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Formation and mechanical properties of Ti-Zr-Cu-Ni-Sn-Si glassy alloys consisting of dissimilar and
similar elements are studied. Tiss gZrs2CusggNis1Sn,Siy glassy alloy can be prepared in a bulk glassy rod
form of 4 mm in diameter and exhibits strength of 2100 MPa and a plastic strain of ~5% prior to failure
in compression. The plasticity of the TissgZrs2CusggNis1Sn,Si; bulk metallic glass is attributed to the
deformation-induced nanocrystallization in the glassy matrix during compression.
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1. Introduction

In the last decade, Ti-based bulk metallic glasses (BMGs) have
gained significant interests in basic science and engineering aspects
due to the combination of their high specific strength, large elastic
limit and good corrosion resistance [1,2]. Several Ti-based BMGs
have been developed in Ti(-Zr)-TM-M (TM = Cu, Ni and M =Sij, Sn,
B) alloy systems, such as Ti-Cu-Ni-B-Si-Sn [3], Ti-Zr-Ni-Cu-Sn
[4], and Ti-Zr-Hf-Cu-Ni-Si [5], for which the critical diameters
for glass formation were in the range from 1 to 5mm by copper
mold casting method. Ti-based BMGs with both high GFA and excel-
lent deformability like Ti-Zr-Cu-Ni-Be [6] or Ti-Zr-Cu-Pd-Sn [7]
have been reported. Exploring new Be or Pd-free Ti-based BMGs
with high GFA and good plastic deformability is significant for the
practical application of BMGs.

On the other hand, the effect of component elements on GFA of
alloys has been studied extensively. It is generally recognized that
the main constituent elements of the alloys with high GFA have
significant difference in atomic size and negative heats of mixing.
Recently, we found that the coexistence of dissimilar and simi-
lar elements can obviously improve the glass-forming ability. The
superior glass formers [8,13], such as (La-Ce)-Al-(Co-Cu) BMGs
(containing similar element pairs of La-Ce and Co-Cu in dissim-
ilar element frameworks of RE-TM-Al) with critical diameter up
to 32 mm [8,9], have been synthesized. Actually, the coexistence
of dissimilar and similar elements can also be found in many pre-
viously reported superior glass formers, such as Pd-Cu-Ni-P [10],
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Zr-Al-Ni-Cu [11], Fe-Co-Mo-Cr-C-B-Y [12]. The “coexistence cri-
terion of dissimilar and similar elements” is effective in designing
glassy alloy compositions with high GFA [8,13]. In this paper, we
report the glass-forming ability, mechanical properties and thermal
stability in (Ti-Zr)-(Cu-Ni)-(Sn-Si) alloy system consisting of dis-
similar and similar elements. The origin of high GFA and plasticity
of the Ti-based BMGs is discussed.

2. Experimental

Ti-Zr-Cu-Ni-Sn-Si alloy ingots were produced by arc-melting the mixture of
pure elements with purities above 99.9% in a high-purity argon atmosphere. From
the ingots, ribbons and cylindrical rods with different diameters were prepared by
melt spinning and copper mold casting, respectively. The structure of the specimens
was examined by X-ray diffraction (XRD) using Cu Ka radiation and transmission
electron microscopy (TEM). The samples for TEM observation were prepared by elec-
trochemical polishing with a solution of 4% HCIO4 and 96% C;Hs OH at 243 K. Thermal
stability of the glassy samples was evaluated by differential scanning calorimeter
(DSC) at a heating rate of 0.33 K/s. Compression tests for the BMGs were carried out
by employing SANS testing machine at a strain rate of 2.1 x 10~ s~'. The compres-
sion samples were 2 mm in diameter and 4 mm in length. The deformed specimens
were observed by scanning electron microscope (SEM).

3. Results and discussion

A series of Ti-based alloys (I-VI) are designed in the present
work, as listed in Table 1. XRD patterns of the as-cast alloy samples
with different diameters are shown in Fig. 1. It can be seen that the
patterns for the alloy rods consist of only broad diffraction halos
without any sharp Bragg peak, except for the Tig5Zr5CuysNis, which
is partially nanocrystallized specimen. Apparently, a small amount
of Sn addition to the Ti-Zr-Cu-Ni system is effective on improving
the GFA. The further minor addition of Si into the Ti-Zr-Cu-Ni-Sn
resulted in a Tigs gZrgCusg gNis 1 Sn;,Siq alloy with the highest GFA
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Table 1
Thermal properties and critical diameter (d.) of Ti-based BMGs.
Alloy Composition (at.%) Tg/K Tx /K AT/K d./mm
| TissZrsCuysNis 660 695 35 <2
11 Ti45_22[‘7_2CU40_5Ni5_1 Snz 676 714 38 3
11 Ti44_22rg_2 CU4()_5N15_1 Sl]z 664 706 32 3
v T143,zzl'9‘2 CU40<5Ni5,] Sn2 680 716 36 3
\% Ti45'3zr5.2CU39vgNis'] Sl’lzsh 670 711 35 4
VI Ti45_4Zr6_1 CU39_5Ni5 Snzsiz 668 720 52 2

among the present alloys, for which the critical diameter is up to
4mm.

DSC curves of the Ti-based rods with their critical diameters
are shown in Fig. 2. The thermal properties associated with glass
transition temperature Tg, onset crystallization temperature Tx and
supercooled liquid region ATx (ATx=Tx —Tg) are summarized in
Table 1. The glassy Tiys gZrg2Cusg gNis 1Sn;Siq rod with a diameter
of 4mm exhibited the same Tg, Tx and crystallization heat release
as those for the as-spun ribbon, further confirming the glassy struc-
ture of the alloy rods.

Previous reports have shown that GFA can be significantly
improved when the similar element substitution of Ti with Zr or
Cu with Ni was applied in the binary TisoCusg alloy [14,15]. Both
Ti-Cu-Ni [14] with critical diameter of 2mm and Ti-Zr-Cu-Ni
BMG [15] with diameter of at least 3mm have been success-
fully fabricated by copper mold casting. For the Ti-Zr-Cu-Ni-Sn-Si
alloy, there is large negative heat of mixing between Ti-Sn,
Zr-Sn, Ti-Si, Zr-Si and Ni-Si [16] and strong chemical short-
range order is expected, which may stabilize the liquid and reduce
the atomic mobility that mediates crystallization. On the other
hand, the decrease of the Gibbs free energy (AG) caused by
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Fig. 1. XRD patterns from the as-cast rods with different diameters for the present
alloys.
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Fig. 2. DSC curves of the present alloy rods with critical diameters at a heating rate
of 0.33K/s.

Fig. 3. (a) Compression stress-strain curves of four monolithic BMGs, includ-
il’lg Ti452r5Cu45Ni5, Ti44_22rg_2Cu40_5Ni5_1Snz, Ti45_gzr6_2CU39_9Ni5_1 SnZSh and
Ti45,4Zr5_1 CU39}5N155D2512. (b) The ampllﬁed curve of Ti45Ang'5‘2CU39_gNi5A1Sl’lei]
alloy in the image (a) shows a serrated flow.
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Fig. 4. (a) SEM image of surface of the deformed Tiss §Zrg 2 Cusg 9 Nis 1 Sn,Siy rod. (b)
The enlarged image of the marked area in (a).

the configurational entropy, due to the coexistence of similar
element pairs like Ti-Zr and Cu-Ni which have heat of mix-
ing close to 0, is beneficial to the further enhancement of GFA
[8].

Fig. 3(a) shows the compressive stress-strain curves of the I,
II, V and VI BMGs. The four glassy alloys exhibit elastic strain
of about 2% and fracture strength up to 2000 MPa. The plasticity
of the glassy alloys is strongly influenced by the contents of Sn
and Si elements. For Ti45ZI'5CLl45Ni5 and Ti45_4Zr6,1 CU39V5Ni55H2512
alloys, neither yielding and nor plastic strain is observed in
the stress-strain curves. However, Tigg3Zrg2CuyosNis1Sny and
Tigs.8Z1r62Cusg gNis 1SN, Sip alloys show the plastic strain of 3% and
5%, respectively. The marked part of the stress-strain curve of the
Tigs.8Zrg2Cusg gNis 1Sn;,Siy glassy alloy in Fig. 3(a) is amplified in
Fig. 3(b), which demonstrates that plastic deformation proceeds
mainly by numerous serrations. The serrations are generally small
(~8 MPa) with a few large ones (~50 MPa).

Multiple shear bands can be observed on the lateral surface of
fracture samples, as denoted in Fig. 4(a). The shear bands have
a pronounced tendency to branch as they propagate through the
specimens and branching can distribute the plastic strains asso-
ciated with main shear band. Individual shear bands observed on
the surface of the deformed samples are not associated with stress
serrations that depend on the temperature and strain rate [17,18].
Some cracks in the vicinity of the fracture surface are observed on
the lateral surface, as illustrated in Fig. 4(b). Shear bands can initiate

Fig.5. (a) Bright field image with SAD pattern inserted. (b) The HRTEM image of the
Tigs 8Zr62CusgoNis 1Sn,Siy glassy rod with a diameter of 2 mm in as-cast state. (c)
The HRTEM image of the rod sample after the compressive test at 298 K.

cracks, which will cause the macroscopic fracture [19]. Therefore,
each large serration shown in Fig. 3(b) might be corresponding to
the formation of a crack that could be leading to a remarkable stress
drop.

The glassy structure for the as-cast Tigs gZrg2Cuzg gNis 1 Sn,Siy
rod of 2mm in diameter is confirmed by the TEM and HRTEM
observations, as shown in Fig. 5(a) and (b). However, the sam-
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ple after the compressive test exhibits that crystalline particles
of about 5nm in size are randomly distributed in the amorphous
matrix, as indicated in Fig. 5(c). Glassy alloys tend to transform
into more stable crystalline phases with supply of thermal energy
or after plastic deformation [20,21]. Under compressive stress,
the precipitation of nanocrystallites along shear bands [22,23]
may result from high temperatures caused by the energy dis-
sipation of shear deformation [17,24]. On the other hand, the
Tigs.8Zr62Cuszg gNis 1 Sn,ySiy BMG has a very narrow supercooled lig-
uid region of 35 K, indicating low stability of the supercooled liquid
of this glassy alloy and easier precipitation of crystallites in the
supercooled liquid state induced by localized temperature rising
upon shear deformation. Therefore, nucleation and growth of crys-
tallites may occur in the severely deformed glassy alloy. By the
precipitation of the nanocrystalline particles, the propagation of
corresponding shear band may be suppressed by the disappear-
ance of the localized viscous flow [21,25]. Then, new shear bands
could be initiated to accommodate the applied strain and there-
fore the high density of shear bands was formed, which may lead
to the distinct plasticity of the TigsgZrg,CuszggNis1Sn,Si; glassy
alloy.

4. Conclusions

The (Ti-Zr)-(Cu-Ni)-(Sn-Si) glassy alloys consisting of dis-
similar and similar elements with high glass-forming ability
and good plastic deformability in compression are synthe-
sized by copper mold casting. For TigsgZrg,CusggNisqSn;Siy
BMG, the critical diameter is 4mm and plastic strain up to
5% and fracture strength of 2100MPa in compression were
achieved. Nanocrystalline particles precipitated in the glassy
matrix for the fractured glassy rod exhibiting distinct plastic
strain. The plasticity of Tigs gZrgCusg gNis 1Sn,Siq glassy alloy was
ascribed to the in situ nanocrystallization induced by deforma-
tion.
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