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Abstract: The hydrogen/deuterium sorption properties of Ni33TizgNbyg synthesized by the vacuum
induction melting technique were measured between 400 and 495 °C for pressure lower than 3 bar.
The Sieverts law is valid up to H(D)/M < 0.2 in its ideal form; the absolute values of the hydro-
genation/deuteration enthalpy are AH(Hjy) = 85 & 5 kJ/mol and AH(D;) = 84 + 4 k] /mol. From
the kinetics of absorption, the diffusion coefficient was derived, and an Arrhenius dependence from
the temperature was obtained, with E, 4 = 12 & 1 k] /mol for both hydrogen isotopes. The values of
the alloy permeability, obtained by combining the solubility and the diffusion coefficient, were of
the order of 1072 mol m~—! s~1 Pa—03, a value which is one order of magnitude lower than that of
Niyg; TigoNbyy, until now the best Ni-Ti-Nb alloy for hydrogen purification. In view of the simplicity
of the technique here proposed to calculate the permeability, this method could be used for the
preliminary screening of new alloys.

Keywords: Ni-Nb-Ti alloys; hydrogen solubility; hydrogen diffusion; hydrogen permeability; hydro-
gen isotope effect

1. Introduction

The purification of hydrogen to an ultrapure grade (at least 99.9999% hydrogen purity)
can be obtained by means of well-conceived metallic membranes [1-3]. The principle of
operation of these devices is conceptually quite simple: a flux of gases containing hydrogen
impacts on the first surface of the metallic membrane, which is able to dissociate the H,
molecule; the obtained hydrogen atoms are absorbed into the material and diffuse through
it thanks to the difference in the partial pressure on the two surfaces of the membrane;
they recombine on the second surface of the material and can be released outside [4]. This
process is selective for hydrogen so that high purity of the flux of hydrogen emitted from the
second surface is obtained. In order to have an effective and fast process, the membranes
should be made of a metal that is able to both absorb and diffuse hydrogen.

The standard material for the production of hydrogen purification membranes is
Pd7;Agps [1-3,5,6], which conjugates the high hydrogen permeability of Pd with the re-
sistance to embrittlement given by the alloying with silver. Although Pd—Ag reactors are
an industrial reality, in the past years, there have been many attempts to find different
materials with similar permeation properties but comprising less noble, less critical and
less expensive metals [1-3]. Many materials have been proposed, mainly derived from
V [7], Ta [8] and Nb [9], which, as single elements, exhibit permeation properties higher
than those of pure Pd [10]. Due to the high solubility of hydrogen in the pure metals
and the consequent embrittlement, all metals were used in alloyed forms to improve their
mechanical stability.
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Among various alloys, Hashi et al. [11] proposed a Ni-Nb-Ti alloy that exhibited a
peculiar microstructure composed of two different phases: a bcc NbTi alloy and the eutectic
phases NiTi and NbTi [11]. The NbTi phase makes a large contribution to the high hydrogen
permeation of the material, while the eutectic phases are able to mitigate the hydrogen
brittleness of the Ni-Nb-Ti alloy [11]. Thanks to these specific properties, NizyTiz; Nbsg was
reported to display a high hydrogen permeability value of 1.93 x 1078 molm~! s~! Pa=0?
at 400 °C, which is equivalent to the permeability of pure Pd in the same conditions [1,3].

The hydrogen permeation through a dense metal is a mass transfer phenomenon
driven by the hydrogen pressure drop between the upstream and downstream walls of
the metal [4]. The hydrogen permeation flux through a metal wall of thickness th is given

by [4]:
\/ Pu v Pdown (1)

where | is the hydrogen permeation flux (mol m~2 s~ 1), Pe is the permeability coefficient
of hydrogen through the metal (mol m~! s~ Pa=09), Pyp and Py the hydrogen partial
pressure (Pa) at the metal upstream and downstream surface, respectively, and th (m) the
thickness of the metal wall.

This expression of the hydrogen permeation flux is obtained by combining the Sieverts
law and the Fick first law representing the hydrogen solubility in and the hydrogen
diffusion through the metal lattice, respectively. In particular, according to the Sieverts law,
the concentration of the hydrogen absorbed in the metal lattice is proportional to the square
root of the hydrogen partial pressure in the gas phase in equilibrium with the metal [12]:

cy = kP )

where ¢y is the hydrogen concentration in the metal (mol m~3), k, the Sieverts constant
(mol m~3 Pa~%) and P the hydrogen partial pressure in the gas phase (Pa).

In parallel, one can write that the permeation flux (J) of hydrogen diffusing through
the metal lattice is given by [4]:

Cup — Cdown
=D —— 3
J = @)
where D is the diffusion coefficient (m? s~ 1), cup and Cgo, are the hydrogen concentration
in the metal (mol m~2) at the upstream and downstream surface, respectively.
Combining Equations (2) and (3), the hydrogen permeation flux (J) can also be ex-
pressed as indicated in Equation (4).

]—Dk \/Pup_\/Pdown
= D-ks

0 (4)

By combing Equations (1) and (4), it results that the hydrogen permeability coefficient,

Pe, (mol m~! s~ Pa~%%) can be estimated by the product of the diffusion, D, and solubility
coefficients, ks:

Pe =k -D 5)

In view of Equation (5), if two of the previous physical quantities are known, the third
one can be directly evaluated. Usually, from permeability and solubility measurements,
the diffusion coefficient is derived, as reported in Refs. [13,14] for the Ni3yTizoNbyg alloy.
Permeability measurements, however, require specialized equipment, as well as a very
demanding vacuum sealing between the material under examination and the test apparatus.

In this paper, we will explore the use of hydrogen absorption measurements to measure
ks from the thermodynamics of the process and D from the kinetic response of the sample.
From kg and D, the permeability of a Nis3TizgNbyg specimen will be derived. In the Sieverts
apparatus used for this kind of measurement, there is no need for vacuum sealing on the
sample; the only prerequisite for the derivation of the diffusion coefficient is a well-defined
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sample geometry, for which the Fick diffusion equations have already been solved in the
literature. This method could be used at least as a pre-screening technique to evaluate the
possibility of the application of a new alloy as a membrane for hydrogen purification.

In the present work, we will investigate an alloy with a slightly different composition
from that reported by Hashi et al. [11] in order to enlarge the knowledge of this ternary
system. Moreover, the temperature range between 400 and 500 °C, never explored before
for Nis3TizoNbyg and similar alloys, will be investigated, as the maximum T of the previous
measurements in NizyTiz Nbsg is 400 °C.

2. Results and Discussion
2.1. Alloy Microstructure

The microstructure of the presently investigated as-cast Niz3TizoNbyg is shown in
Figure 1. In agreement with the previous studies of similar alloys with a slightly different
elemental composition, the material is composed at the microscopic level of two interpene-
trating phases: the white regions are the primary (Nb, Ti) solid solution phase, while the
dark ones are the eutectic {(Nb, Ti) + TiNi} phases [13,15]. The micrographs also reveal
two shades of dark color which, according to EDS spectroscopy, are related to the different
content of the elements in the solid solution. In particular, the grey regions are characterized
by a higher Ti content compared to the darker regions.

Figure 1. SEM micrographs of the as-cast Niz3TizgNbyg sample with different magnifications.

2.2. Hydrogen/Deuterium Absorption Isotherms

Figure 2 reports the pressure-composition isotherms measured for the absorption of
hydrogen and deuterium between 400 and 495 °C. In this figure, the pressure values are
referred to the molecular hydrogen gas in equilibrium with the solid, while the values of the
concentration are expressed as H(D)/M, i.e., the number of hydrogen/deuterium) atoms
per metal atom composing the dehydrogenated alloy; these numbers are calculated by the
ratio between the mass and the mass of the formula unit. One can observe in Figure 2 that
at a fixed pressure, the concentration of hydrogen/deuterium decreases as temperature
increases. The hydrogen isotherms are well comparable to those previously reported in
Refs. [13,14] for temperatures between 300 and 400 °C. In general, during the hydrogenation
(deuteration) of any material, there is an initial formation of a solid solution up to a certain
hydrogen concentration, cy. For ¢ < ¢, the Sieverts law holds (p is proportional to "), and
there is no plateau. For c > ¢y, the hydride starts to form, and one can observe a plateau
(even though, in many cases, it is not perfectly flat or horizontal). In Figure 2, one can
observe two regions, one below the concentration value H(D)/M =~ 0.2 and one above
the value H(D)/M =~ 0.25, where in both cases, the logarithm of the equilibrium pressure
displays a linear dependence from the logarithm of the hydrogen/deuterium concentration,
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that is a region where the Sieverts law, p~c", holds. For low values of the concentration, i.e.,
H(D)/M < 0.2, this corresponds to a region where a solid solution of hydrogen/deuterium
in the crystalline matrix is present, while for higher values of H(D)/M the coexistence of a
solid solution and the hydride (deuteride) starts to occur, even though the region of the
plateau was not reached. For H(D)/M < 0.2, n = 2.0 & 0.1, so that the Sieverts law holds in
its ideal form and no deviation from the ideal exponent (1 = 2) is observed. In the presently
investigated material, there is more than one phase: the bcc NbTi alloy and the eutectic
phases NiTi and NbTi [11]. With the maximum pressure here used (p ~ 4 bar), it is not
possible to observe any pressure plateau at any of the explored temperatures because they
are located at a pressure higher than the maximum pressure investigated here.
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Figure 2. Pressure-composition isotherms in double logarithmic scale for hydrogen or deuterium
absorption in Nis3Ti3oNbyg at selected temperatures.

One can note in Figure 2 that the equilibrium pressure for hydrogen is slightly lower
than for deuterium, even though this effect is extremely small. The occurrence of different
equilibrium pressures for hydrogen and deuterium is due to the isotope effect, which in
general can be either normal (p(H;) > p(D,)) or inverse (p(D,) > p(Hy)). The typical exam-
ples of metals with normal and inverse isotope effects are V [16] and Pd [17], respectively,
as well as most of their alloys [18,19]. The occurrence of either type of isotope effect was
proven to be strictly linked to the presence of tetrahedral or octahedral interstitial sites
for hydrogen or deuterium and to the different energies of these interstitials [20]. In the
present case, the alloy is composed of Ni, Nb and Ti. Ti was reported to have a negligible
isotope effect between 120 and 220 °C [21]; Nb displays a normal isotope effect at 60 °C [22],
while Ni has an inverse isotope effect at 25 °C [23]. The presently investigated alloy shows
a small inverse isotope effect, with p(D,) > p(H;). It must be noted that the temperature
range of the present measurements is quite different from those reported in Refs. [21-23]
and, recently, it was reported that temperature could play a fundamental role and trans-
form materials from normal to inverse regarding their isotope effect [24]. Therefore, it is
important to experimentally verify in a wide temperature range the possible presence of an
isotope effect and its magnitude.

From the pressure-composition isotherms, it is possible to calculate the hydrogena-
tion/deuteration enthalpy, AH(H,) and AH(D;), respectively, by means of a van’t Hoff
plot at fixed H(D)/M. Figure 3 reports the van’t Hoff plot of the Ni33TizgNbyg alloy at the
fixed composition H(D)/M = 0.18 and the best fit lines. The value H/M = 0.18 was chosen
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because it is in the region where the Sieverts law holds, and also, the data obtained at
T =400 °C was available (for lower concentrations, the equilibrium pressure at 400 °C
was too low to be correctly measured with the presently used pressure transducers). The
derived absolute values of the hydrogenation and deuteration enthalpy are AH(H,) = 85 &+
5 kJ/mol and AH(D;) = 84 + 4 kJ/mol. Concerning the fits, an R? of 0.995 and 0.997 was
obtained for hydrogenation and deuteration, respectively. To the best of our knowledge,
there was no previous report of the hydrogenation or deuteration enthalpy, even though
the hydrogenation pressure-composition isotherms were already reported in Refs. [13,14].
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Figure 3. Van't Hoff plot for Nis3TizoNbog at the fixed H(D)/M of 0.18 and best fit lines to calculate
the hydrogenation/deuteration enthalpy.

The hydrogenation/deuteration enthalpy values here obtained for the Niz3TizoNb,g alloy
are quite large, as compared to those reported for other materials proposed for hydrogen
purification membranes. Pdy;Agps, indeed, was reported to have AH(H;) in the range
43-49 kJ/mol, depending on the temperature, and AH(D,) in the interval 3243 k] /mol [18,25].
The deuteration enthalpy of VgsNijs is 47 kJ/mol [19], while for a series of amorphous
ribbons with composition (Nig.sNby.4—yTay)100 AH(H2) was ~ 35-40 kJ/mol [26]. AH values
comparable to those obtained for the Nis3TizgNbyg alloy were reported for Mg (AH(H,) ~
74.5 k] /mol) [27] and an amorphous ribbon of NizpNbygZrsgFe g (AH(H;) ~ 85 k] /mol) [28].

2.3. Hydrogen/Deuterium Absorption Kinetics and Diffusion Coefficient

Figure 4 displays the time evolution of the uptake of hydrogen/deuterium for the
Ni33TizgNbyg alloy at 400, 450 and 495 °C. In all cases, an initial pressure of 1 bar was
applied to the sample. As the kinetics is quite fast (90% of the hydrogenation occurs in less
than 30 s, see Figure 4), the signal coming from the pressure transducer was acquired by
means of a Keithley DAQ6510 multimeter system that recorded the output voltage every
1/50 s. It is well evident in Figure 4 that the kinetics becomes faster as the temperature
increases and that the alloy absorbs hydrogen faster than deuterium.
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Figure 4. Time dependence of the relative absorption of hydrogen (panel (a)) or deuterium (panel (b))
at selected temperatures and best fit lines. The colored numbers are the derived coefficient of diffusion
2

inm-/s.

The sample that we used for the measurements had a well-defined parallelepiped
shape, with dimensions of 0.51 x 12.0 x 28.0 mm? (an uncertainty of 1 unit on the last
reported digit should be considered). Due to the occurrence of this specific shape, it was
possible to derive the diffusion coefficient from the kinetics of the hydrogen/deuterium
absorption under reasonable approximations. Indeed, the equations for the diffusion
of atoms in solids were solved many years ago, and various geometries and boundary
conditions were considered. In the present case, since one of the dimensions of the sample is
much smaller than the others (by a factor of at least 24), the specimen can be assimilated to
a 1D slab of thickness 0.51 mm, and the diffusion process can be considered to occur along
this thickness (therefore perpendicularly to the large face of the samples of dimensions
12.0 mm x 28.0 mm). Under these conditions, for times sufficiently high, the absorbed
quantity of hydrogen/deuterium (M;) (mol) with respect to the total quantity at the infinite
time (M) (mol) is [29,30]:

7: —Z exp _D(n+ > nt/lz (6)

=0 2n+1)

where t is time, D the diffusion coefficient and 2/ the thickness of the sample. The conver-
gence of the infinite series is quite fast for sufficiently long times, and indeed already, the
sum of the first two terms of the series is sufficient to describe the shape of the absorption
curves of Figure 4 for t > 5 s. We verified that no change occurs in the curves for t > 5's,
even adding other terms of the sum of Equation (5).

In Figure 4, the curves obtained from Equation (5) that best approximate the experi-
mental curves are reported, together with the obtained values of the diffusion coefficient.
They describe the experimental data for t > 5 s, corresponding to the range 0.4 < M%; < 0.95.
The derived diffusion coefficients are in the range of a few 10~2 m2/s and are in line with
those reported for T < 400 °C [13,14]. As expected, the diffusion coefficient increases with
the temperature; moreover, D is higher for hydrogen than for deuterium.
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The diffusion coefficients of the presently investigated alloy are slightly lower than
those of Pd-based membranes at the same temperatures that are the standard membrane
for hydrogen purification. Indeed, it was reported and analyzed that Pd-based membranes
display a diffusion coefficient ranging between 5 and 10 x 10~ m?/s in the temperature
range between 400 and 500 °C [31]. The D values of the Niz3TizgNbyg alloy are also similar
to those of V [32] and Pd-V alloys [33].

The temperature dependence of the diffusion coefficient usually follows an Arrhenius
exponential law with activation energy, E, 4(H>) or E, 4(D2) (kJ/mol), describing the energy
barrier that hydrogen or deuterium atoms should overcome in order to diffuse in the
solid. Figure 5 reports the logarithm of D for hydrogen and deuterium as a function of
the inverse of the absolute temperature. From the fit to a linear regression, one obtains a
diffusion activation energy E, 4 = 12 + 1 kJ/mol for both hydrogen isotopes (R? = 0.986 for
hydrogenation and 0.88 for deuteration). This value is smaller than that found for similar
alloys [13,14], which, on the other hand, ranged between 25 and 30 k] /mol for the explored
temperature range between 300 and 400 °C. It must be said that both the temperature range
considered in Refs. [13,14] and the composition of the studied alloys are slightly different
from those investigated here, and this can at least partially explain the difference in E, 4.

-19.6 - .
= hydrogen
= deuterium
Q
E
Q | ]
— -20.0 .
£
-20.4

1.30 1.35 1.40 1.45 1.50
1000/T (1/K)

Figure 5. Dependence of the logarithm of the calculated diffusion coefficient of Ni33TizgNbyg from
the inverse of the absolute temperature and best fit lines.

It is important to note that the investigation of the diffusion coefficient in the present
case was conducted thanks to measurements of the kinetics of hydrogen/deuterium ab-
sorption, that is, using a much simpler procedure than the evaluations from the permeation
experiments, which requires a demanding vacuum tight welding of the used membrane. In
the present experiments, the only prerequisite for obtaining a reliable diffusion coefficient
is the use of a sample shaped with a well-defined geometry. For the investigated sample,
the geometry was that of a parallelepiped with one of the dimensions much smaller than
the other; however, well established equations for the diffusion process are also avail-
able for other geometries, such as parallelepipeds with generic dimensions, cylinders and
spheres [29,30].

2.4. Assessment of Hydrogen Isotope Permeation

From Equations (1)—(5) and the measurements of the solubility and diffusion coefficient
of the Nis3TizoNbyg alloy, the permeability of the material was derived. In view of the
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temperature dependence of the solubility and diffusivity, the permeability coefficient Pe
(mol m~! s~ Pa=0%) is expected to display an Arrhenius dependence on T:

_Eap
Pe = Pe,e™ T

where Pey is the pre-exponential factor (mol m~! s~! Pa=%°) and E, ,, the activation en-
ergy (K™1).

The calculated permeability is shown in Figure 6 and reported in Table 1. From the
diffusion and solubility data, the permeability of the alloy has been evaluated at around 1
bar and around 3 bar. A comparison with literature data is also reported.

T T T T T T T
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Figure 6. Calculated hydrogen and deuterium permeability for the presently investigated

Niz3TizgNbyg alloy and comparison with the literature (Ni [10], Nb [10], Ti [34], NizoTiz; Nb3g [11]
and Ni41Ti42Nb17 [11])

Table 1. Hydrogen and deuterium permeability of Ni33TizgNbyg calculated at selected temperatures
and pressures and comparison with the literature.

Pey E, T P

mol m~1s-1Pa—05 K—I; K kPa Ref.
Niz3TizgNbyg, Dy 1.86 x 10~° 934 673-768 100 this work
Ni33Ti39Nb28, H2 7.34 % 1079 1945 673-768 300 this work
Nis3 TizgNbyg, Dy 1.74 x 10~° 1113 673-768 300 this work

NizgTiz1Nbsg, Hy 467 x 107 3741 523-673 200-970 [11]

Ni, Hp 4.65 x 1077 6640 650-920 10-100 [10]

Nb, H, 6.30 x 1077 —4270 >673 >10 [10]

Ti, Hy 6.10 x 10 4581 673-950 - [34]

In general, the permeability of the studied alloy decreases with the pressure, while
it increases with the temperature. This temperature dependence resembles the behavior
of Ni and Ti (E,p > 0) and is opposite to that of the Nb, whose permeability reduces with
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increasing temperature (E, p < 0). The permeability of the material studied in this work stays
between the values reported in the literature for Ni and Ti. The alloy NizoTipgNbs; described
by Hashi has a higher Nb content (41 at%) and shows a higher hydrogen permeability [11],
although the temperature dependence is still that of Ni and Ti (E, p > 0). The other alloy
reported by Hashi, Niy; TisoNbj7, has a reduced amount of Nb (17 at%) and exhibits
permeability values in line with those of Ti [11], which, in fact, is its major component.

The values of the permeability of the presently investigated alloy are one order of
magnitude lower than those of the best performing Ni-Ti-Nb alloy at the same temperature;
however, it must be noted that the permeability of Niz3TizoNbyg is only one order of
magnitude lower than that of Pd at the same T (Pe = 1.8 x 1078 molm~! s~! Pa=0? [1]),
which is the industry standard for hydrogen purification by means of reactors.

3. Materials and Methods

The Ni33TizgNbyg ingot was prepared at the RINA Consulting—Centro Sperimentale
Materiali Institute by using the vacuum induction melting (VIM) technique, which is one
of the most versatile melting processes to produce almost all special alloys based on Fe, Ni
and Co. The VIM technique uses an alternating current passing through a coil to generate
eddy currents in the materials to be synthesized so that they have melted, thanks to the
Joule effect. Continuous stirring is applied to the bath to improve chemical and temperature
homogenization of the melt and to favor degassing. The melting cycle in a VIM furnace is
usually structured in several steps: filling, melting, refining, chemical analysis, composition
correction and casting. The filler material includes the binding elements, except for the
reactive constituents, which are subsequently introduced by means of a system placed
on the top of the furnace. During melting and refining, reactions such as degassing and
deoxidation take place. At the end of the refining period, reactive elements (like Al, Ti, Zr,
B) are introduced, if necessary. After a certain time required for the optimal mixing of the
bath, chemical analyses are conducted, and, in case of deficiencies, alloying elements are
added to the composition. In the end, the melt is poured into an ingot mold.

In the present case, raw materials with a purity not lower than 99.9% were used for
the filler materials and melted in an isostatic graphite crucible to form the Nb-Ni-Ti ingot.
The fabrication process was conducted in several steps. At first, Ni and Nb were loaded
in the crucible, washed with argon several times, and evacuated at 1 Pa. In these vacuum
conditions, the furnace temperature was raised to melt the charged materials. After melting,
the material was continuously stirred for ~30 min. Afterward, the required amount of pure
Ti was added to reach the desired composition. The addition of Ti occurs later because of
its high reactivity. The final temperature of the process was 1370 °C. Pictures of the initial
Ni and Nb elements are provided in Figure 7a,b, while 7c displays the Ti material added in
a second time.

Figure 7. (a) initial NbNi sample, (b) NbNi alloy in the graphite crucible and (c) Ti “sponge”.

After the VIM process, the Niz3TizgNbyg ingot, with a diameter of 80 mm, was removed
from the crucible. Figure 8 shows the ingot before and after cutting; its final measured
composition is reported in Table 2.
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Figure 8. (a) Niz3TizoNbyg ingot as removed from the crucible, (b) Niz3TizoNbyg ingot after cutting.

Table 2. Composition of the Ni-Nb-Ti sample (in wt% and at%).

Ni Nb Ti
wt% 40.69 30.30 29.01
at% 33.09 28.07 38.84

From the ingot, a foil of 11 mm has been obtained and treated by hot rolling cycles at
1150 °C. Theoretically, after 11 rolling cycles, the foil should have reached a thickness of
3 mm. However, after a reduction of about 20% (corresponding to 3 rolling cycles), the foil
disintegrated, with several cracks passing the entire thickness. Therefore, it was decided
to extract via electroerosion two sheets having a thickness of 0.5 mm (see Figure 9), from
which the sample used for the presently reported measurements was cut.

0 | Ssslisaiums

T8 Sl N SR e
Figure 9. Picture of the two Ni33TizoNbyg sheets obtained after electroerosion.

The measure of the absorption of hydrogen or deuterium was conducted by means of
a homemade Sieverts apparatus described in Ref. [35]. A single piece of the Ni33TizgNbog
alloys with a parallelepiped shape with dimensions 0.51 x 12.0 x 28.0 mm was used for
all the measurements. In order to activate the surface, it was first heated up to 490 °C and
maintained in a vacuum at this temperature overnight; afterward, it was subject to three
cycles of hydrogen charge/discharge. Hydrogen was removed from the solid sample by
means of a turbopump that allowed it to reach a vacuum of the order of 10~% mbar in
the sample holder during an overnight treatment. The temperature range was selected in
order to complement the measurements available in the literature on Ni-Ti-Nb alloys with
similar composition, which extended from 300 to 400 °C [11,13,14].

By means of the Sieverts apparatus, it was possible to measure pressure-composition
curves at 495, 450 and 400 °C in the pressure range below 4 bar. The same sample was
used for all measurements, which were duplicated to check the reproducibility. The
uncertainties on the single measurements were smaller than the points reported in the
figures. The uncertainties on the enthalpy values were obtained from the fits. Finally, the
kinetics of hydrogenation/deuteration was monitored at each of these temperatures using
a Keithley DAQ6510 multimeter acquisition system that recorded the fast time evolution of
the pressure transducer voltage. For each acquisition, an initial pressure of 1 bar of either
hydrogen or deuterium was applied to the sample. The analysis of the experimental data
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and the simulations of the absorbed hydrogen were performed by means of the software
Origin Pro [36].

4. Conclusions

In summary, a Ni33TizoNbyg sample was synthesized by the vacuum induction melting
technique starting from pure metals. Samples with a regular shape have been obtained
via electroerosion. The material was very brittle, and it was not possible to further reduce
the thickness via hot rolling. The pressure-composition isotherms for the absorption of
hydrogen and deuterium were measured in the temperature range between 400 and 495 °C
and for pressure lower than 3 bar. For hydrogen concentrations H(D)/M < 0.2, the Sieverts
law is valid with an exponent of 2.0 £ 0.1. At higher concentrations, a deviation is observed.
The hydrogenation/deuteration enthalpy absolute values are AH(Hj;) = 85 &+ 5 kJ/mol
and AH(D,) = 84 + 4 k] /mol. The kinetics of absorption of both hydrogen isotopes was
recorded, and thanks to the parallelepipedal shape of the sample, the diffusion coefficient at
selected temperatures was derived. An Arrhenius-type dependence from the temperature
was obtained, with E, g4 = 12 £ 1 kJ/mol for both hydrogen isotopes. Finally, from the
knowledge of both solubility and diffusion coefficient, an estimate of the permeability
of this previously unknown alloy is obtained. In the temperature range between 400
and 495 °C the permeability is of the order of a few units x 107 mol m~!s~! Pa=0°, a
value which is one order of magnitude lower than that of Nig TigopINb;7, until now the best
performing Ni-Ti—-Nb alloy for hydrogen purification. All the physical quantities reported
in the present paper were obtained by means of sorption measurements performed in a
Sieverts apparatus. This method can be useful for the preliminary screening of new alloys
to derive their permeability without the need for a dedicated apparatus.

Author Contributions: Conceptualization, A.P; validation, O.P,, ET., A.P, S.T. and A.S.; formal
analysis, O.P,, ET., A.P, S.T. and A.S,; investigation, A.P., O.P. and F.T; resources, S.T. and A.S.; data
curation, A.P, S.T. and A.S.; writing—original draft preparation, A.P.,, S.T. and A.S.; visualization, A.P.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.
Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compound are available from the authors.

References

1. Ockwig, N.W.; Nenoff, T.M. Membranes for Hydrogen Separation. Chem. Rev. 2007, 107, 4078-4110. [CrossRef] [PubMed]

2. Pacheco Tanaka, D.A.; Medrano, J.A.; Viviente Sole, J.L.; Gallucci, F. Metallic membranes for hydrogen separation. In Current
Trends and Future Developments on (Bio-) Membranes; Basile, A., Gallucci, E, Eds.; Elsevier: Amsterdam, The Netherlands, 2020;
pp. 1-29. [CrossRef]

3. Santucci, A.; Tosti, S.; Basile, A. Alternatives to palladium in membranes for hydrogen separation: Nickel,niobium and vanadium
alloys, ceramic supports for metal alloys and porous glass membranes. In Handbook of Membrane Reactors; Basile, A., Ed.;
Woodhead Publishing Series in Energy: Cornwall, UK, 2013; Volume 1, Chapter 4; pp. 183-217. [CrossRef]

4. Suzuki, A,; Yukawa, H. A Review for Consistent Analysis of Hydrogen Permeability through Dense Metallic Membranes.
Membranes 2020, 10, 120. [CrossRef] [PubMed]

5. Alique, D.; Martinez-Diaz, D.; Sanz, R.; Calles, ].A. Review of supported Pd-based membranes preparation by electroless
platingfor ultra-pure hydrogen production. Membranes 2018, 8, 5. [CrossRef]

6. Li, H.; Caravella, A.; Xu, H.Y. Recent progress in Pd-based composite membranes. J. Mater. Chem. A 2016, 4, 14069-14094. [CrossRef]

7. Dolan, M.D.; Kellam, M.E.; McLennan, K.G.; Liang, D.; Song, G. Hydrogen transport properties of several vanadium-based
binary alloys. Int. J. Hydrogen Energy 2013, 38, 9794-9799. [CrossRef]

8.  Yukawa, H.; Nambu, T.; Matsumoto, Y. Ta-W Alloy for Hydrogen Permeable Membranes. Mater. Trans. 2011, 52, 610-613.

[CrossRef]


http://doi.org/10.1021/cr0501792
http://www.ncbi.nlm.nih.gov/pubmed/17927157
http://doi.org/10.1016/B978-0-12-818332-8.00001-6
http://doi.org/10.1533/9780857097330.1.183
http://doi.org/10.3390/membranes10060120
http://www.ncbi.nlm.nih.gov/pubmed/32532025
http://doi.org/10.3390/membranes8010005
http://doi.org/10.1039/C6TA05380G
http://doi.org/10.1016/j.ijhydene.2013.05.073
http://doi.org/10.2320/matertrans.MA201007

Molecules 2023, 28, 1082 12 of 12

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Nambu, T.; Shimizu, N.; Ezaki, H.; Yukawa, H.; Morinaga, M. Hydrogen permeation of pure niobium metal in highly soluble
hydrogen state. J. Jpn. I. Met. 2005, 69, 841. [CrossRef]

Steward, S.A. Review of Hydrogen Isotope Permeability through Materials; Report UCRL-53441; Lawrence Livermore National
Laboratory: Livermore, CA, USA, 1983. [CrossRef]

Hashi, K.; Ishikawa, K.; Matsuda, T.; Aoki, K. Hydrogen permeation characteristics of multi-phase Ni-Ti-Nb alloys. J. Alloys
Compd. 2004, 368, 215-220. [CrossRef]

Wipf, H. Solubility and diffusion of hydrogen in pure metals and alloys. Phys. Scr. 2001, T94, 43. [CrossRef]

Li, X,; Liang, X.; Liu, D.; Chen, R.; Huang, F.; Wang, R.; Rettenmayr, M.; Su, Y.; Guo, J.; Fu, H. Design of (Nb, Mo)4(TizgNizg alloy
membranes for combined enhancement of hydrogen permeability and embrittlement resistance. Sci. Rep. 2017, 7, 209. [CrossRef]
Ishikawa, K.; Yonehara, K. Effects of tungsten addition on hydrogen absorption and permeation properties of NbyTizoNisg alloy.
J. Alloys Compd. 2018, 749, 634—639. [CrossRef]

Luo, W,; Ishikawa, K.; Aoki, K. High hydrogen permeability in the Nb-rich Nb-Ti-Ni alloy. J. Alloys Compd. 2006, 407, 115-117.
[CrossRef]

Papathanassopoulos, K.; Wenzl, H. Pressure-compositionisotherms of hydrogen and deuterium in vanadium filmsmeasured with
a vibrating quartz microbalance. J. Phys. F. Met. Phys. 1982, 12, 1369-1381. [CrossRef]

Manchester, ED.; Martin, A.S.; Pitre, ]. M. The H-Pd (hydrogen-palladium) system. J. Phase Equilibria Diffus. 1994, 15, 62-83.
[CrossRef]

Trequattrini, F; Palumbo, O.; Tosti, S.; Santucci, A.; Paolone, A. Promising Isotope Effect in Pdy;Agy3 for Hydrogen Separation.
ChemEngineering 2021, 5, 51. [CrossRef]

Brutti, S.; Tosti, A.; Santucci, A.; Paolone, A. Deuterium absorption properties of Vg;Nij5 and evidence of isotope effect. Int. J.
Hydrogen Energy 2019, 44, 20145-20149. [CrossRef]

Sicking, G. Isotope effects in metal-hydrogen systems. J. Less Common Met. 1984, 101, 169-190. [CrossRef]

Haag, R.M.; Shipko, EJ. The Titanium-Hydrogen System. . Am. Chem. Soc. 1956, 78, 5155-5159. [CrossRef]

Wiswall, R.H.; Reilly, ].J. Inverse Hydrogen Isotope Effects in Some Metal Hydride Systems. Inorg. Chem. 1972, 11, 1691-1696.
[CrossRef]

Tkacz, M. Enthalpies of formation and decomposition of nickel hydride and nickel deuteride derived from (p,c,t) relationships. J.
Chem. Thermodyn. 2001, 33, 891-897. [CrossRef]

Bourgeois, N.; Crivello, ].-C.; Cenedese, P.; Paul-Boncour, V.; Joubert, ].-M. Vibration analysis of hydrogen, deuterium and tritium
in metals: Consequences on the isotope effect. J. Phys. Cond. Mat. 2018, 30, 335402. [CrossRef] [PubMed]

Paolone, A.; Tosti, S.; Santucci, A.; Palumbo, O.; Trequattrini, F. Hydrogen and Deuterium Solubility in Commercial Pd-Ag Alloys
for Hydrogen Purification. ChemEngineering 2017, 1, 14. [CrossRef]

Palumbo, O.; Trequattrini, F.; Pal, N.; Hulyalkar, M.; Sarker, S.; Chandra, D.; Flanagan, T.; Dolan, M.; Paolone, A. Hydrogen
absorption properties of amorphous (Nig ¢Nbg 4y Tay)100—xZrx membranes. Prog. Nat. Sci. Mater. Int. 2017, 27, 126-131. [CrossRef]
Zhang, J.; Li, Z.; Wu, Y.; Guo, X,; Ye, ].; Yuan, B.; Wang, S.; Jiang, L. Recent advances on the thermal destabilization of Mg-based
hydrogen storage materials. RSC Adv. 2019, 9, 408. [CrossRef]

Trequattrini, F.; Brutti, S.; Palumbo, O.; Hulyalkar, M.; Mushongera, M.T.; Ye, W.; Rashed Khan, M.; Dolan, M.; Chandra, D.;
Paolone, A. Crystallization and hydrogen absorption in a NizyNbygZrzgFejg melt spun alloy and correlation with icosahedral
clusters. Int. |. Hydrogen Energy 2022, 47, 10298-10307. [CrossRef]

Crank, J. The Mathematics of Diffusion; Clarendon Press: Oxford, UK, 1975.

Zhou, Q.; Oldenburg, C.M.; Rutqvist, J.; Birkholzer, J.T. Revisiting the fundamental analytical solutions of heat and mass transfer:
The kernel of multirate and multidimensional diffusion. Water Resour. Res. 2017, 53, 9960-9979. [CrossRef]

Caravella, A.; Hara, S.; Drioli, E.; Barbieri, G. Sieverts law pressure exponent for hydrogenpermeation through Pd-based
membranes:Coupled influence of non-ideal diffusion andmulticomponent external mass transfer. Int. J. Hydrogen Energy 2013, 38,
16229-16244. [CrossRef]

Mooij, L.; Huang, W.; Droulias, S.A.; Johansson, R.; Hartmann, O.; Xin, X.; Palonen, H.; Scheicher, R.H.; Wolff, M.; Hjorvarsson, B.
Influence of site occupancy on diffusion of hydrogen in vanadium. Phys. Rev. B 2017, 95, 064310. [CrossRef]

Alimov, V.N.; Bobylev, 1.V.; Busnyuk, A.O.; Notkin, M.E.; Peredistov, E.Y.; Livshits, A.I. Hydrogen transport through the tubular
membranes of V-Pd alloys: Permeation, diffusion, surface processes and WGS mixture test of membrane assembly. J. Membr. Sci.
2018, 549, 428-437. [CrossRef]

Maroni, V.A.; Van Deventer, E.H. Materials considerations in tritium handling systems. J. Nucl. Mater. 1979, 85-86, 257-269.
[CrossRef]

Palumbo, O.; Brutti, S.; Trequattrini, F.; Sarker, S.; Dolan, M.; Chandra, D.; Paolone, A. Temperature Dependence of the Elastic
Modulus of (NiggNbg 4)1_xZrx Membranes: Effects of Thermal Treatments and Hydrogenation. Energies 2015, 8, 3944-3954.
[CrossRef]

Origin(Pro) 8.5; OriginLab Corporation: Northampton, MA, USA.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.2320/jinstmet.69.841
http://doi.org/10.2172/5277693
http://doi.org/10.1016/j.jallcom.2003.08.064
http://doi.org/10.1238/Physica.Topical.094a00043
http://doi.org/10.1038/s41598-017-00335-0
http://doi.org/10.1016/j.jallcom.2018.03.146
http://doi.org/10.1016/j.jallcom.2005.06.043
http://doi.org/10.1088/0305-4608/12/7/009
http://doi.org/10.1007/BF02667685
http://doi.org/10.3390/chemengineering5030051
http://doi.org/10.1016/j.ijhydene.2019.05.227
http://doi.org/10.1016/0022-5088(84)90093-6
http://doi.org/10.1021/ja01601a005
http://doi.org/10.1021/ic50113a050
http://doi.org/10.1006/jcht.2000.0797
http://doi.org/10.1088/1361-648X/aad259
http://www.ncbi.nlm.nih.gov/pubmed/29989567
http://doi.org/10.3390/chemengineering1020014
http://doi.org/10.1016/j.pnsc.2017.01.002
http://doi.org/10.1039/C8RA05596C
http://doi.org/10.1016/j.ijhydene.2022.01.119
http://doi.org/10.1002/2017WR021040
http://doi.org/10.1016/j.ijhydene.2013.09.102
http://doi.org/10.1103/PhysRevB.95.064310
http://doi.org/10.1016/j.memsci.2017.12.017
http://doi.org/10.1016/0022-3115(79)90500-2
http://doi.org/10.3390/en8053944

	Introduction 
	Results and Discussion 
	Alloy Microstructure 
	Hydrogen/Deuterium Absorption Isotherms 
	Hydrogen/Deuterium Absorption Kinetics and Diffusion Coefficient 
	Assessment of Hydrogen Isotope Permeation 

	Materials and Methods 
	Conclusions 
	References

