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Abstract

Bulk glassy NissNbyyTijpZrsCo; alloy with a critical diameter of 2 mm was synthesized by copper-mold casting and the glass transition
temperature, crystallization temperature and supercooled liquid region are 858 K, 911 K and 52 K, respectively. High corrosion resistance in 1N
HCl and H,SOy solutions was recognized for the glassy alloys NissNb,TijgZrsCo; together with Nis3Nb,TijoZrsCogCus which possesses higher
glass-forming ability. They are spontaneously passivated with low passive current densities of the order of 102 A/m? and their corrosion rate was
less than 1073 mm/year in the solutions. A small amount addition of Cu (3 at.%) in the Ni-Nb-Ti-Zr—Co glassy alloy system has little effect on
corrosion behavior and surface film composition. Niobium-rich passive films form on the glassy Ni-Nb-Ti—Zr—Co(—Cu) alloys, which could be

responsible for the high corrosion resistance.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Since the synthesis of Nis3NbogTij9ZrgCosCus (at.%) bulk
metallic glass (BMG) with high strength of 3000 MPa by copper-
mold casting [1], formation of Ni-based BMGs in metal-metal
system type has been reported in Ni-Nb-Ti—Zr(-Co),
Ni-Ta-Ti—Zr(-Co), Ni-Nb-Ti, Ni-Nb-Ti-Hf, Ni—Cu-Ti—
Zr—Al and Ni-Nb-Ti—Pt systems in recent years [2—10]. It is
notable that the glassy Ni-Nb-Ti—Zr—Co and Ni-Ta-Ti—Zr—Co
alloys, for which the critical diameters for glass-formation (#max)
was up to 1.5 mm, possess extremely high corrosion resistance
in aggressive acids mainly due to the formation of passive
film significantly enriched with Nb or Ta on the alloy sur-
face [3-5,11]. Recently, by a slight adjustment of the alloy
composition in Ni-Nb-Ti—Zr—Co system, we found an alloy,
NissNbygTijpZrgCoy (at.%), exhibiting higher glass-forming
ability (GFA) and the #,,x reached 2 mm by copper-mold cast-
ing. On the other hand, in the Ni—(Nb, Ta)-Ti-TM (TM =Zr,
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Hf, Co, Pt) systems, the Nis3NbyoTijpZrgCogCus alloy con-
taining a small amount of Cu exhibited the highest GFA as
evidenced by its fmax of 3mm [1-8,10], while its corrosion
resistance is unknown. It is of scientific and engineering impor-
tance to characterize the corrosion behavior of the glassy
Ni55Nb20Ti1()Zr8CO7 and Ni53Nb20Ti1()ZI’gCO(,CU3 alloys and
the effect of Cu addition on the corrosion resistance. This paper
intends to present the thermal stability and GFA of the glassy
Nis5NbyTijgZrgCoy alloy, and the corrosion behavior and sur-
face film compositions of the glassy NissNbooTijpZrgCo; and
Nis3NbyTijpZrsCogCus alloys in 1IN HySO4 and 1N HCl solu-
tions. The effect of Cu addition on corrosion resistance is also
discussed.

2. Experimental procedure

Alloy ingots with nominal compositions of NissNbyoTijoZrsCo; and
NiszNboTijoZrsCosCus (at.%) were prepared by arc melting the mixture of
the pure metals in an argon atmosphere. From the ingots, alloy ribbons of about
0.02 mm in thickness and 1 mm in width and cylindrical rods of 2 mm in diam-
eter were produced by melt spinning and copper-mold casting, respectively,
in an argon atmosphere. The structure of the samples was examined by X-ray
diffraction (XRD) with Cu Ka radiation. The thermal stability associated with
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the glass transition, supercooled liquid region and crystallization of the glassy
alloys was investigated by differential scanning calorimetry (DSC) at a heating
rate of 0.67 K/s.

Corrosion behavior of the glassy alloys in 1N HCI and 1N H,SOj4 solutions
open to air was characterized by immersion test and electrochemical mea-
surements using the ribbon specimens at room temperature. For comparison,
potentiodynamic polarization curves of the pure metals and a stainless steel
SUS316L were also measured. Prior to the corrosion tests the specimens were
mechanically polished in cyclohexane with silicon carbide paper up to no. 1500,
degreased in acetone, dried in air and then further exposed to the laboratory air for
24 h. For estimating the corrosion rates, the weight loss of the glassy alloys after
immersion in the solutions for 168 h was measured. Electrochemical measure-
ments were conducted in a three-electrode cell with a platinum counter electrode
and a Ag/AgCl reference electrode. Potentiodynamic polarization curves were
measured at a potential sweep rate of 50 mV/min after open-circuit immersing
the specimens for about 30 min, when the open-circuit potentials became almost
steady. The change in open-circuit potential with immersion time was recorded.

The surface of the glassy alloy specimens before and after the immersion tests
was analyzed by X-ray photoelectron spectroscopy (XPS). The X-ray photoelec-
tron spectra were measured using a SSI SSX-100 photoelectron spectrometer
with monochromatized Al Ka radiation (hv=1486.6eV). The compositions
of the surface film and the underlying alloy surface were quantitatively deter-
mined from the XPS spectra using a previously proposed method using the
integrated intensities of photoelectrons under the assumption of a three layer
model [12,13]. The binding energies of the electrons were calibrated by using
the method described elsewhere [14,15].

3. Results and discussion

Fig. 1 shows the DSC curve and X-ray diffraction pattern (the
inset) of NissNbygTijgZrgCoy cast rod with its f,x of 2 mm
together with the DSC trace of the alloy ribbon for compar-
ison. The XRD pattern shows a broad peak associated with
a glassy phase and no detectable crystalline peaks. The DSC
curves indicate no distinct difference in glass transition tem-
perature (Ty), crystallization temperature (7 ), supercooled lig-
uid region (ATx=Tx —Tg) and heat of crystallization (AHy)
between the ribbon and rod samples, further confirming the
glassy single phase structure of the bulk sample. The Ty, T,
ATy and AHy of the glassy Nis5sNbygTijgZrgCoy alloy are about
858K, 911K, 52K and 4.4 kJ/mol, respectively. It is indicated
that the NissNbygTijgZrgCo7 alloy with a critical diameter of
2 mm possesses larger supercooled liquid region and higher GFA
than the previously reported Ni-Nb-Ti—Zr—Co alloys, includ-
ing NissNbooTij0Zr19Cos (fmax = 1.5 mm). This implies that the
GFA of the Ni-Nb-Ti—Zr—Co system is sensitive to the composi-
tion variation and a slight appropriate adjustment in the compo-
sition may improve the GFA. The high thermal stability of super-
cooled liquid against crystallization for the Nis5NboTi1gZrgCoy
alloy could facilitate the easier vitrification.

Corrosion behavior of the glassy NissNbogTijgZrgCo7 and
Nis3NbygTijpZrsCogCus (its glassy structure was confirmed by
XRD and DSC) alloys in 1N HCI and 1N H>SO4 solutions was
investigated. No weight loss was detected for the two glassy
alloys after immersion in the solutions open to air for 1 week,
indicating a corrosion rate of less than 10~3 mm/year, which was
the reproducibility limit of the measurement in this work.

For a further understanding of the corrosion behavior of
the glassy NissNbogTijgZrgCo7 and Nis3NbogTijgZrgCogCus
alloys and investigating the effect of Cu addition on the cor-
rosion resistance, the glassy alloys were also characterized by
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Fig. 1. DSC curves of glassy NissNbyoTijoZrgCo7 alloy ribbon and rod with a
diameter of 2 mm. The inset shows the XRD pattern of the NissNbogTij0ZrgCo;
cast rod.

electrochemical measurements in the H,SO4 and HCI solutions.
The changes in the open-circuit potentials with immersion time
in the acids are almost the same for the glassy alloys with and
without Cu, as shown in Fig. 2. For both of the alloys, the poten-
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Fig. 2. Change in open-circuit potential with immersion time for the glassy
Ni—Nb-Ti—Zr—Co(—Cu) alloys in 1IN H,SO4 and 1N HCI solutions.
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Fig. 3. Potentiodynamic polarization curves of the glassy Ni-Nb-Ti—Zr—
Co(—Cu) alloys, pure nickel, niobium, zirconium, titanium and cobalt and
SUS316L in 1N H;SO4 solution.

tials initially rise quickly with immersion time and slow down to
reach stationary values, indicating the improvement of stability
of the surface films during immersion.

Fig. 3 shows the potentiodynamic polarization curves of
the glassy N155Nb20Ti1()ZI'gCO7 and Ni53Nb20Ti10Zr8CO6CU3
alloys, pure Ni, Nb, Ti, Zr, Co and SUS316L in 1N H,SO4
solution. Nb, Ti, Zr and SUS316L are spontaneously passi-
vated with low passive current density, while active dissolution
occurs by a slight anodic polarization for Ni and Co in the
acid. There is no apparent difference in polarization behavior
between the two glassy Ni-Nb-Ti—Zr—Co(—Cu) alloys. They
are spontaneously passivated with a passive current density of
about 3 x 1072 A/m?, which is slightly lower than those of the
pure metals and SUS316L. The cathodic activity of the alloys
are almost the same as that of SUS316L and much higher than
those of pure Nb, Ti and Zr. In the potential range higher than
1.5V, the current density of the glassy alloys increases rapidly
with potential, which may correspond to the evolution of O,.

Polarization curves in 1N HCI solution are shown in Fig. 4.
In IN HCI solution, Nb, Ti and Zr are spontaneously passi-
vated. For pure Zr, pitting corrosion occurs at about 0.25V,
while Co and Ni actively dissolve by the anodic polarization.
SUS316L exhibits active dissolution prior to passivation. The
glassy alloys are spontaneously passivated with lower passive
current densities than those of Nb, Ti, Zr and SUS316L until
about 1.2 V. At about 1.35V, they show abrupt increase in the
anodic current because of O, and/or Cl, gas evolution. It is also
recognized that in the HCI solution the passive current density
of the Ni-Nb-Ti—Zr—Co—Cu alloy is slightly higher than that
of the alloy free-from Cu. The results indicate that the present
Ni—-Nb-Ti—Zr—Co(—Cu) glassy alloys possess extremely high
corrosion resistance in the acids, though the addition of a small
amount of Cu in the alloy is slightly detrimental to the corro-
sion resistance in the aggressive HCI solution. In addition, the
corrosion behavior of the present alloys is similar to those of
the other glassy Ni-Nb-Ti—Zr—Co and Ni-Ta-Ti—Zr—Co alloys
with similar Nb/Ta, Ti and Zr contents [3-5], implying that the
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Fig. 4. Potentiodynamic polarization curves of the glassy Ni-Nb-Ti—Zr—
Co(—Cu) alloys, pure nickel, niobium, zirconium, titanium and cobalt and
SUS316L in 1N HCI solution.

alloying elements Nb, Ti and Zr are responsible for the high cor-
rosion resistance. Our previous work has demonstrated that Nb,
Ti and Zr are significantly enriched in the surface films on the
glassy NissNbogTijgZr1pCos alloy exposed to air and on those
immersed in HCl solutions in comparison with the nominal alloy
compositions [4,11]. For clarifying the origin of the high corro-
sion resistance of the glassy alloys in Ni-Nb-Ti—Zr—Co(—Cu)
system, the surface films formed in air and in the acids for
the glassy NissNbogTijgZrgCo7 and NiszNbogTijgZrgCoesCus
alloys were analyzed by XPS.

The XPS spectra of the glassy Ni-Nb-Ti—Zr—Co(—Cu) alloys
exhibited peaks of nickel, niobium, titanium, zirconium, cobalt,
oxygen and carbon. Copper peaks were also detected for the
Cu-containing alloy. The C 1s peaks were those from so-called
contaminant carbon on the top surface of the specimen. The
O 1s spectrum consisted of peaks originating from oxygen in
metal—-O—metal bond, metal-OH bond and/or bound water. The
peaks of Ni 2p, Co 2p, Nb 3d, Ti 2p, Zr 3d and Cu LMM were
composed of peaks corresponding to the species in the oxidized
states in a surface film and the metallic states in an underlying
alloy surface.

Fig. 5 shows the cationic contents in the surface films for the
glassy Ni-Nb-Ti—Zr—Co(—Cu) alloys exposed to air and those
immersed in the acids for 1 week. In the surface films formed by
air exposure for both of the alloys, Nb, Ti and Zr are enriched,
while Ni is deficient in comparison with the nominal alloy com-
positions. After immersion in the HySO4 and HCI solutions, in
the surface films of the two alloys the contents of Nb increase
significantly while those of Ni decrease, though no apparent
change in the contents of Ti, Zr and Co is recognized. The facts
indicate that the air-formed films on the alloys were not sta-
ble in the acidic solutions and converted to the passive films in
which Nb was further concentrated during the immersion. The
formation of Nb-rich passive films could be responsible for the
high corrosion resistance of the glassy Ni-Nb-Ti—Zr—Co(—Cu)
alloys. Moreover, for the 3 at.% Cu-containing alloy, Cu con-
tents in the surface films formed in air or in the H,SO4 solution
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Fig. 5. Cationic contents in the surface films for the glassy Ni-Nb-Ti—Zr—
Co(—Cu) alloys exposed to air and those immersed in IN H,SO4 and 1N HCl
solutions for 1 week.

are lower than that in the bulk alloy, and no Cu is detected in the
surface film formed in the HCI solution. This indicates that Cu
in the alloy has little effect on the surface film composition. On
the other hand, XPS analysis also indicated that, in the under-
lying alloy surface of the Cu-containing alloy exposed to air
or immersed in the solutions, copper was significantly enriched
with concentration in the range of 14.2-22.6 at.%, which is much
higher than the nominal Cu content in the alloy. It can be said
that when the alloys were exposed to air, Nb, Ti and Zr were
preferentially oxidized and resulted in enrichment of these valve-
metals in the surface films. By immersion in the solutions, Nb
enrichment in the surface film was promoted while unstable Ni
dissolved much easier. Thus, stable passive films enriched with
the valve-metal cations were formed.

4. Conclusions

(1) Bulk glassy NissNbygTijoZrgCo7 alloy rods up to 2 mm in
diameter are able to be synthesized by copper-mold casting.
The T, Tx and ATy are 858 K, 911 K and 52 K, respectively.

(2) The glassy NissNbogTijgZrgCo; and NiszNbygTijoZrg

CogCus alloys exhibited high corrosion resistance in 1N
HCI and 1N H»SOy4 solutions. Their corrosion rate was less
than 103 mm/year and they were spontaneously passivated
with passive current densities of the order of 10~2 A/m2,
lower than those of the pure valve-metals and SUS316 in a
certain large potential range.

(3) In the HCI and H>SOy4 solutions, there is no apparent dif-
ference in corrosion behavior and surface film composition
between the glassy alloys containing and free-from Cu.

(4) Nb, Tiand Zr are enriched while Ni is deficient in the surface
film in comparison with the nominal alloy compositions for
the glassy Ni-Nb-Ti—Zr—Co(—Cu) alloys exposed to air and
those immersed in the acids.

(5) The high corrosion resistance is attributed to the formation
of a niobium-rich passive films on the alloys by air-exposure
and immersion in the solutions.
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