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(57) ABSTRACT
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are described. In one embodiment, a method of fabricating
an object that includes a metallic glass-based material
includes: introducing molten alloy into a mold cavity
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such that it solidifies, the solid including a metallic glass-
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SYSTEMS AND METHODS FOR
FABRICATING STRUCTURES INCLUDING
METALLIC GLASS-BASED MATERIALS

USING LOW PRESSURE CASTING

CROSS-REFERENCE TO RELATED
APPLICATIONS

The current application claims priority to U.S. Provisional
Application No. 61/879,820, filed Sep. 19, 2013, the disclo-
sure of which is incorporated herein by reference.

STATEMENT OF FEDERAL FUNDING

The invention described herein was made in the perfor-
mance of work under a NASA contract, and is subject to the
provisions of Public Law 96-517 (35 U.S.C. 202) in which
the Contractor has elected to retain title.

FIELD OF THE INVENTION

The present invention generally relates to fabricating
structures including metallic glass-based materials using
low pressure casting techniques.

BACKGROUND

Metallic glasses, also known as amorphous alloys,
embody a relatively new class of materials that is receiving
much interest from the engineering and design communities.
Metallic glasses are characterized by their disordered
atomic-scale structure in spite of their metallic constituent
elements i.e. whereas conventional metallic materials typi-
cally possess a highly ordered atomic structure, metallic
glass materials are characterized by their disordered atomic
structure. Notably, metallic glasses typically possess a num-
ber of useful material properties that can allow them to be
implemented as highly effective engineering materials. For
example, metallic glasses are generally much harder than
conventional metals, and are generally tougher than ceramic
materials. They can also be relatively corrosion resistant,
and, unlike conventional glass, they can have good electrical
conductivity. Importantly, the manufacture of metallic glass
materials lends itself to relatively easy processing in certain
respects. For example, the manufacture of a metallic glass
can be compatible with an injection molding process.

Nonetheless, the manufacture of metallic glasses presents
challenges that limit their viability as engineering materials.
For example, metallic glasses are typically formed by rais-
ing a metallic alloy above its melting temperature, and
rapidly cooling the melt to solidify it in a way such that its
crystallization is avoided, thereby forming the metallic
glass. The first metallic glasses required extraordinary cool-
ing rates, e.g. on the order of 106 K/s, and were thereby
limited in the thickness with which they could be formed.
Indeed, because of this limitation in thickness, metallic
glasses were initially limited to applications that involved
coatings. Since then, however, particular alloy compositions
that are more resistant to crystallization have been devel-
oped, which can thereby form metallic glasses at much
lower cooling rates, and can therefore be made to be much
thicker (e.g. greater than 1 mm). These metallic glasses that
have compositions that can allow them to be made to be
thicker are known as ̀ bulk metallic glasses' (`BMGs").

In addition to the development of BMGs, ̀bulk metallic
glass matrix composites' (BMGMCs) have also been devel-
oped. BMGMCs are characterized in that they possess the

2
amorphous structure of BMGs, but they also include crys-
talline phases of material within the matrix of amorphous
structure. For example, the crystalline phases can exist in the
form of dendrites. The crystalline phase inclusions can

5 impart a host of favorable materials properties on the bulk
material. For example, the crystalline phases can allow the
material to have enhanced ductility, compared to where the
material is entirely constituted of the amorphous structure.
BMGs and BMGMCs can be referred to collectively as

10 BMG-based materials. Similarly, metallic glasses, metallic
glasses that include crystalline phase inclusions, BMGs, and
BMGMCs can be referred to collectively as metallic glass-
based materials or MG-based materials.

15 
SUMMARY OF THE INVENTION

Systems and methods in accordance with embodiments of
the invention fabricate objects including metallic glass-

20 based materials using low-pressure casting techniques. In
one embodiment, a method of fabricating an object that
includes a metallic glass-based material includes: introduc-
ing molten alloy into a mold cavity defined by a mold using
a low enough pressure such that the molten alloy does not

25 conform to features of the mold cavity that are smaller than
100 µm; and cooling the molten alloy such that it solidifies,
the solid including a metallic glass-based material.
In another embodiment, the mold cavity is characterized

by extrusion symmetry.
30 In yet another embodiment, the entirety of the solid

includes a metallic glass-based material.
In still another embodiment, only some portion less than

the entirety of the solid includes a metallic glass-based
material.

35 
In still yet another embodiment, cooling jets are used to

cool the molten alloy such that it solidifies.
In a further embodiment, introducing the molten alloy

into the mold cavity includes using gas to force the molten

40 alloy into the mold cavity.
In a still further embodiment, introducing the molten alloy

into the mold cavity includes using at least a partial vacuum
to cause a pressure differential that causes the molten alloy
to be drawn into the mold cavity.

45 In a yet further embodiment, introducing the molten alloy
into the mold cavity includes using a hydraulic ram to apply
pressure to the molten alloy and thereby introduce it into the
mold cavity.
In a still yet further embodiment, introducing the molten

5o alloy into the mold cavity includes pouring molten alloy into
the mold cavity.
In another embodiment, introducing the molten alloy into

the mold cavity further includes using at least a partial
vacuum to cause a pressure differential that causes the

55 molten alloy to be drawn into the mold cavity.
In still another embodiment, introducing the molten alloy

into the mold cavity further includes using a piston to apply
a force to the molten alloy causing the molten alloy to be
compelled into the mold cavity.

60 In yet another embodiment, the mold cavity defines the
shape of a gear.
In still yet another embodiment, a method of fabricating

an object that includes a metallic glass-based material
includes: introducing molten alloy into a mold cavity

65 defined by a mold using a pressure of less than approxi-
mately 100 psi; and cooling the molten alloy such that it
solidifies, the solid including a metallic glass-based material.
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In a further embodiment, the molten alloy is introduced
into the mold cavity at a pressure of less than approximately
15 psi.

In a yet further embodiment, the molten alloy is intro-
duced into the mold cavity at a pressure of less than
approximately 5 psi.

In a still further embodiment, the mold cavity is charac-
terized by extrusion symmetry.

In a still yet further embodiment, the entirety of the solid
includes metallic glass-based material.

In another embodiment, only some portion less than the
entirety of the solid includes a metallic glass-based material.

In yet another embodiment, cooling jets are used to cool
the molten alloy.

In still another embodiment, introducing the molten alloy
into the mold cavity includes using gas to force the molten
alloy into the mold cavity.

In still yet another embodiment, introducing the molten
alloy into the mold cavity includes using at least a partial
vacuum to cause a pressure differential that causes the
molten alloy to be drawn into the mold cavity.

In a further embodiment, introducing the molten alloy
into the mold cavity includes using a hydraulic ram to apply
pressure to the molten alloy and thereby introduce it into the
mold cavity.

In a yet further embodiment, introducing the molten alloy
into the mold cavity includes pouring molten alloy into the
mold cavity.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates how conventional high-pressure casting
techniques can cause a metallic glass-based material to
adhere to a mold to such an extreme extent that removing the
material from the mold causes the destruction of the mold.
FIGS. 2A-213 illustrate a prior art split mold and how a

part cast from the split mold can undesirably include a
parting line defined by the mold halves.

FIG. 3 illustrates a prior art microscale gear.
FIG. 4 illustrates a process for fabricating a metallic

glass-based component using a low-pressure casting tech-
nique in accordance with an embodiment of the invention.

FIG. 5 illustrates an induction casting technique that can
be implemented in accordance with an embodiment of the
invention.

FIG. 6 illustrates a suction casting technique that can be
implemented in accordance with an embodiment of the
invention.

FIG. 7 illustrates a die casting technique that can be
implemented in accordance with an embodiment of the
invention.

FIG. 8 illustrates a tilt casting technique that can be
implemented in accordance with an embodiment of the
invention.

FIGS. 9A-9C illustrate fabricating a gear using a low
pressure casting technique in accordance with an embodi-
ment of the invention.
FIGS. 10A-10B illustrate how a cast part can be easily

removed from a mold when using a low pressure casting
technique in accordance with an embodiment of the inven-
tion.

FIG. 11 illustrates how the pressure under which molten
alloy is introduced into a mold cavity can be tuned to
influence the characteristics of the cast part in accordance
with certain embodiments of the invention.
FIG. 12A-12B illustrate how the geometry of a gear

formed using conventional fabrication processes compares

4
to the geometry of a gear formed using a low pressure
casting technique in accordance with an embodiment of the
invention.

FIGS. 13A-13D illustrate how the surface finish of gears
5 cast using conventional fabrication techniques compare with

a gear cast using a low pressure casting technique in
accordance with an embodiment of the invention.
FIG. 14 illustrates a number of molds that can be used in

accordance with certain embodiments of the invention.
10 FIGS. 15A-15E illustrate a process for forming gears

using a three piece mold in conjunction with a low pressure
casting technique in accordance with an embodiment of the
invention.

FIGS. 16A-16C illustrate planetary gears that have been
15 fabricated using a low pressure casting technique in accor-

dance with an embodiment of the invention.

DETAILED DESCRIPTION

20 Turning now to the drawings, systems and methods for
fabricating objects including a metallic glass-based material
using low pressure casting techniques are illustrated.

While metallic glass-based materials are characterized by
a host of desirable materials properties, it has proved to be

25 challenging to economically fabricate objects that include
metallic glass-based materials so as to harness their desir-
able materials properties. For example, although molten
metallic glass compositions can be cast into molds to form
them into desired shapes, using conventional casting tech-

so niques can result in a number of imperfections in the cast
part. Thus, for example, in accordance with many conven-
tional casting techniques, molten alloy is forced into a mold
cavity at relatively high pressure (e.g. greater than approxi-
mately 10,000 psi); as a result, after the material cools, the

35 solidified material may replicate the microscale features that
can be unintentionally present in the mold e.g. the rough-
ness embodied in the surface finish of the mold. For
example, if the mold has a rough surface finish, that rough
surface can be unintentionally replicated on the solidified

40 material because of the high pressure under which the
material is cast. This can be undesirable in a number of
respects. For example, a rough surface can be detrimental to
the cast part's operation. For instance, where gears are
fabricated, a rough surface finish can exacerbate the detri-

45 mental effects of ̀wear and tear' as compared to what the
gear would experience if it had a smoother surface finish.

Furthermore, casting molten alloys at high pressures, as is
conventionally done, can cause other undesired outcomes.
For example, in many instances the solidified material will

5o be so tightly adhered to the mold that it will be difficult to
remove. The mechanics of this outcome are generally under-
stood to be as follows: when molten alloy is introduced at
high pressure, the molten alloy can be compelled to conform
to, and/or intertwine with, the rough features of the surface

55 of the mold such that when the melt solidifies, it interlocks
with the mold surface to an extent that makes the removal of
the cast part from the mold difficult. In many instances,
removing a part cast under high pressure from a mold results
in damage to the part, the mold, or both. For example, FIG.

60 1 depicts a cast gear that was so intertwined with the mold
that removing the gear from the mold resulted in destruction
of the mold. In particular, it is illustrated that in order to
remove the cast gear 102 from its mold 104, the mold 104
had to be bent. As a result, the mold was no longer usable.

65 As can be appreciated, destroying molds in order to retrieve
cast parts can substantially hinder fabrication process effi-
ciency.
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To circumvent this outcome, split molds are often used;
split molds can facilitate the removal of the cast part from
the mold. However, where split molds are used, the pres-
surized molten alloy often conforms to the parting line, and
consequently, the cast part includes the parting line. For
example, FIGS. 2A and 2B illustrate the use of a split mold
and how it can result in an undesired parting line. In
particular, FIG. 2A illustrates a split mold, and FIG. 2B
illustrates a how a part cast from the split mold undesirably
includes a parting line that is defined by the adjoining of the
two mold halves. As can be appreciated, all of these imper-
fections limit the viability of using conventional casting
techniques to cast parts from metallic glass-based materials,
and thereby discourage the use of metallic glass-based
materials as viable engineering materials, notwithstanding
their desirable materials properties. These imperfections can
be addressed with further processing steps (e.g. machining
away parting lines), but these further processing steps may
still be considered overly burdensome.

Thus, in many embodiments of the invention, molten
alloy is cast into molds at low pressures to avoid the
aforementioned undesired outcomes, and is thereafter
cooled so as to form a casting that includes a metallic
glass-based material. For example, in many embodiments, a
molten alloy is cast into a mold at a low enough pressure
such that the alloy adopts the macroscale geometry of the
mold cavity, but does not replicate the microscale features of
the mold cavity. This casting method can result in a host of
advantages. For instance, the surface finish of the cast part
can be largely a function of the surface tension of the molten
alloy rather than the surface roughness of the mold. More-
over, because the molten alloy is not being so forcefully
compressed against the surface of the mold, as the molten
alloy cools and correspondingly shrinks in volume it can
more easily retract from the surface of the mold. As a result,
the solidified part can be more easily removed from the
mold. Consequently, split molds do not necessarily have to
be used. Further, as can be appreciated, the extent of any
post-casting processing to finish the desired part can gener-
ally be reduced.

Low-pressure casting techniques are now discussed
below in greater detail.

Low-Pressure Casting Techniques

In many embodiments of the invention, low pressure
casting techniques are implemented to fabricate structures.
As alluded to previously, although metallic glass based
materials can be made to possess a host of desirable mate-
rials properties, their practicable implementation as a viable
engineering material has yet to be fully realized. This is
partly due to an incomplete understanding of the materials
properties that metallic glass-based materials can be made to
possess. For example, although metallic glass-based mate-
rials have been used in the construction of microscale gears,
progress has been slow in manufacturing such gears at a
macroscale. U.S. Pat. Pub. No. 2015/0047463 entitled "Sys-
tems and Methods for Implementing Bulk Metallic Glass
based Macroscale Gears" to Hofmann et al. discusses this
problem and discloses a strategy for the viable manufacture
of macroscale metallic-glass based gears. The disclosure of
U.S. Pat. Pub. No. 2015/0047463 is hereby incorporated by
reference in its entirety, especially as it pertains to the
manufacture of macroscale gears. By way of example, FIG.
3 depicts a metallic glass-based microscale gear that has
been fabricated in accordance with prior art techniques. In
particular, it is depicted that the gear has teeth on the order

T
of 50 µm in length. Hofmann et al. also discuss particularly
robust metallic glass-based material compositions in U.S.
Pat. Pub. No. US 2014/0093674 that can be implemented in
a wide variety of scenarios. The disclosure of U.S. Pat. Pub.

5 No. US 2014/0093674 is hereby incorporated by reference
in its entirety, especially as it pertains to metallic-glass based
materials having a composition that includes copper, zirco-
nium, titanium, hafnium, and/or rutherfordium.
Hofmann et al. further disclose that metallic glass-based

io materials can be made to be particularly well-suited in the
manufacture of compliant mechanisms in U.S. Pat. Pub. No.
US 2014/0020794. The disclosure of U.S. Pat. Pub. No. US
2014/0020794 is hereby incorporated by reference in its
entirety, especially as it pertains to compliant mechanisms

15 that include metallic glass-based materials. Moreover, Hof-
mann et al. further disclose that metallic glass-based mate-
rials can be made to be particularly well suited in the
manufacture of strain wave gears in U.S. Pat. Pub. No. US
2014/0224050. The disclosure of U.S. Pat. Pub. No. US

20 2014/0020794 is hereby incorporated by reference in its
entirety, especially as it pertains to strain wave gears and
strain wave gear components that include metallic glass-
based materials.
In addition to disclosing metallic glass-based material

25 compositions that more easily lend themselves as viable
engineering materials, and particular components that can
demonstrate improved performance when fabricated from
metallic-glass based materials, Hofmann et al. have further
disclosed particular fabrication techniques that can more

30 easily enable any of a variety of geometries to be fabricated
from metallic glass-based materials. For example, Hofmann
et al. disclose depositing metallic glass-based compositions
in a layer-by-layer manner (e. g., akin to additive manufac-
turing techniques) to build up a desired geometry in U.S.

35 Pat. Pub. No. US 2014/0202595. The disclosure of U.S. Pat.
Pub. No. US 2014/0202595 is hereby incorporated by ref-
erence in its entirety, especially as it pertains to depositing
metallic glass based material compositions in a layer-by-
layer manner. Similarly, Hofmann et al. disclose using

40 ultrasonic consolidation to adjoin ribbons of metallic glass-
based material compositions and to thereby build up a
desired geometry in U.S. Pat. Pub. No. 2014/0312098. The
disclosure of U.S. Pat. Pub. No. 2014/0312098 is hereby
incorporated by reference in its entirety, especially as it

45 pertains to using ultrasonic consolidation to adjoin ribbons
of metallic glass-based material compositions to thereby
build up a desired geometry. Hofmann et al. further disclose
techniques for coating objects with metallic glass-based
materials in U.S. Pat. Pub. No. US 2014/0141164. The

5o disclosure of U.S. Pat. Pub. No. US 2014/0141164 is hereby
incorporated by reference in its entirety, especially as it
pertains to coating objects with metallic glass-based mate-
rials.

Notably, as discussed above, metallic glass-based mate-
55 rials can be implemented using heritage conventional cast-

ing techniques. However, as also mentioned above, the
heritage casting techniques can result in a number of defi-
ciencies. Accordingly, in many embodiments of the inven-
tion, low pressure-casting techniques are implemented that

6o help circumvent the above-identified issues. For example,
FIG. 4 illustrates a method of fabricating an object using a
low pressure casting technique in accordance with an
embodiment of the invention. In particular, the method 400
includes introducing 402 molten alloy into a mold cavity at

65 a low pressure, cooling 404 the molten alloy to form an
object that includes a metallic glass-based material, and
removing 406 the cast object. In many embodiments, the
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pressure under which molten alloy is introduced 402 into the
mold is such that the surface finish of the cast part is largely
governed by the surface tension of the melt. In numerous
embodiments, the pressure under which the molten alloy is
introduced 402 into the mold is such that the molten alloy
does not conform to features of the mold that are less than
approximately 100 µm in length. Thus, any rough features
that are present on the inner surface of the mold are not
replicated on the cast part. In a number of embodiments, the
pressure under which the molten alloy is introduced 402 is
less than approximately 100 psi. In several embodiments,
the pressure under which the molten alloy is introduced 402
is less than approximately 15 psi. Although, several metrics
have been measured to characterize the low pressure under
which molten alloy is introduced into the cavity, it should be
clear that any suitable pressure that achieves the specified
desired benefits—e.g. achieving a smooth surface finish,
avoiding replicating the microfeatures of the mold surface,
and/or avoiding the interlocking of the cast part with the
mold thereby allowing the cast part to be easily retrieved
from the mold can be implemented in accordance with
many embodiments of the invention. The molten alloy may
then be cooled 404 so as to form a cast part that includes
metallic glass-based material. The cast part may then be
removed 406 from the mold.
As can be appreciated, introducing the molten alloy at low

pressures can avoid undesirably replicating the rough sur-
face finish of a mold onto a cast part. Additionally, intro-
ducing the molten alloy at low pressure instead of high
pressure allows the solidified cast part to be more easily
removed from the mold. For example, as discussed above,
when molten alloy is introduced at high pressure, it can
undesirably intertwine with the surface of the mold, thereby
making it difficult to remove from the mold. By contrast,
using the low pressure casting techniques described herein,
the cast part can be cast so as not to interlock with the mold
surface to such an extent that it becomes difficult to remove.
Moreover, as the cast part cools, the molten alloy compo-
sition can be such that its cooling causes it to shrink in
volume, which can allow it to be more easily removed 406
from the mold.

The molten alloy can be cooled 404 using any suitable
technique. As can be appreciated, the extent to which the
molten alloy develops an amorphous structure is largely a
function of the rate that the molten alloy cools. Thus for
instance, in many embodiments, cooling jets are used to
rapidly cool the molten alloy such that metallic glass forms.
Of course, it should be clear that any of a variety of
techniques may be used to cool the molten alloy so as to
cause the formation of metallic glass. In many embodiments,
the molten alloy is cooled so rapidly that the entire casting
is characterized by an amorphous structure. In several
embodiments, the molten alloy is cooled to an extent such
that it only partially forms an amorphous structure.

In many instances the mold in which the molten alloy is
cast is characterized by extrusion symmetry. In other words,
the mold geometry has a similar cross-section throughout its
length. For example, in many embodiments, the mold geom-
etry is cylindrical. In some embodiments, the geometry of
the mold cavity defines a rectangular prism. Having extru-
sion symmetry can allow the cast part to be easily ejected
from the mold—e.g. the cast part can be ejected along its
longitudinal axis. Note that split molds need not necessarily
be used where the mold is characterized by extrusion
symmetry.
As can be appreciated, the above described process is

compatible with any of a variety of casting techniques. For

8
example, FIG. 5 depicts how induction casting can be used
to implement the above-described low pressure casting
method. In particular, FIG. 5 depicts an induction casting
arrangement 500 that includes a quartz tube 502 through

5 which molten alloy 510 that is capable of forming a metallic
glass-based material is introduced into the mold cavity,
induction coils 504 that heat the molten alloy 510 so that it
can develop a viscosity that allows it to conform to the shape
of the mold cavity, a mold 506 that shapes the molten alloy

io 510. Gas 508 is used to force the molten alloy 510 into the
mold 506. As can be appreciated the gas can be applied such
that the molten alloy 510 is introduced into the mold 506 at
a relatively low pressure as described above (e.g. such that
the surface tension of the melt largely governs the surface

15 finish of the cast part; such that the melt does not conform
to any features within the mold that are longer than 100 µm
in length; and/or such that the melt is introduced at a
pressure less than approximately 100 psi). Note that
although separate cooling mechanisms/techniques are not

20 illustrated, it should be clear that they can be implemented
to rapidly cool the melt so that it forms a metallic glass-
based material in accordance with embodiments of the
invention.

Similarly, FIG. 6 depicts how a suction casting can be
25 used to implement low pressure casting techniques in accor-

dance with an embodiment of the invention. In particular,
FIG. 6 depicts a suction casting arrangement 600 that
includes an arc welder 602, a mold 606, and a connection to
vacuum 608 (or at least a partial vacuum). In essence, the arc

30 welder 602 heats the molten alloy 610 that can be made to
form a metallic glass-based material so that it develops a
viscosity and can conform to the shape of the mold cavity.
The connection to vacuum 608 gives rise to the pressure
differential that causes the molten alloy 610 to conform to

35 the mold cavity. As can be appreciated, this technique can be
used to implement the above-described low pressure casting
techniques. Additionally, as before, although not illustrated,
it can be appreciated that separate cooling techniques/
mechanisms can be implemented so as to facilitate the

40 cooling of the melt.
FIG. 7 depicts yet another casting technique that can be

used to implement low pressure casting techniques in accor-
dance with an embodiment of the invention. In particular,
FIG. 7 depicts an injection casting arrangement 700 that

45 includes a pump 702, a hydraulic ram 704, an induction coil
708 to heat the molten alloy 710 that is capable of forming
metallic-glass based material so that it develops a viscosity
that can allow it to conform to the shape of a mold cavity,
and a mold 706. Further, in many instances, this process is

50 conducted within a vacuum chamber 720. As can be gleaned
from the illustration, the hydraulic ram 704 can be used to
apply a pressure to the molten alloy 710 so that it conforms
to the shape of the mold cavity defined by the mold 706. As
can be appreciated, the hydraulic ram can allow the molten

55 alloy 710 to be introduced in to the mold cavity at a
relatively reduced pressure in accordance with embodiments
of the invention. Again, as before, any of a variety of cooling
mechanisms can be used to facilitate the cooling of the melt.
FIG. 8 depicts yet another technique that can be used to

60 implement the described low pressure casting techniques. In
particular, FIG. 8 depicts tilt casting whereby molten metal-
lic glass-based material is poured into a mold. In many
instances, vacuum pressure and/or piston pressure (e.g.
injection casting) is used to facilitate tilt casting—e.g.

65 helping draw the molten alloy into the mold cavity. As can
be appreciated, tilt casting can be used to implement the
described low pressure casting techniques.
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While several particular casting methods are discussed, it
should be clear that the described low pressure casting
techniques can be implemented using any of a variety of
arrangements. Generally, low pressure casting techniques in
accordance with many embodiments of the invention can be
implemented using any arrangement that is capable of
introducing molten alloy into a mold at a low pressure (e.g.
such that the surface tension of the melt largely governs the
surface finish of the cast part; such that the melt does not
conform to any features within the mold that are longer than
100 µm in length; and/or such that the melt is introduced at
a pressure less than approximately 100 psi), and cooling the
melt so as to form a metallic glass-based material. The
techniques are not limited to implementation by the above-
described arrangements.
As can be appreciated, these techniques are versatile and

can be used to fabricate any of a variety of geometries in
accordance with embodiments of the invention. The casting
of gears is particularly well-suited to harness the advantages
achieved by low pressure casting techniques, and the casting
of gears is now described in greater detail.

The Low Pressure Casting of Gears

The above described techniques are suitable to advanta-
geously fabricate any of a variety of geometries. In many
embodiments, the described low pressure casting techniques
are used to fabricate gears. For example, FIGS. 9A-9C
depict the fabrication of gears using a low pressure casting
technique in accordance with an embodiment of the inven-
tion. In particular, FIG. 9A depicts the gear mold used to
fabricate the gear disposed within a suction molding
arrangement; FIG. 9B depicts the molten alloy having been
suction cast into the gear mold, and FIG. 9C depicts the
removal of the cast gear from the gear mold. In particular,
the gear was suction cast so as to cause the low pressure
casting as described above. As a result, the cast part includes
a smooth surface finish and is easily removed from the mold.
FIGS. 10A-10B highlight that gear molds can be made to

have extrusion symmetry, such that the cast gear can be
easily ejected from the mold. In particular, FIG. 1 O depicts
a gear mold that has extrusion symmetry, including a cast
metallic glass-based material that has yet to be ejected. More
specifically, the molten alloy was introduced into the mold
at 5 psi. FIG. 10B depicts easily ejecting the cast metallic
glass-based material using a finger. The extrusion symmetry
in conjunction with the low pressure casting enable the cast
component to be easily ejected using only light pressure
from a human finger.

Note that the pressure under which the molten alloy is
introduced into the mold can be tuned to obtain the desired
geometry in accordance with embodiments of the invention.
For example, where more conformity with the mold geom-
etry is desired, a relatively higher pressure can be applied.
Contrariwise, where less conformity with the geometry of
the mold cavity is desired, the molten alloy can be intro-
duced into the mold at a relatively lower pressure. FIG. 11
depicts a cast gear that was formed using relatively higher
pressure (shown on the left) compared to a gear that was cast
using relatively lower pressure (shown on the right). In
particular, the gear that was cast at a relatively higher
pressure more rigidly conforms to the shape of the mold
cavity whereas the gear that was cast at a relatively lower
pressure more loosely conforms to the shape of the mold.
Thus, the pressure at which molten alloy is introduced into
a mold cavity can be tuned to influence the characteristics of
the cast part.

10
It should be clear that the molten alloy can still be made

to substantially conform to the geometry of a mold cavity to
a desired extent even when cast under low pressure. For
example. FIGS. 12A and 12B depict micrographs of cast

5 gears that demonstrate that the described low pressure
casting techniques can still enable molten alloy fully con-
form to the geometry of the mold cavity specifically, FIG.
12A depicts a steel gear cast under a conventional high
pressure casting technique, while FIG. 12B depicts a metal-

io lic glass-based material that was cast in accordance with the
low pressure casting techniques described herein. Note that
even where low pressure casting techniques as described
herein are implemented, the metallic glass-based material
can be made to replicate the overall shape of the gear.

15 Importantly, as mentioned previously, low pressure cast-
ing techniques in accordance with many embodiments of the
invention can allow the surface finish of the cast part to be
made relatively smooth. In general, the surface tension
within the melt can facilitate the creation of a smooth finish.

20 By way of example, FIGS. 13A-13D depict the surface
finishes of parts cast according to various techniques. In
particular, FIG. 13A depicts a steel gear, the teeth of which
were fabricated via electrical discharge machining (EDM).
FIG. 13B depicts a steel gear, the teeth of which were

25 fabricated via conventional machining; FIG. 13C depicts a
metallic glass-based gear, the teeth of which were fabricated
via EDM, and FIG. 13D depicts a metallic glass-based gear
cast under low pressure conditions in accordance with an
embodiment of the invention. Note that each of FIGS.

so 13A-13C depict gears having more of a rough surface finish
than that seen in FIG. 13D. Importantly, as mentioned
previously, a smooth surface finish can facilitate the opera-
tion of a gear as the smooth surface finish can reduce the
adverse impacts of wear and tear that the gear may experi-

35 ence. Of course, it should be clear that any of a variety of
molds can be used. For example, FIG. 14 depicts several
molds which can be used to shape gears using low pressure
casting techniques in accordance with embodiments of the
invention. More generally, the above-described methods can

4o be used to fabricate any of a variety of geometries, and are
not limited to the manufacture of gears.
The above-described techniques can be implemented

using any of a variety of arrangements. For example, FIGS.
15A-15E depict fabricating a gear using a 3-piece mold. In

45 particular, FIG. 15A depicts a 3-piece mold in conjunction
with a cast gear. More specifically, the mold includes a
primary piece 1502, and top and bottom pieces 1504 and
1506. The resulting cast gear 1508 is also depicted. FIG. 15B
depicts an apparatus 1510 that is used to eject the cast part

50 from the mold. FIG. 15C depicts the bottom portion of the
mold 1506, the primary piece of the mold 1502, and the cast
gear 1508. FIG. 15D depicts the primary piece of the mold
1502 in conjunction with the cast gear 1508. FIG. 15E
depicts the cast gear 1508.

55 The above-described fabricated gears can be utilized in
any of a variety of ways. For example, FIGS. 16A-16C
depict that the gears are being implemented in a planetary
gear system. In particular, FIG. 16A depicts the components
of the planetary gear system, FIG. 16B provides the scale for

60 the planetary gear system, and FIG. 16C depicts the
assembled planetary gear system. Of course, it should be
clear that gears fabricated in accordance with the described
low pressure casting techniques can be implemented in any
of a variety of ways in accordance with embodiments of the

65 invention. Indeed, the above-described techniques are broad
and can be used to fabricate any of a variety of geometries
and are not limited to the fabrication of gears.
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More generally, as can be inferred from the above dis-
cussion, the above-mentioned concepts can be implemented
in a variety of arrangements in accordance with embodi-
ments of the invention. Accordingly, although the present
invention has been described in certain specific aspects,
many additional modifications and variations would be
apparent to those skilled in the art. It is therefore to be
understood that the present invention may be practiced
otherwise than specifically described. Thus, embodiments of
the present invention should be considered in all respects as
illustrative and not restrictive.

What claimed is:
1. A method of fabricating an object that includes a

metallic glass-based material comprising:
introducing a molten metallic glass forming alloy into a

mold cavity defined by a mold body having one or more
mold features wherein at least one mold feature has a
feature size of less than 100 µm under a pressure
selected such that the molten metallic glass forming
alloy does not conform to the at least one mold feature
of the mold cavity smaller than 100 µm; and

cooling the molten metallic glass forming alloy such that
it solidifies to form a solid comprising a metallic
glass-based material.

2. The method of claim 1, wherein the mold cavity is
characterized by extrusion symmetry.

3. The method of claim 1, wherein the entirety of the solid
comprises a metallic glass-based material.

4. The method of claim 1, wherein less than the entirety
of the solid comprises a metallic glass-based material.

5. The method of claim 1, wherein one or more cooling
jets are used to cool the molten metallic glass forming alloy
such that it solidifies into the solid.

6. The method of claim 1, wherein introducing the molten
metallic glass forming alloy into the mold cavity comprises
using gas to force the molten metallic glass forming alloy
into the mold cavity under the pressure.

7. The method of claim 1, wherein introducing the molten
metallic glass forming alloy into the mold cavity comprises
using at least a partial vacuum to create a pressure differ-
ential that causes the molten metallic glass forming alloy to
be drawn into the mold cavity.

8. The method of claim 1, wherein introducing the molten
metallic glass forming alloy into the mold cavity comprises
using a hydraulic ram to apply the pressure to the molten
metallic glass forming alloy and thereby introduce it into the
mold cavity.

9. The method of claim 1, wherein introducing the molten
metallic glass forming alloy into the mold cavity comprises
pouring the molten metallic glass forming alloy into the
mold cavity.

10. The method of claim 9, wherein introducing the
molten metallic glass forming alloy into the mold cavity
further comprises using at least a partial vacuum to cause a
pressure differential that causes the molten metallic glass
forming alloy to be drawn into the mold cavity under the
pressure.

11. The method of claim 9, wherein introducing the
molten metallic glass forming alloy into the mold cavity
further comprises using a piston to apply a force to the

12
molten metallic glass forming alloy causing the molten
metallic glass forming alloy to be compelled into the mold
cavity under the pressure.
12. The method of claim 1, wherein the mold cavity

5 defines the shape of a gear.
13. A method of fabricating an object that includes a

metallic glass-based material comprising:
introducing molten metallic glass forming alloy into a

mold cavity defined by a mold body having one or more
mold features wherein at least one mold feature has a

10 
feature size of less than 100 µm using a pressure of less
than approximately 100 psi such that the molten metal-
lic glass forming alloy does not conform to the at least
one mold feature of the mold cavity smaller than 100
µm; and

15 cooling the molten metallic glass forming alloy at a rate
such that the metallic glass forming alloy develops an
amorphous structure and solidifies to form a solid
comprising a metallic glass-based material.

14. The method of claim 13, wherein the pressure is less
20 than approximately 15 psi.

15. The method of claim 14, wherein the pressure is less
than approximately 5 psi.

16. The method of claim 13 wherein the mold cavity is
characterized by an extrusion symmetry.

25 17. The method of claim 13, wherein the entirety of the
solid comprises the metallic glass-based material.
18. The method of claim 13, wherein less than the entirety

of the solid comprises the metallic glass-based material.
19. The method of claim 13, wherein at least two cooling

30 jets are used to cool the molten metallic glass forming alloy.
20. The method of claim 13, wherein introducing the

molten metallic glass forming alloy into the mold cavity
comprises using a gas to force the molten metallic glass
forming alloy into the mold cavity under the pressure.

35 21. The method of claim 13, wherein introducing the
molten metallic glass forming alloy into the mold cavity
comprises using at least a partial vacuum to cause a pressure
differential that causes the molten metallic glass forming
alloy to be drawn into the mold cavity.

40 22 The method of claim 13, wherein introducing the
molten metallic glass forming alloy into the mold cavity
comprises using a hydraulic ram to apply the pressure to the
molten metallic glass forming alloy and thereby introduce it
into the mold cavity.

45 23. The method of claim 13, wherein introducing the
molten metallic glass forming alloy into the mold cavity
comprises pouring the molten metallic glass forming alloy
into the mold cavity.

24. A method of fabricating an object that includes a
50 metallic glass-based material comprising:

introducing a molten alloy into a mold cavity defined by
a mold having one or more mold features wherein at
least one mold feature has a feature size of less than 100
µm under a pressure selected such that the molten alloy

55 does not conform to the at least one mold feature of the
mold cavity smaller than 100 µm; and

cooling the molten alloy such that it solidifies to form a
solid, wherein the entirety of the solid comprises a
metallic glass-based material.
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