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FIG. 1B
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FIG. 1F
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FIG. 2A

Yacuum
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FIG. 2B

vacuum system
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FI1G. 3A
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FIG. 3C
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FIG. 4D
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FIG. 4E
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FI1G. 5A
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FIG. 5B
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FIG. 6A

Ti-hased-Tab BNMG
Plate 1mm thick - suction

Intensity (a.u)
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FIG. 6C
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FIG. 7A
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FIG. 7B
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FIG. 7C
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FIG. 3B
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FIG. 9A
} .

10 1M B S0, +2ppm ¥ /80 C/ H, bubbled/plate

A~
E

=T
Q WAQﬂ- {Nb=10}
S ~ M
3 '*t.’!t - ~H. . Stainless steel 316L Aq- (ND=5) N

1{}—3 *3‘- -_:' : -" o Ce e - ﬁf#?:""' .
3 . WL ’/ Ag- (Nb=0) Nl KT
:H 5 ' Ok P ,._:_:/ Y LA )
= l A e s ey SNPR -
g 10° ; Af y ARk *— /1 Ti-6Al-4V
= Ag (Nb=15) | N,- (Nb=18,Ta=2)
S
= 107
B
-
@

10° e A A A B R

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5

Potential (V vs Ag/AgCl)



Patent Application Publication

Dec. 19, 2013 Sheet 43 of 44

US 2013/0333814 Al

FIG. 9B
10% e R )
=1 _H bubbling l
CoOl'l 2
S i . ._ .
2T Ipass H, bubbling at -0.1}
2
S |
-
— |
° 10 I |
- . ,  pass |
S n Iy — “ﬂwﬂww“““‘”mw% E§} 455
; 10‘5 ICOI‘I‘ '\—"""-..\ i
& R —l
e
10° 1 _

i
AO (Nb=0) A1

| r A " 4
(Nb=5)A2 (Nb=10A3 (Nb=18Yb18Ta2

Compositions (Nb content)



Patent Application Publication  Dec. 19,2013 Sheet 44 of 44 US 2013/0333814 Al

FIG. 9C
1.5x10 ™" 1 : . —— _
1M H SO, +2ppmF at 80 C H, bubbling
PN -
T . potential = -0.1V
NE 1.2x10™
-
“'h.,\_
< 9.0x10°
-
s
7 11 5
Z 6.0x10
5
ﬁ -
- 3.0x10°
55 0.0 .\ e N ]
U . N AD At A1 W "Az 3 'A3_ Ay IN’i{NbiﬂTaz) |
; *— Ti-6Al-4V |
—3.3310‘“ B F ] L i IR L L D A A

{ 1600 2000 3000 4000 5000 6000 7000

Time (s)



US 2013/0333814 Al

TITANIUM-BASED BULK AMORPHOUS
MATRIX COMPOSITE AND METHOD OF
FABRICATING THEREOFK

[0001] This application claims priority to and the benefit of
Korean Patent Application No. 10-2012-0065703, filed on
Jun. 19, 2012, and all the benefits accruing therefrom under

35 U.S.C. §119, the content of which 1n its entirety 1s herein
incorporated by reference.

BACKGROUND OF THE INVENTION

[0002] (a) Field of the Invention

[0003] A titanium-based bulk amorphous matrix composite
and method of fabricating thereof are provided.

[0004] (b) Description of the Related Art

[0005] Concerns about the reduction of natural resources
and global warming have encouraged the development of
alternative energies. Among possible candidate sustainable
and clean energies, hydrogen-related energy such as fuel cell
1s expected to grow rapidly 1n the coming years owing to
abundance of hydrogen. Before being used as fuel, hydrogen
should be extracted from other gasses or compounds.
Although several techniques may be applied for this purpose
such as chemical or electrolytic methods, the permeation
through a solid metallic membrane 1s expected to become the
dominant production route of high purity hydrogen owing to
the high selectivity, the high production rate, the compactness
and the simplicity of this technique.

[0006] The principle of hydrogen permeation consists 1n
heating a mixed gas, such as CO+H, that 1s produced from
steam reforming of methane gas at 400 ], to dissociate on the
surface of the membrane the hydrogen gas molecules 1nto
hydrogen protons that need to diffuse through the atomic
structure of the membrane that will recombine into hydrogen
molecules on the permeate side. Thus, the permeation of
hydrogen through a solid membrane obeys the Fick’s first law
of diffusion:

[0007] where J 1s the flux, the amount of hydrogen trans-
terred per unit area per unit time, D 1s the hydrogen diffusion
coellicient, and 3C/3x 1s the concentration gradient between
the permeate and the retentate side of the membrane.

[0008]

This equation 1s written:

[0009] where AC 1s the difference of hydrogen concentra-
tion between the permeate and retentate side of the membrane
of thickness, t. From this equation, 1t 1s thus deduced that high
values of the hydrogen tlux, 1.e., high production rate of pure
hydrogen, may be achieved for membranes as thin as pos-
sible. However that thickness should be sufficient to support
the applied hydrogen pressure at the inlet side.

[0010] Under equilibrium, the concentration of hydrogen
in a solid membrane depends on the hydrogen pressure that 1s
usually expressed by the Sievert’s law:
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[0011] where K _1samaterial constant and P, 1s the hydro-
gen partial pressure.

[0012] The expression of the hydrogen flux thus becomes:
1= RS P
[0013] The hydrogen flux depends on the difference of

pressure between the retentate and permeate side of the mem-
brane, the diffusivity and solubility ofhydrogen and the thick-
ness of the membrane.

[0014] Among candidate materials, Pd and 1ts alloys, par-
ticularly the Pd—Ag alloys, demonstrate the best properties
in term of hydrogen permeation, durability and tolerance to
H,O, CO, CO, and H,S, and they have already been used as
a hydrogen membrane and a gas separation apparatus com-
mercialized i the United States. However, the scarcity and
price of Pd element 1s encouraging the development of alter-
native alloys for the commercialization of H, separation
membranes.

[0015] A large number of alloys with either a crystalline or
amorphous structure have been proposed to replace Pd. The
first metallic glass with amorphous structure was produced
nearly 50 years ago by researchers at Caltech using an origi-
nal technique now known as the melt spinning technique. In
contrast to non-metallic amorphous solids such as ceramic
glasses, metallic alloys exhibit pronounced characteristics 1n
their mechanical properties 1n the amorphous state. The ape-
riodic arrangement of the atoms in the amorphous structure
provides remarkable physical, chemical and mechanical
properties which make this type of materials attractive for a
wide range of applications. In respect to elasticity, the stifl-
ness 1s usually 30% lower than that of crystalline state while
the yield strength 1s about 2 to 3 times greater than that of
crystalline alloys, providing to metallic glasses the possibility
of deforming with large elastic strain. However, the first
industrial applications 1n the 70’s took advantage of the soft
magnetic properties ol the Fe-6.0 wt % P-1.7 wt % C metallic
glasses, developed 1 1967 also by the Caltech group, to
enhance the elliciency of transformer, the resolution of mag-
netic head, etc. Continuous progress in this class of materials
enabled the production of metallic glass from vacuum casting
technique 1n the bulk form, 1.e., with lower cooling rate.
Progressively, new alloys were developed and nowadays bulk
specimens with size of at least 1 cm diameter may be pro-
duced n all alloy systems from Mg, Ca, Zr, Pd, 11, Cu, Fe, Co,
N1 including RE (rear earth elements), but with the exception
of Al which may only be produced so far in the form of rod of
diameter less than 1 mm. Despite the remarkable combination
of physical, chemical and mechanical properties achieved by
these various alloy systems, the range of applications of
metallic glasses have not been extended for several reasons.
Firstly, the metallic glasses suller from the lack of reliability
and reproducibility of the properties because alloys devel-
oped till now are sensitive to impurities, particularly oxygen,
which generally led to severe embrittlement. Secondly, these
alloys as for oxide glasses are intrinsically brittle, 1.e., they
may not be deformed plastically at ambient temperature
under tensile mode.
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[0016] As research 1n this field 1s quickly progressing and
as the next generation of metallic glasses will likely exhibit
ductile behavior, new applications may be expected. Several
applications have already been proposed for corrosion-resis-
tant coatings, MEMS, biomedical applications but may also
be extended to ship hulls, automobile parts, bicycles, and
recreational equipments such as tennis rackets and golf clubs.

[0017] In comparison to crystalline alloys, the science of
metallic glass 1s still in infancy and the exact mechanisms
controlling some properties, as for example the plastic defor-
mation, are not clear. At low temperature, the plastic defor-
mation occurred by localized atomic tlow 1n thin shear bands
as the stress exceeds the yield stress. Recent experimental
investigations indicate that the origin of shear bands 1n metal-
lic glasses 1s not a thermo-mechanical softening of the mate-
rial, as during high rate deformation 1n steels, but rather it
arises due to structural softening. Structure appears to be a
key element to study 1n order to understand the deformation
mechanism. Although the free-volume model proposed by
Spaepen has been rather well accepted, results obtained from
Molecular Dynamic simulation tends to give support for the
localized shear transformation zone (STZ) mechanism pro-
posed by Argon, which places more emphasis on the analogy
to atomic flow 1n viscous matter. The inelastic deformation in
metallic glasses 1s thus interpreting as the local shearing of
clusters of atoms (30~50 atoms) accompanied by an 1nelastic
dilatation producing strain-softening, and then leading to the
formation of shear bands. When shear strain increases, one
jammed (fully deformed) STZ atffects the surrounding mate-

rial and eventually triggers the generation of thin shear bands
(about 10-15 nm thick).

[0018] The mechanism of plastic deformation 1n metallic
glasses 1s thus fundamentally different from that 1n crystalline
solids because of the lack of long-range order 1n the atomic
structure of these materials. Under tensile mode, the shear
bands do not extend but remain localized and unstable. The
inconceivably large value of plastic strain 1n a thin region
induced the cumulation of point defects leading to formation
of cracks and thus leading to a brittle fracture.

[0019] One way of enhancing the plastic deformation of
metallic glasses under tensile loading mode at low tempera-
ture 1s to mntroduce inhomogeneities in the amorphous struc-
ture that will imitiate a large number of STZs and play a role
ol obstacles to the propagation of shear bands. While several
types of inhomogeneity may be introduced 1n an amorphous
structure, the dynamic propagation of shear bands requires
the obstacles to be close to each other and of large size in
comparison to the thickness of the shear bands. Successiul
approaches to achieve plastic deformation under tensile mode
include the production of ex-situ and in-situ bulk metallic
glass (BMG) matrix composites. The ex-situ approach
cnables tensile ductility however at the expense of the
strength and makes the preparation of the composites more
complicated. The most attractive method consists 1n produc-
ing in-situ composites as did Johnson and his coworkers at
Caltech. They could achieve up to 9% plastic deformation for
T1—Nb—Cu—DBe mn-situ BMG matrix composites
under tensile mode. It should be noticed that the mechanical
behavior 1s characterized by a strain softening and that the
maximum strength of this ductile in-situ BMG composite was
reduced by about 15% 1n comparison to monolithic Zr-based
BMGs. The structure of these composites 1s characterized by
the presence of Nb-rich dendritic phase 1n Zr-based amor-
phous structure.
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[0020] Such type of mn-situ BMG matrix composite pre-
sents similarity with the crystalline Nb—(T1,Zr)—Ni1 two-
phase alloys prepared by Aoki’s group 1n Kitami Institute in
Japan that are composed of Nb-rich dendrite 1n N1—(T1,Zr)
crystalline matrix. The presence of Nb-rich phase 1s of par-
ticular interest because experimental investigations have
demonstrated that the permeability of hydrogen in elements
of group 5 in the periodic table of elements with a body
centered cubic (bcc) atomic structure 1s much larger than that
of Pd that has a face centered cubic (fcc) structure. However,
the shortcommg of these bce metals, such as V, Nb and Ta, 1s
not the isuificient permeablhty, but the mechanical integrity
of these materials under H,, 1.e., hydrogen embrittlement.
[0021] Metallic glasses have already been proposed as
materials for hydrogen membranes. Ni—Nb-based or
N1—Zr-based amorphous alloys have demonstrated encour-
aging performance, with values of hydrogen permeability
reported so far similar those of Pd alloys, i.e., about 2x10~®
mol/m.s.Pa’’? at 400° C.

[0022] Oneapproachto enhance the hydrogen permeability
of amorphous alloys to values significantly larger than those
of Pd alloys 1s to produce a composite structure consisting in
the dispersion of a phase rich 1n these group 5 elements into
the amorphous structure. Particularly the dispersion of a con-
tinuous crystalline phase would provide a fast diffusion to
hydrogen atom, and a role of the amorphous matrix will be to
accommodate for the lattice expansion of the dispersed phase
induced by hydrogen and to hinder the hydrogen embrittle-
ment.

BRIEF SUMMARY OF THE INVENTION

[0023] An exemplary embodiment relates to the applica-
tion of in-situ crystalline-reinforced Ti-based bulk amor-
phous matrix composites (BAMCs) as solid membranes for
gas separation technique such as a polymer electrolyte mem-
brane of the fuel cell. The microstructure of the membranes
prepared by vacuum casting technique has a bce crystalline
phase with a dendritic morphology embedded 1n a Ti-based
amorphous matrix.

[0024] In an exemplary embodiment, the composites
formed 1n a wide range of composition are relatively easy to
prepare owing to the large glass forming ability. For example,
the volume fraction and size of the reinforcement, 1.e., a bec
crystalline phase, may be varied 1n the range 1 to 40% and
0.01 to 100 um, respectively. The dendritic morphology of the
reinforcement may be varied from 1solated, slender or with
directionality depending on the requested properties.

[0025] In an exemplary embodiment, the composites have
excellent properties, such as high hydrogen permeability,
high mechanical strength and high corrosion resistance. For
example, the bce phase rich 1 group 5 elements such as Nb
and/or Ta provides high values of the hydrogen permeability,
less than 6x10~® mol/m.s.Pa"’* in the temperature 325-375
which are about 2 to 3 times higher that those of Pd- based
alloys under 1dentical testing conditions. The hydrogen per-
meability 1s necessary for solid membrane materials used for
the separation and purification of hydrogen. The composites
exhibit also high strength and malleability at room tempera-
ture. The composites are also characterized by an excellent
corrosion resistance in 1M H,SO,, at 80° C. with etther H, or
air bubbling. The presence of the second phase also improves
the mechanical strength 1n the supercooled liquid region. The
combination of these remarkable physical, mechanical and
chemical properties as well as the relatively low cost place
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these 1-situ BMG matrix composites as potential candidate
materials for the separation and purification of hydrogen.
[0026] In exemplary embodiment, a Ti-based bulk amor-
phous matrix composite including a composition represented
by Formula 1, 1n at %:

T1,Zr,Be Cu N1 MA, Formula 1

[0027] where M 1s at least one of Nb or Ta, I 1s an impurity,
and a, b, ¢, d, ¢, and T vary within the ranges 38=a<30,
11=b=18, 12=c=<20, 6=d=<10, 6=e=<9, 1=1=20and 0.01=g=0.5,
with a+b+c+d+e+1+g=100.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] The above and other aspects, advantages, and fea-
tures of the invention will become more apparent by describ-
ing in further detail exemplary embodiments thereof with
reference to the attached drawings, 1n which:

[0029] FIGS. 1A and 1B are binary phase diagrams of
T1—Nb and T1—Ta, respectively;

[0030] FIGS. 1C, 1D and 1E are schematic representations
of the shell structure o 11, Nb, and Ta elements, respectively;
[0031] FIG. 1F 1s a graph showing the principle of the
in-situ composite formation;

[0032] FIG. 2A 1s a schematic diagram of the vacuum suc-
tion casting apparatus;

[0033] FIG. 2B 1s a schematic diagram of the vacuum

squeeze casting type apparatus;
[0034] FIG. 3A shows XRD traces of @10 mm (T1—Zr—

Be—Cu—Ni1),Nb. and @7 mm (T1—Zr—Be—Cu—Ni)
o5 1as rods;

[0035] FIG. 3B shows DSC traces of Q10 mm (T1—Zr—
Be—Cu—Ni),:Nb. and 98 mm (T1—Z7r—Be—Cu—Ni)
o5 las rods;

[0036] FIG. 3C shows XRD traces of 7 and @10 mm
diameter rods of (T1+—7r—Be—Cu—Ni),.Ta;

[0037] FIGS. 3D and 3E are SEM 1mages of
(T1,.7r, Be,,Cu, Nig)o;Nb (D8 mm) and
(T1,.7r, Be,,Cu, Nig)osTas (A8 mm), respectively;

[0038] FIG. 4A 1s a phase diagram showing the range of
formation of the Ti—Zr—Be—Cu—N1—Nb in-situ metallic
glass composite;

[0039] FIGS. 4B and 4C are SEM 1mages showing the
microstructure of the alloys A2 and A3 containing, respec-
tively, 10 at % and 15 at % Nb;

[0040] FIG.4D shows XRD traces ofthe alloys A0, A1, A2,

and A3 containing respectively 0, 5, 10 and 15 at % Nb;
[0041] FIG. 4E shows DSC traces of the alloys A1, A2 and
A3 containing respectively 5, 10 and 15 at % Nb;

[0042] FIGS. 4F and 4G are SEM images showing the
microstructure of 'T1,.(Zr, .Be,,Cu,,Ni,),<,s:Nb,,, and T1,,
s/1,, Be, s ;Cu, N1, Nb, . alloys, respectively;

[0043] FIG. 5A shows XRD traces of the
(T1,.7r, Be,,Cu, Nig),qo.Nb_alloys with x=0, 5, 10and 15
at %;

[0044] FIG. 5B shows DSC traces of the
(T1,.7r, Be,,Cu, Nig),qo.Nb_alloys with x=0, 5, 10and 15
at %;

[0045] FIGS. 5C, 3D, 5E and SF are SEM 1mages of the
(T1,.7Zr, Be,,Cu, Nig), 00 Nb_alloys with x=0, 5, 10 and 15
at %, respectively;

[0046] FIG. 6A 1s a XRD trace of (T1,:7r, -Be,,Cu,,Ni,)
o5 1as alloy;
[0047] FIG. 6B 1s a SEM image of (11,71, -Be,,Cu,,Ni,)

o5 1as alloy;
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[0048] FIG. 6C 15 a DSC trace of the

(114521, 6Be,oCu, oNig)os Tas alloy;

[0049] FIG. 7A shows stress-strain curves obtained under
compression with a strain rate of 10~* s™" for in-situ Ti-based
BMG composites containing Nb and Ta;

[0050] FIG. 7B shows stress-strain curves obtained under
compression with a strain rate of 10~* s for various compo-
sitions of n-situ Ti-based BMG composites containing Nb;
[0051] FIGS. 7C, 7D and 7E show stress-strain curves
obtained for a strain rate of 10~ s™', 107" s™*, 10~ s7*,
respectively;

[0052] FIG. 7F shows a variation of the flow stress with the
applied strain rate;

[0053] FIG. 8A shows a variation of the flux at 350° C. for
in-situ Ti-based BMG composites containing 5 and 15 at %
Nb (prepared by vacuum squeeze casting);

[0054] FIG. 8B showsa varnationofthe flux at350and375°
C. for 1n-situ Ti-based BMG composites containing 10 at %
Nb (prepared by vacuum suction casting) and comparison
with pure Pd;

[0055] FIGS. 8C and 8D show hydrogen permeation prop-
erties of T1-BMG composite by vacuum suction casting and
T1-BMG composites prepared by vacuum squeeze casting
and comparison with Pd—Cu alloys and Ni-based metallic
glass, respectively;

[0056] FIGS. 8E and 8F show hydrogen permeation prop-
erties of the Ti+Ta-BMG composite prepared by vacuum
squeeze casting plotted as a function of the difference of
pressure and comparison with Ti+Nb BMG composites, and
plotted as a function of the inverse of temperature and com-
parison with Pd—Cu alloys and Ni-based metallic glass,
respectively;

[0057] FIG. 9A shows a potentio-dynamic graph of 1n-situ
T1-BMG composites in 1M H,SO,+2 ppm F~ at 80° C. with
H, bubbling and comparison with stainless steel and Ti1-6Al-
4V,

[0058] FIG. 9B shows a variation of the corrosion current
density and passivation current density as a function of the Nb
content (%) for in-situ T1-BMG composites in 1M H, SO, +2
ppm F~ at 80° C. with H, bubbling; and

[0059] FIG. 9C shows a variation of the corrosion current
density as a function of time for potentio-static tests per-
tformed under an applied potential 0of -0.1 V 1n 1M H,S0,+2
ppm F~ at 80° C. with H,, bubbling.

DETAILED DESCRIPTION OF THE INVENTION

[0060] The mmvention now will be described more fully
hereinafter with reference to the accompanying drawings, in
which exemplary embodiments of the invention are shown.
This invention may, however, be embodied in many different
forms and should not be construed as limited to the embodi-
ments set forth herein. Rather, these embodiments are pro-
vided so that this disclosure will be thorough and complete,
and will fully convey the scope of the ivention to those
skilled 1n the art. Like reference numerals refer to like ele-
ments throughout. It will be understood that when an element
1s referred to as being “on” another element, 1t may be directly
on the other element or intervening elements may also be
present therebetween. In contrast, when an element 1s
referred to as being “directly on” another element, there are
no intervening elements present. As used herein, the term
“and/or” includes any and all combinations of one or more of
the associated listed items. It will be understood that,
although the terms first, second, third etc. may be used herein




US 2013/0333814 Al

to describe various elements, components, regions, layers
and/or sections, these elements, components, regions, layers
and/or sections should not be limited by these terms. These
terms are only used to distinguish one element, component,
region, layer or section from another element, component,
region, layer or section. Thus, a first element, component,
region, layer, or section discussed below could be termed a
second element, component, region, layer, or section without
departing from the teachings of the present mvention. The
terminology used herein 1s for the purpose of describing
particular embodiments only and is not intended to be limit-
ing ol the mvention. As used herein, the singular forms “a,”
“an,” and “the” are mtended to include the plural forms as
well, unless the context clearly indicates otherwise. It will be
turther understood that the terms “comprises™ and/or “com-
prising,” or “includes” and/or “including” when used 1n this
specification, specily the presence of stated features, regions,
integers, steps, operations, elements, and/or components, but
do not preclude the presence or addition of one or more other
features, regions, integers, steps, operations, elements, com-

ponents, and/or groups thereof.

[0061] Furthermore, relative terms, such as “lower” or
“bottom™ and “upper” or “top,” may be used herein to
describe one element’s relationship to another element as
illustrated 1n the figures. It will be understood that relative
terms are intended to encompass different orientations of the
device 1n addition to the orientation depicted in the figures.
For example, 11 the device 1n one of the figures 1s turned over,
clements described as being on the “lower” side of other
clements would then be oriented on “upper’ sides of the other
clements. The exemplary term “lower,” may therefore,
encompasses both an orientation of “lower” and “upper,”
depending on the particular orientation of the figure. Simi-
larly, i1 the device in one of the figures 1s turned over, elements
described as “below” or “beneath” other elements would then
be oriented “above” the other elements. The exemplary terms
“below” or “beneath” may, therefore, encompass both an
orientation of above and below. Unless otherwise defined, all
terms (including technical and scientific terms) used herein
have the same meaming as commonly understood by one of
ordinary skill 1n the art to which this invention belongs. It will
be further understood that terms, such as those defined in
commonly used dictionaries, should be interpreted as having
a meaning that 1s consistent with their meaning in the context
of the relevant art and the present disclosure, and will not be
interpreted 1 an 1dealized or overly formal sense unless
expressly so defined herein. Exemplary embodiments are
described herein with reference to cross section illustrations
that are schematic 1llustrations of 1dealized embodiments. As
such, variations from the shapes of the illustrations as a result,
for example, of manufacturing techniques and/or tolerances,
are to be expected. Thus, embodiments should not be con-
strued as limited to the particular shapes of regions illustrated
herein but are to include deviations 1n shapes that result, for
example, from manufacturing. For example, a region 1llus-
trated or described as flat may, typically, have rough and/or
nonlinear features. Moreover, sharp angles that are 1llustrated
may be rounded. Thus, the regions 1llustrated 1n the figures
are schematic 1 nature and their shapes are not imtended to
illustrate the precise shape of a region and are not mntended to
limit the scope of the present invention. All methods
described herein may be performed 1n a suitable order unless
otherwise 1indicated herein or otherwise clearly contradicted
by context. The use of any and all examples, or exemplary
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language (e.g., “such as™), 1s intended merely to better 1llus-
trate the invention and does not pose a limitation on the scope
of the mnvention unless otherwise claimed. No language 1n the
specification should be construed as indicating any non-
claimed element as essential to the practice of the invention as
used herein.

[0062] Herematter, the disclosed embodiments will be
described 1n detail with reference to the accompanying draw-
ngs.

[0063] In an exemplary embodiment, in-situ bulk metallic
glass composites are proposed as materials for permeable
solid membranes used in gas separation technique for the
separation and purification of hydrogen. The alloys prepared
by vacuum arc melting followed with either vacuum suction
casting or vacuum squeeze technique exhibit superior prop-
erties 1n comparison to pure Pd metal and 1ts alloys. In the
tollowing paragraphs, the preparation of the membranes, the
microstructure characterized by secondary electron micro-
scope (SEM), X-ray diffraction and thermal calorimetry
(DSC) will be described before presenting the hydrogen per-
meation properties, mechanical and chemical properties.

[0064] The formation of the crystalline phase with a den-
dritic structure in the amorphous matrix and the resulting
physical, chemical and mechanical properties of these in-situ
bulk metallic glass matrix composites have been intensively
studied with the aim of finding the most appropriate industrial
applications.

[0065] In the Ti-based metallic glasses, the matrix forms

owing to the appropriate balanced of elements with negative
heat of mixing (AH,,_ ,_=-30klJ/mol, AH,,_,,=-35 klJ/mol,

AH. -~ =9 kl/mol, AH,,_ . =43 kl/mol, AH,_ . =23
kJ/mol, AH._ ..=-49 kJ/mol) and atom size ratio (r./r.,=0.
92, v /t,=0.87, 1y /r,., =0.8735, 15 /1,,=0.9). Furthermore,
the alloys developed 1n this work correspond to a composition
near the eutectic composition characterized by a low melting

point (T, =1000-1030° C.) [in comparison the melting points
ol 'T1, Zr, Cu, N1 and Be crystalline alloys that are 1660, 1832,

1084, 1433 and 1278° C., respectively]. The amorphous
phase 1s metastable however 1t may form owing to a relatively
low free energy and the high viscosity of the liquid, which
prevents the long range diflusion of elements thus hinders the
crystallization when the cooling rate 1s larger than a critical
value.

[0066] To develop metallic glass matrix composites for
hydrogen membrane application, the formation of a crystal-
line phase rich 1 group 5 elements should be promoted.
Several approaches may be used for this purpose, but as
described in Example 2, the formation of the 3-phase was
promoted by addition of Nb and/or Ta metal elements into the
Ti1-based metallic glass.

[0067] In addition to the remarkable hydrogen permeation
properties, the in-situ metallic glass matrix composites have
the advantage of high strength (between 1.6 to 2 GPa), low
density (less than 5.1 to 5.5 g/cm?), high formability and high
corrosion resistance.

[0068] In exemplary embodiment, Ti-based in-situ bulk
amorphous matrix composites have chemical compositions
represented by formula 1, 1n at %:

T1,7r,Be Cu ,Ni M

[0069] with M at least one element among Nb or Ta,
[=1mpurities such oxygen and carbon, and where a, b, ¢, d, e
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& 1 vary within the ranges 38<a=50, 11=b=<18, 12=c=<20,
6=d=<10, 6=e<9, 1=1=<20 and 0.01=g=<0.5, with a+b+c+d+e+
f+2=100.

[0070] Inexemplary embodiment, the composite may have
a structure composed of a crystalline phase with a dendritic
morphology and of a size varying from a few nanometer to
about 100 um embedded 1n an amorphous matrix.

[0071] In exemplary embodiment, elements for the forma-
tion of the amorphous phase may be titanium, zirconium,
beryllium, copper and nickel.

[0072] In exemplary embodiment, elements for the forma-
tion of the beta bee crystalline phase may be titanium, zirco-
nium, niobium and/or tantalum.

[0073] Inexemplary embodiment, the optimized composi-
tion for the formation of the amorphous structure may be

defined according to the atomic ratio T1/Zr less than about 2.8,
T1/Be less than about 2.25 and T1/(Cu+N1) less than about

2.37.

[0074] In exemplary embodiment, the optimized composi-
tion for the composite formation may be about 5 at
Y%<INb<about 20 at % and about 2 at %<Ta<about 8 at %.

[0075] Inexemplary embodiment, the composite may have
a mechanical strength of about 1600 MPa to about 2200 MPa

at room temperature and a density between about 6.1 g/cm’ to
about 8.0 g/cm”.

[0076] Inexemplary embodiment, in the as-cast condition,
the composite may have a high value of hydrogen permeabil-
ity between about 2x10™° mol/m.s.Pa"~ to about 6x10~° mol/
m.s.Pa”~ at about 350° C., depending on the composition,
1.€., the volume fraction of bce phase. These values may be
larger than those of pure Pd metal and Pd alloys tested under
identical conditions.

[0077] Inexemplary embodiment, the composite may have
a high corrosion resistance under hydrogen environment. The
corrosion current density at about 80° C. with H, bubbling
may be several orders of magnitude lower than that of SUS-
316L stainless steel and Ti-6Al-4V alloy (for example, the
corrosion current density=about 9.6x10™> mA/cm* for the
T1,.7r, 5 ;Be, s ,Cug ,N1, ;Nb, , tested in 1M H,SO_+2 ppm
F~ at 80° C. with H, bubbling, while the corrosion current
density is about 1.5 mA/cm® and about 0.9 mA/cm* for SUS-
316L and T1-6Al1-4V under 1identical conditions).

[0078] In exemplary embodiment, a method of fabricating
a Ti-based bulk amorphous matrix composite includes a
vacuum suction casting technique with either copper or steel
molds of up to about 12 mm diameter and a vacuum squeeze
casting technique.

[0079] In exemplary embodiment, the method may
includes annealing at temperature about 0.6 Tg to about 0.8
Tg, (Tg 1s the glass transition temperature expressed 1n
Kelvin) for a relatively short time (less than 1 hour) to release
the eventual residual stresses.

[0080] In exemplary embodiment, the composite may be
deformed under complex shapes in the supercooled liquid
region under a neutral and vacuum environment (the super-
cooled liquid region, AT , 1s defined as the temperature range
between the glass transition, 1., and the crystallization tem-
peratures, 1,, AT, =1 -T,). For example, hydrogen mem-
branes may be manufactured by stamping technique within
the temperature range about 350° C. to about 400° C. by
application of a low load for a few minutes.

[0081] Next, the disclosed embodiments are further
described 1n an exemplary embodiment, however the below
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exemplary embodiment 1s only an exemplary embodiment
and the present mvention 1s not limited thereto.

Exemplary Embodiment 1

[0082] Amorphous Composite Formation

[0083] The amorphous structure may be formed 1n several
compositions of Ti-alloys such as the bmary Ti—Cu and
T1—Ni1, ternary Tr—Cu—Zr, Ti—Z7r—Ni and T1—Z7r—Be,
quaternary Ti—Zr—Cu—Ni and qunary Ti—Zr—Be—
Cu—Ni. For the latter, the range of glass formation 1s quite
extended and the maximum size reported so far was about 10
mm diameter. Furthermore, these alloys exhibit interesting,
properties such as high strength (between about 1.6-2 GPa)
and may be deformed with up to about 10% plastic deforma-
tion under compression mode at room temperature. The
mechanical properties may be further enhanced by the intro-
duction of small sized crystalline phase. The formation of
in-situ crystalline phase in the amorphous phase may be
achieved by several approaches: the partial crystallization
owing to a short-time annealing beyond TX, phase separation
resulting from the immiscibility between two elements, or
phase partitioning during cooling. The latter has been applied
in this exemplary embodiment.

[0084] The competitive phases in the Ti—Zr—Be—Cu—
N1 alloy system are the icosahedral quasicrystalline phase,
T1ZrCu, or T1ZrNi-type Laves phase, a(11) and 3(T1)-phases.
The 1cosahedral and Laves phases are intermetallic phases
and are usually avoided because of their brittleness. The
B3('T1)-phase has a bee (body centered cubic) structure more
ductile than the hexagonal a.(11)-phase. This p(11)-phase 1s
common to T1and Zr as well as the group 5 metals (1.e., V, Nb
and Ta). In the phase diagrams shown FIGS. 1A and 1B, 1t
may be seen that the 3(T1)-phase 1s a high temperature phase
existing in the whole range of composition. Although the
a.-phase 1s the most stable phase at room temperature, 1ts
formation 1s usually sluggish particularly in these multi-com-
ponent alloys. Also a long annealing treatment at low tem-
perature 1s commonly applied to ensure the control of the
volume fraction of a.-phase. Nb and Ta stabilized the p(11)
phase however the a.-phase may still form at low temperature
for a wide range of composition in Ti—Ta alloy. Owing to the
range ol cooling rate encountered 1n vacuum casting tech-
nique (more than 1 K/s), the most likely phase to form during
solidification 1s the [3-phase.

[0085] Consequently, the addition of one or several of these
group 5 elements would be expected to promote the formation
of (3-phase by decreasing its free energy. Nb and Ta are
characterized by atomic radius of about 0.146 and 0.14°7 nm,
respectively, as well as electronic properties [Kr] 4d4 5sl
(2.8.18.12.1 and electron-to-atom ratio, ¢/a=35.4) and [Xe]
4114 5d3 6s2 (2.8.18.32.11.2 and e/a=3.5), respectively
(FIGS. 1C, 1D, and 1E). Nb and Ta have thus atomic radius
similar to that of T1, which might promotes moderately the
glass formation owing to a principle known as the confusion
principle.

[0086] Another important parameter 1s the heat of mixing,
and the values with the major elements have been summa-
rized in Table 1. The heat of mixing of Nb and Ta with the
major elements such as 11, Zr and Cu are near zero, while they
are negative with Be and Ni.

[0087] Although Nb and Ta elements are added to promote
the formation of the 3(11,7r) by a reduction of the free energy
as schematically shown 1n FIG. 1F, the physical, electronic
and thermodynamic properties of these elements are not
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likely to deteriorate significantly the glass formation in Ti-
based metallic glasses thus ensuring a matrix with amorphous
structure. Table 1 1s showing values of heat of mixing (in

kJ/mol).

TABLE 1
Ti1 Zr Be Cu Ni
Ti1 — 0 -30 -9 -35
Zr 0 — —43 -23 -49
Be -30 -43 — 0 —4
Cu -9 -23 0 — 4
Ni -35 -49 —4 4 —
Nb 2 4 -25 3 -30
Ta 1 3 —24 2 —42

Exemplary Embodiment 2

[0088] Preparation of the Membrane Alloys

[0089] The bulk metallic glasses and in-situ BMG matrix
composites developed for this exemplary embodiment may
be prepared by two different techniques: vacuum suction
casting and vacuum squeeze casting type techniques.

[0090]

[0091] The suction casting technique was used to produce
cylinder type rods. FIG. 2A shows a schematic diagram of
suction casting apparatus. Pieces of samples were placed on
the water cooled copper mold with a small nozzle. The cham-
ber was evacuated and back-filled with a high purity Ar gas.
The samples were then remelted and cast into water-cooled
copper molds having cylindrical cavities of 10 mm diameter
and 50 mm 1n length or 1n the form of 12 mm wide, 2 mm thick
and 50 mm long plates. Membranes of about 0.5 mm thick
were sliced by wire cutting.

10092]

[0093] In-situ BMG matrix composite samples were also
prepared by vacuum squeeze casting type technique as shown
in FIG. 2B. In this technique, the ingot 1s first melted then the
upper-die 1s rapidly moved down to press the melted ingot
against the hearth. Matenals for the upper-die and hearth may
be either Cu or stainless steel. The size and geometry of the
sample may be defined by the size of the cavity 1n the hearth,
which 1s cooled by a cooling system to ensure high cooling
rate. By controlling the vertical motion of the upper-die, 1t 1s
possible to adjust the thickness of the samples. For the prepa-
ration of sample with composite structure, the motion of the
upper-die may be retarded to allow for the growth of the
crystalline phase.

Vacuum Suction Casting Technique

Vacuum Squeeze Casting Technique

Exemplary Embodiment 3

[0094] Structure of Ti—Z7r—Be—Cu—Ni1—Nb and
T1—7Zr—Be—Cu—Ni1—Ta Composites

[0095] FIG. 3A shows the XRD ftraces obtained for the
compositions (11,71, Be,,Cu, Niy)sNb. and
(T1,.7r, Be,,Cu, Niy)os Tas alloys prepared by suction cast-
ing techmque in the form of rod of 10 and 7 mm diameter,
respectively. The halo peaks indicated that these
(T1452r, 6BesnCu, oN15)osNbs  and - (114521, (Be,oCu, oNis)
o51as rods are fully amorphous in the as-cast state. DSC
curves for these compositions are shown 1 FIG. 3B. Both 10
and 8 mm diameter rods of (T1,-7r, ;Be,,Cu,,Ni,)s<Nb. and
(T1,.7r, Be,,Cu,Nig)os Ta; compositions exhibit two exo-
thermal peaks about 425 and 525° C., which are correspond-
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ing to the amorphous to a metastable crystalline phase and
amorphous+metastable phase to Laves phase transforma-
tions, respectively.

[0096] These structural and thermal properties ol bulk alloy
with composition (T11,.7r,Be,,Cu,,Nig)s-Nb. indicated
that for this concentration, Nb has little effect on the glass
forming ability of the Ti-based alloy. In contrast, the XRD
trace ol 10 mm diameter rod of (T1,.7r, \Be,,Cu, ;Nig)o<Tax
alloy composition revealed the presence of crystalline peaks,
indicating that Ta reduced more significantly the formation of
amorphous structure by promoting the formation of the Laves
crystalline phase, as it 1s shown 1n FIG. 3C.

[0097] The structure of the cast rods 1s confirmed by the
SEM 1mages shown in FIGS. 3D and 3E. While the image of
the I8 mm rods of composition (T1,.7r, Be,,Cu, ;Nig)osTas
(F1G. 3E) clearly shows the dendritic structure of the 3-T1
crystalline phase 1n the amorphous matrix, the micrograph of
the Y8 mm rod of composition (T1,7r, Be,,Cu, ,Ni,),;Nb-
(FI1G. 3D) does not reveal any second phase. The fully amor-
phous structure of this alloy was confirmed by TEM obser-
vation.

[0098] An important thermal characteristic of metallic
glass 1s the existence of supercooled liquid region, ATX,
defined as the difference between the crystallization, Tx, and
glass transition temperature, Tg, such as ATx=1x-Tg. The
larger 1s the supercooled liquid region, the easier 1s the form-
ing ol amorphous alloy. For these Ti-based alloys, Tg 1s
difficult to detect and the supercooled liquid region may
hardly been defined using calorimetry technique.

Exemplary Embodiment 4

[0099] Range of Formation of the Ti—Zr—Be—Cu—
N1—Nb In-Situ Metallic Glass Matrix Composites Prepared
by Vacuum Suction Casting Technique

[0100] It was shown above that the in-situ metallic glass
matrix composites may be obtained with size up to ¥310 mm
for the (11,:7r,.Be,,Cu,,Niy)-Nb. alloy prepared by
vacuum suction casting technique. These alloys contaiming
Nb were thus explored 1n more details. The formation of the
metallic glass matrix composites was investigated 1n the
range of composition shown 1n FIG. 4A, and the composi-
tions of the corresponding alloys are given in Table 2. The Ti
content could be varied from about 38 at % to about 30 at %.
Beyond about 50 at %, the glass forming ability decreased
drastically and the amorphous structure could not be achieved
in large size specimens. This indicates that values of the T1/Zr
ratio should be kept between about 2.8 and about 4.2 and
those of T1/(Cu+N1) between about 2 and about 3.8. The other
important element controlling the glass forming ability 1s Be.
As the Be content 1s reduced, the formation of the amorphous
matrix necessitates higher cooling rate. Consequently, the
values of the T1/Be ratio should be kept between about 2.0 and
about 4.0. Table 2 shows compositions of Nb-added 1n-situ
Ti1-based metallic glass matrix composites (at %).

TABLE 2

Series Ti1 Zr Be Cu Ni Nb

A Al 42,75 15.2 19.0 9.5 8.55 5.0
A2 40.5 14.4 18.0 Q.0 8.1 10.0

A3 38.25 13.6 17.0 8.5 7.65 15.0

B Bl 45.0 14.55 18.18 Q.09 8.1R 5.0
B2 45.0 13.09 16.36 8.19 7.36 10.0

B3 45.0 11.64 14.54 7.28 6.54 15.0
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TABLE 2-continued

Series Ti Zr Be Cu Ni Nb

C Cl 38.25 15.055 18.82 9.405 8.47 10.0
C2 42.75 13.745 17.18 8.595 7.73 10.0

C3 47.25 12.435 15.54 7785 6.99 10.0

C4 41.625 12.62 15.77 7.89 7.095  15.0

B M1 50.0 14.09 12.36 6.19 7.36 10.0
M2 47.5 14.0 14.0 8.2 6.3 10.0

M3 46.12 15.1 17.0 9.6 7.1%8 5.0
[0101] Beyond 5 atomic percent, the addition of Nb

reduced the free energy of the bee phase, and consequently
promotes the nucleation of this crystalline phase 1n the liquad.
The volume fraction and size of the bcc crystalline phase

increased as the concentration of Nb 1s increased as it 1s

clearly observed in FIGS. 4B and 4C. This 1s also 1llustrated
by the increase of the peak intensity of the bce phase 1n the
XRD traces as shown in FI1G. 4D.

[0102] The effect of Nb on the microstructure may also be
observed 1n the DSC traces shown 1n FIG. 4E. This 1s illus-
trated by the reduction of the first and second exothermal
peaks corresponding to the amorphous-to-metastable phase,
and amorphous+metastable phase to the crystalline phase,
respectively. It should be remarked that the first exothermal
peak vanished for Nb=15 at %, indicating that the amorphous
matrix will transform directly into the crystalline phase.

[0103] The p-phase grows in the liquid with a dendritic
structure indicating that the growth 1s favored along certain
crystallographic directions. However the morphology of the
B-phase depends strongly on the alloy composition. FIGS. 4F
and 4G show different morphologies with, for example,
numerous small dendrites resulting from a large number of
nucleation sites for the Ti,.(Zr,Be,,Cu,,Nig).s,<<Nb,,
alloy, while the uninterrupted morphology of the dendrites 1n
the T1,, Zr,, Be,s ;Cu, ;Ni1, Nb, - alloy shown in FIG. 4G
suggests the growth of the B-phase from a unique nucleation
site. These differences of morphology are expected to have
significant effect on the properties. Table 3 shows composi-
tional analyses of the matrix and dendrite by EDS (1n at %).

TABLE 3

A2 B1 B2 B3 C3 C4

matrix T1 41.5 52.6 48.0 47.5 49.4 48.8
Zr 23.5 17.8 19.7 18.2 18.2 19.0

Nb 9.5 8.2 6.5 7.6 9.0 6.7

Cu 12.0 10.5 14.1 13.9 11.%8 13.2

N1 11.5 10.9 11.%8 12.8 11.6 12.3

dendrite i 51.3 - 585  51.1 60.3  51.1
Zr 9.4 - 6.8 5.6 - -

Nb 36.3 _ 34.7 433 39.7 489

Cu - - - - - -

Ni _ _ _ _ .
[0104] The composition of the matrix and dendrite was

measured by means of energy disperse spectroscopy (EDS)
technique ('Table 3). It appeared that the 6-phase 1s essentially
rich 1 T1, Nb and Zr, and does not contain Cu and N1 (Be
cannot be detected by EDS analysis technique). Furthermore,
as the nominal content of Nb increased, the T1 and Zr content
in the dendrite decreased while the Nb content in the matrix
decreased. In parallel, the T1 content 1n the matrix decreased
while the Cu and N1 content increased.
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Exemplary Embodiment 5

[0105] Formation of the Ti—Zr—Be—Cu—Ni—Nb In-

Situ Metallic Glass Matrix Composites Prepared by Vacuum
Squeeze Casting Technique

[0106] The alloys of composition T1,.7r, Be,,Cu,,Ni,,
(114521, sBe,,Cu, oNig)osNbs, (114521, (Be,yCu, oNig)
ooNb,,and (T1,.7r, \Be,,Cu, ,Ni; )< Nb, - were also prepared
by vacuum squeeze casting technique in the form of plates of
about 2-3 mm thick. The XRD and DSC traces of the samples
are shown 1n FIGS. 5A and 5B. For the same alloy composi-
tion, the structure appeared to be similar to that obtained for
samples prepared by vacuum suction casting technique.

[0107] The observation of the samples by SEM, shown 1n
FIGS. 5C, 5D, SE, and SE, confirmed the composites structure

for the alloys contaiming a concentration of Nb larger than 10
at %.

Exemplary Embodiment 6

[0108] Formation of the Ti—Zr—Be—Cu—Ni1—Ta

In-Situ Metallic Glass Matrix Composites Prepared by
Vacuum Suction Casting Technique

[0109] The alloy of composition (11,71, Be,,Cu,,Ni,)

o5 1as has been prepared by vacuum suction casting in the
form of 1 mm thick plate. For this alloy system, the addition
of only 5 at % induced the formation of p-Ti, as shown from
the XRD trace and SEM micrograph shown in FIGS. 6 A and
6B, respectively. The morphology of the dendritic p-phase 1n
the Ta-containing 1n-situ Ti-based BMG matrix composite 1s
similar to that of the Nb-containing in-situ Ti-based BMGs.
However the addition of a lower Ta content 1s more efficient
than Nb to induce the formation of the 3-T1 phase 1n the
amorphous matrix. The volume of the [3-phase in the Ti+5 at
% Ta BMG matrix composite was found to be equivalent
T1+10 at % Nb BMG matrix composite.

[0110] The amorphous nature of the matrix was confirmed
by DSC analyses, as shown 1in FIG. 6C. Positions of the peaks
as well as values of the heat of crystallization are similar to
those of the Nb-containing in-situ Ti-based BMG matrix

composites.

Exemplary Embodiment 7

[0111] Mechanical Properties of the In-Situ Ti-Based
BMG Composites

[0112] Amorphous materials are characterized by a high
value of the microhardness and high strength with Vickers
microhardness larger than 300 kgf/mm? (3 GPa) and strength
near or beyond 2000 MPa (2 GPa) depending on the compo-
sition ( Table 4). These properties are extremely important for
application such as micro-gear and bipolar plates since for the
former 1t may reduce the wear and for the latter the high
strength will allow a significant reduction of the sheet plate

thickness and thus provide gain on the weight and volume of
the fuel cell.

[0113] The stress-strain curves of the Ti-based composites
containing Nb and Ta are shown 1n FIG. 7A. Though com-
pression tests were performed on samples with different
diameter, both Nb and Ta may display some malleability at
room temperature. The variation 1n the value of plastic defor-
mation from one alloy to another may be explained by the
difference 1n volume fraction, size and properties of the crys-
talline dendritic phase. Table 4 shows microhardness values

of various Ti-based BMGs and BMG composites.
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TABLE 4

Tiy5Z16BesoCuy oNig (TigsZ116Be>0CuoNig)osNbs

Hv 366 £ 22 344 + 24

(TiysZrgBesgCuyoNig)osNbs

Hv 344 + 24 375 £ 37

[0114] Samples of in-situ Ti-based BMG composites con-
taining Nb were also prepared using stainless steel mold
instead of Cu 1n order to reduce the cooling and increase the
volume fraction of bce phase. It may be seen 1n FIG. 7B, that
the modification of the sample preparation modifies the
mechanical behavior under compression mode for these
alloys. Values of the plastic deformation from about 5 to 8%
were achieved instead of ~about 2 to 3% (FIG. 7A) as the
volume fraction of bce phase has been 1ncreased.

[0115] In order to be applied as membrane matenals for
hydrogen separation and purification, the in-situ Ti-BMG
composites should have a somewhat high strength in the
temperature range of the membrane application, 1.e., about
300-400° C. Characteristics of this class of materials are the
existence of a supercooled liqud region, ATx, found between
the glass transition, Tg, and the crystallization temperature,
Tx. In that range of temperature, BMG may be deformed with
a superplastic behavior, characterized by high strain rate sen-
sit1vity.

[0116] FIGS. 7C, 7D, and 7FE show the stress-strain behav-
1or of 1n-situ Ti-based BMG composites with 5, 10 and 15 at
% Nb tested at 360° C. for strain rate of, respectively, 107>,
10~* and 10~ s™'. In contrast to tests performed at room
temperature as shown FIGS. 7A and 7B, these composites
may be deformed with large plastic deformation at high tem-
perature while retaining a high strength.

[0117] The strain rate sensitivity may be determined by
plotting the varnation of the flow stress with the strain rate. As
shown 1n FIG. 7F, Nb-iree alloy as well as alloy containing 5
at %, which are both monolithic BMG alloys, exhibit a high
strain rate sensitivity with a value of the slope, m, near 0.5
(m=(d log 0)/(8 log €)) for in the strain rate range 107*-107>
s™'. For in-situ BMG composites, those structures are com-
posed of bce crystalline phase embedded 1n an amorphous
matrix, the value of the slope decreased as the higher Nb
content increased. This behavior could be attributed to the
presence ol p-phase in the amorphous matrix, which has a
lower strain rate sensitivity in comparison to the amorphous
structure.
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[0118] Hydrogen Permeation Tests on In-Situ Ti—Zr—
Be—Cu—Ni1+Nb BMG Composites

[0119] Hydrogen permeation tests were performed on
samples with a diameter of about 12 mm and a thickness of
approximately 0.5 mm. These membranes were machined
from plates prepared from two different methods: vacuum
squeeze casting type and vacuum suction casting techniques.
Tests were performed between 350° and 375° C. for hydrogen
pressure varying from 1.1 to 3 bars.

[0120] For samples prepared by vacuum squeeze casting,
FIG. 8 A indicates that the hydrogen flux at 350° C. increased
as the Nb content increased, which may be attributed to the
presence of the bee crystalline dendritic structure 1n the in-

Dec. 19, 2013

(TigsZr 1 6BesgCugNig)gsTas
414 + 42
(TiysZr gBeyoCu oNig)goNb o (TiysZr; gBeyoCu  oNig)gsNb 5

366 + 14

situ BMG composites since the alloys containing 0 and 5 at %
Nb are not composites but monolithic metallic glasses. Nev-
ertheless, the difference 1n the properties between both alloys
with O and 5 at % Nb suggests a positive effect of Nb addition
on the hydrogen permeation.

[0121] Similar behavior was obtained for samples prepared
by vacuum suction casting technique. The hydrogen perme-
ation properties of the in-situ Ti-based BMG composites are
superior to those of pure Pd as indicated 1n FIG. 8B showing
the variation of the product flux.t (where t 1s the thickness) as
a function of the difference of the square root of the pressure.
In this plot, the variation 1s almost linear suggesting that the
variation of the hydrogen concentration follows the Sievert’s
law. In addition, this plot indicates that the hydrogen flux
increased as the temperature increased.

[0122] These properties have been reported in FIGS. 8C
and 8D by showing the variation of the hydrogen permeabil-
ity as a function of the iverse of temperature. This chart
indicates that values of hydrogen permeability for the com-

posites containing more than 10 at % Nb are found between
those of Pd and those of pure Nb.

[0123] In FIGS. 8C and 8D, the hydrogen permeability of

the composites measured at 350° C. and 375° C. are also
compared with those of a recently developed Ni—Nb—Zr-
based monolithic metallic glass. The values of the hydrogen
permeability are found to be more than about 2.5 times larger
than those of Pd alloys and more than about 3.5 larger than the
currently developed metallic glasses.

[0124] It 1s also important to notice that the hydrogen per-
meation properties for samples prepared by suction casting
were found to be slightly superior to those prepared from
vacuum squeeze casting type. This 1s believed to result from
a slight difference 1n the structure owing to the difference of
cooling rate leading to different volume fraction and mor-
phology of bee dendritic phase.

[0125] Hydrogen Permeation Tests on In-Situ Ti—Zr—
Be—Cu—Ni+Ta BMG Composites

[0126] Hydrogen permeation tests were performed for
sample with the composition (T1,.7r, . Be,,Cu, ,Ni),<Ta.
prepared by vacuum squeeze casting as described in Example
6. As indicated 1n FIGS. 8E and 8F, the hydrogen permeation
properties of this composite containing S5 at % Ta 1s similar to
the properties of the composite formed from the addition of
10 at % Nb.

[0127] The high volume fraction of dendrite phase formed
owing to the addition of only 5 at % 'Ta enabled the high value
of the hydrogen permeability.

Exemplary Embodiment 9

[0128] Since constituent elements used 1n these alloys have
good corrosion resistance, 1t 1s thus expected that the devel-
oped m-situ BMG composites exhibit excellent corrosion
properties, too. T1, Zr and Nb have excellent corrosion resis-
tance 1 H,SO, solution, Cu 1s a noble element, N1 1s also
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known for 1ts good corrosion properties and Be forms BeO,
which provide excellent protection again corrosion.

[0129] Corrosion experiments were carried out under 1 M
H,SO_+2 ppm F~ environment at 80° C. with hydrogen bub-
bling 1n order to mnvestigate the resistance of the composite in
hydrogen environment. The potentio-dynamic curves
obtained under that condition are shown 1n FIG. 9A.

[0130] All potentio-dynamic curves are found lower than
that of stainless steel and T1-6 Al-4V alloy tested under 1den-
tical conditions, indicatives of an excellent corrosion resis-
tance of the in-situ Ti-based BMG composites. Furthermore,
in contrast to stainless steel and T1-6A1-4V alloy, the polar-
ization plots for the Ti-based BMG composites do not show
active-passive transition behavior. As for the T1-6Al-4V alloy,
the behavior 1s characterized by a wide passivation plateau
tollowed by transpassive dissolution without any significant

increase 1n current. All the corrosion parameters are given 1n
the Table 3.

[0131] Under H, bubbling condition, the alloy with 10 at %
Nb exhibits lower passivation current density 1n comparison
other compositions. This may be explained by the high con-
tent of Nb 1n the matrix and the absence of large dendrite
which prevents a galvanic effect. As shown in Table 6, the
formation of (T1,Zr,Nb)-rich 3-phase particularly in compos-
ites containing 15 at % Nb results 1n a high concentration of
Cu 1n the matrix, which tend to degrade the corrosion resis-
tance.

[0132] The vanation of the corrosion current density and
passivation current density, shown in FIG. 9B, demonstrated
that although the addition of Nb may lead to the formation of
inheterogeneities, a proper alloy design may enable an
improvement of the corrosion resistance. Table 5 shows val-
ues of the corrosion current density and potential corrosion
for tests performed in 1M H,SO_+2 ppm F~ at 80° C. with H,
and air bubbling.
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ite formed with 15 at % Nb 1s extremely large indicating a loss
in the corrosion resistance 1n hydrogen environment.

[0134] Immersion was also performed in 1M H,SO,, at 80°
C. for 7 days for the Nb-free (monolithic) Ti-based bulk
metallic glass and for the Ti-based BMG composites contain-
ing Nb. Results given in Table 6 indicate that the weight loss
of the Ti-based BMG composites recorded after 7 days are
considerably lower than that of crystalline T1-6A1-4V dem-
onstrating the superior corrosion resistance of the developed
BAMCs. Once again, the best corrosion properties are
obtained for the composite containing 10 at % Nb. Table 6
shows weight loss after 7 days immersionin 1M H, SO, at 80°
C. measured by change of weight using a micro-balance and
calculated from the amount of elements dissolved 1n the solu-
tion.

TABL.

L1l

6

% of weight loss

Atomic
Absorption
Weight  Spectroscopy
loss (AAS) Immersion

Alloy method method time
Ti-6 Al-4V (crystal) 34.12 37.32 2 days 3 hrs 27

M1
TiysZr BesoCugNig 5.39 4.53 7 days
(Tiy5Z1rBe>aCuoNig)gsNbs 2.15 1.82 7 days
(T, 571 BesgCu oNig)goNby g 1.59 1.33 7 days
(TiysZrsBesqCuoNig)esNby 5 1.82 1.73 7 days
(TiyoZ1r56Be  sCugNi~)gsNbg 1.72 7 days
(TiyoZro6Be sCugNis)g-Ta, 0.78 0.88 7 days

[0135] While this invention has been described 1n connec-
tion with what 1s presently considered to be practical exem-
plary embodiments, 1t 1s to be understood that the invention 1s

TABLE 5
H, bubbling air bubbling
Lo (Alem?®) B, (V) L, Aem?) E,,, (V)
Ti—6Al—4V 9x 1074 -0.76 7.2 x 107 ~0.78
TiysZ1; Be,oCu, oNig 3.01x10™ =023  473x10™  -0.13
(TissZrBesoCloNig)osNbs 203x10™  -0.23 1.34x 107 -0.17
(TiysZ1Be>oCU1oNigooNb g 9.14 x 107° -0.19 1.03 x 107> -0.13
(TiysZ11Be>oCl o Nig)esNb s .11 x 107° -0.23 1.39 x 107> -0.17
TiysZr;4 ssBe g 1sCUg goNig gNbs  2.53x 107 -0.26 1.62x 10>  -0.17
TiysZr 3 00Be1c 36CUg (oNis3cNbjg  2.29x 10 -0.25 1.83x 10 -0.21
TiysZti | eaBe s s4Cly 5gNis ,Nbys  2.13 x 107 -0.27 1.47 x 107> -0.26
(TigoZ150Be | cCugNi-)gsNbs — — 4,56 x 107° -0.20
(TiyoZ150Be CugNi-)g-Tas — — 3.42 x 107° -0.28
(TiysZrcBesoCuoNio)eoNb s Tas 3.92x107° -027  3.03x107°  -0.19

[0133] Potentio-static tests were also performed under a
constant value of potential of —0.1V for 2 hours. The vanation
of the current density for the in-situ BMG 1s shown in FI1G. 9C
and 1s compared with that o1 ' T1-6Al-4V. It may be see that the
slope of the current density vs. time decreased as the Nb
content increased from O to 10 at %, with an absolute value for
the composite containing 10 at % Nb lower than any other
composition after 2 hours test. However, the slope for the
composite formed with 15 at % Nb 1s extremely large indi-
cating a loss 1n the corrosion resistance 1n hydrogen hydrogen
environment. These corrosion properties are also superior to
those of T1-6 Al-4V alloy. However, the slope for the compos-

not limited to the disclosed embodiments, but, on the con-
trary, 1s intended to cover various modifications and equiva-
lent arrangements included within the spirit and scope of the
appended claims.

What 1s claimed 1s:

1. A Ti-based bulk amorphous matrix composite compris-
ing a composition represented by Formula 1, 1 at %:

T1,7r,Be Cu ,Ni . MJ, Formula 1

where M 1s at least one of Nb or Ta, I 1s an impurity, and a,
b, ¢, d, e, and 1 vary within the ranges 38=<a=50,
11=sb=<18, 12=c=<20, 6=d=<10, 6=e<9, 1=<1<20 and
0.01=g=0.5, with a+b+c+d+e+1+g=100.
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2. The Ti-based bulk amorphous matrix composite of claim

1, wherein

the composite has a structure comprising a crystalline
phase with a dendritic morphology and of a size varying
from about 0.01 um to about 100 um 1n an amorphous
matrix.

3. The Ti-based bulk amorphous matrix composite of claim

2, wherein

clements for a formation of the amorphous matrix are
titanium, zirconium, beryllium, copper and nickel.
4. The Ti-based bulk amorphous matrix composite of claim

2, wherein

clements for a formation of the crystalline phase are tita-
nium, zirconium, and at least one of niobium and tanta-
lum.

5. The Ti-based bulk amorphous matrix composite of claim

2, wherein

the composition for the formation of the amorphous matrix

are defined according to the atomic ratio T1/Zr less than

about 2.8, Ti/Be less than about 2.25, and T1/(Cu+Ni1)
less than about 2.37.

6. The Ti-based bulk amorphous matrix composite of claim

5, wherein

the composition are about 5 at %<INb<about 20 at % and
about 2 at %<Ta<about 8 at %.

7. The Ti-based bulk amorphous matrix composite of claim

1. wherein

the composite has a mechamical strength of about 1600
MPa to about 2000 MPa at room temperature and a
density between about 6.1 g/cm” to about 8.0 g/cm”.

8. The Ti-based bulk amorphous matrix composite of claim

1, wherein
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the composite has a value of hydrogen permeability
between about 2x10™® mmol/m.s.Pa’~ to about 6 107°
mol/m.s.Pa”~ at about 350° C., depending on the com-
position

9. The Ti-based bulk amorphous matrix composite of claim

1, wherein

the composite has a corrosion current density under a
hydrogen environment lower than stainless steel.
10. A method of fabricating a Ti-based bulk amorphous

matrix composite comprising:

a vacuum suction casting technique and a vacuum squeeze
casting technique,

wherein the composite comprising a composition repre-
sented by Formula 1, in at %:

T1,7r,Be Cu,Ni .M A, Formula 1

where M 1s at least one of Nb and Ta, I 1s an impurity, and
a, b, ¢, d, e, and 1 vary within the ranges 38=a<30,
11=b=<18, 12=c=<20, 6=d=<10, 6=e<9, 1=<1<20 and
0.01=g=<0.5, with a+b+c+d+e+1+g=100.

11. The method of claim 10, further comprising:

annealing at temperature about 0.6Tg to about 0.8Tg, (Tg
1s the glass transition temperature expressed 1n Kelvin)
for a predetermined time less than 1 hour to release
eventual residual stresses.

12. The method of claim 10, wherein

the composite 1s deformed under a complex shape 1n a
supercooled liquid region under a neutral and vacuum
environment, and the supercooled liquid region, AT , 1s
a ditference between a glass transition temperature, T,
and a crystallization temperature, T,.

¥ ¥ H ¥ H
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