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bstract

The corrosion behavior of the quaternary Pr–Cu–Ni–Al bulk metallic glasses (BMGs) in 3.5 wt.% NaCl solution were investigated by potentio-
ynamic polarization and electrochemical impedance spectroscopic techniques. It is found that the there is a good correlation between the corrosion
esistance and the glass-forming ability (GFA) in the BMGs, the larger the GFA, the stronger the corrosion resistance. In case of the representative
r Cu Ni Al BMG, the isothermal heat treatment was conducted and it was found that the corrosion resistance became smaller with holding
55 15 15 16

ime at 483 K. The thermogravimetry measurement on the Pr–Cu–Ni–Al BMGs showed that the oxidation resistance was deteriorated by increasing
he Cu content and no correlations were found with the GFA. The composition of the scales formed during the oxidation was confirmed by X-ray
iffraction. The corrosion and oxidation mechanisms were also discussed based on the experimental results.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Since the first “bulk metallic glass” (BMG) Pd–Cu–Si was
repared by Chen in 1974 [1], many families of the bulk metal-
ic glass-forming alloys including La–Al–Ni, Zr–Ti–Cu–Ni–Be,
r–Ni–Al–Cu, Mg–Cu–Y and Pd–Cu–Ni–P have been discov-
red in the early1990s [2–5]. These new BMGs are expected to
pen up extensive applications due to their unique structures and
roperties. Among these, the rare-earth (RE) based BMGs offer
reat potential for application as functional materials [6,7].

For practical application of the RE-based BMGs, an under-
tanding of the corrosion and oxidation behavior is needed.
owever, little work has been done on this topic. It is reported

hat many amorphous alloys has superior corrosion resistance
ue to their special structures without crystal boundary. Alvarez
t al. [8] had explored the corrosion behavior of Ni–B–Sn
elt-spun amorphous ribbons in NaCl solution with different

H values using Tafel experiments, and concluded that this
morphous alloy exhibits a better corrosion resistance than

he crystalline counterpart; Qin et al. [9] used X-ray diffrac-
ion (XRD), Electrochemical impedance spectroscopy (EIS)
nd X-ray photoelectron spectroscopy (XPS) to monitor the
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orrosion behavior of Zr55Al10Cu30Ni5−xPdx (x = 0, 5 at.%)
MG. The results showed that the difference in the corro-

ion behavior is originated from different glass-forming ability
GFA). On the other hand, only several investigations of oxida-
ion behavior of conventional amorphous alloys (e.g. Zr-based
nd Fe-based amorphous alloys) are reported in the literature
10–13]. They considered that the oxidation behavior of the
lass-forming alloys strongly depended on the alloy composi-
ion and microstructures. The oxides are likely to be formed
rst for the composition elements with large quantity and strong
ffinity for oxygen.

In this study, we focus on the corrosion and oxidation behav-
or of Pr–Cu–Ni–Al BMGs, and particularly on understanding
he role of amorphous structure and alloy composition in the cor-
osion and oxidation mechanisms. Moreover, it is of interest to
ake a comparison between the corrosion and oxidation mech-

nisms as they are in nature all oxidation–reduction processes.

. Experimental

The Pr-based master alloys with the nominal atomic percent compositions
ere prepared by arc melting Cu, Ni, Al with the purity of no less than 99.9 wt.%
nd Pr with the purity of no less than 99.7 wt.% in titanium-gettered argon
tmosphere. Cylindrical specimens of 2 mm in diameter and 60 mm in length
ere prepared from the pre-alloys ingots by suction casting into a copper mold.
he heat treatments were carried out in an evacuated quartz tube with a vacuum
f 1 × 10−3 Pa. Thermal analysis was performed from the room temperature
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o the liquidus temperature (Tl) at a constant hearting rate of 10 K/min with a
ifferential scanning calorimeter (DSC, Netzsch DSC 404C). The microstructure
f samples was examined by XRD in a D/Max-rB diffractometer using Cu K�

adiation.
The cylindrical specimens for electrochemical tests were ground into an

rea of 0.2 cm × 0.5 cm at one end and a copper wire lead was attached with the
ilver paint to the other end. Except for the exposed surface for testing, the entire
pecimen was covered with an epoxy resin. The testing areas were mechanically
olished with successive SiC papers of 240, 400 and 600 grain size, then were
egreased with ethyl acetate and were washed with ethyl alcohol and distilled
ater before each experiment. Electrochemical measurements were carried out
sing a typical three-electrode system: a stationary specimen, a pair of counter
lectrodes (made of Pt sheet) and a saturated calomel reference electrode (SCE).

CHI 660 A electrochemical workstation was used for the polarization curves
nd the electrochemical impedance spectroscopy (EIS) measurements at room
emperature after 20 min exposure to the test solution starting at the open-circuit
otential. The test solution, 3.5 wt.% NaCl aqueous solution, was prepared with
nalytical grade NaCl reagent (≥99.5 wt.%) and deionized water. A scan rate of
.8 mV/s was used for the potentiodynamic polarization test. The EIS method
as used in the frequency range from 105 to 0.1 Hz and involved the imposition
f a sine wave with 5 mV in amplitude. From potentiodynamic polarization
urves and EIS results, the parameters related to corrosion were then obtained
o analyze the electrochemical behavior of these BMGs. The BMGs for the
xidation experiments were sliced into Ø 4 mm × 0.5 mm and the experiments
ere carried out in dry air using a thermogravimetry analyzer (TG, Netzsch
G209).

. Results

.1. DSC measurement

Fig. 1 shows typical examples of DSC results for the as-
ast Pr–Cu–Ni–Al BMGs in cylindrical shapes at a heating
ate of 10 K/min. These alloys reveal sequential phase transition
rom amorphous state to the glass transition region, supercooled
iquid region, fully crystallized state and melting region. The
upercooled liquid region �Tx (=Tx − Tg) [14] became smaller
nd the crystallization process was split into two peaks in the
equence from Pr54Cu15Ni15Al16 to Pr60Cu5Ni25Al10 BMGs
n Fig. 1, where the Tg and Tx represent the onset tempera-
ures of glass transition and crystallization, respectively. All of
he related thermodynamic parameters deduced from the DSC
urves of Fig. 1 are summarized in Table 1. Many criterions
ave been proposed to evaluate the GFA [14–16], If �Tx and
(=Tx/(Tg + Tl)) [16] are used as indicators of the GFA for the
r–Cu–Ni–Al BMGs, it is obvious to see that �Tx and γ have the
ame tendency with compositions, and the GFA ranks from high
o low as the following: Pr54Cu15Ni15Al16 > Pr60Cu25Ni5Al10 >
r60Cu20Ni10Al10 > Pr60Cu10Ni20Al10 > Pr60Cu5Ni25Al10.

l
[
p
a

able 1
hermal properties deduced from the DSC measurements at a heating rate of 10 K/m
rystallization Tx, the onset melting temperature Tm, the offset melting temperature Tl

ulk metallic glasses

MGs Tg Tx

r54Cu15Ni15Al16 465.4 515.5
r60Cu5Ni25Al10 417.6 465.8
r60Cu10Ni20Al10 413.9 449.0
r60Cu20Ni10Al10 435.0 454.4
r60Cu25Ni5Al10 450.5 467.1
ig. 1. DSC traces for Pr–Cu–Ni–Al bulk metallic glasses with the diameter of
mm at a heating rate of 10 K/min.

.2. Electrochemical impedance spectroscopy

The impedance data of Pr–Cu–Ni–Al alloys in 3.5% NaCl
olutions at room temperature were obtained after holding the
amples at open-circuit potential for 20 min. Thus, it made all
he samples get a stationary open-circuit potential before the test
f EIS and potentiodynamic polarization experiments. Just like
he Pr60Cu5Ni25Al10 Nyquist plot in Fig. 2(a), all the resulting
yquist plots of Pr–Cu–Ni–Al alloys (Figs. 3 and 4) present only
ne capacitive loop, which are confirmed by the Bode plot of the
mpedance data in Fig. 2(b). The sole peak of the phase curve
orresponds to the capacitive loop in the whole range of the
xperimental frequency. Then, we adopted several equivalent
ircuit models containing only one capacitive loop to fit the
mpedance data for such alloy system. The best fitting model
an be represented by the equivalent circuit R(QR) (the inset of
ig. 2(a)) composed of one parallel RQ arrangement in series
ith the ohmic resistance whose mathematical expression of the

mpedance is given by:

= Rs + 1

jωQdl + (1/Rt)
= Rs + Rt

1 + jωRtQdl
(1)

here Rs is the solution resistance, Qdl the non-ideal double

ayer capacity and Rt is the electrochemical transfer resistance
17]. The constant phase elements, Qdl, were used instead of
ure capacities, Cdl, to represent the capacitive elements, taking
ccount of the deviations of the system from the ideal state due

in, the values of the glass transition temperature Tg, the onset temperature of
, the supercooled liquid region �Tx and γ (=Tx/(Tg + Tl)) for the Pr–Cu–Ni–Al

Tm Tl �Tx γ

696.7 882.3 50.1 0.383
707.1 819.7 48.2 0.376
689.9 784.8 35.1 0.374
707.4 819.3 19.4 0.362
714.3 854.5 16.6 0.358
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BMG in this particular environment.
ig. 2. Experimental Nyquist plot (a), Bode plot (b) and the fitted plot of Pr60Cu
nset of (a) is the fitting equivalent circuit.

o surface heterogeneities and other possible reasons [18]. The
mpedance of a constant phase element, CPE, is defined as:

dl = (jω)−n/Y0 (2)

here Y0 is the admittance constant and n is a fit parameter
elated to the extent of the dispersion which is induced by the
urface inhomogeneity. For Eq. (1), the impedance Z is a transfer
unction of multiple variables (i.e. Rs Rt, Qdl and ω). Neverthe-
ess, once the parameters for the circuit elements are determined
hrough modeling, the impedance Z is simply a function of
requency ω, which produces an EIS spectrum.

Data fitting and element analysis were carried out by using
on-linear least squares (NLLS) simulating software. A good
t for the EIS data (hollow dots) of Pr60Cu5Ni25Al10 BMG was
hown in Fig. 2. The corrosion current density at Ecorr can be cal-
ulated from the impedance data by the expression (3) proposed

y Diard et al. [19]:

corr = RT

FnRt

(3)

ig. 3. Experimental Nyquist plots of Pr–Cu–Ni–Al bulk metallic glasses in
.5% NaCl solution after holding the samples at open-circuit potential for 20 min.

r

F
s
i
d

5Al10 BMG in 3.5% NaCl solution at open-circuit after 20 min immersion. The

here R is the gas constant, T the temperature, F the constant of
araday and n is the fit parameter of Qdl. Fig. 3 shows the exper-

mental Nyquist plots of Pr–Cu–Ni–Al BMGs in 3.5% NaCl
olution after holding the samples at open-circuit potential for
0 min. The fitting parameters and the corrosion current density

corr calculated by Eq. (3) are listed in Table 2.
It can be seen from Fig. 3 that the capacitive loops become

arger at low frequency, and follow the sequence of increase from
r60Cu5Ni25Al10 to Pr54Cu15Ni15Al16 BMG. This indicates the
orrosion resistance increases in this order which satisfies well
ith the Rt and icorr variation trends listed in Table 2. Larger Rt

nd smaller icorr mean higher corrosion resistance. Furthermore,
here is a good correlation between the corrosion resistance and
he glass-forming ability in the alloy system. The larger the GFA
In order to study the effect of the microstructure on the cor-
osion resistance for the Pr–Cu–Ni–Al glass-forming alloys, the

ig. 4. Experimental Nyquist plot of Pr54Cu15Ni15Al16 BMG in 3.5% NaCl
olution after holding the samples at open-circuit potential for 20 min. The inset
s the isothermal heat treatment of the Pr54Cu15Ni15Al16 BMG at 483 K for
ifferent duration time.
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Table 2
Impedance parameter values of electrochemical transfer resistance (Rt), the non-ideal double layer capacity (Qdl), and solution resistance (Rs), corrosion current
density (icorr) calculated from EIS data for the Pr–Cu–Ni–Al alloys in 3.5% NaCl solution after holding the samples at open-circuit potential for 20 min

Alloys Treatment status Rs (� cm2) Rt (×103 � cm2) Q icorr (10−5 A cm−2)

Y0 (×10−4 S cm2) n (0 < n < 1)

Pr54Ni15Cu15Al16 Amorphous 0.600 2.479 0.913 0.825 1.264
483 K, 8 min 0.145 2.355 6.839 0.794 1.382
483 K, 15 min 1.102 1.309 7.534 0.809 2.441
483 K, 25 min 0.958 0.582 4.667 0.844 5.263

Pr60Cu25Ni5Al10 Amorphous 0.836 1.302 3.645 0.725 2.739
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< Pr60Cu25Ni5Al10 < Pr60Cu20Ni10Al10 < Pr60Cu10Ni20Al10 <
r60Cu20Ni10Al10 Amorphous 0.739 1.167
r60Cu10Ni20Al10 Amorphous 0.717 0.640
r60Cu5Ni25Al10 Amorphous 0.732 0.303

r54Cu15Ni15Al16 BMG was chosen as a representative. The
MG was treated at 483 K for different duration time in order

o obtain different crystallization structures. The three selected
oints of isothermal time, 8, 15 and 25 min, were located in the
ront semi-peak, the rear semi-peak and the end of the peak,
espectively. The corresponding experimental Nyquist plots of
r54Cu15Ni15Al16 alloy after the treatment in 3.5% NaCl solu-

ion are shown in Fig. 4. It can be seen that the capacitive loops
ecome smaller with increasing the isothermal crystallization
ime, indicating that the corrosion resistance become weaker
ith the increase of the crystalline volume fraction. The fitting
arameters according to Eq. (1) and the related corrosion current
ensity icorr calculated by Eq. (3) are also listed in Table 2. The
t and icorr have a good correlation and agree well with the radii
f the capacitive loops shown in Fig. 4.

.3. Potentiodynamic polarization results

The typical potentiodynamic polarization curves of
r–Cu–Ni–Al alloys, obtained in 3.5% NaCl solutions open to

ir at 298 K, are shown in Figs. 5 and 6, where E is the potential
nd i is the polarization current density. The experimental
onditions of Figs. 5 and 6 are just the same as those of
igs. 3 and 4, respectively. It can be seen that the potentiody-

ig. 5. The potentiodynamic polarization curves in E vs. log i of Pr–Cu–Ni–Al
MGs in 3.5% NaCl solution.

P
i
N

F
P
a

1.871 0.796 2.783
12.459 0.725 5.571

9.179 0.710 12.016

amic polarization curves of all the alloys have a similar profile,
nd shows no obvious current plateau which is associated with
passive film formation at anodic polarization sides. However,

he alloys show quick dissolution at the anodic sides with
ncreasing E. As the Tafel regions are only shown in the curves
f cathodic polarization sides, we can use these curves to gain
he kinetic parameters of corrosion such as cathodic Tafel slope
βc) and corrosion current density (icorr).

The polarization kinetic parameters (βc, icorr) and the cor-
osion potential (Ecorr) were determined using the Tafel slope
ethod [20] from Figs. 5 and 6 and were summarized in Table 3.
s the current density of each sample is approximately linear
ith the potential within ±25 mV in the potentiodynamic polar-

zation curve, the slope of this plot from a tangent at Ecorr defines
he polarization resistance Rp which is also shown in Table 3.

Generally, smaller corrosion current density (icorr) and
arger polarization resistance (Rp) mean higher corrosion
esistance. Seen from Figs. 5 and 6 and Table 3, the icorr of the
MG samples is in the following sequence: Pr54Cu15Ni15Al16
r60Cu5Ni25Al10. This signifies that the corrosion resistance
s becoming stronger from the Pr60Cu5Ni25Al10 to Pr54Cu15
i15Al16 BMGs and agrees well with the same ranking of the

ig. 6. The potentiodynamic polarization curves in E vs. log i of the
r54Cu15Ni15Al16 BMG in 3.5% NaCl solution. The BMG was heat treated
t 483 K for different duration time.
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Table 3
Polarization resistance (Rp), cathodic Tafel slope (βc), and corrosion current density (icorr) calculated from polarization data in 3.5% NaCl solution of the Pr–Cu–Ni–Al
BMGs after holding the samples at open-circuit potential for 20 min

Alloys Treatments Rp (×103 � cm2) βc (V) Ecorr (V) icorr (×10−5 A cm−2)

Pr54Cu15Ni15Al16 Amorphous 2.850 −1.58 −0.773 0.851
483 K, 8 min 2.104 −1.212 −0.857 1.047
483 K, 15 min 1.106 −2.680 −0.904 1.200
483 K, 25 min 0.515 −0.56 −0.944 1.778

Pr60Cu25Ni5Al10 Amorphous 1.673 −3.185 −0.933 1.164
Pr60Cu20Ni10Al10 Amorphous 0.990 −1.482 −0.993 1.274
P −1.185 −1.018 1.580
P −4.183 −1.076 3.311

R
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r60Cu10Ni20Al10 Amorphous 0.917
r60Cu5Ni25Al10 Amorphous 0.272

p and Ecorr. The Rp increase from 12.074 to 1079.607 � cm2

nd the Ecorr from −1.076 to −0.773 V. In case of the
r54Cu15Ni15Al16 BMG after isothermal heat treatment at
83 K, the icorr increases while the Rp and the Ecorr decrease with
he holding time. Thus, the corrosion resistance deduced from
he potentiodynamic polarization experiments is consistent
ith what obtained from the EIS data.

.4. Thermogravimetry measurement

Fig. 7 shows the variation of weight gain per unit area with
emperature for the Pr–Cu–Ni–Al BMGs in static air at a heating
ate of 5 K/min. The oxidation of the samples exhibits a linear
ehavior below the onset temperature of the BMG melting, then
he gain weight starts to increase sharply in the melting region,
nd at last is followed by a steady-state after the offset temper-
ture of the BMG melting. Thus, it can be concluded that the
xygen-diffusion is the controlling process for the BMG oxi-
ation processes. The Pr60Cu25Ni5Al10 is mostly prone to be
xidized among all of the four BMGs. On the contrary, the oxi-

ation resistance of the Pr60Cu5Ni25Al10 BMG is the best. Thus,
here is a correlation between the oxidation resistance and the
u content in the BMGs. The less the Cu content, the stronger

he oxidation resistance in the four BMGs. Similar results are

ig. 7. Variation of weight gain with temperature for the Pr–Cu–Ni–Al BMGs
n static air at a heating rate of 5 K/min.
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ig. 8. XRD patterns of the surface oxides of Pr60Cu5Ni25Al10 and
r60Cu25Ni5Al10 BMGs which were heated up to 730 K at a heating rate 5 K/min

n static air.

lso found by Köster et al. [12] in the Zr-based metallic glasses
hat the oxidation resistance was deteriorated by the addition
f Cu. However, there is no correlation between the oxidation
esistance and the GFA, indicating that the decisive factors for
he corrosion and oxidation resistance are different although the
rocesses are all oxidation–reduction reactions.

In order to analyze the oxidation mechanism of the Pr-based
MGs, the X-ray diffraction pattern of the oxide scales formed
n the representative Pr60Cu25Ni5Al10 and Pr60Cu5Ni25Al10
MGs at 730 K in air at a heating rate of 5 K/min are indexed
nd shown in Fig. 8. The oxide scale of Pr60Cu5Ni25Al10 alloy
ainly consists of the oxides of Pr (e.g. Pr7O12, Pr2O3, etc.)
ith minor amounts of CuO and Ni3Pr3O7 oxides. The oxide

cale of Pr60Cu25Ni5Al10 alloy mainly contains the oxides of Pr
nd Cu, e.g. Pr7O12, Pr2O3, CuO and Cu2O, etc., and no oxide of
i is found for both of the alloys. Thus, the Cu reacts with oxy-
en even with low composition content, however the Ni does not
eem combine with oxygen even with high composition content.
. Discussion

As the results shown above, the corrosion resistance for
he Pr–Cu–Ni–Al BMGs deduced from the potentiodynamic
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olarization experiments agrees well with what obtained from
he EIS data when the BMGs are put into 3.5% NaCl solutions
or electrochemical tests, the following reactions are considered
s the anodic reactions [21]: Al → Al3+ + 3e−; Pr → Pr3+ + 3e−;
M → TMx+ + xe−, where TM represents Cu and Ni; The
athodic reactions of corrosion are primarily related to the
xygen reduction and hydrogen evolution. Then the cathodic
eactions generate an alkaline environment that leads to local-
zed precipitation of hydrated oxides such as Pr(OH)3, Pr2O3,
rO2, TM(OH)x, TMxOy, etc., and thus the formation of the sur-
ace protective film [22]. Generally, it is considered that metal
ons with lower valences such as Pr3+, Cu+ are in transitional sta-
us, the oxides and hydroxide with high valences (e.g. PrO2) are

ainly formed into the compositions of protection film [23]. Cl−
ons of the solution are absorbed on the metal surface in com-
etition with the dissolved O2− or OH− and favor the hydration
f metal ions to enter into solution. Hence, Cl− will prevent
he formation of the surface protection film [9]. According to
igs. 5 and 6, there is no obvious current plateau of passiva-

ion in the experimental range, and thus the samples dissolve
apidly at the anodic sides. Furthermore, it can be concluded
hat the corrosion resistance of the alloys in this study mainly
epends on their structures besides the compositions. The fact
hat the amorphous alloys with larger GFA and short-time heat
reatment showed superior corrosion resistance can be attributed
o their less degree of the crystalline defects and the chemical
omogeneity.

Oxidation resistance of the Pr–Cu–Ni–Al BMGs was found
o be deteriorated by increasing the content of Cu and have no
orrelations with the GFA. Sharma et al. [10] studied the oxi-
ation behavior of Zr-based BMGs (Zr65Cu17.5Ni10Al7.5 and
r46.75Ti8.25Cu7.5Ni10Be27.5) and explained the formation of the
xides from the perspective of the heat of formation. The heat of
he formation for Al2O3, NiO and CuO are −1117.6, −4997.7
nd −314.8 kJ/mol O2, respectively [24]. The oxide formation
s closely related to the affinity between the components and
xygen. According to this, the first formation of the PrxOy and
l2O3 oxides would retard the migration of the oxygen through

he oxide film. However, only from the points of formation heats
nd the diffusion behavior of the alloys elements, it is difficult to
xplain the effect of Cu on the oxidation behavior of our BMGs.
n fact, the catalytic activity of Cu, which accelerates the reaction
f Pr with oxygen and thus takes part in the oxidation reaction,
s considered as the dominant factor in the oxidation behavior of
he Pr–Cu–Ni–Al BMGs. Therefore, the different mechanisms
f the oxidation–reduction reactions resulted in no correlations
etween the corrosion and oxidation resistance.

. Conclusions

From the experimental results and discussion presented

bove, several conclusions can be drawn as follows:

. There is a good correlation between the corrosion resistance
and the GFA, and the larger the GFA, the higher the corro-

[

[

Compounds 452 (2008) 273–278

sion resistance. The corrosion resistance of the Pr–Cu–Ni–Al
BMGs are mainly depends on their structures.

. Concerning the corrosion current and the polarization or
electrochemical charge transfer resistance data, the values
obtained by polarization experiments agrees well with those
deduced from EIS data.

. The thermogravimetry measurement on the Pr–Cu–Ni–Al
BMGs showed that the oxidation resistance was deterio-
rated by increasing the Cu content, which resulted from
the catalytic activity of Cu that accelerates the reac-
tion of Pr with oxygen. The different mechanisms of the
oxidation–reduction reactions resulted in no correlations
between the corrosion and oxidation resistance.
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