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Abstract

Bulk metallic glasses are known to have poor plasticity which limits their application as structural
materials. Due to the lack of atomic periodicity in metallic glasses, their mechanical properties
cannot be controlled the same way as in crystalline materials. Fast-heating-induced, a heating rate
of 10 K s7!' and higher, crystallization of ductile nanocrystalline phase(s) leads to enhanced
plasticity of metallic-glass/crystal composites. Here, an overview of controlling the microstructure
on fast heating, the suggested crystallization mechanism of metastable phases and the principle of
enhanced plasticity of the composites is presented and discussed, with a special focus on Cu—Zr-

based metallic glasses.

1. Introduction

Metallic glasses (MGs), formed by quenching a liquid with a wide range of cooling rates

~1073-107 K s7!, are of fundamental interest because of their mechanical properties such as

reversible large elastic energy storage, high hardness giving good wear resistance, and high



toughness [1]; their soft magnetic properties [2]; and their potential biocompatibility as (non)-
degradable implants [3].

However, due to the lack of atomic periodicity and microstructure in MGs, unlike in
conventional polycrystalline alloys, at least in the standard view of grains, their boundaries and
defects, mechanical properties of MGs cannot be controlled the same way as in crystalline
materials. For metallic glasses, the initial mechanical deformation is localized in small nanometer-
length scale regions, initially ~10—20 nm thick, called shear bands [4]. Shear bands form in higher-
effective-mobility volumes, containing from a few units to a few tens of atoms [5] called shear-
transformation or liquid-like zones, by their cooperative response to the deformation. When
initiated, a single shear band can quickly propagate via a self-promoting mechanism [4,6] leading
to a crack development, and resulting in catastrophic failure of monolithic bulk metallic glasses
(BMGs). The crack formation may be accompanied by a short ~5—15 pus temperature rise not
exceeding the melting point (7m) of a material, as shown for ZresCuzsAli0 MG (here and throughout
the manuscript in at.%) by Das et al. [7]. Typically, monolithic BMGs exhibit a compressive yield
strain, elastic strain limit, of & ~2%, and a nearly-zero plastic strain, which limits their application
as structural materials [8].

The plasticity of BMGs is improved by imposing uniformly-distributed flow (not localized
in a single shear band) [9], i.e. multiple shear bands with a finer pattern are formed and a branching
of shear bands is created. In other words, shear band initiation and propagation, the latter delaying
the onset of a crack formation, have to be inhibited and controlled. Exploiting such “empirical”
principles, Schroers and Johnson [10] demonstrated remarkable & = 20% in compression for the
monolithic Pts7.5Cui47Nis3P22. 5 glass.

Melt-quenched MGs contain intrinsic structural heterogeneities [11], sometimes referred to
as ‘soft spots’, by those we mean locally favored structures different from the matrix major
structure, and which are also inherent to the supercooled liquid, referred to as dynamic
heterogeneities [12]. Here, we ignore the role of the evolving dynamic heterogeneities on the
crystallization process [13]. Liu et al. [14] showed that some types of these intrinsic heterogeneities
to MGs can be detected as ~2 nm-size domains, though their size is somewhat probe-size
dependent, with large energy dissipation and an average difference in viscoelasticity around 12%
in sputtered thin-film ZrssCu3oNisAlip. The inherent heterogeneities can be manipulated by

applying external stimuli, for example, doing mechanical work via elastic cycling below the yield



stress [15] and via elastostatic loading [16], or they can be stimulated by thermal cycling of MGs
between room and liquid-nitrogen temperatures as shown, for example, for Cu—Zr-based BMGs
[17,18]. Commonly for all the above noted methods, depending on the initial glassy state and
detailed experimental conditions, the stimuli can lead either to relaxation or rejuvenation of the
glass [19]. Relaxation gives embrittlement of MGs. Rejuvenation, with the stored energy as high
as 60% of the enthalpy of melting in the glass, e.g., for ZrsgsCui5.6Nii2.8Al103Nb2.s MG [20], can
give profound increase in the size, population and broadening of the relaxation spectrum of denser
and softer heterogeneities resulting in enhanced plasticity [19]. Phase separation, generating
regions forcing shear-band branching and multiplication, can also be used to enhance plasticity and
there are many examples for Cu—Zr-based glasses [21].

Instead of directly exploiting the inherent heterogeneities of MGs, they can also be induced
externally, for example, by imprinting the surface of a glass inducing macroscopic distribution of
elastic heterogeneity in the bulk [22], or by in-situ thermal growth of nanometer-to-micrometer
size crystalline phases — the latter is the focus of this overview paper. The plasticity is enhanced
by introducing homogeneously dispersed ductile crystalline phase(s) in the glassy matrix, while
the yield strength is typically reduced for such composites. Fast-heating (flash annealing)
techniques, by which we can apply a heating rate ® > 10 K s™!, have been reported as appropriate
tools for controlling metallic-glasses microstructures by forming glass/crystal composites. So far,
fast heating has mostly been applied to multicomponent Cu—Zr-based metallic glasses and we
restrict ourselves mainly to these alloys. Alloying of the binary system with Al, Ni, Co and other
elements greatly improves the glass-forming ability [23]. For example, a glassy rod of 22-mm
diameter, @ [24] of the eutectic ZrsoCus0Alio BMG could be prepared with the temperature range
of the existence of the supercooled liquid, before the onset of crystallization takes place on heating,
of = 100 K [25]. For the equimolar binary system, a glassy rod of up to @ = 2 mm only,
corresponding to cooling rate of about 250 K s™!, could be obtained [26].

Just to note that flash annealing is of great importance for preparing soft-magnetic Fe-based
glass/crystal-composite ribbons, such as FINEMET glass Fe73.5S113.5BoNb3Cui, which are used as
a winding in transformers because of their low energy losses. The in-situ flash annealing during
ribbon casting induces the growth of soft-magnetic FesSi crystalline nanoparticles of the size of

10—15 nm. This topic is beyond the scope of the paper; a recent overview can be found in Ref. [27].



The paper is structured as follows. Section 2 presents the preparation of metallic-glass/crystal
composites from a melt by controlling the cooling step. The relation between the presence, type
and fraction of crystalline phases and the composite plasticity is discussed. We then present the
recent work on fast-heating-induced composites obtained from glassy state, i.e. heating rate ranging
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from a few tens to a few millions of K s™ in Sect. 3. The suggested mechanisms of the fast

crystallization and of the enhanced plasticity are discussed in Sects. 3.1 and 3.2, respectively.

2. Controlling the microstructure on cooling

We will firstly discuss controlling the microstructure by defined cooling methods — cooling
rates of up to 10°-10” K s! can be achieved for melt-spun ribbons. Not only have these methods
kindled the interest in the field of glass/crystal composites for improving the macroscopic
deformability, but they have also provided some (semi)-quantitative analysis of the crystallization
mechanisms and kinetics. A recent development of the fast-heating/cooling (+10° K s~! [28]) flash
calorimetry, developed by Prof. C. Schick and co-workers [29], has opened up possibilities for
quantitative analysis of nucleation and crystal-growth rates over a wide temperature range of the
existence of the supercooled liquid for MGs. So far, the calorimetry has been limited to low-melting
systems, below 520 °C, for example, to Au-based metallic glasses [30]. The further development
in heating rates and high-temperature limits [31] will certainly bring new insights into the
crystallization of the high-temperature BMGs reviewed here.

The equilibrium phase diagram of the binary Cu—Zr system is shown in Figure 1 [32], and
Table 1 lists the reported metastable phases found in this system [33]. We will refer to this binary
diagram even for multicomponent Cu—Zr-based alloys, because the crystalline phases controlling
the plasticity of the composites are rather similar. The individual multicomponent diagrams can
routinely be found in the ASM Alloy Phase Diagram Database [41], or in Ref. [42]; the latter being
focused on the ternary Cu—Zr—Al system. The binary equimolar metallic glass CusoZrso has &, of
less than 1% [24]. Introducing small spherical nanocrystals, ¢= 1-2 nm, results in a compressive
plastic strain of 7.9% [43]. Inoue et al. [24] showed that &, can be as much as 52% in a compression
by introducing evenly dispersed nanocrystals, 5—10 nm in a diameter, of the metastable CusZr

phase (not shown in Figure 1) in the parental glass. Such a high plastic strain achieved was



attributed to the suppression of shear softening of BMGs through the crystal coalescence without
the phase transformation of the CusZr phase.

Pauly et al. [44] studied the formation and the role of the austenitic high-temperature
B2—CuZr phase (Pm3m), highlighted in red in Figure 1 for the Cu—Zr system, on the mechanical
properties of Cua7.5Zr47.5Als BMG/crystal composites. The congruently melting B2 phase with the
CsCl prototype is stable between 725 and 960 °C in the ternary Cu—Zr—Al system [42]. The authors
[44] demonstrated a compressive plasticity of up to 10.1% for rods with @=2 mm (highest cooling
rate in the study) with the crystal size ranging from a few units to a few hundreds of micrometers.
The plasticity decreased to 2.3%, the yield strength remained almost the same, with increasing the
volume fraction of the crystalline phase; no details were given about the average particles size
variation with the cooling rate (rod diameter). This suggests the importance of the microstructure
length-scale for plasticity. For dendritic microstructures, Eckert et al. [45] showed that when the
microstructure is too fine, i.e. the length of the primary dendrite is 2—6 pm with @= 0.2-0.4 um,
then there is no benefit for the plasticity because propagating shear bands cannot be effectively
blocked. It seems, that in the optimized dendritic composites the length-scale should be of the order
of 100 um [8].

Wu et al. [46] systematically studied the influence of the crystalline phases on the ductility
of (Cuo.5Zro.5)xAl1o0-« BMGs. The high-temperature B2—CuZr phase decomposes into the low-
temperature CujoZr;7 and Zr,Cu phases on cooling (Fig. 1), and the phase(s) present in the glass can
be controlled via the cooling rate. Wu et al. [46] showed that the sequence of the as-cast sample
microstructure typically varies as: fully glassy (Fig. 2 — full squares), glassy + B2—CuZr (the region
containing the diamonds and highlighted by the red dashed line in Figure 2), glassy + B2—CuZr +
AlZr (Fig. 2 — green stars) with decreasing the cooling rate (Fig. 2). The B2 phase could not be
formed for alloys containing 210 at.% of Al [46]. The authors concluded that B2—CuZr improves
the ductility and work-hardening of the composite, unlike for the other brittle phases (Al>Zr, etc.)
which do not have any helpful contribution to the property (Fig. 2). The ductility could be enhanced
from effectively zero to ~2% for the ternary-alloy composite with 4 at.% of Al and containing ~15
vol.% of homogeneously dispersed spherical B2 crystals with ¢= 20-100 um (corresponding to
the 3-mm diameter rod in Figure 2). For larger crystals, only a small enhancement of ductility

~0.5% was observed (xa1 =4 at.%, ¢=4 mm in Figure 2).



Crystallization is generally size-dependent, and this is also true for BMGs [47]. A recent
work by Sohn and co-workers [49] demonstrates the possibility for tuning the type of the crystalline
phases present in the final microstructure by controlling the Pts7.5Cu14.7Nis 3P22.5 metallic-glass rod
diameter. This BMG shows complex multicomponent crystallization on a macroscopic scale [50].
The authors observed three distinct crystallization mechanisms on cooling when a rod diameter
was reduced from a few hundreds to a few tens of nanometers (Fig. 3); the formation of: i) a
polycrystalline phase with multiple constituent phases via solute partitioning; ii) a polycrystalline
phase with the chemical composition identical to that of the supercooled liquid; and iii) an apparent
metastable single-crystalline phase with the same chemical composition to the glass composition.
The formation of the apparent single-crystalline phase is rather unexpected. With the limited
measured diffraction data available, the phase was identified to adopt a PoPts-like crystal structure.
Its formation is speculated to be kinetically driven, higher cooling rates promote appearance of
fewer stable nuclei and when the rod diameter is of the same order as the mean distance between
the critical nuclei then a single nucleation event may occur stimulating its growth. There is a well-
known asymmetry between the critical cooling and heating rates, the former being typically 1-2
orders of magnitude lower, for glass-forming liquids which originates from the different starting
population of nuclei [51]. Because of the influence of the rod size on nucleation and growth rates,
it emerges that this asymmetry is also size dependent [49]: i) both critical rates show a non-
monotonic dependence on decreasing a rod diameter; i1) both critical rates have a maximum for
60-nm diameter rod; and 1i1) the asymmetry disappears for ¢< 45 nm. Therefore, preparing MGs

in confined volumes could represent another route for achieving new crystalline phases in BMGs.

3. Controlling the microstructure on heating

Fast heating has been done, for example, by resistive Joule heating [52], by inductive heating
[53,54] and by capacitance-discharge heating [55] of ribbons and BMGs. Examples of resistive-
heating and inductive-heating setups, mainly used to prepare the composites, are shown in Figure
4. The aim of the fast-heating techniques is to obtain homogeneously-dispersed particles in the
glass with narrow particle-size distributions of high-temperature phases being beneficial for
plasticity. On fast heating/cooling, unlike for conventional heating rates, relaxation of a glass is
restricted, which may limit the unwanted embrittlement. In spite of a number of experiments on

fast heating/cooling not much is known about the structure of the remaining glassy matrix in the
6



composites, and even the experimental conditions (heating/cooling rate, annealing temperature and
time etc.) have not been optimized.

Song et al. [57] showed that the Cus2Zrs2Al10Cos BMG still preserves about 45% of the
enthalpy of relaxation of an as-cast sample when re-heated to the supercooled liquid below the

onset of crystallization, and most importantly cooled at 50 K s!

— the decrease in the enthalpy
correlates with the lower applied cooling rate contrary to the higher rate applied for casting 2-mm
diameter rod. The glass re-heated and cooled at 0.333 K s7! is fully relaxed. A plastic strain of ~2%
could be achieved for Cu42Zrs2Al10Co6 glass-crystal composite containing ~29 vol.% of the B2
phase with an average particle diameter ¢y = 1.8 pm [57]; the glass was heated using an infrared
lamp at @ = 50 K 57! to 7 = 994 K followed by annealing for t, = 60 s. Kosiba et al. [58] showed
preferential crystallization of the B2—CuZr phase in inductively-heated CussZrssAlsHf2Co, BMG
with increasing @ from 0.08 to 180 K s™!. The low-temperature CuioZr; and CuZr; (Fig. 1) phases
formed at low heating rates <16 K s™! only. The critical heating rate to form predominantly the B2
phase is composition-dependent, and for example, the rate can be as low as ~8 K s~! for the
Zr50CusoAlio glass [25]. A glass-crystal composite, prepared by Kosiba et al. [58] containing ~15
vol.% of B2 phase and with @y = 10 um formed by heating the glass to 948 K at ® = 180 K s7!,
showed ~10% plastic strain in a uniaxial compression, unlike the zero plasticity for the as-cast
glass, with some softening at room temperature. When the B2 phase fraction is increased to ~80
vol.% then the B2 phase martensitic transformation overcomes the glassy-matrix softening and
overall hardening of the composite is observed. Importantly, the fast-heated samples were
quenched in a water bath with a cooling rate of ~10° K s~ immediately on turning the heating off;
suppressing any phase transformation(s) on cooling and leading to a rather unrelaxed glassy state.

Okulov et al. [52] demonstrated the formation of glass-crystal composites and fully
crystalline alloys for resistively-heated Cua7.5Zr475Als0 glassy ribbons. A tensile strain of 6.8%,
unlike zero ductility for the as-cast ribbon, with a strong hardening could be achieved in a
composite prepared by heating at around 750 K s™! and containing ~33 vol.% of the B2 phase with
¢@v = 5 Pm. The authors also showed that the mechanical properties of the fully crystalline alloys
depend on the microstructure represented by the volume fraction of the B2—CuZr and the stable
Cui0Zr7 phases. The hard, but brittle CuioZr7 phase, mainly formed at low heating rates, strengthens

the fully crystalline alloy, and the tough high-temperature B2—CuZr phase, preferentially formed



at high heating rates, gives rise to plasticity. None of the fast-heating studies, up to the present,

have really fully optimized the microstructure to maximize the deformability of metallic glasses.

3.1 The crystallization mechanism

The crystallization mechanism and phases evolution on fast devitrification of Cu—Zr-based
glasses remain unclear; details of the individual stages of crystallization on heating, i.e. the
nucleation and growth are missing, and the possible transformations in the composites on cooling,
typically lasting 2—4 orders of magnitude longer when air-cooled than a millisecond-to-second
time-scale heating, remain barely studied. Cullinan ez al. [59], and Kalay et al. [33,60] attempted
to resolve the crystallization sequence(s) with a focus on the early stages of crystallization in glassy
CusoZrso [33,59] and CuseZras [60] alloys. The following stages of crystallization were observed
for an isothermal annealing of CusoZrso at 671 K [33], a temperature at which the B2 phase should
not be stable (Fig. 1). In the early stages of the isothermal hold, fine CuioZr7 particles were formed.
On prolonged annealing, very fine platelets, 10—20 nm in a length, were observed in the vicinity of
the growing Cui0Zr; phase accompanied by solute partitioning leading to Zr enrichment of the
surrounding glassy phase. With further increasing of the annealing time, the appearance of a small
amount of the CuZr, and B2—CuZr phases was observed resulting in a four-phase component
system with the Cui0Zr7/CuZr2/B2—CuZr crystalline-phases-growth sequence embedded in the
glass (Fig. 5a). The CuZr; phase nucleated on the CujoZr7/glass interface and grew up to 100 to
150 nm in length. The CuZr; then served as a template for an epitaxial-like growth of the B2—-CuZr
phase within the Zr-rich region in the glass (Fig. 5b). This epitaxial-like templating effectively
eliminates the need for the nucleation process and may be just growth-limited. The same
crystallization sequence may also be present for other Cu—Zr-based glasses [61], and it is also
believed to occur in the fast heating of Cu—Zr-based BMGs. Dendrites of the CujoZr7 phase could
be detected embedded inside some of the B2—CuZr microcrystals at high heating rates ~700 K s!
[52].

Clearly, at low heating rates, less than 40 K min~!, the stable low-temperature CujoZr7 and
CuZr; phases form, and X-ray diffraction studies showed that Cui0Zr7 growth precedes that for
CuZr; in Cuy7.5Zrs75Als glassy ribbons [62—64]. Kaban et al. [62] hint on the structural origin of

the nucleation sequence by comparing the structures between Cu475Zr47.5Als glass, and CuioZry,
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CuZr; and B2-CuZr crystalline phases. The partial radial distribution functions for the Cu—Cu,
Cu—Zr and Zr—Zr pairs are shown in Figure 6. There seems to be a reasonable similarity for the
Cu—Cu distributions between the glass and the Cui0Zr7 phase, and relatively small discrepancy for
the Cu—Zr and Zr—Zr in the first-coordination shell. There is also a structural resemblance for the
Cu—Zr and Zr—Zr pairs between the glass and the B2 phase within the first-coordination cell — there
is also effectively no difference in the density between the two phases [62]. The largest differences
in the pair distributions are observed for the glass and the CuZr, phase. It can also be seen that
although the CuZr; and B2—CuZr phases are essentially different, the position of the first peak of
the Cu—Cu and Zr—Zr pairs is rather similar, probably hinting on the chemical-ordering feasibility
of the templated growth during isothermal annealing or slow heating rates (Fig. 5b). However, this
may not necessarily hold for rapid heating.

Yasuda et al. [65] showed by electromagnetic levitation that the crystal-growth rate, U, does
not exceed 1x107° m s at 0.927w (T = 1079 K) for ZrsoCusoAlio BMGs (please note that the
growth rate may be overestimated because of the mutual stirring of the supercooled liquid). The
final microstructure consisted of the B2, Zr,Cu and 73 phases [65]. Computer simulations showed
that U = (3—-5)x107> m s™! is achieved at 0.88Tw (T = 1000 K) for the B2 phase in supercooled
liquid Cu475Zr475Al5 [66]. The congruent crystal growth in CusoZrso shows maximum at the
homologous temperature of 0.837w (7 = 1003 K) for which U = 2.3x1072 m s™! [67] — this is about
four orders of magnitude lower than the crystal-growth rate achievable in pure metals [68].

The devitrification sequence for CuseZras 1s different from that for CusoZrso glass. For the
Cu-rich glass, Kalay et al. [60] revealed the following crystallization mechanism. On an isokinetic
heating, at a rate of 10 K min™', the crystallization started at 725 K and finished at 728 K producing
a two-phase crystalline product of Cui0Zr7; and CuZr; phases. On increasing the temperature, the
two-phase structure remained until the onset of the B2—CuZr precipitation and CuZr; dissolution
at 1004 K (Fig. 1); the three-phase product then remained until the complete dissolution of the
CuZr; phase at 1030 K. Clearly, the B2 phase did not form below its stable temperature, unlike in
glassy CusoZrso, which may indicate the role of the partitioning with the proper Zr enrichment in
the glassy phase for the successful B2 phase growth. A detailed study of the B2—CuZr phase
formation and its stability in 36 ternary and quaternary Cu—Zr-based BMGs can be found in Ref.

[69].



Crystallization may be greatly affected by the evolving structure of the underlying
supercooled liquid. Kiichemann and Samwer [55] did not observe any formation of the B2—CuZr
phase for Zres0Cuzs2Alys glassy ribbons when heated with a rate of =10° K s™! via a capacitor
discharge. The ribbons crystallized in the sequence of Zr2(Cu,Al) stable phase followed by the
formation of ZrO> when heated at 1x10° K s™'. When the heating rate was increased to 1.6x10° K
s71, the crystallization of the stable Zr>(Cu,Al) was bypassed and only the ZrO» phase formed. For
samples heated at 1.6x10% K s™! and faster, the authors suggested the existence of a first-order
liquid-liquid phase transition evidenced by the excess in the specific heat capacity just below the
melting point; a heat of fusion for the transition is about 62.5% of the heat of melting. The structural
changes taking place in the supercooled liquid may also underlie the non-monotonic dependence

of the glass-transition temperature on heating rate for the ZrssCuz7.5Al75 glassy ribbons [70].

3.2. The mechanism of the enhanced plasticity

The mechanism(s) of the plastic deformation of the glass/crystal composites still remains
poorly understood and it is not the aim to provide a comprehensive review on this topic. More
details can be found, for example, in Refs. [71-73]. In general, different deformation mechanisms
may operate on different composite-domain length-scales. For nanocrystalline particles, the
deformation may be initiated at the crystal-glass interface, controlled by the properties of an
intermediate phase present at the interface, and then dominated by the mechanical properties of the
glassy phase [74]. For micrometer-size crystals, the deformation may be initiated in the ductile
phase and further deformation is mediated by dislocation movement in the crystalline grains.

The theories of shear-band propagation and improved plasticity are based on many
arguments, some of them are given below. Just to note that several mechanisms may operate at a
time depending on many factors: strain rate, temperature, crystal size and crystallography, the
energy state of the glassy matrix, etc. Free-volume considerations [75,76] argue that rejuvenated
glasses show improved plasticity, and introducing a nanocrystalline phase is more efficient in
enhancing ductility than increasing free volume. Shear-band propagation can induce crystallization
and coalescence of nanocrystals inside shear bands [74,77,78], promoted at a low shear rate, thus
being likely thermally activated. In such a case, the shear band must bend/multiply or a new one

must nucleate. Body-centered-cubic nanocrystals which can be twinned, the main macroscopic
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deformation mechanism, are less effective in blocking shear-band propagation [74]. The shear-
band-propagation blocking is efficient for crystalline particles of a sufficient size comparable to
the thickness of a shear band. On the other hand, the surrounding region around large particles can
serve as a nucleation site for shear bands [79]. The interface between the crystalline nanoparticles
and the glassy phase also plays a crucial role in plastic deformation [66,74,80]. Molecular-
dynamics simulations show that the interface is a few atomic-sizes thick, the volume fraction is of
the same order of magnitude as the volume fraction of the nanoparticles, and its density is lower
than that for the nanoparticles or the glassy phase. The lower-density interface, accompanied by
significant decrease in the local shear modulus, can be the primary region of the localized shear
deformation.

For the micrometer-size-domain composites, the stress-induced martensitic transformation
from the austenitic B2—CuZr to the B19' was suggested to be the mechanism for the enhanced
plasticity [46,81]. It had been assumed that the volume change on the deformation exerts a
compressive stress on the glassy matrix surrounding the crystals suppressing shear bands
nucleation [81]. Corteen et al. [82] showed that the volume change is very low with negligible
toughening effect thus questioning the above-suggested mechanism. Song et al. [83] showed that
a small amount of ~200—-300 nm regions of martensitic plates can already co-exist along the B2
phase in 2-mm diameter rod of Cu475Zr47.5Als, containing exceptionally high amount ~80 vol.% of
the crystalline phase. The authors hint on a sequence of the deformation mechanism of such a
composite: the elastic limit, lower than the monolithic glass, results from the high volume fraction
of the B2 phase and the initiation of the martensitic transformation. On further compression, the
plasticity is mainly controlled by the interplay between the ongoing martensitic transformation and
shear-bands multiplication inside the glassy phase. The later stages of the deformation are
characterized by formation of a high density of dislocations and partial de-twinning. It may be that
such a mechanism may still prevail for the composites containing extremely high fraction of very
large B2—CuZr particles when the primary deformation is not controlled by the glassy matrix, but

it does not operate for nanocrystalline composites.

4. Conclusions
Fast-heating techniques that allow control of the microstructure of metallic glasses are of
current interest. Knowledge of the crystallization mechanisms on fast heating still remains limited.

A heating rate in the range of 10° K s7! can be achieved and the crystallization mechanism is
11



kinetically controlled. The solute partitioning that predominates in crystallization on slow heating
and isotheral annealing of a glass is unlikely to be the controlling factor for flash annealing.
Preliminary studies suggest structural resemblance for the Cu—Zr and Zr—Zr pairs between a glass
and the B2 phase within the first-coordination cell with effectively no density difference between
the two. The ductility of a metallic-glass/nanocrystal composite can be greatly enhanced from zero,
for a glass, to >10% for the composite; although the microstructure has not been fully optimized

yet.
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Fig. 1. The equilibrium phase diagram of the binary Cu—Zr system. The congruently melting
austenitic high-temperature B2—CuZr phase, highlighted in red, is stable between 721-938 °C. See
Table 1 for the list of the known metastable phases. The individual data points can be found in the
work of Braga et al. [34]; Glimois et al. [35]; Douglas and Morgan [36]; Saarivirta [37]; Kuznetsov
[38]; Raub and Engel [39]; and Yamaguchi et al. [40] (DTA - differential thermal analysis, XRD
— X-ray diffraction, SEM — scanning electron microscopy, OM — optical microscopy, TA — thermal

analysis, EPMA — electron-probe-micro analyzer). Published with permission from Ref. [32].
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Fig. 2. The cooling-rate, represented by a rod diameter, dependent trends in the final microstructure

and ductility, &, for the ternary (Cuo.sZros)xAlioco-x metallic glass. The beneficial region of the

glass/B2—CuZr composites formation (diamonds) is outlined by the red dashed line. The estimated

cooling rates are ~200—-250 K s™! for 2-mm diameter rod and ~30 K s~! for 5-mm diameter rod for

a suction-casting method by using a copper mold [47]. Published and modified with permission

from Ref. [46].
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rods. The rod microstructure changes from containing an apparent single-crystalline phase (red
circles), to a polycrystalline phase with the same composition to the glass (purple triangles), and to
containing a polycrystalline phase (blue triangles) with different chemical compositions with
increasing the rod diameter. The complex polycrystalline crystallization is dominant for rods with
the diameter of ~100 nm and larger. The black dotted line shows the critical cooling rate (for glass
formation) for a given rod diameter. Inset shows the magnification of the small-diameter region.
Please refer to the original work for the interpretation of the other symbols. Published from Ref.

[49] under a creative common license (hitp.//creativecommons.org/licenses/by/4.0/).
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Fig. 4. a) Schematic of a rapid-resistive-heating setup, heating rate of up to ~10° K s™!, employing
in-situ X-ray measurements of metallic-glassy ribbons, typically ~5 cm long, ~1-2 mm wide and
<40 um thick, in a controlled atmosphere (the full-size chamber is not shown). b) A typical
temperature-dependent resistance for Cu-Zr-Al ribbons with the onset of crystallization marked by
the resistance drop. The slope of the temperature dependence before the onset of crystallization
correlates with the relative position of the Fermi vector to the main peak of the structure factor
[56]. ¢) Schematic of induction heating of bulk-metallic glasses (a high-speed pyrometer recording
sample surface temperature — left; and a water-cooled induction coil and ceramic jaws for placing
a sample, the white spot, are shown). d) The recorded temperature profile, heating rate of ~38 K
s7!, highlighting the glass-transition temperature, Tp, and the crystallization onset, T, for
Zrs525Cu179Ni146Al10Tis bulk-metallic glass. Parts ¢ and d are published from Ref. [53] under a

creative common license (http.//creativecommons.org/licenses/by/4.0/).
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Fig. 5. a) Transmission electron micrograph of CusoZrso glassy ribbon annealed at 671 K for 44
minutes. The final composite microstructure consists of four phases: Cui0Zr7/CuZr2/B2—CuZr
crystal-growth sequence and the remaining glassy phase. b) Schematic of an epitaxial-like
templating of the B2—CuZr phase formation via small atomic re-arrangements in the CuZr; phase.

Published with permission from Ref. [59].
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Fig. 6. The comparison of the partial radial distribution functions for a) Cu—Cu, b) Cu—Zr, and c)

Zr—7r pairs for Cus75Cus75Als glass, CuioZr;, B2—CuZr and CuZr; crystalline phases. Adapted
from Ref. [62].
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Table 1. The reported metastable crystalline phases in the binary Cu—Zr system. The data are

taken from Ref. [33] (also see the references therein for the original reports of the individual

phases).
Composition Prototype Structure Space group

Cu7Zr> g U C2/m
CusZr O O P63/mmc
CuZr O B19Y' P2i/m
CuZr O B33 Cmcm
CuZr ¥CuTi Bl11 P4/nmm
CuZr AuCu-1 Llo P4/mmm

CuZr FAuCd B19 Pmma




