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Abstract: The paper aims to present studies on the melt flow, melting and
rheology of melting in a super-cooled metastable liquid metal, which is
injection molded, of the Zrss-Tii1-Cuio-Niio-Bezs alloy, which can induce
selective crystallization. In this process, high Be-velocities were
observed, Cu and Ni atoms that crystallized differently in superficial bulk
metallic bulk liquids. It wants to highlight and analyze the result of the
morphological behavior of microscopic observation regarding Glass Bulk
Metallic (BMG) with the composition of a commercial liquid metal alloy
(LMOO01B). One specifies that the injection molded plate was supplied to
us by Liquid Metals Technologies Inc., Ca, USA and was manufactured
using an Engel injection molding machine operating at 1050-1100°C. The
sample that was observed was then cut with a jet of water. FEI Scios
Dual-Beam performed microscopic observation. In a cross-section, the
presence of crystalline phases can be observed on short-range command.
It is also investigated the presence of short-range command groups, their
distribution and the effect they can have on the behaviors and properties
of alloys. We can now talk about a new material revolution by putting in
bulk metallic glasses, Inside Bulk Metallic, (BMGs). It's about metals that
are very different from each other, but they can still be combined with the
help of intense heat and melted together to produce a beautifully colored
and hot liquid. When this liquid is cooled very quickly (fast enough), the
metal atoms manage to retain the liquid in a totally random manner, thus
forming an amorphous alloy. Glasses made of this amorphous material
are very scratch-resistant, BMG material being a plastic, amorphous, but
also elastic, but very resistant. You can even speak one of the most
powerful materials known today! The weight ratio of BMG can usually be
twice as high as that of titanium, magnesium or aluminum. The hardness
of the BMG type material is typically a Vickers hardness of more than
500, which is about twice the hardness of most quality stainless steels and
titanium and at least four times the hardness of the aluminum and
magnesium. BMGs can be three times more elastic or more resistant than
virtually all known crystal metal alloys. Some BMGs are highly
corrosion-resistant, with alloys containing elements such as beryllium or
niobium that tend to be very corrosive. In general, erosion resistance is
remarkable in all these BMGs.
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Introduction

Today one can talk about a new material revolution
by putting in bulk metallic glasses, Inside Bulk Metallic,
(BMGs).

It's about metals that are very different from each
other, but they can still be combined with the help of
intense heat and melted together to produce a
beautifully colored and hot liquid. When this liquid is
cooled very quickly (fast enough), the metal atoms
manage to retain the liquid in a totally random manner,
thus forming an amorphous alloy. Glasses made with
this amorphous material are very scratch-resistant,
BMG material being a plastic, amorphous, but also
elastic, but very resistant. You can even speak one of
the most powerful materials known today!

The weight ratio of BMG can usually be twice as
high as that of titanium, magnesium or aluminum.

The hardness of the BMG type material is typically
a Vickers hardness of more than 500, which is about
twice the hardness of most quality stainless steels and
titanium and at least four times the hardness of the
aluminum and magnesium (Busch, 2000).

BMGs can be three times more elastic or more
resistant than virtually all known crystal metal alloys.

Some BMGs are highly corrosion-resistant, with
alloys containing elements such as beryllium or niobium
that tend to be very corrosive. In general, erosion
resistance is remarkable in all these BMGs.

The manufacturing of BMG components requires
such plastics, their ability to be processed using a hybrid
injection molding and casting mold, casting them
resulting in many complicated shapes with high
dimensional tolerance and different characteristics.

Thanks to this ease of manufacture, their processing and
their surface, they involve very little modification
operations. BMGs can also be deformed by forging - such
as operations under control atmospheric and temperature.

The paper aims to present studies on the melt flow,
melting and rheology of melting in a super-cooled
metastable liquid metal, which is injection molded, of
the Zr4s-Ti11-Cuio-Niio-Bezs alloy, which can induce
selective crystallization. In this process, high Be-
velocities were observed, Cu and Ni atoms that
crystallized differently in superficial bulk metallic bulk
liquids. Want to highlight and analyze the result of the
morphological behavior of microscopic observation
regarding Glass Bulk Metallic (BMG) with the
composition of a commercial liquid metal alloy
(LMO001B). We specify that the injection molded plate
was supplied to us by Liquid Metals Technologies Inc.,
Ca, USA and was manufactured using an Engel injection
molding machine operating at 1050-1100°C. The sample
that was observed was then cut with a jet of water. FEI
Scios Dual-Beam performed microscopic observation. In
a cross-section, the presence of crystalline phases can be
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observed on short-range command. It is also investigated
the presence of short-range command groups, their
distribution and the effect they can have on the behaviors
and properties of alloys.

Metal Bulk Glasses (BMG), also called bulk
amorphous alloys, is a category of advanced materials
with a disordered atomic structure. Their unique
microstructure often attributes remarkable properties
(Huang et al., 2016) to the manufacturers.

Scientists and researchers in recent years have
studied Zr-based bulk materials for their superior
Glass Forming Ability (GFA) and their mechanical
properties. Their features range from high mechanical
strength, high breaking strength, superior elastic limit
to good and accurate deformability, good ductility,
low thermal expansion coefficient and excellent
corrosion/wear resistance.

Slag-based multiple alloy microspheres have a
superior Glass Forming Capacity (GFA) and can be
produced in parts of a thickness greater than a few
centimeters by conventional melting and casting
techniques (Liu ef al., 2002).

Among other things, BMG's advantage is a net cost
that provides the opportunity to produce more
personalized tools for specific applications across a wide
range of industries.

To produce these melted aluminum bottles, critical
cooling rates (>103°K/s) are required, a rapid
solidification technique can maintain liquid amorphous
microstructure (Huang et al., 2016; Petrescu and
Calautit, 2016a; 2016b; Aversa et al., 2017a; 2017b;
2017c; 2017d; 2017e; 2016a; 2016b; 2016c; 2016d;
2016e; 2016f, 2016g; 2016h; 2016i; 2016j; 2016k;
2016l; 2016m; 2016n; 20160; Mirsayar et al., 2017).

Microstructure is the most important feature of
BMGs compared to conventional metals; common
metals have a long-term crystalline structure; a periodic
lattice where the patterns repeat. The microstructure of
BMGs, on the contrary, does not present a long-term
order but an amorphous structure of the short-range
organization specific to glass materials (ceramics,
polymers and metal); (Aversa et al., 2015; Aversa and
Apicella, 2016; Petrescu et al., 2016a; 2016b; 2016¢;
2016d; 2016e; 2015).

Here look at the result of a microscopic morphological
observation made by Ion and electron microscopy.

Materials and Procedures

Differential scanning calorimetry using a Mettler
Toledo DSC 822 method performed at a constant heating
rate of 1 K/min was used for the preliminary calorimetry
analysis of our BMG alloy (Fig. 1).

The sample studied in this paper is a bulk metal
bottle with a composition of Zr44Tii1CuioNiioBezs
(LMO001B, Liquid Metals Technologies Inc., CA
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USA) of 3 mm thick and 13 mm in size on each side
Fig. 2. The samples were cut from a plate made using
an Engel injection molding machine operating at
1050-1100°C. The sample was chosen because it had
a surface defect obviously generated by the injection
molding process. All cuts and sample preparations

~exo

were obtained from the plate by jet cuttings. FEI Scios
Dual-Beam was wused for micro and nano-
characterization of the injection molded metallic glass
structure. In particular, one investigates the surface
defects and the presence of crystalline phases through
the cross-section of the ion beam.
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Fig. 1: DSC thermogram of Zras-Tii1-Cuio-Nijo-Bes metal glass Alloy: Heating rate 1°K/min

Fig. 2: Groove defect on the injection molded BMG slab analyzed using Dual Beam SE Microscopy
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Microscopic observation of the internal surface
morphology and cross-sections at level of the surface
defect were made by means of FEI Scios DualBeam
using a Focused lon Beam (FIB) for cross-sectioning and
Scanning Electron Microscopy (SEM) for morphological
analysis. The instrument was equipped with a chemical

composition analysis detector Energy Dispersive
Spectrometry (EDS).
Results

The DSC thermogram is shown in Fig. 1 with a
heating section at 360 to 570°C, a glass transition at 380-
395°C and four exothermic crystallization peaks (Fig. 1)
at 418, 428, 482 and 520°C (Aversa and Apicella, 2016).
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The first shoulder that occurs at 418°C may be
caused by the precipitation of the icosahedral
intermediate crystal phase (Murty and Hono, 2001)
which, due to greater mobility and small size, is
probably a rich phase. The second peak of crystallization
(428°C) was associated with the Cu-Ni rich phase
(Aversa and Apicella, 2016).

The formation of the icosahedra phase was dependent
on a significant mismatch in atomic size between Zr, Cu
and Ni atoms, which are significantly higher than Be
(Saida et al., 2000).

Surface SEM analysis revealed a specific jet channel
pattern that is characteristic of flow instability in
injection molded parts (Fig. 3).

F————200pm————
FE

250x 508 ym 0.0°

Fig. 4: Water jet debris removal in the surfa
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Similar surface defects in injection molding polymers
are observed when the mold is cold and/or the advanced
front slows down, resulting in vitrification of the
polymer or excessive viscosity growth. In the case of
glass injection molding, the reason may be caused by
surface defects for the same reasons: A cold mold can
generate high temperature gradients in the molten
plastic, increasing flux instability and grooves and
forming waves. The failure of the groove in Fig. 3 is
filled with unknown material. Figure 4 shows a portion
of the defect in which the debris was removed.

Analysis of the EDS chemical composition of the
filler indicates that the residues were composed of
silicates and silicon alumina from the BMG water jet cut.
Once removed, the defect morphology (Fig. 4) clearly

HV curr det

®  HFW

indicates that the groove derives from the instability of
the melt flow.

The main reason for using the microscopic observation
method is to be able to examine the ways in which atoms
are arranged in molecules and in particular to observe the
presence of short-order order clusters and their
distribution patterns (Pilarczyk and Podworny, 2015).

By using an ion beam one can allow to investigate both
internal morphology in the vicinity of the surface where the
vitrification process first occurs and a cross section with a
depth of about 60 pum that was created using FIB. A
platinum deposition that can be seen in (Fig. 5a) was used
as a target for Ion Beam in order to spread the material
when the beam reaches the surface of the plate.
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Fig. 5: Cross-section positioning and platinum deposition (a) morphological structure of the defect section (b)
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XX 2000kVY 080nA T1 A+B  7Z.1mm 1200x 106um 520°

Shear induced
crystallization

Fig. 6: Frontal view cross-section position in the groove. Detail of shear induced crystalline-phase grains

Fig. 7: Details of shear induced crystalline-phase grains

In particular, Fig. 6 shows crystalline-phase grains
(black spot in Fig. 6) dispersed with some linear
elements (white line in Fig. 6) in a glass phase matrix.

Using EDS, the chemical composition of the selected
areas was analyzed. Figure 7 shows the details of the
crystallized surface indicating the points that have been
analyzed for the atomic composition.
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The image of the defective linear defect shows the
presence of two types of crystalline inclusions: The
needle (white in Fig. 7) and the hexagonal crystals (the
top-right figures in Fig. 7). The exact composition can’t
be determined by EDS because very small atoms such as
Be are not detected. EDS analysis was performed on
certain areas of the injection molded plate.
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Crystalline inclusions have been described in the
literature; Liu et al. (2002) reported that the amount of
crystalline inclusions decreases from the center to the
outer surface of the plate.

This decrease is probably due to the effects of the
cooling rate.

The cooling rate is, in fact, lower in the center than in
the outer areas of the sample and this condition increases
the formation of a short order and hence of the
crystalline granules.

Moreover, in the injected parts, the high shear
stresses can be induced by the molten alloy rheology
near the die surface, where there is an adjacent solidified
glass area, a still fluid but very viscous layer (Fig. 8).

EDS analysis was then limited to Zr, Ti, Cu and Ni
atoms. In particular, the analysis was performed on the
amorphous phase (either surface and internal in the
vicinity of the surface), as well as on the two types of
crystalline inclusions.

These areas are indicated in Fig. 7 as S41, S42 and
S43 (white needle crystals), A44 and A46 (dark
hexagonal crystals) and A45 (glass amorphous glass).

Subsequent sampling was also carried out in other
amorphous parts, such as the inner and outer surfaces
of the plate.

Discussion

The comparative compositional analysis is reported
in Table 1.

The composition of the amorphous glass metal is richer
in the Zr atoms (51.3%) on the outer surface (where the
molten alloy is cooled at the highest speed) while being
reduced in the inner layers (43.8% at the depth of 20-60

microns) where, on the contrary, Ni and Cu atoms increase
their composition from about 15 to 18%).

The two types of crystalline inclusions
characterized by significantly different compositions.

Hexagonal crystals are composed of a Ni-Cu rich phase
(approximately 25% each) with 37% Zr and 12% Ti.

Needle crystals contain a higher Zr content than
crystal needle (47% Vs. 37%) with Cu and Ni at 18%
and Ti to 15%.

These compositional differences can be attributed to
the thermal and rheological behavior of the melt during
injection molding (Geyer et al., 1995; Klement et al.,
1960; Lewandowski et al., 2005; Morito and Egami,
1984; Schroers, 2010; Schroers et al., 1999; Syed et al.,
2016; Trachenko, 2008).

These shear stresses, such as local crystallization
in shear bands formed in heavily deformed BMG
(Kanugo et al., 2004), considerably reduce nuclear
energy barriers favoring the formation of nano and
microcrystalline phases.

In our samples, the subimicron crystal granules are
observed in the layer between 20 and 40 microns on the
outer surface.

In this interfacial layer (B of Fig. 8), two driving
forces act to induce crystal nucleation, the temperature
difference greater than the thermodynamic melting
temperature (the intermediate layer above the glass
transition) and the shorter distance between the
crystallisation atoms of the compression and compact
atomic alloy in a low volume, layer B of Fig. 8) favors
crystalline nucleation and growth.

are

Fig. 8: High Shear stress build up in fountain flow front for injection molding of a BMG
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Table 1: Compositional EDS analyses of amorphous metal alloy glass and crystalline inclusions

Atoms Amorphous surface Amorphous internal Hexagonal crystals Needle crystals

Zr 51,3124 43,8+2,5 36,8+2,4 47,242,5

Ti 17,8+3,8 18,6147 12,1£5,6 14,8154

Ni 15,945,0 18,3+6,8 24,9+5,4 19,1£7,2

Cu 15,0£5,8 18,8+8,1 26,1+6,0 17,1£8,0
Following the energy landscape theory (Debenedetti and The presence, behavior and distribution of

Stillinger, 2001), inherent structures that are associated
with local energy minima are stable stable glass states
that are divided by the energy barriers between the
various potential equilibrium configurations.

These balanced glass structures can become more
compact (in layer B of Fig. 8), redimensioning the
atomization into more orderly groups, prone to
crystallization (the elastic compression energy is then
stored in the crystalline phase).

According to a thermodynamic approach, the
excessive energy barrier (AG*) for the homogeneous
nucleus in the amorphous phase in the crystalline phase
is (Lee et al., 2006):

-

where, T is the temperature, P is the hydrostatic pressure,
AGn is the is the molar free energy change in the
transformation between the amorphous and crystalline
phases, y is the interfacial free energy between the
amorphous and crystalline states (to form the critical size
crystal nucleus) and AV, is the molar volume change in
the transformation between the amorphous (7;) and

Va

AG*=16

(1)

3 AG, +E_+PAYV,

m

crystalline (¥)states, finally, E. is the elastic strain
energy induced by the change in volume in the

crystallization process (with E, :%ESZV"E ; with E the

m~c

elastic modulus and &= (¥, -V

)13

According to the previous thermodynamic analysis,
the presence of shear stresses increases the compaction
of the atoms producing molar volume decreases leading
to the reduction of the barrier energy AG*.

Equally, the near above temperature of the melt
increase the value of the free energy AGn lowering the

energy barrier for crystallization.

Conclusion

The microscopic examination of the internal sections
of ZraaTi11CuioNioBe2s (LMO0IB) showed that the
sample, characterized by an amorphous structure, also
has a short command and can detect crystalline groups
with a range of 0.8 to 10 pm.
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crystalline phases for BMG can mainly depend on
oxygen impurity, micro-alloying elements and
manufacturing process parameters.

The critical value for quaternary and ternary Zr
alloys is 0.4% (Murty and Hono, 2001). The size
range of the icosahedral phase is from 10 to 40 nm,
depending on the alloy.

Since GFA (glass capacity) can also be defined as
resistance to crystalline phase precipitation, oxygen
also has a deleterious effect on it (Eckert et al., 1998;
Gebert et al., 1998).

Finally, as shown by the microscopic study, the
parameters of the manufacturing process, geometry,
size and thickness have a significant effect on the
formation of crystalline particles, on their quantity
and distribution. In fact, for a more complex part and
for manufacturing processes with lower control of the
parameters, there are changes in the cooling rate
inside the piece, causing different behaviors of
crystallization. If the cooling rate is lower, it is easier
to find crystalline particles, especially in the
intermediate layers between the solidified external
glass metal and the liquid still, but melts very hard
near its glass transition.

One can now talk about a new material revolution
by putting in bulk metallic glasses, Inside Bulk
Metallic, (BMGs).

It's about metals that are very different from each
other, but they can still be combined with the help of
intense heat and melted together to produce a
beautifully colored and hot liquid. When this liquid is
cooled very quickly (fast enough), the metal atoms
manage to retain the liquid in a totally random manner,
thus forming an amorphous alloy. Glasses made with
this amorphous material are very scratch-resistant,
BMG material being a plastic, amorphous, but also
elastic, but very resistant. You can even speak one of
the most powerful materials known today!

The weight ratio of BMG can usually be twice as
high as that of titanium, magnesium or aluminum.

The hardness of the BMG type material is typically
a Vickers hardness of more than 500, which is about
twice the hardness of most quality stainless steels and
titanium and at least four times the hardness of the
aluminum and magnesium.
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BMGs can be three times more elastic or more
resistant than virtually all known crystal metal alloys.

Some BMGs are highly corrosion-resistant, with
alloys containing elements such as beryllium or niobium
that tend to be very corrosive. In general, erosion
resistance is remarkable in all these BMGs.

The manufacturing of BMG components requires
such plastics, their ability to be processed using a hybrid
injection molding and casting mold, casting them
resulting in many complicated shapes with high
dimensional tolerance and different characteristics.

Thanks to this ease of manufacture, their
processing and their surface, they involve very little
modification operations. BMGs can also be deformed
by forging such as operations under control
atmospheric and temperature.

The paper aims to present studies on the melt flow,
melting and rheology of melting in a super-cooled
metastable liquid metal, which is injection molded, of
the Zras-Ti11-Cuio-Nio-Beas alloy, which can induce
selective crystallization. In this process, high Be-
velocities were observed, Cu and Ni atoms that
crystallized differently in superficial bulk metallic
bulk liquids. We want to highlight and analyze the
result of the morphological behavior of microscopic
observation regarding Glass Bulk Metallic (BMQG)
with the composition of a commercial liquid metal
alloy (LMOOIB). One specifies that the injection
molded plate was supplied to us by Liquid Metals
Technologies Inc., Ca, USA and was manufactured
using an Engel injection molding machine operating
at 1050-1100°C. The sample that was observed was
then cut with a jet of water. FEI Scios Dual-Beam
performed microscopic observation. In a cross-
section, the presence of crystalline phases can be
observed on short-range command. It is also
investigated the presence of short-range command
groups, their distribution and the effect they can have
on the behaviors and properties of alloys.
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