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Abstract: Glass-forming ability (GFA) and mechanical properties of (Zr, ( Nb_ .Cu  Ni Al

0.58 0.03 0.16 0.13 0.10)1007
Lu_(x = 0-3 at%) alloys have been investigated. The GFA of Zr, Nb,Cu, Ni Al  alloy is dramatically
enhanced by adding Lu. The (Zr,  [Nb  Cu,  Ni Al ), Lu, alloy possesses the highest GFA in the studied
Zr-Nb-Cu-Ni-Al-Lu alloys, with its critical diameter for glass formation reaching 20 mm by copper-mould
casting method, while that of the Lu-free Zr ,Nb,Cu Ni Al  alloy is 7 mm. The critical diameters of
(Zr, Nb, .Cu; | Ni Al 50-.Lu, (x =1 at% and 3 at%) alloys are 15 mm and 12 mm, respectively. The Lu
addition to Zr, Nb.Cu, Ni Al alloy induces the change of initial crystallization phases from face-centred-cubic
Zr,Ni and tetragonal Zr,Ni phases for the Lu-free Zr, Nb,Cu Ni Al  alloy to an icosahedral quasi-crystalline
phase for the Lu-doped alloys, which may be the origin for the enhanced GFA of the Lu-doped alloys. The

compressive fracture strength and plastic strain of the bulk glassy (Zr, (,Nb .Cu  Ni Al .. Lu, alloy are

0.16

1 610 MPa and 1.5%, respectively.

Key words: metallic glass; zirconium-based alloy; glass-forming ability; mechanical properties

1 Introduction

Over the last several decades, multi-component
bulk metallic glasses (BMGs) have attracted great
interest due to their unique physical, mechanical and
chemical properties' ™", and many kinds of BMGs have
been developed including Mg-, Ln-, Cu-, Fe-, Pd-
and Zr-based systems. It is well known that Zr-based
BMGs have high glass-forming ability (GFA) and
thermal stability, excellent strength, as well as good
wear and corrosion resistance'*”. These alloys have
received increasing attention in both the basic science
and potential for engineering applications as structural
metallic materials™. So far, several Zr-based metallic
alloys with high GFA, such as Zr-Al-TM (TM = Co,
Ni, Cu)", Zr-Al-Ni-Cu", Zr-Ti-Ni-Cu-Be", Zr-M-Cu-
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Ni-Al (M = Ti, Nb) """ Zr-Al-Cu-Ag"” and Zr-Al-
Co-Ag!"” alloys, have been developed. The Zr-Nb—Cu—
Ni—Al system is a well studied metallic glass owing
to its high GFA, and the measured critical cooling rate
for glass formation is less than 10 K s™'"", We have
reported that minor addition of Y to Zr;Nb;Cu,(Ni,;Al,,
alloy not only induced an icosahedral quasi-crystalline
phase (I-phase) formation but also greatly enhanced
the GFA!. Recently, based on the study on the effect
of Lu on the glass formation, (Zr,ssNb, ,;Cuy ¢Nij 5
Alj 10)9sLu, alloy with unusually high GFA has been
developed, and it can be cast fully into BMG with a
diameter of 20 mm by copper-mould casting.

Consequently, we focus on the glass formation,
thermal stability and mechanical properties of
(Zry ssNbg 3Cuy 16Ny 13A1g10) 100, Lu, (x =0, 1, 2 and
3 at%) alloys. For understanding the effect of Lu
element on the GFA of Zr-Nb-Cu-Ni-Al-Lu alloys, the
crystallization behaviors of the Lu-free and Lu-doped
alloys are studied. Mechanical properties of these
BMGs are also examined.

2 Experimental

Alloy ingots with nominal compositions of (Zr, sg
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Nbg 43Cug 1Nig 13AL 10)100- L0, (x = 0 at%, 1 at%, 2 at%
and 3 at%) were prepared by arc-melting a mixture
of the pure metals Zr, Nb, Cu, Ni, Al and Lu in a Ti-
gettered argon atmosphere. From the master alloys,
ribbons were prepared by single-roller melt-spinning
technique in an argon atmosphere. For the smaller rod-
shaped sample (= 10 mm in diameter), the ingot was
remelted in a quartz tube using an induction heating coil
in an argon atmosphere, and then injected into a copper
mold through a nozzle. For the larger rod-shaped
sample (=12 mm in diameter), the ingot was remelted
in a quartz cup using a tilting induction furnace, and
the molten alloy was poured into a copper mold in an
argon atmosphere. The structure of cross sections of as-
cast rods was characterized by X-ray diffraction (XRD)
using a Bruker AXS D8 X-ray diffractometer with Cu-
Ko radiation. The glass transition temperature (7,),
onset temperature of crystallization (7,), onset melting
temperature (7,,) and offset melting temperature (7})
were measured by a NETZSCH DSC 404 C differential
scanning calorimeter (DSC) at a heating rate of 0.33
K s™' under a flowing purified argon atmosphere. To
study the crystallization behavior, the glassy ribbons
were annealed to crystallization in the DSC cell at a
heating rate of 0.33 K s™', and then cooled to room
temperature. The crystallized phase structure was
identified by XRD and a JEM2100F transmission
electron microscopy (TEM), operated at the acceleration
voltage of 200 kV. The samples for TEM were the
ribbons thinned electrochemically by jet polishing at
263 K and 20 V, using a solution of CH;OH and HNO,
in a volume ratio of 2:1. Mechanical properties under
uniaxial compression were examined with a SANS
CMT5504 testing machine at a strain rate of 4.17x 107"
s~' in ambient atmosphere. The sample dimension for
the compression test was 2 mm in diameter and 4 mm
in height. The fracture surface was observed by JSM-
5800 scanning electron microscopy (SEM).

3 Results and discussion

For investigating the effect of the addition of Lu
element on the GFA, rod samples of Zr-Nb-Cu-Ni-
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Al-Lu alloys with different diameters were fabricated.
Fig. 1 shows the XRD patterns of the (Zr,ssNb, ;Cu, 16
Nig13AlG 10)100—cLu, (x = 0 at%, 1 at%, 2 at% and
3 at%) cast rods with critical diameters (dmax) for glass
formation. All the XRD patterns exhibit a principal
halo and no sharp diffraction peaks corresponding to a
crystalline phase, indicating their glassy nature within
the detection limit of XRD.
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Fig.1 X-ray diffraction patterns of (Zr, ;,Nb, ,;Cu, ,,Ni, ,,
Aly 1) 100, Lu, (x =0-3 at%) cast rods with their critical
diameters for glass formation

The critical diameters of the studied alloys are
summarized in Table 1. It is found that the GFA of (Zr
0.58NDg.03C U4 16N1g 13ALg 10) 100-L ;. (x = 0 at%, 1 at%,
2 at% and 3 at%) alloys is very sensitive to the content
of Lu and the Lu-doped alloys have higher GFA than
the Lu-free alloy. The (Zr, ssNby 0;Cuy 16Nig 13Aly 10)es LU,
alloy possesses the highest GFA in the studied alloy
system, and its critical diameter for glass formation
reaches as high as 20 mm. The critical diameter of the
(Zry 5sNbg o3 Cug 16Nig 13A1g.10) 100 Lu, (x = 1 at% and
3 at%) is 15 and 12 mm, respectively. In comparison,
the maximum diameter for glass formation is only 7
mm for the Lu-free Zrs,Nb,Cu,(Ni;Al,, alloy under the
same experimental conditions.

The effect of lutetium on the thermal properties
of the ZrssNb;Cu,(Ni;Al,, alloy was investigated by
DSC. Fig. 2 shows the DSC curves of melt-spun (Zr
0.58NDg.03CUg 16N1g 13ALg 10) 100-L ;. (x = 0 at%, 1 at%,
2 at% and 3 at%) glassy ribbons. As shown in Fig.2,
with increasing temperature, all the alloys exhibit
distinct glass transition, followed by the appearance

Table 1 Some thermal parameters and critical diameters of (Zr, ;,,Nb, ,,Cu, Ni, ;Al, ;) 0. Lu, (x =0-3 at%) glassy alloys

Lu content/at% d,./mm T,/K TJ/K T./K T/K AT /K T,/T, TNTAT)
0 7 667 759 1054 1160 92 0.575 0.415
1 15 662 748 1077 1159 86 0.571 0.411
2 20 662 741 1075 1171 79 0.565 0.404
3 12 657 748 1076 1180 91 0.557 0.407
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of a wide supercooled liquid region, crystallization
and then melting behaviors. The thermal parameters
of T, T,, T\ and T,,, derived from the DSC curves, are
summarized in Table 1. It is evident that the addition of
Lu affects the thermal stability of ZrsNb;Cu,(Ni;Al,,
glassy alloy. The Lu addition results in a decrease in 7,
and 7, and an increase in T,, and 7;, while no obvious
change in 7, is observed with the introduction of
1 at% Lu. The values of some GFA indicators, including
the supercooled liquid region AT, (AT, = T - T,), the
reduced glass transition temperature 7,, (7,,= T,/T)) and
yIy=T, /T, + T)]" for the present glassyalloys are
also shown in Table 1. With the Lu content increasing
from 0 to 2 at%, the AT, value decreases from 92 to
79 K, then increases slightly and reaches the maximum
value of 91 K at 3 at% Lu. The decrease in T}, and y
are also observed for the Lu-doped alloys. It can be
concluded that the GFA of the Zr-Al-Ni-Cu-Lu alloys,
characterized by their critical diameters, is not well
reflected by the AT,,

explanations have been mentioned in the literature

T, and y parameters. Possible
[16, 17]
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Fig‘z DSC curves Of(ZrO.SSNbO.O3cuO.16NiO.13A10.10)100fYLuA
(x=0-3 at%) melt-spun ribbons

It was found that minor addition of rare-earth
(RE) elements can significantly improve the GFAs of
the BMG-forming alloys'". There are three supposed
views to explain the beneficial roles of RE elements on
the GFAs of glassy alloys. Firstly, RE elements may
act as oxygen scavenger via the formation of innocuous
RE oxides, leading to the suppression of heterogeneous
nucleation'"”. Secondly, there are appropriate atomic-
size mismatches, and large negative heat of mixing
between the RE elements and the existing constitution
elements”™ ", Finally, RE elements may destabilize
the competing crystalline phase and stabilize the liquid
phase®™.

For the glass formation of BMGs, the local atomic
structure is crucial. It has been experimentally revealed
that a BMG with high GFA generally possesses special
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atomic configurations that are favorable for improving
the GFA!"!. The additional RE elements may promote
the formation of special atomic configurations which
are favorable for improving the GFA. On the other
hand, the local atomic structure of BMGs can reflect
the structural features of the initial crystalline phase,
which precipitates in the supercooled liquid region
during heat treatment™'. In this paper, we studied the
initial crystalline phase of the 2 at% Lu doped alloy
as well as the Lu-free alloy. Fig.3 shows the XRD
patterns of the annealed Zr;sNb,Cu,(Ni;Al,, and
(Zr.5sNbg 03Cu 16N1 13A1) 19)osLu, samples. Some sharp
diffraction peaks are observed in addition to a halo
peak corresponding to the residual glassy phase in
Figs.3(a) and (b). For the Zr;;Nb,Cu,(Ni,;Al,, glassy
alloy, the initial crystalline phases are identified as
face-centred-cubic Zr,Ni (FCC-Zr,Ni) and tetragonal
Zr,Ni phases. For the (Zr,ssNb, ;Cu, ¢Nig ;3AlLy 1)esLU,
glassy alloy, all of the Bragg peaks can be associated
with a single icosahedral phase. The indexing of the
peaks was carried out on the basis of six independent
Millers indices proposed by Bancel et al®*. I-phase
precipitation was also confirmed by the nanobeam
diffraction patterns with two-, three- and five-fold
symmetries for the icosahedral particles. Fig. 4 shows
the bright-field TEM image of the (Zr,ssNb, ,;Cu, ;6
Nig3Alp10)9sLu, ribbons heated to 733 K. The size
of the precipitated particles is about 50 nm and their
nanobeam diffraction pattern with five-fold symmetry
is shown in the inset of Fig.4. For the studied alloys,
the final crystalline phases are tetragonal CuZr, and
tetragonal Zr,Ni, as shown in Figs.3(c) and (d).
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Fig.3 X-ray diffraction patterns of the melt-spun ribbons
heated to different temperatures

The above results indicate that the addition
of 2 at% Lu to the Zr-Nb-Cu-Ni-Al alloy induces
a change of initial precipitation phases from FCC-
Z1,Ni and tetragonal Zr,Ni phases for the Lu-free
ZrssNb;Cu,(Ni;Al,, alloy to a single I-phase for
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the Lu-doped alloy, although their final crystalline
phases are tetragonal CuZr, and tetragonal Zr,Ni. This
implies that the local atomic configurations of the
ZrsNb,Cu (Ni;Al,, glassy alloy are changed by Lu
addition and the icosahedral-like local structure is the
dominant local structure in the Lu-doped glassy alloy. It
is suggested that icosahedral clusters exist in the molten
Lu-doped alloy and remain in the rapid-solidified glassy
alloy, and during annealing the icosahedral clusters
arranged to the I-phase, as observed, as a middle phase
prior to the final cystallization in our study. The five-
fold symmetry of the icosahedral arrangement of
atoms is incompatible to the long-ranged translational
symmetry, which creates a thermodynamic barrier
to the formation of periodic crystals and restrains
the crystallization of the molten alloy during rapid
solidification, leading to the appearance of superior
GFA in the (Zr,5sNby 3Cug¢Nig 13 Alg)esLu, glassy
alloy. Accordingly, the existence of strong icosahedral
local ordering may be another factor for the higher
GFA in the Lu-doped alloys.

90 nm

Fig.4 Bright-field TEM image of (Zr, \Nb, ,,Cu, ,(Ni, ,;
Al ))esLu, glassy alloy heated to 733 K (The inset
shows the nanobeam diffraction pattern of precip-
itated [-phase particles with five-fold symmetry)

2 SOO-CaSt rod ¢ 2 mm (Zr 5Nb 4,Cuy ((Niy ;AL ) 16— Lu,
<
o
= 2000F —
B X 01 =1 x=2 x=3
£ 1500F /‘/~\'“, /o
15
Z 1000} /
a. / I o -4 -1
£ 50l / / / ) £=4.17x10"s
5 / / / / 1%
o JfJ" / / / —
0 § / / X )
Strain

Fig.5 Compressive stress-strain curves of bulk glassy
(Zr, xNb, ;Cu, (Ni, ;AL 10)100-.Lu, (x =0-3 at%) rods

Fig.5 shows the compressive stress-strain curves
of the bulk glassy (Zr,ssNby o;CugcNig 13AL510)100- L0,
(x =0 at%, 1 at%, 2 at% and 3 at%) alloy rods with
2 mm in diameter. It can be seen that all the curves
exhibit similar features, i e, elastic deformation
followed by yielding and then distinct plastic
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deformation accompanying serration prior to failure.
The ZrsNb,Cu,(Ni;Al,, glassy alloy exhibits high
fracture strength of 1 780 MPa, and slightly detrimental
effect of Lu addition can be observed, which is 1 590,
1 610 and 1 680 MPa for (Zr,ssNb, ;Cug cNig 5
Aly o) i00—cLu, (x =1 at%, 2 at% and 3 at%) glassy
alloys, respectively. The compressive stress-stain
curves also show plastic strain of 1%-2%, indicating
the ductile nature of the bulk glassy (Zr,ssNb ,;Cu, ¢
Nig13Al10) 100 L0, (x =0 at%, 1 at%, 2 at% and 3 at%)
alloys. The plastic strains of the alloys with x=1 at%
and 2 at% are higher than the others.

Sliding regio

ey (i 0
Fig.6 SEM images of compressive fracture of bulk glassy
(ZrO.SRNbO.OSCllO.16Ni0.13A10.10)98Lu2 alloy

Fig.6 shows the SEM images of the compressive
fracture of the glassy (Zr,ssNbg1;Cuy 16Nig13Al) 10)es LUy
rod. It is observed that samples fracture along a single
plane, indicating that one major shear band dominates
the final fracture (Fig.6(a)). The compressive fracture
angle is approximately 41°, i e, smaller than 45°. The
fact that the compressive fracture does not occur
along the plane of maximum shear stress demonstrates
that yielding in the studied BMGs follows the Mohr-
Coulomb criterion, rather than the von Mises criterion,
which is appropriate to polycrystalline metals. This
inclination angle also agrees with those observed
during compression of other Zr-based BMGs'".
The typical fracture morphology in the vicinity of
the sample edge is shown in Fig.6(b). In the fracture
sliding zone, the surface is relatively smooth except for
some thinner ridges and valleys. The feature within the
final fracture zone consists of numerous strips and lots
of vein patterns. The typical vein-like patterns indicate
that a local viscous flow occurs during the fracture
process. The good mechanical properties and superior
GFA of the Zr-Nb-Cu-Ni-Al-Lu system give it potential
applications in industrial fields.

4 Conclusions

Glass-forming ability, thermal stability and
mechanical properties of (Zr,ssNbg ;Cuy (Nig 5
Aly10)100—:Lu, (x = 0-3 at%) alloys have been studied.
It was found that the GFA of the ZrsNb;Cu,(Ni,;Al,,
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glassy alloy can be greatly enhanced by Lu addition.
The critical diameters for glass formation of (Zr, ;,Nb,
03CUg 16Nig 13Al) 10)100-. L0, (x = 1 at%, 2 at% and 3 at%)
alloys are 15, 20 and 12 mm, respectively, while that
of the Lu-free Zr;yNb;Cu,(Ni;Al,, alloy is only 7 mm.
The AT, value decreases from 92 to 79 K with the Lu
content increasing from 0 to 2 at%, and then increases
to 91 K at 3 at% Lu. The change of initial precipitated
crystalline phase from the FCC-Zr,Ni and tetragonal
Zr,Ni phases to a single I-phase by the addition of
Lu may be correlated to the improvement of GFA of
the Lu-doped alloys. The fracture strength of the bulk
glassy (Zr, 5sNby 0;Cug 16Nig 13Alg 10)100-. L0, (x = 0 at%,
1 at%, 2 at% and 3 at%) alloys is 1 780, 1 590, 1 610
and 1 680 MPa, respectively, and the compressive
plastic strain of the studied alloys is over 1%.
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