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Prediction of crystallization temperatures in metallic glasses is still an open question. Investigations of multi
component alloys are common in the literature, however, binary and ternary alloys are more suitable for funda-
mental studies due to their simplicity. Here, we show that a low thermodynamic driving force for crystallization
can be associated with a high crystallization temperature. The driving force is determined by calculating — for
the first time in metallic glasses — the temperature dependent Gibbs free energies of the alloys using ab initio
density functional theory, in combination with the stochastic quenching method. The crystallization tempera-
tures of V,Zr;o_, and V,Zrg,_ Hss have been determined using simultaneous in-situ x-ray scattering techniques
and resistivity measurements. The onset of crystallization is found to exhibit a parabolic dependence throughout
the composition range, whereas alloying with hydrogen increases the thermal stability up to 150 K close to the
amorphous-crystalline boundaries. These findings suggest that hydrogen acts as an alloying element with the
ability to dynamically tune the intrinsic properties of the material. Lastly, temperature-dependent descriptions of
the Gibbs free energy and kinetic considerations of a metallic glass are necessary for a complete characterization
of the crystallization process.

1. Introduction

Metallic glasses lack atomic long-range order and can be considered
as being free from grains, grain boundaries, and other topological de-
fects otherwise present in crystalline materials. The absence of local
defects in metallic glasses, such as dislocations, give rise to a higher
elastic deformation limit, up to 6.6 % (Ref. [1,2]), while crystalline ma-
terials rarely exceed 1 % (Ref. [3]). Metallic glasses can therefore be
less prone to mechanical failure during hydrogenation and can store
more hydrogen compared to crystalline counterparts [4]. Furthermore,
metallic glasses are less susceptible to hydrogen embrittlement. Varia-
tion of the hydrogen-induced expansion in different hydride phases, and
accumulation of hydrogen at the grain boundaries in crystalline mate-
rials can result in mechanical failure [5]. Hydrogen-embrittlement in
metallic glasses can occur, but is largely attributed to the formation of
nano and micro crystallites during heating [6]. It is therefore impor-
tant to examine the thermal stability of metallic glasses, to determine
at what temperature crystallization occurs [7], for the possibility to cre-
ate robust hydrogen storage materials that are unaffected to hydrogen-
induced embrittlement [6,8,9]. It has been shown that the presence of
hydrogen in some materials can alter the stability of metallic glasses,
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either by lowering the crystallization temperature by 300 K [10] or in-
crease it up to 40 K [11-13].

The amorphous state can be viewed as a single-phase solid solu-
tion [14] and the distribution of the elements can be seen as homoge-
neous on length scales larger than a few nanometers [15]. High amounts
of an element can be dissolved in the amorphous state, while in crys-
talline alloys the solubility is bound by the principles of thermodynam-
ics, imposing composition restrictions on each constituting phase. There-
fore, a wider composition range compared to a crystal is accessible in
the amorphous state, making it possible to fine-tune the elemental ratios
and thus influence the properties of the alloy. The chemical composition
is crucial for the formation and thermal stability of metallic glasses, but
the most important parameters are found empirically to be the elemen-
tal melting points [16], atomic size mismatch [17,18], and the liquid
mixing enthalpies among the constituents [19].

To understand the influence of hydrogen on the thermal stability of
metallic glasses one has to select an alloy system where glass formation
is possible and where the elements have an affinity to absorb hydrogen.
Binary systems, due to their simplicity, are preferred over multicom-
ponent alloys for a fundamental study, but have in general lower glass
forming ability [19]. V and Zr are suitable elements due to their atomic
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size mismatch, mixing enthalpy, melting points, and affinity for hydro-
gen absorption. Hydrogen in crystalline VZr is a well-studied material,
and is well known for its exceedingly large volumetric density [9]. It
has also been used as cathode material in metal hydride batteries and it
is a potential replacement material for palladium as a purifying mem-
brane in its metallic glass [20]. Amorphous VZr alloys, have been stud-
ied with respect to their thermal stability [21,22], however, the hydro-
gen uptake, resistance to hydrogen-induced embrittlement, and thermal
stability of the amorphous V,Zrg;_,Hs; alloys is not known.

In this work, we evaluate the effect of hydrogen on the thermal stabil-
ity of metallic glasses using amorphous VZr(H) thin films as a model sys-
tem. To do so, the electrical resistivity, x-ray reflectometry (XRR), and
x-ray diffraction (XRD) were measured in-situ during several annealing
cycles in vacuum and hydrogen atmosphere using an ultra high vacuum
(UHV) compatible chamber. The methodology was carried out to de-
termine the influence of hydrogen and the heat treatment on the struc-
ture of the films. First-principles calculations were used to determine
the thermodynamic driving force for crystallisation of the amorphous
VZr(H) alloys. The electronic, phononic and configurational contribu-
tions to the temperature dependent Gibbs energies of the amorphous
alloys and their corresponding crystalline states were calculated.

2. Experimental and theoretical details

VyZrigo films of nominally 100 nm were deposited on sap-
phire (Al,05) substrates using direct current magnetron sputtering and
capped with 5 nm Al,0O5 to prevent oxidation. It has been shown that
hydrogen is able to permeate through thin Al,O5 layers at elevated tem-
perature and hydrogen pressures [23]. This asymmetric energy barrier
prevents desorption during quick heating cycles. The base pressure of
the sputter chamber was 3.6 x 10710 Torr and all depositions were made
at an Ar pressure of 2.5 mTorr. The deposition rate of each target ma-
terial was calibrated by determining thickness and density of reference
films using x-ray reflectometry. The composition of each film was veri-
fied with Rutherford backscattering spectrometry. Temperature depen-
dent x-ray and resistivity measurements were performed in a custom-
built in-situ UHV compatible chamber with a base pressure of 3.9 - 10~°
Torr, mounted on a Bruker D8 Discover diffractometer. The alloys have
been annealed with a sawtooth profile (see inset Fig. 3) with a rate of
3 K/min, from 403 to 923 K, until crystallization was detected. The
diffractometer is equipped with a line focused CuKae radiation source
and a Gobel mirror. The structure of the films was determined using
grazing incidence x-ray diffraction at an incidence of 1.2 deg, a primary
slit of 0.1 mm and 2 mm anti-scatter and detector slits. The thickness
of each film was determined using XRR with a 0.05 mm primary slit,
0.6 mm anti-scatter slit, and 0.1 mm detector slit. The reflectivity pat-
terns were fitted using the GenX software [24], which includes multiple
scattering, x-ray absorption, resolution and background effects.

The temperature was monitored with a type K thermocouple at-
tached on the sample surface. Hydrogen gas was introduced from a
metal hydride in the chamber, and a capacitance pressure gauge was
used to read the H, pressure. The pressure for annealing in hydrogen
was set to 95 Torr to ensure that a hydrogen concentration of at least
33 at.% was reached. Subsequent nuclear reaction analysis verified that
this pressure corresponds approximately 33 at.% H. Due to the protec-
tive oxide cap layer and the relatively fast heating and cooling rates,
the hydrogen concentration is judged to be fairly constant throughout
the annealing. UHV conditions are important when studying the thermal
properties of a material: the thermal energy will eventually be compara-
ble to the activation energy of chemical reactions, making it more likely
for the ambient environment to react with the sample. For instance,
the onset of oxidation can occur at elevated temperatures even when
capping layers are used [18]. Protection against oxidation is especially
important for Zr-containing alloys due its large affinity for oxygen.

The in-situ chamber has motorized four-point measuring probes for
resistivity measurements which enables high precision between mea-
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surements. A Keithley 2400 Source Meter was used in delta mode
(thereby removing both contact resistance and thermally induced emfs)
and a Keithley 2182A Nanovoltmeter was used to measure the voltage.
The measured voltage is directly corresponding to the voltage within
the VZr(H) alloy, since the substrate and capping materials are both in-
sulating materials (Al,O53). The voltage is used to calculate the absolute
resistivity of the VZr(H) alloy [25]:
z U

=l T M
where C is the geometry factor, U the measured voltage (V), I the cur-
rent (A), and ¢ the film thickness (A). The geometry factor for the re-
sistivity was determined by reference measurements of a Nb foil in the
in-situ chamber and between 4-300 K in a different setup. The tempera-
ture coefficient of the resistivity («) and crystallization temperature (7',)
are determined using the resistivity data. Crystallization is detected by
two signatures in the resistivity of the VZr(H) alloys: a sudden decrease
in resistivity at the crystallization event, and change from negative to
positive value of a. The crystallization event is subsequently verified
with in-situ XRD, and complementary XRR provide additional insight on
the integrity of the films.

For the first-principles calculations, amorphous configurations were
generated via the stochastic quenching method [26] using density
functional theory [27,28] (DFT), as implemented by the Vienna Ab
initio simulation package (VASP) [29-31], using the generalized
gradient approximation correlation-functional of Perdew, Burke and
Ernzerhof [32]. The stochastic quenching procedure is used to generate
amorphous supercells starting from a random configuration of atomic
positions, separated by at least one atomic radii, that are subsequently
allowed to relax until the Feynman-Hellman forces are below a prede-
fined threshold. For our purposes, a supercell of size 14 Ax14 Ax14 A,
computed with an energy cut-off of 450 eV and projector augmented
wavefunction pseudopotentials with semi-core states in the valence
state was found to represent the configurational space of the amorphous
systems and its collection of electronic levels. Given the size of the
supercell, only the I' k-point was needed to relax the structures, in
which the force and energy convergence threshold criteria were set to
20 meV/A and 10-6 eV respectively. Once the candidate structures had
been determined, the total energy and the electronic density of states
were calculated using a more accurate 3 x 3 x 3 k-points Monkhorst-
Pack mesh, with Methfessel-Paxton smearing [33] 0.4 eV. The Phonopy
package [34] was used to calculate the phononic density of states, in
which only the I" k-point was used for the amorphous supercells due to
the sheer number of explicit atomic displacement calculations.

To introduce hydrogen into the metallic systems, we implemented
a procedure which inserted hydrogen atoms at random into the initial
candidate metal structures under the constraint that no hydrogen atom
could be placed closer than 1.9 A to any other atom. Thereafter, the
volume of the cells were varied in a series of steps, allowing the coordi-
nates of the atoms to fully relax before the cells exhibiting en external
pressure magnitude below 3 kbar could be extracted and used for the
energy and density of states calculations.

To make the calculations tractable we have excluded the effect of
thermal expansion. The structure of all simulated materials exhibit zero
external pressure. The Gibbs free energy is approximated as follows:

GT) = Uy+Uy(T)+ Uyu(T) 2)
=T [Sy(T) + S, (T) + Sy, ]

where U, is the ground state energy, U, (T) and S,,(T) are the free

energy and entropy associated with electronic excitations, U,,(T) and

S,n(T) are the free phonon energy and entropy and S,,;, is the entropy
related to mixing the atomic species, given by

Spix = —kp Y, x;Inx, 3)
i

where x; is the atomic fraction of species i in the material. The elec-
tronic and phononic free energies are computed via the integration of
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the electronic and phononic density of states respectively, via

0 Ep

Up(T) = / En(E,T)Dy(E)IE - / ED(E)IE @
0 0

and

Upp(T) =3 / hw[% + i, T)]Dph(a))da) )

0

where n and 7 are each corresponding to the Fermi-Dirac and Bose-
Einstein distribution, and D,, and D,, are the density of electron and
phonon states respectively. To compute the entropy, we use

Se,(T)=—kB/De,[nlnn+(1 —n)In(l — n)ldE )
0

and

Sph(T)=3kB/O Dypl(i+ DIn i+ 1) = iiln i}, @)

To compute the thermodynamic driving force for the V,Zr;qq_ al-
loys we chose the reference Gibbs free energy as a mixture of the unre-
acted crystalline bee Zr and hep Zr, whereas for the V, Zrg,  Hss alloys
the bec V,H and bee ZryH solid solutions were used. It is important to
note that the entropy of mixing for pure elements is zero, and is like-
wise zero for the mixing between V or Zr and H in the V,H and Zr,H
structures because they fill two separate sublattices [35,36]. A configu-
rational contribution to the entropy of mixing nonetheless exists for the
hydrogen, which corresponds to the mixing of H and vacancies among
the available sites in the bcc lattices. We assume herein that the num-
ber of vacant sites for hydrogen to fill are one per metal atom, which
implies that for V,H and Zr,H, we fill half of the available sites. Hence,
the entropy of mixing for H in the bcc structures is kgIn2 according
to Eq. (3). However, the entropy of mixing is determined for the amor-
phous V,Zrg,_,Hss alloys via Eq. (3). This is because every configuration
of VZr generates a unique configuration of available sites for H, which
on average is equivalent to a homogeneous mixing of the elements. A
better representation of the configurational entropy which could cap-
ture the entropy related to the correlations of hydrogen sites to metal
atoms is however discussed in the following section. The difference in
the Gibbs free energy is calculated by:

AG=G,-G,, ®)

where G, is the Gibbs free energy of the amorphous state, G, is the
Gibbs free energy of the corresponding crystalline reference state. The
thermodynamic driving force used herein is defined as —AG.

3. Results and discussion

The investigated alloys are V,Zryq, , where x = 80, 67, 50, 33
at.% (unless otherwise stated), and the alloys containing hydrogen were
VyZre, «Has, where x = 54, 45, 34, and 17 at.%. The ratio of V and Zr is
kept constant for the alloys with and without hydrogen, e.g. VgyZr,, and
Vs4Zr,3H33 have the same V/Zr ratio. Measured and fitted reflectivity
patterns are shown in Fig. 1, from which the thickness, roughness, and
densities of the individual layers in each sample are determined by using
the GenX software [24]. All samples have low roughness, are uniform,
and each V,Zr;o_, layer thickness is close to 1000 A. Both film uni-
formity and thickness are important for an accurate absolute resistivity
determination, which is calculated according to Eq. (1).

The diffractograms of the as-grown alloys are shown in Fig. 2, where
a broad peak (halo) between 35-40 degrees (2.5-2.8 10\‘1) can be iden-
tified. The position and intensity of the halo varies systematically with
respect to composition. The variation stems from a Fourier transform
of a weighted sum of the average nearest neighbor distance of the three
partial pair distribution functions of the V-V, Zr-Zr and the V-Zr pairs, as
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Fig. 1. X-ray reflectivity of the as-deposited V,Zr,,,_, alloys together with a
slab model fit using the GenX software. The fit confirms the intended thickness,
and reveals good layering of the films and compact structure.
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Fig. 2. Grazing incidence x-ray diffraction of the as-deposited V,Zr;,_, alloys.
A broad diffuse peak is clearly seen in the diffractogram, typical of an amorphous
structure. The peaks were fitted using a mixture of Gaussian and Lorentzian
functions (pseduo-Voigt) and are shown as blue lines and the position of peaks
are shown by the dashed gray lines). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

well as their respective cross-section. The angular range available using
grazing incidence diffraction is limited by the in-situ resistivity setup,
however, no evidence of diffraction peaks at higher angles was found
using another diffractometer between 10 degrees and 155 degrees.

The temperature dependence of the resistivity, p, for the V¢,Zr;5 al-
loy is shown in Fig. 3a, and the temperature profile which was applied
for this alloy is shown in the top-right inset. The observed resistivity
decreases when the material is heated and the opposite is noted during
cooling. Hence, the material has a negative temperature coefficient of
resistivity, a, which is common for amorphous alloys. For metals and
alloys, the a generally decreases with increasing p and has a crossover
from positive to negative around 100-200 uQcm [37]. At temperatures
exceeding 500 K, p is seen to increase irreversibly, while a« remains neg-
ative upon cooling. The Vg, Zr35 alloy remains amorphous, which is ver-
ified by XRD measurements. The irreversible increase can be due to re-
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Fig. 3. Resistivity, p, as a function of temperature for V¢, Zrs; (a) and V,5Zr,,Hgs (b), the crystallization temperature is shown by the blue arrow annotated with
T,. The inset shows the temperature profile used for the alloys. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

laxation in the film or migration of oxygen from the cap or substrate to
the alloy. The irreversible increase in p was observed in all measured
samples, both in vacuum and hydrogen atmosphere, and has an increas-
ing trend with increasing Zr content. If oxygen migrated, the intermixing
parameter in the reflectivity fits would increase, which is not observed,
rendering this possibility less likely. However, the crystallization tem-
perature for Vg, Zr35 is observed at 913 K in Fig. 3a, where the resistivity
abruptly decreases, as expected from the comparably lower resistivity
of crystalline materials. The p continues to decrease upon cooling (data
not shown), which is a signature of a crystalline structure.

For the Vg,Zrz; alloy in an atmosphere of 95 Torr H,, shown in
Fig. 3b, an initial increase in resistivity can be seen at 423 K due to
the absorption of hydrogen. The resistivity increases initially when hy-
drogen dissolves into metals due to electrons being scattered by the
hydrogen and the induced changes in the electronic potential land-
scape. This has been observed for both crystalline [38] as well as amor-
phous [39] metals and alloys. The VZr alloy is subsequently annealed, as
shown in the inset in Fig. 3a, and the irreversible increase in resistivity
above 500 K is again observed. Even though there are differences in the
resistivity compared to the Vg,Zr35 alloy, the V45Zry,H33 alloy remains
amorphous until the last annealing cycle, inferred by the measured neg-
ative a. The T, is observed at 894 K, annotated with the blue arrow
in the figure, and instead of continuing to decrease, a sharp increase is
observed. We attribute the sharp increase after the crystallization event
to one or two possible processes. Either the sample oxidized shortly af-
ter crystallization, or it cracked due to excessive stresses induced by the
presence of hydrogen in or between the crystalline grains. A rapid decay
of intensity and the absence of total thickness oscillations past 0.15 Q
(2.2 degrees 20) observed in subsequent XRR measurements confirms a
high sample roughness. A similar behavior is observed for the VgyZrs,
alloy, where p rapidly increases after crystallization and a larger sample
roughness is deduced from the XRR patterns, whereas no sign of crack-
ing is observed for the V- and Zr-rich alloys. An extended discussion on
the XRR data and cracking of the film is provided in the supplementary
information.

The T, for all alloys are shown in Fig. 4 a, where it can be seen
that the crystallization temperature at first rises with increasing V con-
tent and subsequently decreases for V content larger than 50%. The fit-
ted parabola with a center around 58%, indicates that the mid-point
compositions are in fact the most thermally stable. The crystallization
temperatures for Va4 ZrasHas, V45Zry5Has, VsgZrsg, and Vg Zrs; are al-
most the same. However, the T, increases up to 150 K for Vg,Zr 3Hs;
and Vy,Zr,sHs; compared to the alloys without hydrogen, as seen in

Fig. 4a. The additional stability towards the edges of the composition
range suggests that it could be possible to synthesize V,Zrq,_,Hs5 alloys
with V:Zr ratios that are impossible in the binary alloy. This is because
the thermal stability often decreases for alloys with a composition close
to the amorphous-to-crystalline boundary[18].

To understand the determined thermal stability, we can consider the
physics governing the crystallization process, which is a combined effect
of the onset of thermally activated atomic diffusion and the thermody-
namic driving force [40]. The difference in Gibbs free energy between
the amorphous and crystal phases corresponds to the thermodynamic
driving force for crystallization. A smaller difference can relate to an
increased stability. The collection of contributions to the free energy for
each system, with and without hydrogen, allows us to distinguish the
composition and temperature dependency of the driving force. Further-
more, the leading contributors for the thermal stability of the metallic
glass can be determined. The thermodynamic driving force for crystal-
lization is shown in Fig. 4b. The energies of V,Zr;(_, have the reference
states bee V and hep Zr and the V,Zrg,_,Hj; have the reference states
bee V,H and Zr,H (lattice gases).

The driving force at 0 K corresponds to the enthalpy of formation
of the VZr(H) alloys depicted as black circles/squares in Fig. 4b. A
positive enthalpy of formation indicates that the local energy minima
of amorphous configurations do not correspond to the most energeti-
cally favorable state compared to the corresponding crystalline config-
uration. However, since the activation energy barrier for crystallization
prevents the atoms to reconfigure to the crystalline ground state, long-
lived metastable states can exist, and it is therefore necessary to also
consider how the free energy changes with temperature to explain the
thermal stability of the glass. The enthalpy is considerably lower for
the V,Zrg, (Hss alloys compared to the V, Zr;(,_, alloys, which already
suggests a higher stability. As temperature increases, the magnitude of
the driving force decreases for all considered systems, and the shape of
the driving force for the V,Zrg,_,H33 alloys become increasingly convex.
The center compositions are hence the most stable, which is observed
in the measured crystallization temperatures, see Fig. 4a.

For the V, Zr;_, alloys, the concave curve starts to flatten, but does
not change to a convex shape in a temperature range below the deter-
mined crystallization temperatures. This demonstrates that the consid-
ered contributions to the Gibbs free energy, and particularly the entropy
term, are not enough to explain the thermal stability of the V,Zr;qo_«
alloys. We propose that an excess configurational entropy has been ne-
glected, corresponding to the entropy of atomic pair correlations, which
can be calculated using the pair distribution functions of alloys [41].
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-] Fig. 4. Crystallization temperatures in vac-
uum and 95 Torr hydrogen are shown in
(a). Solid and dashed lines are parabolic fits
4 and are guides to the eye. The V,Zr,q,_, and
V,Zrg,  Hss alloys are depicted as circles and
squares in both figures, respectively. The ther-
modynamic driving forces (—AG) determined
by first principles are shown in (b) as a func-
o tion of V/Zr ratio in both systems.
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Fig. 5. The calculated partial and total entropy contribution for the VyyZrs,
composition. The entropy of the corresponding crystal and metastable liquid
calculated with Thermo-Calc [43] using the TCHEA3 database are added as il-
lustratory references. The uppermost shaded region correspond to a proposed
additional configurational term, that would make the calculated driving force
consistent with the measured T, of the V,Zr;,,_, alloys.

Furthermore, an excess configurational entropy of a CuZr metallic glass
has been measured to be on the order of 0.27 ky (ref. [42]). This sup-
ports the idea of an entropy contribution which has not been taken into
account for the calculated driving forces herein.

InFig. 5 we show the total entropy of Vg Zrsq as a function of temper-
ature. We include the liquid phase and the crystalline phase data from
Calphad [43]. The individual contributions to the entropy are shown,
including the electronic, phononic and the entropy of mixing. As can be
seen in Fig. 5, the entropy of the metallic glass lies in between the lig-
uid and the crystal alloy, as expected. We have indicated in the shaded
region, the excess entropy needed to flatten out the stability curve in
Fig. 4b at temperatures below the crystallization temperature. This ex-
cess entropy is of the same order of magnitude as the configurational
entropy found in CuZr near the melting point. This fits the hypothesis
that the neglected configurational entropy is indeed the missing contri-
bution that would stabilize the VZr(y_, glasses.

Furthermore, by adding a third element, hydrogen in this case, in-
creases the entropy of mixing. The total configurational entropy there-
fore increases, which enhances the thermal stability of the V,Zrq,  Hss
alloys. However, as described in Section 2, hydrogen-metal correla-
tions are neglected via this approach. The comparable crystallization
temperatures for the mid-point compositions between V,Zr;yo_, and

20 30 40 50 60 70 80 90 100

At %V Vv

V,Zrg, yHss can be attributed to a relative decrease of the activation
barrier with increasing contents of hydrogen.

The precipitating phases can give additional information as to why
alloying with hydrogen has this stabilizing effect. The diffraction pat-
terns for all alloys are shown in Fig. 6a (V4Zr; o) and 6b (V,Zrg;_Hs3).
Solution phases are seen in all crystallized samples with body centred
cubic (bec) forV-rich alloys and hexagonal close packed (hcp) structures
for Zr-rich alloys. The bcc and hcep are the two dominant phases for the
V-rich (VgyZr,g) and Zr-rich (V33Zrg;) alloys respectively, while addi-
tional peaks are observed in the remaining two compositions. The po-
sition of the (110) and (200) peaks of the bcc V phase match the lat-
tice parameter of pure V of 3.03 A, which means that little to no Zr is
dissolved in the bcc vanadium lattice. The three peaks at 34, 39, and
56 degrees originate from a face centre cubic (fcc) structured (V,Zr)O,
with a lattice parameter of 4.62 A, which has been reported to form
in oxygen-depleted environments [44]. The remaining peaks at 30, 50,
and 60 deg come from an fcc structure: ZrO,, but without V and the
lattice parameter is 5.13 A, close to the reported [45]. We observe that
the peak intensity of the V bcc phase is lower in V33Zrg; compared to
Vs0Zrs, and likewise the peak intensity of the oxides increase. The Zr-
related oxides are not as clearly observed for the samples annealed in
the hydrogen atmosphere, while the bcc and hep are still present, see
Fig. 3b. The diffraction patterns from the VgqZr,oH and V33Zrg,H alloys
exhibit similar precipitating phases to those annealed in UHV, with both
the bee V and hep Zr still being present. In contrast to the UHV annealed
samples, the V bce peak at 42 degrees moves to lower angles with in-
creasing Zr content, which is due to Zr being dissolved into the V bcc
lattice in the hydrogen annealed samples, hence the lattice parameter
increases around 0.1 A from highest to lowest V content. The absence
of the oxides can be explained by a lower driving force for oxidation in
V. Zre,;_«Hsg alloys compared to V,Zr; oo, alloys.

The emerging oxide phases in the UHV annealed samples could sug-
gest that the increased oxidation resistance would also increase the ther-
mal stability. Oxygen is known to reduce thermal stability of metallic
glasses [46]. Since the hydrogenated samples do not show any identifi-
able oxides in the diffraction patterns, one could ascribe the increased
stability to the absence of oxygen acting as nucleation sites. This is,
however, not the case since the highest T} is practically the same for the
Ve7Zr33 and VsyZrs, alloys, where the oxide phases are most predom-
inant, which indicates that the reason cannot be heterogeneous nucle-
ation of crystalline phases. Lastly, there is clear evidence of hydrogen
embrittlement in the crystalline V,Zr¢;  Hs4 alloys. The XRR data gives
clear evidence for cracking of the films, which was only observed for
the V34Zr33Hs5 and Vy5Zr,,Hasalloys, and not the V, Zr; oo, alloys. Fur-
thermore, oxidation was observed in the UHV annealed V, Zr;,_, alloys
(see Fig. 6a), but not in the V, Zrg,_, Hs alloys, which is consistent with
excluding oxidation as the cause for the resistivity increase. Since the
alloy cracks after crystallization in a hydrogen atmosphere and not in
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Fig. 6. Diffraction patterns of the crystallized V,Zr,,_, alloys (a) and V,Zr4,_,H,; alloys (b), each value of x keeps the V to Zr ratio constant for the alloys with and
without hydrogen. The positions of the diffraction peaks originating from the crystalline phases are shown by the lines and markers.

vacuum, we conclude that the amorphous V,Zrg, ,Hs3 alloy can store
more hydrogen compared to crystalline V,Zrg,_ H3; without mechani-
cal failure.

4. Conclusions

The thermal stability is increased and oxygen uptake is reduced by
alloying V,Zr,oo_, with hydrogen. The crystallization temperature in-
creases by up to 150 K in V, Zrg,_,H3; compared to the V,Zr;(,_, alloys.
Alloys with higher resistivity have higher thermal stability, which opens
up the possibility of screening alloys through resistivity measurements
to find the highest stability in a system [47].

The thermodynamic driving force for crystallization of the VZr does
not appear to be sufficient to stabilize the alloys. We propose that an
extended approach, in which the excess configurational entropy, cap-
tured by the correlations of the partial pair distribution functions [41],
is a necessary step towards the full explanation of the thermal stability
of amorphous materials.

With the addition of hydrogen, the entropy of mixing effectively in-
creased. Its influence in combination with a lower enthalpy of formation
results in the thermodynamic driving force naturally becoming lower
compared to V,Zr;yo_x, thus indicating that V,Zrg,_ Hss alloys should
be more thermally stable. The findings suggest that the properties of
the V,Zrg,_ Hs, alloys can be dynamically changed during operation in
technological applications by tuning the hydrogen concentration. The
thermal stability can thus be understood by considering only the ther-
modynamic driving force for crystallization if the reasoning herein is
valid. The reasoning can be validated by determining the thermody-
namic driving forces of different material systems, which are currently
unavailable. Determination of the Gibbs energies, which can be com-
bined with kinetic considerations, are necessary steps toward a complete
description of the crystallization process in metallic glasses.
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