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[Chapter 1 Introduction]

Bulk metallic glasses (BMGs) possess very good properties: good 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; good processability; good corrosion
resistance, etc. These superior properties are considered to result from their unique amorphous microstructures or
long-range disordered microstructures, which is totally different from conventional crystalline materials. However,
the room-temperature brittleness is one main disadvantage for the potential applications of BMGs. The reasons for
this brittleness are considered to be very local plastic deformation. In BMGs, the dislocations do not exist because
of the long-range disordered microstructures, but the fundamental unit must be a local rearrangement of atoms
accommodating the shear strain, called shear transformation zones (STZs). The STZs is activated firstly from
many potential sites, and 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 lai'ge planar bands of STZs along
maximum shear stress plane, or so-called shear bands. The plastic strain is concentrated in localized shear bands
and the propagation of shear bands can be very fast, generating catastrophically fracture. To overcome this limited
ductility of BMGs, introducing a heterogeneous microstructure (glassy matrix + secondary phase) or fabricating
BMG mafrix composites (BMGMCs) can be effective because the secondary phase hinders the rapid‘ propagation
of single shear bands, making it branched, stopped or multiplied, to accommodate the improved plasticity.
Normally, there are two ways to fabricate the BMGMCs: in situ way and ex situ way. For ex situ BMGMCs, the
secondary phases (particle or fiber) are directly added during the fabrication process, thus, the process is simple,
and it is easy to induce various reinforcing secondary phase to various glassy mairix. However, the wetting ability,
reactivity between the matrix and secondary phase should be considered and the bonding strength of the interfaces
between them is always low. For in situ BMGMCs, the secondary phases are intrinsically precipitated from the



liquid to generate well bonded interfaces and better mechanical properties than ex situ BMGMCs. However, the
composition optimization as well as the fabrication process should be well designed.
Recently, Mg-based BMGs attract a lot of interests because of their low density, high specific strength and low
cost. However, the room-temperature brittleness also limits the wide-spread utility potentials of Mg-based BMGs.
Therefore, Mg-based BMGMCs have been developed, but the researched are focused on ex situ wziys because of
the difficulty to design the proper ir situ fabrication process. On the other hand, the shape memory phase
reinforced BMGMCs have opened a new way to fabricate highly ductile BMGMCs because of the stress-induced
martensitic transformation during the deformation of the shape memory phase. However, this kind of BMGMCs is
focused on Zr- or Cu-based BMGMCs, no reported in Mg-based BMGMCs. Therefore, the objectives of this
thesis are: 7 '
®  Fabrication of ex situ shape-memory-alloy reinforced Mg-based BMGM(Cs, investigating the microstructures
and mechanical properties, as well as comparison with ex sifu conventional metal-reinforced Mg-based
BMGMCs (Chapter 3)

® Designing a novel process and fabrication of in situ shape-memory-alloy reinforced Mg-based BMGMCs,
investigating the microstructures and mechanical properties, as well as comparison with ir sifu conventional
metal-reinforced Mg-based BMGMCs (Chapter 4)

®  Microstructure optimization of i situ shape memory alloy reinforced Mg-based BMGMCs by optimizing the
matrix (Chapter 5) and dispersoid characteristics (average size, volume fraction) to obtain better mechanical
properties, as well as establishing relations between dispersoid characteristics and the mechanical properties
of the composiies (Chapter 6)

[Chapter 2 Experimental methods]

The sample in this thesis is mainly prepared by the following methods:

® Arc-melting: the starting materials of high purity metals are melted under a Ti-gettered Ar atmosphere in a
water-cooled copper hearth. The alioys are remelted at least four times to ensure the chemical homogeneity.

® Tilt-casting: the alloys are melted by arc-melting in a tilt casting furnace and then cast into the copper mold
by tilting the copper hearth. The alloy liquids flow into the cavity of the mold by gravity of them.

® Gas-atomization: the alloy is inductively melted in a quartz nozzle with a hole at the bottom, when the
sample is melted into liquid, high pressure gas-flow is used during the liquid filing by pressures from above.
The high pressure gas-flow serves to create furbulence as the entrained gas expands (due to heating) and
exists into a large collection volume exterior to the orifice. The liquid droplets are smashed into many small
droplets or powders and cooled therein.

@ Induction-melting: the alloy is inductively melted in a carbon crucible in a helium atmosphere at 1273 K for
3 min with the nominal desired composition.

@ Injection-casting; the BMGs and BMGMCs are fabricated by injection copper mold casting. A small hole of
1~2 mm size is made in the tip of nozzle. The alloys in nozzle are melted by high frequency induction. When
the master alloy is fully melted, the nozzle will be pushed down to that certain location and the alloy melt

will be injected into the copper mold by Ar gas flow.
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The microstructure, thermal and mechanical property investigations are operated by the following methods:

® X-ray diffraction (XRD): the phase present in the specimens prepared in this work are characterized with
X-ray diffraction with Cu Ko radiation.

® Scanning electron microscopy (SEM): the microstructures of the specimens are observed using scanning
electron microscopy with attached energy-dispersive X-ray spectromeiry (SEM-EDX). The acceleration
voltage is 15 kV. The test specimens are cut from the bulk specimens and polished to mirror surfaces.

® Transmission electron microscopy (TEM): the local microstructures of the specimens are also observed. The
samples are firstly polished to make the thickness less than 30 pm, followed by a dimple process and
ion-milling process.

®  Differential scanning calorimetry (DSC): differential scanning calorimetry is a thermoanalytical technique in
which the difference in the amount of heat required to increase the temperature of a sample and reference is
measured as a function of temperature. The heating or cooling rate from start temperature to end temperature
are 0.33 K/s.

® Compression test: the strain rate of 5x10”* s™. The compression samples with the height of 4 mm and
diameter of 2 mm were cut in parallel and carefully polished to ensure the end flatness.

®  Four-point bending test (4 PB): the upper and lower spans are 10 and 30 mm, respectively, and the strain rate
issx107ts7

[Chapter 3 Ex sifu porous NiTi shape-memory-alloy particle reinforced Mg-based BMGMCs]

The reasons to select porous particles instead of dense ones are that the BMGMCs containing porous particles
possess two different kinds of average particle size and inter-particle spacing: large-scale compartment divided by
the particles and micro-scale compartment within one porous particle. The more complicated microstructures are
considered to favor their ductility as well as strength because the small partition regions can further limit the
propensity of forming matured shear bands. In fact, each compartment, if standing alone, can deform a lot with
high failure resistance. The porous NiTi shape-memory-alloy particles are fabricated by etching Ni-Ti-Gd
multiphase precursor particles (B2-NiTi + NiGd) in nitric acid solutions. The NiGd phase is selectively leached
out to form pores while the NiTi phase is stable. The size and inter-particle spacing between NiTi among one
porous particle are ~0.2 pm. The ex situ porous NiTi shape-memory-alloy particle reinforced Mg-Cu-Gd-Ag
BMGMCs have been successfully fabricated. These Mg-based BMGMCs shows improved plasticity and fracture
strength, better than the conventional dense or porous metal particle reinforced Mg-based BMGMCs. The best
plasticity obtained is ~11% with 20 vol.% porous NiTi particle addition. The stress-induced martensitic
transformation of the NiTi particles have been confirmed, which is considered to further improve the plasticity as
well as work-hardening behavior. Furthermore, the porous structure of the NiTi secondary particles generates very
ﬁne—scale local microstructures, the local average size and inter-particle spacing of NiTi is very fine and close to
the processing zone size of the matrix, which can further stabilize the shear bands against developing into cracks,
thus to obtain better mechanical properties.

[Chapter 4 Designing, fabrication and characterization of in sifu dendritic NiTi shape-memory-phase
reinforced Mg-based BMGMCs)



In the previous part, the Ni-Ti-Gd multiphase containing alloy (B2-NiTi + NiGd) have been fabricated if the
composition is well adjusted. Thus, by immersing this kind of alloy in Mg-Cu-Ag melt, the NiGd phase is
considered to dissolve into the melt while the B2-NiTi phase is remained. Finally, Mg-Cu-Gd-Ag giassy matrix
with i situ B2-NiTi dispersoids can be fabricated. Based on this novel fabrication process, the in sity dendritic
B2-NiTi reinforced Mg-Cu-Gd-Ag BMGMCs have been successfully fabricated. The average size and volume
fraction of B2-NiTi phase are ~10 pm and 12%, respectively. The nature of B2-NiTi phase is confirmed by XRD,
DSC and TEM investigation. No crystalline phase can be found at the interface between B2-NiTi and glassy
matrix, indicating well bonding strength of the interface. The residual thermal stress at the interface is calculated
to be ~40 MPa, compressive stress at B2-NiTi, which may facilitate the phase transformation of B2-NiTi during
deformation. During compression, the in sitt BMGMCs show very high plasticity and strength, as well as
work-hardening, better than the conventional in situ Ti reinforced counterparts with similar size and volume
fraction of secondary phase. The stress-induced phase transformation during deformation is considered to induce
the volume change and compressive stress field around the NiTi dispersoids to further release the stress
concentration and hinder the initiation and propagation of cracks.

[Chapter S Microstructure optimization of the matrix of in sifu BZ—NiTi reinforced BMGMCs]

The matrix of in situ B2-NiTi reinforced Mg-Cu-Gd-Ag BMGMCs have been optimized by changing the
matrix to Mg-Ni-Gd-Ag to eliminate the effects of Ni in the matrix, which degrades the glass-forming ability. The
fabricated in sitw B2-NiTi reinforced Mg-Ni-Gd-Ag BMGMC (A-SC) shows improved fracture strength, ~906
MPa, and high plastic strain, ~6.7%, compared with its monolithic counterpart. The stress-induced martensitic -
transformation of B2-NiTi phase is confirmed and considered to contribute to the mechanical properties, similar to
Mg-Cu-Gd-Ag matrix counterparts. However, the‘size and inter-particle spacing of NiTi dispersoids are much
larger than the processing zone size of the matrix, which should be further optimized to obtain better mechanical
properties.

[Chapter 6 Microstructure optimization of B2-NiTi dispersoids of in sifu B2-NiTi reinforced BMGMCs)

As discussed before, the NiTi diSpersoids are precipitated from crystalline Ni-Ti-Gd alloys, the size of NiTi
dispersoids can be decreased by increasing the cooling rate of the Ni-Ti-Gd alloys. Therefore, various sizes of
Ni-Ti-Gd rods are prepared by tilt casting technique (A-RC). Then similar to A-SC samples, the A-RC BMGMCs
are fabricated. The size of NiTi dispersoids has been succeséf'ully optimized by increasing the cooling rate of
Ni-Ti-Gd alloys, from § pm to 2 pm, very close to the processing zone size (1.5 um). With smaller sized B2-NiTi
dispersoids, the plasticity, fracture strength, as well as work-hardening rate are increased. A novel model has been
developed to analyze the relations between dispersoid conditions (average size, inter-particle spacing) with the
plasticity of BMGMCs. Furthermore, the volume fraction of NiTi dispersoids has also been optimized by
adjusting the composite composition (B-RC). The optimized average size and inter-particle spacing of NiTi.
dispersoids are ~2 pm, stabilizing the shear bands to develop into cracks and improving the interactions between
the matrix and the dispersoids. The best plasticity obtained is ~23%, highest among all kinds of in situ Mg-based
BMGMCs to date.
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