarized
n Table 2. As can be seen, the proportion of phosphates increasing
lightly and the Al oxides increasing drastically, while the concen-

able 2
ompositions (at%) and chemical states of the passive filmsa.

Alloys Zr (ox) Al (ox) Al (me) Ag (me) Phosphate

Zr53Co23.5Al23.5 62.58 4.14 5.89 0 27.39
Zr53Co16.5Al23.5Ag7 51.60 18.14 3.84 0.66 25.76

a me and ox represent metallic and oxide state, respectively.
pounds 504S (2010) S163–S167 S165

tration of Zr oxides decreases considerably, with respective to the
Ag-free alloy. The result implies that the improvement in corrosion
resistance of Ag-bearing BMG should be closely related to the Al
oxides and Zr oxides.

4. Discussion

The experimental results demonstrate that the addition of
appropriate amount Ag remarkably improved the glass-forming
ability of the base alloy. Variation parameters, �Tx, the reduced
glass transition temperature Trg (=Tg/Tl) and � (=Tx/Tg + Tl) [13], are
used to evaluate the GFA of the BMGs. From Table 1, one can notice
that the Zr53Co15.5Al23.5Ag5 BMG exhibits the largest Trg of 0.623
and � of 0.415, consistent with the largest critical size of 10 mm,
demonstrating that this alloy has the highest GFA. The enhance-
ment of the GFA of the BMGs by the addition of an appropriate
amount of Ag can be well explained by Inoue’s empirical rules
and Egami’s theory for easy glass formation. First, Ag is the sec-
ond largest atom in the Zr–Co–Al–Ag system (Zr: 0.162 nm, Al:
0.143 nm, Co: 0.125 nm, Ag: 0.144 nm) with the atomic size ratio of
Zr/Ag = 1.13 and Ag/Co = 1.15, The large discrepancy in atomic size
of different constituents is beneficial to the formation of a dense
atomic packing structure in melt and thus to the increase in GFA
according to Inoue empirical law. Secondly, Ag has a negative heat
of mixing with the major constituents of large atom radii in the sys-
tem, e.g. −20 kJ/mol for Zr–Ag and −4 kJ/mol for Al–Ag, and other
atomic pairs in the original ternary system have also a large nega-
tive heat of mixing. Although Ag has a positive heat of mixing with
Co (+19 kJ/mol), this repulsive interaction between Ag and Co may
have possibly a positive effect on the GFA in the present system.
Egami [17] pointed out that increasing the interaction between the
small and large atoms would favor bulk metallic glass formation.
Co has the smallest atom radii among the constituent elements, the
repulsive interactions between Co and Ag will make Co atoms be
more attracted by big atoms such as Zr and Al, so this confusion
arrangement could reduce the mobility of Co atoms and, in turn,
enhances the GFA. Similar phenomenon had been reported in our
resent paper [18] in Zr–Cu–Fe–Al system, in which the addition of
3 at% Ag enhances significantly the glass-forming ability.

Finally, as know from DTA results, the liquidus temperature (Tl)
of the melt decreases with the increase in Ag content, and reaches
the lowest value of 1245 K at 5 at%, this leads to a highest Trg and
� for the Zr53Co15.5Al23.5Ag5 BMG. The combination of big differ-
ent in atomic sizes, the large negative mixing heat values of main
components and the significant reduction of liquidus temperature
could stabilize the liquid state and increase the GFA of the system
[19]. A similar result has been reported in Zr–Cu–Al–Ag system, for
which the GFA increase considerably by the addition of Ag [7].

In addition, the results from electrochemistry polarization indi-
cate that the addition of appropriate amount of Ag can also improve
the corrosion resistance of the BMGs in PBS. XPS reveals that the
addition of Ag can promote the formation of Al2O3 but slightly sup-
pressed the formation of ZrO2. In order to better understand the
formation process of passive films of the BMGs with the addition of
Ag, the kinetics for the formation of passive films with various Ag
content (x = 0, 3, 7) was investigated by the galvanostatic-step test
on anode at 310 K, as show in Fig. 5. It can be seen that the formation
of the passive films of all the BMGs followed a one-step process with
only one plateau of potential (i.e. the potential kept constant with
the extension of anodizing time). Usually, the level of the potential

plateau reflects the stabilization of the passive film, while the slope
of linear part in potential–time curve refers to the formation rate
of passive film [20]. The results indicates that the addition of Ag
does not affect the rate of the formation of passive films but only
changes the stability of passive films. The Zr53Co16.5Al23.5Ag7 BMG
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ig. 4. XPS spectra of Zr 3d, Al 2p, Co 2p, O 1s electrons of BMGs without Ag and w
r53Co16.5Al23.5Ag7 alloy. The black curves represent raw XPS spectra, and the colore
eader is referred to the web version of the article.)

hows the highest steady potential among all BMGs, demonstrat-
ng that the BMG exhibits a best corrosion resistance in PBS, which
s well consistent with the polarization result.

It has been reported previously that the high-corrosion resis-
ance of the Ag-doped Cu–Zr–Ag–Al glass alloys is attributed to
heir single glass phase nature and formation of Zr4+- and Al3+-

nriched oxide surface film in the corrosive solutions [21,22]. XPS
nalysis revealed that the oxides formed on the sample surface
onsist mainly of ZrO4 and Al2O3 for both Ag-free and Ag-bearing
MGs, as shown in Table 2. As compared with the Ag-free BMG,
he addition of Ag increases significantly the amount of Al2O3, but
t% Ag: (a) Zr 3d; (b) Al 2p; (c) Ag 3d; (d) P 2p; (e) O 1s. (i) Zr53Co23.5Al23.5 alloy; (ii)
fitted curves. (For interpretation of the references to color in this figure legend, the

slightly decreases the amount of ZrO4. Although the two kinds of
oxides are of a dense, compact and stable structure, and have a
highly protective ability against corrosion. However, in the simu-
lated body fluid, containing both chloride ion and phosphate ion,
Al2O3 is more protectable than ZrO2. Because Zr oxides are prone
to absorb phosphate ion (PO4+) [23,24], which, on the other hand,

can be easily replaced by chloride ion and results in the increase
of target for chloride ion and subsequently degrade the corrosion
resistance of the alloy. Therefore, the less phosphate ion is, the
better the corrosion resistance is. This comprises the reason for
the improvement of corrosion resistance of the Zr53Co16.5Al23.5Ag7
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ig. 5. The potential–time (E–t) of Zr53Co23.5−xAl23.5Agx (x = 0, 3, 7) alloys anodizing
t 2 mA/cm2 in PBS, at 310 K.

MG as compared with the Ag-free BMG. However, the reason why
g addition suppressed the formation of Zr oxides, but promote the

ormation of Al oxide is still unknown, which need more compre-
ensive investigations.

. Conclusions

The addition of Ag to Zr–Co–Al ternary bulk metallic glasses
reatly increases the stability of supercooled liquid with high value
f Trg and � , leading to a significantly increases in the GFA. A fully
lass alloy rod with a diameter of at least 10 mm was obtained
n Zr53Co15.5Al23.5Ag5 alloy. It is also revealed that the addition of
ppropriate amount of Ag (i.e. 7 at%) evidently improved the cor-
osion resistance of Zr-based BMGs in PBS. The improvement of

orrosion resistance of is attributed to the fast formation of Al2O3-
nriched passive film which is highly protectable to BMGs in PBS
ontaining chloride ion and phosphate ion. The present results
mply that the new Ni and Cu-free Zr-based BMGs are promising
or biomedical use.
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