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Abstract

The effect of Zr addition on glass forming ability (GFA) of Ni-Nb alloys has been investigated. NigyNbyg_,Zr, (x=0-40) alloys were prepared
by melt-spinning and injection-casting. Crystallization behavior of the alloys was studied by differential scanning calorimetry (DSC), differential
thermal analyzer (DTA) and X-ray diffractometry (XRD). The GFA increased with the addition of Zr, thus, a rod with the diameter of 2 mm was
obtained in NigoNb3oZr;o which has the highest reduced glass transition T;, value of 0.619 among the alloys investigated. When Zr content is more
than 10 at.%, the GFA deteriorated significantly. The atomic structure of Ni-Nb—Zr alloys investigated by means of extended X-ray absorption
fine structure (EXAFS), indicated presence of chemical inhomogeneity in the amorphous structure due to the positive mixing enthalpy between Zr

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

Ni—Nb alloy is considered to be a bulk metallic glass (BMG)
forming systems having potential for application since binary
Nisg 5Nbyg 5 alloy forms 1 mm diameter glassy rod by injection-
casting [1]. The Ni-Nb glassy alloy also exhibits high com-
pressive strength of ~3 GPa and excellent corrosion resistance
[2]. In order to enhance the glass forming ability (GFA) of the
Ni—Nb alloy further, effect of addition of third alloying element
such as Ti, Sn and Ta, etc., has been studied [3-5]. The maxi-
mum diameter of glassy rod by injection-casting increased up
to 3mm in NisgsNb336Sngg alloy [4] and compressive frac-
ture strength higher than 3 GPa was obtained in NiggNby5Tis5
and NiggNbzgTajg glassy alloys [3,5]. It has been known that
addition of elements which have negative mixing enthalpy with
constituent elements is favorable for enhancement of GFA based
on the empirical rules [6,7]. The mixing enthalpy of Sn and Ta
with Ni is —4 and —29 J/mol [8], respectively. When Ti was
added into Ni-Nb alloy, the maximum diameter of the glassy
rod increased to 1.5 mm and compressive strain before fracture
increased by about 1.5%, in spite of positive mixing enthalpy
between Ti and Nb (+2 kJ/mol) [8].
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Since rapidly solidified Ni-Nb [9] and Ni—Zr [10] alloys are
known to be amorphous phase over wide composition ranges,
it is expected that Ni-Nb—Zr alloys would also be a good glass
formers in a wide composition range. Kimura et al. showed the
formation ranges of amorphous phase and thermal stability in
Ni—Nb-Zr alloy system [11]. The amorphous phase forms in
a wide range from 20 to 75 at.% Ni, 0 to 60 at.% Nb and 0O to
80 at.% Zr. Interestingly, Zr has a positive heat of mixing with
Nb which causes solid state miscibility gap.

In the present study, the effect of addition of Zr having
positive heat of mixing with Nb (+4 kJ/mol) on the GFA of
Ni—Nb alloys has been investigated. NiggNbg_Zry (x=0-40)
alloys have been prepared by melt-spinning and injection-
casting methods to investigate the thermal stability of the glass
phase and GFA. The effect of Zr addition on the local struc-
tural change in Ni-Nb amorphous phase has been investigated
using extended X-ray absorption fine structure (EXAFS) data,
and the relation between local structural change and GFA has
been discussed.

2. Experimental details

Multi-component Ni-Nb-based alloy ingots were prepared by arc-melting
a mixture of the elements having a purity of 99.9at.% or better under high-
purity argon atmosphere. The alloyed ingots were then remelted under high
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vacuum in a quartz tube and were injected into a copper mold. Glassy alloys
were produced in a cylindrical rod with diameters up to 2 mm. Rapidly solidified
ribbon specimens were prepared by remelting the alloy ingots in quartz tubes,
followed by ejecting with an over-pressure of 50 kPa through a nozzle onto a
Cu wheel rotating with a surface velocity of 40 m/s. The resulting ribbons have
a thickness of about 30 wm and a width of about 6 mm.

The glassy phase was identified by X-ray diffraction (XRD, Rigaku) with a
collimated Cu Ka X-ray source and transmission electron microscopy (TEM,
JEM 2000EX). Thermal behavior associated with glass transition (7), crys-
tallization (7x) and liquidus melting temperature (77) was examined with a
differential scanning calorimeter (DSC, Perkin-Elmer DSC7) at heating rate of
0.67 K/s and differential thermal analyzer (DTA, Perkin-Elmer DTA7) at heating
rate of 0.33 K/s. The Ty is defined as the mid-height point of the endothermic
event for glass transition.

For detailed structural analysis, EXAFS data in the vicinity of the Ni K-edges,
Nb K-edges of melt-spun NiggNbag—_Zr, (x=0, 10 and 20) alloys were obtained
using synchrotron radiation source at the BL7C1 beamline of the Pohang Light
Source (2.5 GeV). Si (3 1 1) monochromator crystal was used with detuning to
70% in intensity to eliminate high-order harmonics. X-ray fluorescence photons
emitted from the specimen surface were detected using an X-ray fluorescence
detector (Canberra-Planar Silicon detector; PD3000). Energy calibration was
carried out with the Ni, Nb and Zr foil assigning the first inflection point to 8333,
18,986 and 17,998 eV, respectively. The EXAFS data analysis was carried out
by standard procedure.

3. Results

All the XRD patterns obtained from melt-spun ribbons of
NigoNbygo_Zr, (x=0, 5, 10, 15, 20, 25, 30, 35, 40) exhibited
a series of broad diffraction maxima characteristic of amor-
phous phase, with no evidence of crystalline Bragg peaks (not
shown here). Bright field TEM images and diffraction patterns
also confirmed ribbons have a fully amorphous structure (not
shown here). Fig. 1 shows (a) DSC and (b) DTA curves of the
NiggNbgo_Zry (x=0, 5, 10, 15, 20, 25) alloys. The glass tran-
sition was not observed, for Zr content, x > 30 at.%. Therefore,
DSC and DTA data for x =30, 35, 40 were not included in Fig. 1.
With Zr addition (x =20), two-step crystallization behavior (two
exothermic peaks) changed into one step crystallization behavior
(one exothermic peak). Table 1 lists the results of thermal anal-
ysis (Tg, Tx and T7) and parameters for GFA (supercooled liquid
region, ATy =Tx — T, and reduced glass transition temperature,
Trg =Ty/Ty, K (=[Tx — TVITi — Ty]) [12] and y (=Ty/ITi + Ty])
[13]). The characteristic temperatures (T, Tx and T7), ATx and
T}z values were plotted as a function of Zr content (0-25 at.%) in
Fig. 2. ATy increases from 33 to 38 K with increasing Zr content
from x=0 to 20, then decreases to 31 K with further increase to
25%. DTA data showed that 7| decreases with addition of Zr, i.e.
1478 Katx=0, and 1390 K at x = 15. However, two endothermic

| (a)
Nigy Nbys Zrys

<4
< -

Nigy Nby, Zry, v

~Nigy Nb,ys Zr5 v

Nigy Nby, Zry, \ 4

Heat flow

Nigy Nbyg Zr v

= ' \/—\/

Nig, Nby, v v

«Exo.

T T
800 850 200 950
Temperature (K)

Heat flow

« Endo.

1 " 1 " 1
1300 1400 1500
Temperature (K)

Fig. 1. (a) DSC and (b) DTA traces of the melt-spun NiggNbag_Zry (x=0, 5,
10, 15, 20, 25).

melting peaks were observed for alloy x=5 and 10, indicating
the composition is not pseudo-eutectic. In contrast, for x=20
and 25 only one endothermic melting peak appears. For x= 10,
15 and 20, T, was 875, 860 and 853 K, respectively, while Tj
was 1413, 1390 and 1391 K, respectively, thus, T;; was 0.619,
0.619 and 0.613, respectively.

We performed injection-casting to evaluate the GFA of the
alloys. The NiggNb3gZrjg alloy was found to have the highest
GFA among the alloy investigated, enabling formation of max-
imum 2 mm diameter glassy rod. Fig. 3 shows DSC traces of
NigoNb3zpZryo alloy ribbon and rod with a diameter of 1 and
2mm. Ty and Tx were 875 and 902 K, respectively, and the heat
release upon devitrification was about —28 J/g in melt-spun rib-

Table 1
Results of the thermal analysis (T, Tx and T1), parameters for GFA, i.e. ATy, Ty, K and y parameters, and Dp,ax for NiggNbao—Zry (x=0, 5, 10, 15, 20, 25)

Ty Tx T ATy Tig K v Drnax
NigoNbgg 891 924 1478 33 0.603 0.058 0.390 1
NigoNb3zsZrs 887 911 1458 24 0.608 0.044 0.389 1.5
NiggNb3gZrig 875 902 1413 27 0.619 0.053 0.394 2
NigoNbysZry5 860 891 1390 31 0.619 0.062 0.396 1.5
NiggNbagZrag 853 891 1391 38 0.613 0.076 0.397 0.5
NiggNb5Zr;5 843 874 1405 31 0.600 0.058 0.389 0.1
Regression coefficient (R?) - - - 0.165 0.463 0.106 0.088 1
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Fig. 2. (a) Thermal analysis (T, Tx and T7) and (b) GFA parameters (ATx and
Tyy) for melt-spun NigoNbao_,Zr, (x=0, 5, 10, 15, 20, 25).

bon and injection-cast rod (1 and 2 mm), indicating that 2 mm
diameter NiggNb3zgZrig alloy rod is fully amorphous phase.
DSC traces of 3 mm NiggNbzpZr¢ alloy rod show a significant
decrease of exothermic heat during crystallization, indicating
that partial crystallization occurred during solidification. The
present results show that maximum diameter for glass forma-
tion increased from 1 mm for the alloy x=0 to 2 mm for the
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Fig. 3. DSC traces of melt-spun and injection-cast (1 and 2 mm) NiggNb3pZrjo.
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Fig. 4. Fourier transform magnitudes (FT[K3(k)]) around: (a) Ni and (b) Nb for
melt-spun NiggNbso_,Zr, (x=0, 10 and 20) alloys.

alloy x=10. For Zr content more than 10 at.%, the GFA deteri-
orates.

Fig. 4(a and b) shows nearest neighbor distances around Ni
and Nb atoms in NiggNbgg—_Zr, (x=0, 10 and 20) melt-spun
ribbon samples. The data were obtained after background-
subtraction, normalization to unit edge, interpolation to
momentum space (k-space) and Fourier transformation into
r-space with Hanning window for the k3-weighted in the k range
of 2-13.5 (k: wave number). Fourier transformed magnitude,
FT[k"(k)] is proportional to the probability of finding an atom
at a given radial distance from the central atom. The distance in
x-axis in Fig. 4 is unitless because the data was not fitted. The
main peaks at 2-2.1 (Fig. 4(a and b)) corresponds to the nearest
(first shell) Ni, Nb and Zr atoms’ configuration around Ni atom
and Nb atom, respectively.

When the nearest neighbor distances around Ni atom is con-
sidered (Fig. 4(a)), the intensity of the main peak at about 2
decreased with the addition of Zr. The main peak was separated
into two broad peaks at 1.8 and 2.5 when Zr content was 20 at.%.
In contrast, when the nearest neighbor distances around Nb atom
is considered (Fig. 4(b)), the intensity of the main peak at 2.1
increased significantly with the addition of Zr. The main peak
was separated into two broad peaks at 1.9 and 2.4, when Zr
content was 20 at.%.
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4. Discussion

Table 1 summarizes the results of the thermal analy-
sis and maximum diameter for glass formation (Dmpax) in
NigoNbgo_Zr, (x=0, 5, 10, 15, 20, 25) alloys, characteristic
temperatures (T, Tx and T1) and parameters for GFA AT, Ty,
K [12] and y [13]. Each of the parameters was proposed based
on different viewpoints on glass formation, i.e. ATy, stability
of glass phase; T}, kinetic ability to avoid crystallization during
cooling; K, relative stability of supercooled liquid; y, stability of
liquid and kinetic ability to resist crystallization. With increas-
ing Zr content in NiggNbgo_.Zr,, GFA slightly increases up to
x =10 and then decreases with further replacement of Nb by Zr,
as shown in Fig. 2(b). However, liquidus melting temperature
decreases with increasing x to x= 15, indicating that the origin
of the GFA enhancement cannot be explained clearly from the
thermodynamic point of view. In order to reveal how closely the
estimated values from the regression correspond to the actual
experimental data, the statistical correlation parameter, R2, was
calculated and listed in Table 1. The R? values for Ty are higher
than other parameters, implying that 7}, shows a good correla-
tion with D for alloys x =0-25.

Presence of multiple components is an important parameter
to improve the GFA based on the so-called confusion princi-
ple [14]. GFA increase in the present study can be attributed
to the increase of the number of components (2 — 3). It is also
explained by the empirical rules: (1) large atomic size difference
between the alloy elements (Ni: 1.24 A; Nb: 1.46 A; Zr: 1.60 A);
(2) large negative mixing enthalpy between the alloy elements
(Ni-Nb: —30J/mol; Ni—Zr: —49 J/mol) [8]. A large atomic size
difference between constituent elements is favorable to increase
the atomic packing density of the liquid structure, destabiliz-
ing the competing crystalline phase against the glass formation.
Therefore, it becomes more difficult to satisfy the compositional
requirements for the formation of nuclei with the addition of Zr.
However, addition of Zr beyond 10 at.% deteriorates GFA signif-
icantly. The reason can be discussed with EXAFS data shown in
Fig. 4. Since amorphous phase does not have long range ordering
but random configuration, only one major peak corresponding
to the first shell appears in the EXAFS data of the amorphous
phase. If addition of an element (Zr) leads to an increase in the
degree of dense random packed atomic configuration, rearrange-
ment of the constituent elements on a long-range scale becomes
difficult and the peak intensity in Fourier transformed magnitude
decreases (Fig. 4). The decrease of peak intensity with Zr addi-
tion in Fig. 4(a) indicates increase of disorder around Ni atoms,
while the increase of peak intensity with Zr addition in Fig. 4(b)
indicates that Zr atom stimulates the decrease of disorder around
Nb atom. The addition of 20 at.% Zr leads to separation of the
main peak into two peaks, indicating that there are chemically
preferred bonding like Ni-Ni and Ni—Zr around Ni atoms and
Nb-Ni and Nb-Nb around Nb atom. Therefore, addition of Zr
over 10 at.% leads to the chemical inhomogeniety or short range

ordering (SRO) in the amorphous structure. The chemical inho-
mogeneity is connected with positive heat of mixing between
Nb and Zr, which causes miscibility gap in the Nb—Zr binary
system. This atomic structural change may be able to affect
the GFA. Therefore, the present study shows that if addition
of element causes chemical inhomogeneity in the amorphous
structure, the GFA deteriorates. This may explain why the GFA
decreases when Zr addition (x) is over 10 at.% in NiggNb4g_,Zry
alloy.

5. Conclusions

We have synthesized bulk metallic glasses to examine the
enhancement of GFA in Ni-Nb system by the addition of Zr.
The maximum diameter of glassy rod that can be fabricated is
about 2mm for NigoNbzoZr;o exhibiting the largest T, value
of 0.619. Although the R? values for Ty are higher than other
parameters suggested so far, only thermodynamic and/or kinetic
criteria for GFA (ATx, Ty, K and y parameters) are not sufficient
for evaluating the GFA of Ni-Nb—Zr alloy system.

The reason that addition of Zr beyond 10 at.% deteriorates the
GFA significantly can be discussed with EXAFS data. EXAFS
data shows that there is an evidence of local short range ordering
or chemical inhomogeniety caused by the preferential chemical
bonding when amount of Zr is over 10 at.%. This chemical inho-
mogeniety can lead to the decrease of the GFA of Ni-Nb—Zr
alloy.
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