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Abstract

The composition of the amorphous alloy NiseZr,oTi;¢Sis was modified with 2-9at.% additions of Cu, Al and Nb. The ribbons and the
bars 2.7 mm in diameter were prepared by melt spinning and injection casting from the alloys of the compositions: NiseZr;gTij6SisAl;Cu,,
NiseZr3Ti 3 AlgSisCus,, NisgZr 6 TijzNbg Al;Cu,Si, and NisgZr6Ti,NbgAlgCu, Si. All ribbons were amorphous up to the resolution of the X-ray
diffraction and conventional transmission electron microscopy, however rods were partially crystalline. Increase of Al content lowered and Nb
content slightly increased crystallization start temperature T, and glass transition temperature 7,. The influence of composition changes on the
overcooled liquid range AT was more complicated. The increase of Nb and decrease of Ti and Zr content led to the remarkable increase of the
liquidus temperature 7;. As a result GFA calculated as T,/7; was lowered to the values about 0.63 for 6 and 9 at.% Nb addition. The activation ener-
gies for primary crystallization in alloy with 6 at.% Al and 6 at.% of Nb, were determined. The changes of tensile test strength and microhardness

with Al and Nb additions showed hardening effect caused by Nb additions and increase in fracture strength with increasing Al content.

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

The interest in Ni—Ti—Zr amorphous alloys led to develop
some families of Ni-based alloys with non-metallic additions
like P, B or Si and high glass forming ability (GFA) [1,2]. Ni,
Ti, Zr and Si fulfill known empirical rules for the glass form-
ers since both Ni—Ti and Ni—Zr alloys form deep eutectics, the
differences between atomic radii of Ti(Zr) and Ni exceeds 18%
and enthalpy of mixing of these elements with Si is large and
negative [2]. The systematic studies under the optimization of
the compositions show that a few percent additions of Sn may
improve GFA [3], while Nb, Co Cr, Mo and Cu additions may
increase AT range of supercooled liquid as well as the strength
and corrosion resistance of the alloys [4—6]. The Al addition pro-
motes lower temperature of crystallization [7]. The Si addition
increases GFA, glass transition and crystallization temperatures
[2] but may lower mechanical properties of the alloys [4,5].
One of the compositions leading to the amorphous, 2mm in
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diameter BMG was NisqZr0Ti6Sis5 [1], revealing glass transi-
tion (T) at temperature 830 K, first crystallization at 876 K and
supercooled liquid range 46 K (defined as an onset point). The
investigation of the Nb component influence of the amorphous
alloys showed enhanced strength and a plastic deformation
range in compression test as well as increase in characteris-
tic temperatures [8]. In the present work this composition was
modified with 2-9 at.% additions of Cu, Al and Nb. The prop-
erties of the NisgZrigTijSisAl3Cuy, NisgZrigTij3AlgSisCus,
Ni562r16T112Nb9A13CuZSiz and Ni5GZrl6Ti12Nb6A16CUQSi2
alloys were investigated. The earlier results concerning first of
this alloys were presented in [9].

2. Experimental

The chemical compositions of the investigated alloys are presented in
Table 1. The alloys were prepared from a high purity components by melting
in a Balzers furnace under an argon atmosphere and cast in an iron chill mould
of the 20 cm? volume, in vacuum. The samples were prepared by melting in
quartz crucibles and spun on the CuCoBe rotating disc 20 cm in diameter. The
19 m/s linear velocity of the disc and 150—180 mbar pressure of He gas were
used. The ribbons 9 mm in width and of 50 wm thickness were achieved. The
massive samples in the form of bars of the diameter 2.7 mm were prepared by
injection casting into the copper mould.
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The chemical composition of the alloys was controlled by the EDX anal-
ysis system with the scanning electron microscope (SEM) Philips XL 30. The
phase analysis was performed by X-ray diffractometry with the Philips PW
1830 diffractometer. The microstructure of the ribbons was studied with the
use of transmission electron microscope Philips CM20 (200kV) equipped with
the EDAX Phoenix system. Thermal analysis was performed with the use of
TA DSC Q1000 and SDT Q600 calorimeters. Glass transition temperature was
defined as the inflection point on the DSC curves.

Tensile test was performed with the INSTRON 6025 and Zeiss microhard-
ness tester with the 20 G load was applied for to estimate microhardness on the
ribbons cross-sections. No less than 10 indentations were made for each average
value of the Vickers microhardness on different parts of the ribbon samples.

3. Results and discussion
3.1. Microstructure of the ribbons

All ribbons reveal amorphous microstructure both investi-
gated by X-ray diffraction and TEM, however all the massive
bars, analyzed by X-ray diffraction only, were partially crys-
talline. The X-ray diffraction patterns are presented in Fig. 1.
The TEM electron diffractions and dark field microstructures
are presented in Fig. 2a—d.

3.2. Thermal analysis of the ribbons

DSC thermal analysis is presented in Fig. 3 and character-
istic temperatures are summarized in Table 1. The Ni-1 ribbon
revealed the highest crystallization temperature, while the Ni-4
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Fig. 1. X-ray patterns of the ribbons (Cu Ka radiation applied).

the lowest. The thermal effect of crystallization in both cases
is singular. In spite of the different composition ribbons Ni-
2 and Ni-3 revealed very similar crystallization temperatures.
The crystallization of this ribbons proceeded in two separated
stages. Glass transition temperature () was clearly visible for
all but Ni-4 alloy. T;; decreased after increasing Al and decreas-
ing Ti and Zr content in alloy Ni-2, was not changed after similar
replacing Al, Zr, Ti and Si by 9 at.% of Nb in alloy Ni-3 but was
lowered by the decrease of Nb content in alloy Ni-4. The analy-
sis of this results show that the increase in Al addition decreases
both T, and Ty temperatures when Nb addition acts opposite but
rather weakly. Larger content of Zr, Ti and Si strongly increases
both temperatures. All investigated alloys melted in one thermal
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Fig. 2. Transmission electron microscopy of the ribbons: (a) Ni-1, (b) Ni-2, (c) Ni-3 and (d) Ni-4.

Table 1

Chemical composition of the alloys and results of thermal analysis

Alloy Chemical composition Ty (K) Tx (K) Telt (K) T (K) AT (K) Tx/(Tg+Th) Ty/Ty
Ni-1 NiseZrgTi6Sis Al3Cuy 846 875 1250 1256 29 0.42 0.67
Ni-2 NiseZrigTij3AleSisCuy 831 860 1248 1250 29 0.41 0.67
Ni-3 NisgZr6Tij2Nbg Al3Cu, Sia 831 863 1302 1312 32 0.40 0.63
Ni-4 NiseZr16TijoNbeAlgCus Siz 810 834 1285 1298 24 0.40 0.62

Values of Ty measured at the rate 0.33 K/s and defined as an inflection point, Tyec and 7} measured at the rate 0.05 K/s.
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Fig. 3. DSC thermal curves for the investigated alloys; heating rate 0.33 K/s.

effect suggesting near to eutectic compositions but Nb addi-
tion increases Tliq—Tsor interval. The melting temperature and
temperature of liquidus, determined from the peak tempera-
tures were slightly lowered for the alloy Ni-2 and remarkably
increased for alloys Ni-3 and Ni-4 with Nb additions. Neither
increase of Al content nor that of Ti, Zr and Si additions influ-
enced Ty, remarkably, but Nb addition increased it. Overcooled
liquid range AT remained not sensitive for Al content changes
but increased in case of Ni-3 alloy with 9 at.% Nb content, what
however is rather a result of the determining T temperature as
the onset of the main crystallization peak (Fig. 3). As a result
of a stronger influence of Nb addition on liquidus temperature
T, T,/T; value was lowered for alloys Ni-3 and Ni-4. If GFA
is defined as Tx/(Tg + T7) [10] it remains lowered but practically
constant for the Nb containing alloys. Values of Ty, AT, Tso1, T1,
Tx/(Tg+T1) and T,/T are presented in Table 1.

Activation energy for the crystallization was determined for
the Ni-1 and Ni-4 alloys by Kissinger method [11] for the con-
stant heating rates, from 5 to 50 K/min (Fig. 4). As a result the
values of 385 kJ/mol for alloy Ni-1 and 427 kJ/mol for alloy Ni-4
were estimated.
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Fig. 4. The activation energy for the primary crystallization for the Ni-1 and
Ni-4 alloys determined with the Kissinger method.
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Fig. 5. Tensile test results for the investigated ribbons. Applied velocity of the
machine traverse was 8.4 x 10~* mm/s.

3.3. Mechanical properties and microhardness

The tensile test was performed on the ribbons (Fig. 5). Both
ribbons Ni-3 and Ni-4 containing Nb and less Ti and Zr, revealed
smaller fracture strength, 711 and 633 MPa, respectively, than
Ni-1 ribbon (866 MPa) in an amorphous state. A highest fracture
strength, 1122 MPa, in the elastic deformation range, showed the
Ni-2 ribbon with the highest Al and 5 at.% Si content.

The microhardness of ribbons Ni-1, Ni-2 and Ni-3 was sim-
ilar, in the range of 920-990 (£160) wHV. The microhardness
of the ribbon Ni-4 was somehow smaller, in the range of 780
(£100) wHV. The result suggests that Nb addition increases
hardness but less than the decrease of the Ti, Zr and Si con-
tent lowers it.

4. Conclusions

1. Melt spun ribbons from alloys of composition
NisgZr1gTij6Si5Al3Cup, NisgZrigTij3AlgSisCuy, NisgZrig
Ti1pNbgAl3Cu;Siy and NisgZrigTijoNbgAlgCu,Siy revea-
led amorphous structure while the bars 2.7 mm in diameter
were partially crystalline.

2. Three atomic percent addition of Al lowers T, and Tx tem-
peratures without remarkable influence on the melting tem-
perature. It decreased microhardness and increased tensile
strength of the ribbons.

3. Nb additions weakly increase glass transition and crystalliza-
tion temperatures and to a greater extent melting temperature,
leading to the lowered T,/T and GFA values.

4. Nb additions lead to the hardening of the alloy and lowered
the tensile strength of the ribbons.

5. The activation energy for the primary crystallization, deter-
mined for NisgZr16Tij2NbgAlgCus Sis alloy is slightly higher
than for the crystallization of the cubic NiTi(Zr) in case of
the NisgZri3Ti16Si5sAl3Cu; alloy.
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