
Abstract. This paper reviews the state of the art in metallic
nano/microglasses, with a focus on their preparation methods,
structure, and physical/mechanical properties. Characteriza-
tion methods for these glasses are reviewed together with how
size effects, temperature variation, and ion irradiation contri-
bute to the increase in their ductility. Some aspects that require
more detailed study are identified.

1. Introduction

The attention of physicists, chemists, and material scientists
has been focused on amorphous materials for over 70 years
(see, e.g., [1±20]). Studies of these objects, characterized by a
random structure devoid of long-range order and showing a
wide spectrum of transport, magnetic, and mechanical
properties, have greatly contributed to our understanding of
the nature of the condensed state of matter. On the other
hand, the high level of their physicomechanical properties,
including high corrosion resistance, have been impetus for
extensive material science and technological research on the
methods of fabrication and application of these materials.

Novel approaches to the preparation of amorphous and
amorphous±nanocrystalline materials applicable to nano-
glasses and suitable for increasing the ductility of metallic
glasses have recently been proposed. This review is designed
to analyze these trends (also briefly discussed in Ref. [21]).

2. Nanoglasses

2.1. Methods of preparation
Metallic glasses are amorphous materials based on metals
such as Cu, Ni, Fe, Au, Pd, Ti, Zr, Be, and La, not
infrequently doped with non-metals (B, Si, P, etc). Hard-
ening a metal strip from the melt on a moving substrate at a
rate 5 106 K sÿ1, thermal film deposition onto cooled
substrates, and electrodeposition are traditional methods
for the fabrication of metallic glasses, giving rise to
disordered structures due to the formation of multiple
nucleation sites and a slowdown in their growth. Preparation
of so-called bulk metallic glasses (BMGs) up to a few
centimeters in size by thermoplastic forming is described in
great detail in Ref. [17].

Totally different methods for obtaining nanomaterials of
a new type, i.e., nanoglasses with a tunable atomic structure,
have been proposed. As is known, the main idea of
nanomaterials put forward in the work of Gleiter and co-
workers [22±24] was to considerably increase the fraction of
regions with a disordered structure in a crystalline material
(grain boundaries, triple junctions, and interfaces) as a major
tool for substantially modifying the properties of solids by
altering their overall and electronic structures. Further
consideration of the importance of interfaces for preparing
metallic nanoglasses brought about the scheme presented in
Fig. 1 [25±27], illustrating thermal delocalization of interfaces
among four amorphous nanoparticles A, B, C, and D. Their
annealing resulted in interface and free volume expansion
(situations `a' and `b'), leading to complete delocalization at
the final stage (situation `c'). This scheme differs from the
behavior of interfaces in crystalline nanoparticles, leading to
a decrease in the free volume and refinement of intergrain
boundaries.

Experimental studies with a number of compactified
amorphous nanoparticles (Au±Si, Au±La, Fe±Si, La±Si, Pd±Si,
Ni±Ti, Ni±Zr, and Ti±P) with the use of X-ray photoelectron
spectroscopy (XPS) and M�ossbauer spectroscopy [25, 27, 28]
confirmed the soundness of the scheme presented in Fig. 1.
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Molecular dynamicsmethods were used to reveal peculiarities
in the behavior of amorphous nanoparticles of Ge and
Cu64Zr36 during high-pressure consolidation [29, 30]. Inter-
face expansion with the formation of an excess free volume
was revealed by simulating compactification of 32 Ge
nanoparticles (5 nm) at 5 GPa (T � 300 K) [29]. Figure 2
schematically shows variants of the pressure effect on the
interface structure of (a) crystalline nanoparticles, (b)metallic
nanoglasses, and (c) BMG [30]. Intergrain boundaries in the
case of compactification of crystalline nanoparticles are
characterized by small free volume (Fig. 2a). Compactifica-
tion of amorphous nanoparticles and BMG deformation are
accompanied by the appearance of an excess free volume, as
shown in Figs 2b and c (in the latter case, due to the formation
of shear bands).

The generation of shear bands under deformation of
metallic glasses was observed in many experiments but was
especially exemplified in the case of severe plastic (or
megaplastic) deformations (SPDs) of a specially selected
BMG, Au49Ag5:5Pd2:3Cu26:9Si16:3, which does not undergo
nanocrystallization under SPD conditions [31]. Figure 3a, b
shows SEM and TEM images of transverse fractures in
this glass after SPD (five revolutions of HPT straining at
6 GPA), suggesting the formation of multiple shear bands.
The free volume in the atomic packing of amorphous
nanoparticles before and after SPD is schematically depicted
in Fig. 3c, d [31].

Studies based on a synchrotron source showed that
transverse distribution functions for intact and deformed
BMG samples are subject to marked variation and the level
of short-range order decreases after the SPD, thus giving
additional evidence of the free volume enlargement [31]. We
note that the use of SPD methods (high-pressure torsion,
equal-channel angular pressing, etc.) [32] significantly
extends the potential of nanotechnologies and nanoscale
materials science. For example, the deformation of amor-
phous Ti50Ni25Cu25 alloy in a Bridgeman chamber (4 GPa)
after 9 revolutions resulted in cyclic amorphous±crystalline
phase transitions with the formation and dissolution of
nanocrystals [33]. There is every reason to believe that SPD
techniques will be extensively used to fabricate metallic glass-
based materials.

Preparation of nanowires, nanospheres, and nanofilms
from BMG has recently been reported [34±38]. Figure 4
shows SEM images of nanostructures arising on strain
cleavage surfaces of various BMGs. Such structures are
believed to result from deformation in shear band regions,
where increased temperature causes the formation of liquid
interlayers and intense mass transfer. Investigations into
details of mechanisms of nanostructure formation in shear
band regions are underway.
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Figure 1. Schematic drawing of interface behavior during annealing of

nanoglasses [27]. The notation is explained in the text.
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Figure 2. Pressure effect on the structure of interfaces in (a) crystalline

nanoparticles, (b) amorphous (glass) nanoparticles, and (c) BMG [30].
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Figure 3. (a) SEM and (b) TEM images of a cross section through the

Au49Ag5:5Pd2:3Cu26:9Si16;3 BMG after SPD by HPT. Schematic drawing

of the two-dimensional nanoparticle packing in metallic glasses showing

(c) the free volume before SPD and (d) the generation of high-density shear

bands after SPD [31].
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Apromisingmethod for fabricatingAu52Ag5Pd2Cu25Si10Al6
metallic glass films by magnetron sputtering of powder
targets under strict control of their amorphous character
and structure has been proposed in Ref. [39]. Figure 5 is a
light-field TEM image of a metallic glass film and an electron
microgram exhibiting an amorphous structure. Such amor-
phous structures, unlike crystalline ones, are termed nano-
granulated and have 0.8±1.2 nm glass±glass interfaces [40].
The size of consolidated granules varies from � 10 to 30 nm
or more, depending on the gold content in the initial targets
and the spraying duration.

2.2 Attestation and properties
As in the studyof nanomaterials, a variety ofmethods areused
to characterize specific structural features of nanoglasses:
diffraction and scattering of electrons, X-rays, and neutrons
(including electron microphotography of selected portions
and diffraction at small scattering angles); SEM and TEM
(including high-resolution (HR) methods); atomic force
microscopy (AFM); RPS; positron annihilation; energy
dispersive spectroscopy; M�ossbauer spectroscopy; densito-

metry; desorptiometry; and differential scanning calorimetry.
The combined application of these techniques is reported in
many articles (see, e.g., [25, 39, 40]). The use of several
independent methods is an indispensable prerequisite for
obtaining representative information about free volume
localization and delocalization and the structural specificity
of metallic nanoglasses.

Interface delocalization in nanoglasses allows introducing
a variety of defects into these objects, which is impossible
using conventional crystalline materials. For example, the
dislocation density in the case of plastic deformation is
roughly 1012 cmÿ2, corresponding to approximately 1% of
the dislocation nuclei regarded as defects [25]. At the same
time, Cu±Zr nanoglasses have a relative density of � 85% of
the initial value; this means that the number of defects in this
case is much greater than in deformed metals [25, 29].
Importantly, defects in nanoglasses are distributed over the
entire volume.

The presence of the excess free volume is most clearly
manifested in transfer phenomena. As shown in [25], the
diffuse mobility of Fe57 in Fe40Ni40B20 metallic glasses
increased almost 10-fold as the density changed by 0.8%.
Observation of silver and iron isotope diffusion in
Pd40Ni40P20 BMG at 473 K revealed a difference of almost
eight orders of magnitude between the diffusion coefficients
for deformed and intact samples [41]. Experimental condi-
tions excluded the possibility of crystallization; therefore, the
observed significant enhancement of mobility (compared
with bulk diffusion) was attributed to the presence of the
free volume in deformation shear bands.

Delocalization of defects in ionic nanoobjects and transi-
tion from crystalline structures to amorphous ones are also
accompanied by an increase in ionic conductivity [25, 42].
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Figure 4. SEM images of Zr50Cu40Al10 BMG fractures: (a) spherical

nanodroplets near the tip of a nanowire; (b) nanowire [34] and

Zr41:2Ti13:8Cu10Ni12:5Be22:5; (c) shear strain region, (d) 100 nm thick

nanofilm (magnified F section) [38].

100 nm

Figure 5. Light-field electron micrograph of an Au49Ag5:5Pd2:3Cu26:9Si16:3
metallic nanofilm (the inset shows an electron microgram) [39].
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Figure 6 shows variations of the conductivity, mobility, and
concentration of Ag� ions in an amorphous ionic conductor
based on the xAg2Sÿ�1ÿ x� Sb2S3 sulfide system [42]. These
data indicate that increasing the silver sulfide level increases
the conductivity, mobility, and concentration of silver ions in
a manner far from being additive, with the difference more
pronounced in samples obtained by high-energy ball milling
(MM), which have a more fine-grained structure than those
obtained by the ordinary melt spinning technique (MQ).

More information on the mechanical properties of
metallic nanoglasses is beginning to accumulate. Nanoinden-
tation of an Au52Ag5Pd2Cu25Si10Al6 film revealed its high
degree of hardness (5:3� 0:1 GPa) and Young modulus
(� 78:8 GPa) in excess of these values for usual BMGs [39].
The hardness of Sc75Fe25 metallic nanoglass proved to be
4:57� 0:66 GPa, i.e., also somewhat higher than the
4:23� 0:36 GPa for BMG [43]. Microcompression testing
demonstrated that Sc75Fe25 metallic nanoglasses have ducti-
lity with a somewhat enhanced breaking stress (up to
1950 MPa), unlike ordinary hardened ribbon samples of the
same composition showing a purely elastic behavior and
undergoing brittle fracture [40, 43]. Such a difference and
specific post-annealing behavior correlate with the results of
calculations by the molecular dynamics method and corre-
spond to the concept of critical influence of the number of
shear bands as free-volume accumulators.

One more important feature discovered in Sc75Fe25
metallic nanoglassesÐ their ferromagnetic behavior in which
they differ from usual hardened ribbon samples showing
paramagnetic behaviorÐ is mentioned in [39]. S-shaped
magnetization curves of metallic nanoglasses about 8 nm in
size are typical of ferromagnets [44].

The high catalytic activity of metallic nanoglasses can be
attributed to the presence of many interfaces, as shown in
experimental studies demonstrating substantial intensifica-
tion of the interaction between organosilicon compounds
(like dimethylphenyl silanol) and water vapor [39].

By no means can all the above experimental findings be
unambiguously explained in terms of the current theory of
structure and composition of nanomaterials and nanoglasses.
Further studies are needed to clarify the results obtained thus
far.

3. Deformation of metallic glasses

3.1 Size effects
Brittle fracture, characteristic of metallic glasses and of many
other nanomaterials, significantly narrows the spectrum of
their application. We scrutinized the role of size effects as
factors influencing the strength and ductility of nanomater-
ials in a previous paper [45]; here, this issue is considered with
reference to BMG and nanoglasses.

Imparting elastic properties to metallic glasses as materi-
als of high mechanical strength and corrosion resistance is a
long-discussed issue [14, 46]. These materials are believed to
undergo inhomogeneous deformation with the formation of
localized shear bands and their rapid propagation, leading to
the sample (product) destruction. Most metallic glasses
behave like typical brittle materials, although they some-
times show ductility even when stretched. Homogeneous
deformation manifests itself at low stress as preceding the
shear band formation and also at high temperatures, e.g., at
the glass-transition temperature Tg or higher.

Thorough in situ investigations of homogeneous and
inhomogeneous deformations in tensile, compressive, and
bending tests of metallic glasses in the form of micropillars
102ÿ103 nm in height and a few micrometers in diameter
were conducted with the use of TEM and SEM [47, 48]. These
samples were prepared from bigger ones by focused electron-
beam-induced etching. Figure 7 shows a diagram of micro-
pillar deformation in a tensile test experiment at room
temperature. Figure 8 demonstrates the influence of dia-
meter on the flow stress of zirconium-based metallic glasses
(Zr35Ti30Co6Be29 [47], Zr50Ti16:5Cu15Ni18:5 [48], and
Cu47Ti33Zr11Ni6Sn2Si1 [48]).

Figures 7a, b and 8a show that a decrease in diameter
leads to a higher flow stress in tensile tests and to a marked
change of the strain diagram. Moreover, a sample 100 nm in
diameter behaves like a typical metal (Fig. 7b) in that it
undergoes some strain strengthening and has a ductility
equivalent to 25% of the actual strain (roughly correspond-
ing to 7% of the measured relative elongation upon destruc-
tion); the actual breaking stress is � 2:8 GPa. Also, it was
shown in Ref. [47] that a 100 nm sample underwent
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homogeneous deformation, unlike thicker samples (200 nm
or more) subject to brittle fracture with the formation of
nonuniform shear bands. This gave the authors of [47] reason
to consider the last-mentioned size the region of transition
from a strong-yet-brittle to a strong-yet-ductile state.

Phenomenologically, the brittle±ductile behavior under
strain can be regarded as the competition between the
uniform and nonuniform propagation of shear bands. In
the latter case, associated with crack growth, the authors of
Ref. [47] used the Griffith method to estimate the influence
of diameter on stress necessary for crack propagation. It
was shown that the critical diameter of micropillars at
which homogeneous deformation occurs is 30±100 nm, in
excellent agreement with the above experimental findings
(Fig. 7b). The analysis demonstrated that strengthening of
the samples with decreasing the diameter (Fig. 7a) is
unrelated to the known Weibull size effect (volume-to-
strength ratio) and should be attributed to specific effects
of shear bands [49].

However, the data in Ref. [47] are confirmed not in all
experiments but in just a few designed to elucidate the
peculiarities of metallic glass deformation, as is exemplified
by Fig. 8b [48] showing that the size of the sample has no
effect on the flow stress in micropillars 93±645 nm in diameter
under tensile test conditions. In this interval, inhomogeneous
deformation was observed, whereas the transition from
inhomogeneous to homogeneous strain in bending tests
occurred in samples around 200 nm in diameter. A joint
review [50] by the principal investigators of studies [47, 48]
gives practically no attention to the causes behind these
differences, mostly emphasizing numerous conflicting results
with the pro/contra ratio of 50:50 (e.g., `pro' in [51, 52] and
`contra' in [53, 54], etc.). Nevertheless, a decrease in the
diameter was shown to be associated with the transition to
totally homogeneous deformation in tensile and microbe-
nding tests, whereas compression experiments revealed no
such deformation [50]. The differences may be due to the
dissimilar composition and height/diameter ratio of the study
samples, as well as to different experimental conditions,
which require a more thorough analysis.

Opinions differ as regards themechanisms of deformation
of metallic nano- and microglasses. It was shown in Ref. [55],
focused on the analysis of simulation of localized shear strain
in metallic glasses, that integration and correlation of the
results of experimental studies, computer simulation, and
basic research are needed to fully understand this process.
This goal has yet to be reached. Several theoretical concepts
were proposed based on the free volumemodel, one- and two-
dimensional models of the shear transformation zone, the
assumption of dislocations, etc. [55].

Deformation of metallic glasses is schematically shown in
Fig. 9 based on the free volume and shear transformation
zone models. Results of computer simulations suggest that an
increase in the free volume fraction leads to a decrease in the
flow stress. However, the predictive value of the existing
theoretical concepts and models is, on the whole, low and
needs to be improved. The use of well-attested films of
different nanostructures prepared as described in Ref. [39]
might be helpful for studying size effects. Equally interesting
in this context are multilayer films based on metallic glasses
with metal interlayers (e.g., samples of ZrCuTi with nano-
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crystalline Ta layers [56] or Cu50Zr50=Cu nanolaminates [57]).
In the latter case, a film was prepared with the ultimate tensile
strength sB � 2:513 GPa and a fracture strain of � 4% (the
amorphous layer thickness 17±301 nm, the total thickness of
the multilayer film 957� 89 nm, the best mechanical proper-
ties manifested at an amorphous layer thickness of 112 nm).
This sB value is 33% higher than that deduced from additive
considerations based on the starting components and 25%
higher than for Cu50Zr50 BMG. The authors of [57] argue that
the achieved combination of high strength and acceptable
ductility is due to a size-dependent deformation of the shear
band region in metallic glass interlayers.

3.2 Effects of temperature and ion irradiation
Characteristics of the temperature-dependent evolution of
metallic glasses from amorphous to nano- and polycrystalline
states were analyzed in Ref. [18] with reference to the possible
decay of amorphous phases, the formation of segregations,
short-range order changes, alterations of the viscosity,
enthalpy, heat capacity, specific volume, and other physico-
chemical properties. Heating was associated with the passage
through characteristic points such as the vitrification tem-
perature (Tg, the temperature of transition from the vitreous
state to the viscous flow) and the crystallization temperature

(Tc, the melting temperature). The Tc=Tg interval is referred
to as the supercooled liquid state interval DT; its value is of
importance for thermoplastic processing of BMG and the
fabrication of intricately shaped articles.

Figure 10 shows temperature dependences of the strength
of various (gold-, platinum-, and zirconium-based) BMGs
with a characteristic nonmonotonic change in the super-
cooled interval. For comparison, analogous data are pre-
sented for a typical polymer and nanostructured nickel. The
polymer (polymethyl methacrylate) is readily processible by
extrusion at T � 150 �C. Characteristics of gold-based BMG
are similar to those of the polymer. Thermoplastic processing
of platinum- and zirconium-based BMG with higher Tc and
Tg values is possible at higher temperatures, whereas nano-
structured Ni is unsuitable for this purpose.

The interesting properties of palladium-based BMG
(Pd79Ag3:5P6Si9:5Ge2) are described in Ref. [59]. It is char-
acterized by the yield strength 1.490 MPa, shear modulus
31 GPa, Poisson coefficient � 0:42, Tg � 613 K, and the
fracture toughness KIC � 200 MPa m1=2. The strength and
toughness fracture of this material are comparable with the
respective reference characteristics of steels. Glass of this type
is called damage-tolerant glass.

As mentioned in Section 2.1, it was reported in [34±38]
that deformation in the shear band region due to the increased
temperature and formation of liquid interlayers gave rise to
nanostructures such as nanowires, nanofilms, and nano-
spheres (see Fig. 4). Unfortunately, more detailed informa-
tion about the influence of temperature on the BMG
deformation, to say nothing of nanoglasses, is lacking in the
current literature.

The effect of radiation on metallic glasses deserves
special discussion. It has recently been considered in many
publications with reference to nanomaterials (see reviews
[60, 61] and reference 3 therein). Nanostructures undergo
beam-induced amorphization as evidenced by the data on
ZrO2, Cu, and Ge nanocrystals implanted into � 2 mm thick
amorphous layers of silicium dioxide (Table 1) [61]. The
structure and composition of initial and irradiated nanopar-
ticles were characterized by several methods, including
HRSEM, Rutherford backscattering spectroscopy, small-
angle scattering, and X-ray absorption spectroscopy, com-
bined with molecular dynamics simulations.

The most interesting results included in Table 1 pertain to
zirconium oxide amorphization (a compound resistant to
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Table 1.Effect of irradiation on nanocrystals implanted in the amorphousmatrix of SiO2 (radiation doses are expressed in units of displacement per atom

(DPA) and fluence as ions per mÿ2) [61].

Object Size of monocrystal,
nm

Irradiation conditions Result

Ion Energy E, MeV Dose, DPA Fluence, ion mÿ2

ZrO2=SiO2 [62] � 3 Xe 1 0.8 Amorphization

ZrO2 [63] Monocrystal Xe 0.4 680 Crystalline state

Cu=SiO2 [64, 65] � 2:5 Sn 5 0.16 Amorphization

� 8 Sn 5 1019 Crystalline state

Au/SiO2 [62, 66] 3 Xe 1 � 0:8 Crystalline state

3 ë 5 Sn 2.3 1019ÿ1020 Crystalline state

Ge/SiO2 [67, 68] 4 ë 8 Si 5 1015ÿ1019 Earlier amorphization
of nanocrystals

Ge/SiO2 [69] 3:7� 1:0 Au 9 1017 Amorphization
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amorphization in the monocrytalline state even at high
radiation doses [63]) and to irradiation of nonamorphizable
gold and copper nanocrystals 8 nm in size. As shown in
Refs [62, 65, 66], both the size (for Cu) and the nature (for Au)
of the object determine the possibility of amorphization of the
nanocrystalline state under the effect of irradiation. Detailed
observations of irradiated copper nanocrystals revealed the
role of Cu2O formation in amorphization processes [70].
More data on the behavior of irradiated nanoparticles can
be found in Ref. [71], where situations differing from those
illustrated by Table 1 are considered (e.g., irradiation of Co
nanocrystals) and the necessity of further research is
emphasized. At the same time, nanoparticles of the metallic
glasses being irradiated can show behavior similar to that of
metals, semiconductors, and dielectrics included in Table 1.

The influence of ion irradiation on the metallic glass
decomposition was discovered long ago (see Ref. [18]), but
systematic studies of BMG nanocrystallization are few in
number. Results from certain recent publications [72±75] are
presented in Table 2. All experiments were conducted at room
temperature and its increase under the action of irradiation
did not exceed 50 �C [72±74] or 200 �C [75], i.e., it was much
lower than Tg. It follows from Table 2 that the results in
Refs [72, 73] agree and complement each other. SEM,
HRSEM, X-ray structural analysis (XSA), and microdiffrac-
tion were used to observe nanocrystallization and to identify
the crystalline nanoparticles being formed, whose presence in
the structure promotes transition to the plastic state. In this
respect, changes in mechanical properties that occur as the
radiation dose increases are of special interest (Table 3). A
decrease in st, H, and Y along with HRSEM data for
micropillars suggest the transition from brittle fracture to
plastic deformation. Another important feature of amor-
phous±nanocrystalline structures is the possibility of enhan-

cing their radiation resistance by increasing the fraction of
interfaces as sinks for radiation defects, as shown for many
nanomaterials [60, 61].

To summarize, ion irradiation can effectively promote
homogeneous deformation of BMGs, increasing their tech-
nological ductility. In this context, it would be interesting to
compare a variety of methods considered previously for
enhancing the BMG ductility, such as annealing, preliminary
deformation, the use of single- and multilayer nanocompo-
sites, ion and electron irradiation, doping, and the use of
noble metal-based BMGs.

4. Conclusion

The currently available data on the properties of metallic
nano- and microglasses are scarce, which does not allow
assessing the scope of their applications. But it is clear that
they can be used in micro- and nanoelectromechanical
systems and various sensing devices for many scientific
disciplines, technology, biology, and medicine. The use of
BMGs, including traditional magnetic amorphous±crystal-
line materials, is discussed in general in reviews [21, 76]. Many
potential spheres of application are described for thin-film
coatings based on metallic glasses, with special reference to
such characteristics as antimicrobial properties, small-scale
roughness, enhanced durability, and fatigue resistance [77].

Two more aspects are worthy of mention. First, practi-
cally all studies on nanoglasses and BMG ductility, except
simulation by molecular dynamics methods, are of an
experimental and descriptive character without regard for
theoretical microscopic concepts in the analysis of one
phenomenon or another, e.g., the relation between enhanced
ductility and free volume variations. In this context, the
proposed composite model of plastic flow of amorphous
covalent materials can be of interest as allowing the
theoretical consideration of homogeneous nucleation and
growth of liquid-like nanoinclusions initiating uniform and
nonuniform strain of the entire composite [78]. The micro-
scopic approach can be useful for the elucidation of
similarities and differences in the behavior of crystalline
nanoparticles and BMGs subjected to ion irradiation (see
Tables 1±3). The development of theoretical aspects of
nanostructured materials science is an equally topical issue
for these objects.

Moreover, it appears that nanostructural principles (see,
e.g., [79]) can be more extensively used in developing new
materials based on nano- and microglasses and estimating
their stability and the role of size effects. On the other hand,

Table 2. Effect of irradiation at room temperature on nanocrystallization of Zr- and C-based metallic glasses [72±75].

Object
Irradiation conditions

Main results
Ion E, MeV Fluence, ion mÿ2

Cu50Zr45Ti5 [72] He 0.14 1:7� 1013 Enhanced near-surface hardness at a depth of � 600 nm in the
nanocrystallization region

Cu50Zr45Ti5 [73] He 0.14 1:7� 1013 Nanocrystallization of Cu10Zr7, CuZr2, and CuZr in irradiated
samples. Hardness enhancement similar to that in Ref. [72]

Zr55Cu30Al10Ni5 [74] Cu 1 1012 Nanocrystallization of Cu10Zr7, NiZr2, and CuZr2 in irradiated
samples with bimodal size distribution (5ë10 and 50ë100 nm)

Zr41:2Ti13:8Cu12:5Ni10Be22:5 [75] Ni 2.5 ë 15 1012; doses
0.1 ë 100 dpa

Analysis of nanoindentation load curves and the deformation
pattern of nanopillars under compression revealed the transition
from heterogeneous to homogeneous strain upon increasing the
radiation dose

Table 3. Effect of the radiation dose on the yield strength st, the

hardness H, and the Young modulus Y on the surface BMG layer

(Zr41:2Ti13:8Cu12:5Ni10Be22:5) [75].

Radiation dose, dpa st, GPa H, GPa Y, GPa

Initial state 2:18� 0:26 7:10� 0:17 117:36� 1:28

0.1 1:67� 0:02 5:87� 0:14 108:62� 1:47

1 1:82� 0:17 5:98� 0:19 109:22� 2:08

10 1:89� 0:1 5:88� 0:10 107:85� 0:75

100 1:42� 0:04 ì ì
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specific behavioral features of thin glass layers are of
importance for identifying new properties of nanocompo-
sites like Ti(C,N) ± (Ni,Mo), WC±Co, Si3N4 ±Al2O3 ±Y2O3,
SiC ±TiB2, and B4C ±TiB2 (see, e.g., [80±83]). Understanding
mechanisms of nucleation and growth of nanocrystals at
interfaces is indispensable for controlling creep and super-
plasticity.
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