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a b s t r a c t

This study explored the feasibility of preparing Ti50Cu28Ni15Sn7 bulk metallic glass composite with pow-
der metallurgy. With high energy ball milling of a pure Ti, Cu, Ni, Sn and carbon nanotube (CNT) powder
mixture, the CNT/Ti50Cu28Ni15Sn7 metallic glass composite powders can be formed with mechanical
alloying (MA) after 8 h milling. The bulk metallic glass composite was successfully prepared by vacuum
hot pressing the as-milled CNT/Ti50Cu28Ni15Sn7 metallic glass composite powders. The corrosion behav-
eywords:
echanical alloying

ulk metallic glass composite
upercooled liquid region
acuum hot pressing
orrosion resistance

ior of the Ti50Cu28Ni15Sn7 bulk metallic glass as well as composites modified by the addition of CNT
was investigated by electrochemical measurements. Electrochemical characterization was performed in
Hanks’ solution at 37 ◦C with physiologically relevant dissolved oxygen content. The results of potentio-
dynamic polarization measurements revealed that the Ti-based bulk metallic glass composites examined
showed spontaneous passivity by anodic polarization with a passive current density of about 10−5 A/cm2.
The higher corrosion resistance of the Ti-based bulk metallic glass composites was attributed to stable

ms en
and protective passive fil

. Introduction

Bulk metallic glasses (BMGs) have attracted much attention due
o their unique properties, for example, superior strength, high
ardness, excellent corrosion resistance and high wear resistance
1]. For application of metallic glasses alloys to engineering fields,
t is important to characterize their corrosion characteristics due
o the requirement of high chemical stability in service environ-

ents. Ti-based bulk metallic glasses were first reported in the
i–Zr–Ni–Be system in 1994 [2]. To improve the mechanical prop-
rties or corrosion characteristics of such single-phase metallic
lasses alloys, metallic glass matrix composites were developed.
he glasses were reinforced by second-phase particulates [3], fibers
4], or in situ formed ductile phase precipitates [5]. Recently, many
echniques have been used successfully to prepare Ti-based BMGs,
ut most research efforts and industrial interest are focused on
he different implementations of the rapid solidification [6]. An

lternative method is using a solid-state amorphization process-
ng, for instance, mechanical alloying (MA), to prepare amorphous
owders that are suitable for further compaction and densification.
eanwhile, reinforced particles can be introduced easily into the
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riched with titanium containing certain amounts of additional elements.
© 2010 Elsevier B.V. All rights reserved.

glassy matrix. As previous investigations have demonstrated, MA
has been used successfully to prepare amorphous Cu- and Zr-based
composite powders [7,8].

Even though BMGs and CNTs have many excellent properties, a
literature survey indicated no report on the formation of Ti-based
BMG composite powder containing CNTs by the MA process. By
adding CNTs into Ti-based BMGs, performance improvements can
be anticipated. In contrast to several investigations reported on
corrosion studies on Zr-based amorphous alloys [9], only a few
investigations on Ti-based amorphous alloys exist [10]. In this work,
amorphous Ti50Cu28Ni15Sn7 powders with or without CNT were
prepared by MA. Subsequent consolidation of as-milled powders
was performed, and the corrosion resistances in simulated body
fluid of Ti50Cu28Ni15Sn7 BMG composites were investigated.

2. Experimental procedure

A mixture of elemental metallic powders with a nominal composition of
Ti50Cu28Ni15Sn7 (in at.%) was mechanically alloyed with or without the addition
of 4, 8 and 12 vol.% CNT powders. The milling was performed in a SPEX 8016 shaker
ball mill under an Ar-filled atmosphere. Specific details of the mechanical alloying
process are described elsewhere [7]. The as-milled composite powders were con-

solidated in a vacuum hot pressing machine to prepare bulk samples with a 10 mm
diameter and 2 mm thickness. The structures of the as-milled and bulk samples were
analyzed using an X-ray diffractometer and scanning electron microscope. Thermal
analysis was investigated using a Dupont 2000 differential scanning calorimeter
(DSC), in which the sample was heated from room temperature to 900 K under
a purified argon atmosphere at a constant heating rate of 40 K/min. In addition,

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:pylee@mail.ntou.edu.tw
dx.doi.org/10.1016/j.jallcom.2010.02.061
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at 719 K and T at 765 K. The T and T of the composite powders are
ig. 1. X-ray diffraction patterns for mechanically alloyed Ti50Cu28Ni15Sn7 and com-
osite powders after 8 h milling.

he corrosion behavior of the bulk glassy alloys was evaluated by electrochemical
easurements. For each condition, at least three samples were examined and the
iddle data was presented. Prior to corrosion testing, the samples were mechan-

cally polished with silicon carbide papers up to grit 2000. The electrolyte used
as simulated body fluid Hanks’ solution with pH 7.4 at 310 K open to air, which
as prepared from reagent grade chemicals and deionized water. The composi-

ion of Hanks’ solution (g/L) is 8.00 NaCl, 0.40 KCl, 0.35 NaHCO3, 0.19 CaCl2·2H2O,
.09 Na2HPO4·7H2O, 0.2 MgSO4·7H2O, 0.06 KH2PO4, 1.00 glucose. Electrochemical
easurements were conducted in a three-electrode cell using a platinum counter

lectrode and a saturated calomel reference electrode (SCE). Potentiodynamic polar-
zation curves were measured with a potential sweep rate of 1.0 × 10−3 V/s in Hanks’
olution after immersing the specimens for 1800 s, when the open-circuit potentials
ecame almost steady. X-ray photoelectron spectroscopy (XPS) was performed on
he surface of the bulk glassy alloys after immersion in Hanks’ solution at 37 ◦C.

. Results and discussion

The XRD patterns of the elemental powder mixture with a com-
osition Ti50Cu28Ni15Sn7 after milling for 8 h are shown in Fig. 1(a).
here is one clear broad diffraction peak around 2� = 42◦, which
ndicates that fully amorphous powders were formed. As for the
omposite powders of Ti50Cu28Ni15Sn7 alloy mixed with 4 and
vol.% CNT after 8 h of milling, as seen in Fig. 1(b) and (c), no
iffraction peaks from the crystalline CNT can be detected. This
ay be attributed to the small volume and crystalline size of CNT

articles. Lin et al. [11] reported that for an addition of a small
mount of Al2O3 to mechanically alloyed Ni–Al alloys no Al2O3
hase can be detected by XRD after 10 h milling. This is simi-

ar to what was observed in this work for the preparation of the
iAl–Al2O3 intermetallic-matrix composite. The XRD spectra of the
2 vol.% CNT-containing powders are also depicted in Fig. 1(d). The
2 vol.% CNT-containing powders exhibit a broad halo peak and
harp diffraction peaks superimposed, identified as TiC, which sug-
ests the presence of a mixture of the amorphous and TiC crystalline
hases.

In order to observe the microstructure within the bulk metal-
ic glasses, Ti50Cu28Ni15Sn7 and its composite with 12 vol.% CNT
dditions, i.e., the same sample shown in Fig. 1, were examined
y transmission electron microscopy. The TEM micrographs of
i50Cu28Ni15Sn7 powder are shown in Fig. 2(a); a typical “salt and
epper” microstructure representing a homogeneous amorphous
hase was observed. For a composite powder with 12 vol.% CNT, as
evealed by TEM in Fig. 2(b), TiC nanoparticles with irregular shapes

nd sizes around 20–40 nm are embedded and homogeneously
istributed in the amorphous matrix. The illustration included in
ig. 2(b) presents the selected area diffraction (SAD) pattern taken
rom the matrix, where a typical diffuse halo can be observed,
Fig. 2. TEM images of mechanically alloyed Ti50Cu28Ni15Sn7 and composite powders
after 8 h of milling.

with the ring patterns of crystalline TiC representing the amor-
phous phase. This proves that the introduction of carbon induces
the in situ formation of TiC particles, and the Ti-based multicom-
ponent matrix remains amorphous due to its high glass-forming
ability. According to the Miedema model [12], the mixing enthalpy
(kJ/mol) calculated for Ti–C is −92; for Ti–Cu it is −9.6, and for
Ti–Ni it is −34. This means that Ti has a greater chance than Cu,
Ni and Sn metal to interact with C during the course of the in situ
reaction, which leads to the precipitation of TiC particles over the
amorphous matrix. A similar behavior has been reported by Bian
et al. [13], who found that CNT can react with Zr and result in the
formation of ZrC phase during the preparation of CNT reinforced
Zr–Cu–Ni–Al–Ti bulk metallic glass composites by the conventional
die cast method.

To investigate the glass transition and crystallization behavior of
the as-milled powders, we used differential scanning calorimetry
to scan the 8 h as-milled Ti50Cu28Ni15Sn7 monolithic glass and the
composites with CNT particles, as shown in Fig. 3. The glass tran-
sition (Tg) and crystallization (Tx) temperatures are defined as the
onset temperature of the endothermic and exothermic DSC events,
respectively. The Ti50Cu28Ni15Sn7 without CNT particles exhibits Tg
x g x

higher than those of the single-phase amorphous Ti50Cu28Ni15Sn7
alloy. The area of the crystallization peak also decreases dramati-
cally when the CNT content exceeds 8%. In other words, from the
results of XRD and TEM, as shown in Figs. 1 and 2, it appears that
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Fig. 3. DSC scans of mechanically alloyed Ti50Cu28Ni15Sn7 and composite powders
after 8 h milling.
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ig. 4. The outer morphology of the Ti50Cu28Ni15Sn7 with 4 vol.% CNT addition after
acuum hot pressing at 723 K under a pressure of 1.2 GPa.

he in situ TiC phase formed during milling will induce the overall
omposition of the glassy phase to deviate from the starting compo-
ition and will finally change the thermal stability of the composite
owders. Similar behavior was reported for small ZrC additions in
Zr–Al–Cu–Ni alloy by mechanical alloying [14]. Based on the DSC

esults, the 8 h as-milled composite powders were consolidated by
acuum hot pressing into a disk with a 10 mm diameter and 2 mm

hickness. The powders were hot pressed at 723 K under a pressure
f 1.2 GPa for 30 min. Fig. 4 shows a consolidated sample of the
ulk metallic glass composite that exhibited a smooth outer sur-
ace and metallic luster. Though not shown here, consolidated BMG

able 1
olarization results of Ti50Cu28Ni15Sn7 bulk metallic glasses containing CNT mixed for 8 h

Ecorr (V) Epit (V) Epp (V) Ic

Ti-based −0.2735 0.2491 −0.0215 1
CNT4% −0.2764 –d –e 3
CNT8% −0.3286 –d –e 2
CNT12% −0.2761 –d –e 1

a Pitting overpotential (Epit − Ecorr).
b Protection overpotential (Epit − Ecorr).
c Corrosion–penetration rate.
d No pitting potential observed.
e No protection potential observed.
Fig. 5. Anodic and cathodic polarization curves of the Ti50Cu28Ni15Sn7 bulk metallic
glasses containing CNT mixed 8 h in Hanks’ solution at 310 K.

Ti50Cu28Ni15Sn7 and composite samples exhibited similar XRD and
TEM results as those of the corresponding powders shown in Fig. 1
(XRD) and Fig. 2 (TEM).

Potentiodynamic polarization processing of Ti-based bulk
metallic glasses revealed pitting corrosion. The corrosion poten-
tial and pitting potential are −273.5 mV and 249.1 mV (as listed in
Table 1), respectively. However, the Ti-based bulk metallic glass
composites containing 4%, 8% and 12% CNT did not exhibit pitting
corrosion, and all potentiodynamic polarization curves were the
same. Under high potential, the corrosion reaction of metal and
H2O electrolysis occurs, and the induced corrosion current den-
sity increases. Fig. 5 shows the potentiodynamic polarization that
improves the corrosion resistance of Ti-based bulk metallic glass
composites containing CNT. Morrison et al. [15] reported that the
potentiodynamic polarization curves of Ti43.5Zr21.7Ni7.5Be27.5 BMG
immersed in phosphate-buffered saline (PBS) solution showed pit-
ting corrosion, and the measure values are −372 mV (Ecorr) and
217 mV (Epit). Qin et al. [10] observed that the corrosion resistance is
improved when the Cu content decreases with an increase of Zr for
Ti40Zr2.5+xCu37.5−xPd7.5Sn5 BMG in Hanks’ solution. Pitting corro-
sion still occurs, however, and the Epit value is 400 mV when x = 10.
Compared with this study, the Ti-based material with CNT does not
exhibit pitting corrosion and has higher corrosion resistance.

The SEM micrographs of the surface of Ti-based BMG after
potentiodynamic polarization show pitting corrosion and cavita-
tion corrosion, as shown in Fig. 6. The microstructures of Ti-based
BMG composites containing CNT display local pitting corrosion or
crevice corrosion. We conjecture that the specimen surface had
residue porosity, which cannot be completely eliminated during
the consolidation step. The porosity is conducive to local pitting

corrosion and crevice corrosion that occurs after potentiodynamic
polarization. Therefore, pits of corrosion are distinct. Morrison
et al. [15] and Hiromoto et al. [16] reported that the defects of
the passive film on the specimen surface due to these inhomo-

in Hanks’ solution at 310 K.

orr (A/cm2) �pit
a (V) �pp

b (V) CPR (mpy)c

.807 × 10−5 0.5226 0.252 0.06347

.355 × 10−5 –d –e 0.10855

.395 × 10−5 –d –e 0.07287

.058 × 10−5 –d –e 0.03055
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Fig. 6. SEM images of the Ti50Cu28Ni15Sn7 bulk metallic

eneities serve as active sites for chloride ion attack and result
n penetration of the passive film. The susceptibility to localized
orrosion of BMG has been shown to increase with increasing con-
entrations of chloride ions in the Ti-based and Zr-based system.
he further study by Qin et al. [17] explains that the Cu content
f specimen surface is seriously decreased by chloride ion dis-
olution of the Cu, and there is higher heat of admixture in Ti
ith oxygen induce the passive film formed. Compared with this

tudy, the Ti-based system immersed in Hanks’ solution has similar
esults.

Though not shown here, XPS examination was used to reveal
he surface films after corrosion tests. Ti-based bulk metallic glass
nd its 4% CNT-added composite exhibited TiO2 and Cu2O species.
hile CuCl2 and CuSO4 species were found on the surface of

i-based BMG containing 12% CNT. This indicates that, though Ti-
ased BMG composites exhibited higher corrosion resistance than
i-based BMG, the passive protective films, however, were differ-
nt.

. Conclusion

In the present study, amorphous Ti50Cu28Ni15Sn7 and its com-
osite powders were successfully synthesized by the mechanical
lloying of powder mixtures of pure Ti, Cu, Ni, Sn and CNT after
h milling. The metallic glass composite powders were found to
xhibit a large supercooled liquid region before crystallization.

he thermal stability of the amorphous matrix is affected by the
resence of the CNT particles. Changes in Tg and Tx suggest that
eviations in the chemical composition of the amorphous matrix
eveloped due to a partial dissolution of the CNT species in the
morphous phase. BMG composite compact discs were obtained

[
[
[

[
[

es containing CNT mixed for 8 h after corrosion testing.

by consolidating the 8 h as-milled composite powders by a vacuum
hot pressing process. The results in Hanks’ solution reveal that the
Ti-based bulk metallic glass composites have high corrosion resis-
tance and formed spontaneously passivated by anodic polarization
with a passive current density of about 10−5 A/cm2 in Hanks’ solu-
tion. The higher corrosion resistance for the Ti-based bulk metallic
glass composites was attributed to stable and protective passive
films enriched with titanium and containing certain amounts of
additional elements.
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