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METHODS FOR SHAPING HIGH ASPECT RATIO ARTICLES FROM METALLIC
GLASS ALLOYS USING RAPID CAPACITIVE DISCHARGE AND METALLIC GLASS
FEEDSTOCK FOR USE IN SUCH METHODS

CROSS-REFERENCE TO RELATED APPLICATIONS

The present application claims the benefit of U.S. Provisional Patent Application
No. 61/793,904, entitled “Methods for Shaping High Aspect Ratio Articles from Metallic
Glass Alloys Using Rapid Capacitive Discharge and Metallic Glass Feedstock for Use in Such

Methods”, filed on March 15, 2013, which is incorporated herein by reference in its entirety.

FIELD
The present disclosure is directed to methods and metallic glass alloy feedstock
that are capable of being shaped into high aspect ratio articles using rapid capacitive

discharge forming.

BACKGROUND

U.S. Patent Publication No. 2009/0236017 is directed to a method of rapidly
heating and shaping a metallic glass using a rapid discharge of electrical current. A quantum
of electrical energy is discharged with near uniformity through a metallic glass feedstock
having a substantially uniform cross-section. The sample is rapidly heated substantially
uniformly to a processing temperature between the glass transition temperature of the
amorphous phase and the equilibrium melting temperature of the alloy. Either
simultaneously or subsequently, the sample is shaped and cooled to form an amorphous
article. U.S. Patent Publication No. 2012/0103478 is directed to a metallic glass article
having a high aspect ratio that is fabricated by this rapid capacitive discharge forming (RCDF)
method.

Both U.S. Patent Publication No. 2009/0236017 and U.S. Patent Publication No.
2012/0103478 are incorporated herein by reference in their entirety. While both
publications disclose a wide-range of materials that may be used with the described
methods, neither publication discloses specific ranges of properties of metallic glass alloys
for the RCDF method such that the alloys are capable of being shaped into high aspect ratio

metallic glass articles.
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BRIEF SUMMARY

In one aspect, the disclosure is directed to a method of shaping high-aspect ratio
articles. A feedstock is formed of a metallic glass alloy that has a uniform cross-section
capable of resisting crystallization for at least 100 ms at a temperature above the glass
transition of the alloy where the viscosity of the metallic glass is between 10°-10* Pa-s. In
some variations, the viscosity of the metallic glass is between 10*-10° Pa-s. In other
variations, the viscosity of the metallic glass is between 10°-10* Pa-s. In some
embodiments, the feedstock is capable of resisting crystallization for at least 100 ms at a
temperature above the glass transition of the alloy where the viscosity of the metallic glass
is between 10%-10* Pa-s. Likewise, in some embodiments the viscosity of the metallic glass
is between 10%-10° Pa-s, while in other embodiments the viscosity of the metallic glass is
between 10%-10* Pa-s. A quantum of electrical energy is applied to the feedstock, thereby
heating the feedstock to a processing window at a temperature within the viscosity range.
At such temperature, the heated feedstock is shaped into a high-aspect-ratio article. The
shaped article is cooled to a temperature below the glass transition temperature of the
metallic glass sufficiently fast to avoid crystallization of the metallic glass. In some
variations, the shaped amorphous article has a high aspect ratio of at least 10.

In other variations, the shaped amorphous article has thickness of 2 mm or less.
In some further embodiments, the thickness is in the range of 0.5 to 2 mm.

In additional aspects, the present disclosure is directed to methods of screening
metallic glass forming alloys for use in making a high aspect ratio metallic glass article. A
quantum of electric energy is applied to a sample of metallic glass alloy to heat the sample
to a temperature above the glass transition temperature of the alloy, where the viscosity of
the metallic glass is between 10° and 10* Pa-s, or alternatively between 10° and 10* Pa-s, or
alternatively between 10° and 10" Pa-s,. The temperature of the sample is measured. Once
the quantum of electric energy has been applied, the sample maintains a roughly constant
temperature until crystallization starts. Crystallization of the alloy results in the release of
energy and corresponding sharp rise in temperature. The difference between the end of
the capacitive discharge and the release of energy due to crystallization defines the

crystallization time window. A metallic glass is suitable to make high aspect ratio parts if the
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crystallization time window is at least 100 ms. In some embodiments the viscosity of the
metallic glass is between 10°-10* Pa-s.

In further aspects, the disclosure is directed to a metallic glass alloy feedstock.
The metallic glass feedstock comprises metallic glass capable of resisting crystallization for
at least 100 ms at a temperature where the viscosity is in the range of 10° and 10* Pa-s. In
some embodiments, the metallic glass is capable of resisting crystallization for at least 100
ms at a temperature where the viscosity is in the range of 10° and 10" Pa-s. In certain
variations, the feedstock has a substantially uniform cross section. The metallic glass alloy
feedstock can be used in the methods described herein.

In additional aspects, the disclosure is directed to a shaped amorphous article
formed from said feedstock using the methods described herein having features with aspect
ratio of at least 10. In other aspects, the shaped amorphous article has features with a
thickness of 2 mm or less. In some embodiments, the shaped amorphous article has
features where the thickness is in the range of 0.5 to 2 mm.

In various embodiments, the metallic glass alloy composition is Zr-based, Ti-
based, Al-based, Mg-based, Ce-based, La-based, Y-based, Fe-based, Ni-based, Co-based, Cu-
based, Au-based, Pd-based, or Pt-based. In other embodiments, the metallic glass alloy
composition is Ta-based, Hf-based, Pr-based, Nd-based, Gd-based, or Ca-based.

In still other embodiments, the metallic glass alloy composition has the following
formula:

X100-0-6YoZb EQ. 1
wherein:

Xis Ni, Fe, Co or combinations thereof

Y is Cr, Mo, Mn, Nb, Ta or combinations thereof

Zis P, B, Si, C, Ge or combinations thereof

ais between 5 and 15 atomic%

b is between 15 and 25 atomic%.

In various embodiments, the metallic glass alloy composition is any Ni-based
glass-forming alloy, including but not limited to, Ni-Cr-Nb-P-B, Ni-Cr-Ta-P-B, Ni-Cr-Mn-P-B,
Ni-Mo-Nb-Mn-P-B, Ni-Mn-Nb-P-B, Ni-Cr-Mo-Si-B-P, and Ni-Fe-Si-B-P metallic glass alloy

compositions.
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In still other embodiments, the metallic glass alloy composition has the following
formula:

Ni100-0-b-c-dXaYbPcZa EQ. 2

wherein:

Xis Cr, Mo, Mn or combinations thereof

Y is Nb, Ta, Mn or combinations thereof

Zis B, Si or combinations thereof

ais between 3 and 15 atomic%

b is between 1 and 6 atomic%

cis between 12 and 20 atomic%

dis between 0.5 and 6 atomic%

In still yet other embodiments, the metallic glass alloy is selected from
Niss.17Crg 65N b2.98P16.42B3.28Si0:5, Nisg 17Crs ssNb2 98P 15.92B3.285i1, NigoCr1oNby sP18B1 5,
NigoCrg sNbP17.5B2, NigoCroNby sP17B3 5, NiggCrsNbs sP16B3 s, NigoCr7 sNbyPis 5B4,
NiggCr7Nby 5sP15B4 s, NigoCrs 75Nb2 75P16B3 5, NiggCrolNby sP15 5B4, NigoCro 2sNb 25P15By s,
NiggCrg sNbaP14 5Bs, NigoCrg 75Nb1 75P14Bs5 5, NiggCrioNby 5P13 5B6, Nie7.5C01.5Crs sNbsP16 5B,
NigeC03Crs sNb3P16.5B3, NigsCosCrs sNb3P165B3, NisoCo10Crs sNbsP165B3,

Nis4C015Crs sNb3P16 B3, NiggC020Crs sND3P165B3, NigaCoa5Crs sNb3P165B3,
Nie1.4C010Crs 55Nbs3 35P16.67B3.03, Nise.4C015Crs 50Nb3 38P16.67B3 03,

Nis1.4C020Crs.52Nb3 38P16.67B3.03, Nig6.4C025Crs.52Nb3 38P16.67B3.03, Nig7.1Cr10Nb3 4P18Si1 5,
Nig6.1Cr11Nb3 4P18S5i1 5, Nigs.1CrizNbs 4P15Si1 5, Nig2.1Cr15sNbs 4P15Siy 5, Nigs sCrs sMnsP17B3,
Nigs sCr7sMn3Mo;P16.5B3, Nigs sCroTazP16.5B3, Nigs sCroTazP1625B3 .25 Nigs sCroTazP1Bs s,
Nigs sCroTasP15.5sBy, Nies sCroTazP15By s Nigo sCrsTasP1625B3.25, Nigs sCroTazP16.25B3 s,
Nig7.5Cr10TasP1625B3.25, Nigs sCrioTaaP16.25B3 .25, Nigs sCrg 5Tz sP16.25B3.25 and

Nigs sCrs 5Taz 5P16.25B3 5.

In still yet other embodiments, the metallic glass alloy crystallizes at a
temperature T, that is at least 45°C higher than its glass transition temperature T, when
heated by a constant heating rate of 0.67 °C/s.

In still yet other embodiments the disclosure is directed to a high-aspect-ratio
article. The article has at least one featuring with an aspect ratio of at least 10. In some

embodiments, the article has at least one feature with a thickness of 2 mm or less. In
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further embodiments, the article has at least one feature with a thickness in the range of 0.5
to 2 mm shaped from a metallic glass as described herein.

In still yet other embodiments, the high-aspect-ratio article is a component of a
consumer electronics device, a watch component, a medical implant, a dental prosthetic, a

ferromagnetic core, a sporting good, or a luxury good.

BRIEF DESCRIPTION OF THE DRAWINGS

The description will be more fully understood with reference to the following
figures and data graphs, which are presented as various embodiments of the disclosure and
should not be construed as a complete recitation of the scope of the disclosure.

FIG. 1 provides a plot of experimental data and model fitting for the temperature
dependent viscosity of Nigg17Crss5Nb; 0sP16.42B3.28 metallic glass.

FIG. 2 provides RCDF heating curves for metallic glass alloys Ni;;5CrssNbssP165B3
and Nigg.17Crg 6sNb2 98P 16.92B3.28.

FIG. 3 provides images of parts produced in two RCDF molding experiments using
metallic glass alloys Niz; 5Crs sNbs sP165B3 (A), and Nigg 17Crs ssNb;.ssP16.92B3.28 (B).

FIG. 4 provides infrared images associated with RCDF heating for metallic glass
alloys Ni725Crs sNb35P165Bs3 (A), and Nieg 17Crs 6sNb2 98P 16.92B3.28 (B).

FIG. 5 provides a Time-Temperature-Transformation (TTT) plot for metallic glass
alloys Nigg.17Crs.6sNb2.9gP16.92B3 28, Nisg.sCroNb3P155B3Si1, Niz1.4Crs5:Nbs 38P16.67B3.03, and
Ni725CrssNbzsP165Bs.

FIG. 6 provides a plot of experimental data and model fitting for the temperature
dependent viscosity of Cuy;TizsZr11Nig metallic glass.

FIG. 7 provides a Time-Temperature-Transformation (TTT) plot for metallic glass
alloy Cu47TizsZr11NigSis.

FIG. 8 provides differential calorimetry scans of metallic glass alloys
Ni725CrssNbssP165Bs and Nigg 17Crs 6sNb2.9gP16.92B3 2.

FIG. 9 provides a correlation between t.,,s: and AT (T, — T,) for metallic glass alloys
Niss.17Crg 65N b2.08P16.92B3.28, Nisg sCroNbsP155B3Sis, Niz1.4Crs5:Nbs 3P 16.67B3.03,

N i72,5Cr4,5 N b3.5P16.5 Bg and Cu47Ti332r11N IgSI 1.
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DETAILED DESCRIPTION

The present disclosure may be understood by reference to the following detailed
description, taken in conjunction with the drawings as described below. It is noted that, for
purposes of illustrative clarity, certain elements in various drawings may not be drawn to
scale, may be represented schematically or conceptually, or otherwise may not correspond
exactly to certain physical configurations of embodiments.

The present disclosure is directed to methods and materials that allow for the use
of RCDF to shape high aspect ratio articles. The articles prepared in this manner exhibit
finished surfaces that are substantially free from cosmetic defects and/or flaws.

As used herein, “high aspect ratio articles” refer to articles having aspect ratios
(defined as the longest dimension of a 3D object article divided over the shortest dimension
of a 3D object) of at least 10. In some embodiments, the article has a thickness (the
shortest dimension of a 3D object) on the order of 2 mm or less. In other embodiments, the
article has at least one feature with a thickness of 2 mm or less. In further embodiments,
the article has at least one feature with a thickness in the range of 0.5 to 2 mm. It will be
understood to those in the art that high aspect ratios articles refer to articles having at least
one feature with a high aspect ratio. A feature can be any portion of an article, and is not
limited to the total size of the article. In various embodiments, the crystallization time of an
amorphous alloy is sufficiently long to allow the amorphous alloy to occupy the high aspect

ratio feature without defects or incongruities.

RCDF Process

In RCDF, a quantum of electrical energy is discharged through a metallic glass
sample having a uniform cross-section. The sample is rapidly and uniformly heated to a
processing temperature between the glass transition temperature of the metallic glass and
the equilibrium melting temperature of the metallic glass alloy. A deformational force is
applied to the heated and softened feedstock either during or after the rapid uniform
heating. The sample is shaped and cooled to form a metallic glass article.

As used herein, a “uniform cross-section” includes minor surface inconsistencies

(e.g. < 5% of a cross-sectional diameter) in the cross-section. As used herein, “uniformly
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heated” refers to heating the feedstock core to substantially the same temperature (e.g.
within 10% of the temperature in Kelvin). It is contemplated that uniform heating refers to
the feedstock core, and very small regions in the feedstock sufficiently close to the contact
points with the electrodes (i.e. in some embodiments within 5 mm, and in other
embodiments within 1 mm) may have temperatures above or below the mean temperature
of the core of the feedstock.

The article can be shaped by any shaping method known in the art. For example,
any deformational force can be applied simultaneously or subsequently to heating in order
to shape the heated sample into an article. Non-limiting examples of different shaping
techniques may include molding, forging, casting, and blow molding, among others.

The RCDF process involves rapidly discharging electrical current across a metallic
glass feedstock via electrodes in contact with feedstock in order to rapidly and uniformly
heat the feedstock to a temperature conducive for viscous flow. The RCDF process has
certain internal time scales, the first of which is the duration of the heating pulse, t;, which
is the time to heat a metallic glass feedstock to a desired process temperature above the
glass transition. The second time scale is the duration of the shaping process, t.. This is the
available time during which the heated feedstock may be shaped to the desired final shape
without crystallizing the metallic glass. Another time scale, t,, is the amount of time to cool
the fully shaped part to below T,. Adding these time scales together gives the duration of
the RCDF process as tpepr = th+ ts+ t.. Itis critical for the heating and shaping of the initial
unprocessed metallic glass (“feedstock”) to be completed before the amorphous feedstock
crystallizes. Therefore, the crystallization time ts; must be longer than tzcpr the time it
takes for the RCDF process to heat, shape and cool the feedstock sample (i.e. tcryst > trepr)-

For high aspect ratio articles, the duration of the RCDF process is dominated by
the duration of the shaping process. The target process temperature range in RCDF is the
range of temperatures associated with a viscosity in the range of 10° to 10* Pa-s, or
alternatively in the range of 10' to 10° Pa-s, or in the range of 10% to 10* Pa-s. As disclosed
in U.S. Patent Publications 2012/0103478 and 2009/0236017, each of which is incorporated
herein by reference in its entirety, if the viscosity is higher than about 10* Pa-s, the metallic
glass alloy may not fill a mold by injection molding, or the injection pressure required to

enable complete filling may be too high causing damage to the mold. On the other hand, if
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the viscosity is substantially lower than 10° Pa-s, it may be too low to sustain stable flow
such that flow instabilities would develop causing voids or defects in the final article.

The viscosity of the metallic glass depends strongly on temperature. Most
metallic glasses have a predictable dependence between temperature and viscosity.
Specifically, the viscosity of the BMG drops by about 15 orders of magnitude when the
temperature rises from the glass transition to above the melting point of the alloy following
a predictable function. This means that the forming conditions (pressure and time) required
to shape a metallic glass depends critically on the temperature under which shaping is being
performed.

To successfully shape high-aspect-ratio articles that are free of structural and
cosmetic defects, shaping should be performed at a strain rate low enough to keep the flow
inertia force low compared to the flow front surface tension and avoid flow-front breakup
(Weber instabilities), which leads to surface defects such as cellularization, roughening, and
flow lines. Generally, when shaping high aspect ratio articles, processing strain rates should
not exceed 100 s™.

Based on these processing parameters, the lower limit for t; may be estimated as
the ratio between the lower limit of total strain, which is essentially the aspect ratio, and
the higher limit of strain rate. For example, in the current disclosure, the lowest limit in
aspect ratio is about 10 and the highest limit in strain rate is about 100 s™, thus the lower
bound for the shaping time may be 0.1 s or 100 ms. As shown below, such shaping time is
significantly larger than both t,and t..

The heating time may be estimated as follows. In the RCDF process, the circuit
capacitance typically ranges between 0.1 and 2 F, and a total resistance (metallic glass
feedstock resistance plus system resistance) between 1 and 5 m@, is typical. Therefore, the
heating time t;, which is essentially equivalent to the rise time for the current discharge and
may be roughly approximated by the product between capacitance and resistance, may be
on the order of few ms and not significantly more than 10 ms. Hence, t,<< t,.

The cooling time may be estimated as follows. The time to cool the centerline of
an article with a lateral dimension 2L by about 63% of the temperature difference
(difference between process temperature and mold temperature) may be approximated by

the thermal relaxation (Fourier) time 7, = Lz/a, where L is the article half-thickness, and may
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be on the order of 0.5 mm, and a is the metallic glass thermal diffusivity, which ranges
between 1x10° and 5x10° m?/s for most metallic glasses. Therefore typical thermal
relaxation times for such metallic glass articles may be on the order of 7, about 100 ms. But
these relaxation times represent cooling times to about 63% of the total temperature
difference. The total temperature difference in RCDF is typically on the order of 500-600
degrees when cooling from a process temperature where the viscosity is between 10° and
10* Pa-s (or alternatively in the range of 10" and 10° Pa-s or in the range of 10 and 10" Pa-s)
to the temperature of the mold, which is typically held at room temperature. The
requirement for bypassing crystallization in the RCDF process is to cool the melt to just
below the process temperature, but not necessarily below T, i.e. only by about 100-200
degrees, so the cooling time is only a small fraction of 7y, that is, only a small fraction of
about 100 ms. For example, the cooling time may be 20 ms, which is much smaller than the
minimum shaping time, i.e. 100 ms.

Accordingly, some embodiments are directed to a process for shaping high-aspect
ratio articles using RCDF. A metallic glass is selected wherein t.s: > t;> 100 ms at a
temperature where the viscosity of the metallic glass is between 10° and 10 Pa-s, or
alternatively in the range of 10 and 10° Pa-s, or in the range of 10* and 10* Pa-s. A
feedstock of the metallic glass having a substantially uniform cross-section is formed. A
quantum of electrical energy is applied to the feedstock using an RCDF system to heat the
feedstock to a processing window at a temperature where the viscosity is between 10° and
10* Pa-s, or alternatively in the range of 10" and 10° Pa-s, or in the range of 10 and 10* Pa-s.
The heated feedstock is shaped into a high-aspect-ratio article. The shaped article is cooled
to a temperature below the glass transition temperature of the metallic glass sufficiently
fast to avoid crystallization of the metallic glass.

In some embodiments the shaped amorphous article has features with aspect
ratio of at least 10. In other embodiments, the shaped amorphous article has features with
a thickness of 2 mm or less. In yet other embodiments, the shaped amorphous article has
features with a thickness in the range of 0.5 to 2 mm. The shaping step may take the form of
any application of deformational force applied simultaneously or subsequently to shape the
heated sample into an article. Examples of such shaping techniques may include molding,

forging, casting, and blow molding, among others.



10

15

20

25

30

WO 2014/145747 PCT/US2014/030561

In some embodiments, the shaped article is a component of a consumer
electronics device, a watch component, a medical implant, a dental prosthetic, a

ferromagnetic core, a sporting good, or a luxury good.

Screening for RCDF alloys satisfying the criterion set forth herein

The present disclosure is also directed to methods of screening metallic glass-
forming alloy systems to assess the suitability of specific alloys for being shaped into high-
aspect ratio articles substantially free of cosmetic defects and flaws using RCDF.

In some such embodiments, the t.,s: time window is measured by heating a
sample of the metallic glass by capacitive discharge using the RCDF method while
concurrently measuring the temperature of the sample. Once the capacitive discharge is
completed, the sample attains and maintains a roughly constant temperature (which also
can be referred to as the “process temperature”) until crystallization of the feedstock
occurs, marked by releasing energy and causing the temperature to rise sharply, thereby
designating t.ys:. Knowledge of the viscosity function of temperature for the specific alloy
(or for an alloy of very similar composition), would enable those skilled in the art to
determine whether the viscosity at the process temperature is within the range of

viscosities described herein.

RCDF Alloy Systems

The present disclosure is also directed to metallic glass-forming alloy systems
possessing specific stability criteria such that they are capable of being shaped into high-
aspect ratio articles substantially free of cosmetic defects and flaws using RCDF. More
particularly, in many variations the disclosure is directed to a metallic glass alloy capable of
resisting crystallization for at least 100 ms at a temperature above the glass transition
where the viscosity is in the range of 10° and 10* Pa-s, or alternatively in the range of 10
and 10° Pa-s, or alternatively in the range of 10? and 10* Pa-s.

The metallic glass alloy composition is Zr-based, Ti-based, Ta-based, Y-based, Hf-
based, Ni-based, Pd-based, Pt-based, Fe-based, Ni-based, Co-based, Cu-based, Au-based, Al-
based, La-based, Ce-based, Pr-based, Ng-based, Gd-based, Mg-based, or Ca-based.

10
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In certain embodiments, the metallic glass alloy composition is a Zr-based metallic
glass alloy composition that may include elements selected from the group consisting of Ti,
Ni, Cu, Be, Hf, Nb, V, Al, Sn, Ag, Pd, Fe, Co, and Cr.

In certain embodiments, the metallic glass alloy composition is Fe-based metallic
glass alloy composition that may include elements selected from the group consisting of Co,
Ni, Mo, Cr, P, C, B, Si, Al, Zr, W, Mn, Y, and Er.

In certain embodiments, the metallic glass alloy composition is Ni-based metallic
glass alloy composition that may include elements selected from the group consisting of Co,
Fe, Cu, Mo, Cr, P, B, Si, Sn, Nb, Ta, V, and Mn.

In certain embodiments, the metallic glass alloy composition is Cu-based metallic
glass alloy composition that may include elements selected from the group consisting of Zr,
Ti, Ni, Au, Ag, Hf, Nb, V, Si, Sn, and P.

In certain embodiments, the metallic glass alloy composition is Au-based metallic
glass alloy composition that may include elements selected from the group consisting of Cu,
Si, Ag, Pd, Pt, Ge, Y, and Al.

In certain embodiments, the metallic glass alloy composition is Pd-based metallic
glass alloy composition that may include elements selected from the group consisting of Pt,
Ni, Cu, P, Si, Ge, Ag, Au, Fe, and Co.

In certain embodiments, the metallic glass alloy composition is Pt-based metallic
glass alloy composition that may include elements selected from the group consisting of Pd,
Ni, Cu, P, Si, Ge, Ag, Au, Fe, and Co.

In still other embodiments, the metallic glass alloy composition has the following
formula:

X100-0-6YaZb EQ. 1
wherein:

Xis Ni, Fe, Co or combinations thereof

Y is Cr, Mo, Mn, Nb, Ta or combinations thereof

Zis P, B, Si, C, Ge or combinations thereof

ais between 5 and 15 atomic%

b is between 15 and 25 atomic%.
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In various embodiments, the metallic glass alloy composition is any Ni-based
glass-forming alloy, including but not limited to, Ni-Cr-Nb-P-B, Ni-Cr-Ta-P-B, Ni-Cr-Mn-P-B,
Ni-Mo-Nb-Mn-P-B, Ni-Mn-Nb-P-B, Ni-Cr-Mo-Si-B-P, and Ni-Fe-Si-B-P metallic glass alloy
compositions.

In still other embodiments, the metallic glass alloy composition has the following
formula:

Ni100-0-b-c-0XaYbPcZa EQ. 2
wherein:

Xis Cr, Mo, Mn or combinations thereof

Y is Nb, Ta, Mn or combinations thereof

Zis B, Si or combinations thereof

ais between 3 and 15 atomic%

b is between 1 and 6 atomic%

cis between 12 and 20 atomic%

dis between 0.5 and 6 atomic%.

In various additional embodiments, the metallic glass alloy composition is
selected from Nieg.17Crs.esNb2.0gP16.42B3.28Si0.5, Niss.17Crs.65Nb2 0P 15.92B3 28501,
NisoCrioNb15P1gB15 NigoCrosNbzP17.5By, NisgCroNby sP17B2 s, NisgCrgNbs sP16Bs s,
NisoCr7.5sNbgP15.5Ba, NigoCrsNbg sP15Bg.s, NisoCrs 75N by 75P16B3 5, NiggCroNb, 5P15.5Ba,
NisoCro.2sNb2 25P15B4 5, NigoCro.sNbzP14.5Bs, NigoCro.7sNby.75P14Bs s, NisoCrigNb1 5P13.5Be,
Nis75C01,5Crg sNbsP165B3 NigsCo3CrgsNbsP165B3, NigaCosCrg sNbsPy6 5Bs,
NisoCo10CrgsNbsP165Bs, NisgCo15CrgsNbsP165B3, NiggCo20CrgsNbsP1esBs,
Nig4C0,5Crg sNb3P165B3, Nig1.4C010Crs 55N b3 38P16.67B3.03, Nise.aCO15Crs 5:Nb3 38P 16.67B3.03,
Nis1.4C020Crs5:N b3 38P 16.67B3.03, Niss.4CO25Cr5 5:ND3 38P16.67B3.03, Nig7.1Cr1oNbs 4P15Siy 5,
Nige.1Cr11Nbs3 4P18Si1 s, Niss.1Cr13Nb3 4P18Si1 s, Nisp.1CrisNbs 4P1sSiy s, NiggsCrasMnsPi7Bs,
Nisg5Cr7.5Mn3Mo;P165Bs, NiggsCroTasPie.sBs NiggsCroTasPi625B3.25 NiggsCroTaszPisBsss,
NisgsCroTasPis.sBs NisgsCroTasPisBas Nigo.sCraTasPie.25Bs 25, NisssCroTasPie 2sBs a5,
Nis7.5Cri0TasP16.25B3.25 Nigg.sCrioTazP16.25B3.25 Nigg 5CrosTaz sP16.25B3.25, and

Nigg5CrgsTazsPi6.25B3.2s.
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Correlation with AT

The metallic glass alloys that satisfy the criterion t¢ys: > ts > 100 ms within the
temperature range associated with a viscosity range of 10° and 10 Pa-s, or alternatively in
the range of 10" and 10° Pa-s, or alternatively in the range of 10 and 10* Pa-s, generally
demonstrate a relatively high stability against crystallization. The present disclosure
provides metallic glass alloys that are stable against crystallization when held at
temperatures associated with viscosities in the range of 10° and 10 Pa-s, or alternatively in
the range of 10 and 103 Pa-s, or alternatively in the range of 10 and 10* Pa-s, such that teys:
> 100 ms at those temperatures, and are also stable against crystallization when heated at a
constant rate above Ty, such that AT =T, — T,, where T is the crystallization temperature, is
relatively large. Likewise, metallic glass alloys demonstrating insufficient stability against
crystallization at the disclosed temperatures also demonstrate limited AT when heated at
constant rate above T, Accordingly, in yet other embodiments, metallic glasses capable of
being shaped into high-aspect ratio articles using RCDF may crystallize at a temperature 7,
that is at least 45°C higher than their glass transition temperature T, when heated by a

constant heating rate of 0.67 °C/s.

EXAMPLES
The following examples describe in detail preparation and characterization of
alloys and methods disclosed herein. It will be apparent to those of ordinary skill in the art

that many modifications, to both materials and methods, may be practiced.

Example 1: Screening of Ni-based alloys

To explore the processing window and the RCDF shaping capabilities as a function
of composition, the family of Ni-Cr-Nb-P-B glass-forming alloys disclosed in U.S. Patent
Applications No. 13/592,095, entitled “Bulk Nickel-Based Chromium and Phosphorus
Bearing Metallic Glasses”, filed on August 22, 2012, and No.14/067,521, entitled “Bulk
Nickel-Based Chromium and Phosphorus Bearing Metallic Glasses with High Toughness”,
filed on October 30, 2013, the disclosures of which are incorporated herein by reference in
their entirety, was investigated. Experimental data and model fitting for the viscosity of

Nigg.17Crs 65N b2 9gP16.42B3 28Si0 5 metallic glass are presented in FIG. 1. Ni-Cr-Nb-P-B metallic
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glasses and generally metallic glasses whose composition is governed by EQ. 2 were
expected to exhibit viscosity similar to Nigg 17Crg.esNby.ogP16.42B3.285i0.5 metallic glass. As
shown by the shaded area in FIG. 1, Nigg 17Crg 5N b 0gP16.42B3.28Sio,5 metallic glass exhibits a
viscosity within the desirable viscosity range of 10° and 10* Pa-s at temperatures in the
range of 525-675°C.

The temperature vs. time curves following capacitive discharge heating of
samples of metallic glasses Ni;; 5CrssNbs sP165B3 and Nigg.17CrsgsNby 9gP16.92B3.08 are
presented in FIG 2. The heating time t, and crystallization time t.,: for each alloy are
designated. Both metallic glasses underwent heating at roughly the same t, but crystallized
at very different t.,s.. Specifically, both metallic glasses were heated for t, of about 10 ms,
but metallic glass Ni7,5CrasNbssPis5Bs crystallized at .5 of about 30 ms while metallic
glass Nigg 17Crg 6sN b, o0gP16.92B3 25 Crystallized at t.,,s; of about 200 ms. Therefore, metallic
glass Niz,.5CrasNbssP165B3 did not meet the criterion t.,s > t; > 100 ms set forth in this
disclosure, while metallic glass Nigs.17Crg.65Nb;.0sP16.92B3.28 did meet the criterion.
Consequently, metallic glass Ni;; 5CrqsNbssP165B3 may not be shaped into high aspect ratio
articles by RCDF according to the methods disclosed herein, while alloy
Nigs.17Crs.65sNb2.0sP16.92B3.28 may be shaped into high aspect ratio articles by RCDF.

FIG 3A demonstrates that metallic glass Ni;; 5CrssNbssP165B3 could not be shaped
into a high aspect ratio part having a planar toroidal shape because the shaping process was
discontinuous and led to loose molded parts that have crystallized. In contrast, FIG 3B
demonstrates that metallic glass Nigg 17CrsgsNb; 9gP16.92B3.28 could be successfully shaped
into a high aspect ratio part having a planar toroidal shape. The partin FIG. 3B filled the
mold entirely, and had an amorphous structure as verified by x-ray diffraction. The molded
part contained features having aspect ratio greater than 10 and thickness less than 1 mm.

Infrared images associated with the RCDF heating of metallic glass alloys
Ni;25CrqsNbssP165B3 and Nigg 17Crs.65sNb;.osP16.92B3 28 showing the spatial evolution of
crystallization are presented in FIG 4A and 4B. The infrared images, which are qualitatively
consistent with the pyrometer measurements performed at a single point of the bulk
sample, show that the crystallization, marked by a rapid rise in temperature (bright color)
associated with the release of the crystallization enthalpy, occurred much sooner in

Ni72.5cr4.5Nb3.5P16.5Bg than in Ni68.17crg.65N b2.98P16.QZB3.28- SPECiﬁca”y, the infrared images
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demonstrated that at a plateau temperature of about 650°C, metallic glass alloy
Ni;»5CrqsNbssP165B3 crystallized completely at 39.2 ms while alloy
Nigg.17Crs.65N b7 9P 16.92B3 .28 did not crystallize completely even after 138.28 ms have elapsed.
The RCDF heating curves were produced for four metallic glass alloys heated to
different temperatures, achieved by adjusting the energy discharge through various
samples. The four metallic glass alloys are Nigg.17Crg esNb2.9gP16.92B3.28, NiggsCroNbsP155B3Siy,
Ni;1.4Crs55,Nb338P16.67B3.03, and Niz sCrasNbssP165Bs. The crystallization times obtained for
each alloy by RCDF heating to various plateau temperatures within the range of 525-675°C
are listed in Table 1. At each plateau temperature, the time to crystallization ¢y was
recorded and plotted in Time-Temperature-Transformation (TTT) plot in FIG 5. The
temperature range of 525-675°C where the viscosity is expected to be within the range of
10° and 10* Pa-s is highlighted by a shaded band in FIG 5. Two metallic glass alloys,
Nigs.17Crs s5sN b 9sP16.92B3.28 and Nigg5CroNbsP155B3Siy, demonstrated time windows for
shaping equal to or greater than about 100 ms within this temperature (and viscosity) range,
and thus met criterion set forth in the current disclosure. Two other metallic glass alloys,
Ni71.4Cr55:Nb338P16.67B3.03 and Niz5CrasNbssP1s5B3, demonstrated time windows within this
temperature (and viscosity) range that were considerably smaller than 100 ms, and

therefore did not meet the criterion of the present disclosure.

Example 2: Assessing a Cu-based alloy

To further explore the processing window and the RCDF shaping capabilities, a
Cu-Ti-Zr-Ni glass-forming alloy was also investigated. Experimental data and model fitting
for the viscosity of Cus;TizaZri11Nig metallic glass is presented in FIG. 6. Cu-Ti-Zr-Ni metallic
glasses in general were expected to exhibit viscosity similar to Cu,;TizsZri1Nig metallic glass.
As shown by the shaded area in FIG. 6, Cu4;TizsZri1Nig metallic glass exhibited a viscosity
within the desirable viscosity range of 10° and 10" Pa-s at temperatures in the range of 570-
810°C.

The RCDF heating curves were produced for metallic glass CuyTizsZr11NigSi; alloy
heated to different temperatures, achieved by adjusting the energy discharge through
various samples. The crystallization times obtained by RCDF heating to various plateau

temperatures within the range of 570-810°C are listed in Table 2. At each plateau
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temperature, the time to crystallization t.: was recorded and plotted in Time-
Temperature-Transformation (TTT) plot in FIG 7. The temperature range of 570-810°C
where the viscosity was expected to be within the range of 10° and 10* Pa-s is highlighted by
a shaded band in FIG 7. This metallic glass alloy demonstrated time windows within this
temperature (and viscosity) range that were considerably smaller than 100 ms, and

therefore did not meet the criterion of the present disclosure.

Example 3: Correlation with AT

Differential scanning calorimetry was also performed for these alloys. The
metallic glass alloys were scanned to above T, at a constant heating rate of 0.67 °C/s. The
differential calorimetry scans for Nigg.17Crg.65sNby.0gP16.92B3.28 and Niy,5Crg sNbs sP165B3
metallic glasses are presented in FIG 8. The scans reveal that metallic glass alloy
Nigs.17Crs.65Nb2.0gP16.9,B3.28, Which demonstrated long t.,: in the temperature range of 525-
675°C, also demonstrated a large AT of about 55°C. By contrast, metallic glass alloy
Niz2.5CrasNbssPi65Bs, which demonstrated short t.,,s in the temperature range of 525-
675°C, demonstrated a significantly smaller AT of about 42°C.

Differential scanning calorimetry was also performed for metallic glass alloys
Nigg5CroNbzP55B3Siq, Niz14Crs50Nbs35P16.67B3.03, Whose TTT curves are also presented in FIG
5, and for metallic glass alloy Cus;TizzZr;1NigSiy, whose TTT curve is presented in FIG 8. The
data for t.ys: and AT for each alloy are presented in Tables 1 and 2. A trend is revealed in
Tables 1 and 2, where ts: and AT appear to be correlated. In FIG. 9, t.ys at the
temperature of 625°C (which is within the viscosity range of 10° to 10* Pa-s for both Ni-
based and Cu-based metallic glasses) is plotted against AT for metallic glass alloys
Nisg.17Crg 65N b2.08P16.92B3.28, Nisg sCroNbsP155B3Sis, Niz1.4Crs5oNbs 3P 16.67B3.03,
Ni;25CrqsNbssP165B3, and CugyTizsZri1NigSiy. FIG. 9 reveals a one-to-one correspondence
between t.,s: and AT when a linear regression of the data was performed (although some
small variation from the regression can be seen). This correspondence suggests that the
scanning calorimetry data may help identify the order from the least suitable to the most
suitable alloy for RCDF processing of high aspect ratio articles. Specifically, the calorimetry
data suggests that metallic glass alloys having AT > 45°C, and in some embodiments AT >

50°C, may have ts: > 100 ms and thus would be capable of being shaped into high aspect
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ratio parts using RCDF according to the current disclosure. More Ni-based metallic glass
alloys demonstrating AT > 50°C are listed in Table 3, whereas data for the respective glass
forming ability (designated by the critical rod diameter D) are also presented in Table 3.
According to the present disclosure, some of these alloys may be shaped into high aspect
ratio articles by RCDF.

The method of differential scanning calorimetry can be used to identify the most
suitable alloys for RCDF within a specific alloy family. Calorimetry is a more standard and
simpler method than generating actual RCDF heating curves. Differential scanning
calorimetry is therefore a useful tool in screening compositions within a specific metallic

glass family for RCDF processing of high aspect ratio parts.

Table 1 Crystallization times obtained by RCDF heating to various plateau
temperatures for various Ni-based metallic glasses within the range of 525-675°C, and
thermal stability data obtained by differential scanning calorimetry for the sample
metallic glasses.
Example | Composition tayse (Ms) | T,(°C) | T, (°C) | AT(°C)
1 Nigg 17Crs 6sNb2.98P15.92B3.28 88 402.9 460.9 58
118
181
2 Nigg 5CroNbsP155B3Siy 60 402 448.6 46.6
94
201
3 Ni71.4Crs5:Nb3 3gP16.67B3.03 20 393 4354 42.4
22
23
28
39
43
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Table 1 Crystallization times obtained by RCDF heating to various plateau
temperatures for various Ni-based metallic glasses within the range of 525-675°C, and
thermal stability data obtained by differential scanning calorimetry for the sample

metallic glasses.

Example | Composition toyst (Ms) | T4(°C) T.(°C) | AT(°Q)
49

4 Niz2.5CrssNbzsP16.5B3 22 389 430.6 41.6
26

Table 2 Crystallization times obtained by RCDF heating to various plateau
temperatures for metallic glass Cuy7TizaZr11Nig within the range of 570-810°C, and
thermal stability data obtained by differential scanning calorimetry for the sample
metallic glass.

Example

Composition

tcryst ( ms)

T,(°C)

T (°C)

AT(°C)

65

Cu47Ti332r11N igSil

6

13

19

44

47

56

410.1

452.8

42.7

Table 3 Glass forming ability and thermal stability data for sample Ni-based alloys and
metallic glasses.

Example Composition D, (mm) | T,(°C) | T.(°C) | T(°C)
2 Nigg sCrgNbsP15 sB3Si; 7 402 448.6 46.6
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Table 3 Glass forming ability and thermal stability data for sample Ni-based alloys and

metallic glasses.

Example Composition D, (mm) | T,(°C) | T.(°C) | T(°C)
5 Nigs 6Crs 7NbsP165B3 2 11 401.5 449.5 48
6 Nigg sCroNbsP1B3Sio 5 9 398.2 443.8 45.6
7 NigoCrg sNb3P16 5B 10 395.2 441.5 46.3
8 NigyCrg sNbsP16Bs 5 3 396 4427 46.7
9 NigyCrg sNbsP15.75B3 75 6 399.5 4471 47.6
10 Nigg 5Crs sNbsP16B4 5 398.5 454.6 56.1
11 Nigs 5Crs sNbsPi55Bas 4 403.7 456.4 52.7
12 Nigs 5Crs 5sNbsP15B5 4 401.4 453.8 524
13 NigoCrioNb 5P165B3 3 388.5 438.9 50.4
14 NigoCro sNb, P16 5B3 4 389.9 443.4 54.9
15 NigoCroNb;, 5P16.5B3 7 395.5 443.4 47.9
16 Nig7.5Cr1oNbsP16.5B3 8 398.6 443.9 453
17 Nige 5Cr11NbsP16.5B3 6 400 450.5 50.5
18 Nigs 5Cr12NbsPi6.5Bs3 6 401.4 451.8 504
19 Niga 5Cr13NbsP16.5B3 5 403.2 455.9 52.7
20 Nig3z 5Cr14NbsP16.5B3 5 406.4 458.3 51.9
21 Nigg sCroINb3P15B3S15 5 4 407 453.7 46.7
22 Nigs.17Crs.65Nb2 98P 164283 28510 5 3 404.6 462.4 57.8
23 Nigs 17Crs5.65Nb2.95P15.92B3 28511 7 407.9 465.3 574
24 Nig7.75Crg 50Nb2 96P17 3483 36 6 406.9 468.3 61.4
25 NigoCrioNb; 5P1sB1 5 3 384.2 437.2 53
26 NigoCrg sNb,P17.5B, 4 386.8 437.8 51
27 NigoCroNb, 5P17B2 5 6 389.6 437.7 48.1
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Table 3 Glass forming ability and thermal stability data for sample Ni-based alloys and

metallic glasses.

Example Composition D, (mm) | T,(°C) | T.(°C) | T(°C)
28 NigoCrgNbs 5P16B3 5 9 398.7 447 48.3
29 NigoCry sNbyP15.5B4 9 403.3 453 49.7
30 NiggCr7Nby sP15B4 s 7 409.6 454.6 45
31 NigoCrg 75Nby 75P16B3 5 7 394.3 445.7 51.3
32 NigoCroNb; 5P15.5B4 6 390.1 4443 54.2
33 NigyCrg 25sNb; 25P15B4 5 6 391.1 443.9 52.7
34 NigoCrg sNby P14 5B5 7 389.8 441.2 514
35 NigyCrg 75Nb1 75P14Bs 5 5 391.0 439.3 48.3
36 NigoCrioNb15P135B6 4 391.5 438.7 47.2
37 Nig7.5C07 5Crs 5sNb3P16 5B3 11 396 443.5 47.5
38 NigeC03Crs sNbsP16 5B3 10 397.3 446.3 49.0
39 NigsCos5Crg sNbsP 6 5B3 9 398.6 454.4 55.8
40 Nis9C019Crs sNbsPjs 5B3 3 401.2 458.6 574
41 Nis4C015Crs sNbsPjg sB3 3 408.5 466.9 584
42 Niy9C0,0Crs sNbsPjs 5B3 7 411.2 464.5 532
43 Niy4C0,5Crs sNbsPjs 5B3 5 416.2 468.8 522
44 Nig1 4C010Crs.50Nb3 35P16.67B3.03 8 400.6 453.9 533
45 Nis64C015Crs 50Nb3 33P16.67B3.03 7 406.0 458.2 522
46 Nis1.4C020Crs 50Nb3 33P16.67B3.03 5 408.3 460.7 524
47 Niyg4C025Crs 50Nb3 33P16.67B3.03 5 414.7 461.7 47.0
48 Nig7.1CrioNbs 4P 15517 5 10 402.8 448.7 459
49 Nigg.1Cr11Nb; 4P15515 5 10 405.1 450.4 45.3
50 Nigs 1Cr13Nbsz 4P18511 5 5 408.5 455.6 47.1
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Table 3 Glass forming ability and thermal stability data for sample Ni-based alloys and

metallic glasses.

Example Composition D, (mm) | T,(°C) | T.(°C) | T(°C)
51 Nig.1CrisNbs 4P 15517 5 4 410.2 462.2 52.0
52 Nigs 5Crs sMnsP;7B3 4 384.6 434.1 49.5
53 Nigs 5Cr7 sMnsMo1 Py 5B3 5 379.4 4324 53.0
54 Nigs 5CroTazP 16583 6 405.8 454.1 48.3
55 Nigs 5CroTazP 6258325 7 407.8 455.6 47.8
56 Nigs 5CroTazP1sBs s 6 406.3 455.2 48.9
57 Nigs 5CroTazPy55B4 5 406.3 460.0 53.7
58 Nigs 5CroTazP5Ba s 4 405.3 455.1 49.8
59 Nigg 5CrsTazP625B325 6 404.3 450.6 46.3
60 Nigs 5CroTazP 6258325 7 407.3 455.3 48.0
61 Nig75Cri0TasP16.25B325 6 407.3 455.8 48.5
62 Nigg sCrioTasP16.25B3 05 4 393.7 445.7 52.0
63 Nigs 5Cro sTas sPi625B3.2s 5 401.1 450.1 49.0
64 Nigs 5Crs sTas sPis25B3.2s 4 409.2 455.1 459

METHODS

Experimental Procedure for Generating the RCDF Heating Curves

Ni-based metallic glass feedstock rods with a nominal diameter of 5 mm and Cu-
based metallic glass feedstock strips 1 mm in thickness and 5 mm in width were verified to
be amorphous by X-ray diffraction. The Ni-based metallic glass feedstock rods with
diameters ranging between 4.83 to 4.91 mm were clamped on each end between two
copper plates with a cylindrical hole slightly smaller than the diameter of the samples with
exposed length between 7.28 mm and 36.96 mm. The exposed length was sheathed with a
fused silica tube with nominal inner diameter of 5 mm and nominal outer diameter of 7 mm.

Copper plates were clamped in a vise and attached to the leads of the capacitive discharge
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circuit. The fused silica sheath was supported so that when the sample heated and sagged
under gravity, the sheath and sample would not shift. The Cu-based metallic glass feedstock
strips were clamped on each end between two copper plates with exposed length of about
10 to 20 mm. A high-speed infrared pyrometer with a response time of 6 s and an Indium-
Gallium-Arsenide sensor with a spectral range of 1.58-2.2 um were used to measure the
temperature at the midpoint of the exposed sample (for the rods, through the fused silica
sleeve). A Rogowski coil current sensor and voltage probe were used to measure current
and voltage, respectively, of the capacitive discharge pulse. Data from these sources were
collected with an oscilloscope. Current and voltage data were used to verify that there were
no anomalies in the shape of the current pulse. The temperature data shows a rapid
heating during the current pulse, then a period of relatively constant temperature, then
another period of increasing temperature due to the exothermic crystallization transition,
and finally another period of relatively constant temperature before the data acquisition
terminates. The time to crystallization t.s: was measured from the initiation of the current

pulse to the onset of the temperature increase caused by crystallization.

Experimental Procedure for Molding High Aspect Ratio Parts Using RCDF

Metallic glass feedstock rods with a nominal diameter of 4 mm were verified to
be amorphous by X-ray diffraction. The two ends of each rod were polished substantially
parallel to each other and perpendicular to the axis of the rod, and subsequently ground to
180 grit surface finish. The rods were then confined within a fused silica sleeve with a
copper electrode/plunger on each end. The fused silica was prepared so that two openings
were ground into the sleeve and aligned with the gates of a stainless steel mold with a
toroidal cavity having high aspect ratio features. Some of the cavity features had aspect
ratio of about 10 and thickness of about 1 mm. This assembly of mold, sleeve, feedstock
and electrodes was placed under compression along the axis of the feedstock and
electrodes, and the electrodes were connected to the leads of the capacitor discharge
circuit. The capacitors were discharged, and the material heated and flowed through the
gates and into the toroidal mold cavity under the applied pressure. The injection molding of
Nigs.17Crg.65N b2 0P 16.92B3.28 Was performed using a 23 mm long rod of feedstock. The

successfully shaped high aspect ratio article is shown in FIG. 3B. The current pulse was set
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to deliver 3700 J/cm® to the sample, and was deformed under a pressure of about 50 MPa.
The injection molding of Ni;; 4Crss5;Nbs33P1667B3.03 was performed using a 16 mm long rod of
feedstock. The unsuccessfully shaped article is shown in FIG. 3A. The current pulse was set
to deliver 4300 J/cm® to the sample, and was deformed under a pressure of about 40 MPa.
The energy in both experiments was carefully selected to result in heating to a temperature

within a selected range of 525-675 °C.

Experimental Procedure for Measuring Viscosity

The equilibrium (Newtonian) viscosity for Nigg 17Crg.65Nb2.9gP16.42B3.285i0.5 metallic
glass alloy was measured by performing three point beam bending of metallic glass rods 2
mm in diameter and 10 mm in length using a thermo-mechanical analyzer (Perkin—Elmer
TMA 7), as described by Hagy (H. E. Hagy, “Experimental Evaluation of Beam Bending
Method of Determining Glass Viscosities in the Range 10% to 10" Poise”, J. Am. Ceram. Soc.
46, 93 (1963), the reference of which is incorporated herein in its entirety). Specifically, the

isothermal viscosity at a given temperature is determined by the following equation:

EQ.3

L3 S5pAL
p= -2 <M+p>

1441y 8

where 7 is the apparent viscosity (Pa-s), g the gravitational constant (m/s?), L the support
span length (m), I, the cross sectional moment of inertia (m*), v the midpoint deflection
velocity (m/s), M the applied load (kg), p the density (kg/m>), and A is the cross sectional
area (m?). Loads ranging from 20 to 1000 mN were applied.

Data for the equilibrium (Newtonian) viscosity for Nigg.17CrgssNb2.9gP16.42B3.285i05
metallic glass alloy Cus;TissZr11Nig were taken from Glade and Johnson (S. C. Glade and W. L.
Johnson, “Viscous Flow of the Cus;Tiz4Zr;1Nig Glass-Forming Alloy”, J. Appl. Phys. 87, 7249

(2000), the reference of which is incorporated herein in its entirety).

Analytical Procedure for Fitting the Viscosity Data
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To describe the temperature dependence of viscosity 1(T), the cooperative shear
model of Johnson et al. (W.L. Johnson, M.D. Demetriou, 1.S. Harmon, M.L. Lind, and K.
Samwer, “Rheology and Ultrasonic Properties of Metallic Glass Forming Liquids: a Potential
Energy Landscape Perspective”, MRS Bulletin, 32, 644 (2007) , the reference of which is

incorporated herein in its entirety) is employed:

n(T) Wy T
e B

where 1., the high-temperature limit of viscosity, W is the activation energy barrier at the
glass transition, approximated by W, ~ kTgolog(ng/nm) (wheren, =1 X 1012 Pa-s, n is
the effective fragility parameter, k the Boltzmann constant, T is temperature (in units of
Kelvin), and T, the glass transition temperature associated with a the viscosity value of 10"

Pa-s (in units of Kelvin). The fitting parameters Nigg17CrgesNb; 0gP16.42B328Sips and

Cuy;TizaZr11Nig metallic glass alloys are given in Table 4.

Table 4 Model parameters for fitting the viscosity data for
Ni68,17Crg,65N b2.98P16.4nglzgSi0.5 and Cu47Ti34Zr11Nig metallic glass aIons.

Composition Tgo (K) n 1 (Pa-s)
Ni68,17Crg,65N b2.98P16.4nglzgSi0.5 673.4 1.553 0.001
Cu47Ti34Zr11Nig 657.8 0.8431 0.002

Those skilled in the art will appreciate that the presently disclosed embodiments
teach by way of example and not by limitation. Therefore, the matter contained in the
above description or shown in the accompanying drawings should be interpreted as
illustrative and not in a limiting sense. The following claims are intended to cover all generic
and specific features described herein, as well as all statements of the scope of the present

method and system, which, as a matter of language, might be said to fall there between.
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CLAIMS

What is claimed is:

1. A method of forming an article from a metallic glass alloy, the method

comprising:

applying a quantum of electrical energy to the feedstock using a rapid capacitive
discharge forming system to heat the feedstock to a temperature above the glass
transition where the viscosity of the metallic glass alloy is in the range of 10° to 10* Pa-s,
wherein the feedstock comprising a metallic glass alloy having a uniform cross-section,
the metallic glass alloy being capable of resisting crystallization for at least 100 ms at a
temperature above the glass transition at said viscosity;

shaping the heated feedstock into an article having an aspect ratio of at least 10; and

cooling the shaped article to a temperature below the glass transition temperature

of the metallic glass alloy sufficiently fast to avoid crystallization of the metallic glass.

2. A method according to claim 1, where the article has thickness of 2 mm or less.
3. A method according to claim 1, wherein the article thickness is from 0.5 mm to 2
mm.

4. The method of claim 1, wherein the viscosity is from 10" to 10° Pa-s.

5. The method of claim 1, wherein the viscosity is from 10 to 10* Pa-s.

6. A method according to claim 1, wherein said shaping is subsequent to said
applying.

7. A method according to claim 1, wherein the shaping is selected from molding,

forging, and casting.

8. The method of claim 1, wherein the metallic glass alloy composition is Zr-based,

Ti-based, Ta-based, Y-based, Hf-based, Ni-based, Pd-based, Pt-based, Fe-based, Ni-
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based, Co-based, Cu-based, Au-based, Al-based, La-based, Ce-based, Pr-based, Nd-

based, Gd-based, Mg-based, or Ca-based metallic glass alloy.

9. The method of claim 1, wherein the metallic glass alloy comprises the formula
X100-0-6YoZp, Wherein

Xis Ni, Fe, Co or a combination thereof,

Y is Cr, Mo, Mn, Nb, Ta or a combination thereof,

Zis P, B, C, Si, Ge or a combination thereof,

ais between 5 and 15 atomic%, and

b is between 15 and 25 atomic%.

10. The method of claim 1, wherein the metallic glass alloy is selected from a Ni-Cr-
Nb-P-B, Ni-Cr-Ta-P-B, Ni-Cr-Mn-P-B, Ni-Mo-Nb-Mn-P-B, Ni-Mn-Nb-P-B, Ni-Cr-Mo-Si-B-P,

and Ni-Fe-Si-B-P metallic glass alloy.

11. The method of claim 1, wherein the metallic glass alloy comprises the formula
Ni100-g-p-c-aXaYoPcZg, Wherein

Xis Cr, Mo, Mn or combinations thereof

Y is Nb, Ta, Mn or combinations thereof

Z is B, Si or combinations thereof

a is between 3 and 15 atomic%

b is between 1 and 6 atomic%

cis between 12 and 20 atomic%

dis between 0.5 and 6 atomic%
12. The method of claim 1, wherein the metallic glass alloy crystallizes at a
temperature T, that is at least 45°C higher than its glass transition temperature T, when

heated by a constant heating rate of 0.67 °C/s.

13. A method of assessing a metallic glass alloy for use in forming a high aspect ratio

metallic glass article using the RCDF method, comprising:
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applying a quantum of electric energy to a sample of the metallic glass alloy to
heat the sample to a temperature above the glass transition temperature, where the
viscosity of the metallic glass is between 10°-10* Pa-s;

monitoring the temperature of the sample to determine the time at which the
sample crystallizes by releasing the crystallization enthalpy;

identifying the metallic glass alloy as suitable for forming high aspect ratio

articles when the time to crystallization is greater than or equal to 100 ms.

14. The method of claim 1, wherein the viscosity is from 10" to 10° Pa-s.
15. The method of claim 1, wherein the viscosity is from 10% to 10* Pa-s.
16. A high aspect ratio metallic glass article that is capable of resisting crystallization

for at least 100 ms at a temperature above the glass transition where the viscosity of the
metallic glass alloy forming said article is between 10°-10* Pa-s, said metallic glass alloy

selected from Nieg 17Crg 65N b2 98P 16.42B3.28Si0.5, Nigg.17Crs.6sNb2.98P15.92B3 28501,

NigoCrioNb; 5P13B1 5, NiggCro sNbyP17.5B2, NigoCroNby sP17B2 5, NiggCrsNb; sP16B3 5,
NigoCr7sNb4P15 5By, NigoCriNby sP15B4 5, NiggCrs 75Nb2 75P16B3 5, NiggCroNb, 5P15.5B4,
NiggCro25Nby 25P15B4 5, NiggCro sNbyP14 5Bs, NigoCrg 75Nb1 75P14B5 5, NiggCrioNby 5P13 5B,
Nig7.5C01.5Crs sNb3P16.5B3, NigsCo3Crs sNb3P16.5B3, NigyCosCrs sNbsP16 5Bs,

NisgCo10Crs sNb3P16 5B3, NissCo15Crg sNb3P16 5B3, NiggCo0Crs sNb3P16 5B3,

Nig4C025Crs sNb3P16 B3, Nig1.4C010Crs.50Nbs3 35P16.67B3.03, Nise.4C015Crs 55Nb3 38P16.67B3 03,
Nis1.4C020Crs.55Nbs3 358P16.67B3.03, Nisg.4C025Crs5.55Nb3 38P16.67B3.03, Nig7.1Cr10Nb3 4P18S511 5,
Nige.1Cr11Nb3 4P 15511 5, Nigs 1Cr13Nbs 4P 15511 5, Nigy.1Cr15Nbs 4P15Siy 5, Nigg sCrg sMnzPy7B3,
Nigs sCr7.sMn3Mo1P16.5B3, Nigs sCroTazP16.5B3, Nigs sCroTazP16.25B3 .25 Nigs sCroTazP16Bs s,
Nigs sCroTasP1s.5sBy, Nigs sCroTazP15By s Nigg sCrsTasP1625B3.25 Nigs sCroTasP16.25B3.25.
Nig7.5Cr10TasP1625B3.25, Nies sCrioTaaP16.25B3 25, Nigs sCrg sTas sP16.25B3 25, and

Nigs sCrs sTaz sP16.25B3.2s.

17. The high aspect ratio metallic glass article according to claim 16, said article

produced by the process according to claim 1.
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18. The article of claim 16, where the body of the article has a thickness of 2 mm or

less.

19. The article of claim 16, where the body of the article has a thickness in the range

of 0.5to 2 mm.
20. The article of claim 16, wherein the article is a component of a consumer

electronics device, a medical implant, a dental prosthetic, a watch component, a

ferromagnetic core, a sporting good, or a luxury good.
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