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José L. Ocaña, Spain
Tsutomu Ohzuku, Japan
Xiaoqing Pan, USA
Bart Partoens, Belgium
Ganapathiraman Ramanath, USA
Manijeh Razeghi, USA
Antonio Riveiro, Spain
Pascal Roussel, France
Fawzy H. Samuel, Canada
Jainagesh A. Sekhar, USA
Jiangbo Sha, China
Liyuan Sheng, China
Fridon Shubitidze, USA

You Song, China
Charles C. Sorrell, Australia
Costas M. Soukoulis, USA
Sam-Shajing Sun, USA
Weihua Tang, China
Kohji Tashiro, Japan
PhilippeThomas, France
Somchai Thongtem, Thailand
Achim Trampert, Germany
Vladimir Tsukruk, USA
Filip Tuomisto, Finland
Stuart Turner, Belgium
Krystyn Van Vliet, USA
Rui Vilar, Portugal
Holger von Wenckstern, Germany
Rong Wang, USA
MinWang, China
Rui Wang, China
Qiang Wang, China
LuWei, China
Jörg M KWiezorek, USA
Wei Wu, USA
Gongnan Xie, China
Aiguo Xu, China
Hemmige S. Yathirajan, India
Jianqiao Ye, UK
Wenbin Yi, China
Jinghuai Zhang, China
Tao Zhang, China
Bin Zhang, China
Jun Zhang, China
Jian Zhang, Singapore
Kai Zhang, China
Kai Zhang, China
Jing Zhang, China
Li Zhang, China
Ming-Xing Zhang, Australia
Wei Zhou, China



Contents

Experimental andTheoretical Advances in Amorphous Alloys, Na Chen, Limei Xu, Yang Shao,
and Konstantinos Georgarakis
Volume 2014, Article ID 514104, 2 pages

Investigation of Mechanical Properties and Plastic Deformation Behavior of (Ti45Cu40Zr10Ni5)100−xAlx
Metallic Glasses by Nanoindentation, Lanping Huang, Xuzhe Hu, TaoTao Guo, and Song Li
Volume 2014, Article ID 215093, 5 pages

Formation andMechanical Properties of Pd-Si Binary Bulk Metallic Glasses, Na Chen, Hongxia Zhang,
and Ke-Fu Yao
Volume 2014, Article ID 647197, 5 pages

Amorphous Alloy: Promising Precursor to FormNanoflowerpot, Guo Lan, Zhiqiang Xie,
Zhenwei Huang, Shengchen Yang, Xuhai Zhang, Yuqiao Zeng, and Jianqing Jiang
Volume 2014, Article ID 263681, 5 pages

Selection of the Composition with High Glass Forming Ability in Zr-Cu-Ni-Al Bulk Metallic Glasses,
Yajuan Sun, Yumin Li, and Hongjing Wang
Volume 2014, Article ID 827191, 6 pages

Nanocrystalline Phase Formation inside Shear Bands of Pd-Cu-Si Metallic Glass, Yang Shao,
Guannan Yang, and Kefu Yao
Volume 2014, Article ID 490181, 4 pages

A Ti/Ti-Based-Metallic-Glass Interpenetrating Phase Composite with Remarkable Mutual
Reinforcement Effect, J. Mu, Z. W. Zhu, H. F. Zhang, H. W. Zhang, H. M. Fu, H. Li, A. M. Wang,
and Z. Q. Hu
Volume 2014, Article ID 127172, 6 pages

Surface Crystallization in Mg-Based Bulk Metallic Glass during Copper Mold Casting, Xin Wang
Volume 2014, Article ID 798479, 4 pages

A Centimeter-Sized Quaternary Ti-Zr-Be-Ag Bulk Metallic Glass, S. F. Zhao, Y. Shao, P. Gong,
and K. F. Yao
Volume 2014, Article ID 192187, 5 pages

Enzyme-Free Electrochemical Glucose Sensors Prepared by Dealloying Pd-Ni-P Metallic Glasses,
Yuqiao Zeng, Hua Xiang, Chunlei Yang, Shengchen Yang, Luyang Chen, Mingwei Chen, Akihisa Inoue,
Xuhai Zhang, and Jianqing Jiang
Volume 2014, Article ID 518641, 6 pages



Editorial
Experimental and Theoretical Advances in Amorphous Alloys

Na Chen,1 Limei Xu,2 Yang Shao,1 and Konstantinos Georgarakis3

1School of Materials Science and Engineering, Tsinghua University, Beijing 100084, China
2International Center for Quantum Materials, Peking University, Beijing 100084, China
3WPI Advanced Institute for Materials Research, Sendai 9808577, Japan

Correspondence should be addressed to Na Chen; chennadm@mail.tsinghua.edu.cn

Received 2 September 2014; Accepted 2 September 2014; Published 31 December 2014

Copyright © 2014 Na Chen et al.This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Unlike crystalline alloys having long-range order in atomic
arrangements, amorphous alloys are disordered solids [1–4].
Yet their structure when solidified is not completely disor-
dered but contains short- to medium-range ordered clusters
[5, 6]. This unique structure endows them with superior
mechanical, physical, and chemical properties. Therefore,
amorphous alloys are of both scientific and technological
interests. Recent progress in experimental and computational
techniques has greatly advanced our understanding of a
number of key issues such as glass structure at atomic
level, glass-forming ability (GFA), and structure-property
relationship in this field [7, 8]. In spite of this, ongoing
research efforts remain necessary to uncover the atomic-
level mechanisms underlying the glass formation and the
deformation, as well as the glass structure.

Bulk amorphous alloys (BAAs) with diameters of more
than one centimeter are preferred for practical engineering
applications. To develop such alloy systems with extremely
high GFA, several strategies, including large undercooling
(LU), Inoue’s three empirical rules (ITER), and flux treat-
ment, have been proposed [2, 9–11]. Among them, minor
alloying additions (MAA) and fluxing prove to be signifi-
cantly beneficial for enhancing GFA and thus enabling the
formation of centimeter-scale BAAs [12–14]. As listed in
Table 1, a combination of these strategies could be employed
for producing centimeter-scale BAAs.

In addition to glass formation, the mechanical property
of amorphous alloys is also one of the hot topics in this
field. Although shear localization is responsible for their
catastrophic failure, there is a need for a better understanding
of initiation, development, and percolation of these shear

transformation events. At atomic level, shear transformation
zones (STZs) are supposed to be activated in response to
external stimuli and eventually develop into shear bands
during deformation. Unfortunately, these clusters are very
small with an average size of ∼1 nm and appear only at a
very early stage of deformation, which makes it very difficult
to be observed experimentally. On the other hand, both
structural disordering and the formation of nanocrystals have
been evidenced inside shear bands after deformation [15],
implying that atomic rearrangements must occur. Moreover,
the nanocrystal size and their distributions could be related to
shear transformations, particularly when the energy barrier
to crystallize is comparable to or even smaller than that
to activate percolated STZs globally. As a consequence of
deformation, structural evolution inside shear bands could
help uncover the underlying deformation mechanisms for
amorphous alloys.

Last but not least, dealloying amorphous alloys has
raised tremendous attentions by producing highly active
nanoporous metals used for catalysts and electric devices
such as solar cells, sensors, or some other electric com-
ponents. This provides a convenient way to design novel
nanostructured materials with desirable functionalities.

In summary, this special issue is mainly focused on the
development of bulk amorphous alloy, mechanical response,
and new functionalities explored in amorphous alloys. We
hope that the readers will find in this special issue not
only interesting experimental results on the formation of
centimeter-scale BAAs induced by fluxing or minor alloy
additions and new functional nanoporous metals by deal-
loying amorphous alloys and amorphous alloy composites
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Table 1: The strategies for producing centimeter-scale amorphous alloys.

Representative BAAs Critical size for glass formation (mm) LU ITER Fluxing MAA
Pd-Ni-Cu-P [16] 80 √ √ √ √

Zr-Ti-Cu-Ni-Be [17] 50 √ √

Cu-Zr-Al-Ag [16] 30 √ √

Fe-Cr-Co-Mo-Mn-C-B-Y [18] 12 √ √ √

combining with high strength and large ductility but also the-
oretical advances in the underlying deformationmechanisms
at atomic scale.

Na Chen
Limei Xu
Yang Shao

Konstantinos Georgarakis

References

[1] A. L. Greer, “Metallic glasses,” Science, vol. 267, no. 5206, pp.
1947–1953, 1995.

[2] A. Inoue, “Stabilization of metallic supercooled liquid and bulk
amorphous alloys,” Acta Materialia, vol. 48, no. 1, pp. 279–306,
2000.

[3] W. L. Johnson, “Bulk glass-forming metallic alloys: science and
technology,”MRS Bulletin, vol. 24, no. 10, pp. 42–56, 1999.

[4] W. H. Wang, C. Dong, and C. H. Shek, “Bulk metallic glasses,”
Materials Science and Engineering R: Reports, vol. 44, no. 2-3,
pp. 45–90, 2004.

[5] D. B. Miracle, “A structural model for metallic glasses,” Nature
Materials, vol. 3, no. 10, pp. 697–702, 2004.

[6] H. W. Sheng, W. K. Luo, F. M. Alamgir, J. M. Bai, and E. Ma,
“Atomic packing and short-to-medium-range order in metallic
glasses,” Nature, vol. 439, no. 7075, pp. 419–425, 2006.

[7] A. Hirata, P. Guan, T. Fujita et al., “Direct observation of local
atomic order in a metallic glass,”Nature Materials, vol. 10, no. 1,
pp. 28–33, 2011.

[8] Y. Q. Cheng and E. Ma, “Atomic-level structure and structure-
property relationship in metallic glasses,” Progress in Materials
Science, vol. 56, no. 4, pp. 379–473, 2011.

[9] M. Marcus and D. Turnbull, “On the correlation between glass-
forming tendency and liquidus temperature in metallic alloys,”
Materials Science and Engineering, vol. 23, no. 2-3, pp. 211–214,
1976.

[10] H. W. Kui, A. L. Greer, and D. Turnbull, “Formation of bulk
metallic-glass by fluxing,” Applied Physics Letters, vol. 45, no. 6,
pp. 615–616, 1984.

[11] N. Chen, K. Yao, and F. Ruan, “Influence of flux treatment on the
glass forming ability of Pd-Si binary alloys,” Journal of University
of Science and Technology Beijing, vol. 14, no. 1, pp. 4–7, 2007.

[12] Z. P. Lu and C. T. Liu, “Role of minor alloying additions in
formation of bulkmetallic glasses: a review,” Journal ofMaterials
Science, vol. 39, no. 12, pp. 3965–3974, 2004.

[13] W. H. Wang, “Roles of minor additions in formation and prop-
erties of bulkmetallic glasses,” Progress inMaterials Science, vol.
52, no. 4, pp. 540–596, 2007.

[14] N. Chen, L. Martin, D. V. Luzguine-Luzgin, and A. Inoue, “Role
of alloying additions in glass formation and properties of bulk
metallic glasses,”Materials, vol. 3, no. 12, pp. 5320–5339, 2010.

[15] A. L. Greer, Y. Q. Cheng, and E. Ma, “Shear bands in metallic
glasses,” Materials Science and Engineering R: Reports, vol. 74,
no. 4, pp. 71–132, 2013.

[16] A. Inoue andA. Takeuchi, “Recent development and application
products of bulk glassy alloys,”ActaMaterialia, vol. 59, no. 6, pp.
2243–2267, 2011.

[17] W. L. Johnson, “Bulk amorphous metal-an emerging engineer-
ing material,” JOM, vol. 54, no. 3, pp. 40–43, 2002.

[18] Z. P. Lu, C. T. Liu, J. R.Thompson, andW. D. Porter, “Structural
amorphous steels,” Physical Review Letters, vol. 92, no. 24,
Article ID 245503, 2004.



Research Article
Investigation of Mechanical Properties and
Plastic Deformation Behavior of (Ti45Cu40Zr10Ni5)100−xAlx
Metallic Glasses by Nanoindentation

Lanping Huang, Xuzhe Hu, TaoTao Guo, and Song Li

State Key Laboratory for Powder Metallurgy, Central South University, Changsha 410083, China

Correspondence should be addressed to Song Li; ls2011sl@csu.edu.cn

Received 21 February 2014; Accepted 1 July 2014; Published 17 July 2014

Academic Editor: Yang Shao

Copyright © 2014 Lanping Huang et al.This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The effect of Al addition onmechanical properties and plastic deformation behavior of (Ti
45
Cu
40
Zr
10
Ni
5
)
100−xAlx (x = 0, 2, 4, 6 and

8) amorphous alloy ribbons have been investigated by nanoindentation. The hardness and elastic modulus do not simply increase
with the increase of Al content.The alloy with 8 at.% Al exhibits the highest hardness and elastic modulus.The serrations or pop-in
events are strongly dependent on the loading rate and alloy composition.

1. Introduction

Ever since the first report of Au-Si amorphous alloy obtained
by rapid solidification in 1960 [1], metallic glass formation
has been found in a variety of alloy systems by this technique
[2–4]. Compared with their crystalline counterparts, metallic
glasses exhibit unique mechanical, physical, and chemical
properties [5–8]. However, the lack of any significant plas-
tic deformation at room temperature limits their potential
applications [9, 10]. Shear localization is considered to be the
primary plastic deformation mechanism in metallic glasses
[11, 12]. Therefore, mechanical properties and deformation of
metallic glasses have been given more and more attention.
As an important tool to study nanomechanical properties
of various materials, nanoindentation has been widely used
for exploring the mechanical response such as hardness
and elastic modulus of metallic glasses because it allows
considerably larger plastic deformation to be accumulated in
quasi-brittlematerials in a localized area around the indented
regions [13–15].

In this work, mechanical response of a series of
(Ti
45
Cu
40
Zr
10
Ni
5
)
100−xAlx (𝑥 = 0, 2, 4, 6, and 8) amor-

phous alloys subjected to nanoindentation tests has been
systematically investigated based on the change of alloy
composition and the applied loading rate. It is expected that

our work could provide insight into better understanding
of the mechanical properties and deformation behavior of
metallic glasses during nanoindentation.

2. Experimental

Multicomponent (Ti
45
Cu
40
Zr
10
Ni
5
)
100−xAlx (𝑥 = 0, 2, 4, 6,

and 8) (all compositions in atomic percent) alloys were
prepared by high purity raw materials by arc melting
under Ti-gettered argon atmosphere. The alloy ribbons were
fabricated using a single-roller melt spinning apparatus
at a speed of 40m/s. The amorphous nature of the as-
synthesized specimen was examined by X-ray diffraction
(XRD) using Cu-K𝛼 radiation and transmission electron
microscopy (TEM). Thermal properties were investigated by
a differential scanning calorimeter (DSC) at a heating rate
of 0.17 K/s. Nanoindentation tests were conducted using an
Ultra Nanoindentation tester with a Berkovich diamond tip.
The indentations were performed in the load-control mode
with maximum load of 30mN at various loading rates of 0.5,
1, 2, 4, and 10mN/s and a constant unloading of 0.33mN/s.
At least 5 indents were measured to verify the accuracy and
scatter of the indentation data. The morphologies of the
indents were characterized using atomic force microscopy
(AFM).
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Figure 1: (a) XRD patterns of the as-quenched (Ti
45
Cu
40
Zr
10
Ni
5
)
100−xAlx (𝑥 = 0, 2, 4, 6, and 8) alloy ribbons; (b) TEM micrograph and

corresponding selected area diffraction (SEAD).
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Figure 2: DSC curves of the as-quenched (Ti
45
Cu
40
Zr
10
Ni
5
)
100−xAlx (𝑥 = 0, 2, 4, 6, and 8) alloy ribbons.

3. Result and Discussion

Figure 1 shows the XRD patterns of the as-quenched
(Ti
45
Cu
40
Zr
10
Ni
5
)
100−xAlx (𝑥 = 0, 2, 4, 6, and 8) alloy ribbons,

together with the TEM image of the alloy with 2 at.% Al. As
shown in Figure 1(a), only broad diffraction maxima can be
seen without distinct sharp peak corresponding to crystalline
phases, indicating the formation of a glassy phase in all
ribbons. The TEM micrograph and corresponding selected
area diffraction (SEAD) displaying diffuse halos for the alloy
with 2 at.% Al are shown in Figure 1(b). It can be seen
that there is no discernible contrast in the TEM bright field
micrograph. This further confirms the amorphous nature of
the alloy system and similar features are also observed for
other alloy ribbons (not shown here).

Figure 2 indicates the DSC curves of the as-quenched
(Ti
45
Cu
40
Zr
10
Ni
5
)
100−xAlx (𝑥 = 0, 2, 4, 6, and 8) alloy

ribbons. As shown in Figure 2(a), all alloy ribbons exhibit
an endothermic characteristic of the glass transition followed

by three exothermic events indicating the successive step-
wise transformations from the super-cooled liquid state to
crystalline phases. The glass transition temperature (T

𝑔
) and

onset crystallization temperature (T
𝑥
) steadily increase with

the increase of Al content, while thermal stability is not obvi-
ously improved by Al addition. The melting behaviors of the
(Ti
45
Cu
40
Zr
10
Ni
5
)
100−xAlx (𝑥 = 0, 2, 4, 6, and 8) alloy ribbons

are presented in Figure 2(b), where the melting temperature
(T
𝑚
) and liquidus temperature (T

𝑙
) are marked by arrows.

The T
𝑚

and T
𝑙
also increase, and the temperature range

for the melting process becomes wider with increasing Al
content from 0 to 8 at.%. This means that the composition of
the alloys moves away from the pseudoeutectic composition.

Nanoindentation measurement was used to investigate
the mechanical properties and plastic deformation behavior
of the as-quenched (Ti

45
Cu
40
Zr
10
Ni
5
)
100−xAlx (𝑥 = 0, 2, 4, 6,

and 8) amorphous alloy ribbons. The hardness (𝐻), elastic
modulus (𝐸), and Vickers hardness (HV) of the as-quenched
(Ti
45
Cu
40
Zr
10
Ni
5
)
100−xAlx (𝑥 = 0, 2, 4, 6, and 8) alloy ribbons,
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Figure 3: Hardness (𝐻), elastic modulus (𝐸), and Vickers hardness (HV) of the as-quenched (Ti
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Cu
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Ni
5
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alloy ribbons.
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Figure 4: Load-displacement curves for the alloy with 2 at.% Al at
the loading rates of 0.5, 1, 2, 4, and 10mN/s.

obtained by Oliver-Pharr method, are shown in Figure 3.The
𝐸 increases from 59 to 159GPa for the increase of 𝑥 from 0 to
8, but it does not exhibit a simply increasing trend with the
increase of Al content. For𝐻 and HV, the minor addition of
Al (𝑥 = 2) inducesmechanical softening, manifested in a little
decrease of 𝐻 and HV shown in Figure 3. For other alloys
with higher Al content, the𝐻 and HV exhibit a similar trend
as 𝐸.

The effect of the loading rate on plastic deformation
behavior of the as-quenched (Ti

45
Cu
40
Zr
10
Ni
5
)
100−xAlx (𝑥

= 0, 2, 4, 6, and 8) amorphous alloy ribbons has been
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Figure 5: Load-displacement curves of the as-quenched
(Ti
45
Cu
40
Zr
10
Ni
5
)
100−xAlx (𝑥 = 0, 2, 4, 6, and 8) alloy ribbons

at a loading rate of 2mN/s.

investigated. As an example, Figure 4 shows the typical load-
displacement curves for the alloy with 2 at.%Al at the loading
rates of 0.5, 1, 2, 4, and 10mN/s. For clarity, each successive
curve is plotted with its displacement origin offset by 100 nm.
As shown in Figure 4, the serration size increases with
decreasing loading rate, and the largest serrated flowoccurs at
the lowest loading rate (0.5mN/s), which is in agreementwith
the previous results [16–21].The similar trend is also observed
for other alloys. Figure 5 shows the typical load-displacement
curves of the as-quenched (Ti

45
Cu
40
Zr
10
Ni
5
)
100−xAlx (𝑥 =

0, 2, 4, 6, and 8) alloy ribbons at a loading rate of 2mN/s.
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Figure 6: Typical surface deformation features and pileup through indentation of the alloy with 2 at.% Al obtained after nanoindentation.

It can be found from Figure 5 that the higher Al content
alloy exhibits a higher slope indicating a higher hardness
except for the alloy with 6 at.% Al, and the serrated flow is
most pronounced in the load-displacement curve for the low
Al content and Al-free alloys. The load-displacement curves
gradually become smoother with the increase of Al content.
At the highest Al content (𝑥 = 8), there is no obviously
serrated flow. This suggests that the Al addition obviously
influences the nucleation and propagation of shear bands.
According to the previous work [22, 23], the increase of Al
content promotes continuous formation and propagation of
shear bands in (Ti

45
Cu
40
Zr
10
Ni
5
)
100−xAlx (𝑥 = 0, 2, 4, 6, and

8) amorphous alloys, which decreases serration size and the
interval between operations of two consecutive shear bands
because Al may decrease the microyield stress of the amor-
phous alloy. Therefore, with the increase of Al content the
serrations or pop-in events gradually disappear. To further
characterize the localized plastic deformation behavior, AFM
observation around indents has been performed. Figure 6
shows the typical surface deformation features and pileup
through indentation of the alloy with 2 at.% Al obtained
after nanoindentation. A number of partial circular patterned
shear bands can be seen in the pileup region, and the pileup
is discontinuous. This reveals that the plastic deformation
occurs during nanoindentation.

4. Conclusions

Nanoindentation investigations ofmechanical properties and
plastic deformation behavior of (Ti

45
Cu
40
Zr
10
Ni
5
)
100−xAlx

(𝑥 = 0, 2, 4, 6, and 8) amorphous alloy ribbons have been
conducted. The alloy with 8 at.% Al exhibits the highest
hardness and elastic modulus, but the hardness and elastic
modulus do not simply increase with the increase of Al

content.The currently studied metallic glasses exhibit typical
localized plastic deformation during nanoindentation such as
serrations or pop-in events.The increase of Al content retards
the occurrence of the serrations obviously.
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Glassy spherical samples in the diameters up to 10mm were produced in a binary Pd-Si alloy system. These Pd-Si bulk metallic
glasses (BMGs) combine high strength of about 1600MPa and superplasticity of over 70% together. In addition to abundant
micrometer-scale shear bands, 10–20 nanometer-sized shear bands were also observed on the side surface of the deformed sample.
The excellent ductility shown by the Pd-Si BMGs is suggested to arise from the nanoscale structural inhomogeneity.

1. Introduction

The formation of the first metallic glass (MG) in a binary Au-
Si system has spurred intensive interest in the fundamental
understanding of glass formation and structure-property
relationship [1–5]. In particular, the unique mechanical
response of bulk metallic glasses (BMGs) makes them more
attractive in certain application fields than their crystalline
counterparts [6–10]. Based on a “confusion principle,” BMGs
are usually formed in multicomponent alloy systems [2–4].
However, some binary alloy systems such as Cu-Zr, Pd-Si,
and Cu-Hf as well as Ni-Nb alloys exhibit exceptionally high
glass-forming ability (GFA) so that BMGs can be produced
from these alloys [11–15]. In addition, these binary BMGs
show a combination of both high strength and large ductility
[8, 9]. Due to their simple compositions, the binary alloys
are more prone to crystallization than the multicomponent
alloys, posing extreme difficulties in producing BMGs with
sizes larger than 2mm [11–14]. In this paper, Pd-Si BMGs
in the diameter up to 10mm were produced, which are
the largest binary BMGs reported so far. On the basis of
the nanoindentation and uniaxial compression tests, the
mechanical properties of Pd

81
Si
19
BMG alloys have been

studied.

2. Experimental Procedure

Ingots of Pd
81
Si
19
alloys were prepared by melting the mix-

tures of Pd and Si with over 99.99wt% purities in an argon

atmosphere. Pd
81
Si
19
ingots were continuously purified by the

fluxing medium including B
2
O
3
in a quartz tube located

in a stove with a constant temperature of 1423K till glassy
alloys were obtained. During this process, the quartz tubewas
taken out of the stove and cooled under air every 30 minutes
in order to promote the fluxing effect. The structure of the
glassy alloys was examined by X-ray diffractometry (XRD)
with monochromatic CuK

𝛼
radiation. The elastic moduli of

the Pd
81
Si
19

BMGs, such as Young’s modulus and the shear
modulus, were obtained by the ultrasonicmeasurements.The
microstructure of the samples was observed by transmission
electronmicroscope (TEM) using a JEM 120EX (JEOL) and a
JEM 2010F high resolution transmission electronmicroscope
(HRTEM) with an accelerating voltage of 200KV. The thin
foil specimens for TEM observation were prepared by a
standard twin-jet electropolishing method. Nanoindentation
tests were performed at a strain rate of 0.5 s−1 by the Nano
Indenter indentation instrument of MTS with Berkovich tip.
Uniaxial compression tests were measured by an Instron
testing machine.

3. Results and Discussions

Figure 1 shows the XRD patterns of Pd-Si binary alloys. The
diameter of the spherical Pd

81
Si
19

sample is about 10mm
while the diameter of the Pd

80
Si
20

glassy ball is around
8mm. Except the broad diffraction peaks, no distinctive
sharp diffraction peak resulted by crystalline phases can be
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Figure 1: XRD patterns of Pd-Si alloys: (a) Pd
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Si
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BMG with a

diameter up to 10mm and (b) Pd
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BMG with a diameter up to
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Figure 2: DSC curve of the Pd
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BMGwith a diameter of 10mm.

observed, indicating that glassy structure was formed in both
samples.

Figure 2 presents the DSC curve of the Pd
81
Si
19
BMG

with the near eutectic composition (Pd
82.8

Si
17.2

). The glass
transition temperature (𝑇

𝑔
), initial crystallization tempera-

ture (𝑇
𝑥
), and the peak crystallization temperature (𝑇

𝑝
) are

determined to be 629K, 691 K, and 693K, respectively. Thus,
the supercooled liquid region Δ𝑇 defined by the difference
between 𝑇

𝑔
and 𝑇

𝑥
(Δ𝑇 = 𝑇

𝑥
− 𝑇

𝑔
) can be obtained to

be as large as 62K. Meanwhile, the DSC trace shows one
distinct exothermic peak corresponding to the subsequent
devitrification starting at 𝑇

𝑥
.

Figure 3 shows the structure of the Pd
81
Si
19
BMG, which

is typical for amorphous materials. No distinct evidence
of crystalline diffraction spots or thin rings can be found
in the selected-area electron diffraction (SAED) pattern
shown in Figure 3(b). This further confirms the samples’
amorphous structure. The high resolution transmission elec-
tron microscope (HRTEM) image evidences the structural
inhomogeneity of the Pd

81
Si
19
BMGs as shown in Figure 3(c).

(a)

(b)

(c)

Figure 3: The microstructure of the Pd
81
Si
19
BMG: (a) a bright field

(BF) image, (b) a selected-area electron diffraction (SAED) pattern,
and (c) a HRTEM image.
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Figure 4: Nanoindentation load-displacement curve of the Pd
81
Si
19

BMGwith the inset: (a) SEMof indentation and (b) the enlargement
of sinking-in.

For instance, the medium-range order (MRO) clusters less
than 2 nm are frequently observed as indicated by the black
circles, corresponding to the outer diffraction ring marked
with white arrows shown in Figure 3(b).

Figure 4 shows the load-displacement p-h curve of the
nanoindentation test for the Pd

81
Si
19
BMG at a strain rate

of 0.05 s−1. A few small discrete pop-in events can be
observed during the load process, indicating the operation of
individual shear bands as reported in Zr-based,Ni-based, and
other amorphous alloys [16–18]. The piling-up is observed
as shown in the upper inset of Figure 4(a). Strikingly, the
sinking-in phenomena also appear near the indenter, which
are more pronounced for the strain-hardening or the non-
strain-hardening materials with a low value of 𝐸/𝑌 (where 𝐸
is elastic modulus and 𝑌 is the yielding strength) shown in
Figure 4(b) [19]. By using the ultrasonic measurements, the
elastic moduli of Young’s modulus, the shear modulus, and
Poisson’s ratio were obtained to be 94.53GPa, 33.43GPa, and
0.414, respectively. The yielding strength is about 1600MPa
estimated from the compression test. Then the 𝐸/𝑌 can
be calculated to be 59, a relatively low value compared
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Figure 5: The compressive stress-strain curve of the Pd
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Si
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BMG deformed at room temperature.
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Figure 6: SEM side-view images of a deformed Pd
81
Si
19
BMG specimen with a plastic engineering strain over 70% (a) ×2K, (b) ×20K,

(c) ×100K, (d) ×50K, and (e) ×1000K.

with the corresponding crystalline materials. MGs usually
show higher yielding strength and lower elastic modulus
compared with their crystalline counterparts, leading to
relatively low values of 𝐸/𝑌. MGs are thus expected to exhibit
the sinking-in phenomena. However, most of the studies on
the nanoindentation behaviors of MGs scarcely reported the
presence of the sinking-in phenomena [16–18].

Figure 5 shows the compression curve of the
Pd
81
Si
19
BMG, showing a unique combination of a high

strength of about 1600MPa and a large plasticity of over 70%.
The SEM side-view images of the compression specimen at a
plastic engineering strain of ∼70% are shown in Figure 6(a).
Different from most monolithic BMGs usually undergoing
inhomogeneous plasticity and exhibiting poor ductility

(<1%) at room temperature, quite uniform multiple shear
bands are observed with an interspace ranging from 1 to
10 𝜇m. Moreover, these shear bands branch and intersect
as marked with white arrows. Meanwhile, many small
steps of about 50–100 nm in size are formed along the
shear bands (see Figures 6(a) and 6(b)). This indicates
that the propagation of shear bands could be blocked,
resulting in deflection, bifurcation, and branching. The
macroscopic morphology of twisted shear bands is thus
rough-and-tumble. In addition, the shear bands can be
mainly divided into two types marked with black arrows
shown in Figure 6(a): A type at an orientation of ∼70∘ with
respect to the compression direction and B type nearly
parallel to the compression direction. Many A type shear
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bands are with angles of 35∘ ∼50∘ to the loading axis. It
is accepted that the macroscopic plasticity arises from the
accumulation of local shear deformation originating from
individual shear bands. So the total ductility increases with
increasing the number of shear bands [20]. At a higher
magnification image shown in Figure 6(b), voids marked
by white arrows can be seen. Moreover, the initiation and
propagation of the crack are also observed as marked by
black arrows in Figure 6(b). Liu and coworkers reported
that the formation of voids and cracks was induced by the
tensile stress arising from the dilation and coalescence of the
free volume [21]. The crack does not propagate along the
shear bands but is hindered by the intersecting shear bands
as shown in Figure 6(c). However, the intersecting shear
bands pile up in Figure 6(d), exhibiting a softening behavior
accompanied by microvoids formation.

The high resolution SEM image shows themorphology of
microshear bands appearing between the main shear bands
shown in Figure 6(e). Many kinks, deflection, and ledges
marked by black arrows can be found along the shear bands.
The heights of the ledges or kinks are about 10 nm or less.
The interspace of these nanoscale shear bands is about 30–
50 nm. As indicated by the white arrows in Figure 6(e), the
propagation of microshear bands can be locally arrested and
the induced new shear bands can be observed ahead.

The nanoscale structural inhomogeneity in Pd
81
Si
19

is
suggested to account for its large plasticity. These MRO
clusters could function as a reinforcing source to effectively
hinder the further propagation of the matured shear bands
and promote formation of new shear bands [22, 23]. Cao et al.
also reported that strain hardening occurred in Cu-Zr-Ti
metallic glass due to phase separation-induced inhomogene-
ity during the cold rolling process [24].This also indicates that
the structural inhomogeneity could help generate multiple
shear bands contributing to large plasticity.Thus, designing a
glass-forming alloy with nanoscale structural inhomogeneity
could endow this alloy with a unique combination of high
strength and large ductility.

4. Conclusion

Pd
81
Si
19

binary BMGs were prepared in shape of spheres
with diameters up to 10mm. The supercooled liquid region
Δ𝑇 of the Pd

91
Si
19
BMG is 62K, indicating that the Pd

81
Si
19

alloys possess high thermal stability and good glass-forming
ability. Both piling-up and sinking-in phenomena occurred
during the nanoindentation tests, demonstrating a possi-
ble strain-hardening deformation mechanism. The uniaxial
compression tests proved that Pd

81
Si
19
glassy alloys exhibit

the superductility with a compressive plastic strain over
70%. Abundant shear bands were formed during deforming
process, which is attributed to the intrinsically structural
inhomogeneity.
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Nanoporous copper is fabricated by dealloying the amorphous Ti
2
Cu alloy in 0.03MHF electrolyte.The pore and ligament sizes of

the nanoporous copper can be readily tailored by controlling the dealloying time.The as-prepared nanoporous copper provides fine
and uniform nanoflowerpots to grow highly dispersed Au nanoflowers. The blooming Au nanoflowers in the nanoporous copper
flowerpots exhibit both high catalytic activity and stability towards the oxidation of glucose, indicating that the amorphous alloys
are ideal precursors to form nanoflowerpot which can grow functional nanoflowers.

1. Backgrounds

Owing to the unique combination of physical, chemical, and
mechanical properties, amorphous alloys have been posed
as promising new materials for structural and functional
utilizations [1, 2]. One of the most attractive applications
is to use the amorphous alloys in nanotechnology. If the
amorphous alloy is in a glassy state, the supercooled liquid
region where the Newton’s flow can take place may provide
fascinating fabrication capability for the alloys. Nanorods,
nanobars, and even mircogears have been successfully pre-
pared by nanoimprinting in the supercooled liquid region
of Zr-based and Pt-based amorphous alloys [3, 4]. However,
the amorphous alloys which have large supercooled liquid
region are quite limited. Dealloying, on the other hand, can
be performed on most of the amorphous alloys to form
uniform nanostructure, no matter the alloy exhibits super-
cooled liquid region or not. During dealloying, the less noble
elements are selectively dissolved and noble element keeps
self-assembling through surface diffusion, leaving behind a
bicontinuous nanoporous (NP) structure [5]. Usually, deal-
loying is applied on crystalline alloys composed by a single
phase, such as intermetallic compounds or solid solutions, to
form NP metals which have various functional applications
in catalysis, chemical sensors, and electrochemistry [6–9].
Recently, there are some attempts to form nanoporous alloy

by dealloying amorphous alloys and the results show that
the nanoporous structure obtained by dealloying amorphous
alloy was finer and more uniform than that obtained by
dealloying crystalline alloys. Therefore, there are intensive
interests in the catalytic, thermal, and optical applications of
the NP materials prepared by dealloying amorphous alloys.
For instance, Yu et al. synthesized NPPd by electrochemically
dealloying the Pd

30
Ni
50
P
20

amorphous alloy [10] and Lang
et al. prepared NPAu by dealloying the Au-based amorphous
alloy [11].These NPmaterials exhibited high catalytic activity
towards the oxidation of formic acid. Luo et al. obtained
NP copper (NPC) by dealloying AlCuMg amorphous alloys.
The NPC had extremely high specific surface area and could
be used as low-temperature heat exchanger [12]. However,
to our knowledge, there is no report on growing functional
nanoflowers on the fine and uniformNP structures which are
prepared by dealloying amorphous alloys.

In this study, we use Ti
2
Cu amorphous alloy as the

dealloying precursor to form “nanoflowerpot” to grow Au
nanoflowers. Au in a nanoarchitecture form, such as NPAu,
Au nanoflower, and Au nanoparticle, is an ideal material
for enzyme-free electrochemical glucose sensor due to the
high catalytic activity towards the oxidation of glucose [13,
14]. However, most of the Au nanomaterials suffer from
the structure degradation [15]. For instance, nanopores and
ligaments in NPAu will get coarsened and finally lose the
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Figure 1: XRD pattern of the as-prepared Ti
2
Cu ribbon sample.

catalytic activity during catalysis. It is expected that when
NPC is used as the flowerpots to grow Au nanoflowers,
that NPC dealloyed from amorphous alloy can provide
homogenous dispersed growing sites for Au and stabilize the
catalytic activity of the Au nanoflowers.

2. Experimental Methods

TheTi
2
Cu amorphous alloy ribbonwas prepared by arcmelt-

ing Ti and Cu metals in a high-purity argon gas atmosphere,
followed by melt spinning with a copper wheel velocity of
about 40ms−1. The as-prepared amorphous ribbon is about
20 um in thickness and 1mm in width. The XRD pattern of
the ribbon was recorded using an X-ray diffractometer with
Cu Ka radiation.

NPC samples are fabricated by selective etching of the
Ti
2
Cu amorphous ribbons in 0.03M HF solutions. The

dealloyed samples were firstly rinsed in pure water more than
three times to remove the residual chemical substances and
then were dried by freeze drier. With the aim of growing Au
nanoflowers with tunable size, the dried NPC was immersed
into a 0.5mM HAuCl

4
solution in a three-neck flask at 0∘C

under Ar-protected magnetic stirring conditions.
The microstructures of the NPC as well as the NPC-G

were observed by field-emission scanning electron micro-
scope (SEM) and the compositions were characterized by
energy dispersive X-ray spectrometer (EDS). The electro-
chemical performance of theNPC-G towards the oxidation of
d-glucose is tested by electrochemical workstation CHI760D,
where the NPC-G was used as the working electrode, satu-
rated calomel electrode was used as a reference electrode, and
a Pt foil was used as the counter electrode. The electrolyte is
mixed with 0.01M PBS and 50mM glucose.

3. Results and Discussion

The XRD pattern of the ribbon in Figure 1 shows only a
broad diffraction maximum without any observable crys-
talline peaks, demonstrating the formation of a homogenous
amorphous structure in the ribbon sample.

Table 1: Chemical compositions of the NPC samples test by EDS.

Sample number Cu (at%) Ti (at%)
Amorphous ribbon 33.3 66.7
NPC number 1 85.3 14.7
NPC number 2 99.0 1.0
NPC number 3 99.5 0.5

Table 2: Chemical compositions of theNPC-G samples test by EDS.

Sample number Au (at%) Cu (at%)
NPC-G number 1 87.2 12.8
NPC-G number 2 95.9 4.1
NPC-G number 3 96.9 3.1

When theTi
2
Cuamorphous alloy is used as the precursor,

the morphology development with the dealloying time is
observed by SEM and the corresponding images are shown
in Figure 2. Three-dimensional, interpenetrating ligament-
channel nanoporous structure can be seen after 1 h of etching
(Figure 2(a)). The ligaments are in a size ranging within 50–
100 nm and the nanopores are about 5–20 nm. 10 h of etching
leads to the formation of a fine continuous nanoporous
structure. The ligaments are about 50–100 nm in size and
the pores are in a bimodal distribution; that is, small pores
are about 5 nm and large pores are about 15 nm. After 96 h
of dealloying, ligaments increase up to about 200–500 nm
and collapse occurs in many areas, resulting in the formation
of large pores (100–200 nm). Visible nanoporous structure
coarsening can be seen with the increase of dealloying time,
indicating that the nanoflowerpot size can be readily tailored
by controlling the dealloying time.

The chemical compositions of the dealloyed samples are
measured by EDS and the results are summarized in Table 1.
The Ti content first decreases from 66.7 at% to 14.7 at%
after 1 h of dealloying, then goes down to 1.0 at% after 10 h
of dealloying. Finally, it decreases to 0.5 at% after 96 h of
corrosion. The gradually decrease of the Ti content and
the coarsening of the NPC structure with the dealloying
time suggest that the selective dissolving of Ti and the up-
hill diffusion of Cu carry through simultaneously the whole
dealloying process.

Due to the fine and uniform structure, the NPC prepared
by dealloying the Ti

2
Cu amorphous alloys for 10 hwas chosen

as the flowerpot to grow Au flowers. The NPC was immersed
into a 0.5mM HAuCl

4
solution for 20, 40, and 60min

and the samples are named as NPC-G 1 number, NPC-G
2 number, and NPC-G 3 number, respectively. The SEM
images of the NPC-G samples are shown in Figure 3 and the
corresponding EDS results are summarized in Table 2. As
shown in Figures 3(a) and 3(b), after 20min of immersion,
original bicontinuous nanoporous structure can barely be
seen. Highly dispersed Au flowers with a size of 200–300 nm
appear. The EDS results show that the sample contains 87.24
at% of Au, indicating the formation of NPC-G structure.
After 40min of immersion, a large number ofAunanoflowers
with a size of about 500 nm “open” (Figure 3(c)). The flowers
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(a) (b) (c)

Figure 2: SEM images of NPC 1 number (a), NPC 2 number (b), and NPC 3 number (c).

(a)

(b)

(c)

(d)

(e)

(f)

Figure 3: SEM images of NPC-G 1 number ((a), (b)), NPC-G 2 number ((c), (d)), and NPC-G 3 number ((e), (f)).

are composed by small Au nanoparticles with a size ranging
within 100–150 nm (Figure 3(d)). The further increase of
immersion time leads to a slight increase of Au content to
96.88 at% and dramatic growth of the Au flowers. As can be
seen in Figure 3(e), the flowers are about 5 um in diameter.
The detailed morphology observation (Figure 3(f)) shows
that the petals are still made by Au nanoparticles, indicating
that the growthmechanism of Au is the same as that in NPC-
G 2 number. Thus, the planting of Au nanoflowers on NPC
may be divided into two steps: seeding and growing. Parts
of the Cu atoms on the NPC surface are firstly replaced by
Au according to the replacement reaction: 3Cu + 2HAuCl

4
=

3CuCl
2
+ 2HCl + 2Au. As the reaction time increases, all the

Cu atoms on the surface of the NPC are replaced. However,
the rapid formation of nanoporous Au provides the Au atoms
high surface energy, which may drive the diffusion of Au
towards an up-hill way. As a consequence, Au nanoparticles

can form. Due to the Ostwald Ripening, the nanoparticles
agglomerate,making the flower growing and open.Due to the
high porosity of the NPC formed by dealloying amorphous
alloy, the Au nanoflowers are arranged in a highly dispersive
way, providing large number of active points which may
benefit the catalytic reaction.

The electrocatalytic activities of the NPC-G towards
glucose electrooxidation were characterized by CV
curves in 0.1mol/L KOH alkaline aqueous solutions
with and without 50mM glucose (Figure 4). When
compared with that in KOH solution, the CV curves
in KOH + glucose solutions exhibit an extra current
density hump in the potential range of −0.4–0.6V during
the positive scan, where glucose oxidation, including
the absorption of OH−1 (Au + H

2
O = Au(OH)ads1−x +

H+ + xe−) and the oxidation of glucose (the interaction
between the hemiacetal group of glucose molecules and
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Figure 4: CV curves of the NPC-G samples in in 0.1mol/L KOH alkaline aqueous solutions with 50mmol/L glucose, scan rate 0.05V/min,
versus SCE.

Au(OH)ads), takes place on the surface of the NPC-G
samples. The peak position is at about 0.2 V, agreeing with
the reported data on NPG and Au nanoparticles [13–17]. The
current density value of the peak is 9.8mA/cm2, 7.6mA/cm2
a, and 3.2mA/cm2 for NPC-G 1 number, NPC-G 2 number,
and NPC-G 3 number, respectively. The current peak density
of NPC-G 1 number higher than that of the other NPC-G
samples indicates that NPC-G 1 number has the highest
catalytic activity. Therefore, NPC-G 1 number is chosen for
the stability test and the result is shown in Figure 5. CV
curves of a NPG sample with a characteristic pore size of
10 nm are also involved for comparison. In the case of NPG,
the oxidation peak current value drops rapidly, decreasing

to 85.7% after one hundred cycle. Meanwhile, the oxidation
peak (potential) shift with the increasing scans can be vividly
seen. For NPC-G 1 number, neither peak shift nor peak
current density decrease can be observed, indicating that
NPC-G has both high catalytic activity and high stability.

4. Conclusions

NPC can be fabricated by dealloying the amorphous Ti
2
Cu

alloy in 0.03M HF electrolytes. The characteristic pore
size and ligament size of the NPC can be readily tailored
by controlling the dealloying time. The as-prepared NPC
provides fine nanoflowerpots to form highly dispersed Au
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Figure 5: CV curves of NPC-G2 number before and after 100
potential cycles in 0.1mol/L KOH alkaline aqueous solutions with
50mmol/L glucose, scan rate 0.05V/min.The inset is the CV curves
of NPG during 100 potential cycles in the same conditions, versus
SCE.

nanoflowers. The NPC-G structure exhibits both high cat-
alytic activity and stability towards the oxidation of d-glucose,
indicating that the amorphous alloys are ideal precursors to
form nanoflowerpot which can grow functional nanoflowers.
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Three new Zr-Cu-Ni-Al bulk metallic glasses were developed through appropriate mixing of three binary eutectics
Zr
38.2

Cu
61.8

, Zr
51
Al
49
, and Zr

64
Ni
36
. By suppressing solidification of competing crystalline phases, a new glass forming alloy

Zr
51
Cu
24.22

Ni
14.06

Al
10.72

with the critical diameter of up to 10mm is obtained.

1. Introduction

Zr-based bulkmetallic glasses (BMGs) exhibit many fantastic
properties, which are considered as potential structuralmate-
rials [1–3]. Although some large dimension Zr-based bulk
metallic alloys can be obtained as far, such as Zr-Ti-Ni-Cu-Be
[4], Zr-Cu-Ni-Al [5, 6], Zr-Ti-Cu-Ni-Al [7], Zr-(Ag, Cu)-Al
[8], and so on. However, these high GFA Zr-based metallic
glasses more or less contain some toxic element (e.g., Be)
or noble metals (e.g., Ag, Pd, and Pt). They are still cannot
fulfill the requests from commercial applications. The Zr-
Cu-Ni-Al system is a promising candidate for applications
due to its nontoxicity and lost cost. Hence, developing the
new Zr-Cu-Ni-Al glass compositions with high glass forming
ability (GFA) is important for the engineering application. At
present, various rules have been proposed to design potential
glass forming compositions, such as three empirical, but
insufficiency and imperfectness still exist [9–11]. Therefore,
seeking an efficient guideline to direct this work is still of great
challenge.

The investigations by Shen et al. [12] and Lu et al. [13] ever
suggested that multicomponent glass forming compositions
could be approximately synthesized by the compositions of
binary eutectics between the constituent elements through
appropriate ratios. Usually, there are two features with these
binary eutectics: (1) eutectic temperature is relatively low; (2)
the products of the eutectic reactions are linear compounds.

This new method was called appropriate mixing of binary
eutectics. As far as now, several Zr-based [12], Ni-based
[14], and Cu-based [15] bulk metallic glasses have been
successfully developed based on this new approach, which
thoroughly demonstrated its usefulness for searching new
BMG compositions with high GFA.

In this paper, three new amorphous alloys of the Zr-Cu-
Ni-Al glass forming systemwere designed, through appropri-
ate mixing of binary eutectic units Zr

38.2
Cu
61.8

, Zr
51
Al
49
, and

Zr
64
Ni
36
. In terms of suppressing the competing crystalline

phases in the amorphous matrix which precipitated during
melt cooling [16], ratios of these binary eutectic units were
adjusted. Therefore, on the condition of without increasing
the component but only changing the ratios among these
components, three new Zr-Cu-Ni-Al alloys with high GFA
were obtained. One of the three new alloys with a critical
diameter of 10mm was achieved by only a few times of
experiments. Furthermore, GFA of all the three Zr-based
amorphous alloys is discussed and investigated through
phase selection.

2. Experiment

The Zr-Cu-Ni-Al alloy ingots were prepared by arc melting
the mixture of pure Zr (99.5%), Cu (99.9%), Ni (99.9%), and
Al (99.99%) metals in a purified argon atmosphere. In order
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(a) XRD patterns for as-cast 1Zr51 samples with the diameters of
3mm, 5mm, and 8mm

(b) SEM-BSE image for the as-cast 1Zr51 sample with
a diameter of 8mm

(c) EDS linear analysis showing element distribu-
tion in the as-cast 1Zr51 sample with a diameter of
8mm

Figure 1: The XRD and SEM patterns for as-cast 1Zr51 samples in different diameters.

to ensure the homogeneous composition, master alloys were
remelted 4 times, and then they were sucked into the copper
mold to form amorphous rod samples in different diameters.

The structure of the as-cast samples was characterized
by X-ray diffraction (XRD) with Cu K𝛼 radiation (D/MAX-
RB diffractometer). Then scanning electron microscopy
(SEM) investigations were performed on the Hitachi S-4700.
Thermal analysis was carried out by differential scanning
calorimetry (Perkin-Elmer DSC7) and differential thermal
analysis (Perkin-Elmer DTA7), both at a heating rate of
0.33 K/s.

3. Results and Discussion

3.1. Formation and Optimization of New Zr-Cu-Ni-Al Glass
Alloys. Numerous experimental lines of evidence demon-
strated that in Zr-Cu-Ni-Al amorphous alloy system, the
primary crystalline phases are mainly Zr-Cu, Zr-Ni, and
Zr-Al intermetallic compounds, which are always treated as
competing phases with respect to glass phase in this alloy
system during cooling melt. Once the driving forces for pre-
cipitations of all competing crystalline phases are equivalent,
constraints among one another to prevent precipitatingmight

increase, which then leads to a high glass forming ability.
Therefore, based on the mixing of binary deep eutectics of
Zr
38.2

Cu
61.8

, Zr
64
Ni
36
, and Zr

51
Al
49
, we choose them as the

basic units to design new alloys, which are listed as follows:

𝐶

𝑎𝑚
= 𝑎 (Zr

38.2
Cu
61.8
) + 𝑏 (Zr

64
Ni
36
)

+ 𝑐 (Zr
51
Al
49
) (𝑎 + 𝑏 + 𝑐 = 1) ,

(1)

where 𝐶
𝑎𝑚

is multicomponent alloy composition; 𝑎, 𝑏, and
𝑐 are the coefficients for the three basic binary eutectic
units, respectively, and their sum is the unity. By varying
the coefficients of 𝑎, 𝑏, and 𝑐, the atomic ratios of the alloy
components can be changed and then different compositions
of Zr-Cu-Ni-Al system can be obtained.

Initially, we assigned the coefficients as 𝑎 = 1/3, 𝑏 = 1/3,
and 𝑐 = 1/3 in (1) straightforwardly and then the composition
𝐶

𝑎𝑚
of Zr
51
Cu
20.7

Ni
12
Al
16.3

(abbreviated as 1Zr51) with a
𝐷max of 3mmwas followed.The diffuse peak of XRD pattern
in Figure 1(a) proves only a single amorphous matrix in
this sample. However, for the samples of 5mm and 8mm
in diameters, both XRD pattern (as shown in Figure 1(a))
and SEM-BSE image (as shown in Figure 1(b)) give out
some crystalline phases that are dispersed in the amorphous



Advances in Materials Science and Engineering 3

In
te

ns
ity

 (a
.u

.)

20 30 40 50 60 70 80

2𝜃 (deg)

8mm-2Zr51

10mm-2Zr51

(a) XRD patterns for as-cast 2Zr51 samples with the diameters of
8mm and 10mm

(b) SEM-BSE image for the as-cast 2Zr51 sample with
a diameter of 10mm

(c) EDS linear analysis showing element distribu-
tion in the as-cast 2Zr51 sample with a diameter of
10mm

Figure 2: The XRD and SEM patterns for as-cast 2Zr51 samples in different diameters.

matrix. Furthermore,Al is enriched in the primary crystalline
phases by SEM-BSE and EDS (as shown in Figure 1(c))
results. Therefore, it can be implied that the precipitation of
enriched Al phases is the main obstacle to further enhance
GFA of this alloy 1Zr51 (i.e., content of aluminum element is
relatively excessive, compared to other elements).

As a result, in order to improve the GFA of this alloy
system without increasing the component species, we tried
to decrease the coefficients for Zr

51
Al
49

eutectic units in (1)
to depress the precipitation of enriched Al phases. Thus, on
the base of the initial alloy 1Zr51, the coefficient for Zr

51
Al
49

eutectic units was decreased to 𝑐 = 2/8, but coefficients
for Zr

64
Ni
36

and Zr
38.2

Cu
61.8

eutectic units were increased
to 𝑎 = 𝑏 = 3/8. And this led to the new composition of
Zr
51
Cu
23.2

5Ni
13.5

Al
12.25

(abbreviated as 2Zr51) accompanied
with an amorphous rod sample of 8mm in diameter. Also the
XRD patterns for this as-cast 2Zr51 rod samples in different
diameters are shown in Figure 2(a). It can be clearly seen
that the 8-mm 2Zr51 is essentially amorphous, evidenced by
the unique broad diffuse halo in this XRD. This means GFA
of this alloy system has been improved through turning the
coefficients of 𝑎, 𝑏, and 𝑐. However, when we increased the
size of the 2Zr51 rod sample to a diameter of 10mm, as the

XRD pattern in Figure 2(a), SEM-BSE, and EDS images in
Figures 2(b) and 2(c) results indicated, some enriched Al
phases precipitated during cooling the melt.

From the above discussion, to suppress precipitation of
enriched Al phases and get better glass former, we can
decrease the coefficient of 𝑐 in (1) to 𝑐 = 3.5/16, while 𝑎
and 𝑏 increase to 𝑎 = 𝑏 = 6.25/16. As a result, it followed
another composition of Zr

51
Cu
24.22

Ni
14.06

Al
10.72

(abbreviated
as 3Zr51), and we finally obtained an amorphous rod sample
of 10mm in diameter. The XRD pattern in Figure 3(a) shows
only a single diffuse halo that displays a homogeneousmatrix
without any crystalline phases. Further, SEM-BSE image in
Figure 3(b) indicates that there are no crystalline phases. All
of these demonstrated that the 3Zr51 rod sample with the
diameter of 10mm is in full amorphous state. However, when
increasing the size of the 3Zr51 alloy to 12mm in diameter,
some crystalline phases precipitate. The sharp peaks in XRD
pattern are shown in Figure 3(a). It is noted that potential
alloy compositions with even better GFA could be difficultly
found by adjustment of coefficients further in (1).

The alloy compositions, abbreviations, adjustment of
mixing constants, and critical sizes 𝐷max are summarized in
Table 1.
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Figure 3: The XRD (a) and SEM-BSE (b) patterns for as-cast 3Zr51 sample with the diameter of 10mm.

Table 1: The new alloy compositions, abbreviations, adjustment of mixing constants, critical sizes 𝐷max, and thermal parameters for the
Zr-Cu-Ni-Al alloys.

BMGs compositions (abbreviation) Mixing coefficients 𝑎, 𝑏, and 𝑐 𝐷max 𝑇

𝑔
𝑇

𝑥
𝑇

𝑚
𝑇

𝑔
/𝑇

𝑚

Zr51Cu20.7Ni12Al16.3 (1Zr51) 𝑎 = 1/3, 𝑏 = 1/3, 𝑐 = 1/3 <5mm 727 817 1049 0.6930
Zr51Cu23.25Ni13.5Al12.25 (2Zr51) 𝑎 = 3/8, 𝑏 = 3/8, 𝑐 = 2/8 8mm 726 806 1047 0.6934
Zr51Cu24.22Ni14.06Al10.72 (3Zr51) 𝑎 = 6.25/16, 𝑏 = 6.25/16, 𝑐 = 3.5/16 10mm 725 781 1041 0.6964

Table 2: The critical sizes (𝐷max) in our lab for previously reported
Zr-based BMGs.

Amorphous alloy systems with the corresponding
abbreviation 𝐷max

Zr65Cu17.5Ni10Al7.5 (Zr65) [5] <6mm
Zr55Cu30Ni5Al10 (Zr55) [6] <10mm
Zr51Cu24.22Ni14.06Al10.72 (3Zr51) [present] 10mm

For further comparisons, some other previously reported
Zr-based amorphous alloys with high GFA were also fab-
ricated under the same experimental condition in our lab.
Table 2 lists their critical sizes (𝐷max) in our lab. The XRD
patterns are shown in Figure 4. It indicates that among the
Zr-Cu-Ni-Al quaternary alloy systems, 3Zr51 owns the largest
size. It is believed that a further improvement of the prepared
methods causes the formation of 3Zr51 bulk amorphous alloy
with a larger diameter.

3.2. Thermal Analysis of New Zr-Cu-Ni-Al Glass Alloys. DSC
and DTA curves for the amorphous alloys of the three differ-
ent Zr-Cu-Ni-Al alloys are shown in Figure 5. Corresponding
thermal parameters are listed in Table 1, including the glass
transition temperature 𝑇

𝑔
, onset crystallization temperature

𝑇

𝑥
, melting temperature 𝑇

𝑚
, and reduced glass transition

temperature 𝑇
𝑟𝑔
=𝑇
𝑔
/𝑇

𝑚
. As can be seen in Figure 5(a), the

three alloys show a distinct glass transition, a significant
supercooled liquid region, and a clear endothermic event,
illustrating characteristics of BMGs. So as far as now, the
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Figure 4: The XRD patterns for previously reported as-cast Zr-
based amorphous alloy samples in different diameters.

reduced glass transition temperature 𝑇
𝑟𝑔

and the critical
size 𝐷max of the samples are the most powerful criteria to
characterize the glass forming ability. Distinct correlation is
found between GFA and the values of 𝑇

𝑟𝑔
for our newly

developed alloys. Among the three new alloys, the best glass
forming alloy 3Zr51 processes highest value of 𝑇

𝑟𝑔
.

3.3. Glass Forming Ability of New Zr-Cu-Ni-Al Glass Alloys.
As we discussed formerly, eutectic compositions are the best
candidates for glass formation. Another thing we should
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Figure 5: The DSC (a) and DTA (b) curves for as-cast 1Zr51, 2Zr51, and 3Zr51 BMG samples.

mention again is that in our mixing of binary eutectics
method, the eutectic reaction products are both linear com-
pounds. As Shen et al. [12] ever suggested if the chemical
affinity between the eutectic atomic pairs can be balanced
to a certain degree, the atomic rearrangement to form
crystalline phases during melt cooling is rather difficult,
which structurally supports improving glass forming ability.
That is whywe preferred to choose Zr

38.2
Cu
61.8

, Zr
64
Ni
36
, and

Zr
51
Al
49
as the three preliminary units.We also assumed that

such a balance can be achieved by proportionally mixing the
corresponding binary eutectic compositions.

As a matter of fact, the physical meaning of this method
is ambiguous, but lots of compositions obtained through our
new method and reported in the literatures demonstrate that
the efficiency of this method is astonishing. The composi-
tions obtained through proportionally combining the binary
eutectics are very close to those reported in the literatures
[17]. However, it must be noted that the binary eutectics
should be involved in reactions with compound products and
the ratios between the eutectics should be varied according to
experiments.

On the other hand, during cooling the alloy melt phase
selection is inevitably avoided. Either crystalline phases or
metallic glass will be obtained. However, as Ma et al. [18]
pointed out if treating glass as another competing phase, glass
formation could be interpreted as the complete suppression of
crystal growth by glass phase. So once the crystalline phase’s
precipitation is depressed, GFA will be naturally improved.

Thus, according to the above concept, we designed the
first composition Zr

51
Cu
20.7

Ni
12
Al
16.3

(1Zr51) by assigning
𝑎 = 𝑏 = 𝑐 = 1/3 as described in (1). In fact, this assignment
is straightforwardly obtained and we succeeded in obtaining
a 3mm as-cast rod sample. Its efficiency can be proved by
experiments. However, some enriched Al crystalline phases
appear in a larger sample of 5mm and 8mm in diameter. Lu
et al. [19] ever suggested that in order to obtain the better
glass forming composition, primary precipitation in the melt
should be bypassed no matter what crystalline phases they

are. One of the effective approaches is to suppress the precip-
itation of crystalline phases through phase competition. Here
we just choose to vary the ratios of the three eutectic units
rather than introduce another component. Consequently,
the second composition Zr

51
Cu
23.2

5Ni
13.5

Al
12.25

(2Zr51) was
obtained when 𝑎 = 𝑏 = 3/8, but 𝑐 = 2/8. And
correspondingly we obtained a larger as-cast amorphous rod
with a diameter of 8mm. But a larger 10mm rod sample with
some enriched Al crystalline phases once reminded us that if
we want to improve the GFA of this alloy system, adjusting
the ratios must be tried another time. By varying the ratios of
the three units to 𝑎 = 𝑏 = 6.25/16 while 𝑐 = 3.5/16, the third
alloy Zr

51
Cu
24.22

Ni
14.06

Al
10.72

(3Zr51) finally followed which
can be cast into an amorphous rod up to 10mm in diameter.
It is one of the best glass formers in the Zr-Cu-Ni-Al alloy
system.

Ma et al. [18] ever suggested a microstructure-based
method to pinpoint the best glass forming composition. From
lots of their work, pinpointing the composition was largely
based on the microstructure evolution. Here the concept
is the same. The difference is that their work largely relied
on the phase diagram. But we depressed the precipitation
of competing phases only through varying the ratios of the
three eutectic units. On the other hand, during this variation,
chemical affinities of the four components gradually got bal-
anced. The alloy compositions with high GFA were obtained
by varying three eutectic units coefficients 𝑎, 𝑏, and 𝑐.

Furthermore, we analyzed the reason for the increase in
GFA of 2Zr51 and 3Zr51 compared with 1Zr51. As can be seen
from Table 1, 𝑇

𝑚
decreases with the composition. High 𝑇

𝑟𝑔

for 2Zr51 and 3Zr51 indicates that the alloy is close to deep
eutectic and, therefore, exhibits better GFA. Especially, 3Zr51
has a rather low 𝑇

𝑚
. The decrease in melting point indicates

that the liquid phase is stabilized with respect to competing
crystalline phases. Also knowing from physical metallurgy,
we understand that viscosities of eutectic alloys are usually
higher than other off-eutectics, which dynamically supported
the best glass forming composition of them. As a result, 2Zr51
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and 3Zr51 show high GFA compared with 1Zr51, because
the alloy compositions are closer to deep eutectic by varying
ratios of the three binary units.

4. Conclusion

We utilized an efficient method of proportional mixing of
binary eutectics to successfully design three new Zr-Cu-
Ni-Al quaternary amorphous alloy compositions. Firstly we
obtained a composition Zr

51
Cu
20.7

Ni
12
Al
16.3

(1Zr51) with a
critical maximal size of 3mm in diameter. Then, through
varying the atomic ratios in this composition, a full amor-
phous Zr

51
Cu
24.22

Ni
14.06

Al
10.72

(3Zr51) rod sample with a
critical maximal diameter of 10mm was achieved. High GFA
of the three alloys resulted from depressing these precipitated
phases by varying ratios of the three binary units.
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Pd
77.5

Cu
6
Si
16.5

metallic glass was prepared by fluxing treatment and water quenching method. To avoid possible artifacts, shear
bands were created by indentation after TEM sample preparation. Bright field image, diffraction pattern, and the dark field image
of TEM that covered the shear band region were presented. A few nanocrystalline phases were noticed inside the shear bands,
which favored the plastic deformation ability and supported the explanation of mechanical deformation-induced crystallization.

1. Introduction

Metallic glasses (MGs) are a kind of advanced engineering
materials due to their high strength, high elastic limit, and
better corrosion resistance compared to their crystalline
counterparts [1]. However, two dilemmas apparently deteri-
orate MGs’ applications as promising structural engineering
materials: one is the limited critical size, and the other is the
poor plastic deformation ability for most MGs. The plastic
carriers of MGs, shear bands, are of two-dimensional defects.
Their formation and propagation are fundamentally impor-
tant for understanding the plastic deformationmechanism in
MGs. However, little is known so far and even the structure
of shear band is still a mystery. Lots of work has been carried
out to investigate the properties of shear bands, including
structure dilatation [2, 3], diffusivity [4], and strength [3].
Since the thickness of shear bands is about few tens of
nanometers [4], transmission electron microscope (TEM) is
often used to study the morphology, nanoscale defects [5, 6],
and nanocrystalline phases [7–10] in the shear bands. How-
ever, conventional TEM sample preparation methods cannot
avoid some artifacts that induced by ion impinging damage
or chemical thinning.The artifacts introduced during sample
preparation therefore may cover up the original structure of
shear bands.The nanocrystalline phase formation during the
plastic deformation process has been noticed, but the exact
reason of crystalline phase formation is still under debate

[9]. In this paper, to avoid any possible artifact, shear bands
were introduced in the Pd-Cu-Si MG after the TEM sample
preparation. Nanocrystalline phases are identified within the
prepared shear bands, which may provide some hints to
understand the different mechanisms of crystalline phase
formation.

2. Materials and Methods

The ingot of the nominal Pd
77.5

Cu
6
Si
16.5

metallic glass was
prealloyed by high frequency induction melting the mixtures
of high purity Pd (99.5%), Cu (99.99%), and Si (99.99%)
under argon pressure in a quartz tube and then purified
three times in B

2
O
3
fluxing medium under a vacuum of

10−2 Pa followed by water quenching. A cylindrical sample
with 6mm in diameter was obtained. The as-prepared sam-
ples were examined by X-ray diffraction (XRD) technique
using a Japan Rigaku D/max-RB XRD spectrometry. The
specimens of 2 × 2 × 4mm3 were cut from the middle part
of as-cast Pd

77.5
Cu
6
Si
16.5

and used for room temperature
compression tests on a WDW-50 testing machine at a strain
rate of 4 × 10−4m⋅s−1. Samples with a diameter of 3mm
were cut from the ingot for TEM analysis. After mechanical
thinning of the sample for TEM examination, the sample was
subject to twin-jet electropolishing until a hole appeared.The
electropolishing solution is a mixture of 77 vol.% CH

3
COOH
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Figure 1: X-ray diffraction spectrum of as-prepared Pd
77.5

Cu
6
Si
16.5

metallic glass. Only two broad peaks could be observed indicating a
glassy nature of Pd

77.5
Cu
6
Si
16.5

metallic glass.
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Figure 2: Engineering stress-strain curve for Pd
77.5

Cu
6
Si
16.5

metallic
glass.

plus 23 vol.% HClO
4
. To avoid the possible artifacts in the

subsequent observation of shear bands, whichmay arise from
preferred thinning by either chemical polishing or ion etch-
ing during TEM sample preparation, the shear bands studied
in this paper were created after TEM sample preparation by
indentation near the transparent part of the sample. By doing
so, a few shear bands that are suitable for TEM analysis were
obtained. The TEM inspection was performed on an FEI
Tecnai F20 G2 operated at 200 kV and integrated with an FEI
Eagle 2 K CCD.

3. Results and Discussion

Figure 1 showed the XRD spectrum of the as-prepared
Pd
77.5

Cu
6
Si
16.5

metallic glass. Besides the two broad peaks
there, no sharp peak could be detected on the XRD spectrum
in the 2-theta range from 20 to 80 degree, indicating a
glassy nature of the as-prepared Pd

77.5
Cu
6
Si
16.5

metallic
glass. Figure 2 showed the engineering stress-strain curve of

Figure 3: TEM bright field image of the region containing a clear
shear band. The red circle indicated a region used for later electron
diffraction.

Figure 4: Selected area electron diffraction pattern from the region
marked with red circle in Figure 2. The two diffuse halos show
the glassy nature of as-prepared Pd

77.5
Cu
6
Si
16.5

metallic glass in
microscale. The part of inner halo marked by yellow circle was used
for later TEM dark field imaging.

the as-prepared Pd
77.5

Cu
6
Si
16.5

metallic glass. The yield
strength of Pd

77.5
Cu
6
Si
16.5

was about 1300MPa, and the
engineering strain was up to 40%, showing excellent plastic
deformation ability. Figure 3 showed a bright field image of
the created shear band in Pd

77.5
Cu
6
Si
16.5

metallic glass. From
Figure 3, a clear shear band with a thickness of 13 nm could
be noticed, and a microcrack could also be observed at one
end of the shear band. A diffraction pattern that covered the
region marked with a red circle in Figure 3 was shown in
Figure 4. No clear diffraction spots could be noticed, except
two halos in Figure 4, suggesting a glass nature of the as-
prepared sample, which was also consistent with our XRD
result. By using a part of inner halo ring indicated by a yellow
circle in Figure 4, a dark field image of TEM was shown in
Figure 5. From the dark field image of TEM in Figure 5, a few
bright parts that suggested the existence of nanocrystalline
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Figure 5: TEM dark field image of as-prepared Pd
77.5

Cu
6
Si
16.5

metallic glass around a shear band. The bright parts indicated by
the arrows within the shear band suggest the existence of crystalline
phase formation.

phases could be noticed inside the shear band, at the edge of
the crack and at the edge of theTEMsample. In addition, clear
lattice fringes from high-resolution TEM results were also
noticed for the nanocrystalline phases inside shear bands,
which were not presented here. The nanocrystalline phase
formation may have different originations at different parts
in the sample. In this paper, we would like to focus only on
the nanocrystalline phases formation inside shear bands.

Although crystalline phases inside shear bands have
been reported [7–10] and studied by TEM, improper TEM
sample preparation techniques may introduce artifacts, such
as nanocrystalline phases, and it was also mentioned recently
that some of crystalline phases observed in the deformed
region were not because they were deformed but because
they were thin [11]. In this paper, since the shear bands were
created after TEM sample preparation, the deformed region
was off artifacts and the observed crystalline phases were
undoubtedly formed during the deformation. To explain the
formation of the observed crystalline phases in shear bands,
both the thermodynamic and the kinetic factors should
be considered. Since the temperature can easily induce the
crystallization transformation from MGs, temperature effect
was proposed as an apparent reason for the crystallization
formation inside shear bands. Although significant temper-
ature rise has been noticed around shear off on somemetallic
glasses [12], it was also suggested that for a limited shear off,
the temperature risewas not that important [13]. For the shear
band that we created with only 13 nm in thickness on TEM
thin foil sample, the shear off of the shear bands would be
very limited and the shear band could be regarded as a cold
one, where the thermal effect could be neglected. Another
possible reason accounts for the crystalline phase formation
is the mechanical deformation-induced crystallization. It
was believed that a structure dilatation occurred inside
shear bands during the plastic deformation [2]. Compared
to the matrix region, such loosely packed regions inside
shear bands would increase the mobility of local atoms [4]
and would provide more possibility for structure relaxation

and therefore crystalline phase formation. Since the formed
crystalline phases might interact with shear bands by local
stress relaxation, the crystalline phases would affect the
overall mechanical properties of MGs. The existence of
crystalline phases inside shear bands was often considered as
an indication of having better plasticity in MGs [8, 14, 15].
However, it depends on when the crystalline phases form.
If the crystalline phases form instantly while deformation,
the local stress around the newly formed crystalline phase
would reduce and might not be enough to support further
shear band propagation. When the external load further
increases, other sites may reach the critical local stress
and initial another new shear band. Since the plasticity of
metallic glasses is often related to the observedmultiple shear
bands formation, the overall plasticity would be improved
if crystalline phases formed instantly while deformation.
If the crystalline phases form a while after the formation
of shear bands, they would have little effect on blocking
the current shear band. Then the overall plasticity might
not be improved, although crystalline phases were noticed.
Since the Pd

77.5
Cu
6
Si
16.5

MG has demonstrated excellent
plastic deformation ability, we believed that the crystalline
phases we observed were formed instantly as the plastic
deformation proceeded. As to the preferred orientation and
possible defects of the crystalline phases in the shear bands of
Pd77.5Cu6Si16.5 MG, further investigations are still carrying
on.

4. Conclusions

In summary, the Pd
77.5

Cu
6
Si
16.5

metallic glass was prepared
and shear bands were created by indentation after TEM
sample preparation to avoid possible prefer thinning. The
dark field image of TEM showed the existence of nanocrys-
talline phases formation inside shear bands, where they were
mainly induced by mechanical deformation but not by the
thermal effect. The excellent plastic deformation ability of
Pd
77.5

Cu
6
Si
16.5

metallic glass suggested that the crystalline
phases were formed instantly while deformation and then
retarded the shear band propagation.
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A Ti/Ti-based-metallic-glass interpenetrating phase composite (IPC) was prepared by infiltrating the Ti
34.3

Zr31.5Ni5.5Cu5Be23.7 melt
into the porous Ti skeleton. Porous Ti limits the shear band (SB) propagation and promotes the SB multiplication, leading to the
improved ductility. Moreover, the interpenetrating phase structure shows a mutual reinforcement effect for both amorphous and
crystalline phases, making IPC possess higher strength than that calculated by the models held for the conventional composites.
This finding will suggest a new way for preparing composites with high strength and ductility.

Bulk metallic glass composites (BMGCs) have attracted lots
of attention due to the combinations of strength and ductility
[1–3]. The reinforcement is usually in the shape of particles
[4–6], fibers [7, 8], and so forth. It is classified into the two
types of ductile and brittle one by the nature. Recently, ductile
crystalline inclusions have been proven to more effectively
improve the plasticity of the composites [9–18]. For exam-
ple, Zr- or Ti-based Be-bearing BMGCs containing body-
centered cubic (b.c.c.) dendrites exhibitmore than 10%plastic
strain under tension as well as high processability, which
causes lots of interests worldwide [9–13]. The introduction of
high volume fraction dendrites with the low strength indeed
improves the ductility but apparently reduces the strength of
materials, which limits their practical utility to some extent.
It is challenging to prepare the BMGCwith high strength and
plasticity.

In this letter, an idea of interpenetrating phase composite
(IPC) [19–21] was applied, which is prepared by infiltrating
the melt into the prefabricated porous skeleton, to overcome
this aforementioned issue. Generally speaking, the skeleton
is fabricated by powder consolidation so that it is easy to
achieve the microstructure as desired. The volume fraction
andpore size can be controlled. Accordingly, in the IPCs, each

individual phase continuously extends in a 3D space to form
a completely homogeneously interconnected network. Each
amorphous unit in a nano- ormicroscale will present a strong
size effect [22, 23], which leads to the IPC possessing higher
strength. Meanwhile, good plasticity is obtained through the
propagation limitation and multiplication of shear bands
by the well-connected crystalline phase with a considerable
volume fraction. As a result, the IPC containing amorphous
phase will show high strength and ductility. Herein, we
present a Ti/Ti-based-metallic-glass IPC, which exhibits the
strength as high as 1740MPa and the ductility of ∼10%.

Master ingots with nominal composition of
Ti
34.3

Zr
31.5

Ni
5.5
Cu
5
Be
23.7

(in atomic percentage) [24] were
prepared by arc melting the mixture of the element metals
in a Ti-getter high-purity argon atmosphere. Titanium
skeleton (purity ≥ 99.9 wt.%) with a porosity of ∼60%
and pore size of 30∼300 𝜇m was used as the infiltration
skeleton. The composites were prepared by pressure assisted
infiltrating the Ti

34.3
Zr
31.5

Ni
5.5
Cu
5
Be
23.7

melt into the
porous Ti skeleton at 1123 K. The pressure and time in the
infiltrating process were about 1MPa and 5min, respectively.
The as-prepared samples were characterized with X-ray
diffraction (XRD, Philips PW1050, Cu-K

𝛼
), scanning
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electron microscope (SEM, Hitachi S3400N) coupled with
energy dispersive spectrometer (EDS, Oxford), transmission
electron microscope (TEM, JEOL 2010, 200 kV), and
differential scanning calorimeter (DSC, Netzsch DSC 204
F). DSC measurements were performed in a flowing argon
atmosphere at a heating rate of 40K/min. Compression tests
were conducted in an Instron 5582 universal testing machine
at a strain rate of 5 × 10−4 s−1 at room temperature. Fractured
samples were observed using SEM and TEM.

Figure 1(a) shows the XRD patterns of the as-prepared
composite. For comparison, the XRD patterns of porous
Ti skeleton used in the present work are also displayed
in Figure 1(a). It can be seen that the XRD patterns of
the composite are comprised of the apparent Bragg peaks,
some of which are identical to those of the porous Ti. It
indicates that the porous Ti is retained in the composite,
which is indexed as 𝛼-Ti. Besides 𝛼-Ti, the other weak
peaks are probably identified as 𝛽-Ti, of which the intensity
shows that its volume fraction is quite low. Whether the
amorphous phase forms or not is difficult to be recognized
from theXRDpatterns in Figure 1(a), because theBragg peaks
corresponding to the crystalline phases are very strong.

The existence of amorphous phase in the as-prepared
sample is demonstrated by DSC measurements, as shown in
Figure 1(b). DSC curves of the composite exhibit an obvious
glass transition and crystallization. The specimens cut from
the top and bottom of the as-prepared samples were both
examined. In comparison with the DSC curve of monolithic
BMG, it is found out that the composite has similar thermal
characteristic temperatures as those of monolithic BMG. It is
implied that the composition of the amorphousmatrix in this
composite is not changed largely, whichwill not ruin the glass
forming ability of Ti

34.3
Zr
31.5

Ni
5.5
Cu
5
Be
23.7

(at.%) alloy. [24]
That is to say, high glass forming ability of themaster alloywill
ensure that the composite may be prepared in large sizes. In
the present work, the sample of 10×40×60mmwas prepared
(not shown here).

The phase distribution morphology of the as-prepared
composite was observed, as shown in Figures 1(c) and 1(d).
From the SEM images in Figure 1(c), it can be found out
that all the pores of Ti skeleton are filled with the Ti-based
metallic glass. No visible void can be seen on the interface.
Careful examination of the interface between 𝛼-Ti and the
amorphous phases shows the presence of a continuous transi-
tion layer with a thickness of ∼8 𝜇m, as shown in Figure 1(d).
In the amorphous phase, some dendrites with the size <5 𝜇m
precipitated, as marked by the ellipses in Figure 1(d). The
EDS analysis indicates that they have the similar composition,
which ismainly composed of Ti and Zr, of which the contents
are 85.9 at.% and 12.6 at.%, respectively. Zr is considered
as an element stabilizing 𝛽-Ti solution [25]. Accordingly,
it is probable that the transition layer and the precipitated
dendrites should correspond to 𝛽-Ti as indicated by XRD
measurements (Figure 1(a)), which is further clarified by
TEM observations. Figure 1(e) shows the bright field image
of TEM for the composite, clearly showing that the dendrite
is embedded in the featherless matrix. The corresponding
selected area electron diffraction (SAED) patterns are inset

with Figure 1(e), illustrating that the amorphous and body-
centered cubic (b.c.c.) phase are for the matrix and dendrite,
respectively. The interface between both the phases is shown
in high resolution in Figure 1(f). It confirms that there are not
any reaction products that are observed and both the phases
are atomically bonded.

Mechanical properties of the as-prepared composite were
measured by quasistatic compression tests. The specimens of
4 × 4 × 8mm were used. For a comparison, the compressive
stress-strain curves of the porous Ti and monolithic BMG
were also displayed in Figure 2(a). The porous Ti exhibits an
extremely low strength and hardly fails under compressive
loading. On the contrary, the monolithic BMG fractured
without any plastic deformation under loading. The fracture
strength is as high as about 1830MPa. It is clear to show that
the composite possesses the advantages of both materials as
expected, including high strength and considerable plastic-
ity. The yield strength, plasticity, and fracture strength are
approximately 1400MPa, 10%, and 1740MPa for the present
composite, respectively.

As reported by the previous works [6, 7, 26], the yield
strength of BMGCs containing the particles and fibers of the
relatively low volume fraction (i.e.,<30%) still follows the rule
of mixture (ROM), which is expressed as follows:

𝜎

𝑐
= 𝑓

𝛼
𝜎

𝛼
+ 𝑓

𝛽
𝜎

𝛽
, (1)

where 𝑓 and 𝜎 are the volume fraction and the yield strength
of the constituent phases and subscript/superscript 𝛼 and 𝛽
refer to the pure titanium and the BMG in the present study,
respectively.

For the volume fraction of the crystalline phasemore than
50%of the load-bearingmodel is applied to calculate the yield
strength of the composite as follows [27]:

𝜎

𝑐
= (1 + 0.5𝑓

𝛽
) 𝜎

𝛼
. (2)

Suppose that the amorphous/crystalline IPCs are the same
as the conventional BMGCs and the strength is modeled as
a function of volume fraction for Ti/Ti-based-metallic-glass
IPCs, as shown in Figure 2(b). The mechanical parameters of
the constituent phases are listed in Table 1 [24, 25]. Between
those two cases, the percolation theory is applied [26, 28] as
schematically illustrated by the solid line in Figure 2(b).

Apparently, it is easy to find out that the yield strength
of the current composite is higher than the value calculated
by about 30%, as shown in Figure 2(b). That is to say, each
phase in the present composites yields at the higher stress
under loading. It is believed that the enhancement effect
arises from the present interpenetrating phase structure. As
aforementioned, the composite is made by infiltrating Ti-
based metallic melt into the porous Ti skeleton so that
each phase can exhibit a 3D network structure (Figure 1(c)).
Microstructurally, each local unit of one phase is surrounded
by the units belonging to the other phases. A sleeve-like
confinement may mutually take place for each other under
loading [20, 21], which makes the phases in the composites
more difficult to plastically deform. It is apparently in favor
of the enhancement of the yield strength for the present
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Figure 1: Structural characterizations of Ti/Ti-based-metallic-glass IPC. (a) XRD patterns of the composites and Ti skeleton. (b) DSC curves
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Figure 2: (a) Stress-strain curves of the monolithic BMG, porous Ti, and IPC and (b) comparison of experimental and calculated values of
yield and fracture strength as a function of volume fraction for IPC.

Table 1: Density (𝜌), Young modulus (𝐸), shear modulus (𝐺), yield strength (𝜎
𝑦
), and fracture strength (𝜎

𝑓
) of 𝛼-Ti and monolithic BMG.

𝜌 (g/cm3) 𝐸 (GPa) 𝐺 (GPa) 𝜎

𝑦
(MPa) 𝜎

𝑓
(MPa)

𝛼-Ti 4.51 115 44 140∗ 235∗

BMG 5.54 97.8 36.1 1830 1830
Note.∗The data are measured in tension [25].

composite. On the other hand, the size effect of glassy phase
should be taken into account. Different from the composites
containing the reinforcement particles and fibers where the
glassy phase serves as the matrix, the glassy phase is one
constituent in the present composite which is hard to be
defined as the matrix or the reinforcement. And the local
glassy phase units have the size of less than 300𝜇m, some
of which are on a nano- or microscale. Recent studies show
that metallic glasses have a strong size effect on the strength
[23].The yield strength of Zr-Ti-Co-Be metallic glass reaches
2.25GPa when the specimen size reduces to 100 nm [23].
From this view of aspect, the confined units of the smaller size
will produce the stronger enhancement effect. These results
show the presence of remarkable mutual reinforcement effect
for the constituent phases in the IPC, which results in the
higher strength as shown in Figure 2(b).

The interpenetrating structure simultaneously improves
the plasticity. As pointed in the previous study, the intro-
duction of ductile phase into the BMG matrix tunes the
stress state in the materials, [15] which inhibits the rapid
propagation of shear bands and produces the multiple shear
bands. A similar mechanism takes place in the present
composite.The lateral surface of the fractured specimens was
observed by SEM, as shown in Figure 3(a). Multiple shear
bands are clearly seen in the glassy phase. It is of no doubt
that the plastic deformation firstly occurs in Ti skeleton due
to its relatively low yield strength. Abundant slip bands can be

seen in theTi skeleton as shown in the inset of Figure 3(a).The
transition layer of 𝛽-Ti solution is good for the progressive
deformation because it is harder than the pure Ti and softer
than BMG. It will harmonize the deformation behaviors
of local Ti and amorphous units. It is confirmed by the
number density of slip bands or shear bands reducing fromTi
skeleton to the glassy phase in the inset of Figure 3(a). Once
the shear band initiates, the propagation will be inhibited
by the crystalline phases. Figure 3(b) shows the dendrite
arresting the shear band. This behavior makes the specimens
avoid the sudden fracture due to the rapid propagation of
shear bands. Shear band multiplication distributes the plastic
strain, improving the plasticity.

To conclude, the present Ti/Ti-based-metallic-glass IPC
exhibits advantageous properties. The sleeve-like confine-
ment effect and size effect presented by the current con-
tinuous structure in the 3D space contribute to not only
high plasticity but also high strength. It is implied that the
crystalline/amorphous IPC will be served as a new way of
producing BMGCs with good plasticity combined with high
strength, which will promote the practical utility of BMGCs.
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The localized crystallization of Mg
54
Cu
28
Ag
7
Y
11
bulk metallic glass (BMG) in the injection casting process using a copper mold

was investigated. It has been found that several crystalline phases were formed close to the as-cast surface but did not exist in the
internal part of the BMG plate. It is abnormal that the as-cast surface is partially crystallized with higher cooling rate than that of
inside. Overheating of themelt and nucleation induced by the surface of copper mold play key roles in the abnormal crystallization.
It is suggested that the function of copper mold to trigger heterogeneous nucleation cannot be totally ignored, although it provides
the high cooling rate for the glass formation during casting.

1. Introduction

Bulkmetallic glass (BMG) has attractedmuch attention since
the rapid cooling solidification technology was developed
which mainly includes melt quenching, fluxing, and copper
mold casting [1–4]. The unique structure of metallic glass
(MG) formed by rapid cooling solidification endows this new
comer of metal materials many special properties such as
good compression ductility, high corrosion resistance, good
wear resistance, and special functional properties [5–14]. In
general, BMG is fabricated by quenching the melt without
incurring crystallization. Therefore, the forming of MG is
determined by the inherent glass forming ability (GFA) of
the alloy itself and the preparation conditions. Meanwhile,
the GFA of one alloy is the major factor to control the
thermal stability of the glass forming liquid.The other factor,
which is related to the preparation technologies, also plays
an important role to obtain full amorphous structure frozen
from the melt.

Mg-based BMG is one-kind lightweight amorphous alloy,
few in amount, which possesses both goodGFA and low den-
sity. Inoue et al. [15] firstly discovered theMg

65
Cu
25
Y
10
BMG

in 1991. Next, Park et al. [16] investigated the effect of Ag sub-
stitution for Cu and improved the critical diameter (𝐷

𝑐
) for

amorphous phase formation from 4mm to 6mm. Ma et al.

[17, 18] optimized the composition of Mg-Cu-Y ternary alloy
and Mg-Cu-Ag-Y quaternary alloy, improving the 𝐷

𝑐
values

to 9mm and 16mm, respectively. Up to date, this class of
BMG can be made into 27mm [19] and can be significantly
toughened by ex situ addition of some second phases [20,
21]. Therefore, Mg-based BMG and composites have been
regarded as promising materials for engineering application.
It is necessary to investigate the processing properties of this
BMG alloy system.

In the present work, Mg
54
Cu
28
Ag
7
Y
11

alloy [18] was
selected as the experimental material to investigate the cast-
ing formability of typical Mg-based BMG.The crystallization
related to the cast technology aspect will be discussed.

2. Experimental

The raw materials with purity better than 99.9% were used
to fabricate the BMG alloy. An intermediate alloy with the
nominal composition Cu

28
Ag
7
Y
11

was firstly prepared by
arc melting method under a Ti-gettered argon atmosphere.
This intermediate alloy was then melted with Mg pieces by
induction melting under inert atmosphere to obtain a master
alloy with the nominal composition Mg

54
Cu
28
Ag
7
Y
11
. Sub-

sequently, the master alloy was then remelted in the quartz
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Figure 1: (a) Schematic diagram of the applied injection casting, (b) image of the BMG plate, and (c) top view of the plate.
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tubes using induction melting and injected into the copper
mold which had an internal plate-shaped cavity of about 3
× 14 × 70mm in size. The applied injection casting method
was optimized by Xie et al. [22] as shown in Figure 1(a).
A slender quartz tube was placed between the quartz tube

(melt container) and the mold to keep gas impermeability for
improving the mold-filling capacity.

The as-cast BMG sample was examined by X-ray diffrac-
tion (XRD) analysis using Rigaku D/max-RB XRD spec-
trometry with Cu K𝛼 radiation. The thermal stability of the
as-cast BMG sample was measured by differential scanning
calorimeter (DSC, TA Instruments) at a constant heating rate
of 20K/min. The surface morphology was investigated by a
LEO1530 scanning electron microscope (SEM) with a field
emission gun. The composition of the BMG samples was
examined by energy dispersive X-ray spectroscopy (EDS).

3. Results and Discussion

Figure 1 shows the pictures of one cast plate together with
the schematic diagram of the applied injection casting. The
as-cast plate has a perfect shape which completely matches
the cavity size of the copper mold as shown in Figures
1(b) and 1(c). The good mold-filling capacity is attributed
to the following two aspects: the good gas impermeability
and a higher cast temperature of the melt. The good gas
impermeability is favorable for improving the pressure of
the melt during filling in the mold. Overheating is beneficial
for improving the fluidity of the melt. These two aspects
collaboratively work, resulting in significant improvement of
mold-filling capacity.

Figure 2 shows the XRD spectra of the as-cast surface and
the cross-section surface of the Mg

54
Cu
28
Ag
7
Y
11
alloy plate.
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It was found that the spectrumof the as-cast surface hasmany
sharp peaks corresponding to the crystalline phases such as
Mg
2
Cu, Mg

24
Y
5
and Cu

5
Y. However, for the cross-section,

the intensities of the crystalline phase peaks are much lower
than that of the as-cast surface. It was demonstrated that
the amount of crystalline phase in the cross-section surface
is smaller than that of the as-cast surface. Moreover, one
typical amorphous structure feature, the hump-like diffuse
scattering peak, can be identified as existing on the spectrum
of the cross-section surface. It is then suggested that the
plate contains certain amount of amorphous phase. As we
speculated, the crystalline phasesmight be precipitated in the
as-cast surface in contact with the copper mold.

The as-cast sample, which has been examined by XRD in
Figure 2, was grinded using sandpaper and hereafter reexam-
ined to confirm whether the crystallization partially occurs
on the surface. After wearing off ∼0.1mm and ∼0.2mm
from the as-cast surface, the sample was rescanned by XRD,
respectively. Figure 3 displays the XRD spectra of the sample
with different wear depths. It shows that the intensities of the
crystalline phase peaks are decreased with the increased wear
depth. Moreover, the sample is found to be composed of full
amorphous structure after wearing off ∼0.2mm. The inset of
Figure 3 shows the DSC curve of the sample after wearing.
It possesses a typical glass transition followed by an obvious
crystallization process which is consistent with the result in
the earlier work [18]. It is demonstrated again that the centre
part of the as-cast plate possesses a full amorphous structure.

Figure 4 shows a typical backscattered electron image of
the sample after wearing off ∼0.1mm in depth. It is clearly
observed that some phases, with simple geometric shapes
such as triangle, quadrilateral, and hexagon, are existing on
the worn surface which is near the as-cast surface. A further
examination on these polygon phases by EDX proved that
they are all Cu-rich and Y-rich. The ratio of Cu and Y in
atom is less than 6 : 1. It is considered that, by combining this
result with theXRDspectra shown in Figure 2, this phasemay
be Cu

5
Y, a common compound in ternary Mg-Cu-Y alloys.

The investigation result shown in Figure 4 agrees well with
the discovery in a very recent work by Mezbahul-Islam and
Medraj [23]. They reported on the phase formation in the
ternary Mg-Cu-Y system, revealing that the metallographic
shapes of the phases with Cu-rich andY-rich have small plane
features as well as simple geometric shapes.

For copper mold casting, it has been reported that the
cooling rate is decreased with the increased diameter size. In
other words, the center of a rod or plate should have relatively
lower cooling rates which negatively affect the glass forming.
Therefore, the crystallization ismostly identified in the center
region [24, 25]. However, the crystallization in the present
work is quite different: the major crystalline phases are all
segregation on the as-cast surface where the cooling rate is
relatively higher. It is thus suggested that the copper mold
does not completely play a single role to supply the high
cooling rate for glass formation.

The possible reason of the abnormal crystallization may
be attributed to the two following aspects. The first one is
that the GFA of the Mg

54
Cu
28
Ag
7
Y
11

alloy is decreased by
some preparation technologies such as the cast temperature
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plate with different

surface treatments. The inset is the DSC curve of the sample after
wearing off the crystalline surface.

Figure 4: Typical BSE image of some crystalline phases near the as-
cast surface.

and the use of quartz tube. It is known that overheating of
the melt significantly affects the GFA of BMG [26]. In this
work, a higher cast temperature together with a high Ar
pressure of ∼105 Pa was applied to improve the fluidity of
the melt to fill the mold. Moreover, in the Mg

54
Cu
28
Ag
7
Y
11

alloy, the melt point and boiling point of Mg are both low;
thus the Mg atoms in the overheating melt are energetic
and active. It is then become harder that the atoms should
be frozen into an amorphous solid. Thus, the GFA of the
Mg
54
Cu
28
Ag
7
Y
11
alloy may be decreased by the high casting

temperature. In addition, the quartz tube can react with Mg
melt, resulting in the reduction of Mg content. Therefore,
the actual composition of the BMG plate may be changed
deviating from the nominal composition which has the best
GFA in this quaternary alloy system. The second aspect is
related to the copper mold. In our opinion, the copper mold
not only provides the high cooling rate during casting, but
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also supplies many favorable sites for heterogeneous nucle-
ation. These both aspects mentioned above might jointly
work during the injection casting process, resulting in the
apparently abnormal surface crystallization.

4. Conclusions

In the present work, the Mg
54
Cu
28
Ag
7
Y
11
bulk metallic glass

plate was obtained by an injection casting method using
coppermold. It has been found that several crystalline phases
were formed close to the as-cast surface but did not exist
in the internal part of the plate. The surface crystallization
is attributed to the overheating of the melt and nucleation
induced by the surface of copper mold. It is demonstrated
that the function of copper mold to trigger heterogeneous
nucleation cannot be totally ignored, although it provides the
high cooling rate for glass formation during the casting.
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A novel centimeter-sized Ti-based bulkmetallic glass (BMG)was developed by the addition of Ag in the ternary Ti
41
Zr
25
Be
34
glassy

alloy. By replacing Be with Ag, the glass forming ability (GFA), the yield strength, and the supercooled liquid temperature of the
quaternary Ti41Zr25Be34−𝑥Ag𝑥 (𝑥 = 2, 4, 6, 8 at.%) glassy alloys have been obviously enhanced. Among the developed Ti-Zr-Be-Ag
alloy systems, the Ti

41
Zr
25
Be
28
Ag
6
alloy possesses the largest critical diameter (𝐷max) of 10mm, while the yield strength is also

enhanced to 1961MPa, which is much larger than that of Ti
41
Zr
25
Be
34
(1755MPa) alloy. The experimental results show that Ag is

an effective element for improving the GFA and the yield strength of Ti-Zr-Be glassy alloy.

1. Introduction

Ti-based BMGs have been under intense investigation for
many years, owing to their excellent properties, such as low
density, high strength, high specific strength, low elasticmod-
ulus, and strong corrosion resistance [1–4]. Moreover, the
low cost makes the Ti-based BMGs a profound application
prospect. Up to date, a number of Ti-based BMGs have
been synthesized by the copper mold casting method [5–
7]. However, compared with other alloy systems, the GFA
of most Ti-based BMGs is relatively low [8, 9]. Therefore, it
should be of scientific and technological interest to develop
Ti-based BMGs with large GFA, together with goodmechan-
ical properties. Furthermore, introducing new elements, or
so-called “alloying,” is proved to be an effective method to
improve the GFA of alloys [8, 9], whichmakes the developing
of Ti-based BMGs with better GFA and less components
more challenging.

It is known that Ti
41
Zr
25
Be
34

ternary BMG possesses a
critical size of 5mm which is larger than other Ti-Zr-Be
ternary alloys [6, 10]. In the previous work, it shows that its
GFA and mechanical properties could be improved through
alloying with suitable elements [11, 12]. In this paper, Ag
element has been selected as an addition element in the Ti-
Zr-Be alloy system. By replacing Bewith Ag, a series of BMGs
with the composition of Ti

41
Zr
25
Be
34−xAgx (x = 2, 4, 6, 8),

which have improved GFA and mechanical properties, have
been obtained.

2. Experimental Procedure

The master alloy ingots with nominal compositions of
Ti
41
Zr
25
Be
34−xAgx (x = 2, 4, 6, 8 at.%) were prepared by arc-

melting the mixtures of high-purity Ti, Zr, Be, and Ag metals
in a Ti-gettered high-purity Ar atmosphere. The purity of
Be and Ag metals is over 99.99% in weight, while that of
Ti and Zr metals is 99.4% and 99.7% in weight, respectively.
Each ingot was flipped and remelted four times to ensure the
homogeneity. Cylindrical rods with different diameters were
prepared by copper mold casting method.

The structure of the as-prepared samples was examined
by X-ray diffraction (XRD) using Cu K𝛼 radiation. The
thermal stability of the glassy samples was evaluated by
differential scanning calorimeter (DSC) at a heating rate of
20K/min. Compression tests were carried out on a WDW-
100 testing machine under a stain rate of 4.2 × 10−4 s−1. The
test samples were cut out from the as-cast Φ2mm rods with
gage aspect ratio of 2 : 1. For the compression tests, at least
3 samples of each glassy alloy were tested. The density 𝜌 of
each glassy alloy was measured by Archimedes’ principle in
the deionized water.

3. Results

Figure 1 presents X-ray diffraction spectra of the as-cast
Ti
41
Zr
25
Be
34−xAgx BMG samples (x = 2, 4, 6, 8 at.%) with

the critical diameters. The typical broad halo patterns for
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Figure 1: XRDpatterns for the Ti
41
Zr
25
Be
34−xAgx (x = 2, 4, 6, 8 at.%)

glassy alloy system with their critical diameters.

the amorphous phases were observed in each XRD spec-
trum, and no sharp diffraction peaks corresponding to the
crystalline phases could be observed. Figure 1 indicates that,
with the proper addition of Ag, the GFA of the Ti

41
Zr
25
Be
34

alloy has been obviously improved.Meanwhile, the optimized
addition content of Ag is about 6 at.%, since its critical
diameter for forming fully amorphous structure is 10mm. As
the content of Ag increased to 8 at.%, the critical diameter
of the Ti

41
Zr
25
Be
26
Ag
8
alloy returns to 5mm, which is the

same as that of Ti
41
Zr
25
Be
34

alloy [6]. The experimental
results indicate that Ag is an effective alloying element for
improving the GFA of Ti-Zr-Be alloys. In present work, a new
centimeter scale quaternary BMG with the nominal com-
position Ti

41
Zr
25
Be
28
Ag
6
has been developed. According to

some reported results [13, 14], this is the second quaternary
centimeter-diameter Ti-based BMG.

Figure 2 shows theDSC curves of the sample cut out from
the as-cast fully glassy Ti

41
Zr
25
Be
34−xAgx (x = 2, 4, 6, 8 at.%)

rods with a diameter of 2mm. Thermodynamic parameters
weremeasured from theDSC scans, while the glass transition
temperature 𝑇

𝑔
, initial crystallization temperature 𝑇

𝑥
, and

liquidus temperature𝑇
𝑙
weremarked with arrows in Figure 2.

In addition, for evaluating the GFA of the Ti
41
Zr
25
Be
34−xAgx

alloys, the supercooled liquid region Δ𝑇
𝑥
(defined as 𝑇

𝑥
−

𝑇

𝑔
), 𝛾 parameter (defined as 𝑇

𝑥
/(𝑇

𝑔
+ 𝑇

𝑙
)), and reduced

glass transition temperature 𝑇rg (defined as 𝑇
𝑔
/𝑇

𝑙
) [15] were

calculated as listed in Table 1.
From Figure 2, it can be found that, with the addition

of Ag, 𝑇
𝑔
decreases from 607K for Ti

41
Zr
25
Be
34

[6] alloy
to 589K for Ti

41
Zr
25
Be
30
Ag
2
and Ti

41
Zr
25
Be
30
Ag
4
alloy

and then slightly increases to 597K for Ti
41
Zr
25
Be
28
Ag
6

alloy and 593K for Ti
41
Zr
25
Be
26
Ag
8
alloy, respectively. 𝑇

𝑥

increases from 656K for Ti
41
Zr
25
Be
34

[6] alloy to 670K
for Ti

41
Zr
25
Be
28
Ag
6
alloy and then decreases to 654K for

Ti
41
Zr
25
Be
26
Ag
8
alloy. It should be noted that, with Ag

addition, the value of Δ𝑇
𝑥
has been obviously enlarged; espe-

cially, Ti
41
Zr
25
Be
30
Ag
4
glass alloy has the largest supercooled

liquid region of 81 K in the Ti-Zr-Be-Ag alloy system. Δ𝑇
𝑥
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Figure 2: DSC curves of the Ti
41
Zr
25
Be
34−xAgx (x = 2, 4, 6, 8 at.%)

glassy alloys.

is considered as a measure to evaluate the thermal stability
related to supercooled liquid stability against crystallization
[16]; thus Ag addition can effectively improve the thermal
stability of the Ti-Zr-Be-Ag glassy alloy. Moreover, the varia-
tion tendency of 𝑇rg and 𝛾 with the Ag content in the alloy
is roughly the same. The value of 𝑇rg for Ti

41
Zr
25
Be
28
Ag
6

alloy is the largest among all the Ti-Zr-Be-Ag alloys, and
Ti
41
Zr
25
Be
30
Ag
4
alloy possesses the largest 𝛾 value and the

lowest 𝑇
𝑙
value. It is suggested that these two alloys may

possess relatively good GFA [16], which is in accordance with
the experimental results.

Figure 3 shows the compressive stress-strain curves of
Ti
41
Zr
25
Be
34−xAgx (x = 2, 4, 6, 8 at.%) at room temperature.

The yield strength 𝜎
0.2
, the maximum compression stress

𝜎max, and the plastic strain 𝜀𝑝 of the Ti41Zr25Be34−xAgx BMGs
were listed in Table 2. In the present work, the addition of
Ag enhances the density of Ti-Zr-Be alloy, while the value
of the specific strength (defined as yield strength/density)
of Ti
41
Zr
25
Be
34−xAg (x = 2, 4, 5, 6, 8) BMGs does not

change a lot. According to the reported results, the Ag-free
alloy exhibits a yield strength 𝜎

0.2
of 1755MPa, a maximum

compressive strength 𝜎max of 1914MPa, and a plastic strain
𝜀

𝑝
of 2.9% [6]. As shown in Figure 3, Ag addition can greatly

increase the yield strength of the BMGs.
For the glassy alloy with optimum Ag content of 6 at.%,

the yield strength𝜎
0.2

is 1964MPa,whilewith 8 at.%ofAg, the
maximum compression stress 𝜎max and plastic strain 𝜀

𝑝
are

2054MPa and 4.8%, respectively.The present results indicate
that Ag addition could effectively improve the mechanical
properties of Ti-Zr-Be glassy alloys.

It shows that, among the quaternary Ti-Zr-Be-Ag alloy
system, Ti

41
Zr
25
Be
28
Ag
6
glassy alloy possesses not only the

largest GFA, but also high strength and good compressive
plastic strain.

4. Discussion

It is known that the mixing enthalpies Δ𝐻mix between Ti-
Ag, Ti-Zr, Zr-Ag, Ti-Be, Ag-Be, and Zr-Be are −2 kJ/mol,
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Table 1: Thermal parameters of Ti41Zr25Be34−𝑥Ag𝑥 (𝑥 = 2, 4, 6, 8 at.%) BMGs. The error of the temperature values is ±1 K.

Composition (at.%) 𝑇

𝑔
(K) 𝑇

𝑥
(K) Δ𝑇

𝑥
(K) 𝑇

𝑙
(K) Trg = 𝑇𝑔/ 𝑇𝑙 𝛾 𝐷max (mm)

Ti41Zr25Be34 [6] 607 656 49 1123 0.5405 0.3792 Φ5

Ti41Zr25Be32Ag2 589 651 62 1148 0.5131 0.3748 Φ5

Ti41Zr25Be30Ag4 589 670 81 1107 0.5321 0.3950 Φ6

Ti41Zr25Be28Ag6 597 655 58 1118 0.5340 0.3819 Φ10

Ti41Zr25Be26Ag8 593 654 61 1153 0.5143 0.3746 Φ5

Table 2: Densities and mechanical properties of Ti41Zr25Be34−𝑥Ag𝑥 (𝑥 = 2, 4, 6, 8 at.%) BMGs.

Composition (at.%) Density (g/cm3) 𝜎

0.2
(MPa) 𝜎max (MPa) 𝜀

𝑝
(%) Specfic strength (Nm/Kg)

Ti41Zr25Be34 [6] 4.76 1755 1914 2.9 ± 0.1 3.69 × 105

Ti41Zr25Be32Ag2 5.01 1808 1882 2.4 ± 0.1 3.61 × 105

Ti41Zr25Be30Ag4 5.13 1931 1995 2.9 ± 0.1 3.76 × 105

Ti41Zr25Be28Ag6 5.27 1961 2013 2.3 ± 0.1 3.73 × 105

Ti41Zr25Be26Ag8 5.42 1946 2054 4.8 ± 0.1 3.59 × 105
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Figure 3: Compressive stress-strain curves at room temperature for
Ti
41
Zr
25
Be
34−xAgx (x = 2, 4, 6, 8 at.%) glassy samples.

0 kJ/mol, −20 kJ/mol, −30 kJ/mol, 2 kJ/mol, and −43 kJ/mol,
respectively [17]. Thus, in the Ti-Zr-Be-Ag alloy system, the
strong chemical short-range order clusters or medium-range
order clusters would be expected [18], which may restrain
the diffusion of the atoms, and could suppress crystallization
during the solidification. Meanwhile, the addition of Ag
increases the number of the components in the alloy, which
could generate more types of local ordering clusters and
stabilize the liquid phase [18].

In addition, the electronegativity difference Δ𝑥 and the
atomic size difference parameter 𝛿, the two parameters that
related to the GFA of the glassy alloy, have been applied to
evaluate the effect of Ag addition on the GFA of Ti-Zr-Be
glassy alloy [19]. 𝛿 is defined as 𝛿 = √∑𝑛

𝑖=1
𝑐

𝑖
(1 − 𝑟

𝑖
/𝑟), Δ𝑥 is

defined as Δ𝑥 = √∑𝑛
𝑖=1
𝑐

𝑖
× (𝑥

𝑖
− 𝑥)

2, where 𝑟 = ∑𝑁
𝑖=1
𝑐

𝑖
𝑟

𝑖
, 𝑥 =

∑

𝑁

𝑖=1
𝑐

𝑖
𝑥

𝑖
, 𝑐
𝑖
is the atomic fraction, 𝑟

𝑖
and 𝑥

𝑖
are atomic radius

and electronegativity of 𝑖th element, and 𝑁 is the number

of allying elements [20, 21]. Δ𝑥 and 𝛿 of Ti-Zr-Be-Ag glassy
alloys were calculated and summarized in Figure 4.

According to the Hume-Rothery rules and Inoue’s three
empirical rules [20, 21], the alloys with larger value of 𝛿
and Δ𝑥 could form amorphous phase readily. As shown in
Figure 4, because Ag possesses larger Pauling electronegativ-
ity (1.91) than Ti (1.54), Zr (1.33), and Be (1.57), the addition
of Ag would increase the value of Δ𝑥 in the Ti-Zr-Be alloys,
which effectively enhance the GFA. However, the value of 𝛿
would decrease as the content of Ag increase, which is not
beneficial to improve the GFA [22]. When the content of Ag
is relatively low, the beneficial effect of Δ𝑥 dominates the
alloying effect on GFA. So the critical size increases with Ag
content and reached the maximum value of 10mm at 6 at.%.
When increasing Ag content again, the effect from 𝛿 would
significantly reduce the beneficial effect from Δ𝑥, resulting in
the decrease of GFA. Similar effects have also been observed
in Ti-Zr-Be-Al [8] and Ti-Zr-Be-Fe [6] quaternary BMGs,
too. Due to the efforts of these two factors, there would exist
an optimized Ag content in the Ti-Zr-Be alloy system, which
is 6 at.%.

5. Conclusion

In summary, Ag addition could significantly improve the
GFA, thermal stability, and mechanical properties of the Ti-
Zr-Be glassy alloys. By replacing BewithAg, it has been found
that the developed Ti

41
Zr
25
Be
28
Ag
6
alloy possesses much

better GFA; the critical diameter of the quaternary BMG has
been increased to 10mm, while that of ternary Ti

41
Zr
25
Be
34

[6] alloy is only 5mm.This alloy also exhibits a yield strength
of 1961MPa, 10% higher than that of Ti

41
Zr
25
Be
34
BMG

[6]. Furthermore, The Ti-Zr-Be-Ag glassy alloys have a
wider supercooled liquid temperature range than that of
the Ti

41
Zr
25
Be
34

glassy alloys, indicating a higher thermal
stability of the glassy alloys. The enhanced GFA is supposed
to be related to the improved atomic packing efficiency and
high electronegativity difference, which can retard the atomic
diffusion due to the addition of Ag.
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We report the formation of enzyme-free electrochemical glucose sensors by electrochemical dealloying palladium-containing Pd-
Ni-Pmetallic glasses.Whenmetallic glasses with different Pd contents are used as the dealloying precursor alloys, palladium-based
nanoporous metals with different ligament and pore sizes can be obtained. The chemical compositions of the nanoporous metals
also vary according to the different precursor compositions. All the as-obtained nanoporousmetals exhibit electrochemical catalytic
activity towards the oxidation of d-glucose, indicating that the nanoporous metals prepared by dealloying the Pd-Ni-P metallic
glasses are promising materials for enzyme-free electrochemical glucose sensor.

1. Introduction

Dealloying (chemical or electrochemical) is a simple and
effective way to prepare well-defined nanoporous metals
(NPMs) that are regarded as one of the most promising
new materials for functional applications in nanotechnology
[1–5]. Since the nanoporosity is formed by a self-assembly
process through surface diffusion instead of excavating one
phase from a preseparated multiphase system, the dealloying
precursors should be homogenous with no phase separation
prior to dealloying [5]. Usually, crystalline intermetallic
compounds or solid solution alloys are used as the dealloying
precursors. Recently, there are some attempts to synthesize
NPMs by dealloying metallic glasses. For example, using
Pd
30
Ni
50
P
20

metallic glass as a dealloying starting alloy, Yu
et al. succeeded in fabricating pure NPPd which exhibited
high catalytic activity towards the oxidation of formic acid
[6], indicating that metallic glass is a new suitable system to
form useful NPMs.

In this study, we report the formation of Pd-based NPMs
which exhibit high catalytic activity towards the electro-
chemical oxidation of glucose. Enzyme-free electrochemical
glucose sensors are based on the utilization of nonenzymatic

catalyzer for the conversion of the target analytes into electro-
chemically detectable products. Due to the simple assembling
and high sensitivity, the enzyme-free electrochemical glucose
sensors have attracted considerable interest in the field of
both industrial applications and theoretical applications.
NPMs, such as NPAu and NPPt with a bicontinuous network
structure and a tunable feature dimension, have proven to
be very active in the oxidation of glucose, making them ideal
glucose sensing material [7–9]. In this study, NPPd enzyme-
free electrochemical glucose sensors with high catalytic
activity are successfully prepared by dealloying Pd

𝑥
Ni
80−𝑥

P
20

metallic glasses.

2. Experimental

The Pd
𝑥
Ni
80−𝑥

P
20
(𝑥 = 10, 20, 40) mother alloys were

prepared bymelting themixture of pure Pd (purity, 99.9 wt%)
and Ni (purity, 99.95wt%) elements with prealloyed Ni-P
ingots in vacuum fused silica tubes, followed by B

2
O
3
flux

treatment. From the mother alloys, glassy ribbons with a
thickness of about 0.02mm and a width of about 2mm
were fabricated by single-roller melt-spinning technique at
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Figure 2: Chronoamperometric (current density versus time)
curves for the potentiostatic dealloying of the Pd

𝑥
Ni
80−𝑥

P
20
metallic

glasses in 0.8M H
2
SO
4
+ 0.2M H

3
PO
4
solution at 0.80V and the

inset is the polarization curves of Pd
𝑥
Ni
80−𝑥

P
20

metallic glasses in
0.8M H

2
SO
4
+ 0.2M H

3
PO
4
.

a copper wheel velocity of about 40ms−1. The amorphous
structure of the as-prepared ribbons was confirmed by X-
ray diffraction (XRD). With the aim of clarifying the proper
dealloying potential range, the potentiodynamic polarization
test was performed on the Pd

𝑥
Ni
80−𝑥

P
20

glassy ribbon in
0.8M H

2
SO
4
+ 0.2M H

3
PO
4
solution and 0.80V (versus

SCE) was chosen as the dealloying potential. The NPMs
were then fabricated by potentiostatically (0.80V versus
SCE) etching the Pd

𝑥
Ni
80−𝑥

P
20

metallic glasses in a 0.8M
H
2
SO
4
+ 0.2M H

3
PO
4
mixed electrolyte. The dealloying

process was carried out by using a classical three-electrode
setup (ZF-10) with a saturated calomel reference electrode
(SCE), a Pt counter electrode, and a Pd

𝑥
Ni
80−𝑥

P
20

working
electrode. The samples prepared by dealloying Pd

10
Ni
70
P
20
,

Pd
20
Ni
60
P
20

and Pd
40
Ni
40
P
20

glasses are named as NPM
1#, NPM 2#, and NPM 3#, respectively, in the following
description. The morphology of the NPMs was observed

by scanning electron microscopy (SEM) and the chemical
compositions were identified by an energy dispersive X-ray
spectrometer (EDS). The catalytic properties of the Pd-based
NPMs towards the oxidation of d-glucose were evaluated
by cyclic voltammetry (CV) measurements in a CHI-760D
electrochemical workstation, where the NPMs were used
as the working electrode, a Pt foil was used as a counter
electrode, and an SCE was used as the reference electrode.
All the aqueous solutions used in the CV test were prepared
with triply distilled water and deoxygenated by bubbling high
purity N

2
for half an hour.

3. Results and Discussion

The XRD patterns of the Pd
𝑥
Ni
80−𝑥

P
20

(𝑥 = 10, 20, and 40)
ribbons in Figure 1 show only a broad diffraction maximum
without any observable crystalline peaks, demonstrating the
formation of a homogenous amorphous structure in all the
dealloying precursors.

With the aim of finding out a proper dealloying potential
for the three glasses with different Pd content, the poten-
tiodynamic polarization test is performed on Pd

𝑥
Ni
80−𝑥

P
20

ribbon in 0.8M H
2
SO
4
and 0.2M H

3
PO
4
solutions and the

results are shown in the inset of Figure 2; all the Pd
𝑥
Ni
80−𝑥

P
20

ribbons firstly experience a spontaneous passivation in the
anodic region (about 0 to 0.70V), where dealloying can
hardly occur due to the extremely low current density. A rapid
current density rise appears at about 0.75–0.80V and the
current “apex nasi” (critical dealloying potential) increases
with the Pd content in Pd

𝑥
Ni
80−𝑥

P
20
. This result may be

attributed to the difference in potential required to dissolve
Ni and Pd components in their pure form. According to
the theoretical computation [5] and practical experiments
[10], the bulk critical dealloying potential of the precursor
alloys increases as the content of the component with higher
standard electrode potential increases. In this study, the
standard electrode potential of Pd/Pd2+ is 0.34V, much
higher than that of Ni/Ni2+ (−0.25V).Therefore, the increase
of Pd in metallic glasses leads to higher critical dealloying
potential. Since the selective etching of Ni and P can take
place above 0.80V in all the Pd

𝑥
Ni
80−𝑥

P
20

glasses, 0.80V is
chosen as the standard dealloying potential to form NPMs.
As is shown in Figure 2, the dealloying process of three
glasses is mainly composed of two current stages, similar to
that of dealloying solid solutions and intermetallic metals:
steady stage and decay stage [11]. The steady stage increases
obviously with increasing Pd content in the metallic glasses,
which may be attributed to the different overpotential used
in dealloying the glasses. Since it has the highest critical
dealloying potential among the three glasses, the Pd

40
Ni
40
P
20

glass is dealloyed at the lowest overpotential (the different
between the applied dealloying potential and the critical
dealloying potential). Similarly, the Pd

10
Ni
70
P
20

glass is
dealloyed at the highest overpotential. As a consequence, the
dealloying kinetic decreases with the increasing Pd content in
Pd
𝑥
Ni
80−𝑥

P
20
glasses though the applied dealloying potential

is the same for all three dealloying precursors.
Figure 3 shows the SEM images of the as-obtained NPM

1# (a), NPM 2# (b), and NPM 3# (c). All the samples exhibit
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Figure 3: SEM images of the as-obtained NPMs (NPM 1#: (a), NPM 2#: (b), and NPM 3#: (c)) and the NPMs subjected to 1000 potential
cycles in 0.1M KOH solution containing 50mM glucose (NPM 1#: (d), NPM 2#: (e), and NPM 3#: (f)).

an open, three-dimensional, ligament-channel nanoporous
structure, indicating that NPMs can be obtained by deal-
loying the Pd

𝑥
Ni
80−𝑥

P
20

metallic glasses with a Pd content
ranging within 10–40 at%. NPM 1# contains a rather coarse
nanoporous structure, as is evidenced by the inhomogeneous
poreswith a size rangingwithin 5–200 nmand ligamentswith
a width of 7-8 nm.The increase of the Pd content to 20 at% in
the metallic glass results in a refined nanostructure in NPM
2#, where nanopores of 10–20 nm and metallic ligaments of
7-8 nm are homogenously dispersed. The finer structure may
be attributed to the combination of relatively low dealloying
overpotential and short dealloying time. Lower overpotential
usually leads to higher activation energy for the diffusion of
the noble element and thus improves the fine nanostructure
in the NPM 2# [5, 12]. The short dealloying time is another
important factor. Since the dealloying time is relatively short,
the diffusion distance of Pd is limited. Thus, large pores
and ligaments can barely form. Similar with NPM 1#, NPM
3# exhibits a coarse microstructure with nanopores ranging
within 10–100 nm and metallic ligaments within 10–50 nm.
The coarsening of NPM3#may be caused by themuch longer
dealloying time. The dealloying kinetic of Pd

40
Ni
40
P
20
is the

lowest among the glasses in this study and longer dealloying
time is required to fully dealloy the Pd

40
Ni
40
P
20
glass. In the

located areas where the selective cession is complete, pure

coarsening of the ligaments takes place and leads to located
collapse. The morphology of NPM 3#, thus, becomes coarse
and inhomogeneous.

The chemical compositions of the NPMs measured by
EDS are summarized in Table 1. The results show that all
the NPMs are mainly composed of Pd, together with a
small amount of Ni and P, indicating that Pd-based NPMs
are obtained. The preservation of much positive Ni and P
elements in porous Pd can be explained by the core-shell
structure which forms during dealloying [13]. When the
positive elements (Ni and P) dissolve, the inert Pd atoms will
be liberated and accumulated on the surface of the ligaments,
forming a Pd or Pd-rich shell. If the applied dealloying
potential is lower than the critical dealloying potential of the
newly formed shell, no further dissolution is possible. Both
Ni and P residuals in NPMs decrease with the increasing Pd
content in Pd

𝑥
Ni
80−𝑥

P
20
metallic glasses; that is, Ni decreases

from 5.94 at% in NPM 1# to 3.00 at% in NPM 3#, and P goes
down from 4.1 at% NPM 1# to 2.00 at% in NPM 3# when the
Pd content in the glass precursors increases from 10 to 40 at%.

The electrocatalytic activities of the as-prepared NPMs
towards glucose electrooxidation were characterized by CV
curves in 0.1M KOH alkaline aqueous solutions with and
without 50mMof glucose (Figure 4). In 0.1MKOH+ 50mM
glucose solutions, all the NPMs exhibit a sharp current
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Figure 4: CV curves of the NPMs in 0.1M KOH solution with and without 50mM glucose, scan rate: 0.05V/s.

Table 1: Chemical compositions of the as-obtained NPMs.

Samples Pd (at%) Ni (at%) P (at%)
NPM 1# 89.54 5.94 4.1
NPM 2# 90.74 3.55 5.71
NPM 3# 95.00 3.00 2.00

density peak at the potential range from −0.10V to −0.03V,
which cannot be detected in pure KOH solution. According
to the former related reports, the current peak is associated
to the absorption of OH−1and the oxidation of glucose and
intermediate [14], indicating that the NPMs prepared by
dealloying the Pd

𝑥
Ni
80−𝑥

P
20

metallic glasses have catalytic
activity towards the electrochemical oxidation of glucose.

The current density/the potential of oxidation peak of NPM
1#, NPM 2# and NPM 3# are about 16.3mA⋅cm−2/−0.03V,
20.9mA⋅cm−2/−0.1 V and 4mA⋅cm−2/−0.03V, respectively.
Clearly, NPM2#with the smallest pore size shows the highest
oxidation current density and the lowest oxidation potential.
Similar phenomenon has been found in other NPMs. For
instance, Ge et al. studied the size effect of NPAu for
methanol electrooxidation. They found that the smaller pore
and ligament size leads to higher electrooxidation activity,
consistent with our results [3].

The electrochemical stabilities of the NPMs prepared by
dealloying Pd

𝑥
Ni
80−𝑥

P
20

glasses are also investigated by CV
tests for 1000 potential cycles performed in KOH alkaline
aqueous solutions with 50mM glucose and the results are
shown in Figure 5. After 1000 times of CV scans, the oxida-
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Figure 5: CV curves of the NPMs in 0.1M KOH solutions containing 50mM glucose during 1000 potential cycles.

tion peak of NPM 1# shifts to lower potential and the peak
density drops to 67% of the first test value. In the case of the
NPM 2#, the peak density is 64% of the first test value while
the peak potential does not move. For NPM 3#, the catalytic
activity suffers the most serious gradation, as evidenced from
the disappearance of the characteristic oxidation peak. To
further clarify the reasonwhich leads to the different catalytic
stability of the NPMs, the morphology of the NPMs that
undergo 1000 times of CV scans is investigated and the
results are shown in Figures 3(d)-3(e). Coarsening of the
nanopores and ligaments can be vividly seen in all the NPMs.
In NPM 1#, the pores size is almost the same as that of
the as-obtained NPM 1#, but the ligaments increase up to
about 25–50 nm. In NPM 2#, the pores size increases up to
10–100 nm and the ligaments are about 25–50 nm. The most
apparent nanostructure coarsening can be observed in NPM
3# after 1000 times of CV scans.The ligaments degenerate and
aggregate to nanoparticles with a size of about 200 nm and
the bicontinuous ligaments-nanoporous structure can hardly
be seen.The coarsenes structuremay cause the great decrease
of the active Pd sites and the catalytic actively of the NPMs.

4. Conclusion

Pd-based NPMs can be prepared by dealloying the
Pd
𝑥
Ni
80−𝑥

P
20

metallic glasses (𝑥 = 10, 20, 40). When
the content of Pd content is 20 at% in the Pd

𝑥
Ni
80−𝑥

P
20

metallic glass, Pd-based NPM with the most homogeneous
nanoporous structure can be obtained and it is chemically
active to the electrochemical oxidation of glucose.
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