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Abstract: Tapered CuseZrs2Alg alloy with good glass-forming ability was fabricated by copper mould suction casting. Cubic
AlCu,Zr and B2-ZrCu, thermal-induced martensitic B19°-ZrCu phases form on the glass matrix along the radial direction structure.
Size effects on micro-mechanical properties and a unique crack healing behavior were studied. Micro-hardness of monolithic bulk
metallic glass (BMG) displays "smaller is softer” trend, that is, the softer surface and the harder center. Whereas the lager size
composites possess a softer center and a harder surface, due to the integrative action of the secondary phases. Amorphous matrix is
toughened by TRIP (transition induced plasticity) effect of shape-memory phase as well as weakened and embrittled by AlCu,Zr
crystal. After annealing, self-healing of Vickers indentation crack occurs as the thermoelastic transformation of shape-memory

crystals. As loading, stress-induced martensites transform from B2 to B19’, along with volume expansion. Annealed upon the

reverse transformation temperature, B19’ to B2 transform accompanied by a volume shrinkage, and a restoring force from the

structure stress is set up to drive the crack closure.
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Bulk metallic glass (BMG) is a new family of metallic
alloys with thickness larger than 1 mm and formed at
relatively low cooling rates in the range of 1~100 K/s™?.
Amorphous atomic structure leads to a unique set of
characteristic properties for the family of BMGs, such as
superior strength and elastic limit, high corrosion-resistance,
and good soft magnetism, which far exceed the properties
currently available in crystalline metals®*. For example, a
yield strength over 1722.5 N/mm? ksi has been achieved in
Zr-based BMGs (Vit-001 series by Liquidmetal Technology),
that is, more than 2.5 times the strength and more than 50
times the plasticity of conventional TigAl,V alloy, which
possess superplastic formability in the supercooled liquid
region like the plastic ™. Since A. Inoue succeeded in finding
new multicomponent alloy systems consisting mainly of
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common metallic elements with lower critical cooling rates in
the late 1980 s, scientists have done a lot to find new kinds of
bulk metallic glasses and their composites with high glass
forming ability (GFA) and excellent performances®*®. Among
them, CuZr based BMG alloys have been considered as the
promising structural and functional materials because of their
unique physical and mechanical properties, good processi-
bility and low cost™ 2. In the present paper, microstructure,
micro-mechanical behavior, and a unique crack healing
behavior of CusyZr,,Alg were investigated. And size effect on
microstructure and micro-mechanical properties was discussed.

1 Experiment

Element pieces (purity > 99.9%) were used as starting
materials. CuseZr,,Alg (at%) ingots used as master alloys were
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prepared by copper mold casting under a Ti-gettered argon
atmosphere. To ensure the homogenization of the elements in
the ingots, the master alloys were melted for three times. Then
the master alloys were re-melted in quartz tubes in a purified
inert atmosphere by a suction casting furnace, and injected into
a water-cooled copper mould with a topered cavity of 80 mm in
length and 10 mm in bottom diameter. The microstructure of
samples etched with 10 wt% HNO; after carefully mechanical
polishing was observed by optical microscope. Phase were
determined by X-ray Diffraction (XRD) using Cu Ka radiation
(40 kV, 30 mA). The microstructure was identified by
transmission electron microscope (TEM, Phillips CM20) with a
accelerating voltage 200 kV. TEM sample was prepared with
ion milling process. The cylindrical samples were cut into
cylinders and the surfaces were ground flat to parallel before the
hardness test. The Vickers hardness was measured by a MH-5
Vickers micro-hardness tester with a load of 200 g holding for
15s. Specimens fornanoindentation tests were prepared similarly
for the microhardness test but were polished to a mirror like
finish before the test. Depth-sensing indentation was conducted
with a Nanotest 600 instrument (Micro Materials Ltd, UK)
fitted with a Berkovich indenter. Penetration depth was 400 nm
and the load-displacement curves, including unloading, were
analyzed to extract values of hardness and plastic deformation.

2 Results and Discussion

2.1 Microstructure of Cu based amorphous composite

Fig.1 is XRD patterns of tapered sample with different
diameters. We can see, the samples of diameter 4.0, 4.4 and
4.8 mm show a unitary amorphous phase as only a broad
diffuse peak between the diffraction angles 30° and 50° displays.
Samples with larger sizes start to be crystallized. Some crystals
in samples of diameter 4.9 and 5.0 mm, are indentified as
AlCu,Zr (CsCl Structure, Pearson Symbol cP2 Space Group
Pmbar3m, a=0.311 nm), B2-ZrCu (CsCl structure, Pearson
symbol cP2, Space Group Pmbar3m, a=0.3235 nm), and the
monoclinic martensitic B19’-ZrCu (P21/m space group,
a=0.3278 nm, b=0.4161 nm, ¢=0.5245 nm, $=103.88°). The
alloy system is proved with good glass-forming ability.
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Fig.1 XRD patterns of tapered CusoZrs,Alg samples with different
diameters

Composites of crystals/amorphous structure in the sample
of diameter 5.0 mm were observed in Fig.2. As the cooling
rate changes, three different regions exist in the tapered
sample, i. e. a surface amorphous region, a fine center
equiaxial crystal region and a transition region between two
regions. The crystal size and volume fraction increase from
the surface to the center gradually.

Fig.3 shows different phases of BMG composites identified
by TEM. We can see, amorphous matrix and three kinds of
crystal structure are observed clearly from bright field image.
The SAED pattern of the matrix shows a diffraction halo.
Meanwhile, the brighter crystal phase “a” and adjacent darker
crystal phase “b” are detected to be cubic AlCu,Zr and ZrCu
(pattern a and pattern b), respectively. Monoclinic martensitic
ZrCu (pattern c), exists beside the B2-ZrCu, which is
thermal-induced at the higher cooling rates of solidification in
copper mould. Fig.4a and 4b shows the structure model of
cubic AlCu,Zr and ZrCu, respectively. The strongest covalent
bond n, of AlCu,Zr is up to 0.4195, while n,of B2-ZrCu with
a weaker covalent is about 0.4093"%. As tangential motion of
the packed plane needs to overcome a larger bonding force of
atom pairs, far less plasticity is present in AICu,Zr.

2.2 Micro-mechanical properties of Cu based amorphous
composites

Fig.5 shows Vickers micro-hardness of samples with
diameter 4.0 and 5.0 mmalong the radial direction. Compared
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Fig.2 Metallographical structure of BMG composite of
5.0 mm in diameter
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Fig.3 TEM Bright field image of BMG composites and SAED
patterns from different regions (a-cubic AlCu,Zr, b-cubic
B2-ZrCu, c-monoclinic martensitic B19’-ZrCu)
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Fig.4 Structure model of cubic AlCu,Zr (a) and ZrCu (b)

with the larger amorphous composites, monolithic BMG of
4.0 mm in diameter with close packing atomic structure
displays significantly enhanced hardness as well as a "smaller
is softer" trend. The phenomenon is attributed to the fact that
the smaller size alloy, which experiences a faster cooling rate
during solidification, contains a larger amount of heats of
relaxation and free volume, thus forming a softer surface and a
harder center™®®. Whereas micro-hardness of lager size
composites with a softer center and a harder surface, displays
a “V” shape trend. As the microstructure evolves from
disordered glass to order crystals, the hardness declines along
with the increasing amount and growing crystals size.

The micro-mechanical properties and plastic deformation
mechanism of 5.0 mm amorphous composites of different
microstructure were studied by Nanoindenter, and the load-
displacement curves of CusyZrp,Als BMG composites are
shown in Fig.6. five points chosen from surface to center,
points 1, 2 in amorphous area, 3, 4 in amorphous/crystal
transition area, and point 5 in center crystal area, display
obvious opposite trends of micro-hardness (H) and plastic
deformation (d,) (Fig.7). The surface amorphous structure is
harder than the center crystal and the transition area. Point 2 is
the hardest but the most brittle as the short-range ordered glass
structure is lack of heats of relaxation and free volume during
solidification. Whereas point 5 is the softest but weakest as the
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Fig.5 Vickers micro-hardness along the radial direction of the BMG
composites with diameter of 4.0 and 5.0 mm
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Fig.6  Nanoindentation load-displacement curves of CusoZrsAlg
BMG composites at 1~5 points
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Fig.7  Micro-hardness and plastic deformation of 5 points at
different regions of BMG composites

center crystal consists of cubic AICu,Zr, shape-memory
B2-ZrCu and B19’-ZrCu. That is, the amorphous matrix is
toughened by TRIP (Transition Induced Plasticity) effect of
shape-memory phase as well as weakened and embrittled by
AICu,Zr crystal. The micro-mechanical behavior depends on
integrative action of the secondary phases.
2.3 Self-healing behavior of Cu based amorphous compo-
sites with shape-memory crystals

Self-healing behavior of Vickers indentation crack was
observed when we tested the microhardness of tapered sample
in the boundary of the glassy region and amorphous/crystal
transition region. Initially cracks are evident in the cusp of
diamond indentation towards boundary of the as-cast sample
(Fig.8a). After annealed at 150 °C for 10 min, crack
self-healing behavior and descending indentation area of the
precracked specimen are obviously observed (Fig.8b). We
conjecture that it is induced by phase transformation of the
shape-memory crystals. The transformation is thermoelastic
by observing the gradual growth and shrinkage of martensites
upon cooling and heating, respectively™®*. As loading,
stress-induced martensites transformation occurs from B2 to
B19’, along with volume expansion owing to the larger
volume of martensites than that of austenites. After annealed
upon the reverse transformation temperature, B19” to B2
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motion of packed plane needs to overcome a larger bonding
force of atom pairs. After annealing, crack self-healing
behavior and descending indentation area of the precracked
specimen are obviously observed. That is attributed to phase
transformation of the shape-memory crystals.
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