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Abstract—Bulk metallic glasses (BMGs) of Pd—Cu—Si and Pd—Ni—P systems were formed from a melt in
the 1970s—1980s. However, in view of the extremely high cost of the main component (palladium), they have
been outside the realm of special interest of scientists and engineers for a long time. Relatively recently,
BMGs in the form of macroscopic-sized ingots have been fabricated in alloys based on industrial metals
(iron, copper, magnesium, and titanium), which opened up wide possibilities for their application. BMGs
possess high strength, hardness, wear resistance, elastic deformation, and corrosion resistance. In this study,
a review of publications is presented and main scientific achievements in this field are described. It is noted
that main scientific problems, which are not solved completely, are describing the BMG structure as well as
vitrification and plastic deformation, while the technical problem attracting the attention of scientists in
many countries is to increase the plasticity and impact fracture toughness of these materials.
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INTRODUCTION

Natural oxide glasses are easily formed during melt
cooling, while industrial metallic alloys have a crystal-
line structure in the cast stage. Excluding earlier stud-
ies on the thin-film deposition on cooled substrates in
vacuum from the gas phase [1], the first samples of
amorphous/glassy metallic alloys, or metallic glasses,
were acquired at the turn of the 1960s by rapid melt
cooling starting from the Au—Si sample of the eutectic
composition [2]. This became possible due to the
development of methods of very fast (with rates on the
order of 10° K/s) cooling of the liquid melts, to which
we can refer spinning for example. This process
includes rapid (compared with usual metallurgical
methods) melt solidification on a rotating copper
disc/drum or upon the compression of the melt drop
between two metallic plates.

In the course of casting, metallic alloys continu-

ously transfer into the amorphous/vitreous1 state upon
cooling and undergo the reverse transformation under
subsequent heating with a rather high rate. Metallic
glasses are thermodynamically unstable relative to

1Amorphous and vitreous states are somewhat synonyms. Alloys
prepared by rapid melt cooling are usually called vitreous, while
amorphous materials can be prepared by other methods such as
mechanical milling, ion bombardment, magnetron sputtering,
electrochemical deposition, etc. It should be noted that other mate-
rials, for example, spin glasses, are not considered in this study.
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crystallization [3]. They are formed because of the
retardation of kinetic processes at low temperatures.
Starting from the 1970s, Pd—Cu—Si and Pd—Ni—P
alloys were for a long time known as samples of metal-
lic glasses with glass-forming ability (GFA) and a crit-
ical size (as a rule, diameter of the cylindrical casting)
that was largest for that time (the maximal diameter at
which a uniform amorphous structure is formed) and
constituting 1—2 mm [4].

Samples that are more massive were fabricated in
the 1980s after melt treatment by B,O; flux, which
made it possible to suppress the heterogeneous nucle-
ation of crystals [5]; however, in view of the exclusively
high cost of the main component (palladium), they
were not especially interesting for scientists and engi-
neers for a long time. Subsequently, the high liability of
certain alloys to vitrification when using various solid-
ification procedures made it possible to fabricate bulk
metallic glasses (BMGs) with a minimal size on the
order of 10°—10? mm in all three spatial dimensions
[6, 7] (Fig. 1). Sizes =1 mm in all three spatial dimen-
sions characterize a macroscopic sample.

Another important characteristic associated with

2
the sample diameter is the critical cooling rate at

2 We should understand that the ingot is cooled with a continuous
decrease in the cooling rate. Uniform melt cooling with a defi-
nite rate is attained by special methods, for example, with the
use of controllable cooling in the differential calorimeter cell.
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Fig. 1. Installation for gravitational casting of the melt
heated with the help of an inductor into copper molds in
vacuum or argon. Photograph is presented by authority of
the Department of Materials Science of Nonferrous Met-
als at the National University of Science and Technology
MISIiS. Molds and BMG castings are seen on a table.

Fig. 2. Typical high-resolution TEM image demonstrating
the absence of crystallographic planes and nanoparticles in
the zirconium-based BMG. Nanobeam diffraction pattern
with a probe size of ~1 nm is shown in inset.

which crystallization is not still started. It is associated
with the location of the minimum of the isothermal
phase transformation diagram, TTT (time—tempera-
ture—transformation, C-curve) in time, or, more
exactly, of the “nose” of the phase transformation dia-
gram under continuous cooling.

BMG FABRICATION

Depending on the vitrifying ability, metallic glasses
can be fabricated using various methods. Materials
with a very low GFA, including certain pure metals,
can be prepared in an amorphous state by condensa-
tion from the gas phase on a substrate at room or cryo-
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genic temperature [1], which is ineffective to fabricate
macroscopic samples. Certain alloys in the amor-
phous state are prepared by mechanical stirring, for
example, by milling in a ball mill [8] with further sin-
tering or by intense plastic deformation [9]. The elec-
trolytic deposition from solutions can be also used
[10]. These methods are more effective but require
large power inputs, and the alloy can be contaminated
by the material of the vessel in which stirring was per-
formed in the first case or by impurities from the solu-
tion in the second case.

Melt casting into a copper mold under gravity with
the furnace sole inclination (Fig. 1) or by spraying under
excess pressure in inert gas, which provides cooling with
a rate of 10>—10° K/s, is much more productive. Alloys
with the lower GFA are produced in the form of thin
ribbons by cooling on a rapidly rotating copper disc or
by other similar methods of the rapid melt with a cool-
ing rate on the order of 10°—10° K/s.

STRUCTURE

The presence of long-range order in the atomic
arrangement, unit cell, and translation symmetry is
characteristic of crystals, while the unit cell in a three-
dimensional space is absent or infinite-sized for quasi-
crystals, but the rotational symmetry is present; on the
contrary, the structure of metallic glasses looks shape-
less (amorphous) at first glance and resembles the
structure of liquid metals [11], which is characterized
by the absence of long-range order and presence of
short-range order in the atomic arrangement in the
first coordination sphere (CS), as well as the medium-
range order, which touches the atomic arrangement in
the second and several subsequent CSs. In addition,
the topological (geometric atomic arrangement) and
chemical (atomic arrangement associated with ten-
dency to form chemical bonds between elements)
short-range orders are distinguished.

The structure of metallic glasses was investigated by
high-resolution transmission electron microscopy
(TEM) (Fig. 2) and X-ray, neutron, and electron dif-
fraction (see, for example, [12, 13]). The BMG struc-
ture was initially described based on random dense
atomic packing [14], which, however, does not make it
possible to attain the actual density of metallic glasses,
which is very close to their density in the crystalline
state. In addition, this model does not describe the
alloy structure with a strongly pronounced chemical
short-range order.

A high degree of middle-range order agrees well
with models that predict that the BMG structure is
dense packing of atomic clusters rather than the ran-
dom atomic packing [15, 16]. The clusters were
observed with the help of scanning tunnel microscopy
[17], by electron diffraction from a nanodimensional
region (see inset in Fig. 2), and from regions several
angstroms in size [18]. Metallic glasses based on Cu,
Zr, and Pd possess a dense structure with a high degree
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of short-range and middle-range orders, which are
held for a distance of approximately 2 nm [19]. It is
also shown that the short-range and middle-range
orders of certain crystalline structures can serve the
basis for the structure of corresponding BMGs [20].

In situ X-ray diffractometry in the transmission
synchrotron radiation made it possible to reveal the
structural variations in the atomic structure of the
Pd,, sCu4Ni, sP,, alloy in the supercooled liquid
region and in the glass-transition range [21]. Accord-
ing to the radial distribution function, an increase in
the interatomic distance in the first CS (with is rather
unexpected and evidences the active structural recon-
struction in liquid) and its decrease in the second CS,
as should be expected, from thermal expansion, are
observed upon cooling between the liquidus (7;) and
glass-transition (7,) temperatures. The metallic vitre-
ous alloy is compressed (or extended upon heating)
below T, classically according to thermal vibrations.

In addition, the formation of clusters with a center-
ing phosphorus atom and nickel and copper atoms as
its nearest neighbors covalently bound with it is found
upon supercooling below 7; and near 7. It is shown
that such an effect is responsible for the “brittleness”
of this liquid (a strong deviation of the temperature
dependence of its viscosity from the Arrhenius law) of
the Pd,, sCu,yNi; sP,, alloy upon cooling [21]. Since the
polymorphism phenomena in liquid [11] and polyamor-
phism phenomena in metallic glasses [22] were found
upon increasing the pressure, we can assume the certain
uniqueness of the liquid and glass structure in a certain
range of thermodynamic quantities.

GLASS-TRANSITION PHENOMENON

The vitrification phenomenon is associated with the
alloy transition from liquid into glass in a certain tem-
perature range (Fig. 3), which corresponds to the
inflection point in the temperature dependence of the
specific volume or alloy enthalpy. The inflection point
corresponds to the glass-transition temperature (7,),
which increases as the cooling rate increases. It is also
determined by the temperature of the reverse transition
into the liquid state (devitrification) during heating.

It should be noted that, strictly speaking, vitrifica-
tion occurs in the limits of a narrow temperature range
near 7,, which is determined as one of the inflection

points3 where viscosity varies by two orders of magni-
tude, for example, from 10'° to 10!2 Pa s similarly to
the CusZr,gAlsAgg alloy [23]. Moreover, the magni-
tude of 7, depends on the cooling or heating rate.
However, step-by-step scanning in the differential cal-
orimeter reveals the presence of one devitrification
process upon heating the four-component Zr—Cu—

3 According to the alternative-arbitrary definition, 7, corresponds
to the temperature at which melt viscosity reaches ﬁ012 Pas.
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Fig. 3. Schematic temperature dependence of the specific
(or absolute) alloy volume during crystallization somewhat
below the liquidus temperature (7}), which conditions the

jumplike variation in volume, as well as during vitrification
with high and low cooling rates, which leads to corre-
sponding inflection points in plots denoted as Tg and Té,.

The higher the cooling rate is, the higher the transition
temperature into the vitreous state is.

Ni—Al BMG [24] in accordance with diffusivities
decreasing in the Ni—Cu—AIl—Zr series.

An important question remains incompletely
resolved: whether or not the metallic glass and liquid are
the same phase in essence but observed at various tem-
peratures, or if the phase transition from the liquid state
into glass occurs and vice versa and, if this is the case,
what kind of transition is this? At least three explana-
tions were proposed (see, for example, [25, 26]):

(i) the vitreous phase is a supercooled (“frozen”)
liquid and vitrification is simply a kinetic phenome-
non rather than a thermodynamic phase transition
(this viewpoint is most popular);

(ii) vitrification can be a second-order phase tran-
sition as it follows from the form of temperature
dependences of thermodynamic parameters since the
specific volume or enthalpy are continuous at the glass
transition temperature, while their first derivatives
with respect to temperature undergo discontinuity
(in a certain approximation) at 7;

(iii) vitrification can be a first-order phase transi-
tion associated with the catastrophic behavior of
entropy of liquid when its value becomes lower than
the entropy of the corresponding crystal [27].

Indeed, an abrupt variation in thermodynamic
parameters is not obligatory for the first-order phase
transition if the local chemical composition varies
gradually or the phase transition follows the shear
mechanism [28].

No. 1 2016
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Fig. 4. Differential scanning calorimetry curve during
heating the metallic glass. Supercooled liquid is formed at
Tg and, starting from T, the three-step transition into the
crystalline state through the formation of metastable
phases occurs.

ALLOY LIABILITY TO VITRIFICATION

The BMGs are found in binary, ternary, quaternary;,
and multicomponent alloys [6, 29]. Binary BMGs are
formed in a very narrow composition range, and their
GFA is low; however, the introduction of a definite
third component considerably increases this charac-
teristic [30].

The BMGs are formed in alloys with a high ratio
T,/T,2 0.6 (however, its lower value is also observed for
certain alloys). Despite the fact that characteristic
T,/ T, reflects the glass-forming ability of many alloys
well, a strong deviation from following this criterion is
found for certain materials [30]. It should be noted
that the “brittleness” of liquid [31], which is deter-
mined by the deviation of the temperature depen-
dence of viscosity of the supercooled melt from the
Arrhenius law, also plays an important role in evaluat-
ing the GFA similarly to ratio 7,/7, [32, 33]. For
example, it is responsible for low GFA of nickel
despite its possibly high 7, determined by the thermal
expansion of liquid and solid phases, as well as with the
help of computer modeling [34]. The presence of a
correlation between the Poisson coefficient and the
brittleness index of the corresponding liquid is also
seen [35].

Along with this, it was shown that the width of the
supercooled liquid region AT, = T, — T, (T, is the crys-
tallization onset temperature), which is the index of its
stability with respect to crystallization, also correlates
well with the GFA [6]. The wider the occurrence
region of metastable supercooled liquid is, the higher
its stability with respect to crystallization is (Fig. 4).

Parameter y = T,/(T, + T)) [36] associates criteria
AT, and T,/T,and provides a more reliable correlation
with the experimental data. Numerous similar param-
eters to evaluate GFA were developed based on it [37].
Parameter o, which takes into account the tempera-
ture range of alloy crystallization 7, — 7}, where T; is
the solidus temperature, a = (T, — T)/(T, — T,),
should be mentioned separately [38]. The criterion of
volume difference [39] 6 = a,p(T,, — 298)/Ap,_, [40]
was also proposed. It can be illustrated by the temper-
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ature dependence of specific volume (V= 1/p) (Fig. 3)
and associates a,, the linear expansion coefficient of
cooled liquid; p, the liquid density; 7,,, the melting
point in the absolute scale; and Ap,_,, the density dif-
ference between the solid crystalline and liquid phases.

The thermal conductivity of the liquid alloy also
affects the cooling rate [40] (at the corresponding Bio
criterion) and, consequently, GFA [41]. The elec-
tronegativity of alloying elements [42] and ratios of
atomic radii [43] are also important factors affecting
the GFA and the occurrence temperature range of
supercooled liquid.

The assumption was also put forward that the GFA
can depend on the electron concentration, which is
the ratio of the number of valent electrons to the num-
ber of atoms (e/a) [44] by analogy with the Hume—
Rothery phases. However, it is not so simple to deter-
mine what value of e/a is appropriate in each concrete
case, since many BMGs contain transition metals
possessing the variable valence.

STRUCTURAL VARIATIONS
UPON HEATING

All macroscopic glasses prepared in the form of
thin films, ribbons, or macroscopic samples possess
increased free energy and are subjected to structural
relaxation [45, 46], leading to their densification upon
heating to temperatures below 7,, which is not the
phase transformation. Structural relaxation leads to an
increase in density and viscosity of metallic glass
[47, 48], its embrittlement (with certain exclusions
[49]), and a variation in many other properties.

However, BMGs can be considered metastable
materials, since the energy barrier should be overcome
for the transition into a stable crystalline state upon
heating above the crystallization temperature (7)),
which is independent of the heating rate of the sample
similarly to 7,. Several metastable states of both crys-
talline (see, for example, peaks in Fig. 4) and quasi-
crystalline phases can be fixed in this case.

The change in the phase state during crystallization
is revealed by X-ray structural analysis (Fig. 5). The
X-ray diffraction pattern of metallic glass contains no
clear diffraction maxima, excluding peaks with a full
width at half-maximum of the first of them of about
5°—6° (Fig. 5a). The less spread but rather broad max-
ima correspond to the formation of the nanostructured
quasi-crystalline phase (Fig. 5b), while narrow peaks
correspond to microscopic-sized phases, which are
formed at later crystallization stages (Figs. 5c, 5d) [50].

The BMG crystallization method is widely used to
fabricate nanomaterials with a small grain (particle)
size from 1 to 100 nm (Fig. 6). Nanostructured alloys
are most often fabricated in the course of the primary
crystallization of glasses [51, 52] with the diffusion-
controlled nanoparticle growth. Such a method makes
it possible to attain a very homogeneous distribution of
nanoparticles in a residual vitreous matrix.
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Fig. 5. X-ray diffraction patterns recorded from metallic
glass samples of the HfF—Au—Ni—Al system (a) in the ini-
tial state and (b—d) thermally treated at various tempera-
tures. Reprinted by authority of Elsevier [50].

Nanostructured materials are similar with “aging”
crystalline alloys, in which the supersaturated solid
solution is a matrix phase, while the matrix in nano-
structured-amorphous (vitreous) materials is pre-
sented by the amorphous/vitreous phase, and they can
possess improved mechanical properties when com-
pared with single-phase metallic glasses, since nano-
particles prevent the propagation of shear deformation
bands. Nanostructures can also be formed immedi-
ately during casting with a definite cooling rate, which
should be nevertheless thoroughly controlled.

The formation of the supercooled liquid substan-
tially affects the crystallization in BMGs [53]. This
can be associated with the change in the local atomic
structure in the supercooled liquid region because of
its high atomic mobility when compared with the vit-
reous phase [54].

Three types of phase transformations were found
during the BMG crystallization. They occur accord-
ing to the following mechanisms:
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Fig. 6. High-resolution TEM image of the Ni—Pd—Nb—
Ti—Zr alloy after the partial crystallization.

(i) polymorphic (the isolating phase has the same
composition as the initial one) [55];

(ii) primary (the isolating phase has a composition
differing from the composition of the initial vitreous
phase) [56];

(iii) eutectic (two or more phases are nucleated and
they grow jointly) [57].

In addition, peritectic reactions in alloys of the
glass—crystal type were found [58], while the spinodal
[59] or binodal decay of supercooled liquid preceding
the crystallization [60] is possible in the presence of
elements with the positive heat of mixing in them.

If the crystallization follows the mechanism of
nuclei formation and growth, then a considerable
nucleation rate of crystallization centers, which leads
to a high nuclei concentration exceeding 10*! m—3, and
a low growth rate are required to form the nanostruc-
ture [61].

When analyzing the crystallization of metallic
glasses, we can use the Kolmogorov general exponen-
tial equation [62], as well as Johnson—Mehl [63] and
Avrami [64] equations, for the volume fraction of the
transformed substance upon the nucleation and three-
dimensional nuclei growth with the limitation of the
growth rate through the atomic transition through the
phase interface:

t t 3
4r N
3—%]1(1)“14(1 )dz} dr,

where Vj is the sample volume, while /(t) and u(¢') are
the time-dependent nucleation rate and nuclei growth
rate, respectively. The exponent can differ from 3 if the
nuclei growth is diffusion-controlled or non-three-
dimensional.

The heterogeneous nucleation was observed in the
Fe,; 5Si 3 sBoNb;Cu, alloy, which initially had an iso-

x(t) =

2016
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tropic vitreous structure. Investigations showed that
Cu forms nanoclusters in its vitreous matrix, which
become the sources of heterogeneous nucleation of
particles of a-Fe with the inclusion density of the
order of 10?* m~3 with the average size of 2—3 nm [65].

Nanoparticles can be formed not only in the form
of pure metals and solid solutions, but in the form of
intermetallic compounds as well. For example, the
crystallization of the BMG of the TisyNi,,Cu,;Sn,
composition starts from the isolation of primary nano-
particles of the solid solution of the Ti,Ni phase with
structure cF96 [66, 67]. The extremely small size and
low growth rate of Hf,Co cF96 crystals were observed
in the Hf;5Co,5Al,, alloy [68]. On the contrary, crystal-
lization of the ZrssCus,Al (Nis alloy turned out very
sensitive to the presence of impurities [69].

In many cases, crystallization is preceded by the
redistribution of alloying elements at close distances,
for example, from the formation of magnesium-
enriched zones, in magnesium-based BMGs [70].

The icosahedral quasi-crystalline phase with a
quasi-periodic long-range order but without the three-
dimensional translational symmetry, was primarily
revealed in Al—Mn alloys [71] and then in many other
ones, particularly during the BMG crystallization (see
Fig. 5b) [72]. In connection with this, it is revealed
that, when the Ti—Zr—Ni alloy is crystallized, the
smallest supercooling is required for the formation of
quasi-crystals, somewhat larger supercooling is
required for crystalline approximants (crystalline
phases with the structure close to quasi-crystals), and
the maximal one is required for usual crystalline
phases [73]. A low energy barrier for the nucleation of
the icosahedral phase can also explain the fact that the
Zr¢sAl; sNij Pd;; s BMG sample showed the growth
of already occurring icosahedral particles upon heat-
ing [74].

Not only thermal activation but also the plastic
deformation [75, 76] can cause the nanocrystallization
of metallic glass. Moreover, it was also observed during
the elastic deformation of the Zrg,sCu,,sFesAl,
BMG glass [77] at room temperature in conditions of
the dynamic mechanical load. Crystalline diffraction
maxima corresponding to the Zr,Fe phase appeared
after testing at stress o = 586 = 242 MPa. However, the
use of a higher load (¢ = 1000 £ 200 MPa) at a fre-
quency of 0.1 Hz in limits of the region of elastic
deformation after 1000 cycles led to the nucleation of
a metastable crystalline phase with eclevated free
energy and to an increase in crystallization enthalpy
from 44 to 48 J /g [78].

Thus, nanocrystallization can be considered a con-
sequence of inelastic effects associated with the activa-
tion of localized viscoelastic deformation regions such
as shear zones, which occur even in deformation
modes that are characterized by a linear character of
the strain—stress curve.
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CONCLUSIONS

In this article we reviewed the publications on bulk
metallic glasses with a description of the methods of
their fabrication, structure of these materials, and
phase transformations upon heating. These materials
attract the attention of researchers in many countries,
including Russia, in view of their unusual properties
and structure as well as the insufficiently complete
understanding of vitrification. Properties of BMGs
will be considered in the subsequent review because of
the limited volume of this publication.
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