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ABSTRACT
Metallic nanoglass is a newly developed metallic glass material exhibiting nanometer-sized glassy

clusters interspersed with glass/glass interfaces. The glass/glass interfaces with greater free volume
offer more shear transformation sites during plastic deformation while the relative denser nanome-

ter-sized glassy clusters could effectively hinder shear band sliding, resulting in considerably im-
proved mechanical properties in metallic glasses. This article reviews three synthesis methods for
bulk metallic nanoglasses. The first method is inert gas condensation. The second method — with

the appropriate morphology and distribution of the glass material — allows bulk metallic nanoglass-
es to be obtained using chemical methods initiated through phase separation. The third method in-
cludes the introduction of large numbers of shear bands with different orientations by using severe
plastic deformation. The article concludes with a discussion of the mechanical properties of the dif-
ferent bulk metallic nanoglasses prepared using the various methods described.

Keywords: Bulk metallic nanoglasses; Nanometer-sized amorphous structures; Mechanical proper-
ties
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1. INTRODUCTION

Metallic materials are traditionally considered crys-
talline in nature, possessing translational symmetry.
Their constituent atoms are arranged in a regular and
periodic manner in three dimensions. A revolution in
this concept of metals was brought in 1960 that no
crystalline structure was detected in a rapidly solidi-
fied Au-Si alloy, which is the discovery of metallic
glass. In contrast to the crystalline metals, metallic
glasses are amorphous materials formed at the glass
transition temperature during continuous cooling of
the liquid with cooling rates between 1 K/s to 10'° K/
s depending on their compositions. Therefore, metal-
lic glasses do not exhibit long range atomic order
(like crystals and quasicrystals), but short to medium
range order in the range of a few to a few tens of at-
oms [1-6].

Plastic deformation in crystalline alloys is basically
achieved through the sliding/climbing of dislocations.
Dislocations are crystallographic defects or irregulari-
ty within a crystal structure which can move by
breaking the atoms bonds from one of the surround-
ing planes and rebonding with the atoms at the termi-
nating edge. During cold-working, the dislocation
density increases. The consequent increasing overlap
between the strain fields of adjacent dislocations
gradually increases the resistance to further disloca-
tion motion, resulting in the work-hardening effect.
Work-hardening makes the delocalized plastic strain
spread out across the entire sample relatively easi-
ly. However, the deformation mechanism in metallic
glasses is completely different [7]. Because there is
no dislocation in amorphous structures, plastic defor-
mation in metallic glasses can only proceed by way
of atomic jumps in localized regions known as shear
transformation zones (STZs), which involve in a
group of atoms with much larger atomic displace-
ments than surrounding matrix, and can rearrange
spontaneously and cooperatively to accommodate the
applied shear strain. These STZs further form a shear
band, which is a narrow region (approximate 10-100
nm in thickness) of intense shearing strain [8]. Due
to this special plastic deformation mechanism, most
metallic glasses are very strong with the yield
strength even exceeding 3 GPa in some metal—
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metalloid systems. While, this inhomogeneous defor-
mation also results in very limited plastic stain. In
plastic deformation, dilatation occurs in shear bands
through the coalescence of free volume, something
which can lead to the formation of voids and work-
softening. Further increases in the degree of defor-
mation exceed the offset limit of a shear band and
crack will be formed. Generally speaking, for glasses
the deformation energy release is concentrated only
in a small localized region, the crack will be unstable
and propagates quickly. Consequently, most glasses
tend to be rather brittle materials [9,10].

The application range of crystalline materials is much
wider than that of amorphous materials. Although
glasses have been in use for thousands of years, their
applications are mostly restricted to windows, lenses
and optical fibers [11]. The main reason is that the
microstructure of crystalline materials can be modi-
fied using various methods to control their properties.
In order to make the metallic glasses microstructure
modification possible and improve their mechanical
properties (especially their ductility), the principle of
nanoglasses has recently been proposed. The idea is
to generate metallic glasses with glass/glass interfaces
between adjacent regions as controllable defects
[12,13], as shown in Figure 1 [2]. Similar to the mul-
titude of boundaries in nano-crystalline materials, one
way of introducing a high density of incoherent inter-
faces is by consolidating nanometer-sized clusters
[14,15]. This newly-developed materials — nano-
glasses — also have the following features which are
beneficial to mechanical properties [16,17]: (1) Be-
cause of the enhanced atomic misfit, increased free
volume in the glass/glass boundaries can offer more
STZs and shear band initiation sites, making the plas-
tic deformation homogeneous. (2) The propagation of
shear bands can be hindered by the relative higher
density of glassy clusters. The shear bands cannot
slide unrestricted, resulting in a serrated shear and
improving ductility [18].
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Figure 1. Schematic diagram of nanoglass structure
consisting of glassy clusters and glass/glass bounda-
ries.

2. Bulk metallic nanoglasses synthesized by inert
gas condensation

During inert gas (e.g. Helium) condensation pro-
cess, nanometer-sized glassy clusters are first evapo-
rated from the target material into the inert gas atmos-
phere; then they consolidate on the surface of a rotat-
ing liquid nitrogen-cooled cylinder. Nanometer-sized
glassy powders can be obtained by stripping the con-
densed nanometer-sized glassy clusters off the sub-
strate. It is followed by the consolidation process,
containing two steps: First, the powders are pre-
consolidated in an ultra-high vacuum system. The
resulting sample is shaped like a disc (e.g., about 0.5
mm in thickness and about 5 mm in diameter). Sec-
ond, this disc is compacted under high pressure (up to
5 GPa) [19,20]. To avoid oxidation, the high pressure
consolidation process should be an in-situ procedure
using inert gas condensation, as shown in Figure 2.
Au-La, Fe-Si, Ni-Ti, and Sc-Fe bulk metallic nano-
glasses can be prepared by inert gas condensation
method [13,18,21,22].
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Figure 2. Production of bulk metallic nanoglasses
using the consolidation of nanometer-sized glassy
clusters generated by inert gas condensation [11,12].

Inert gas condensation prepared ScssFe,s bulk metal-
lic nanoglass has high number of interfaces between
the nano-scaled clusters The enhancement of free vol-
ume in bulk metallic nanoglasses, compared with so-
lidification prepared metallic glasses with the same
compositions, is confirmed by positron annihilation
analysis [20,23]. Compression tests in Figure 3, per-
formed on this ScssFe,s bulk metallic nanoglass and
melt-quenched ribbons [20], reveal that the glassy
ribbon exhibits brittle fracture at a stress of 1900 and
2200 MPa for the as-prepared and annealed states,
respectively. The ScssFe,s bulk metallic nanoglass in
as-consolidated state yields at a lower stress (1250
MPa). After the yield point, the bulk metallic nano-
glass shows nonlinear plastic flow, i.e., a region of
strain-hardening, followed by a fracture stress of
1950 MPa. Annealing is known to result in the em-
brittlement of metallic glasses because of the free vol-
ume annihilation during structural relaxation. Howev-
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er, owing to the existence of abundant glass/glass
interfaces which promote a high number of embryon-
ic shear bands, bulk metallic nanoglass retains still a
remarkable compressive plasticity with a slightly in-
creased yield, even though annealed for 2 h at 200°C.
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Figure 3. Stress—strain curves of Sc;sFe,s ribbon
glasses and bulk metallic nanoglasses for as-prepared
and annealed states prepared by inert gas condensa-
tion [20]. (Reprinted from Ref. [20]. Copyright ©
2012 Nano Letters)

3. Bulk metallic nanoglasses synthesized by chemi-
cal phase separation

3.1. Structure of phase-separated bulk metallic
nanoglasses

Chemical phase separation is a method developed for
synthesis of amorphous composite materials. Its pur-
pose is to introduce small amounts of elements into a
metallic glass system, which has a positive enthalpy
of mixing with another element in the matrix [24,25].
If the composition is designed carefully, this method
can also be used to synthesize bulk metallic nano-
glasses. Only a few works about phase separated bulk
metallic nanoglasses have been published, one exam-
ple of which is bulk metallic glass with the composi-
tion Cuyy7,Zr465Al55Nbgg [26]. The bulk metallic
nanoglass structure in the TEM picture (Figure 4) has
dark Cu/Al-rich glassy clusters and bright Zr/Nb-rich
glass/glass interfaces.

Yue Dong et al.

Figure 4. STEM-BF image showing the structure in
phase-separated bulk metallic nanoglass of as-cast
Cuy72Z1465A155Nbg g [26]. (Reprinted from Ref. [26].
Copyright © 2014 Scripta Materialia)

Another piece of systematic research has been con-
ducted on the composition design and structure char-
acterization of Zrgs—xNij9Al;Cu9Coy (x = 0—16) me-
tallic glasses [27]. Cobalt and copper have positive
enthalpy of mixing (6 kJ/mol), while highly negative
enthalpy of mixing occurs for cobalt and zirconium
(—41 kJ/mol) [28]. The XRD patterns of as-cast
Zr64—xNijgAl;Cui9Coy (x = 0-16 at.%) samples (2 mm
rods) in Figure 5 show that samples with a Co con-
tent above 8.3 at.% are partial crystallized. When the
Co content is below 8.3 at.%, the samples are fully
amorphous. The position of the maximum scattering
intensity of the XRD curves shift right to a higher 20
value as the Co content increases from 36.58° for
ZrgsNijgAl,Cuyg to 37.12° for Zrss7NijgAl;Cu9Cosg s,
indicating a contraction of the average atomic bond,
while the mass density measured by Archimedes’
method  increases from 6.796 g/em’  for
ZreNijgAl,Cue  to 6.888 g/em’ for
Zrss7Ni19Al;Cu;9Cog 3.
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Figure 5. XRD patterns of as-cast 2 mm-rod samples
with composition Zrg—NijgAl;Cu9Cox (x = 0-16
at.%). (Reprinted from Ref. [27]. Copyright © 2017
Scripta Materialia)

XRD is a powerful tool for structure analysis on crys-
talline materials. But for the glass or nanoglass, little
information can be obtained from the patterns be-
cause of the absence of diffraction peaks. TEM anal-
yses can be used for the intuitive observation of the
size, shape and distribution of the various phases. The
images show obvious structural differences (Figure
6). The structure of as-cast ZrgNijpAl;Cujg 2 mm-rod
bulk metallic glass is relatively homogeneous under
TEM. However, nanometer-scale amorphous clusters
detectable in  the as-cast
Zrs57Ni19Al;Cu9Cog; 2 mm-rod sample. The electron
diffraction patterns show the same results as XRD;
both samples have a fully amorphous structure [27].
Thus, we assign the as-cast Zrss7NijpAl;Cui9Cogs 2
mm-rod sample as a bulk metallic nanoglass.

are  clearly

Figure 6. TEM images of (a) ZreNijpAl;Cu;9bulk
metallic glass and (b) Zrss7NijgAl,Cu;9Cog 3 bulk me-
tallic nanoglass.
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Synchrotron radiation XRD with a shorter wavelength
(0.124 A) can be used to characterize the finer atomic
structure of bulk metallic glasses. The structure fac-
tors S(Q) can be obtained from the diffraction intensi-
ty data. All of the Zrgs—NijAl;Cu;9Cox (x=0-8.3
at.%) samples exhibit similar S(Q) in Figure 7 and
pair distribution G(r) in Figure 10. As shown in the
magnified image of the first peaks on S(Q) (Figure 7
(b)), increased Co content leads to an increase in the
first peak position and a decrease in the first peak am-
plitude. As shown in the magnified image of the first
peaks on G(r) (Figure 8 (b)), increased Co content
leads to a decrease in the first peak amplitude and an
increase in the height of its left-hand shoulder (r =
2.72 A). These results indicate that the addition of Co
into this bulk metallic glass leads to a rearrangement
of the atomic packing and the formation of a new top-
ological structure with shorter atomic bonds, resulting
in reduced average atomic distance.
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Figure7. (a) Structure factors of as-cast

Zrs4—NijpAl;CuoCoy (x = 0-8.3 at.%) bulk metallic
glasses and (b) magnification of the first peaks on
their structure factors. (Reprinted from Ref. [27].
Copyright © 2017 Scripta Materialia)
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Figure 8. (a) Pair distribution functions (PDFs) and
(b) magnification of the first peaks on PDFs of
Zrs4—xNijpAl;CuoCoy (x = 0-8.3 at.%) bulk metallic
glass samples. (Reprinted from Ref. [27]. Copyright
© 2017 Scripta Materialia)
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Extended X-ray absorption fine structure (EXAFS)
analyses are a useful tool for investigating the struc-
ture of nanoglass. It can provide information about
the chemical coordination environment of the central
absorbing element, which can be used to further ana-
lyze the topological structure of materials [29]. The
Co-K edge EXAFS results (Figure 9 (a)) reveal no
obvious difference between ZrgoNijpAl,Cu;9Cos and
Zrs557Ni19Al;Cu9Cog s bulk metallic glasses. The
atomic environment surrounding Co is not influenced
by changing the Co content. This means that the new-
ly-formed topological structure does not change with
different Co contents. On the Zr-K edge EXAFS re-
sults (Figure 9 (b)), the height of the Zr-Zr bond peak
(2.90 A) reduces when the Co content is increased.
Meanwhile, the peak height of Zr-Ni, Zr-Cu, and/or
Zr-Co bonds increases (their bond lengths are similar
and cannot be distinguished from each other on the
curves). Furthermore, the maximum point of this
peak (Zr-Ni, Zr-Cu, or/and Zr-Co bonds) shifts left
from 2.48 A to a smaller value of 2.41 A, indicating
the reduced atomic bond length. This means that,
with the formation of a new topological structure, Zr-
Zr and Zr-Cu bonds are replaced by the shorter and
stronger Zr-Co bonds, resulting in a reduced average
atomic distance in the Zrg—NijgAl;CuoCoy (x = 0—
8.3 at.%) BMGs [27].
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Figure 9. EXAFS analysis of (a) Co K-edge data and
(b) Zr K-edge data of selected Zrgs—<NijgAl;Cuj9Coy
(x = 0, 4 and 83 at.%) bulk metallic glass-
es. (Reprinted from Ref. [27]. Copyright © 2017
Scripta Materialia)

3.2. Mechanical properties of phase-separated bulk
metallic nanoglasses

Figure 10 shows the compressive stress—strain curve
of the phase-separated Cuy;,Zr465Al55Nbgg bulk me-
tallic nanoglass. It has an elastic strain limit of 1.95%

20 25 30 35 40 45 50
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and a yield stress of 1678 MPa. Work hardening can
be observed at the beginning of plastic deformation.
The plastic strain is as high as 16.3%. A large num-
ber of shear bands are distributed relatively homoge-
neously on the surface of deformed sample, intersect-
ing and interconnecting with each other [26]. This
confirms that, in the nanoglass structure, the interfac-
es offer more shear band initiation sites. And the
blocking of shear band propagation by glassy clusters
leads to shear band proliferation, resulting in a high
level of plastic strain.

2000 -
=
—
< 1500+
£
=
21000 -
i
g
£
2 500+
S
0 - T T T
0 5 10 15 20
Engineering strain (%)
Figurel0. Compressive stress—strain curve of

Cuy;27Z1465A15 5Nby g bulk metallic nanoglass. Inset:
SEM image showing shear bands on the surface of a
deformed sample [26]. (Reprinted from Ref. [26].
Copyright © 2014 Scripta Materialia)

The mechanical properties of ZresxNijgAl;Cuj9Coy
series bulk metallic glasses were also investigated
[27]. Table 1 shows their Young’s modulus and hard-
ness measured using the ultrasound pulse-echo tech-
nique and nanoindentation. It shows that the Young’s
modulus and hardness of these bulk metallic glasses
both increase monotonically with the Co content.
This could be due to the replacement of more Zr-Zr
and Zr-Cu bonds by Zr-Co bonds. As discussed
above, Zr-Co bonds are shorter and stronger, leading
to the increased Young’s modulus and hardness.
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Tablel. Young’s modulus and hardness of
Zr64_xNi10Al7Cu19C0x (X =0-8.3 at%) bulk metallic
glasses.

Co (at.%) Young’s modulus (GPa) Hardness (GPa)
0 74.9 5.3
2.7 78.8 5.5
4 83.6 59
6 81.1 5.9
8.3 84.4 6.2

Figure 11 shows the compressive stress—strain curves
of ZreyxNijpAl;Cu9Coy bulk metallic glasses and
bulk metallic nanoglass. The Young’s modulus of
both samples is consistent with the results measured
using the ultrasound pulse-echo technique. The maxi-
mum elastic strain increases dramatically from 1.8%
to 2.6% because of the stronger atomic bonds and the
blocking effect of the glassy clusters on shear band
sliding. The ductility of Zrss;NijpAl;Cu9Cog; bulk
metallic nanoglass improves compared with the rela-
tively homogeneous bulk metallic glass, with its plas-
tic strain reaching approximately 4%.
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Figure 11. Compressive stress—strain curves of Zre,.
xNijAl;Cu;9Coy (x = 0-8.3 at.%) bulk metallic glass-
es and bulk metallic nanoglass. (Reprinted from Ref.
[27]. Copyright © 2017 Scripta Materialia)

Shear band intersections can be observed on the sur-
face of deformed Zrss7Ni;pAl;Cu;9Cog; bulk metallic
nanoglass (Figure 12). The interfaces in the bulk me-
tallic nanoglass with more free volume lead to more

Yue Dong et al.

shear bands forming during compression, resulting in
more homogeneous deformation. The propagation
directions of these shear bands are altered by the
denser glassy clusters [30], as confirmed by the ob-
servation of the shear band intersections, leading to
improved plasticity and strength.
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Figure 12. SEM image of the surface of the de-
formed Zrss7NijgAl;Cu;9Cogs bulk metallic nano-
glass (green curve in Figure 11). (Reprinted from
Ref. [27]. Copyright © 2017 Scripta Materialia)

4. Bulk metallic nanoglasses synthesized by severe
plastic deformation

4.1.Shear bands

Introducing shear bands could be a possible method
for achieving nanoglass synthesis. If so, then shear
bands and the glass/glass interfaces should have a
similar size and structure. Some prior research has
investigated the thickness of shear bands. HRTEM
images show that the shear bands in ball-milled
Zr70CuyoNij, metallic glass have a width of 10-20 nm
[31]. The observation of shear bands using electron
microscopes is sometimes not unproblematic. Theo-
retical calculations were therefore also used to detect
the thickness of shear bands. Molecular dynamics
simulations [32,33] showed similar results, namely
that the thickness of shear bands was around 10 nm.
It is worth noting that in some research, such as in-
dentation [34] and fusible-coating analysis [35], the
shear bands were measurable in micrometers. The
reason is that shear bands have a core region with
rearranged atoms, with a stress/heating field sur-
rounding it. The real thickness of shear bands is actu-
ally the core region, which is about 10 nm. The size
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of the glass/glass interfaces in nanoglass is also
around 10 nm; these usually include tens to hundreds
of atoms.

Another structural feature of these interfaces in nano-
glass is their enhanced free volume due to atomic
misfit. The increased free volume in shear bands has
been proven by experiments and simulation work. 1-
2% volume expansion is observed in shear bands
[36,37]. Enthalpy increase [38] and tracer measure-
ments [39] also confirmed the change in free volume.
Simulation work [40] showed that free volume in
shear bands is unstable in thermodynamics and that it
tends to gather in one place.

In summary, shear bands have a similar feature to the
glass/glass interfaces, including their nano-scaled
size and increased free volume. This again confirms
that introducing shear bands could be an effective
method for achieving nanoglass synthesis. Having
said this, in order to get the glassy clusters, it is nec-
essary to have a high number density of shear bands
and network structure.

4.2. Bulk metallic nanoglasses prepared by high
pressure torsion

Plastic deformation is a common used method for
shear bands introduction in metallic glasses. While,
the network structure is difficult to form by conven-
tional plastic deformation treatments such as cold-
rolling [7]. High pressure torsion (HPT) is a newly-
developed severe plastic deformation method for the
structural modification of materials. It was primarily
intended as a way of investigating the deformation of
different elements under high pressure [41]. Com-
pared with other methods, HPT is more efficient for
introducing high angle grain boundaries into crystal-
line metals. It is therefore fair to expect the formation
of large number of shear bands and network structure
in the HPT-treated metallic glasses. Synchrotron ra-
diation XRD measurements show that, after HPT
treatment, the atomic order was reduced and the free
volume was increased in Au-based [42] and Zr-based
[43] bulk metallic glasses. It can lead to improved
plasticity by reducing the velocity of shear band slid-
ing, something which is proven by nanoindentation

Yue Dong et al.

analysis [44]. HPT-treated ZrgsAl; 5NijoCuy, sPds me-
tallic glass exhibits work-hardening behavior and
enhanced ductility during tension [45]. These struc-
tural changes are also accompanied by a rise in resid-
ual stress from the inhomogeneous plastic flow with
a strain gradient. The tensile stress in the sample cen-
ter results in a reduction in hardness, and the com-
pressive stress leads to hardening on the edge of the
HPT-treated  metallic  glasses [46]. Nano-
crystallization can take place during HPT in metallic
glasses with low thermal stability, such as
Nd;;sFeg23Bso, TisoNirsCuys and CuggZrzgTig. The
reasons for this are the heating effect and topological
structure change in the materials during severe plastic
deformation [47,48].

J HPT
DO

J——— l_iﬂro-s mm

10 mm

Figure 13. Schematic diagram of High Pressure Tor-
sion (HPT).

Heterogeneous plastic deformation during HPT
makes the formation of shear band networks possible
(Figure 14) [2,42]. Micro-region synchrotron radia-
tion XRD [49] shows that HPT-treated CuZr-based
bulk metallic glass has structural and mechanical het-
erogeneities on the submicron scale.

Figure 14. Schematic diagram of the formation of
nanoglass by severe plastic deformation [2,42].
(Reprinted from Ref. [42]. Copyright © 2011 Scripta
Materialia)
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Figure 15. (a) (b) SEM and (c) TEM images of a cross-section through the AuyAgs sPd; 3Cu,69S1165 bulk metal-
lic glasses after HPT [42]. (Reprinted from Ref. [42]. Copyright © 2011 Scripta Materialia)

Published research works on bulk metallic nanoglass-
es formed by severe plastic deformation are not
many. One study did examine HPT-treated
AuygAgs sPgr3Cus60S1163 bulk metallic glass [42]. It
was possible to obtain a bulk metallic nanoglass
structure on this glass type. Figure 15 shows SEM
and TEM micrographs for the cross-section of the
HPT-treated sample. It exhibits a modulated structur-
al feature with a spacing of about 50-100 nm. Alt-
hough the morphology of the glassy clusters is not
like the as-cast crystalline grains as we expected, the
shear band network is obviously formed with a large
number of glass/glass interfaces. The increased free
volume is confirmed by their DSC results and struc-
ture factors, which always yield better ductility. The
size and shape of the glassy clusters can be affected
by the HPT pressure, rotation speed, strain, tempera-
ture and so on. This structure can therefore be further
modified by changing the HPT treatment parameters
to meet different requirements.

4.3. Structural modification of phase-separated bulk
metallic nanoglasses by severe plastic deformation

Some interesting research has been undertaken on the
effects of HPT on bulk metallic nanoglass. As dis-
cussed above, Zrss7NijgAl;Cu9Cogs bulk metallic
glass has a phase-separated nanoglass structure. HPT
can further modify this structure [50]. Figure 16
shows the TEM image of Zrss7Nij0Al;Cu;9Cosg 3 bulk
metallic nanoglass after HPT treatment (2 rotations)
[50]. The Zrss7NijpAl;Cuj9Cog3 bulk metallic nano-
glass has low thermal stability because of the positive
mixing enthalpy between Co and Cu, resulting in
nano-scaled crystallization during this severe plastic
deformation. The nanometer crystalline particles ap-

pear as bright points on the dark field image. HPT-
introduced shear bands also appear as dark lines due
to their looser atomic structure. It should be noted
that more nanocrystalline particles are found along
shear bands compared to the matrix, because of the
high degree of plastic deformation. Figure 17 shows
the tension stress-strain curves of the as-cast and
HPT treated Zrss,NijgAl;Cu9Cogs bulk metallic
nanoglasses. As-cast Zrss;NijgAl;Cu;9Cogs shows
almost no plastic strain in tension. After HPT, its ten-
sile ductility is improved significantly, reaching 1%.
Plastic strain of 0.9% is a high value for metallic
glasses under tension with a slow strain rate and at

room temperature.

Figure 16. Dark-field image of HPT-treated (N=2)
Zrs57Ni19Al;Cu9Cog s bulk metallic nanoglass [50].
(Reprinted from Ref. [50]. Copyright © 2019 Materi-
als)
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Table 2. Tensile yield stress, glass transition temperature T, position of the first maximum on structure factor
curves, tensile plastic strain and enthalpy of relaxation of ZreNijpAl;Cuy bulk metallic glass and
Zr557Ni19Al;Cu;9Cog 3 bulk metallic nanoglass samples before and after HPT processes (N=2, 5, 10 and 20).

Yue Dong et al.

ZrgyNipAl;Cuyg bulk metallic glass Zrs57Nij9Al;Cu9Cog 3 bulk metallic nanoglass
As cast N=2 N=5 N=10 N=20 As cast N=2 N=5 N=10 N=20
Tensile yield 1265 1280 1270 1285 1270 1490 1540 1530 1520 1535
stress (MPa) +30 +30 +30 +30 +30 +30 +30 +30 +30 +30
T, (K) 648 649 647 650 648 674 676 673 675 675
+3 +3 +3 +3 +3 +3 +3 +3 +3 +3
Position of first | 2.587 2.584 - - 2.583 2.620 2.614 - - 2.617
maximum (A™") | £0.001 +0.001 +0.001 +0.001 +0.001 +0.001
Tensile plastic 0 0.5 0.2 0.2 0.2 0.1 0.9 0.2 0.1 0.2
strain (%) +0.1 +0.1 +0.1 +0.1 +0.1 +0.1 +0.1 +0.1 +0.1
Enthalpy of -4.9 -8.4 -7.1 -7.5 -7.3 -10.9 -17.3 -6.0 -6.2 -6.3
relaxation (J/g) +0.5 +0.5 +0.5 +0.5 +0.5 +0.5 +0.5 +0.5 +0.5 +0.5
2000 . . : I (also shown in Figure 18), indicating a reduced aver-
i ers ?NimAI Cu,,Cogs|  age atomic distance. The reason is the formed shorter
1600} ZrmN'mAl Cum N: 5 10 20/ and stronger Zr-Co bond. Because of these stronger
- - 2 s atomic bonds, both tensile yield stress and T, in-
& 1200 7 /'] crease with the addition of Co. HPT treatment has
= I little effect on them.
@ 800 : 5
[0) I ]
= / /TN
2 400 T 5 24 'tk as2Y e ; § gfs Z'U ;:\ 28
- 1% g g
0
Strain (%)
g @M
Figurel7.  Tensile stress—strain  curves of

ZresNijgAl,Cuyg metallic glasses and Figure 18. Structure factor curves of ZrgsNijoAl;Cuyg

Zr557Ni19Al;Cu9Cog 3 bulk metallic nanoglasses
before and after HPT process. (Reprinted from Ref.
[50]. Copyright © 2019 Materials)

Table 2 lists the tensile yield stress, glass transition
temperature T, and position of the first scattering
intensity maximum on structure factor curves of
ZreaNijgAl,Cupy  bulk  metallic  glass  and
Zr557Ni19Al;Cu 9Cog 3 bulk metallic nanoglass sam-
ples before and after HPT processes (N=2, 5, 10 and
20). It can be seen that the introduction of Co leads to
right-shift of the first maximum on structure factor

bulk metallic glass and Zrss;NijgAl,Cu;9Cog; bulk
metallic nanoglass samples before and after HPT pro-
cesses (N=2, 5, 10 and 20). (Reprinted from Ref.
[50]. Copyright © 2019 Materials)

Tensile plastic strain and enthalpy of relaxation of
ZregaNijpAl;Cug  bulk  metallic  glass  and
Zrs57Ni19Al;Cu9Cog s bulk metallic nanoglass sam-
ples before and after HPT processes are also summa-
rized in Table 2. It can be seen that bulk metallic
nanoglass has larger relaxation enthalpy compared
with the bulk metallic glass. This relaxation enthalpy
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change is analyzed by differential scan calorimetry
(DSC) as shown in Figure 19. Two rotations HPT can
further increase the relaxation enthalpy by the intro-
duction of shear bands. Larger relaxation enthalpy is
usually related to higher free volume content which
can result in more homogeneous plastic deformation
and better ductility. By addition of 8.3 % Co and 2
rotations HPT, a considerable increase of tensile plas-
ticity strain from 0 % to about 1 % takes place. Dur-
ing in-situ tensile testing, SEM can be used to ob-
serve the shear bands’ behavior and cracks propaga-
tion on the as-cast and  HPT-treated
Zr557Ni19Al;Cu 9Cog 3 bulk metallic nanoglasses. The
images in Figure 20 show the surfaces of samples
under yielding load. Two to three shear band inter-
sections can be detected on the as-cast bulk metallic
nanoglass. However, on the HPT-treated sample,
multiple shear bands interact with each other, snaking
across the surface [50].

. CoB.3_N20
] —~
g : Co8.3_N10
g “g Co8.3_N5
= [+] -
‘ti Co0_ascast = CoB.3_N2
[ ] - !
T 3 V
r 1 I | Co8.3_ascast
[(a) i F(b)
100 200 300 400 500 100 200 300 400 500
Temperature (°C) Temperature (°C)
0.08 0.08
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= Co0_N2
—_— = Co0_N5 —_
£ ooal &SN £ o004
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Temperature (°C) Temperature (°C)

Figure 19. Differential scan calorimetry (DSC)
curves of as-cast and HPT-treated (a) ZrggNijpAl;Cuyg
and (b) Zrss7NijgAl;Cu9Cog; BMGs with different
HPT rotation numbers. Relaxation energy release
below T, of as-cast and HPT-treated (c)
ZregaNijgAl;,Cugand (d) Zrss;NijpAl;Cu9Cogz BMGs
with different HPT rotation numbers. (Reprinted
from Ref. [50]. Copyright © 2019 Materials)
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Figure 20. Densest areas of shear bands on the sur-
face of the Zrss;NijgAl;Cu9Cogs sample (a) as-cast,
(b) HPT-treated [50]. (Reprinted from Ref. [50].
Copyright © 2019 Materials)

Finite element analyses of the tensile behaviors of
metallic glasses and nanoglasses have also been un-
dertaken [21]. It shows that heterogeneous free vol-
ume dispersion can improve the sample’s plasticity
effectively. The HPT-treated (N=2)
Zrs57Ni19Al;Cu9Cogs bulk metallic nanoglass just
has a similar structure that free volume content is
high in the introduced shear bands (1-2% volume
expansion compared with matrix) and low in the
formed nano-crystalline particles. The simulation
shows that, during the tension, initial deformation
which started at the soft mesh regions continues to be
localized around their original location; as the defor-
mation continues, the deformation regions are still
restricted to their original location despite more new
deformed regions being created elsewhere, including
those with larger free volumes. When localized re-
gions have finally developed, the deformation bands
do not look smooth and straight but are rather irregu-
lar and angular and have many side bands, which are
coincident with the experimental results shown in
Figure 20(b). The localized deformation zones are
distributed more widely [21].

Figure 21 shows the SEM images of crack tips on
HPT-treated (N=2) bulk metallic nanoglass and rela-
tively homogeneous metallic glass before sample
fracture. The HPT-treated bulk metallic nanoglass
has numerous shear bands branching off and interact-
ing with each other at the tip, which is not the case in
the relatively homogeneous metallic glass. In the
structure of the HPT-treated sample, the nanometer-
scale glassy or crystalline second phase blocks and/or
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blunts the propagation of the cracks. Stress is re-
leased by the formation of new shear bands. The
propagation of the newly-formed shear bands is again
inhibited by branching and intersection [51].

Figure 21. SEM images of crack tips during tensile
tests on the HPT-treated  (N=2) (a)
Zrs557Ni19Al;Cu9Cogs bulk metallic nanoglass and
(b) ZresNijpAl;Cujo metallic glass [50]. (Reprinted
from Ref. [50]. Copyright © 2019 Materials)

5. Thin film metallic nanoglasses synthesized by
magnetron sputtering

Above three sections, we described three common
techniques to fabricate bulk metallic nanoglasses.
Here we introduce magnetron sputtering technique,
which can prepare thin film metallic nanoglasses.
Schematic illustration of magnetron sputtering is
shown in Figure 22. A negative potential is applied to
the target, acting as cathode. Electrons are repelled
from the target. They collide with Ar atoms, forming
Ar' ions. Ar' ions are then accelerated in the magnet-
ic field and collision with the target. In this way, at-
oms in the target are ejected and deposit on the sub-
strate.

0.4 Pa

Yue Dong et al.
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Figure 22. Schematic illustration of magnetron sput-
tering

Magnetron sputtered AugCuysPdsAg;Sipy metallic
glasses films were reported [52]. It is found that
working pressure of Ar affects the films structure:
homogeneous at low working pressures and
nanostructured with mesoscopic hills and nanometer-
sized-columns at higher working pressures, as shown
in Figure 23 [52]. Clusters in sputtered Au-based
nanoglass could have an average size of 30 nm. It is
possible to derive a power law from the mean cluster
size variation with deposition time, indicating that the
growth of the glassy cluster is diffusion-controlled
[53,54]. It is larger in Ti- based samples with a diam-
eter of 100-300 nm. During this preparation, it has to
be interrupted for 10 minutes after 10 minutes of con-
tinuous sputtering in order to prevent the significant
heating of the substrate [55]. In addition, other pa-
rameters, e.g., deposition rate and substrate tempera-
ture, can also achieve nanostructured metallic glass
films, which was recently reviewed [56].

10 Pa

Figure 23. SEM images of the top view of AuyCu,sPdsAg;Siy thin films deposited on clean Si<100>at work-
ing pressures of Ar of (a) 0.4, (b) 4 and (¢) 10 Pa and cross section at working pressures of (d) 0.4, () 4 and (f)
10 Pa [52]. (Reprinted from Ref. [52]. Copyright © 2018 Thin Solid Films)
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6. Summary and outlook

Metallic nanoglass is metallic glass consisting of na-
nometer-sized glassy clusters and glass/glass inter-
faces. Their mechanical properties are improved as a
result of the hard glassy clusters’ inhibition effect on
shear band sliding, and more numerous shear band
initiation sites in the interfaces with enhanced free
volume. Structure and properties of metallic nano-
glasses can be further modified.

Various methods can be used to synthesize bulk me-
tallic  nanoglasses. Inert gas condensation-
consolidation is the first method to have been devel-
oped. By carefully designing its composition, such as
Zrs557Ni19Al;Cu9Cog 3, bulk metallic nanoglass can
be obtained using phase separation in metallic glass.
Compressive plasticity of the phase-separated bulk
metallic nanoglass improves significantly compared
with relatively homogeneous metallic glass. Shear
bands have a similar structure to the glass/glass inter-
faces. So severe plastic deformation — such as HPT
treatment — on particular metallic glasses is another
possible method for synthesizing bulk metallic nano-
glass. To do this, it is necessary to have a high num-
ber density of shear bands and different orientations
to form network structure. Both hardening and tough-
ening can be achieved by HPT-treated treatment (2
rotations) on bulk nanoglass
(Zrss 7Ni;pAl;Cuy9Cog3) with a tensile plastic strain of

metallic

around 1%. All these bulk metallic nanoglass synthe-
sis methods are still being developed. The knowledge
obtained here for bulk metallic nanoglasses are also
useful for conventional oxide nanoglasses. Because
of the significantly improved mechanical properties,
conventional oxide nanoglasses could also have large
application potential. Energy consumption and CO,
emission problems will be further investigated for
industrial applications. Furthermore, nanoglasses are
good precursors for the preparation of porous materi-
als which can be used for biomaterials.
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