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ABSTRACT

The crystallization behavior and the structure of the welded samples of the
NissNbayTijoZryCosCus glassy alloy are studied. A large supercooled liquid region of about 50 K
observed enables its successful welding. On heating the supercooled liquid crystallizes by
polymorphous mechanism forming a single metastable hR14 NiyTiy phase which further
transforms at higher temperature forming several equilibrium phases. Its composition was found
to be very close (equal within the confidential interval) to that of the glassy phase. The kinetic
analysis confirmed the interface-controlled polymorphous transformation mechanism observed.

Good bonding between (wo glassy samples was obtained after welding. The results
indicate that with an increase in the welding speed from 2 to 3 m/min the structure of the welded
zone changes from the amorphous + hR 14 Ni,Ti; crystalline phase to an almost single amorphous
one. By adjusting the welding speed one can obtain the desired microstructure, The samples
electron-beam welded at the beam current of 4 mA and voltage of 60 kV at a speed of 4 m/min
were found to be almost amorphous. The results indicate successful welding of the Ni-based
glassy samples.

INTRODUCTION

Bulk glassy alloys with a size exceeding 1 mm in three dimensional space were obtained
by stabilization of the supercooled liquid against crystallization at the relatively low cooling rate
of less than 100 K/s from liquid state in the various, mostly multi-component. metallic a!!uys." 3
These alloys are promising materials for structural applications as they exhibit high mechanical
strength, high hardness, good fracture toughness, good corrosion resistance’, ete.

In particular, bulk glass formation was achieved in various Ni-based alloy systems: Ni—
Zr-Ti~(Si.Sn)",%, Ni-Nb-Ti-Zr®, Ni-Nb-Ti’, Ni-Nb-Ti-Hf*?, Ni-Nb-Sn'" and so on, which are
actually a group of LTM-ETM or LTM-ETM-M alloys (where LTM is(are) late transition
metal(s), ETM is(are) early transition metal(s) and M is metalloid or Sn). These alloys are
promising candidates for structural applications owing to their high strength attaining 3 GPa.
NissNbyoTi0ZrsCosCus bulk giass?r alloy exhibits a high tensile fracture strength of 2700 MPa
and a critical diameter of 3 mm''. NisyZrsTi;3Si;Sm;Nb; bulk glassy alloy which showed a
significant plastic deformation of 6.5 % to failure'> may contain nanoparticles which are not
detectable by an X-ray diffraction (XRD) technique. Devitrification behavior of Ni-Nb-Ti'"*, Ni-
Nb-Ti-Zr, Ni-Nb-Ti-Zr and Ni-Nb-Ti-Zr-Pt'* glassy alloys has been studied recently.
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At the same time a limited size of bulk metallic glassy samples requires bonding
technology to obtain industrial-size samples. In the present work we study the crystallization and
welding behavior of the NisyNbaoTioZrsCosCus glassy alloy. This alloy is a good candidate for
study as it has one of the highest GFAs among Ni-based alloys and a large supercooled liquid
region.

EXPERIMENTAL PROCEDURE

An ingot of the Nis;NbyTijpZryCosCu; alloy was prepared by arc-melting using pure
elements of 99.9 mass% purities in an argon atmosphere. Ni-based metallic glassy ribbon with a
width of 40 mm and thickness of 25 pm used in this study was produced by rapid solidification of
the melt on a single copper roller at a roller tangential velocity of 42 m/s. The structure of the
samples was examined by X-ray diffractometry (XRD) with monochromatic Culy, radiation. The
structure of the welded bead was studied using a micro-area XRD (CuK,, radiation) with a
collimator size of 30 pum. The phase transformations were studied by differential scanning
calorimetry (DSC) at a heating rate of 0.67 K/s and differential isothermal calorimetry (DIC).

As the laser welding heat source, diode laser welding apparatus KATAOKA LD-YAG
HP300a was used. The welding was carried out at the diameter of the laser beam of 0.3 mm, the
laser beam power of 26 W, and the welding speed range of 2 to 3 m/min. MITSUBISHI EM-9HB
election beam welding apparatus was used as the election welding heat source. The welding was
carried out at the accelerating voltage of 60 kV, beam current range of 3 to 5 mA, welding speed
of 4 m/min under an evacuated. atmosphere of about 0.1 Pa. In order to prevent crystallization at
the heat affected zone copper plates were used as the cover and backing plates. The cover plate
has had a slit of 0.6 mm in width which is similar in size to the laser/electron spot diameter,

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

RESULTS

Thermal stability and crystallization behavior of the glassy alloy.

First of all the crystallization behaviour of the Nis;NbagTi0ZrsCosCu; alloy on heating
was studied in order to determine the temperature interval of welding. A DSC trace taken within
the present work is shown in Fig. 1 (a). The sample undergoes glass transition, followed by a
large supercooled liquid region and then two exothermic reactions due to crystallization. The
glass transition temperature (T,), temperature of crystallization (Tx), and melting temperature
(Tw) are 845 K, 897 K. and 1265 K. respectively. This alloy has a very high Ty, of 0.67.
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Figure 1. (a) DSC trace and (b) DIC traces obtained at 855, 865 and 873 K for the studied alloy. Fraction
transformed in (b) is shown without incubation period. (¢) Avrami analysis for the fraction transformed as a
function of time,
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Upon heating the studied glassy alloy initially devitrifies through a supercooled liquid
producing a multicomponent hR14 NiyTi; phase (the lattice parameters a=1.12nm, ¢=0.51 nm)
starting at about 900 K and hR 14 Nig sNbg 5 phase at about 950 K (Fig. 2).
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Figure 2. XRD patterns of the studied alloy in  Figure 3. Micro-area XRD pattems of the laser-beam

as-solidified and anncaled states as indicated.  welded samples, Welded bead, upper and bottom side.

The isothermal calorimetry traces obtained at different temperatures shown in Fig. 1 (b)
were analyzed using an Avrami method (including the least squares fitting of the Avrami plot) for
the fraction transformed as a function of time (Fig. 1 (¢)) according to the following kinetic law"
for the volume fraction (x) transformed as a function of time (t):

x()=1—exp[-Ki"] m

The existence of the incubation period and the Avrami exponent values of about 4
indicate that the studied alloy undergoes nucleation and growth-type transformation by
polymorphous reaction on heating above the heating-rate dependent crystallization temperature.

Lascr beam welding of glassy samples.,

XRD patterns of the samples laser-beam welded at different speed are shown in Fig, 3. As
well as in the heat treated sample the hR14 NigTiy-type phase was found to precipitate within the
central area of the sample laser beam welded at 2 and 2.5 m/min (see Figs. 2 and 3). One can see
that the volume fraction of the crystalline phase decreases with an increase in the welding speed.
The appearance of the welded sample is shown in Fig. 4.

Figure 4. Optical micrograph of the sample subjected for laser beam welding.
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The TEM images of the welded zone in the sample welded at 2.5 m/min are shown in Fig.
5. The existence of the submicron hR14 Ni;Ti; solid solution type particles is observed in some
parts of the sample (Fig. 5 (a)). Fig. 5 (b,c) shows the selected-area electron diffraction (SAED)
patterns indexed according to hR14 lattice. The chemical composition of these multicomponent
crystalline particles and a residual amorphous phase after welding are shown in Table 1.

Figure 5. TEM images of the studied alloy. (a) welded zone and (¢) the arca around the welded zone (heat
affected zone). (b and c) SAED patterns taken from the crystalline paiticles in (a) and indexed according to
hR 14 Ni;Ti; phase lattice. (d) SAED from the area in {¢).

Table 1. Chemical composition of the hR14 erystalline particles and a residual amorphous
phase after welding (at%).

Ni Nb Ti Zr Co Cu
Crystal 1 | 47.6 29.3 10.2 5.2 4.8 2.9
Crystal 2 | 46.2 30.1 6.0 10.3 4.7 2.8
Amorph. | 45.5 30.9 6.9 9.0 4.8 3.0

. The areas around the welded zone with a large volume fraction of the glassy phase (Fig. 5
(e)) contain nanocrystals of NisTiy. The laser beam welded sample showed a tensile mechanical
strength of 410 MPa.

Electron-beam welding of glassy samples.

The electron-beam welded samples shown in Fig. 6 were found to be almost amorphous
(Fig. 7). In other words the volume fraction of crystalline particles is lower compared to those in
the laser-beam welded samples. A low fraction of the crystalline particles were found in the
welded zone of the sample electron-beam welded at the welding current of 4 mA, However, in’
some places the surface of the welded sample was oxidized. According to XRD data no crystals
were found in the thermally affected area around the welded zone.

Figure 6. The edge of the welded bead in the sample welded by electron-beam at a beam current of 3.9 mA,
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Figure 7. (a-¢) XRD patterns and (d-g) TEM images of the electron-welded sample of the studied alloy. XRD
of the welded zone: (a) clear area and (b) oxidized area and (c) thermally affected area. (d) HRTEM image
inside the welded zone. (¢) SAED pattern, (f) bright-field image of the amorphous area. (g) a single particle of
the hR14 NiyTi; phase.

The electron beam welded samples showed much higher tensile strength (960 MPa)
compared o the laser beam welded samples. No oxide particles were found in the body of the
sample, which allows us to conclude that the oxidation took place on the surface only.

DISCUSSION

The studied glassy alloy exhibits a large supercooled liquid region on heating and initially
crystallizes by polymorphous reaction using nucleation and growth mechanism forming uniaxial
grains of a metastable hR 14 Ni;Tis solid solution phase (LTM Co and Cu may substitute Ni while
ETM Zr and Nb are presumed to substitute Ti). The kinetic analysis confirmed the interface-
controlled polymorphous transformation mechanism observed. An Avrami exponent value of
about 4 suggests the interface-controlled growth. The lattice parameters of the multicomponent
hR14 Ni,Ti; phase are slightly different from those'® of a binary phase. hR14 NigsNbgs phase
and an unidentified phase form at higher temperature while the hR 14 NigTi; phase disappears.

Successful bonding is achieved after both laser-beam and electron beam welding,
Electron-beam welding produces somewhat better results compared to laser beam one. Almost
fully amorphous samples were obtained with a small volume fraction of the hR14 NiyTi; solid
solution crystalline phase upon electron-beam welding. though some surface oxidation was
observed due to insufficient vacuum. A complex oxide formed in some parts of the surface has a
structure of NisNb;Oy one. The obtained results indicate high stability of the sample upon heating.
It is also found that with an increase in the laser-beam welding speed from 2 to 3 m/min the
structure of the welded zone changes from the amorphous + hR14 NiyTiz erystalline phase to an
almost single amorphous one. By adjusting the welding speed one can obtain the desired
microstructure. Within the sample welded at 2,5 m/min the metastable NiyTi; particle size varied
from a few nanometres in the outer arca of the welded zone to a few hundreds of nanometres in
the center. The electron-beam samples welded at the beam current of 4 mA, voltage of 60 kV and
a speed of 4 m/min were found to be almost amorphous.
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The crystallization behavior and the structure of the welded samples of the
NisaNbagTijeZrsCosCus alloy were studied. The results indicate successful welding of the glassy
alloy by the electron-beam welding. The obtained data are promising for future applications of
the laser and electron-beam welding techniques to glassy alloys.
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