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Structural investigation of Ni–Nb–Ti–Zr–Co–Cu glassy
samples prepared by different welding techniques
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bstract

Although, bulk metallic glasses exhibit remarkable mechanical, physical and chemical properties, their critical size (the largest size of fully glassy
ample produced by casting) is limited. The utilization of a welding technique enables producing larger glassy samples. Ni53Nb20Ti10Zr8Co6Cu3

lassy alloy ribbon samples prepared by melt spinning of the pre-alloyed arc-melted ingots were welded by the electron-beam and fiber laser-beam

elding techniques. The detailed structural investigations of the welded bead and thermally affected zone were performed by micro-area X-ray
iffractometry, scanning and transmission electron microscopy. At certain optimized welding conditions the amorphous structure can be retained
fter melting. The obtained data are promising for future applications of the laser and electron-beam welding techniques to glassy alloys.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Metallic glassy alloys (or metallic glasses) were initially
roduced using a rapid solidification technique for casting of
etallic liquids at a very high solidification rate of 106 K/s [1].
owever, a large number of bulk glassy alloys (also called bulk
etallic glasses) defined as three-dimensional massive glassy

amorphous) articles with a size of not less than 1 mm in any
imension have been produced during the last years [2–4]. These
lloys are promising materials for structural applications as they
xhibit high mechanical strength, high hardness, good fracture
oughness, good corrosion resistance [2], etc.

Recently, Ni-based glassy alloys were formed in
i–Zr–Ti–(Si,Sn) [5], Ni–Nb–Ti–Zr [6], Ni–Nb–Ti [7],
i–Nb–Sn [8] and some other systems. These alloys demon-

trate a high strength of 2.5–3 GPa. The devitrification behavior
f Ni–Nb–Ti [9], Ni–Nb–Ti–Zr and Ni–Nb–Ti–Zr–Pt [10]

lassy alloys has been studied recently.

A limited size of bulk metallic glassy samples requires
onding technology to obtain industrial-size samples. Weld-
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ng of Zr-based and Pd-based bulk glassy alloys has been
chieved by Joule heating [11,12]. Electron-beam welding of
r50Cu30Ni10Al10 bulk glassy alloy having no distinct crys-

allized regions has also been accomplished [13]. Welding
f metallic glassy samples with metals has been performed
sing explosion, pulse-current and electron-beam methods [14].
n the present work, we study the welding behavior of the
i53Nb20Ti10Zr8Co6Cu3 glassy alloy [15].

. Experimental procedure

An ingot of the Ni53Nb20Ti10Zr8Co6Cu3 alloy was prepared
y arc-melting using pure elements in an argon atmosphere.
rom this ingot a metallic glassy ribbon of 40 mm in width and
.025 mm in thickness was produced by rapid solidification of
he melt on a single copper roller at a roller tangential veloc-
ty of 40 m/s. The structure of the samples was examined by
-ray diffractometry (XRD) with monochromatic Cu K� radi-

tion. The structure of the welded sample was studied using a

icro-area XRD with a collimator size of 30 �m. The phase

ransformations were studied by differential scanning calorime-
ry (DSC) at a heating rate of 0.67 K/s and differential isothermal
alorimetry (DIC).

mailto:dml@imr.tohoku.ac.jp
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Laser-beam welding was carried out by fiber laser weld-
ng in the atmosphere at laser power of 120 W, wave length
f the laser of 1070 nm, spot diameter of 0.3 mm, slit width
f the cover plate of 0.6 mm and at the welding speed of
m/min.

The electron beam welding was carried out at the accel-
rating voltage of 60 kV, beam current range of 3.9 mA,
elding speed of 4 m/min under an evacuated atmosphere of

bout 0.1 Pa. In order to prevent crystallization at the heat
ffected zone copper plates were used as the cover and backing
lates.

Transmission electron microscopy (TEM) investigation was
arried out using a JEM 2010 (JEOL) microscope operating
t 200 kV equipped with an energy dispersive X-ray (EDX)
pectrometer of 0.1 keV resolution. The samples for TEM
ere prepared by the ion-polishing technique. Scanning elec-

ron microscopy (SEM) investigations were carried out at
5 kV.

. Results and discussion

Fig. 1(a) shows a DSC trace of the Ni53Nb20Ti10Zr8Co6Cu3
lassy alloy obtained at 0.67 K/s while Fig. 1(b) represents a
art of the corresponding isothermal transformation curve cre-
ted using DIC traces obtained at 873, 865 and 855 K. This figure
epresents the thermal stability of the glassy alloy upon contin-
ous heating and in the isothermal mode. On heating above the
rystallization temperature or after holding for a certain time
t the elevated temperature the hR14 Ni4Ti3-type crystalline

hase precipitates due to thermodynamic instability of the glassy
hase.

The Ni53Nb20Ti10Zr8Co6Cu3 glassy alloy has a large super-
ooled liquid region (Fig. 1(a)) which indicates its relatively

ig. 1. (a) DSC trace of the Ni53Nb20Ti10Zr8Co6Cu3 alloy obtained at 0.67 K/s.
b) The part of the corresponding isothermal transformation curve obtained using
sothermal calorimetry.

c
p
i
v
s

F
w

ig. 2. Micro-area XRD spectrum taken from the weld bead of the sample
elded by fiber laser welding.

igh thermal stability compared to other glassy alloys and capa-
ility for welding. The micro-area XRD pattern taken from the
eld bead of the laser-welded sample is shown in Fig. 2. Simi-

ar diffraction patterns were obtained from various places within
he heat-affected zone taken 0.5, 1, 2 and 3 mm apart from the
eld bead.
High-resolution TEM image taken from the weld bead area

f the sample welded by the fiber laser welding at 120 W is
resented in Fig. 3. It demonstrates typically amorphous irreg-
lar structure which is also confirmed by using the nanobeam
iffraction pattern (NBD), though some week spot-like features
ithin the amorphous halo indicate a certain degree of medium-

ange order (MRO) which typically exists on 0.5–1 nm length
cale.

At the same time some spherical micron scale particles were
ound embedded (Fig. 4) in the glassy matrix in some areas.
he selected-area electron-diffraction (SAED) pattern was suc-
essfully indexed according to mp12 ZrO2 lattice [16]. These
articles were also observed in the SEM micrograph of the pol-

shed cross-section. SEM technique allowed us to calculate the
olume fraction of ZrO2 particles to be about 1 vol.%. The EDX
pectroscopy revealed the composition of such particles to be

ig. 3. High-resolution TEM image taken from the weld bead area of the sample
elded by the fiber laser welding. The insert is NBD pattern.
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Fig. 4. (a) SAED pattern taken from a particle in the bright-field TEM image
(
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Fig. 5. High-resolution TEM image taken from the weld bead area of the sample
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s
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λ = 1.07 �m welding at the speed of 6 m/min. Almost fully
b) of the sample welded by the fiber laser welding.

lose to the nominal composition. Nb is also dissolved in the
rO2 compound partially substituting Zr.

According to XRD results no crystals were found in the sam-
les obtained by the election beam welding carried out at the
ccelerating voltage of 60 kV and the welding current of 3.9 mA.
t the same time not only MRO zones but also the nanoparticles
p to 3–4 nm in size can be observed by the high-resolution TEM
aken from the weld bead area (Fig. 5). These particles belong
o hR14 Ni Ti -phase which was also formed primarily in the
4 3
i53Nb20Ti10Zr8Co6Cu3 glassy alloy on heating above the crys-

allization temperature. The volume fraction of the nanoparticles
s estimated to be less than 10 vol.%. TEM observations do not

a
N
t

elded by election beam welding carried out at the accelerating voltage of 60 kV
nd the welding current of 3.9 mA. The insert represents the NBD pattern taken
rom the nanoparticle.

llow precise determination of the volume fraction while these
articles are too small for SEM observation.

Almost fully amorphous samples were obtained with a small
olume fraction of the hR14 Ni4Ti3 solid solution crystalline
hase upon the electron-beam welding, though some surface
xidation was also observed.

The results of this work indicate successful welding of
he Ni53Nb20Ti10Zr8Co6Cu3 glassy alloy by the laser and
lectron-beam welding technique. The structure remained amor-
hous in the case of the laser-beam welding while a minor
anocrystallization is observed in the case of the electron-beam
elding. In general, the energy density for the electron-beam

s nearly equal to that for the fiber laser-beam. However, in
his work, we applied the defocused electron-beam on the
pecimen surface because we need the less power than min-
mum for using the equipment. Considering the difference in
he structure of the welded bead in the laser-beam and the
lectron-beam welded samples one can say that energy den-
ity of electron-beam is smaller than that of laser-beam. In
ther words on the fiber laser welding, the amount of energy
s suitable for welding of this sample without crystallization
s well as the cooling rate is high enough. On the other hand,
n the electron-beam welding, the amount of energy is larger
nd the cooling rate is not enough to suppress the crystalliza-
ion.

. Conclusion

Good bonding between two Ni53Nb20Ti10Zr8Co6Cu3 glassy
amples was obtained for the electron-beam samples welded
t the beam current of 3.9 mA and voltage of 60 kV at the
peed of 4 m/min and by 120 W fiber laser-beam, wavelength
morphous samples with a small volume fraction of the hR14
i4Ti3 solid solution nanocrystalline phase were obtained upon

he electron-beam welding, though some surface oxidation was
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bserved due to insufficient vacuum. In the case of the laser-
eam welding no crystallization of the welded sample was
ound, though nearly 1 vol.% of ZrO2 particles are found to
e embedded in the glassy matrix. The results indicate that a
ood protection against oxidation is required for the studied
lloy.
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