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Abstract

In this chapter, we will firstly introduce the metallic glass and its deformation char-
acteristics briefly. Then we will focus on the fabrication and mechanical properties of
metallic glass matrix composites, including ex-situ particle/fiber reinforced, in-situ pre-
cipitated phase reinforced and etc. The alloy systems will cover from Zr-based, Ti-based
to Mg-based and etc. We will also introduce the latest research on both new reinforc-
ing phases and fabrication processes, including porous particles, shape memory phases,
novel dealloying in metallic melt method, selective phase leaching method and so on.
The microstructures, mechanical properties of each kind of composites, as well as the
optimization methods, will be discussed in detail.

Keywords: metallic glass matrix composite, mechanical property, plasticity, fabrication
process, shear band

1. Introduction

1.1. What is metallic glass?

The metallic glass or bulk metallic glass (BMG) is the alloy without crystals, or so-called non-
crystalline alloys. In BMGs, the microstructure is so-called amorphous state, referring to the
long-range disordered structures between atoms inside a material. The amorphous materials
can be produced by non-crystalized cooling from melting state or vapor deposition, mechani-
cal alloying methods, etc. To date, the amorphous materials occupy a large proportion in
nature materials, from conventional oxide glass to amorphous semi-conductor, then to amor-
phous metals or bulk metallic glasses. The amorphous materials have been very important
engineering materials to support the modern economy, as well as economic and social devel-
opments. Besides the daily-used glassy materials, in high-tech fields, amorphous materials
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have been also applied a lot to optical communication, laser technology, new solar battery,
power transmission materials and so on.

Unlike the conventional oxide glasses, the amorphous alloys or metallic glasses possess metal-
lic bond between atoms instead of covalent bond. Thus, the characteristics related with metals
are maintained, such as opacity, good toughness, etc. We can say the amorphous structure is
faultless for the lack of dislocations or grain boundaries. We can also say the amorphous struc-
ture or random-arranged structure is full of defects because you can find no periodicity in it.

Even though both amorphous alloys and bulk metallic glasses are noncrystalline materials,
which are obtained from rapid cooling from liquid state, hindering the crystallization kinet-
ics [1]. The high rate of heat transfer required to prevent crystallization often limits these
noncrystalline materials to thin samples or ribbon-shaped samples. These noncrystalline
materials are called amorphous alloys. Recently, bulk metallic glasses with slower nucleation
kinetics in undercooled liquids have been processed by conventional casting at cooling rate of
107-102 K/s [2-6]. The critical size can be larger than 1 mm rods; these “bulk” noncrystalline
alloys are called bulk metallic glasses. Figure 1 illustrates the conditions for processing both
the more recently developed bulk amorphous alloys as well as traditional metallic glass alloys
developed before 1990 [4]. The plot correlating critical cooling rate and maximum sample
thickness as a function of the reduced glass transition temperature (T /T, ) shows a clear ten-
dency for the glass-forming ability to increase with increasing T /T , as such these alloys have
lower critical cooling rates and larger possible bulk cross-sectional dimensions.
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Figure 1. Plot correlating critical cooling rate (R ), maximum sample thickness (t ), and reduced glass transition
temperature (T /T, ) for bulk metallic alloys illustrating conditions for processing both the more recently developed bulk
amorphous alloys as well as ordinary amorphous alloys developed before 1990 [4].
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The criteria [7-10] for slow crystallization kinetics, a stabilized supercooled liquid and high
glass-forming ability, resulting in the formation of bulk metallic glasses, have been shown to
include:

1. Multi-component alloys of increased complexity and size of crystal unit cells such that the
energetic advantage of an ordered structure is reduced by increasing the configurational
entropy of the supercooled liquid phases.

2. Atomic radius mismatch between elements, which leads to higher packing density and
smaller free volume, requiring a greater volume increase for crystallization, as well as
limiting the solubility of these atoms in crystalline states.

3. Negative heat of mixing between the elements, which increases the energy barrier at
the solid-liquid interface and accelerates atomic diffusivity, thus slowing local atomic
rearrangements and crystal nucleation rate, thereby extending the supercooled liquid
temperature.

4. Alloy composition close to deep eutectic, which forms a liquid stable at low temperatures
that can freeze into the glassy state.

1.2. Why study metallic glass?

The research and developments of BMGs indicate that compared with traditional crystalline
materials, BMGs have an advantage in usability. The main points are as follows:

1. Better mechanical properties such as high yielding strength, large elastic strain limit,
mainly perfect elasticity before yielding, mainly perfect plasticity after yielding, no work
hardening, high fatigue resistance and high abrasive resistance. With the developments of
BMGs, the ultimate strength of metallic materials is renewed again and again. The strength
of Mg-based BMGs has increased from 600 to 800 MPa [11]. The strength of Cu-based
BMGs is over 2000 MPa [12]. Especially for Co-Fe-Ta-B alloy, the strength is over 5000 MPa
[12], which sets up a record in natural world.

2. Good processability. Near glass transition temperature (T,), the elongation of La-Al-Ni
BMGs can be 15,000% [13]. Other BMGs also show super-plasticity to varying degrees,
thus according to different application, BMGs can be manufactured into micro- or nano-
level by machining deformation.

3. Better corrosion resistance against many kinds of medium. The corrosion resistance of Fe-
Cr-Mo-B-P BMGs is 10,000 times higher than conventional stainless steel and can be used
in much severed environments [14].

4. Good physical properties such as soft and hard magnetism, unique expansive quantity.
For example, the saturation magnetization of Fe-based amorphous alloys can be over 1.5 T
and coercivity is lower than 1 A/m? [15]. When some BMGs are annealed to form nanocrys-
talline alloys, better soft or hard magnetism can be obtained, which are considered as ex-
cellent substitute for conventional materials.
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For the better physical, chemical, mechanical properties and precision shaping abilities of
BMGs than conventional materials, BMGs have shown important application value in aero-
space device, precision machine, information technology and so on. The researches of BMGs
have attracted a lot of attentions from physical, chemical and material scientists.

1.3. Room-temperature brittleness of metallic glass

Because of the metallic bonding in amorphous alloys, strain can be accommodated at the
atomic level through changes in neighborhood; atomic bonds can be broken and reformed
at the atomic scale. However, unlike crystalline metals and alloys, metallic glasses do not
exhibit long-range translational symmetry. Thus, the deformation mechanisms such as dislo-
cations, which allow changes in atomic neighborhood at low energies or stresses, do not exist
in metallic glasses. The local rearrangement of atoms in metallic glasses is a relatively high-
energy or high-stress process. The exact nature of local atomic motion in deforming metallic
glasses is not fully understood, although there is general consensus that the fundamental unit
must be a local rearrangement of atoms accommodating the shear strain. An example of such
a local rearrangement is depicted in the two-dimensional schematic of Figure 2a, originally
proposed by Argon and Kuo [16] on the basis of an atomic-analog bubble-raft model, called
a “shear transformation zone” (STZ) [17-20]. The STZ is essentially a local cluster of atoms
that undergoes an inelastic shear distortion from one relatively low energy configuration to
a second such configuration, crossing an activated configuration of higher energy and vol-
ume. The STZs are common to deformation of all amorphous metals, although details of the
structure, size and energy scales of STZs may vary from one glass to the other. In a metallic
glass body experiencing uniform stress, the STZ that is activated first is selected from among
many potential sites on the basis of energetics, which vary with the local atomic arrangements
[21-23]. The continued propagation of the applied shear strain occurs when one STZ creates a
localized distortion of the surrounding material, which triggers the formation of large planar
bands of STZs along the maximum shear stress plane, or so-called “shear bands”, as shown
in Figure 2b. For most BMGs, the deformation occurs in homogeneous through plastic strains
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Figure 2. Schematic illustrating of (a) “shear transformation zone” in which strain accommodation occurs through
localized cluster of atoms undergoing intense distortion and (b) shear band formation along maximum shear stress
plane.
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concentrated in localized shear bands at room temperature. Once a shear band initiates, the
propagation of it can be very fast (~1000 m/s), thus, the BMGs fracture catastrophically after
elastic deformation. Therefore, the room-temperature brittleness, especially under the uni-
axial compression or tension, has been one fatal problem for the wide application of BMGs.

1.4. How to overcome the problem?

To date, there are several ways that have been developed to improve the room-temperature
plasticity of BMGs, including intruding a secondary phase to develop a composite micro-
structure, surface coating, composition adjustment to induce intrinsic heterogeneity, severe
plastic deformation such as shot peening and high pressure torsion [24-27]. Although intro-
ducing a secondary phase to make a composite structure seems to be most primal methods, it
is reported that composite structure is one of the most efficient method and very easy to real-
ize. Furthermore, there are many combinations of amorphous matrix and reinforcing phases,
giving an infinite possibility to improve the mechanical properties of BMGs.

For now, there are mainly two ways to introduce the secondary phases, ex-situ direct adding
and in-situ precipitation. For ex-situ method, the various combinations of secondary particle
or fiber and the amorphous matrix makes the fabrication process easier to design. But the
interface bonding between the secondary phase and the matrix is not strong because of the
formation of surface oxide layers, which degrades the mechanical properties of them. For
in-situ method, even though the interface bonding is stronger than those ex-situ composites
because the secondary phases are intrinsically formed in the melt during cooling, but the fab-
rication process is very difficult to design. Furthermore, for ex-situ method, the size and vol-
ume fraction of secondary phases can be easily controlled by using various sized particles or
fibers with various amounts when adding. However, for in-situ method, it is difficult to opti-
mize the microstructures because the optimization process is related with the composition
adjustment. Hereafter, we will introduce the researches on both ex-situ and in-situ BMGMC:s,
including their composite structure and mechanical properties.

2. Ex-situ BMGMCs

The selection of ex-situ secondary phases includes fibers, particles, pores and porous par-
ticles. Hereafter, we will introduce the microstructures and mechanical properties of each
kind of ex-situ BMGMC:s.

2.1. Fiber-reinforced BMGMCs

The fiber-reinforced BMGMCs mainly focus on tungsten fiber, steel fiber and carbon fiber
[28-34]. Dandliker et al. have firstly fabricated the tungsten and carbon-steel continuous wire
reinforced Zr-based BMGMCs by quenching the metallic melt to a glass after infiltrating the
reinforcement [28]. The continuous long fibers in the glass matrix can efficiently hinder the
propagation of main shear bands, improving the plastic strain from 0% of monolithic BMG
to over 2% of those reinforced with steel wires. Kim et al. have successfully fabricated carbon
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Figure 3. (a) Backscattered SEM image of carbon fiber reinforced bulk metallic glass composite; (b) dark field TEM of the
interfacial region between a carbon fiber and the matrix.

fiber reinforced Zr-based BMGMC:s by infiltrating the alloy melt to the bundle of carbon fibers
in a quartz tube which are cleaned and preheated [30]. Figure 3a shows the backscattered SEM
image of the carbon fiber reinforced composite. The carbon fibers are uniformly distributed
in the matrix and the matrix appears to be uniform and free of heterogeneity. The volume
fraction of carbon fibers is about 50% and the diameter is about 5 pm. They also found that a
carbide reaction zone is formed surrounding the carbon fibers, as shown in Figure 3b, start-
ing from the carbon fibers, a diffusion zone of Ni, Cu within the fiber, a crystallize reaction
zone of (Zr + Ti)C and ZrC, to the BMG matrix. Qiu et al. cast the sample in a resistive furnace
by melting the ingots in an evacuated quartz tube packed with the tungsten fibers, followed
by pressure infiltration [34]. After pressurization the tube was quenched in a supersaturated
brine solution. The nominal diameter of the fibers is 250 pum. The volume fraction of the fibers
varies from 10 to 70%.

During compression test, unlike the catastrophic fracture of monolithic BMG, the composites
reinforced with tungsten fibers shows yielding and plastic deformation. The yielding strength
also increases with a higher volume fraction of fibers. They also found that the failure mode
changes with various volume fractions of fibers. The monolithic glass fractures on 45° planes.
As the volume fraction of fiber increases, failure mode shifts from shear to localized buckling
and tilting.

2.2. Particle-reinforced BMGMCs

The particle-reinforce BMGMCs includes ceramic particles, metal particles and the matrix
includes Zr-based, Ti-based and Mg-based alloy system [35-43].

Choi-Yim and Johnson have firstly introduced ceramic particle such as SiC, WC and TiC, and
the metal particles W and Ta into Zr-based and Cu-based BMG matrix [35]. A mixture of the
pre-alloyed metallic glass forming elements and secondary phase material are combined by
induction melting the glass forming alloy together with the solid secondary phase material
on a water-cooled copper boat under a Ti-gettered argon atmosphere. The volume fractions of
particles range from 5 to 30% and the sizes of the particles vary between 20 and 80 um. Figure 4
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Figure 4. An optical micrograph showing uniformly distributed WC particles in the matrix.

shows the uniformly distributed WC particles in the metallic glass matrix with the volume
fraction of 10%. The matrix composition is chosen for several reasons. A relatively low melt-
ing temperature suppresses the chemical interactions between the reinforcement particles and
the glass. A low glass transition temperature decreases differential thermal stresses which
arise between the reinforcement and the matrix during freezing and cooling.

Zhang et al. have introduced Ta particles into Zr-Cu-Al-Ag BMG matrix, the average size of
Ta particles is about 40 um and the volume fraction varies from 5 to 20% [36]. The compos-
ite is prepared by induction melting the Zr-Cu-Al-Ag alloy together with Ta powder in a
quartz tube and subsequently injecting through a nozzle into a copper mold. Figure 5a shows
the SEM images of the as-cast BMGMCs containing 10% Ta, consisting of homogeneously
dispersed particles embedded in the metallic glass matrix. Figure 5b shows the compres-
sive stress-strain curves of the composites containing 5-20% Ta. The monolithic glassy alloy
fails immediately after yielding at 1885 MPa. However, the composites exhibit apparent work
hardening and plastic strain. For 10% Ta-containing composite, the yield strength, fracture
strength and plastic strain are 1717, 2600 MPa and 31%, respectively. The composite contain-
ing 20% Ta shows no plasticity which may originate from the crystallization of the matrix. Ta
particles play an important role in the initiation and propagation of the multiple shear bands.
The differences in Young’s modulus between Ta particles and glassy matrix generates high-
stress concentration occurs at the interfaces, which promotes the initiation of shear bands at
the interface prior to the formation of shear bands on the maximum shear surface.

Pan et al. have added Nb particles into Mg-based BMG matrix to fabricate the ex-situ parti-
cle-reinforced BMGMC:s [43]. The size of Nb particles is 20-50 um, the volume fraction var-
ies from 4 to 8%. The particles are added during inductively melting the master alloy. The
composite alloy is remelted by induction in a quartz tube and injected with argon pressure
into copper molds. Figure 5c¢ shows the SEM micrograph of the cross-sectional surface of
the composite with 8% Nb particles, which exhibits the uniform distribution of the particles
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Figure 5. (a) SEM image of the as-cast BMGMC containing 10% Ta; (b) compressive stress-strain curves of the BMGMCs
containing 0-20% Ta; (c) SEM image of the composite containing 8% Nb (inset shows the XRD pattern); (d) compressive
stress-strain curves for single phase BMG and Nb-containing composite (4 and 8%).

without interfacial reaction. Figure 5b shows stress-strain curves for monolithic BMG and
Nb-containing composite with 4 and 8% Nb particles. The BMG fails just after the elastic limit
of 2%, but the composites yield at about 900 MPa and exhibit significantly plastic strain as well
as work hardening and softening. The overall engineering plastic strain is determined to be
about 12.1% for 8% Nb-containing composite. Ductile Nb particles serve as obstacles to impede
shear bands propagation. When encountering an Nb particle, the shear band has to be either
blocked or bypass around the particle due to the strong bonding between the particles and the
matrix. Furthermore, if the sear deformation travels into the ductile Nb particles, the particle
can dramatically plastic deform by dislocation mode to absorb the shear strain and prevent the
catastrophic failure from taking place by the free propagation of unstable shear bands.

2.3. Other kind of ex-situ BMGMCs

Besides fiber and particle reinforcement, recently, some new kind of secondary phases have
been introduced to BMG matrix, such as pores and porous particles [43—46].

Wada et al. introduced pores into Pd-based BMG matrix [44]. The master alloy melts are
subjected to four distinct hydrogenation treatments at 853 K in tubes of fused silica: (i) 12 h
at 1 MPa, then oil quench, (ii) the same, then water quench; (iii) 3 h at 4 MPa, then oil quench,
and (iv) the same, then water quench to form porous rods. The porosities of BMG rods are
calculated to be 1.7-3.7% from their density. The pore size is observed to be 20-30 um, as
shown in Figure 6a. The stability of the fine uniform pore distribution during casting follows
from the high viscosity of the melt. Compressive stress-strain curves are strongly affected by
porosity, as shown in Figure 6b. The porous alloy with the highest porosity of 3.7% shows
the plastic strain over 18%, greatly enhanced compared to the pore-free BMG. But during ten-
sion, no plasticity can be observed. The shear band pattern is affected by the pores acting as
stress concentrators. The pores are comparable in radius with the notch roots giving enhanced
toughness, and are expected to induce extensive shear banding.
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Figure 6. (a) Pore distributed BMG rods, water quenched from a melt held at 853 K for 3 h under 4 MPa hydrogen; (b)
tensile and compressive stress-strain curves of pore reinforced BMGMCs with different porosities.

Jang et al. have introduced porous Mo particles into Mg-Cu-Gd-Ag BMG matrix [45]. During
master alloy melting, high purity porous Mo particles with a spherical shape and a size of
20-70 um are added in the matrix alloy. The volume fraction of porous Mo particles ranges
from 10 to 25%. For the introduced porous particles, the overall microstructure of the compos-
ite is separated into larger-scale compartment, ~50 um between Mo particles, and the fine-scale
compartment, 1-5 um within one porous Mo particle, as shown in Figure 7a and b. The com-
posites containing 20-25 vol% porous Mo particles exhibit superior mechanical performance
with ultimate compression stress up to 0.95 and 1.1 GPa and plastic strain up to 10%, as shown
in Figure 7c. Unlike solid particles, the crack propagation in the present composite is arrested
by the porous Mo particles. For the porous nature of the reinforcing phase, the numbers of par-
ticles are calculated to be 1.4 times higher than those with solid ones, i.e., the mean interspacing
of the porous Mo particles is less than that of the solid Mo ones. This should favor to the con-
fining the shear-banding behavior, thus enable more halting propagation of the shear bands.
The porous Mo particles separates and restricts the highly localized shear banding into many
isolated small regions, and can confine lots of microsized compartments of the matrix within
porous particles, which results in the formation of multiple shear bands within or around the
porous particles, promoting the deformation to distribute more uniformly across the sample.

Guo et al. have used an original method, so-called top-down process, to fabricate porous NiTi
shape memory alloy (SMA) powders [46]. In this process, the multiphase precursor powder of
Ni-Ti-Gd is firstly produced with B2-NiTi and Ni-Gd phase, then by leaching in nitric acid solu-
tion to remove Ni-Gd phase and leaving pore in the powder, as shown in Figure 8a. The size and
interspacing between NiTi within one porous particle are as small as 200 nm. The porous NiTi
powders are subsequently added to Mg-Cu-Gd-Ag glass former liquid to fabricate the BMGMC,
as shown in Figure 8b, with volume fraction ranged from 5 to 20%. The porous particles are
homogeneously distributed in the glassy matrix. The composites containing 20 vol% porous NiTi
particles exhibits the best mechanical properties, including a true plastic strain of up to 10.6% and
a fracture stress of up to 1173 MPa, as shown in Figure 8c. Similar to porous Mo, many microcracks
are confined in the inter-particle regions and should result from local shear banding within the
amorphous matrix. Furthermore, compared with solid particles, the porous particles can generate
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Figure 7. (a) SEM observation of the porous Mo particles in the BMG matrix, with the inserted XRD pattern; (b) an
enlarged image of a single porous Mo particle; (c) representative room-temperature compressive engineering stress-
strain curves for the BMGMCs.
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Figure 8. (a) Porous NiTi powder by top-down process; (b) SEM images of BMGMCs containing 20 vol% porous
particles; (c) compressive true stress-strain curves for monolithic base BMG and BMGMCs with various volume fraction
of porous NiTi addition.

more interfaces, which makes the yield strength follows the load-bearing mode even with low
volume fraction of particles. This composite also shows very obvious work hardening behavior,
which is considered to originate from the stress-induced martensitic transformation of B2-NiTi
phase, which is very attractive and different from those conventional metal or ceramic particles.

3. In-situ BMGMCs

For in-situ BMGMCs, the fabrication process is very important and difficult to design, such
as how to induce in-situ precipitated phase, how to control the volume fraction and size of
secondary phase. For different alloy systems, the process and reinforcing phases are quite dif-
ferent, thus, this part will be divided by alloy systems, not by reinforcing phases.

3.1. Zr-based BMGMCs

[-Zr phase is one of the in-situ reinforcements in Zr-based BMGMCs that has been studied a lot.
Hays et al. have reported the development of 3 phase reinforced Zr-Ti-Cu-Ni-Be-Nb BMGMCs
[47]. Both XRD patterns and SEM images suggest the precipitation of 3 phase during rapid
quenching. The 3 phase is in the dendritic and distributed in the glassy matrix homogeneously,
as shown in Figure 9a. The volume fraction of 3 phase is estimated to be ~25%. The dendritic
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structures are characterized by primary dendrite axes with lengths of 50-150 um and radius of
about 1.5-2 um. Regular patterns of secondary dendrite arms with spacing of 67 um can be
observed from SEM images. This composite shows about 5% plastic strain under three point
bending. Figure 9b shows that the shear bands propagate preferentially through many succes-
sive dendrite arms, occasionally initiate or terminate within the arms, and clearly propagate as
localized bands through the (3-phase arms. This composite also shows good plasticity during
compression, as shown in Figure 9c. It yields at 1.3 GPa when the 3 phase yields and deforms,
and shear band patterns develop, as the glassy matrix is locally loaded beyond its critical shear
stress. The plastic strain is over 6%. The composite even shows about 5% plastic strain during
tension. Clear necking and deformation can be observed. The dendritic microstructure of the 3
phase acts to seed the initiation of organized shear band patterns, confines the propagation of
individual shear bands to domains having a spatial scale of the order of the primary dendritic
axes length, and lead to shear band spacing which is related to the dendrite arm spacing.

Another important in-situ secondary phase in Zr-based BMGMCs is refractory metal phase.
Fan et al. have introduced in-situ Ta-rich precipitates in Zr-Cu-Al-Ni-Ta BMGMC:s [48]. For
the high melting temperature of Ta, there are two steps arc-melting during master alloy prep-
aration. Firstly, Zr-Ta ingot is fabricated which forms solid solutions of Zr-Ta, and remain-
ing elements are subsequently mixed with Zr-Ta ingots. The microstructure of the as-cast
composite samples consists of both glassy matrix and Ta-rich particles with an average size
of 10-30 um, as shown in Figure 10a. The particles are oblong in shape and do not appear
to possess a dendritic structure, they distribute homogeneously among the matrix and the
volume faction is about 4%. This composite yields at 1.7 GPa and exhibits apparent work
hardening and significant plastic strain, as shown in Figure 10b. The elastic incompatibil-
ity between the particles and the matrix introduces stress concentrations which may pro-
mote shear band initiation. The particles may also impede shear band propagation. Guo et al.
have applied dealloying in metallic melt method to further optimize the microstructure and
mechanical properties of Ta-rich phase reinforced BMGMCs [49]. The dealloying in metal-
lic melt phenomenon occurs when immerging Zr-Ta solid solution precursor in Cu-Al-Ni
melt. For the negative enthalpy of mixing between Zr and Cu-Al-Ni and positive enthalpy of
mixing between Ta and Cu-Al-Ni, Zr is gradually selectively leached from precursor ingot to
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Figure 9. (a) SEM image of in-situ B-Zr reinforced BMGMCs (inset: XRD patterns); (b) shear band patterns array from
compressive failure region of bend test sample; (c) compressive stress strain curve for the composite.
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Figure 10. (a) SEM image of in-situ Ta reinforced BMGMCs; (b) compressive stress-strain curves for as-cast in-situ Ta
reinforced BMGMCs; (c) SEM images of the sample by conventional arc-melting; (d) SEM images of the sample by novel
dealloying method; (e) true compressive stress-strain curves and (f) tensile stress-strain curves of monolithic BMG,
BMGMC by arc-melting (ZT-A) and BMGMC by dealloying (ZT-D).

the melt and forming a glass-former liquid, while at the same time, remaining Ta breaks into
small particles and distribute in the melt. By finally quenching, the BMGMCs can be fabri-
cated. Interestingly, the size of Ta-rich particles by dealloying method is much smaller than
that by conventional arc-melting method, 40 um of arc-melting sample and 10 um of dealloy-
ing sample, as shown in Figure 10c and d.

The reason is considered to be that during conventional arc-melting, the Ta-rich particles pre-
cipitate during cooling and its size can be hardly controlled, while during dealloying, for the
low melting temperature, the Ta-rich particles remain in solid state and finally fine particle
can be obtained. With these finer particles, the composite by dealloying method shows better
plasticity than that by arc-melting method under both compression and tension, as shown in
Figure 10e and f. The plastic strain for arc-melting sample is 3% under compression and 0%
under tension. However, the value for dealloying sample is 14% under compression and 1.8%
under tension. As discussed before, the stress concentration at the interfaces between Ta-rich
particles and glassy matrix contributes alot to the overall plasticity. For the finer size of particles
in dealloying samples, the number density of particle and equivalent interface area per mm?®
are quite larger than arc-melting sample, 34.4 x 10*, 108 mm? for dealloying sample and
0.4 x 10* and 22.5 mm? for arc-melting sample. Thus, the five times larger area of interfaces in
dealloying sample can plasticize the sample more.

Recently, B2-CuZr shape memory secondary phase in Zr-based BMGMCs have attracted a lot
of interests. Unlike conventional metal or ceramic reinforcing phases, the shape memory phase
can undergo the stress-induced martensitic transformation during deformation, which can
both further improve the plasticity and give the sample obvious work hardening behavior [50].
Xu et al. have induced B2-CuZr phase in Zr-Cu-Al-Co system, as shown in Figure 11a [51]. The
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Figure 11. (a) Typical OM images of the B2-CuZr reinforced BMGMCs (inset: enlarged parts of rectangular area); (b) true
stress-strain curves of the composites with various strain rates; (c) SEM image of ta-doped sample; (d) true tensile stress-
strain curves of both monolithic base alloy (Ta0) and Ta-doped multiphase reinforced BMGMC (Ta5).

spheroidal crystal phases of B2-CuZr (confirmed by XRD, not shown here) are embedded in the
amorphous matrix. The volume fraction of B2-CuZr is estimated to be about 10%. The compos-
ite exhibits obvious plastic deformation under compression with various strain rates, as shown
in Figure 11b. Moreover, the flow stress increases with the increasing strain after yielding,
exhibiting obvious work-hardening behavior. Even though the B2-CuZr reinforced Zr-based
BMGMCs have shown good plasticity and work-hardening, but the inhomogeneous distribu-
tion of B2-CuZr limits the further improvement of the mechanical properties. During cooling,
the B2-CuZr phase tends to precipitate in the center of the sample where the cooling rate is
lower than that near the edge. Guo and Saida have successfully homogenized the distribution
of B2-CuZr phase by minor doping Ta [52]. During cooling, the primary precipitated Ta-rich
phase acts as effective nucleants that promoted copious nucleation of the B2-CuZr phase. As
shown in Figure 11¢, the dark phase of shape memory phase forms around the gray phase of
Ta-rich particle. The total volume fraction of crystalline secondary phase, including both Ta-rich
particles and B2-CuZr (some transforms to B19’-CuZr because of the residual heat at the inter-
face), is estimated to be ~80% by comparing the heat of crystallization of both the composites
and monolithic BMG. The volume fraction of Ta-rich particles is estimated to be ~10% based on
the image analysis. This composite shows a superior plasticity of 8.4% plastic strain during ten-
sion, as well as obvious work-hardening and a unique triple yielding phenomenon, as shown
in Figure 11d.
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3.2. Ti-based BMGMCs

The shape memory phase has also been introduced into Ti-based BMGMCs. Hong et al. have
successfully induced B2 phase in Ti-Cu-Ni-Zr-Sn-Si system [53]. The size and distribution of
B2 phase can be also tailored by varying the composition, as shown in Figure 12a and b. The
size of B2 phase varies from 2-5 to 70-150 um. The volume fraction varies from 10 to 33%.
The composites also shows good plasticity under compression, the largest plastic strain is
about 12.7%, as shown in Figure 12c. Furthermore, the yield strength exhibits a tendency to
decrease with the increase of volume fraction of B2 phase, which originates from the early
deformation on softer B2 phase. However, the plastic strain increases with more and larger
B2 phase. The large B2 phase is found to be effective in dissipating the localization of shear
stress, thus causing branching and multiplication of the shear bands. It is also observable
that the severe deformation in the B2 phase, formation of wrinkles suggesting the possible
deformation-induced phase transformation, as shown in Figure 12d.

Another important reinforcement in Ti-based BMGMC:s is the 3 phase. Very good plasticity
can be even observed for such composites under tension [54]. However, most of these compos-
ites contains Be, which is toxic and should be avoided when used as biomaterials. To induce 3
phase in Be-free alloy system, the 3 phase stabilizers, such as Ta, V and etc. Yamamoto et al. have
successfully induced 3-Ti phase in Ti-Cu-Ni-Sn-Ta system [55]. As shown in Figure 13a, for the
low glass-forming ability of the matrix, Ti )Ni also forms besides 3-Ti phase. Thus, the plastic-
ity of this composite is not very good, the plastic strain is about 1.6%, as shown in Figure 13b.
To further improve the mechanical property, Guo and Kato have chosen a better glass former,
Ti-Zr-Cu-Pd-Sn alloy, and used Mo as the 3-Ti phase stabilizer element [56]. By doping 2 at%
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Figure 12. (a) and (b) SEM images of B2 phase reinforced Ti-based BMGMCs with different composition; (c) stress-strain
curves of B2 phase reinforced Ti-based BMGMCs; (d) SEM image from the lateral surface of fractured sample.
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Figure 13. (a) XRD patterns and (b) stress-strain curves under compression for (3 phase reinforced Ti-Cu-Ni-Sn-Ta
BMGMCs.

Mo, homogeneously distributed oblong-like 3-Ti phase can be observed from Figure 14a.
The volume fraction and average size of 3-Ti are estimated to be about 25 um and 25%. This
composite also shows a good plasticity under compression, fracture strength of 2160 MPa and
plastic strain of 13.4%, as shown in Figure 14b. The nanoindentation test has shown that the
B-Ti phase is softer than the matrix, indicating the propagation of the main shear band is hin-
dered by the interfaces between the softer 3-Ti and glassy matrix. The shear band is deflected,
branched, or multiplied. Furthermore, after elastic deformation of both -Ti and matrix to
the yielding point, the 3-Ti appears to yield and deform, contributing to the work-hardening
behavior. The composite also shows about 3% plastic strain under three point bending test,
see Figure 14c.

3.3. Mg-based BMGMCs

The researches on in-situ Mg-based BMGMCs are not as much as those in Zr-based or Ti-based
systems for the difficulty to design proper fabrication process. However, recently, the applica-
tion of novel dealloying in metallic melt method or selective phase leaching method in fabri-
cation of in-situ Mg-based BMGMCs have attracted a lot of attentions.
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Figure 14. (a) OM image of Mo-doped 3-Ti based BMGMCs; (b) compressive true stress-strain curves for both monolithic
base alloy and Mo-doped BMGMCs; (c) bending stress-strain curves for both base alloy and BMGMCs (inset: XRD
patterns for bending samples).
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Oka et al. have successfully introduced a-Ti phase in Mg-Cu-Gd BMG system by using novel
dealloying in metallic melt method [57]. The schematic of this method is shown in Figure 15a.
For the negative value of heat of mixing (miscible) between Ti-Cu and Gd-Cu while posi-
tive value (immiscible) of Ti-Gd, Ti-Cu and Gd-Cu phases are expected to form in the pre-
alloy. Similarly, for the negative value of heat of mixing between Mg-Gd and Mg-Cu while
positive value of Mg-Ti. When the Ti-Cu-Gd prealloy consisting of Cu-Gd and Ti-Cu phases
is immersed in the Mg-melt, the Cu-Gd phase and Cu dealloyed from the Ti-Cu phase are
expected to dissolve. They will form the Mg-Cu-Gd BMG formable liquid if the Mg, Cu and Gd
proportions are correctly balanced. The remaining elemental Ti from Ti-Cu phase is thought
to form the porous structure by a surface diffusion mechanism in the Mg-Cu-Gd alloy liquid.
Rapid cooling of the semi-solid mother alloy yields Mg-Cu-Gd BMG with in-situ Ti disper-
soids, as shown in Figure 15b. By using this strategy, the in-situ Ti dispersoids have been
successfully introduced. Furthermore, for the Ti dispersoids are directly dealloyed from Ti-Cu
phase, thus, the size of them can be reduced by decreasing the size of Ti-Cu phase. By increas-
ing the cooling rate of Ti-Cu-Gd prealloy, the Ti-Cu phase is refined and subsequently the size
of Ti dispersoids also decreased. As shown in Figure 15¢, during four point bending test, the
composite with large and fine Ti dispersoids shows a fracture strength of 230 and 387 MPa,
6 and 78% higher than the monolithic BMG, respectively. With fine pore Ti dispersoids, the
size and inter-particle spacing of Ti phase is estimated to be ~500 nm, which is very close to
the characteristic plastic processing zone size of reported Mg-based BMG, 100-1000 nm. Thus,
optimum condition for the composite effect has locally achieved within and surrounding the
porous Ti dispersoids. Therefore, these regions and surrounded area of glassy near porous Ti
could deform plastically. However, for the low volume fraction of Ti dispersoids (~2%), mac-
roscopic plasticity is not obtained in this system. Subsequently, Guo et al. have applied similar
dealloying reaction in Mg-Cu-Gd-Ag system with better glass-forming ability [49]. As shown in
Figure 16a, homogenous distributed a-Ti phase among the glassy matrix can be observed. The
average size and volume fraction are estimated to be about 6 um and 13%, respectively. This
composite shows improved mechanical properties compared with its monolithic counterpart,
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Figure 15. (a) Schematic showing porous Ti formation by dealloying in metallic melt; (b) schematic showing the
preparation of the mother alloy; (c) stress-strain curves of BMGMCs using rapid cooling prealloy and slow cooling
prealloy, under four point bending test.
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Figure 16. (a) SEM images of in-situ Ti reinforced Mg-based BMGMC by dealloying method (inset: XRD patterns of both
BMGMC and its monolithic counterpart); (b) true compressive stress-strain curves of both BMGMC and its base alloy
(inset: SEM images of fractured BMGMC); (c) stress-strain curves by four point banding test.

that is, ~6.1% of plastic strain and 920 MPa of fracture strength during compression test, see
Figure 16b. The stress concentration at the interfaces between Ti dispersoids and surrounding
matrix is in favor of initiating multiple shear bands. Furthermore, when the stress exceeds the
yield strength of Tj, it can release the stress concentration condition. The suppression of propa-
gation of the single main shear band is enhanced by such yielding, which causes branching,
blocking or multiplying the shear bands. It is therefore, the sample is deformed with a signifi-
cant plasticity. The composite also shows improved fracture stress and strain during four point
bending test, 331 MPa of fracture stress and 0.42% of fracture strain, as shown in Figure 16c.
The calculated fracture toughness of this composite is ~1.73 MPa m'?, 45% higher than its
monolithic counterpart. However, it is still low and cannot lead to plasticity during bending.

As stated above, the shape memory phase has attracted a lot of interest recently for its unique
stress-induced martensitic transformation behavior. However, the research on shape memory
phase reinforced BMGMCs mainly focus on Zr-based or Ti-based BMGMCs. Guo and Kato
have successfully induced in-situ B2-NiTi shape memory phase in Mg-Ni-Gd-Ag BMGMCs
by using novel selective phase leaching in metallic melt method [58]. A schematic of the novel
designed process is shown in Figure 17a, which contains roughly three steps: Ni-Ti-Gd precur-
sor preparation by arc-melting, master alloy preparation by induction melting and composite
preparation by copper mold casting. From the Ni-Ti, Ti-Gd and Ni-Gd phase diagrams, it is
possible to prepare a Ni-Ti-Gd ternary precursor consisting of only NiTi and Ni-Gd phases
if the proportions of Ti, Ni, and Gd are properly balanced. Then, the temperature of master
alloy preparation is kept low enough for NiTi dispersoids not to melt or dissolve, but high
enough for the Ni-Gd phase to dissolve into the Mg-Ag melt, owing to their different reactivi-
ties. Moreover, the amounts of Mg-Ag melt and dissolved Ni-Gd was properly balanced to
form the glass-forming matrix. Finally, Mg-based BMGMCs, an Mg-Ni-Gd-Ag BMG matrix
with in-situ NiTi dispersoids, is fabricated by casting this semi-solid melt into a copper mold.
By using such strategy, the in-situ B2-NiTi phase have been successfully induced, as shown in
Figure 17b, the average size is ~8 pm and the volume fraction is ~15%. As shown in Figure 17c,
the composite shows a higher fracture stress (~906 MPa), plastic strain (~7%), and work
hardening than its monolithic counterpart. The shear bands were considered to be obstructed
by the in-situ ductile NiTi dispersoids, which deflected their propagation and caused branch-
ing or multiplying of the shear bands, typically observed in ductile metal reinforced BMGMCs
and is known as the “blocking effect”. Moreover, a stress-induced phase transformation from
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Figure 17.(a) Schematic of the fabrication process; (b) SEM image of B2-NiTi reinforced mg-based BMGMC;
(c) compressive true stress-strain curves for both base alloy and BMGMC.

B2-NiTi to B19’-NiTi during deformation releases the stress concentration around the disper-
soids to restrict free volume accumulation. This process hindered the rapid propagation of
shear bands, meaning that additional stress was required to move the shear bands, called the
“TRIP effect”. Since the B2-NiTi phase precipitates during Ni-Ti-Gd precursor preparation
and has no change from then on, the size of it can be refined by increasing the cooling rate of
the precursor. Thus, the precursor rods by tilt casting technique are produced with various
diameters, i.e., various cooling rate. With a higher cooling rate, the size of B2-NiTi is smaller,
from 8 to 2 um, as shown in Figure 18a and b. With finer B2-NiTi phase, the composite shows
higher fracture strength and larger plastic strain, as shown in Figure 18c. The sample with
finest particle size exhibits the best mechanical properties, i.e., 1096 MPa fracture strength
and 15.5% plastic strain. The volume fraction of the B2-NiTi phase has also been improved
by adjusting the composition with higher Ti amount. The volume fraction increases from
15 to 32% and the optimized composite shows superior plasticity during compression, as
shown in Figure 19a, a fracture stress of 1212 MPa and a fracture strain of 25.3%. Figure 19b
summarizes the compressive property data of various in-situ Mg-based BMGMCs, including
Fe, long-period stacking ordered structure (LPSO), NiZr, AgMg, and quasicrystal reinforced
composites [59-63]. Both the fracture strength and fracture strain of the optimized B2-NiTi
reinforced BMGMC are the highest among all in-situ Mg-based BMGMCs reported to date.
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Figure 19. Compressive true stress-strain curves of the optimized B2-NiTi reinforced BMGMCs; (b) fracture strength
versus fracture strain for various in-situ Mg-based BMGMCs to date.

4. Conclusion and outlook

In this chapter, both ex-situ and in-situ BMGMCs developed in Zr-based, Ti-based, Mg-based
systems have been introduced, such as ceramic particle, metal particle, porous particle rein-
forced ex-situ BMGMCs and B2-phase, 3-phase reinforced in-situ BMGMCs. The micro-
structures, mechanical properties as well as deformation mechanisms are discussed for each
kind of BMGMCs. Compared with nearly zero plasticity of monolithic BMGs, the BMGMCs
reinforced by secondary phases show significant improvement in plasticity, e.g., -phase
reinforced Ti-based BMGMCs show over 10% plastic strain under tension, B2-NiTi rein-
forced Mg-based BMGMCs show over 20% plastic strain under compression, etc. For the
limitation of the chapter, more works on various reinforcements and alloy systems cannot be
covered. The detailed deformation mechanisms of BMGMCs are not discussed fully either.
For further development of BMGMCs, more works should be done on more complex com-
posite structure, the deformation mechanisms, designing novel processing methods, tailor-
ing the microstructures and mechanical properties of the existed BMGMCs. The research on
BMGMC s will greatly extend the application potentials of amorphous materials as engineer-
ing materials.
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