Mechanical properties of bulk metallic glasses and composites
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The development of bulk metallic glasses and composites for improving the
mechanical properties has occurred with the discovery of many ductile metallic
glasses and glass matrix composites with second phase dispersions with different
length scales. This article reviews the processing, microstructure development,

and resulting mechanical properties of Zr-, Ti-, Cu-, Mg-, Fe-, and Ni-based glassy
alloys and also considers the superiority of composite materials containing different
phases for enhancing the strength, ductility, and toughness, even leading to a
“work-hardening-like” behavior. The morphology, shape. and length scale of the
second phase dispersions are crucial for the delocalization of shear bands. The article
concludes with some comments regarding future directions of the investigations of

spatially inhomogeneous metallic glasses.

. INTRODUCTION

The first amorphous metal was prepared in 1934 using
an evaporation method.’ Later on, the synthesis of amor-
phous alloys was also reported by electrodeposition in
1950 and by splat quenching of Au-Si alloys in the
1960s.% After that, (bulk) glass formation in Pd-based,*™
Al-based,? I\«’[,g—basﬂ'l:l,10 and Zr-based'!!? alloys was re-
ported. Even though the mechanical strength of métallic
glasses was found in the 1970s and 1980s"*"* to be
superior to that of microcrystalline alloys, at this time the
small specimen size restricted conventional me-
chanical characterization. This was realized only after
the production of bulk Zr-based metallic glasses
(BMGs).""'? The major advantage of metallic glasses is
their high elastic strain (~2%), which is much higher than
that of common crystalline metallic alloys (<1%).
In addition, due to the lack of microstructural features
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such as grains, grain boundaries, and dislocations, the
corrosion resistance'® and mechanical strength of
bulk metallic glasses are very high.'*'* In Vitreloy |
(Zry; 25Ti 5 75C0,4 sNi ,Be,s 5), for example, the tensile
yield strength o is 1.9 GPa and Young’s modulus Y is
96 GPa.'® The fracture toughnesses (Kjc) of Zr-based,'”
Cu-based,'® Ti-based,'? and Pd-based®” glasses are
higher (45-85 MPa m"?) than that of Fe-based”' or Mg-
based'? glasses (2—4 MPa m'?), The macroscopic plastic
deformability of bulk metallic glasses is very low, and
BMGs show near theoretical strength prior to fracture.*”
The limited macroscopic plastic deformability of BMGs
is correlated with highly localized deformation proc-
esses, such as shear banding, where a high amount of
plastic strain is accumulated in a very narrow region
exhibiting strain softening/thermal softening.>® Even
though the local plastic strain in a shear band is very
high, the overall room-temperature plastic deformability
is disappointingly low.**

To circumvent the limited ductility of glassy metallic
alloys, the concept of developing a heterogeneous micro-
structure by combining a glassy matrix with second
phase particles with a different length scale has recently
been used.””™** Tt was observed that composite micro-
structures containing crystalline phases show better per-
formance under mechanical stress than monolithic
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glasses.>* Besides the details of the state-of-the-art of the
synthesis of BMG composites and the evolution of the
microstructure, the deformation and fracture behavior of
BMG composites will be described for a series of Zr-,
Ti-, Cu-, Mg-, Fe-, and Ni-based glassy alloys containing
multiple phases with different length scales and volume
fractions. Of special interest is the interdependence be-
tween preparation conditions, alloy and microstructure
design by composition variation, and the resulting me-
chanical properties of the composites. In addition, recent
approaches for obtaining “ductile monolithic” BMGs
will be also discussed. Finally, perspectives for future
developments in the area of spatially inhomogeneous
metallic glasses and their mechanical properties will be
discussed.

Il. PROCESSING AND MICROSTRUCTURES
A. Processing methods

Metallic glasses can be prepared through “solid-state
amorphization” via the mechanical alloying/powder met-
allurgy route®®-*® and by “rapid cooling” from the liquid
state through metal mold casting, melt spinning, or at-
omization.”'**13% The powders or flakes obtained
through atomization or mechanical alloying must be con-
solidated in a subsequent step by different techniques
such as hot pressing or extrusion®>?*3* to obtain bulk
scale samples. In contrast, the solidification route di-
rectly produces bulk specimens (>1 mm).>'! BMG com-
posites can also be prepared by these procedures, i.e.,
through (i) mechanical alloying and consolidation,®” (ii)
solidification,'*'# or (iii) partial devitrification of amor-
phous precursors by either thermal treatment® % or se-
vere plastic deformation/high pressure torsion.***° The
various processing routes and the evolution of BMG
composites with different length scales of second phases
are schematically described in Fig. 1.

B. Microstructures

According to their processing history, the microstruc-
tures of BMG composites can be classified in two
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FIG. 1. Different processing routes for obtaining bulk metallic glass
matrix composites.

Quasi-crystalline

Non-crystalline

groups: ex situ and in situ formed composites. The mi-
crostructural features of these composites can exhibit dif-
ferent features and length scales of second-phase con-
stituents, as exemplified in Fig. 1. The ex situ composites
are formed in two ways. The first is mechanical alloying
of powders or atomization*"** containing a glassy phase
and reinforcing second-phase particles, for example, by
mixing immiscible oxide nanodispersoids like MgO,
Ce0,, Cr,0;, and Y,05 into a Mg-based glassy matrix*®
or by adding Ca0, ZrO, ZrC, W, and Y,0; into a Zr-
based glassy matrix.***> The length scale of these par-
ticles varies from micrometer to nanometer scale. De-
tailed descriptions on the processing and mechanical
properties of such composites have been elaborately dis-
cussed in Ref. 46. The ex situ composites can also be
prepared by directly introducing crystalline second
phase(s) as reinforcements into the glass-forming melt
during processing.*’~>* In this case, the melt infiltration
technique has been frequently used.*”>° These compos-
ites consist of either particle*’° or fiber reinforce-
ments>°>* (continuous or discontinuous fibers). In the
case of particulate-reinforced BMG composites Ni,
carbon short fibers, W, WC, Ta, Nb, Mo, and SiC*"~*°
crystalline particulates have been added to the
Zrs,NbsAl, ,Cu,s 4Nij, ¢ (Vit-106) melt. Careful investi-
gations suggest a reaction between the particulate and the
glass-forming melt, which produces a reaction layer
around the reinforcements.*”**® Nevertheless, the me-
chanical properties of the composites are improved com-
pared to the monolithic glass.>* Specifically, attempts on
reinforcing Zr,; 55Nb, 5 75Cu;, sNijoBe,, s (Vit-1) with
continuous 1080 steel wires and W particles show sig-
nificantly improved tensile and compressive properties.>”
A steel wire reinforced composite is shown in Fig. 2.
Microstructure observation reveals that the wettability of
steel/W with Vit-1 is better, and there is only limited

FIG. 2. Ex situ processed steel-wire-reinforced Zry; ,5Nb;3 ;5
Cuy, sNi,oBé,, 5 (Vit-1) matrix composite (after Conner et al.’?).
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reactivity at the interface between the fibers and the me-
tallic glass matrix—Iless than in case of other particu-
lates.*"~>°

The in situ BMG composites are formed either (i) from
their melts during appropriate solidification processing
or by (ii) a secondary treatment of amorphous precursors.
The achievable microstructures with different shape,
size, and morphology of second-phase constituents of in
situ BMG composites are sketched in Fig. 3. Group (1) of
BMG composites requires a sufficient stability of the
metastable phases {i.e., nano-micrometer-size quasicrys-
talline faceted geometry [Fig. 3(a)], nano-micrometer-
size crystalline round particle shape [Fig. 3(b)], precipi-
tates with dendritic shape [Fig. 3(c)], or nano-
micrometer-size chemically inhomogeneous two phase
amorphous phases [Fig. 3(d)]} against the liquid configu-
ration to solidify together with the glassy matrix phase to
prepare as-cast BMG composites. Typically, the me-
chanical properties of in situ composites are superior to
those of ex situ composites.*®* The preparation of such
composites strongly depends on the choice of appropriate
alloy compositions and the adopted cooling rates realized
during solidification.>’® The secondary treatment in-
cludes partial devitrification by controlled anneal-
ing,’*% high-pressure torsion,*>*® or hot extrusion of
amorphous powders.*®

1. Quasicrystal-BMG composites

Nanometer-sized quasicrystal (QC) reinforced as-spun
BMG composites have been prepared in Al-(V,Cr,Mn)—
T™,> Al-Mn-Ce,*® and Al-V-Ce-TM*’ (TM = Fe,
Co, Ni, Cu) ribbons. For these systems, the formation of
quasicrystalline phases together with either an amor-
phous phase or with an Al-rich matrix strongly depends
on the Mn and Ce content in the alloy composition.>® The
QC-Al-based glassy matrix composites are more brittle
than QC-reinforced crystalline Al matrix composites.*®
In addition, as-cast micrometer-sized quasicrystal-
reinforced BMG composites [Fig. 4(a)] in Zr-Ti-Nb-
Cu-Ni-AI’® and nano-sized QC-BMG composites in
TiyZry5sNijs_CuBesy (5 at.% < x < 15 at.%)"° have
been synthesized in the form of bulk specimens. At
higher cooling rates, fully glassy samples can be obtained
for these alloys.”®*® However, the stabilization of a qua-
sicrystalline short-range order strongly depends on the
amount of oxygen dissolved in the melt.°>" Controlled
annealing of ZrgsAl; sCu,; 5 Ni;o)M, (M = Ag,
Pd, Au, or Pt; 5 < x =< 10) at 705-800 K produces
nano-quasicrystalline icosahedral (I) phase BMG com-
posites.®? Some of the nano-QC BMG composites®”%?
show improved room-temperature plastic strain (frac-
ture strain of 5%) compared to monolithic bulk metallic
glass.

(@

(b)

(c)

(d)

FIG. 3. Schematic representation of microstructures of in situ composites with different second phase dispersions and different length scale with
(a) quasicrystalline phase, (b) spherical shaped nano-micrometer-sized crystals, (c) dendritic phase, and (d) two phase amorphous.
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2. Crystalline-BMG composites

The preparation of nano-micrometer-size crystalline
particle-reinforced BMG composites requires proper de-
sign of the alloy composition, an appropriately tuned
cooling rate, and/or controlled heat treatment to control
the size, morphology, and volume fraction of the second
phases. The shape of the crystalline particles is either
spherical [Fig. 3(b)] or dendritic [Fig. 3(c)]. For example,
in Zrs, Al Cu,oNigTis, partially devitrified nanocrystal-
line-BMG composites form after controlled annealing at
673 K. For this alloy, different volume fractions of
nanocrystals (40, 45, 68 vol%) have been precipitated by
proper annealing treatment.®> An optimized volume frac-
tion (40 vol%) of nanocrystalline particles has been
found for improving the strength. Because crystallization
of metallic glasses in Zr-based BMGs often produces
Zr,M-type brittle intermetallic compounds (M = Cu,
Ni), the resulting mechanical properties of such
nanocomposites are not really superior, but often a ten-
dency for embrittlement that restricts the plastic deform-

FIG. 4. (a) Micrometer-size quasicrystal reinforced®® and (b) fec
nanocrystallite reinforced in situ BMG composites.®’

ability is observed.*® However, the size of the primary
crystalline phase in Zrs;Al;oCuyoNigTis is smaller (5-10
nm) than that for ZrssCusoAl;Nis (50100 nm), which
indicates that the presence of the fifth element Ti in-
creases the nucleation rate and decreases the diffusion in
the supercooled liquid region, thus limiting the growth
rate of the precipitates.*® This gives some hints for fur-
ther optimized alloy design and annealing conditions.
Recent approaches based on in situ annealing of
ZrssTisAl oCuyoNi g, ZrssAl oCu,oNi oPds, and
7155 TisAl, sCu,,NigGa, 5 in a synchrotron beam show a
better control of the size of the nanocrystals (~5 nm) and
their homogeneous distribution in the amorphous matrix,
as revealed by transmission electron microscopy inves-
tigations.®* Moreover, as-cast bulk nanocrystalline BMG
composites (diameter = 2 mmJ) have been produced in
relatively poor glass-forming Cu-based alloys such as
Cugo(HE/Zr) 4o Ti 0,0 Cu,,TissZr,,NigSi;,*” and
CuggZrsoTi 10.%% A typical microstructure of such as-cast
glass matrix nanocrystalline composites is presented in
Fig. 4(b). The nanocrystallites correspond to a Cu-rich
face-centered cubic (fcc) phase67 or have a simple cubic
structure 56608

In recent years, micrometer-sized crystalline particle-
reinforced in situ BMG composites have been prepared
in several alloy systems. A new era started when Hays
et al.?’ reported the preparation of an in situ composite
microstructure consisting of ductile body-centered cubic
(bce) B—Zr(Ti) dendrites in a glassy matrix by modifying
the Vit-1 composition for a Zr—Ti-Nb—Cu-Ni-Be alloy.
This composite exhibits 5-6% compressive plastic strain
at room temperature.””> A similar microstructure [Fig.
5(a)] forms in the case of dendritic bee B—Zr(Nb) rein-
forced Zr—Nb—Cu-Ni—Al glassy alloys.”>*’ Moreover,
dendritic hexagonal close-packed (hcp) a—Ti reinforced
TisCu,3NiseSn;,*” Nb-rich dendritic phase reinforced
(Cug ¢Zry25T1g $)o3Nb-"? or Ta-rich dendritic phase re-
inforced (Cug soHfy 35Tip.10A80.05) 10018, (0 < x < 12
at.%) [Fig. 5(b)] bulk glassy composites’' have been
prepared. In all these cases, the morphology of the
second phase is dendritic. The typical design strategy for
the preparation of composites is reviewed in Refs. 72
and 73. Based on this idea,”> a new class of nanocom-
posite material can be prepared in Ti-based’*’® and Zr-
based””"7° alloys with bimodal grain size distribution
with bee Ti(Ta/Nb,Sn),”*7¢ Zr(Nb),””"® or a-hcp Zr
(Ni)”® dendrites embedded in a nanostructured matrix.
Along this line, dendritic B2 Ni(Ti,Zr) phase reinforced
Ni—(Cu)-Ti~Zr-Si nanocrystalline/BMG composites can
be obtained even at very low cooling rates, allowing the
preparation of large arc-melted ingots.®>®! Typically, the
casting conditions have a greater impact on the resulting
composite microstructure than slight composition varia-
tions.”®%? For example, the dendritic cells in centrifu-
gally cast samples are more spherical with fewer
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FIG. 5. As-cast (a) bec B—Zr(Nb) dendritic phase reinforced in situ
Zr s 4CU, o sNig ,AlgND, , composite? and (b) Ta-rich dendritic phase
reinforced in-situ Cu-based composite.”!

pronounced secondary arms than in the case of injection
or suction cast bulk specimens.®*

Near spherical particle reinforced in situ BMG matrix
composites can be prepared in (Zt,, ,Ni, ,C 5)goAl o Tag>
or (Cug ¢Zro5Tig )osTas™t alloys by adding Ta to the
glass-forming alloy composition. In these cases, 10-20
micrometer-sized Ta(Zt/Ti)-rich®*®* solid solution
phases precipitate during solidification, and the residual
melt vitrifies into a high-strength glassy matrix. A similar
microstructure forms for body-centered cubic (bee) a-Fe
reinforced (Mg, 65CU0.075Nl0.075210.05A80.05 Y 0.1) 100-F €
(x = 9 and 13) BMG composites with high specific
strength.?®

3. Noncrystalline particle-BMG composites—two
phase amorphous structures

Phase separation in as-spun metallic glasses was
observed long ago in Pd—Au-Si® and Pd-Ni-P.%¢
Nanometer-scale phase separation also occurs during an-
nealing in the supercooled liquid region in bulk metallic

glasses before primary crystallization, for example in
Vit-1 (Zr,, »sNb,575Cu,, sNi;oBes, 5).¥7 In addition,
phase separation in the undercooled melt was also
observed in Mg.,Cu,sY,Li; metallic glassy rib-
bons.®® Nanoscale “liquid phase” phase separation
occurs in PdyoNiyPoo,® Pdg,Si;0,”° Cuy, sZr,, sAlL,”!
Cu,,Tis3Zr, NigSi,,”? Cu,3Zr,;Al,Ag,,°”?
CuyeZryr_ Y Al (0 < x < 35 at.%),”* Zr,5Y 53AL,Co,,,””
Nisg sNbo25Y5) 5.7 NiggNbyg_Sn, (3 < x < 9 at.%),”
and AuuoAgs sPd, 3Clsg 0Si 165 bulk metallic glasses in
the as-cast state. A typical composite microstructure con-
sisting of two amorphous phases as it develops in
Ni-Nb-Y?® is presented in Fig. 6. The chemical demixing
can be explained in terms of a positive enthalpy of mix-
ing””*® between the constituent elements or as a prelimi-
nary stage of primary crystallization in the supercooled lig-
uid region.*” Even though two-phase amorphous compos-
ites represent a unique structural hierarchy of BMGs,
besides the Cu-based alloys,”*** most of these phase-
separated glasses do not show plastic deformability at room
temperature, in contrast to what one could expect. This
finding is still only poorly understood and certainly requires
further investigation.

lll. DEFORMATION

The mechanical properties of monolithic BMGs show
a unique combination of high strength, from 1 GPa in the
case of Mg-based BMGs up to 3—4 GPa in the case of Fe-
or Co-based BMGs, and low Young’s modulus (80-90
GPa), together with an elastic strain of around 2%.%>
However, the macroscopic ductility of most metallic
glasses is rather low.? Catastrophic failure occurs soon
after yielding, and the plastic deformation is limited to a
few percent at best in compression (mostly <1%). To
circumvent such limitations and to obtain both high
strength and enhanced ductility, a large number of com-
posite microstructures have been recently developed, as

FIG. 6. Two phase amorphous composite in Ni-Nb-Y BMG.*¢
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discussed in the former section. The notion of “bulk me-
tallic glass composites” thus refers to a large variety of
microstructures and, consequently, to a wide range of
mechanical properties. In particular, different combina-
tions of strength and ductility are expected. In the fol-
lowing sections, the influence of the second phase on
several issues of mechanical properties of glassy matrix
composites will be discussed.

A. Strength and ductility

The factors governing the strength and ductility and
the toughening mechanisms in BMG composite micro-
structures include the properties of the reinforcing
phases, such as their elastic properties; their yield
strength and ductility for enhancing the load transfer
from the matrix to the reinforcing phase(s); and the prop-
erties of the interface between the second phase and the
glassy matrix in terms of bonding strength and wettabil-
ity, together with the volume fraction, size, and morphol-
ogy of the second phases,”%

Usually, the ex situ composites contain a reinforcing
phase, such as TiC,'®" TiB,,'™ WC,'® ZrC,'™ or Z10,'"”
particles, W/steel filaments,>**%® or carbonnanotubes™
embedded in the glassy matrix, which leads to higher
fracture strength with increasing amount of reinforcing
phase, as shown in Fig. 7. The strengthening role of the
second phase is particularly important for Mg-based
BMGs, where, for example, a strength twice as high can
be reached by adding 20 vol% TiB, particles.'® How-
ever, except for the Zr-based BMGs reinforced with
W or steel filaments,” the reinforcing effect of the sec-
ond phase seems to decrease when the volume fraction of
the particles becomes too high.'®"'%7 For example, when
10 vol% WC is added to a Cu-Ti—Zr-Ni-Sn-Si amor-
phous alloy, the fracture strength increases from 1600 to
2250 MPa. However, further addition of 10 vol% WC
only leads to an increase of 150 MPa.!® In some cases,
the fracture strength of the compositc cven decreases,
revealing that the strengthening effect of the second
phase changes toward a tendency for embrittlement with
increasing volume fraction of particles."®"'%” Generally,
the higher fracture strength obtained by the addition of
particles or fibers is linked with an improvement of the
ductility compared to the monolithic BMG.** However,
except for the Zr-based BMGs reinforced by W fila-
ments, for which a strain to failure of up to 18.5% has
been reported,””'™ the ductility is still limited to 1-5%
plastic deformation. An enhancement of plastic de-
formation up to 24% has also been reported for a
Zr NbsAl  Cu, 5 4Ni,, o, BMG reinforced with Nb par-
ticles.*” In that case, the increase in plastic deformation
is mainly due to the ductile nature of the particles and is
accompanied by a significant decrease in the flow stress
from 1800 to 8300 MPa.

Compared to the ex situ process, in situ processing
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FIG. 7. Compressive fracture strength as a function of the volume
fraction of crystalline phase for different ex situ composites. The data
are taken from Refs. 52, 54, 101-103, and 107.

usually leads to better bonding between the matrix and
the crystalline phase(s).*’~>> The deformation behavior
of in situ composites obtained either by partial crystalli-
zation of the glass or by precipitation of particles during
the casting process strongly depends on two parameters:
the volume fraction of the crystallites and their size. The
effect of the particle volume fraction on the compressive
behavior of the amorphous and partially crystallized
Zr5,CusAl o NigTig alloy is shown in Fig. 8.%* The par-
tially crystallized samples are obtained by annealing the
monolithic BMG and consist of nanoprecipitates with a
grain size of 2-10 nm, which are homogeneously distrib-
uted in the amorphous matrix. Up to a critical volume
fraction of nanocrystals (V) of around 40 vol%, the
flow stress of the material increases without any detri-
mental effect on the ductility. For V; = 45 vol%, the
flow stress still increases, but fracture occurs soon after
yielding (e, < 1%). With further increase of Vj, the
sample becomes brittle, and a drastic fall of the fracture
stress occurs. A similar trend has been observed for
Zr-Al-Ni-Cu-Ag'® and Zr-Ti-Cu-Ni-Al'" BMGs
with nano-quasicrystalline precipitates. The influence of
the crystallite size on the mechanical behavior, especially
on the ductility, is still unclear. In another case, addition
of I at.% Si to a Cu-Ti—Zr-Ni BMG leads to a nano-
phase composite microstructure, which consists of a uni-
form distribution of fcc nanoscale particles about 8-12
nm in size in an amorphous matrix.®” On the other hand,
addition of 1 at.% Sn instead of Si to the same base
composition leads (o a microstructure composed of a
nonuriform distribution of 10 vol% star-shaped precipi-
tates 3-5 wm in size.*” While the Cu-Ti-Zr-Ni BMG
and the Cu-Ti—Zr-Ni-Sn composite. exhibit almost no
plastic deformation (€, < 1%), the Cu-Ti—Zr-Ni-Si alloy
is able to sustain up to 2.2% plastic deformation. Bian
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FIG. 8. Compressive stress—strain curves of the amorphous and par-

tially crystallized Zrs;Cu,Al oNigTis alloy: (a) as-cast, (b) 40 vol%,
{c) 45 vol%, and (d} 68 vol% nanocrystals. >

et al. have shown that, by increasing the size of
quenched-in crystallites from 300 to 1000 nm,
Zrs; sCu 5 gNi, oAl Tis composites undergo a ductile-
to-brittle transition.''® Leonhard et al.® reported that the
formation of 10 vol% micrometer-sized crystallites dur-
ing casting leads to brittle failure, whereas the same
amount of nanocrystals in the glassy matrix does not alter
its mechanical properties. On the contrary, in situ (Zrog—
Ni,;,Cusglop_ Ta Al (x = 6, 12) composites containing
homogeneously dispersed Ta particles 20-50 pm in size
in an amorphous matrix exhibit a large apparent plastic
strain in compression (16.6%) as well as work harden-
ing.'""" These composites are obtained by addition of
6-12 at.% Ta to a Zr-Ni-Cu-Al BMG. Apparently, Ta
addition has two effects on the resulting microstructure:
it leads to the formation of Ta-rich solid solution par-
ticles, and it modifies the composition of the glassy ma-
trix, leading to an increase in medium-range order, which
carries the plasticity in the amorphous phase.''* There-
fore, the enhanced ductility may result from both contri-
butions of the particles as well as from structural changes
in the matrix.

The best combination of high strength and improved
ductility is obtained for bulk metallic glass composites
containing a ductile dendritic phase.”! Such composites
exhibit enhanced plastic deformation in compres-
Si0n’25728.71,ll3—115 tension,ZS,llS—llS and bending.zs" 16,117
A higher volume fraction of dendrites drastically en-
hances the ductility in compression (6-20%) with only a
limited effect on the yield strength [Figs. 9(a)-9(b)]. Al-
though for Cu-based BMGs a small amount of dendritic
phase is sufficient to enhance the plastic deformation
considerably,”’ for Zr-based''® and La-based compos-
ites,'1* a critical volume fraction (around 40 vol%) has to
be reached for any significant effect on the ductility to be
detected. The slight decrease in the yield strength com-
pared to monolithic BMGs is counterbalanced by work

J. Mater. Res., Vol. 22, No. 2, Feb 2007

hardening, which occurs during plastic deformation of
the ductile samples. The resulting fracture strength is,
consequently, in the same range’>''* or even higher than
that for the monolithic BMG. The few data available on
the tensile behavior of glassy matrix/dendrite composites
show that plastic deformation can also be obtained.’'”
Fracture occurs after substantial necking, and the local
strain can reach 15%.*>'"® Results on La-based'' and
Zr-based''® composites reveal a stress sensitivity of the
vield strength under different testing conditions. For the
La-based composites, the compressive yield stresses are
6-31% higher than the values in tension.''* In crystalline
materials, such a yield asymmetry is characteristic for the
effect of the normal stress on the slip plane.’*® Donovan
was the first to report such a phenomenon for Pd-based
metallic glasses.'” He concluded that yielding of metal-
lic glasses obeys the Mohr—Coulomb yield criterion
rather than the von Mises criterion, which is appropriate
for polycrystalline metals.'*’ The results mentioned
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FIG. 9. {(a) Compressive yield strength and (b) total strain as & func-
tion of the volume fraction of crystalline phase for the glassy matrix/
dendrite composites. The data are taken from Refs. 71, 114, and [ 18.
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above for BMG composites are also in agreement with
molecular dynamics simulations performed on the defor-
mation of metallic glass, which predict a 24% higher
yield stress in compression than in tension.'** However,
the difference between tension and compression de-
creases with increasing volume fraction of dendrites and,
for V; = 50%, the asymmetry between tension and com-
pression nearly disappears.''* This may indicate a tran-
sition from a glassy phase controlled to a crystalline
phase controlled yielding, i.e., from an asymmetric yield
criterion (typically of the Mohr—Coulomb type) to a sym-
metric yield criterion (typically the von Mises criterion}.
The different vield criteria can be unified in an “eliipse
criterion.”’®* According to this ellipse criterion, the
yielding of materials depends on a material-dependent
constant parameter o, which approaches (i) a value o —
0 for ductile crystalline materials with low strength,
(i1) a = 1/3 to 273 for high-strength materials, such as
BMGs or nanostructured materials, and (iii) o = V2/2 for
brittle materials with high hardness, such as rock, inter-
metallics, ceramics, etc.'®?

B. Hardness

The presence of crystalline second phases in ex situ or
in situ composites increases the hardness of the material
significantly, as shown in Fig. 10. In most cases, the
hardness increases almost linearly with the volume frac-
tion of the crystalline phase, which is consistent with the
Tabor relation H, = 3a.'?' The strengthening effect of
the second phase, already revealed by the increase in the
fracture strength, results from the considerable difference
in the hardness of the individual phases.'** For example,
the hardness values of the Cu,;Tiy;Zr, NigSn,Si, matrix
and of the TiB reinforcements are 543 and 2500 H,,
respectively.'® However, the presence of second-phase
particles alone is not sufficient to explain the hardness
values, especially in the case of the in situ composites
where a significant deviation from the rule of mixtures
has been reported.'* For partially devitrified glass, the
hardness of the composite is the result of two effects: a
phase mixture effect and a change in the composition
of the glassy phase. Indeed, in situ crystallization may
induce a difference in the composition between the
glassy matrix and the precipitates.'*® Afier partial devit-
rification, the composition of the remaining glassy matrix
is changed compared to that of the starting monolithic
glass. Thus, the hardness of the glassy matrix changes
with proceeding partial devitrification. Studies of the
hardening mechanism of melt-spun Al-based composites
have even shown that hardening of the remaining glassy
matrix due to solute enrichment during crystallization
can be the predominant effect.'*’

A similar effect has been revealed for BMG/dendrite
composites.”’ For Cuo-Hf-Ti-Ag-Ta composites,”" the
dendrites act as a softening phase, and a decrease of the
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FIG. 10. Hardness as a function of the volume fraction of crystalline
phase. The data are taken from Refs. 36, 54, 101, 102, 124, and 125.

hardness of the composite is expected with increasing
volume fraction of dendrites. However, due to the change
in the composition of both the dendrites and the matrix,
a decrease of the hardness of the two individual phases is
registered when the volume fraction of the dendrites in-
creases. The hardness of the matrix (initially 9.66 GPa
for the single phase glass) decreases to 9.63 and
9.36 GPa, and the hardness of the dendrites decreases
from 6.0 to 5.21 GPa, when the volume fraction of the
dendritic phase increases from 4.3 to 26.5 vol%.

C. Fracture energy

In the case of monolithic glasses, the fracture energy.
either measured by Charpy impact testing or calculated
from the fracture toughness, depends on the composition
of the alloy.'”2' Zr- and Cu-based, as well as some Fe-
and Pt-based BMGs exhibit fracture energies between
60 and 90 kJ/m* whereas Mg- and Ce-based BMGs and
some Fe-base BMGs exhibit values below 10 kJ/m?, Ac-
cording to Lewandowski et al.,'*® a universal correlation
exists between the fracture energy and the elastic modu-
lus ratio w/B. When the p/B ratio is low (u/B <041
0.43), the metallic glass is intrinsically ductile, even
though it exhibits no macroscopic plastic deformation.
Plasticity is then confined to very localized shear bands
where the strain can reach up to 100%. On the contrary,
for a high w/B ratio, the material is intrinsically brittle
and characteristic cleavage features are observed on the
fracture surface. Few studies report the fracture energy of
BMG composites, as measured by Charpy impact
tests.''*12% Two different behaviors are observed, de-
pending on the nature of the crystalline phase. Figure 11
shows the fracture energy as a function of the volume
fraction of crystals for a La-based glassy matrix-dendrite
composite''* and a partially deviirified La-based
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glass.'*® For monolithic Lag,Al,,(Cu,Ni),,''" and
LassAlsCu oNisCos'*? BMGs, the impact toughness is
17 and 9.43 ki/m”®, respectively. The data are normalized
with respect to the highest measured value.

For the a-La dendritic phase reinforced BMG com-
posites, no significant effect of the crystalline phase on
the fracture energy is detected for V; < 40%.'"* Beyond
this value, a drastic increase of the impact toughness is
registered, and the fracture energy becomes up to 60%
higher (V; = 50 %) than that for monolithic BMGs, A
similar improvement has also been reported for a
Zrse »Ti 5 §Nbs (Cug oNis (Be;, s BMG composite®?
where the introduction of 25 vol% P—Zr(Ti,Nb) dendrites
increases the toughness from 80 kJ/m? for the monolithic
BMG to 200 kJ/m?® for the composite.

However, the glass matrix-nanocrystalline (unknown
intermetallics) composite'*” obtained by partial crystal-
lization exhibits the opposite trend (Fig. 11). For V; <
50%, a drop of the fracture energy by 90% (from 9.43
to 0.79 kl/m?) is registered, whereas for V, > 50%,
the impact toughness is nearly constant. A slight in-
crease from 0.79 to 1.37 kJ/m? is even detected when V;
further increases. The same trend has been reported by
Lewandowski et al.'* for a partially devitrified Zr-based
metallic glass (Vit-1). With increasing volume fraction of
crystals, the impact toughness decreases to very low val-
ues (G < 10 k}/m®). In both cases, no significant effect of
the second phase on the impact toughness is detected
below a critical volume fraction of micrometer-sized
dendritic crystalline phase or beyond a critical volume
fraction of nanocrystalline phases. This critical volume
fraction (around 40-50%) is consistent with the one de-
termined for ductility improvement/embrittlement. When
the fracture energy is high, the ductility is enhanced
whereas a low fracture energy induces brittleness. As for
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FIG. 11. -Fracture energy (kJ/m?) for a Lagg (Alj4(Cu, Ni), (¥ = 1210
24) glassy matrix/dendrite composite'™ and a partially devitrified
LaggAlysCu,  NisCos BMG.'*
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monolithic BMGs, the fracture energy can be correlated
with the /B ratio.'*® When increasing crystallization is
induced in a Zr—-Ti—Cu-Ni-Be glass, the fracture energy
decreases from 74 to 0.4 kJ/m” while the w/B-ratio in-
creases from 0.324 to 0.411.128130

IV. FRACTURE
A. Fracture angle

Fracture in metallic glasses occurs along the maximum
shear stress plane at a critical shear stress 7,. Bulk me-
tallic glasses undergo fracture at a plane of 45° according
to the Tresca yield criterion'*' in compression or in ten-
sion because of extensive shear localization and shearing
off along the maximum shear stress plane. However, ex-
tensive studies'?'~'** have shown that the fracture plane
of metallic glasses deviates from this criterion. In com-
pression, the measured angle generally ranges between
40° and 43° whereas in tension, it is usually between 50°
and 60°.*! Such a deviation from the maximum shear
stress plane suggests that the normal stress (o or )
should be taken into account, which is in agreement with
the Mohr—Coulomb model already mentioned for the
yield asymmetry.'?! The critical shear stress for hoth
shear compressive and tensile failure is then given by

T, =Ty + WU, (for compresston),
Tr =Ty — ey (for tension),

where . and pp are two constants for compresston and
tension.

The results on the fracture angle measurements for
BMG composites are less uniform than for monolithic
BMGs. In most cases, fracture occurs in a shear mode,
and the fracture angle is similar to the one measured for
comparable single-phase BMGs.”''® However, an en-
hanced contribution of the normal stress in compres-
sion, with a fracture angle around 31-33° has been re-
ported for a Zr-based BMG (Zrs5; 5CU44 5N 75Al5 5Tas)
containing Ta-rich precipitates.'*> Normal tensile frac-
ture, with a fracture plane perpendicular to the ten-
sile axis, occurs in cases of partially crystallized
Zrsy sNiy, Al oCuy 5 oTis'?' and for La-based dendrite
composites.''* For this latter alloy system, even
monolithic BMGs break with this fracture mode. Normal
tensile fracture is attributed to low tensile fracture
strength and to the main contribution of the crystalline
phase to the fracture mode.”*' Some examples of com-
pressive specimens breaking into multiple pieces have
also been reported by Zhang et al.’*! At last, a mixture of
shear fracture and delamination has been reported for ex
situ composites containing filaments. Here, delamination
becomes more and more important with increasing vol-
ume fraction of fibers.>® Therefore, the fracture angle is
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the result of a competitive process between shear, dis-
tensile, and normal tensile fracture depending on the
loading mode and the microstructural features.

B. Fracture surfaces

The typical fracture surface of bulk metallic glasses
loaded under compression displays a veinlike structure
characteristic of a pure shear fracture mode,*®-!3!-134-136
This pattern is attributed to local softening or melting
inside the shear band induced by the high elastic energy
release upon instantaneous fracture.'* For some BMGs,
the veinlike structure coexists with riverlike patterns and
smooth areas under uniaxial complression,134 as depicted
in Fig. 12. In this case, the fracture surface is covered by
a riverlike pattern, intermittent smooth featureless re-
gions, and a vein pattern. The origin of such morphology
on the fracture surface has been described in Ref. 134.
Besides the appearance of the vein pattern on the fracture
surfaces of BMGs, the formation of riverlike patterns is
due to the effect of the normal stress, which acts locally
on a shear plane. The intermittent smooth regions form
when a high rate of crack propagation is locally estab-
lished after overcoming the threshold imposed by a crys-
talline particle.'** The typical fracture surface of BMGs
loaded in tension is quite different. Besides the veinlike
pattern, it exhibits featureless round cores, which are gen-
erated by the normal stress acting on the shear plane.'*”

The fracture surfaces of composites are more complex.
A mixture of different features can be observed the pro-
portions of which depend on the volume fraction of the
crystalline phase. Two cases have to be distinguished.
When V; increases and enhances the ductility of the com-
posite, a mixture of veinlike features and highly rough
surfaces with extensive local melting is observed in com-
pression.'**13*133 The length scale and area fraction of

FIG. 12. Fractographic features appeared on Zrg, Ti,Nb,Cu,,NigAly
BMG under compression showing the coexistence of riverlike pattern
(frame 1), intermittent smooth regions (frame ii), and typical veinlike

pattern (frame iif). 134

the veinlike structure decrease when the amount of crys-
talline phase increases. When the sample is loaded in

tension''* or in compression under dynamic condi-

tions,* dimples are also observed. The lateral surfaces of
the deformed samples show multiple shear bands parallel
to the direction of the fracture plane.'>* With increasing
Vs, the shear bands become more dense, and secondary
shear bands form, induced by branching of the main
shear bands and perpendicular to them.'**

As the addition of a crystalline phase leads to em-
brittlement, the fracture surface usually consists of a mix-
ture with a veinlike pattern, rough areas, and eventually
honeycomblike features.'®’'>” When V; increases, the
area covered by the veinlike morphology decreases, more
microcracks and microvoids appear essentially along the
shear bands and at the matrix/crystalline interface, and
the shear band density on the lateral surface decreases.llo
In all the cases, shear bands, and then cracks, propagate
through the glassy matrix and interact in different ways
with the crystalline phase: either they move around or cut
through the particles.'>?

V. DEFORMATION AND FRACTURE
MECHANISMS

A. Monolithic bulk metallic glasses

Monolithic BMGs exhibit only limited macroscopic
plastic flow due to the formation of highly localized
shear bands under loading.”® The shear localization is a
result of a rapid dilation accompanying the high-rate
shear deformation of short-range ordered clusters.'*:!3°
Spreading of such localized shearing events occurs
around shear transformation zones (STZs)'**'*° and cre-
ates free volume.'*® Localized shear transformations
along certain preferred directions (i.e., along the direc-
tion of the maximum shear stress) create microstructural

. shear bands. Accumulation of free volume inside the

shear bands decreases the viscosity, which finally ap-
pears as strain softening/thermal softening.”®> Due to lo-
cal softening in the shear band, the region inside the
shear band(s) deforms more easily than the rest of the
sample.>® Therefore, the softening in the shear bands
leads to further plastic flow, and only a few shear bands
have to be activated, leading to catastrophic failure soon
after yielding.

B. BMG/nanocrystal composites containing
quasicrystals or intermetallic compounds

The mechanical properties described above show that:
(i) crystals have a strengthening effect on the glassy ma-
trix as shown by hardness measurements, (ii) there is a
critical volume fraction of (quasi)crystalline phase for
which a ductile-to-brittle transition is observed, and (iii)
nanocrystals®® are more efficient than micrometer-sized
particles for improving the mechanical properties.
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Because nanoscale particles are free of defects (espe-
cially free of dislocations), the nano(quasi)crystals ob-
tained either by partial devitrification or by quenching
constitute a hard and nondeformable phase, as typically
assumed.®*'*! Below the critical volume fraction, the
nanocrystals are isolated and homogeneously distributed
inside the matrix. Becaunse their size is smaller than the
shear band spacing, they increase the resistance to flow
deformation by increasing the viscosity inside the shear
band.®*'*® The glassy matrix hardens, which leads to a
higher strength, and shear band propagation is retarded,
thus enhancing the ductility. The nanocrystals seem to
have no effect on crack initiation, and the deformation is
still controlled by the amorphous matrix. Beyond the
critical volume fraction, agglomerates of particles/
crystals occur.®*'*""1*? Thus, microstructural length scale
becomes coarser than the shear band spacing. Stress con-
centrations appear at the interface between the crystals
and the matrix and lead to the formation of microcracks,
which accelerate the development of a long crack.'®” The
flowability of the matrix decreases and the deformation
becomes mainly controlled by the crystalline phase. The
same process occurs when the size of the crystallites is
too large (typically in the micrometer range).

C. BMG/ductile dendrites composites

The deformation mechanism of BMG/ductile B—Zr/Ti/
Nb/Ta dendrite composites can be described as fol-
lows.?>® In the first stage, the ductile dendritic phase
begins to yield, and part of the load is transferred to the
surrounding glassy matrix. Possibly because of the strong
interface between the [3-phase and the matrix, the load
transfer causes early yielding of the composite. Just after
yielding, primary shear bands are initiated and propagate
inside the glassy phase until they are blocked by the
dendrites.'*'** The slip is transferred from the matrix
to the dendrites, and secondary shear bands are initiated
in another direction to accommodate the strain. With fur-
ther increasing strain, multiplication of shear bands in
both directions occurs. The propagation of the shear
bands is further hindered by the P-phase. The shear
bands first move around the dendrites, but for higher
strain levels, they cut through the crystals. During this
process, microcracks are nucleated along the shear bands
or at the dendrite/matrix interface. The crack propagation
follows the shear band propagation, and similar phenom-
ena occur. Cracks move around the dendrites, cut
through them, or are stopped by them. Whatever hap-
pens, the pathway through which the crack propagates
increases, but its propagation rate is retarded. The mac-
roscopic consequence is an enhanced ductility. Accord-
ing to the previous scenario, the contribution of the den-
drites to the ductility mainly occurs via shear band mul-
tiplication, branching, and interaction. As mentioned
before, for monolithic BMGs, the strain localization in-

side the shear bands induces softening, which leads to
further plastic flow. Because of the strong interface be-
tween the crystalline phase and the matrix, the dendrites
can accommodate the stress intensity within the shear
band. This results in a decrease of the local temperature
inside the shear band, which stops temporarily, leading to
a hardening of the glassy matrix. The intrinsic deforma-
tion behavior of the dendrites is also important as dislo-
cation slip and multiplication occur in the B-phase and
lead to work hardening, which further enhances the duc-
tility.'*”

However, as shown in Fig. 9(b), only the presence of
an intrinsically ductile phase is not sufficient for signifi-
cant plastic deformation. There has to be an effective
interaction between the length scale of the shear band and
the microstructural length scale of the dendrites.®® When
the volume fraction of crystals is too low or if the den-
drites are too small to hinder shear band propagation,
there are not enough interfaces to initiate new shear
bands. To have a beneficial effect on the ductility, the
size of the dendrites should be at least equivalent to the
shear band spacing. L.ec et al. have shown for a
Lags Al (Cu, Ni), (y = 12 to 24) BMG/dendrite com-
posite that the shear band spacing is in the range of 5 to
20 pm.'" When the volume fraction of the B-phase is
too small, the interdendritic spacing is around 10-40 jem,
the dendrites do not substantially affect the shear band
propagation, and no effect on the macroscopic ductility is
detected. For the critical volume fraction of dendrites, the
interdendritic spacing is on the order of 2-8 pm, i.e., just
a little bit smaller than the shear band spacing. Then
efficient interaction between the shear bands and the den-
drites occurs, leading to work hardening and plastic de-
formation.'**

VI. DUCTILE BULK METALLIC GLASSES

Very recently, high-strength bulk metallic glasses with
enhanced room temperature ductility have been devel-
oped.'**~*? The yield strength, maximum strength, and
total strain before failure in compression of such BMGs
are given in Table I. All the alloys exhibit very high yield
strength, between 1272 and 1830 MPa, and a signifi-
cantly improved ductility as the total true strain can reach
up to 170% for binary Pdg,Si,o.°" After the yield point,
the stress level continues to increase, indicating a “work-
hardening-like” behavior.'*%'##!5° Thjs phenomenon
seems to be common to most of the BMGs exhihiting
intrinsically enhanced ductility, as shown by the differ-
ence between the yield strength and the maximum flow
stress (Table I). The observation of such macroscopic
hardening under compression is presented for Cu-
based'*® and Ti-based'®' glasses in Fig. 13(a). Scanning
electron microscopy (SEM) observations of surfaces of
deformed samples reveal a high density of shear bands,
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TABLE I. Yield strength (o}, maximal flow stress (o), and total
strain {€;) for recently reported ductile BMG.

Alloy o, (MPa) Tpnax (MPa) € (%) Ref.
Cuyg sAly sAly 1547 2265 18 146
Cuy+Zr, Al Ag, 1500 1830 8 93
CugeZrsg 1430 2550 9.6 155
TiysCuyoNip sZ158n, 5 16 i3]
Ptsz sCupy 7Nig 3Paz 1400 1470 228 147
Pdg,;Si,q 1309 2590 Tree (70 90
ZigsAly JNi o Pd5 5 1594 1698 6.6 148
ZrsgTasCu gNiyAl 1700 1700 6.8 112

which are organized in two networks'*®: primary shear
bands, which are more or less parallel to the fracture
plane, and secondary shear bands perpendicular to the
previous ones. The shear band spacing can be very small
(around 150-500 nm), as revealed by high resolution
scanning electron microscopy.'*® Intersection and inter-
action between the two patterns of shear bands as well as
multiple branching and bifurcation are found. Moreover,
the shear bands are not straight in shape but display a
wavy-passing pattern.'*%

Different reasons have been proposed to explain this
intrinsic ductility of bulk metallic glasses: large Pois-
son’s ratio,’*” nanocrystallization during deforma-
tion,"** "% liquid phase separation,”®”"”? the presence of
distinct short- or medium-range order,''>'S and the de-
velopment of “glassy martensite”'>? or supercooled mar-
tensitic alloys.'™® According to Schroers et al.,"** the
large macroscopic plasticity is a consequence of a high
Poisson’s ratio (e.g., v = 0.41 for Pts; sCu, 4 ;Nig sP5s 5),
which restricts crack nucleation and/or propagation, In-
deed, for a large Poisson’s ratio, the release of local
stress concentrations is more likely to occur via shear
deformation instead of crack nucleation. Saida et al,'*®
have observed a nanoscale “bandlike” structure after de-
formation of a Zr-Al-Ni-Pd ductile alloy. The true
stress—true strain curve clearly reveals a “macroscopic
hardening,” as presented in the inset of Fig. 13(b). This
feature is claimed to result from structural segregation
and preceeding nanocrystallization induced by a local
temperature increase and concentration of the shear
stress.'*® Because of the presence of the nanocrystals,

the shear band propagation is suddenly suppressed, and -

the nanocrystalline particles are rearranged along the
stationary shear bands.'*"'*? An increase of the stress
level is then necessary to further propagate the shear
bands, which results macroscopically scale in a work
hardening behavior. Phase separation in the liquid
state” has also been suggested to be responsible for
chemical short-range inhomogeneities. In this picture,
the microstructure consists of small clusters 36 nm in
size, which are distributed throughout the glass. Signifi-
cant differences between the chemical composition of the

2400
2200
‘= 20004
& 2360 X
2, 1800 2200{ :
2 16001 oo TiysCuggNiz sZrsSns s
] - y
£ 14004 g_? 2000
2 1200 =, 190 [148]
= w1800 T
§ 1000 4 v T T N I
W 800 @ Cuyrs Zrg sAls
= 9 18s0
3] A 3
603 £ [143]
400 1500 .
True strain (%)
200 4 1750
0 a & 12 15 20
O ¥ T T 1 T T T v T v L] T T T T T M
0 2 4 6 8 10 12 14 16 18 20
(a) Engineering strain (%)

[152]

)
=1
3
§ i 17501 ZrgsAl7 sNipPdizs  [145]
: A )
g 5 17004
I o
‘ED g 16504
= 2 1600
2
0 .

0 5 10 15

(b) Engineering strain (%)

FI1G. 13. Engineering stress—strain curves of a few work-hardenable
ductile bulk metallic glasses under compression: (2} Cuyy sZr,; sAL'*
and Ti,5CuNi; 21581, 5,"*' (inset) true-stress-trie-sirain curyes and
(b} CuuoHf,,Al, BMG,'® (inset) true stress—true strain curve of
Zrgshl, Ni o Pd,; 5 BMG,'#®

matrix and the clusters have been revealed by energy-
dispersive x-ray analysis (EDX) and field ion micros-
copy (FIM).”* Because of these different chemical com-
positions, different areas in the glass may require a dif-
ferent critical shear stress to initiate shear bands, and the
nanoclusters can hinder and deflect their propagation.
Finally, a Zr,g sCu,s sAl; BMG composite containing a
micrometer-scale martensite phase has also been found
to exhibit 6.6% plastic deformation.'>*

It is interesting to notice that the ZrgsAl, sNi -
Cuy, 5 Pd, monolithic BMG with x = 5% is macro-
scopically brittle and requires precipitation of 5-10 nm
size nanocrystallites to obtain 8-10% plastic strain. On
the other hand, a monolithic BMG (x = 17.5) shows
large ductility and work hardening behavior'*® [inset in
Fig. 13(b)]. The same holds for CusyZrs,-base metallic
glasses and glass matrix nano-composites, '¢149:154.155
Similarly, a large ductility and strain-hardening has also
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been observed in a monolithic Cu,Hf,,Al, BMG, as
shown in Fig. 13(b)."*® The common feature of all these
ductile bulk metallic glasses is that they are rather poor
glass-forming alloys. It has recently been reported that an
increase in Poisson’s ratio is linked with a decrease of the
glass-forming ability'*” pushing such alloys more toward
fragile-type rather than strong glasses according to An-
gell’s classification.'*® Fragile glasses can be viewed as
a mixture of “solidlike” and “liquidlike” structural enti-
ties.””” Upon deformation, the more liquidlike regions
carry plasticity, similar to the dislocation motion in crys-
tals.* The liquidlike and solidlike distinction indicates
the possibility to find repeatable inelastic atomic-level
structural changes associated with the transformation of
liquidlike atomic environments into solidlike ones and
vice versa.'®® In addition, an irreversible production of
free volume due to external stress has been claimed to be
the reason for work-hardening in amorphous materiat.'®'

VIl. CONCLUSIONS AND FUTURE TRENDS

The wide range of superior mechanical properties of
bulk metallic glasses and their composites renders a
unique opportunity for developing new advanced mate-
rials, which can be exploited for a variety of engineering
applications. The unique structure—property correlation
of metallic glasses is of scientific as well as of industrial
interest. A large number of glassy matrix composites
with quasicrystalline, crystalling, and noncrystalline sec-
ond phase dispersions on the nanometer—micrometer
length scale have been produced either by solidification,
mechanical alloying and consolidation, or a secondary
treatment {(e.g., annealing or severe plastic deformation)
of amorphous precursors. Tailorable mechanical proper-
ties (strength, hardness, ductility, toughness) can be
achieved from either in situ or ex sitn BMG composites
by adopting proper processing techniques and tuned-in
compositions to change the size and the volume fraction
of the second phase dispersions, However, fine tuning to
optimize the properties requires further investigations
concerning alloy design and processing conditions.
Monolithic bulk metallic glasses do not show macro-
scopic plastic deformability, but recent advances in struc-
turally inhomogeneous glasses with high Poisson’s ratio
open a new door for “processing for unique properties™
of bulk metallic glasses. However, the deformation
mechanisms of such BMGs are still rather poorly under-
stood. Here a lot of work has to be done to elucidate the
mechanisms responsible for the observed ductility en-
hancement. This not only has to involve in-depth struc-
tural investigations of as-prepared and deformed speci-
mens, but also systematic testing under different loading
conditions and a thorough anatysis of shear band propa-
gation and, finally, of the fracture behavior. Along this
line, macroscopic mechanical testing has to be linked

with an appropriate description of the short- and
medium-range order of the glass incorporating nano-
scale inhomogeneties to gain a better model-based de-
scription and a clear picture of the underlying mechanism
of plastic deformation. Nevertheless, the high elastic
strain and high strength, good corrosion resistance, and
high fracture toughness of BMGs and their composites,
at least in some cases, give a very interesting perspective
for the development of new materials for structural and
functional applications, which can replace conventional
crystalline metals and atloys.
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