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palladium (Pd) increases the hydrogen absorption capacity. Charging melt-spun ZrgoCu;5Al19NijoPds
ribbons electrochemically to different hydrogen-to-metal (H/M) ratios and following the effusion of
hydrogen by thermal desorption analysis (TDA) reveals hydrogen desorption from interstitial sites of
high energy levels at temperatures below 630 K. Zirconium hydrides are formed above 630 K. At higher
temperatures partial desorption of hydrogen occurs. The thermal stability observed with differential
scanning calorimetry (DSC) of the amorphous phase has been significantly deteriorated by hydrogen
absorption. After hydrogenation, the crystallization behaviour shows suppression of the characteristic
quasicrystalline phase and depends on the hydrogen content. Therefore, at low hydrogen concentra-
tions H/M=0.3, Cu and/or Cu-rich phases are primarily formed while at high hydrogen concentrations
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H/M > 0.9 Zr-hydride phase(s) are mainly formed.
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1. Introduction

Selected Zr-Cu-Al-Ni metallic glasses systems exhibit a wide
under-cooled liquid region corresponding to a high thermal stabil-
ity and high glass forming ability. The Zr-base alloys are amorphous
materials with excellent mechanical properties such as low Young’s
modulus, high specific strength and good chemical resistivity
[1,2], which are especially prominent for several industrial needs
as well as medical applications [3]. Recently, a completely new
application of Zr-base alloys have been developed at California Insti-
tute of Technology [4], in which the material with composition,
Zrsg5Cuq56Nin8Al1g3Nby g (Vitreloy 106a), is used as a collector
for solar noble gases on NASA’s Genesis mision [5,6]. These prop-
erties have encouraged a lot of different investigations in order
to explore the benefits and the advantages of that system [7-11].
The presences of early and late transition metals (ETM/LTM) in the
alloy composition which have a different affinity towards hydrogen
make these compounds interesting candidates for hydrogenation
studies. Hydrogen can be used as a probe to explore the structure
of metallic glassy alloys and the structure distribution of intersti-
tial sites [12]. Neutron diffraction studies for binary Zr-Ni metallic
glasses showed that hydrogen favours tetrahedra structure units
with four Zr atoms, which have the highest affinity towards hydro-
gen followed by tetrahedra with three Zr atoms and one Ni [13].
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A statistical model suggested a chemically random alloy with a
structure consisting of packed, distorted tetrahedral [14]. Previous
investigations proved that Zr-Cu-Al-Ni metallic glass as prepared
by melt spinning are able to store hydrogen electrochemically up to
maximum values between 1.3 H/M and 1.6 H/M (H/M is the hydro-
gen/metal ratio) depending on the alloy composition [15-17]. These
values are comparable to those of Ti-Zr-Ni(Cu) quasicrystalline
and amorphous alloys, which the authors consider as promising
hydrogen storage materials [18-21].

In this paper, we studied the effect of the addition of palladium
(Pd) to a Zr-Cu-Al-Ni metallic glass system on the hydrogenation
properties. The Pd had been chosen since it is known to have high
affinity towards hydrogen absorption. We present a detailed study
on electrochemical hydrogenation and its effect on the thermal
stability and crystallization behaviour of the amorphous alloy.

2. Experimental

ZrgoCuys5Al1oNijoPds and ZrgsCuy75Al75Nijp were prepared by arc melting Zr, Al,
Cu, Ni and Pd with a purity of 99.9% in argon atmosphere. For high homogene-
ity the samples were remelted several times. From the master alloys, ribbons of
40 pm thickness were prepared in a single-roller Biithler melt spinner under argon
condition.

The ribbons were polished by emery paper of 600-grade before cathodically
charged in an electrolytic solution of 0.1 M NaOH containing 5 x 10> mol/l As;03
as a surface-poisoner for atomic hydrogen absorption. The current density applied
was —1, —10 and —20 mA/cm? for different time intervals. The hydrogen content
was measured by hydrogen determinator (LECO 402). The T-dependent effusion of
hydrogen was monitored with a thermal desorption analyser (TDA) in ultra high
vacuum chamber (UHV) by heating the charged ribbons till 750°C using heating
rate of 15 K/min.
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Fig. 1. XRD pattern of as-quenched and hydrogen-charged ZrgoCuysAl10NijoPds
metallic glass (H/M = 1.3) at room temperature.

The thermal stability was studied by means of differential scanning calorimeter,
Perkin Elmer DSC7 at constant heating rate of 20 K/min. X-ray diffraction (XRD) pat-
terns were recorded by Philips PW 1050 diffractometer with Co Ko radiation. It was
used for phase analysis at room temperature after heating charged and as-quenched
ribbons at constant heating rate of 15 K/min to selected temperatures. Auger elec-
tron spectroscopy (AES) sputter profiling was used to investigate the composition
of the alloy surface. The analysis was performed with a PHI 660 Auger microprobe
applying 10keV as primary energy, 100 nA electron current. Depth profiling was
done by sputtering using argon ions at 60° to the sample normal with an energy of
E=1.5keV.

3. Results and discussion

3.1. Characteristics of the hydrogenated samples at room
temperature

Fig. 1 shows XRD patterns for an as-quenched
ZrgoCuysAl1gNijgPds ribbon and for a ribbon after electrochemical
hydrogen charging to H/M = 1.3. Although hydrogen embrittles the
ribbon, the alloy remains amorphous upon charging. However,
the broad maxima characteristic of the amorphous state shift to
lower 26 value of about 39° in comparison to the uncharged alloy
of about 44°, indicating an expansion of the amorphous structure
upon hydrogen uptake. When charging to high H/M ratio, the
brightness of the ribbons surface turns darker and duller. The
surface compositions of the ZrggCuy5Al1gNijgPds alloy charged
up to H/M=0.9 and H/M = 1.3 under a charging current density of
—20mA/cm? was investigated by AES measurements. The surface
of the charged samples was found to be altered significantly
compared with the as-prepared one. The naturally formed oxide
layer is highly reduced. It is known that the air-exposed surfaces
of Zr-base alloys are covered with the thin protective oxide layer
[22,23]. A depletion of the Zr concentration and enrichment of Cu
and Al are always detected on the surface of the charged samples.
The depletion of the Zr concentration can be explained by the
possible formation of fine Zr-hydride crystallites on the amorphous
matrix as it was observed before for ZrgsCuy75Al75Nis amorphous
ribbons [16]. This means that hydrogen induces locally at the
surface changes in the atomic arrangement of the amorphous
phase in order to increase the number of sites with highest affinity
to hydrogen, i.e. Zr sites.

Charging both amorphous ribbon samples with hydrogen using
a low current density of —1 mA/cm? till the maximum capacity
at which the ribbons lose completely its ductility, i.e. undergo
self-degradation, the ZrggCuy5Al19NijgPds gives higher maximum
hydrogen capacity of H/M =1.78 after nearly one month than the
Zrg5Cuy75Al75Ni;g which gives maximum hydrogen capacity of
H/M=1.65. This is explained on the basis that Pd has high affin-
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Fig. 2. Results of galvanostatic charging of amorphous ZrgoCuysAlioNijgPds (solid
points and solid lines) and Zrgs Cuy75Al75Nis (hallow points and dashed lines), using
current densities of —1, —10 and —20 mA/cm?.

ity towards hydrogen absorption which increases the number of
interstitial sites, and disordered octahedral structure. It is known
that hydrogen prefers to occupy the octahedral structure [14]. By
observation, the amorphous ribbon containing Pd is able to reserve
its ductility longer time than the sample without Pd. Using higher
charging rates of —10 and —20 mA/cm?, both ribbons lose its ductil-
ity in a shorter time and before they reach the maximum hydrogen
absorption capacity. Yet still the sample with Pd can reserve its
ductility longer than the sample without Pd.

Fig. 2 represents the hydrogen absorption rates of
ZI'65CU]7,5A17_5Ni10 and Zr60CU15Al10Ni10Pd5. Generally, the
hydrogen absorption rate of ZrggCuy5A119NijgPds alloy is slower
than the alloy without Pd. As observed, the Zrg5Cuy75Al75Nijg and
ZrgoCuys5Al1gNijgPds rate of hydrogen absorption is slow when
applying low current density (—1 and —10 mA/cm?2) up to about
75 h. This may be due to presence of thick oxide layer. After 75h
of applying current density, the rate of hydrogen charging for the
Zr50CU15A1]0Ni]0Pd5 alloy is slower than Zl'55CLl]7.5Al7,5Ni]0. This
is may be due to fast reduction of the oxide layer, also, may be
due to surface activation process of the ZrgsCuy75Al75Niyq alloy for
hydrogen absorption is slower than ZrggCuy5Al1gNijgPds alloy.

At high current density, —20mA/cm?, the rate of hydrogen
charging for both alloys is fast. This is may be due to fast reduction of
the oxide layer. The presence of oxide film on the Zr-base alloys was
proved [3,22,23]. It was stated that all elements of the Zr-base alloys
are present in the oxide layer, but in different stoichiometric com-
position as compared to the composition of the Zr-base alloy itself.
Based on the XPS measurements by Homazava et al. the oxide film
consists mainly of ZrO, with a smaller fraction of Al,03 and very
small amounts of Cu, Ni and Pd-oxides [3].

3.2. Thermal stability of the hydrogenated alloy

Fig. 3 displays thermal desorption curves for
ZrgoCuys5Al1gNijgPds sample with different H/M values. The
desorption can be divided into two different stages, first one is
below 635K and a second stage starts after 660 K which is charac-
terized by the appearance of successive desorption peaks. Ribbons
with low and medium H/M ratios of 0.15 and 0.6, respectively
(Fig. 3, curves ¢ and b) show no hydrogen effusion in the first
temperature range below 630K, indicating that the hydrogen
is captured in interstitial sites with tetrahedral and octahedral
symmetry corresponding to low energy levels with high affinity to
hydrogen [18,13]. In contrast, the sample with the high hydrogen
content of H/M =0.95 shows a broad desorption band which starts
at about 460K and drops to nearly the base line at 630K (Fig. 3,
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Fig. 3. Thermal desorption analysis of hydrogen-charged ZrgoCuys5Al10NijoPds
metallic glass with different hydrogen contents performed at a heating rate of
15 K/min.

curve a). This broad band points to hydrogen desorption from
interstitial sites of high energy level [14,17]. At 630K a drop of the
broad curve occurs, reaching nearly the level of the baseline. At this
temperature, the remaining hydrogen has reacted to crystalline
Zr-hydride phases as proved by XRD (see Fig. 5c). The desorption
behaviour of the second range at temperatures above 673K is
characteristic for partial decomposition and transformation of
different hydride crystalline phases and effusion of hydrogen
upon decomposition [17]. The different steps of decomposition
and phase transformation cannot be systematically investigated
for the samples with H/M ratio 0.6 and 0.95. This may be due to
the crystallization of the quinary alloy included different hydride
phases of Zr, Ni and Pd, which overlapped during hydrogen effu-
sion. Although the XRD patterns showed only Zr-hydride phases,
the formation of Ni and Pd hydride phases are possible but the
limits of there crystallites concentrations could not be detected.
Fig. 3c of a sample with low hydrogen concentration (H/M=0.15)
shows that hydrogen effusion begins at about 823K due to the
decomposition of (a+[) Zr-hydride phase mixture. This result
is in agreement with Zr-H phase diagram which indicated the
formation of o hydrides or (o+ ) Zr-hydrides at low hydrogen
concentrations and its effusion at about 813 K [24].

The change in the thermal stability of the ZrggCu;5Al19NiigPds
metallic glass by the absorption of different amounts of hydrogen is
shown in Fig. 4. Curve (a) represents the thermal behaviour of the
uncharged alloy. The differential scanning calorimetry (DSC) scan
exhibits a distinct endothermic heat effect due to the glass tran-
sition followed by a sharp exothermic peak corresponding to the
crystallization of the material. The glass transition temperature Tg
determined as the onset temperature of the endotherm is 672 Kand
the onset of crystallization occurs at Ty = 754K, leading to a rather
wide supercooled liquid region ATy =Ty — Tg of 82 K for the heating
rate of 20 K/min. This is followed by three characteristic successive
crystallization peaks. The first peak corresponds to the forma-
tion of metastable quasicrystalline phase and the next two peaks
correspond to the subsequent transformation to the equilibrium
phases.

The formation of the quasicrystalline phase at the onset crys-
tallization temperature is evident from the XRD pattern in Fig. 5a.
Absorption of small amounts of hydrogen, H/M =0.15, significantly
reduces the thermal stability of the ribbons as illustrated in curve 5b
so that the crystallization temperature decreases to 742 K and the
glass transition temperature shifts to higher temperatures result-
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Fig. 4. DSC measurements of hydrogen-charged ZrgoCuy5Al;90NijoPds metallic glass
with different hydrogen contents performed at a heating rate of 20 K/min.

ing in a reduction of the under-cooled liquid region ATy to 34K.
More hydrogen concentration in the amorphous matrix contin-
ues to decrease the crystallization temperature as clearly seen
in curve 5c for H/M=0.3. The sequences of crystallization peaks
seem to change greatly by hydrogen absorption compared with
the uncharged sample. For samples of H/M =0.15 and 0.3 two non-
successive crystallization peaks occur. From the XRD pattern of the
ribbon charged with H/M =0.3 and heated till the onset tempera-
ture of crystallization Ty = 741 K, it is obvious that the crystallization
process changed significantly. The formation of the quasicrystalline
phase is suppressed, instead, crystallization occur via the formation
of nanocrystalline Cu and/or Cu-rich phases, such as cubic CusAl
and CugAly (see Fig. 5b). This result can be explained in terms with
the enrichment of Cu and depletion of Zr on the charged ribbon
surface detected by AES measurements which may enhance the
crystallization of Cu and/or Cu-rich phases as the starting phases
of crystallization. This result agrees with the results studied in
details before for ZrgsCuy75Al75Niqg alloy [16]. The second exother-
mic peaks detected at 820K for H/M =0.15 and shifted to 813 K for
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Fig. 5. XRD analysis of annealed as prepared and hydrogen-charged

ZreoCuy5Al19NiqoPds metallic glass at different conditions.
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higher hydrogen concentration H/M=0.3 are due to partial trans-
formation to (a+3) Zr-hydrides at low hydrogen concentrations.
This result agrees with the Zr-H phase diagram [24].

For high hydrogen contents, e.g. H/M > 0.9 (Fig. 4, curve d), only
the formation of the Zr-hydride is detected. The strong exother-
mic event starting at 630 K is due to the formation of e-Zr-hydride,
most likely with different stoichiometrices, which is also shown
(Fig. 3, curve a) by TDA and clearly identified by XRD pattern in
Fig. 5¢c. After that a strong endothermic effect starts after 760 K due
to the hydrogen desorption. There are no signs for exothermic reac-
tions upon crystallization of amorphous matrix, as in this case the
summation of the exothermic crystallization and the endothermic
reaction for decomposition of a large amount of Zr-hydride phases
is endothermic.

4. Conclusions

e At room temperature ZrggCuy5Al;9NijgPds metallic glass alloy
has maximum hydrogen capacity than Zrg5Cuy75Al75Niqg. But the
hydrogen absorption rate of ZrggCuy5Al19NiigPds is slower than
Zrgs5Cuq75A175Niqg, especially, during early period of applying cur-
rent density (up to 75 h). The presence of oxide film on the Zr-base
alloys affects the hydrogen absorption rate under different cur-
rent densities.

e Hydrogen absorption causes enrichment of the elements of very
low affinity towards hydrogen on the alloy surface, e.g. Cu, and
depletion of the elements of high affinity on the surface, e.g. Zr.

e The thermal stability and the crystallization behaviour of the Zr-
based metallic glass strongly depend on the amount of hydrogen
in the alloy. Already small amounts of hydrogen in the amorphous
alloy cause a deterioration of its thermal stability, i.e. adiminution
of the supercooled liquid region mostly resulting from a decrease
of the crystallization temperature and suppresses the formation
of metastable quasicrystalline phase. At low hydrogen contents,
Cu and/or Cu-rich phases are the primary crystalline phases while
at high hydrogen contents the thermal stability of the alloy is
determined by Zr-hydride formation.
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