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The effect of substituting Nb for Zr on the glass forming ability (GFA) and mechanical properties
of NigoZra7_xAlgHf;Nb, (x = 0 — 14) alloys was investigated. The substitution of Zr with Nb of 0 —
14 at% improved the GFA. When increasing the Nb content x from 0 — 14, the glass transition
temperature, T,, and the crystallization temperature, Ty, of melt-spun NigoZry7_xAlgHf;Nb, (x =
0 - 14) alloys increased from 833 and 863 K to 877 and 914 K, respectively. The
NigoZra7_xAlgHf;Nby (x = 8, 10, 12 and 14) alloys exhibited high T4(= T,/ T:,'"9) (>0.615),
=T/ Tg+ Tr','f')(>0.4) values and a wide supercooled liquid region, AT, (= T, - T,) (>36 K)
enabling the fabrication of bulk metallic glass (BMG) with a diameter above 1 mm. As such,
NigoZri7AlgHf;Nb4g and NiggZrisAlgHf;Nb4, alloys with a maximum diameter of 2 mm could be
fabricated by injection casting. These bulk amorphous alloys also exhibited good mechanical
properties, where the true ultimate compressive strength, strain and Vickers hardness (H,) were
approximately 3.0 GPa, 2.08% and 713, respectively, for the amorphous NiggZri7AlgHf;Nb4g
alloy, and 3.1 GPa, 2.22% and 687, respectively, for the amorphous NigyZri5AlgHf;Nb, alloy.

© 2006 Springer Science + Business Media, Inc.

1. Introduction

Bulk metallic glasses (BMGs) and amorphous alloys are
of interest because of their unique properties, such as high
strength, corrosion resistance and magnetic properties,
associated with random atomic configurations [1]. More
recently, BMGs alloys with a high glass forming ability
(GFA) have been developed mainly in Zr-, Ti-, Cu-,
Mg- and Fe-based alloy systems [2—7]. Meanwhile, the
development of Ni-based amorphous alloys with high
strength and corrosion resistance has dominated the
practical application of amorphous alloys. Although
quite a few high-strength glass-forming systems [2, 8§,
9] have been reported, the GFA achieved so far has been
very limited. Also, some of these reported systems [2]
include metalloids, such as B and P, in their chemical
compositions, which limits the manufacturability of
these alloys. Thus, for broader engineering applications
and scientific studies on Ni-based BMGs, new Ni-based
alloys are needed with a higher GFA and better manu-
facturability. Recently, Ni-Zr-Al-based bulk amorphous
alloys (containing more than 60 at% Ni) with a large
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supercooled liquid region, AT,, high reduced glass
transition temperature, 7,,, and y have been reported
through a systematic alloy design [8, 10, 11].
Accordingly, the present study examined the effect of
Nb, as an element substituting for Zr, on the GFA and
mechanical properties of NigyZry7_,AlgHf7Nb, (x = 0,
4,6, 8,10, 12 and 14) alloys. Nb was selected as a can-
didate element based on the empirical rules for a high
GFA [12], i.e., Nb has an intermediate atomic radius (Ni
< Al < Nb < Zr < Hf) [13] and produces a significant
amount of heat when mixing the constituting elements
[14]. Thus, to study the effect of Nb as a substituting el-
ement for Zr on the GFA and mechanical properties of
NiggZry;— AlgHf7Nb, alloys, the variation in the glass
transition temperature (T,), crystallization temperature
(Ty) and melting temperature (T,,l,'q) according to the Nb
content was investigated by a thermal analysis of melt
spun amorphous NigyZry;_ AlgHf;Nb, (x = 0, 4, 6, 8§,
10, 12 and 14) alloys. Thereafter, to examine the glass
forming ability, bulk glassy samples were prepared us-
ing the injection casting method. Finally, the mechanical
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properties were considered base on compressive and hard-
ness tests.

2. Experimental

Alloys of nominal composition (at%) NigyZry7_y
AlgHf;Nb, (x = 0, 4, 6, 8, 10, 12 and 14) were pre-
pared by arc-melting under Ar atmosphere. Raw materi-
als with a purity ranging from 99.8 to 99.99% were used
in the arc-melting process. The alloys were remelted at
least four times to ensure their compositional homogene-
ity. Rapidly solidified ribbon samples were prepared by
remelting the alloys in quartz tubes, and ejecting with an
over pressure of 35 kPa through a nozzle onto a Cu wheel
rotating with a surface velocity of 40 m/s. The resulting
ribbons exhibited a thickness of about 25 — 30 um and
width of about 2 mm. Rod-shaped bulk samples were pre-
pared using an injection casting with a diameter of 1 and
2 mm and height of about 50 mm. X-ray diffraction (XRD)
experiments were performed to identify the formation of
the amorphous phase in the ribbons and bulk samples us-
ing monochromatic CuK, radiation. A thermal analysis
of the ribbon samples was carried out to determine the
glass transition temperature and crystallization tempera-
ture using differential scanning calorimetry (DSC) during
continuous heating at a heating rate of 0.67 K/s. In addi-
tion, a differential thermal analysis (DTA) was performed
to measure the temperature range of the alloy melting
endotherms during continuous heating at a heating rate
of 0.33 K/s. From the cast rods, cylindrical specimens
with dimension of ¢1 x 2.3 mm were prepared and an
uniaxial compression test conducted under the conditions
of a constant cross-head speed (Initial strain rate = 1 x
10~* s~!) at room temperature on an Instron-type ma-
chine. Also, micro hardness was performed using Vickers
microhardness tester under a load of 200 gf.

3. Results

3.1. Thermal analysis

The formation of the amorphous phase was con-
firmed by XRD experiments in all the rapidly solidi-
fied NigygZry7_AlgHf;Nb, (x = 0 — 14) alloy ribbons.
Fig. 1 shows the DSC traces obtained from the melt-spun
NiggZry;— AlgHf7Nb, (x = 0 — 14) alloy ribbons during
continuous heating at a rate of 0.67 K/s. All the traces
showed an endothermic event, which is characteristic of
glass transition, followed by several exothermic peaks
corresponding to crystallization into glass. With an in-
creasing Nb content, the glass transition temperature (7')
and the onset temperature of the first crystallization tem-
perature (7,) increased from 838 K and 863 K at x = 0
to 877 K and 913 K at x = 14, respectively. The super-
cooled liquid region (AT),) increased from 24 K at x =0
to 47 K at x = 8, 10, and then decreased with a further
increase of x, reaching 36 K at x = 14. In addition, the
two overlapped exothermic peaks at x = 0 and 4 changed
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Figure I DSC traces obtained from the melt-spun NiggZry7—  Alg Hf7Nb,
(x = 0—14) amorphous ribbons during continuous heating at a heating rate
of 0.67 K/s.
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Figure 2 DTA traces obtained from the melt-spun NiggZry7— cAlg Hf7Nb,
(x = 0—14) amorphous ribbons during continuous heating at a heating rate
of 0.33 K/s.

to a single exothermic peak at x = 6, 8, 10, 12 and 14,
indicating a change in the crystallization behavior.

Fig. 2 shows the DTA traces obtained from the melt-
spun NigyZry;_,AlgHf;Nb, (x = 0 — 14) alloy ribbons
during continuous heating at a rate of 0.33 K/s. The
solidus temperature (T"") and liquidus temperature (T,,")
assumed to be the onset and end temperature, respectively,
of the melting endotherm. The NigyZr,7AlgHf; alloy ex-
hibited two endothermic peaks with onset and end temper-
atures of 1350 and 1508 K, respectively. The 75 and T,
for the alloys exhibited a dependence on the Nb contents
(x). The alloy with x = 0 showed minimum 7:°' at about
1350 K, while the other alloys exhibited 7! within a
range of 1358 — 1376 K. As such, there was no significant
change in T:°' with the Nb content x. However, the T

changed with a large adding of Nb, i.e. T,,l;q was 1508 K
at x = 0, decreasing to 1382 K at x = 4, then slightly
increased to 1419 K at x = 14. The detailed results of the
DSC and DTA traces are summarized in Table 1.
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Figure 3 Variations of Ty, Tg, T,,lfq, T,E,"l, ATy, Ty and y obtained from
the melt-spun NigpZr27- cAlgHf7Nb, (x =0, 4, 6, 8, 10, 12, 14) amorphous
ribbons.

Fig. 3 shows the variation of T, T,, Trfl"l, T,l,lq, AT,,
T,, and y for melt-spun NigyoZry;—  AlgHf7Nb, (x =0 —
14) alloys. The supercooled liquid range, AT, (=T, —
T,) increased from 25 K at x = 0 to 47 K at x = 8 and
10, then decreased with a further increase of x, reach-
ing 36 K at x =14. To obtain a glass transition during
solidification, the nucleation and growth of a competing
crystalline phase should be prevented in the temperature
range between T,,lllq and T,. Therefore, a large difference
between T,,l,lq and T, does not favor the glass formation.
This difference can be presented by using a reduced glass
transition temperature, T,.,(= Tg/ T,}fq). With increasing
x, the T, increased from 0.556 at x = 0 to 0.621 at x
= 8, then decreased with a further increase of x, reach-
ing 0. 618 at x = 14. However, when increasing x, the

TABLE I
DTA continuous heating traces

y(=T /=TT, + T,Liq)) increased from 0.368 at x = 0
to 0.403 at x = 10, then decreased with a further increase
of x, reaching 0. 398 at x = 14.

3.2. Bulk glass formation

To examine the improvement of the glass forming ability
of each alloy composition, the NigyZr,7—  AlgHf7Nb, (x =
0 — 14) alloys were injection cast into cylindrical cavities
of Cu molds with the diameters of 1 and 2 mm. The maxi-
mum diameters for amorphous phase formation of the al-
loys are summarized in Table I. The NigyZr;7 AlgHf7Nbyg
and NigoZr;5AlgHf;Nby, alloys showed a maximum di-
ameter of 2 mm for fully amorphous phase formation.
Fig. 4a and b show DSC traces obtained from the injection
cast bulk N1602r17A16Hf7Nb]0 and Ni(,oZI‘]5A16Hf7Nb12
cylinders, together with the data from the melt-spun
ribbon. The DSC trace from the injection cast bulk
Ni6ozl'17Al6Hf7Nb10 and Ni6()Zr15Al6Hf7Nb12 cylinder
with diameter 2 mm showed nearly same crystallization
behavior as the ribbon sample with T, and T, respec-
tively. The integrated heat of the exotherms for the bulk
sample was similar, including the experimental error, to
that for the ribbon sample, indicating a fully amorphous
structure in the injection cast sample.

Figs 5a and b show XRD patterns taken from
the injection cast bulk NigZr;AlgHf7Nbyg and
NiggZrsAlgHf7Nbj, amorphous cylinders when d =
1 and 2 mm, respectively. For comparison, the re-
sults from the melt-spun NiggZr;7AlgHf7Nbyg and
NigoZr;5Al ¢Hf;Nbj, ribbons are also included. All
of the XRD patterns for the NigyZri7AlgHf7Nbjy and
NiggZr5sAlgHf7Nb, alloys showed typical halo patterns.

3.3. Mechanical properties

An uniaxial compression test was conducted on
the two bulk amorphous NigyZr;AlgHf7Nbyy and
NiggZr5sAlgHf7Nb;, cylinders with a diameter of 1 mm.
Fig. 6 shows the uniaxial compressive true stress-strain
curves for both alloys deformed under a constant cross-
head speed condition (Initial strainrate = 1 x 10™*s~!) at
room temperature. Both alloys exhibited a linear elastic
behavior up to yielding, then maintain an almost con-
stant stress level during plastic deformation. The true
ultimate compressive strength and strain were approx-

Nominal compositions of the investigated alloys and thermal properties (T, Ty, AT, Tsol, T”I:q, T and y) obtained from the DSC and

m

T, T, AT, ™, i, Dinax
Alloy X) X) X) X) X) Ty y (mm)
NigoZry7 AlgHf7 838 863 25 1350 1508 0.556 0.368 -
NigoZry3AlgHf7Nby 850 889 39 1358 1382 0.615 0.398 -
NigoZry1 AlgHf7Nbg 856 899 43 1362 1386 0.618 0.401 -
NigoZri9AlgHf7Nbg 864 911 47 1366 1392 0.621 0.404 1
NigoZr17AlgHf7Nb1o 867 914 47 1368 1400 0.619 0.403 2
NigoZri5sAlgHf7Nb > 868 913 45 1371 1411 0.615 0.401 2
NigoZri3AlgHf7Nb14 877 913 36 1376 1419 0.618 0.398 1
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Figure 4 DSC traces obtained from the melt-spun ribbon and injection
cast cylinders with 1 and 2 mm diameters, respectively, during continu-
ous heating rate at a rate of 0.67 K/s: (a) NigoZr17AlgHf7Nbjp and (b)
NigoZr;5AlgHf7Nb, alloys.

imately 3.0 GPa and 2.08%, respectively, for the amor-
phous Niﬁ()ZI‘17Al6Hf7Nb10 alloy, and 3.1 GPa and 222%,
respectively, for the amorphous NigyZr5sAlgHf7Nb;, al-
loy. Meanwhile, the Vickers hardness (H,) was 713 for
the amorphous NiggZr;7AlgHf7Nb( alloy and 687 for the
amorphous NigyZr5sAlgHf7Nb;, alloy.

4. Discussion

The effects of alloying elements on the GFA of an alloy
have not been yet fully understood. However, the multi-
component interactions, as pointed out in the empirical
rules [1], and thermal stability of the amorphous phase
would appear to be related to the GFA of an alloy. The
present study showed that addition of Nb to an Ni—Zr—
Al-Hf alloy improved the thermal stability of the glassy
phase, as clearly shown in Fig. 1. Moreover, the resistance
of the liquid alloy to crystallization improved significantly
with the addition of Nb, resulting in the presence of the
alloy composition range with a wide supercooled region
(>40K). Although AT\, T, and y are not directly related
to the GFA of the alloy, most BMGs have AT, T, and
y larger than 40 K, 0.6 and 0.4, respectively, at a heating
rate of 0.67 K/s [1].
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Figure 5 XRD patterns taken from the injection cast bulk NigoZri7Alg
Hf7Nbjo and NigyZr;5AlgHf7Nbi, amorphous cylinders with d = 1 and
2 mm, respectively: (a) Ni602r17A16Hf7Nb10 and (b) NiGQZI‘]jAl(, Hf7Nb12
alloys. For comparison, the results from melt-spun ribbons are also included.
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Figure 6 True compressive stress-strain curves of both NigyZri7Alg
Hf7Nbjo and NigpZr;5AlgHf7Nbj, bulk amorphous alloys with a diameter
of 1 mm.

The NigoZry7_AlgHf;Nb, (x = 8, 10, 12, 14) alloys
exhibited a large AT, (>36 K) and high T},, (>0.615) and
y (>0.4) values, enabling the fabrication of BMG with a
diameter above 1 mm. As such, NigyZr7AlgHf7Nb{( and
NiggZr5sAlgHf7Nbj, alloys with a maximum diameter of
2 mm could be fabricated by injection casting. It should



also be noted that the GFA of the Ni-Zr-Al-Hf-Nb alloys
improved, when the addition of Nb decrease the melting
temperature, while increasing the T, and T.

A decrease in melting point and increase of T, and T
indicate that the liquid phase, including glass state, is sta-
bilized with respect to competing crystalline phases. The
liquid phase can be stabilized by increasing the atomic
packing density and by forming short-range composi-
tional order in the liquid phase [15]. As such, the large
atomic size difference between Nb and constitution ele-
ments was favorable to increase the atomic packing den-
sity of the liquid structure. Plus, the strong interaction Ni-
Nb (—30 kJ/mol) and Al-Nb (—18 kJ/mol) atomic pairs
may also have contributed to stabilization of the liquid
phase by change the local atomic structure [14].

5. Conclusion

The glass forming ability and mechanical properties
of NigyZry;— AlgHf;Nb, (x = 0 — 14) alloys were
investigated. The GFA improved when the addition
of Nb decreased the melting temperature, while in-
creasing the crystallization onset temperature and glass
transition temperature. The substitution of Zr with Nb
at 0 — 14 at% improved the GFA. When increasing the
Nb content x from 0 — 14, the glass transition temper-
ature and the crystallization temperature of melt-spun
NiggZry;_ AlgHf7Nb, (x = 0 — 14) alloys increased from
833 to 877 K, and 863 to 914 K, respectively. The super-
cooled liquid range also increased from 25 K at x = 0 to
47 K at x = 8 and 10, then decreased with further increase
of x, reaching 36 K at x = 14. The NiggZrp7_,AlgHf7Nb, (x
=8, 10, 12, 14) alloys exhibited a large AT, (>36 K) and
highT,, (>0.615) and y (>0.4) values, enabling the fabri-
cation of bulk metallic glass (BMG) with a diameter above
1 mm. As such, the amorphous NigyZr;7AlgHf7Nbg and
NiggZr5sAlgHf7Nb;, alloys achieved a maximum diam-
eter of 2 mm due to their good GFA, as investigated
in the present study. Both amorphous alloys prepared
by melt spinning and injection casting showed similar
crystallization process during continuous heating in the
DSC. In addition, these bulk amorphous alloys also ex-
hibited good mechanical properties, where the true ul-

timate compressive strength, strain and Vickers hardness
(H,) were approximately 3.0 GPa, 2.08% and 713, respec-
tively, for the amorphous NigyZr7AlgHf7Nb;( alloy, and
3.1 GPa, 2.22% and 687, respectively, for the amorphous
Ni602r15A16Hf7Nb12 alloy.
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