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a b s t r a c t

In this study, pure Ti was coated on Zr55Al10Ni5Cu30 bulk metallic glass (BMG) using a physical vapour
deposition (PVD) technique with magnetron sputtering. Microstructures of Ti coating, BMG substrate and
interface were investigated by conventional and high-resolution transmission electron microscopy (TEM
and HREM). The electrochemical behavior of Ti-coated Zr55Al10Ni5Cu30 BMG was studied by potentio-
dynamic polarization curves and electrochemical impedance spectroscopy (EIS) in Hanks’ solution.
Scanning electron microscopy (SEM) was used to characterize the surface morphology of the coating
after electrochemical testing. HRTEM observation reveals that the sputtering Ti coating consists of a-Ti
nano-scale particles with the size about 10 nm. The polarization curves revealed that the open-circuit
potential shifted to a more positive potential and the passive current density was lower after Ti coating
was applied in comparison with that of the monolithic Zr55Al10Ni5Cu30 BMG. Electrochemical impedance
spectroscopy (EIS) measurements showed that the Bode plots of Ti-coated Zr55Al10Ni5Cu30 BMG pre-
sented one time constant for 1 h and 12 h immersion and two time constants after 24 h immersion. The
good bonding condition between Ti coating and Zr55Al10Ni5Cu30 BMG substrate may be responsible for
the high corrosion resistance of Ti-coated Zr55Al10Ni5Cu30 BMG.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Bulk metallic glasses (BMGs) have attracted much attention as
a new material due to their unique characteristics (high mechanical
strength, low Young’s modulus, large elastic elongation, high frac-
ture toughness, good corrosion resistance etc.), which cannot be
obtained for conventional crystalline materials [1–4]. The BMGs
exhibit high corrosion resistance owing to their structural disorder
and chemical homogeneity. They do not contain crystalline defects,
such as grain boundaries or dislocations acting as preferential sites
for corrosion. Thus, the glassy state provides the formation of
a uniform passive film without weak points with respect to
corrosion and presents better corrosion properties than the crys-
talline counterparts with the same component in many alloy
systems [5]. Zr–Al–Ni–Cu alloy system is known as the best glass-
forming system as is evident from the large critical diameter of
30 mm [6,7]. Zr–Al–Ni–Cu and Zr–Ti–Al–Ni–Cu bulk glassy alloys
exhibit high glass-forming ability and good mechanical properties.
High bending fracture strength of 3000–3900 MPa, which is 2–2.5
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times higher than those of crystalline Zr-based and Ti-based alloys,
was reported [8]. Moreover, applications of Zr–Al–Ni–Cu BMG
require high chemical stability in various environments in order to
ensure an acceptable lifetime. Zr–Al–Ni–Cu BMGs have been
proposed to be applied in orthopaedics and dental surgery, because
of excellent mechanical properties and high polarization resistance
in an artificial body fluid [9]. However, recently the authors [10]
found that Zr-based BMGs had almost no apatite-forming ability
after alkali-treatment, although Zr metal was reported to have
apatite-forming ability after certain treatments [11]. Moreover, the
toxicity of alloy elements (Ni, Cu or Al) in the glass also restricts the
biomedical applications due to the possibility of causing an allergy
reaction, cancer or other diseases in human body.

On the other hand, surface coating produced by PVD method is
a useful technique to improve the surface properties of metallic
materials such as wear resistance, anti-corrosion properties and
oxidation resistance [12–15]. It has been widely applied in steels
[12] and magnesium alloys [13]. Additionally, PVD method has
already been used in investigating medical materials. Liu et al. [15]
reported that PVD TiN coating on Ti–6Al–4V alloy as artificial hip
joints is effective to enhance wear resistance and corrosion
performance. So far rare data on PVD-coated BMGs were published.
To utilize both the advantages of BMGs in mechanical properties
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Fig. 1. XRD patterns of Ti coatings on Zr55Al10Ni5Cu30 BMG substrate.

Fig. 2. Bright-field TEM image of Ti coating on Zr55Al10Ni5Cu30 BMG substrate.
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(high strength, low Young’s modulus and high elasticity) and the
advantages of PVD coatings (wear resistance, chemical inertness
and high thermal stability), the PVD coating technique is employed
in this study. Ti was chosen because Ti has very good corrosion
resistance in Cl�-containing solution. Ti is also a good biocompat-
ible material and its surface osteo-conductivity can be improved
through hydroxyapatite coating by alkaline treatments. Further-
more, Ti coating is expected to prohibit the dissolution of Ni, Al and
Cu ions and improve the corrosion resistance and bioactivity of the
Zr-based BMGs.

Combining superior electrochemical properties of PVD coating
with excellent mechanical properties of BMGs, the BMGs could be
qualified candidates for medical applications. In this study, Ti
coating on Zr55Al10Ni5Cu30 BMG was prepared by means of
magnetic sputtering. The microstructure and electrochemical
properties in Hanks’ solution of Ti-coated Zr55Al10Ni5Cu30 BMG
were investigated.

2. Experimental procedure

Master ingots of Zr55Al10Ni5Cu30 alloy (composition is given in
nominal at.%) were prepared by arc melting the mixture of pure
metals (>99.9 mass%) in an argon atmosphere. The substrate BMG
samples in a plate form with dimension of 1 mm� 15 mm� 50 mm
were prepared by injection casting into copper mold. Before the
deposition process, the Zr55Al10Ni5Cu30 BMG substrates were finely
polished with SiC paper and Al2O3 paste, ultrasonically washed in
distilled water and acetone, then dried in air. After the chamber was
evacuated to a pressure of 6�10�3 Pa, argon was introduced.
Afterwards, Ti was deposited on the Zr55Al10Ni5Cu30 BMG
substrates by evaporation of pure Ti cathode with the substrate
temperature of about 200 �C using a direct current magnetron
sputtering system. The deposition parameters were as follows:
Voltage of 350 V, beam current of 6.0–10.0 A and deposition time of
5 min. The structure of Ti-coated Zr55Al10Ni5Cu30 BMG was exam-
ined by micro-area X-ray diffraction with Co Ka radiation (XRD,
Bruker, D 8 Discover GADDS). The microstructures of Ti sputter
coating, substrate and interface were investigated by conventional
and high-resolution transmission electron microscopy (TEM and
HRTEM). The TEM samples were prepared by using a JEOL JEM-
9310 focused ion beam (FIB) system.

The electrochemical behavior of the samples was evaluated by
potentiodynamic polarization and electrochemical impedance
spectroscopy (EIS) in Hanks’ solution at 37 �C. The composition of
Hanks’ solution (g/l) is 8.00 NaCl, 0.40 KCl, 0.35 NaHCO3, 0.19
CaCl2$2H2O, 0.09 Na2HPO4$7H2O, 0.2 MgSO4$7H2O, 0.06 KH2PO4

and 1.00 glucose. Electrochemical measurements were conducted
in a three-electrode cell using a platinum plate as counter electrode
and a saturated calomel reference electrode (SCE) as reference
electrode. Potentiodynamic polarization curves were measured
with a potential sweep rate of 0.83�10�3 V/s after immersing the
specimens for 600 s. EIS was also measured at open-circuit
potential, with a frequency range from 105 to 10�2 Hz, and an
amplitude perturbation of 10 mV.

3. Results

3.1. Structure of Ti coating and interface

Fig. 1 shows the XRD pattern of Ti coating on Zr55Al10Ni5Cu30

BMG substrate. Ti coating on Zr55Al10Ni5Cu30 BMG exhibits a single
nano-phase of a-Ti. In order to confirm the detailed microstructure
of Ti coating, TEM and HRTEM were carried out. Fig. 2 shows the
bright-field TEM image taken from the interfacial region between Ti
coating and BMG substrate. Ti coating exhibits grey contrast with
a thickness of about 500 nm, while the BMG substrate shows a dark
contrast. No defects such as separation are observed at the interface
between Ti coating and BMG substrate, indicating that there is
a highly dense coating and good interface bonding state. Fig. 3(a)–
(c) shows HRTEM micrographs and the corresponding selected-
area diffraction (SAD) patterns taken from coating, interface and
substrate, respectively. HRTEM observation reveals that Ti coating
consists of nano-scale particles with the size about 10 nm, as shown
in Fig. 3(a). The nano-particles are identified as a hexagonal a-Ti
structure from the SAD patterns, the fringe spacing and the
geometry of crossed-fringe image. Good bonding between Ti
coating and BMG substrate is confirmed in Fig. 3(b). In addition,
a halo electron diffraction pattern was taken from BMG substrate
shown in Fig. 3(c), suggesting that Zr55Al10Ni5Cu30 substrate retains
a full glassy state. No change is found after Ti sputtering on the BMG
substrate, i.e. the sputtering process at 200 �C has no influence on
the microstructure of BMG substrate.



Fig. 3. HRTEM images and the corresponding SAD patterns of Ti coating (a), interface (b) and Zr55Al10Ni5Cu30 BMG substrate (c).
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3.2. Potentiodynamic polarization curves

Fig. 4 shows polarization curves of Ti-coated Zr55Al10Ni5Cu30

BMG and the monolithic Zr55Al10Ni5Cu30 BMG in Hanks’ solution.
Within the anodic polarization region, the passive current density
of the monolithic Zr55Al10Ni5Cu30 BMG is higher than that of Ti-
coated Zr55Al10Ni5Cu30 BMG sample. Ti-coated Zr55Al10Ni5Cu30

BMG shows a more noble open-circuit potential of about �200 mV
in comparison to that of the monolithic Zr55Al10Ni5Cu30 BMG,
�320 mV. The passive current density of Ti-coated Zr55Al10Ni5Cu30

BMG is located at between 10�3 and 10�4 A/m2, which is one or one
and a half order of magnitudes lower than that of the monolithic
Zr55Al10Ni5Cu30 BMG. The passive current density of Zr55Al10-

Ni5Cu30 BMG coated by titanium dramatically decreases due to the
passivation of Ti coating [13]. Ti coating can separate the Zr55Al10-

Ni5Cu30 BMG from the solution protecting the BMG substrate from
corrosion. Consequently, Ti-coated Zr55Al10Ni5Cu30 BMG exhibited
Fig. 4. Polarization curves of Ti-coated Zr55Al10Ni5Cu30 BMG and the monolithic
Zr55Al10Ni5Cu30 BMG in Hanks’ solution.
lower passive current density than the monolithic Zr55Al10Ni5Cu30

BMG.
3.3. Electrochemical impedance spectroscopy

Potentiodynamic polarization studies are fast and destructive
and not sufficient to explain the corrosion mechanism that takes
place at the electrolyte/coating/metal interface [16]. In addition, the
EIS technique does not significantly accelerate the corrosion reac-
tions due to only a small amplitude sinusoidal signal throughout
the electrode system. Thereby the coating surface is not affected
seriously and EIS is considered to be a useful and non-destructive
method for coating materials.

Fig. 5 shows Bode plots of Ti-coated Zr55Al10Ni5Cu30 BMG at
open-circuit potential for different immersion times. Impedance
data at high frequencies usually represent the responses of coating,
exhibiting the coating characteristics. Bode plot (phase angle, 4 vs.
log f) in Fig. 5 for Ti-coated Zr55Al10Ni5Cu30 BMG shows one single
and broad peak after 12 h immersion, indicating one time constant
for the corrosion process at the solution/coating interface [17]. Ti
coating prevents pitting corrosion to Zr55Al10Ni5Cu30 BMG
substrate by forming a protective titanium oxide. On increasing the
immersion time to 24 h, phase angle vs. log f plot shows two peaks
for Ti-coated Zr55Al10Ni5Cu30 BMG, hinting that two interfaces are
present due to the pitting corrosion. The electrochemical interface
can be subdivided into two sub-interfaces, i.e., solution/coating
interface and solution/substrate interface at pinholes. With further
immersion up to 48 h, impedance absolute values, jZj, slightly
increased due to the blocking of corrosion products in pinholes.
3.4. Surface morphologies

After the completion of potentiodynamic polarization testing,
the surface morphologies of Ti-coated Zr55Al10Ni5Cu30 BMG sample
were observed by scanning electron microscopy (SEM) equipped
with X-ray energy dispersive spectroscopy (EDS), and the corre-
sponding results are shown in Fig. 6. One deep pit on the surface
of Ti-coated Zr55Al10Ni5Cu30 BMG was observed (Fig. 6(a)).



Fig. 5. Bode plots of EIS data for Ti-coated Zr55Al10Ni5Cu30 BMG in Hanks’ solution at different immersion times.
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Ti originated from sputtering is obviously detected on the surface
around the outer part of pit in Fig. 6(b). The pit region was rich in Cu
and Zr, indicating the formation of oxides of Cu, Zr and O as mainly
corrosion products over the pit, as presented in Fig. 6(c)–(e).

4. Discussion

Interpretation of the EIS data with an appropriate equivalent
circuit can provide detailed information on the electrochemical
reaction that takes place on the electrode. From the EIS data, the
resistance of pores in the coating (Rpore) and the charge transfer
resistance (Rct), the electrical double-layer capacitance at the
solution/coating interface (Ccoat) as well as the electrical double-
layer capacitance at the solution/substrate interface (Cdl) can be
obtained. The equivalent circuit shown in Fig. 7(a) is used to model
Fig. 6. SEM image (a) and X-ray mappings (b–e) of T
the EIS data with one time constant, and Fig. 7(b) is usually used for
EIS modeling with two time constants. Here, Re is electrolyte
resistance, which depends on the distance between working elec-
trode (WE) and the tip of reference electrode (RE). A constant phase
angel element (CPE) is used to replace a capacitance because it
hardly has pure capacitance in real electrochemical process. It is
defined as Q¼ 1/Yo (ju)n. Here, n is dimensionless number, which
has a value 0� n� 1, which can be obtained from the slope of jZj on
the Bode plot. Yo is associated with the roughness of the electrode
surface. The corresponding simulated data are listed in Table 1. It is
known [16–19] that the parallel RC circuit represents a time
constant (s), corresponding to a characteristic frequency uc which
is defined by s ¼ 1=uc ¼ 1=RC. The parameters of Rpore and Qcoat

are related to the properties of the coating/solution interface
reactions. Rct and Qdl are associated with the charge transfer
i-coated Zr55Al10Ni5Cu30 BMG polarization test.
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Fig. 7. Equivalent circuits for Ti-coated Zr55Al10Ni5Cu30 BMGs in Hanks’ solution, (a)
one time constant (b) two time constants.
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reactions at the solution/substrate interface. For Ti-coated
Zr55Al10Ni5Cu30 BMG, the impedance value increased slightly due
to the passivity of Ti coating after 12 h immersion as shown in
Fig. 5(a) and Table 1, with the Rct value of the order of 105 U cm2 and
Qc� Y0 of the order of 10�6 F/cm2. The BMG substrate is a relatively
passive substrate. The electrochemical response of BMG is hardly
distinguishable from that of Ti coating [18]. Hence, at initial period
of immersion and short time immersion (1 h and 12 h), only one
time constant exists, which represents the overall surface, Ti
coating and the passive films on the BMG at pores. The second time
constant related to the solution/substrate interface via pinholes
was observed after 24 h immersion as shown in Fig. 5(b), sug-
gesting that the solution had penetrated the coating through
pinholes and the galvanic corrosion cells had established [19].
Corrosion of coating materials is usually localized at the pores,
pinhole or void, where the corrosive solution is able to penetrate
into the substrate [18]. The coating behavior is as a leaky capacitor.
The case is even more severe if the coating systems are exposed to
an aggressive environment, for example, a Cl�-containing solution
due to the aggressive effects of chloride ion in promoting pitting
corrosion. On further increasing the immersion time, the imped-
ance enhanced slightly after 48 h immersion as compared to 24 h
immersion induced by the blocking of pinholes by corrosion
products [20] from the solution/substrate interface. That is, after
48 h immersion, the corrosion products plugged in the pinholes
and the electric resistances of corrosion products were higher than
that of solution. Thus, a little higher impedance was induced
compared with early pitting period of 24 h immersion.

It is well known that PVD coatings exhibit good wear resistance,
chemical inertness and high thermal stability [14]. But, the coatings
produced by the PVD method often exhibit porosity, which can’t be
absolutely avoided. The corrosion in PVD coatings takes place pref-
erentially through pinholes, voids or other defects, which provide an
easy fracture path for adhesion failure, allowing contact of the
substrate with electrolyte [21,22]. In order to lessen the coating
defects and enhance the corrosion resistance, many researchers have
devoted themselves to adjusting deposition parameters [23] or
preparing multilayer coatings [24–30]. Interfacial integrity and
adhesion of the PVD coatings are considered to be important
Table 1
EIS data obtained by equivalent simulation of Ti-coated Zr55Al10Ni5Cu30 BMG.

Exposed
time

Rs

(U cm2)
Qcoat�Y0

(mF/cm2)
nc Rpore

(U cm2)
Qdl�Y0

(mF/cm2)
ndl Rct

(U cm2)

1 h 8.5 3.54 0.94 4.74� 105 – – –
12 h 9.2 2.74 0.92 6.75� 105 – – –
24 d 5.5 0.42 0.74 7.09� 103 6.79 0.97 2.50� 105

48 d 5.1 0.68 0.83 1.10� 104 6.12 0.96 2.76� 105
properties and can be enhanced by the presence of an appropriate
interlayer. Among them, a Ni–P amorphous interlayer appeared to be
more effective [31–33]. In this research, it is proposed that the
Zr55Al10Ni5Cu30 substrate in a glassy state also offer positive effect to
the corrosion resistance. A general feature of sputtering coating is
that, after the original nucleation stage, the growth takes place in
isolated islands which then grow together leaving voids between
them [13]. It can be proposed that less defect coating is expected on
a uniform substrate. The metallic glasses are uniform in chemical
composition and structure, providing more homogeneous, uniform
and dense microstructure of the coating. Therefore, the Ti coating on
the Zr55Al10Ni5Cu30 glassy substrate is expected to have a good
corrosion resistance. However, it still shows pitting because of some
defect in the sputtering Ti layer. The defects may come from
incomplete cleaning of the surface and be related to a vacuum
coating process. The surface cleanliness of the BMG substrate should
be improved to further inhibit pitting corrosion. Furthermore, it is
worthy to notice that good bioactivity of Ti coating Zr55Al10Ni5Cu30

BMG was also obtained by two-step chemical treatment method
[10]. In a sense, Ti-coated Zr55Al10Ni5Cu30 BMG has an attractive
potential application as biomaterials in various medical fields.

5. Conclusions

Ti coating consisting of a-Ti nano-phase was deposited on
Zr55Al10Ni5Cu30 BMG by magnetic sputtering. The polarization
curves and EIS revealed that higher corrosion resistance has been
obtained for the Ti-coated Zr55Al10Ni5Cu30 BMGs compared with
the monolithic Zr55Al10Ni5Cu30 BMG in Hanks’ solution. Open-
circuit potentials shifted to a more positive potential and the
passive current densities were lower after the Ti coating was
applied comparing with that of the monolithic Zr55Al10Ni5Cu30

BMG substrate. Passive current densities were about one or one and
a half order of magnitude lower than that of the uncoated
Zr55Al10Ni5Cu30BMG. The Bode plots present one time constant for
Ti-coated Zr55Al10Ni5Cu30 BMG immersion for 12 h, while two time
constants for Ti-coated Zr55Al10Ni5Cu30 BMG after a long-time
immersion. No crystallization of the BMG substrate and the good
bonding state between the coating and substrate should be
responsible for good corrosion resistance and high impedance
value of Ti-coated Zr55Al10Ni5Cu30 BMG. To further prevent local
corrosion, the surface cleanliness of the BMG substrate should be
improved.
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