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BULK AMORPHOUS REFRACTORY GLASSES
BASED ON THE Ni-Nb-Sn TERNARY ALLOY SYSTEM

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
The U.S. Government has certain rights in this invention pursuant to Grant
No. DAAD19-01-1-0525 awarded by the Army Research Office.

FIELD OF THE INVENTION

The present invention is directed to novel bulk solidifying amorphous alloy
compositions, and more specifically to bulk solidifying amorphous alloy compositions
based on the Ni-Nb-Sn ternary system.

BACKGROUND OF THE INVENTION

Amorphous alloys (or glassy alloys) have been typically prepared by rapid
quenching from above the melt temperatures to ambient temperatures. Generally,
cooling rates of 10° °C/sec have been employed to achieve an amorphous structure in
these materials. However, at such high cooling rates, the heat cannot be extracted
from thick sections, and, as such, the thickness of articles made from amorphous
alloys has been limited to tens of micrometers in at least in one dimension. This
limiting dimension is generally referred to as the critical casting thickness and can be
related by heat-flow calculations to the cooling rate (or critical cooling rate) required
to form the amorphous phase.

This critical thickness (or critical cooling rate) can also be used as a measure
of the processability of an amorphous alloy (or glass forming ability of an alloy).
Until the early nineties, the processability of amorphous alloys was quite limited and
amorphous alloys were readily available only in powder form or in very thin foils or
strips with critical dimensions of less than 100 micrometers. However, in the early
nineties, a new class of amorphous alloys was developed that was based mostly on Zr
and Ti alloy systems. It was observed that these families of alloys have much lower
critical cooling rates of less than 10° °C/sec, and in some cases as low as 10 °C/sec.
Using these new alloys it was possible to form articles of amorphous alloys having
critical casting thicknesses of from about 1.0 mm to as large as about 20 mm. As
such, these alloys are readily cast and shaped into three-dimensional objects using
conventional methods such as metal mold casting, die casting, and injection casting,
and are generally referred to as bulk-solidifying amorphous alloys (bulk amorphous
alloys or bulk glass forming alloys). Examples of such bulk amorphous alloys have
been found in the Zr-Ti-Ni-Cu-Be, Zr-Ti-Ni-Cu-Al, Mg-Y-Ni-Cu, La-Ni-Cu-Al, and
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other Fe-based and Ni-based alloy families. These amorphous alloys exhibit high
strength, a high elastic strain limit, high fracture toughness, and other useful
mechanical properties, which are attractive for many engineering applications.

Although a number of different bulk-solidifying amorphous alloy formulations
have been disclosed in the past, none of these formulations contain a large amount of
refractory metals, and as such they have limited high temperature stability. There is
growing interest in developing bulk-solidifying amorphous alloys which have greater
thermal stability and as well as higher strength and elastic modulus. Specifically,
amorphous alloys which have a relatively high glass transition temperature, Tg, are of
interest. These so-called "refractory” amorphous alloys could be used in a variety of
high temperature applications presently unacceptable for traditional bulk amorphous
alloys.

Accordingly, a need exists to develop bulk solidifying amorphous alloys with
high temperature stability based on refractory metals.

SUMMARY OF THE INVENTION

The present invention is directed to bulk-solidifying amorphous alloys based
on a Ni-Nb-Sn ternary system.

In one exemplary embodiment, the Ni-Nb-Sn ternary system is extended to
higher alloys by adding one or more alloying elements.

In still another embodiment, the invention is directed to methods of casting
these alloys into three-dimensional bulk objects, while retaining a substantially
amorphous atomic structure. In such an embodiment, the term three dimensional
refers to an object having dimensions of least 0.5 mm in each dimension, and
preferably 1.0 mm in each dimension. The term "substantially" as used herein in
reference to the amorphous metal alloy means that the metal alloys are at least fifty
percent amorphous by volume. Preferably the metal alloy is at least ninety-five
percent amorphous and most preferably about one hundred percent amorphous by
volume.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features and advantages of the present invention will be
better understood by reference to the following detailed description when considered

in conjunction with the accompanying drawings wherein:

Figure la is a graphical depiction of x-ray scans of an exemplary bulk
amorphous alloy; and



10

15

20

25

30

35

WO 2004/009268 PCT/US2003/022933

Figure 1b is a graphical depiction of differential scanning calorimetry plots of
an exemplary bulk amorphous alloy.

DESCRIPTION OF THE INVENTION

The present invention is directed to bulk-solidifying amorphous alloys based
on a Ni-Nb-Sn ternary system, these alloys are referred to as Ni-Nb-based alloys
herein.

The alloys of the current invention are based on ternary Ni-Nb-Sn alloy
system, and the extension of this ternary system to higher order alloys by the addition
of one or more alloying elements. Although additional components may be added to
the Ni-Nb -based alloys of this invention, the basic components of the Ni-Nb base
alloy system are Ni, Nb, and Sn.

Although a number of different Ni-Nb-Sn combinations may be utilized in the
Ni-Nb-based alloys of the current invention, a range of Ni content from about 50 to 65
atomic percentage, a range of Nb content from about 30 to 45 atomic percentage, and
a range of Sn content from about 2 to about 10 atomic percent are preferably utilized.
To increase the ease of casting such alloys into larger bulk objects, and for increased
processability, a formulation having a concentration of Ni in the range of from about
55 to about 62 atomic percentage; Nb in the range of from about 33 to about 40
atomic percentage; and Sn in the range of from about 2 to about 8 atomic percentage
is preferred. Still more preferable is a Ni-Nb-based alloy having a Ni content from
about 55 to about 59 atomic percent, a Nb content from about 33 to about 37 atomic
percentage, and a Sn content in the range of from about 2 to about 5 atomic
percentage.

Although only combinations of Ni, Nb, and Sn have been discussed thus far, it
should be understood that other elements can be added to improve the ease of casting
the Ni-Nb-based alloys of the invention into larger bulk objects or to increase the
processability of the alloys. Additional alloying elements of potential interest are Fe,
Co, Mn, and Cu , which can each be used as fractional replacements for Ni; Zr, Ti,
Hf, V, Ta, Cr, Mo, W and Ta, which can be used as fractional replacements for Nb;
and B, Al, Sb and Si, which can be used as fractional replacements for Nb.

It should be understood that the addition of the above mentioned additive
alloying elements may have a varying degree of effectiveness for improving the
processability of the Ni-Nb-base alloys in the spectrum of compositional ranges
described above and below, and that this should not be taken as a limitation of the
current invention.
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Given the above discussion, in general, the Ni-Nb-base alloys of the current
invention can be expressed by the following general formula (where a, b, ¢ are in

atomic percentages and x, y, z are in fractions of whole):
(Nijx TMx), (Nb, Ta)1-y ETMy)p (Sn1-zAMz)c »

where a is in the range of from 50 to 65, b in the range of 30 to 45, c is in the range of
2 to 10 in atomic percentages; ETM is an early transition metal selected from the
group of Ti, Zr, Hf, Cr, Mo, and W; TM is a transition metal selected from the group
of Mn, Fe, Co, and Cu; and AM is an additive material selected from the group of B,
Al, Si, and Sb. In such an embodiment the following constraints are given for the x, y
and z fraction: x is less than 0.2, y is less than 0.3, z is less than 0.5, and the sum of x,
y and z is less than about 0.5.

Preferably, the Ni-Nb-base alloys of the current invention are given by the
formula:

(Nijx TMx)a (Nb, Ta)1.y ETMy)p, (Sn1.zAMz)c,

where a is in the range of from 55 to 62, b in the range of 33 to 40, ¢ is in the range of
2 to 8 in atomic percentages; ETM is an early transition metal selected from the group
of Ti, Zr, Hf, Cr, Mo, and W; TM is a transition metal selected from the group of Mn,
Fe, Co, and Cu; and AM is an additive material selected from the group of B, Al, Si,
and Sb. In such an embodiment the following constraints are given for the x, y and z
fraction: x is less than 0.1, y is less than 0.2, z is less than 0.3, and the sum of x, y and
z is less than about 0.3.

Still more preferably, the Ni-Nb-base alloys of the current invention are given
by the formula:

(Ni1x TMy)a (Nb1.y ETMy)p (SnjzAMz)c,

where a is in the range of from 55 to 62, b in the range of 33 to 40, ¢ is in the range of
2 to 8 in atomic percentages; ETM is an early transition metal selected from the group
of Ti, Zr, and Ta; TM is a transition metal selected from the group of Fe, Co and Cu;
and AM is an additive material selected from the group of B and Si. In such an
embodiment, the following constraints are given for the x, y and z fraction: x is less
than 0.1, y is less than 0.2, z is less than 0.3, and the sum of x, y and z is less than
about 0.3.

For increased processability, the above mentioned alloys are preferably
selected to have four or more elemental components. It should be understood that the
addition of the above mentioned additive alloying elements may have a varying
degree of effectiveness for improving the processability within the spectrum of the
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alloy compositional ranges described above and below, and that this should not be

taken as a limitation of the current invention.

Other alloying elements can also be added, generally without any significant
effect on processability when their total amount is limited to less than 2 %. However,
a higher amount of other elements can cause a degradation in the processability of the
alloys, an particularly when compared to the processability of the exemplary alloy
compositions described below. In limited and specific cases, the addition of other
alloying elements may improve the processability of alloy compositions with
marginal critical casting thicknesses of less than 1.0 mm. It should be understood that
such alloy compositions are also included in the current invention.

Exemplary embodiments of the Ni-Nb-base alloys in accordance with the
invention are described in the following:

In one exemplary embodiment of the invention the Ni-Nb-base alloys have the
following general formula:

Ni100-a Nbp Sng,
where 0.30 <b < 0.45, 0.02 < ¢ <0.10, and a is the sum of b and c.

In one preferred embodiment of the invention the Ni-Nb-base alloys have the
following general formula:

Ni100-a Nby, Sn,
where 0.33 <b < 0.40, 0.02 < ¢ <0.10, and a is the sum of b and c.

In the most preferred embodiment of the invention the Ni-Nb-base alloys have
the following general formula:

Nij(0-g Nbp Snc,
where 0.33 <b <0.37, 0.02 < ¢ < 0.05, and a is the sum of b and c.

Although in general, crystalline precipitates in bulk amorphous alloys are
highly detrimental to their properties, especially to the toughness and strength, and as
such generally preferred to a minimum volume fraction possible. However, there are
cases in which, ductile crystalline phases precipitate in-situ during the processing of
bulk amorphous alloys forming a mixture of amorphous and crystalline phases, which
are indeed beneficial to the properties of bulk amorphous alloys especially to the
toughness and ductility. These cases of mixed-phase alloys, where such beneficial
precipitates co-exist with amorphous phase are also included in the current invention.
In one preferred embodiment of the invention, the precipitating crystalline phases
have body-centered cubic crystalline structure.
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Alloys with this general formulation have been cast directly from the melt into

copper molds to form fully amorphous strips or rods of thickness between 1 mm and 3

mm. Examples of these bulk metallic glass forming alloys are given in Table 1,

below.

Table 1. New “Bulk” Refractory Alloy Glasses Based on Ni-Nb-Sn Ternary System.

Alloy System

Critical Cast Thickness (mm)

Ty (K)

T (K)

Vickers Hardness

Plate Rod (Kg/mm?)
NigoNbs7Sn3 1-1.5 >1.5 895 937 1240
NigoNbssSns 1-1.5 >1.5 885 943
Niso4Nbsss3Sn.07 | 2-3 >3
Niso35Nb3g455n6, | 2-3 >3 882 930 1280
Nisg sNbaz ¢Sng.o 2-3 >3 881 931 1025
Nis;NbssFesSns 1-1.5 >1.5 886 915 1013
NissNbssFesSns 0.5-1 >1
Nis7NbssFesSng 0.5-1 >1 937
NissNbssFesSns 0.5-1 >1 1169
NigoNbssSn3B, 0.5-1 >1 1000
NigoNbisSnsBy 2-3 >3 1095
NigoNbsgsSnaBgs | 0.5-1 >1
NigoNb34Sn5B; 0.5-1 >1
NissNbsz1SngCus 9.5-1
NissNbs;SneZesM. | 2
13
NissNbogSnoCusZr
3
NissNbygSneZrsCo
5 -
NigoNbasSneZesTi | 2
8 0@
Ni55Nb318n6Zr3Co ?E
3 .
NissNbaoSngZr:Co | 2
NissNbssSnsZi;Co | 2
sTi3
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The above table gives the maximum thickness for which fully amorphous
strips are obtained by metal mold casting using this exemplary formulation. Evidence
of the amorphous nature of the cast strips can be determined by x-ray diffraction
spectra. Typical x-ray diffraction spectra for fully amorphous alloy strips is provided
in Figure 1a.

Another measurement of the processability of amorphous alloys can be
described by defining a ATsc (super-cooled liquid region), which is a relative measure
of the stability of the viscous liquid regime of the alloy above the glass transition.
ATsc is defined as the difference between Tx, the onset temperature of crystallization,
and Tsc, the onset temperature of the super-cooled liquid region. These values can be
conveniently determined using standard calorimetric techniques such as DSC
measurements at 20 °C/min. For the purposes of this disclosure, Tg, Tsc and Tx are
determined from standard DSC (Differential Scanning Calorimetry) scans at 20
°C/min. Tg is defined as the onset temperature of glass transition, Tsc is defined as
the onset temperature of super-cooled liquid region, and Tx is defined as the onset
temperature of crystallization. Other heating rates such as 40 °C/min, or 10 °C/min
can also be utilized while the basic physics of this technique are still valid. All the
temperature units are in °C. Generally, a larger ATsc is associated with a lower
critical cooling rate, though a significant amount of scatter exists at ATsc values of
more than 40 °C. Bulk-solidifying amorphous alloys with a ATsc of more than 40 °C,
and preferably more than 60 °C, and still more preferably a ATsc of 90 °C and more
are very desirable because of the relative ease of fabrication.

Typical examples of DSC scans for fully amorphous strips are also given in
Figurelb. The vertical arrows in Figure 1b indicate the location of the observed glass
transition and the observed crystallization temperature of an exemplary alloy which
was cast info 2mm thick amorphous strips. Further, the table above gives the
measured glass transition temperature and crystallization temperatures obtained for
the alloys using Differential Scanning Calorimetry scans at heating rates of 10-20 K/s.
The difference between Tg and Tx, AT = Tx-Tg , is measure of the temperature range
over which the supercooled liquid is stable against crystallization when the glass is
heated above Tg. The value of AT is a measure of the "processability" of the
amorphous material upon subsequent heating. Values of this parameter are also given
in Table 1, as reported values ranging up to AT ~ 50 K are observed.

To assess the strength and elastic properties of these new metallic glasses, we
have carried out measurements of the Vickers Hardness. Typical data are also shown
in Table 1. Typical values range from V.H. = 940 to 1280. Based on this data, and
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using empirical scaling rules, one can estimate the yield strength, Y.S. of these

materials. Here we have used the approximate formula:
YS.=(VH)x3

where the approximate yield strength is given in MPa and the Vickers Hardness is
given in Kg/mm?. The yield strength values can be as high as 3 GPa and have the
largest values of Y.S. of any bulk amorphous alloys reported to date. The elastic
constants for several selected alloys were measured using ultrasonic methods. Table
2, below, gives values of the elastic shear modulus, G, Poisson's ratio, v, and Young's
modulus, E. Young's modulus falls in the range of 160-250 GPa. These values are
among the highest obtained so far for any bulk amorphous metals.

Table 2. Elastic Constant / Properties for Ni-Nb-Sn based refractory bulk metallic
glasses.

Poisson's

Densit |Poisson| Cryst Amorpho
. |Ratio, Amorphous [Cryst E
Sample y 's ratio, G us E
Amorpho G (GPa) (GPa)
(g/ce) [Cryst us (GPa) (GPa)

Nis7FesNbssSns 8.6764(0.358 (0.376 49.165 [60.51311  |133.5097 |166.49698

1 64 3
NissFesNbssSns 8.6556(0.317 ]0.364 63.345 [79.05788  [166.8914 |215.69958
5 98 6
Nis;Fe;Nbs7Sn3 8.7025(0.337 |0.379 60.664 [61.77258 [162.2551 {170.32060
1 59 5
NissNbszsFesSns 8.5838|0.323 10.344 64.737 {68.08545 1171.2377 {183.02090
1 02 1
NisoNbssSn3B2 8.6090/0.331 |--- 54.809 |--- 145.9102 |---
5
NigoNb3sSns 8.7075(0.368 |0.385 51.734 166.32919 |141.5711 |183.66709
5 66 4

As can be seen in the Table above, certain fractions of the Ni, Nb, and Sn can
be successfully replaced by other elements and still yield glass formation in cast strips
of 1 mm or more. For example, up to about 0.05 to 0.1 fractions of the Ni has been
successfully replaced by Co, Cu or Fe. Small additions of B (~0.01-0.02) actually
result in somewhat improved glass forming ability. From these studies it can be

shown that some exemplary alloy compositions with yield strength exceeding 2,000
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MPa are: Nigg Nb3gSnz By; Nigg NbagSng Zrz; Nigg NbzsSns; and Nigg
Nb375n3,

In another embodiment of the invention, the Nb content is partially or fully
replaced by Ta.

The melting point of the initial crystalline alloy is also of interest in processing
these materials. Differential Thermal Analysis (DTA) has been used to measure the
temperatures where melting begins (on heating). This is called the solidus
temperature, Ts. The highest temperature where melting is complete (on heating) is
called the liquidus temperature of the alloy, Ty. Typical values of these temperatures
for exemplary alloys are given in Table 3, below. The ratio, Tg/Ty , is often used as an
indication of the glass forming ability of metallic alloys. For the present Ni-Nb-Sn
type bulk amorphous alloys, this ratio is typically in the range of 0.6, characteristic of
metallic alloys with good glass forming ability.

Table 3. DTA measurements Ni-Nb-Sn Alloys / Solidus and Liquidus Temperatures

Tm/ T] @) Ni5oNb3 5Slf15 NisoNb33Sn7 NieoNb;;lSng
T 1090 1090 1090
T 1160 1134 1130

In sum, the inventors discovered a new family of bulk metallic glass forming
alloys having exceedingly high values of hardness, elastic modulus (E), yield strength,
and glass transition temperature, Tg. The values of these characteristic properties are
among the highest reported for any known metallic alloys which form bulk metallic
glass. Here, "bulk” is taken to mean that the alloys have a critical casting thickness of
the order of 0.5 to 1.0 mm or more. The properties of these new alloys make them
ideal candidates for many engineering applications.

The invention is also directed to methods of casting these alloys into three-
dimensional bulk objects, while retaining a substantially amorphous atomic structure.
In such an embodiment, the term three dimensional refers to an object having
dimensions of least 0.5 mm in each dimension. The term "substantially" as used
herein in reference to the amorphous alloy (or glassy alloy) means that the metal
alloys are at least fifty percent amorphous by volume. Preferably the metal alloy is at
least ninety-five percent amorphous and most preferably about one hundred percent
amorphous by volume.

Although specific embodiments are disclosed herein, it is expected that
persons skilled in the art can and will design alternative Ni-Nb-base alloys that are
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WHAT IS CLAIMED IS:

1. A glass forming alloy having a composition given by:
(Ni1-x TMy), ((Nb, Ta))-y ETMy)p (Sn1-zAMz)c,

where ETM is an early transition metal selected from the group of Ti, Zr, Hf,
Cr, Mo, and W; TM is a transition metal selected from the group of Mn, Fe, Co, and
Cu; and AM is an additive material selected from the group of B, Al, Si, and Sb;

where a is in the range of from 50 to 65, b in the range of 30 to 45, ¢ is in the
range of 2 to 10 in atomic percentages; and

where X is less than 0.2, y is less than 0.3, z is less than 0.5, and the sum of x,
y and z is less than about 0.5.

2. The glass forming alloy described in claim 1 wherein a is in the range
of from 55 to 62, b in the range of 33 to 40, and c is in the range of 2 to 8 in atomic
percentages; and

where x is less than 0.1, y is less than 0.2, z is less than 0.3, and the sum of x,
y and z is less than about 0.3.

3. The glass forming alloy described in claim 2 wherein ETM is an early
transition metal selected from the group of Ti, Zr, and Ta; TM is a transition metal
selected from the group of Fe, Co and Cu; and AM is an additive material selected
from the group of B and Si.

4, The glass forming alloy described in claim 1 wherein the alloy has a
ATsc of more than 40 °C.
5. The glass forming alloy described in claim 1 wherein the liquidus

temperature of the alloy is 1160 °C or less.

6. The glass forming alloy described in claim 1 wherein the alloy has a
Vickers hardness greater than 940 Kg/mm?®.

11



10

15

20

25

30

35

WO 2004/009268 PCT/US2003/022933

7. The glass forming alloy described in claim 1 wherein the alloy has a
yield strength of greater than 2 GPa.

8. The glass forming alloy described in claim 1 wherein the alloy has a
yield strength of about 3 GPa or more.

9. The glass forming alloy described in claim 1 wherein the alloy has a
Young's modulus of greater than 160 GPa.

10.  The glass forming alloy described in claim 1 wherein the alloy has a
ratio of glass transition temperature to liquidus temperature of around 0.6 or more.

11.  The glass forming alloy described in claim 1 wherein the alloy is
substantially amorphous.

12.  The glass forming alloy described in claim 1 wherein the alloy
contains a ductile crystalline phase precipitate.

13.  The glass forming alloy described in claim 1 wherein the alloy is
NisoNb37Sn3.

14.  The glass forming alloy described in claim 1 wherein the alloy is
Ni55Fe5Nb35Sn5.

15. The glass forming alloy described in claim 1 wherein the alloy is
NisoNb35Sl’l3B2.

16.  The glass forming alloy described in claim 1 wherein the alloy is
NissNb31Sn9CL15.

17. The glass forming alloy described in claim 1 wherein the alloy is
NissszgSnﬁzr;gCOsTiy

18.  An article made of an amorphous alloy of basic composition given by:
(Ni1x TMx), (Nb, Ta)1.y ETMy)p (Snj zAMz)c,

where ETM is an early transition metal selected from the group of Ti, Zr, Hf,
Cr, Mo, and W; TM is a transition metal selected from the group of Mn, Fe, Co, and
Cu; and AM is an additive material selected from the group of B, Al, Si, and Sb;

12



10

15

20

25

30

WO 2004/009268 PCT/US2003/022933

where a is in the range of from 50 to 65, b in the range of 30 to 45, ¢ is in the
range of 2 to 10 in atomic percentages;

where x is less than 0.2, y is less than 0.3, z is less than 0.5, and the sum of x,
y and z is less than about 0.5.

19.  The article described in claim 18 wherein a is in the range of from 55
to 62, b in the range of 33 to 40, and ¢ is in the range of 2 to § in atomic percentages;
and

where x is less than 0.1, y is less than 0.2, z is less than 0.3, and the sum of x,
y and z is less than about 0.3.

20.  The article described in claim 19 wherein ETM is an early transition
metal selected from the group of Ti, Zr, and Ta; TM is a transition metal selected
from the group of Fe, Co and Cu; and AM is an additive material selected from the
group of B and Si.

21.  The article described in claim 18 wherein the amorphous alloy has a
ATsc of more than 40 °C.
22.  The article described in claim 18 wherein the liquidus temperature of

the amorphous alloy is 1160 °C or less.

23.  The article described in claim 18 wherein the amorphous alloy has a
Vickers hardness greater than 940 Kg/mm?,

24,  The article described in claim 18 wherein the amorphous alloy has a
yield strength of greater than 2 GPa.

25. The article described in claim 18 wherein the amorphous alloy has a
yield strength of about 3 GPa or more.

26. The article described in claim 18 wherein the amorphous alloy has a
Young's modulus greater than160 GPa.
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27.  The article described in claim 18 wherein the amorphous alloy has a
ratio of glass transition temperature to liquidus temperature of around 0.6 or more.

28.  The article described in claim 18 wherein the alloy contains a ductile
crystalline phase precipitate.

29.  The article described in claim 18 wherein the article is three
dimensional having a size of least 0.5 mm in each dimension.

30. The article described in claim 18 wherein the article is three
dimensional having a size of least 1.0 mm in each dimension.
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