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Introduction
Hydrogen is considered as one of the most important energy carriers of the
future as a part of an environmentally friend, sustainable energy cycle
based on renewing energy sources. To achieve this prospect, more
processes and technologies should be improved, which theoretically work,
but uneconomically in practice:
- Due to its cheapness, the bases of present hydrogen production are
fossil raw materials. Renewing energy sources and relating hydrogen
production should be made cheaper and more efficient.
- Hydrogen can be used optimally in fuel cell. The price of cells should be
significantly lowered via new technologies and materials.
- An adequate technology should be improved for storing and carrying
hydrogen safely.
My research is related to the last point, as it aims the improvement of
absorption hydrogen storage.
The main idea of absorption storage is that hydrogen atoms are bounded
by a metallic alloys. To disengage these atoms, an excess energy has to be
ensured for eg. sample should be heated. This type of storage needs a
large volume of bulk material; however, the practice shows that even the
hydrogen mass% of modern (composite) high pressure tanks can be
achieved beside better bulk density and higher safety.
Considering its present state and pace of developments it can be stated
that accumulator technology has a large lag even in the field of mass or in
volume in comparison with presently available hydrogen-based
technologies (see table 1.).
The lightmetal-based absorption storage materials can lead to an
important improvement: based on these absorbers, even 5 times higher
hydrogen mass% can be achieved compared to present commercial
absorbers. Their application is restricted yet by extreme operating
conditions (high pressure and temperature, high purity hydrogen) and slow
absorption-desorption processes.
It can be concluded, that scientific research in this field has double aim: on
the one hand ensuring the greatest possible hydrogen content for present
storage systems, on the other hand ameliorating the operating conditions
of lightmetal-based absorbers.
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Table 1: Comparison of hydrogen storage methods and energy carriers (based on [1
[1-10])
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Literature overview
Glassy state
Glassy state is a special, metastable structure of metallic alloys that can be
achieved via rapid cooling (but not all alloys can be converted into glass).
During this process, there is not enough time for diffusion processes that
are necessary for crystallization, thus the microstructure of the material is
frozen in liquid state – and then it is called metallic glass.
To describe the microstructure of glassy alloys DRPHS (Dense Random
Packing Hard Spheres) model has been created, which considers the atoms
as randomly positioned solid spheres [11]. However early investigations
proved – and several evidences have been found since then – that a real
glassy microstructure contains regularities, that affects the properties of
the material. It is proven for example by the anisotropy and the cluster-like
character of microstructure of some metallic glasses [12].
To describe hydrogen solution in amorphous microstructure J.H. Harris
and his co-authors created a model [13], that is proven to be useful for
understanding the thermodynamics of this process. This model gives an
expressive description for the microstructure of amorphous alloys too,
which is ensured by experiences. Harris-Curtin-Tenhover model considers
the Ni-Zr amorphous alloy as a mixture of distorted, elementary
tetrahedrons with compositions Zr4, Zr3Ni, Zr2Ni2, ZrNi3 and Ni4. Hydrogen
can be placed into each tetrahedron with a binding energy near to a
theoretical value. This model is created for Ni-Zr-based glassy alloy system,
but can be used for any glassy structure analogously.
Glassy state is commonly considered as to be metastable; however, there
usually take place elementary processes induced by excess energy even far
below crystallization temperature. This phenomenon is called relaxation.
We can talk about topological (TSRO: Topological Short Range Ordering)
and chemical (CSRO: Chemical Short Range Ordering) relaxation [14]. The
driving force of relaxation is the energy disengagement due to atomic
ordering. It comes from the lowering of free volume frozen into the
microstructure in the case of TSRO, while from the ordering of the binding
structure in the case of CSRO. As topological ordering affects binding
system and vice versa, the two type of relaxation cannot be separated,
only the dominance of the one or the other can be considered.
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The thermodynamics of metal-hydrogen system
The phase conditions of metal-hydrogen systems are determined by four
state parameters of which three are independent (pressure (P),
temperature (T), volume (V) and composition (C)). The system is usually
investigated in the literature as a function of pressure, temperature and
composition, thus phase conditions are presented in a so-called PCTdiagram (see Fig. 1.).

Fig. 1: PCT diagram of palladium [16]

Phase composition can be easily determined using PCT diagram: it contains
an area that forms an upside-down parabola. In this area isotherms are
horizontal (called plateau). It corresponds to the metal hydride phase,
while the outer area represents the solid solution phase. The pressure of
the plateau (at a given temperature) is the equilibrium pressure. Under this
pressure hydride decomposes, above it hydride is stable. The horizontal
part of the isotherms (plateau) shows that the formation of hydride phase
– via a first order phase-transformation – takes place at a constant energy
level, independently of concentration until saturation. The first part of the
isotherms – which is under the equilibrium pressure – corresponds to the
hydrogen - base alloy solid solution; while the third part – above the
equilibrium pressure means the hydrogen - hydride solid solution. Under

-4-

non-equilibrium conditions the plateau splits into two: an upper one, that
can be measured during absorption and a lower one, which corresponds to
desorption.
As a consequence: hydrogen can appear in a metallic alloys in two basic
forms: as solid solution, where hydrogen atoms are flimsily bounded but
the amount of solved hydrogen is usually low; and as hydride, which can
be characterized with stronger bounds and higher hydrogen content.
Effect of temperature
Rising temperature results in the decrease or increase of the equilibrium
solved hydrogen content depending on the solution heat (exothermic or
endothermic solution). Maximum solubility, however, always increases
with temperature.
The stability of hydrides decreases at higher temperature, as the activation
energy needed for the decomposition of the hydride becomes lower.
Effect of pressure
Equilibrium solved hydrogen content can be expressed by Sievert’s law. It
declares, that hydrogen concentration is proportional to the square root of
pressure, thus increasing the pressure results in increasing of the amount
of equilibrium solved hydrogen. If pressure reaches the equilibrium
(plateau) value, further hydrogen uptake will take place in the form of
hydride.
Effect of microstructure
Amorphous microstructure has an important thermodynamic
consequence: as a metallic glass does not have a crystalline structure,
hydride phase formation cannot take place, resulting that the whole
amount of absorbed hydrogen is in solid solution state. According to this
phenomenon, metallic glasses has special PCT diagrams without a plateau
(see fig. 2.). The integration if hydrogen into the amorphous structure is
described by the Harris-Curtin-Tenhover model (described in page 3).
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Fig. 2: P-C diagram of crystalline and amorphous ZrNi alloy

Kinetics of hydrogen absorption
Absorption process is usually considered as to be composed of four
steps [1]:
1.
2.
3.
4.

Adsorption of H2 on the surface
Dissociation of H2 molecules to hydrogen atoms
Penetration of H atoms through the surface layer
Diffusion of H atoms in the bulk alloy

The real absorption rate is determined by the slowest process. The
question: surface processes (1-3) or the diffusion (4) is the bottleneck
during absorption? is frequently examined in the literature; however,
results are often contradictory.
Surface kinetics
The adsorption and dissociation of H2 molecules can be promoted via
catalytic alloying elements (Ni, Pd stb.) and by increasing the area and
activity of the surface. The penetration of H atoms through the surface
layer is usually set back by a compact oxide layer, which have to be made
permeable for hydrogen. This process is called surface activation, which
can be executed mechanically, chemically or thermally.
Hydrogen diffusion
The diffusion mechanism of hydrogen in different microstructures is a
permanent topic of the literature. Different examinations of different
samples frequently lead to different results concerning the diffusion
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process and diffusivity of hydrogen. Determined diffusion coefficients
often show differences in a range of 5-6 orders of magnitude.
Diffusion mechanism can be approached in two ways: on the one hand, a
front-like progress of saturation (Fig. 3/1.); and on the other hand, a
homogenous diffusion described by Fick’s laws (Fig. 3/2.). The former
model can be used to describe hydride phase formation, and the latter for
hydrogen solution; however, real saturation processes are always complex.

Fig. 3: Two possible mechanism of diffusion

Absorption storage techniques
The most commonly used method is saturation from hydrogen gas phase.
In this case, absorption and desorption processes can be controlled by the
pressure and temperature. Another method is electrolytic hydrogenation,
which is a combined process of water electrolysis and hydrogen
absorption.
According to the physical appearance of storage material the greatest
possible specific surface, optimal microstructure for fast diffusion and
short diffusion distances should be forced. For this purpose the amorphous
or nanocrystalline powders are the best choices.
It is generally true, that rising pressure and temperature speeds up
kinetics, but operating conditions should be chosen focusing on everyday
use.
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Absorbing alloys
Absorbing alloy systems can be separated into two groups: the
“conventional” absorbents (ZrNi, FeTi, LaNi etc.), which show excellent
kinetics but low hydrogen content; and the lightmetal-based alloys (Mg, Li,
Na, Al etc.) with poor kinetics at lower temperature but high hydrogen
content (even greater than 10 wt%). The majority of researches in this field
aim to ameliorate the kinetics and operating conditions of the lightmetalbased alloys.

Conclusions of the literature survey
It can be stated, that the thermodynamic basis of absorption storage is
well known; however, in the field of kinetics, there are several un- or only
partially answered questions, i.e.:
When are the surface processes the bottleneck of absorption rate and how
can the surface activation be further increased?
What is the exact role of the alloying elements in the surface and bulk
processes?
What is the exact mechanism of hydrogen diffusion in the real alloys?
What is the effect of the microstructure on the diffusion mechanism and
how influences the hydrogen absorption the microstructure of the alloy?

The aims of research
It is clear – considering the literature – that there are several open
questions according to surface processes and diffusion mechanism. My
goal is to answer some of them. For this purpose I investigate a
conventional alloy family (Zr-based rapidly quenched ribbons, which show
good absorption kinetics) searching for answers for the questions
concerning the effect of alloying elements, the mechanism of diffusion and
the hydrogen-induced structural changes. I investigate a self-made,
lightmetal-based (Mg) alloy-set too, aiming to answer and solve some
typical problems of high capacity absorbers, as surface activity, optimal
microstructure for diffusion and effects of alloying elements. The
compounds will be tailored based on the experiences of the investigation
of Zr-based alloys and the literature.
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Experiments
Hydrogen absorption experiments were carried out in a self-made,
Sieverts-type apparatus (see fig. 4.).

Fig. 4: The set-up of Sieverts-type apparatus and a ribbon in the sample holder

Aiming to determine the effects of absorbed hydrogen, I used several
direct and indirect measurements, for example:
Resistance measurement – it can be carried out in-situ, during
hydrogenation in our apparatus. Electric resistance gives a quite accurate
mapping about the changes in the electron structure of the sample
(induced by hydrogen uptake, crystallization etc.).
XRD (X-Ray Diffraction) measurements were applied to study the
microstructure of the samples
DSC (Differential Scanning Calorimeter) was used to determine the
processes of crystallization.
Optical microscopy was used to examine visually the surface changes of
the sample after activation and hydrogen saturation.
Other measurements were also used: optical geometry-, microhardness-,
thermoelectric power-, EDAX and mass measurements etc.
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Results
Investigation of Zr-based alloys
The investigated Zr-based rapidly quenched alloys were prepared 10 years
ago for a Ph.D. research [1]. The base composition of the samples was
Ni67-xZr33Mex where Me = Pd, Pt, Cr, Cu; and x = 0, 3, 6, 16. There were two
ribbons with higher Zr-content (50 and 75 at%) and a Fe92Zr8 sample. The
ribbons were etched before hydrogenation in the way described in [1].
Effect of alloying elements
Replacing 3 at% Ni with Cu, Cr, Pt or Pd results in better absorption
kinetics. Increasing Cu-content up to 16%, however, does not have more
positive effect. According to saturation rates, Cu has the less, while Pd has
the most efficient catalytic effect.
Effect of hydrogen absorption on physical properties
Due to absorbed hydrogen, most physical properties of the samples
change in smaller or larger pace: their electric resistance increases
reversibly (this is the base of hydrogen content determination via
resistance measurement), while the volume-increase is irreversible. I
examined two other properties, which are not found to be investigated in
the literature for these alloys:
The microhardness of the samples is affected by the change of the binding
state of the atoms (hydrogen absorption enlarges atomic distances, which
lowers covalent binding character) and by the stress-state of the
microstructure too. My results show, that hydrogen saturation causes the
increase of microhardness at all samples except one (Fe-containing).
Thermoelectric phenomenon was discovered by Seebeck 200 years ago.
Nowadays it is widely used for temperature measurement (thermocouple),
and its usage as non-destructive testing method is spreading [17].
According to my measurements, hydrogen content has a reversible effect
on thermoelectric power.
Effect of absorbed hydrogen on crystallization
I investigated the effect of absorbed hydrogen on the crystallization of
Fe92Zr8 amorphous alloy during treatments under hydrogen and argon
atmosphere at room temperature and at 200°C via DSC and XRD
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measurements. It was found, that absorbed hydrogen facilitates
crystallization even at room temperature or at 200°C: according to DSC
measurements, crystallization was found to start at lower temperature at
those samples, which were previously treated in hydrogen. I detected (via
XRD measurement) that hydrogen absorption leads to a slight (<0,3 vol.%)
crystallization even at room temperature. When treated the samples at
200°C, there occurs higher rate of crystallization (2 % crystallized phase
after 24h) due to hydrogen, but the average crystalline sizes are smaller
(~10 nm) compared to the sample treated in Ar (0,5% crystallized phase,
40-50 nm average crystalline size).
Another result of XRD measurement is that the position of amorphous
peak shifts depending on sample treatment: at hydrogenated samples it
moves to the direction of lower angles, which refers to the expansion of
the microstructure. At the sample heat-treated in Ar the peak shifts
towards higher angles showing, that the atomic distances became shorter,
the microstructure compacted.

Fig. 5: XRD results of as-quenched and heat-treated samples.

Hydrogen diffusion
I investigate the mechanism of hydrogen diffusion at partially etched
Ni64Zr33Pd3 sample: only the middle of the measured ribbon was etched,
while the unetched surfaces remain impermeable for hydrogen. According
to the absorption rate I determined the mechanism of saturation (see
fig. 6.). The results show that the ribbon saturates crosswise with
homogenous diffusion (D = 1,356·10-13m2/s). After around 50 hours the
absorption rate become constant, saturation process forwards as a diffuse
front with a length of ~2,5 mm and constant speed of ~0,05 mm/hour.

- 11 -

Fig. 6: Saturation mechanism of a partially etched sample

Saturation rate
Investigating the H-saturation
H saturation of Ni64Zr33Pd3 sample in the temperature
range of 20-145°C
20 145°C I found that even the saturation time or the saturation
H-content
content shows an Arrhenius-type
Arrhenius type correlation with temperature (their
logarithm is proportional to 1/T, see fig. 7.). The former shows that
diffusion is the rate limiting step during absorption, while the val
values of
saturation H-content
H content proves that hydrogen is present in these alloys as
solid solution.

Fig. 7:
7 Saturation time (left)) and saturation H-content
content (right) as a function of temperature

Investigation of Mg-based
Mg based samples
The alloy-set
al
set was prepared by melt-spinning
melt spinning method. The composition of
the samples was Mg87Ni10Me3 where Me = Pd, La, Cr, Cu, Fe, V, Co and
mischmetal*.
mischmetal*. Other investigated alloys were Mg77Ni17Pd3V3 and
(AZ91*)90Ni10.
After preparation I determined the basic physical, thermal and room
temperature absorption properties of the samples. Further investigations
were made on the effect of etching in HF solution and high te
temperature
* Technological waste alloys, mischmetal is a rare earth metal mixture, AZ91 is a Mg
Mg-Al alloy.
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hydrogen absorption properties and related structural changes of Pd and V
containing samples, which show fast absorption at room temperature.
Specific resistance and density of the samples
For these measurements I had to determine the cross section area of the
samples. It was carried out on embedded, polished cross sections with
optical measuring machine. While the resistance of crystalline samples is
maximum twice that of pure magnesium, the amorphous ribbons have
even 5-15 times higher resistivity. It can be found in the literature too [18].
The densities of the samples were calculated from geometrical and mass
measurements. Results are plotted on fig. 8, where a “theoretical” value is
also indicated for each sample, which is calculated from the densities of
the components. It can be seen, that La and Pd-containing samples have
noticeably (>5%) higher densities than the “theoretical” value. Knowing,
that only these elements form equilibrium phases with high Mg-content
(Mg6Pd and Mg12La) I concluded, that these amorphous alloys contain the
elementary cells of equilibrium phases in first-order atomic surroundings –
according to Harris-Curtin-Tenhover model. It also proves, that DRPHS
model (see page 3) and Verard’s law do not describe precisely the
microstructure of these alloys.

8. ábra: A gyorshűtött minták sűrűsége

The effect of etching
The mechanism of etching known from literature [1] for NiZr-based alloys
does not give a satisfying explanation for the experienced increase of
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surface activation of Mg-based alloys. Examining this phenomenon I found
a new action of mechanism of etching Mg-based amorphous alloys. The
basic process is a fast relaxation and geometrical distortion of the ribbon
induced by the break-up of the stress balance frozen into the
microstructure, which leads to the cracking of the surface. As a result,
hydrogen can pass through the surface easier. This hypothesis was proven
via precision length measurements and microscopic examinations too.

Fig. 9: The surface of MgNiPd sample in as-quenched state (left) and after the etchinginduced relaxation (right)

Hydrogen absorption at room temperature
According to the resistance measurement results, I graded the different
alloying elements: Al, mischmetal, Cu and Co have lower catalytic effect
than Ni, while Cr, Fe, V, La and Pd are more effective catalysts.
Hydrogen absorption at elevated temperature
The saturation of MgNiPdV sample was executed at 100, 200 and 300°C.
Results show that the fastest hydrogen uptake occurred at 200°C: at this
temperature diffusion is fast enough, but the crystallization is not yet a
hindrance of the movement of H atoms.
Effect of absorbed hydrogen on crystallization
According to the XRD and resistance measurement results of hydrogensaturated MgNiPd and MgNiPdV samples at 100, 200 and 300°C I
concluded that absorbed hydrogen facilitates nucleus formation at all
investigated temperature. As a consequence the crystallized fraction is
greater, while the average crystalline size is smaller at the hydrogentreated samples compared to those of treated in Ar.
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Fig. 10: Average crystalline size distribution of Mg87Ni10Pd3 sample after different
treatments (HT = heat treatment, H = hydrogenation, followed by the temperature in °C)

Optical microscopic experiences
I identified more surface phenomena after hydrogen absorption via optical
microscopic examination: the dilation and opening of cracks generated by
etching, poitwise openings of the surface due to high local absorption
activities and the crystallization of the samples at high temperature.

Fig. 11: Uniform cracks and pointwise openings on the surfaces of MgNiPd sample.
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Summary
Hydrogen-based energy industry offers promising solutions for the
problems of fossil energy sources – especially for vehicle industry, but
there are some critical drawbacks, which hinders its worldwide spread. My
research concerns this topic: I reached some important results in the field
of absorption hydrogen storage, which could make this storage method
more efficient.
Measurements were executed on rapidly quenched ribbons with a selfmade Sieverts-type apparatus, which is capable of in-situ resistance
measurement during hydrogenation. Several additional examinations
(XRD, DSC, EDAX, optical length measurement, optical microscopy, mass-,
thermoelectric power- and micro-Vickers measurements etc.) were used to
determine the physical properties of the samples, and the micro- and
macro-scale effects of hydrogen on the alloy structure.
The Zr-based samples are well-known storage alloys. By their Investigation
I examined the basic phenomena of absorption: the effect of absorbed
hydrogen on the mechanism of crystallization of FeZr samples, the effect of
catalytic elements on absorption kinetics, and the change of
microhardness and thermoelectric power caused by hydrogen absorption
at NiZr samples.
Mg-based alloys are promising absorbents; however, their application has
some well-known difficulties. In my research I tried to give solution for
some of them. To reach this goal and ensure objective, comparable results,
I tailored and prepared the Mg-based samples myself.
During the investigation of an etching method which is not common for
Mg-based alloys, I identified a novel action of mechanism, which offers an
effective method for enhancing surface activity. I investigated several
doping elements, which are known from the literature: comparing the rate
of hydrogen uptake at room temperature I determined an objective order
of their catalytic effect. The microstructure of the samples has an
important role in diffusion, which is often the bottleneck of absorption
rate. Accordingly, the thermal stability range of different amorphous
samples was determined. I also investigated and determined the
crystallization mechanism of two selected samples in the temperature
range of 100-300°C under Ar and H atmosphere.
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The new scientific results – theses
1. I determined the mechanism of hydrogen diffusion and its diffusion
coefficient in rapidly quenched Ni64Zr33Pd3 metallic glass by hydrogen
absorption measurement of partially etched samples. [s5]
2. By hydrogen absorption examinations of melt-spun, Mg-based ribbons
(etched in HF solution) via resistance measurement I determined, that:
a) Pure Mg sample does not absorb detectable amount of hydrogen at
room temperature in 300 hours, while adding 10at% Ni and 3 at%
transition metal results in a noticeable hydrogen uptake at room
temperature in 2-30 minutes (depending on sample composition). [s6]
b) I compared the effect of most common doping elements in the
literature (Fe, Cu, La, Pd, Cr, V, Co) on the microstructural stability and
the room temperature hydrogen uptake of rapidly quenched MgNibased samples beside the same conditions. [s6]
c) By the examination of two technological waste materials (AZ91 and
mischmetal) I determined, that they cannot be used directly as base
material (AZ91) or doping alloy (mischmetal) for the preparation of
good hydrogen absorbers beside hydrogenation from H-gas phase. [s6]
3. I determined the effect of absorbed hydrogen on the thermal stability
and crystallization mechanism of Fe and Mg-based rapidly quenched
alloys: the crystallization of hydrogen-treated samples start at lower
temperature than those of only heat-treated:
a) At Fe92Zr8 sample hydrogen-induced crystallization starts even at
room temperature. Examining the crystallization of heat-treated and
hydrogen-treated samples at 200°C I proved, that hydrogen facilitates
nucleus formation process, thus it lowers the activation energy and
starting temperature of crystallization. [s7]
b) At amorphous Mg87Ni10Pd3 sample crystallization starts even at 100°C
due to absorbed hydrogen, while the heat treated sample remains
amorphous at the same temperature. Examining the hydrogenation
and het treatment of Mg87Ni10Pd3 and Mg77Ni17Pd3V3 samples at 200
and 300°C I proved that hydrogen facilitates nucleus formation (speeds
up formation rate) and simultaneously lowers the nucleus growth rate.
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These effects result in larger amount of crystalline phase beside smaller
average crystalline sizes. [s8]
4. By adequately accurate volume and mass measurements I detected
that the density of different Mg-based amorphous alloys depends on the
equilibrium phases: If the composition of the alloy can be approached with
equilibrium compound-phases, then the density of the samples will be
noticeably (by at least 5%) greater, than the weighted average density of
the components; otherwise it is equal or smaller. The result confirms the
cluster formation in these alloys, and indicates a microstructure that can
be characterized by the Harris-Curtin-Tenhover model against DRPHS
model. At the same time it shows, that Vegard’s law is not satisfied at
these alloys. [s6]
5. I identified some surface processes related to hydrogen absorption via
optical microscopic examinations at Mg-based, rapidly quenched ribbons:
a) A new action of mechanism was discovered according to the increase
of surface activation of amorphous alloys induced by etching in HFsolution: by removing material from the surface layer, the stressbalance that is frozen into the sample breaks up resulting in a fast
relaxation. This causes measurable deformations, which lead to the
continuous cracking of the rest and newly formed surface oxide layer.
Eventually, surface activity for hydrogen uptake increases significantly.
[s6, s8]
b) The microcracks – generated by the etching – expand due to
absorbed hydrogen, which ensures new paths on the surface for
hydrogen transport. After absorption of larger amount of hydrogen,
hydride phase is formed in the cracks and catalytically active spots,
which opens up the surface layer ensuring new, pure surfaces. The
crystallization – induced by high temperature hydrogenation – was
identified via optical microscopy too. [s6]
c) The observed phenomena significantly affect the absorption
properties of the examined samples, thus it can be concluded, that –
beside the well known examination methods from the literature
(electron microscopy, XRD and DSC measurements etc.), optical
microscopy can also be used efficiently for the qualitative examination
of Mg-based hydrogen absorbing alloys. [s6]

- 18 -

6. I determined the possibilities and restrictions of in-situ resistance
measurement during hydrogenation of Mg-based rapidly quenched alloys:
a) Using this method I executed more sensitive measurements than it is
possible with common literature methods in the first phase of
hydrogen absorption at room temperature. [s6]
b) Via resistance measurement I identified the structural change
induced by room temperature hydrogen absorption of Mg87Ni10Pd3
amorphous sample. [s8]
c) Via resistance measurement I clarified the crystallization process of
Mg87Ni10Pd3 amorphous alloy during hydrogenation between 100 and
300°C: at 100°C – despite the slight crystallization shown by XRD result,
the resistance has amorphous character, which means, that the valence
electron band is not changed practically. Hydrogen-treatment at 200°C
results only a slight change in electric resistance, notwithstanding the
high rate of crystallization (85%). It proves the high ratio of grain
boundaries and a non-continuous crystalline phase. After treatment at
300°C the hydrogen-treated and only heat-treated samples contains
nearly the same amount of crystalline phase; however, the decrease of
resistance of the hydrogenated sample is 3,5 times higher, than that of
heat treated one, which proves that hydrogen absorption induced a
much stronger connected crystalline structure. [s8]

- 19 -

List of related publications
[s1]

B. Vehovszky, S. Balla: The Effect of Hydrogen Charging and
Discharging in Zr(Ni,Pd,Pt,Cu) Glasses, Materials Engineering Vol.
15/2a, pp. 1-6, ISSN 1335-0803, Žilina, 2008.

[s2]

S. Balla, B. Vehovszky, A. Bárdos, M. Koval’aková: The study of Habsorption-desorption Process in Ni67-XMXZr33 Glassy Alloys Monitored
by in-situ Resistance Measurements, Journal of Physics: Conference
Series vol.144, 012012 (doi: 10.1088/1742-6596/144/1/012012), ISSN
1742-6596, 2009.

[s3]

B. Vehovszky, S. Balla: Resistometric and Volumetric Monitoring of
Hydrogen-Absorption-Desorption Processes in Ni-Zr Based Metallic
Glasses, Journal of Machine Manufacturing Vol. XLIX. Issue E3-E5, pp.
35-38, HU ISSN 0016-8580, Budapest, 2009.

[s4]

J. Kovac, B. Vehovszky, L. Novak, A. Lovas: Viscous Phenomena in
Magnetic and Thermal Properties of Fe-Ni Based Glasses Induced by
Cryo-treatments, IEEE Transaction on Magnetics Vol. 46, Issue 2. pp.
353-356, ISSN 0018-9464, 2010 (Impact Factor 1.052).

[s5]

B. Vehovszky, S. Balla: Effect of Surface and Bulk Properties on
Hydrogen Absorption and Desorption in NiZr Metallic Glasses,
International Journal of Applied Mechanics and Engineering, Vol. 15,
pp. 463-468. ISSN 1425-1655, 2010.

[s6]

B. Vehovszky: Preparation and Basic Examination of Mg-based
Hydrogen Absorbing Alloys, Perner’s Contacts, Volume VI, Special
Issue 2, pp. 203-220, ISSN 1801-674X, 2011.

[s7]

B. Vehovszky, P. Kamasa, J. Kovác, Zs. Fogarassy: Complex Study of Hinduced Structural Rearrangements in FeZr Glasses, Materials Science
Forum Special Issue, ISSN 0255-5476, Várható megjelenés: 2012.
október.

[s8]

B. Vehovszky, Á. Cziráki: Investigation of Surface and Bulk Processes in
Mg-based Alloys during Hydrogen Absorption, Materials Engineering,
ISSN 1338-6174, Várható megjelenés: 2012. szeptember.

- 20 -

References
[1] József

Garaguly: Hidrogén abszorpció-deszorpció vizsgálata amorf
ötvözetekben, in-situ ellenállásmérésekkel, PhD thesis, BME JJT, MTA SzFKI,
Budapest, 1998.

[2]

R. Wiswall: Hydrogen storage in metals, Hydrogen in Metals II: Application
oriented properties, Topics in Applied Physics, Vol. 29, Springer Verlag, ISBN13 978-3540088837, 1978.

[3]

P. Dantzer: Metal-hydride technology: a critical review, Hydrogen in Metals
III: Properties and Applications, Topics in Applied Physics Vol 73. Springer
Verlag, ISSN 0303-4216, 1996.

[4]

http://en.wikipedia.org/wiki/Rechargeable_battery
(downloaded: 17.02.2011)

[5] I.P.Jain, Chhagan Lal, Ankur Jain: Hydrogen storage in Mg: A most promising

material, International Journal of Hydrogen Energy Vol. 35. pp. 5133-5144,
ISSN 0360-3199, 2010.
[6] http://hydrogencomponents.com/hydride.html

(downloaded: 26.12.2011)
[7] http://www.hbank.com.tw/fc/3300.html

(downloaded: 26.12.2011)
[8] http://www.storhy.net/finalevent/docs/C/Pressure-

P11%20700%20bar%20H2%20Storage%20System%20as%20Removable%20R
ack.pdf
(downloaded: 26.12.2011)
[9] http://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/32405b27.pdf

(downloaded: 26.12.2011)
[10] http://www.vezess.hu/evautoja/hidrogenauto_hyundaitol/33985/

(downloaded: 26.12.2011)
[11] Csaba Gulyás: Vas-Nikkel alapú fémüvegek mint a közlekedésbiztonságot

javító síkosságmentesítő fűtés anyagai, PhD thesis, BME JJT, Budapest, 2004.
[12] Lovas Antal: Az ötvözés és az előállítási körülmények szerepe a vas-bór alapú

fémüvegek tulajdonságainak alakításában, Candidate thesis, KFKI, 1990.
[13] J.H. Harris, W.A. Curtin, M.A. Tenhover: Universal features of hydrogen

absorption in amorphous transition-metal alloys, Phys. Rev. B, 36, pp. 57845797, 1987.

- 21 -

[14] Krisztián Bán: A szerkezeti relaxáció és hidrogénabszorpció új jelenségei és

hatásaik Fe-alapú amorf ötvözetek mágneses tulajdonságaira, PhD thesis,
BME JJT, Budapest, 2007.
[15] David Turnbull, Morrel H. Cohen: Free-Volume Model of the Amorphous

Phase: Glass Transition, Journal of Chemical Physics, Vol. 34, p. 120, ISSN
1089-7690, 1961.
[16] J.D. Fast: Interaction of Metals and Gases, Vol. 1. Thermodynamics and Phase

Relations, Philips Technical Library, ISBN 13: 9780389046042, 1965.
[17] A. Szabó, A. Lovas: Some Basic Observation and Considerations for the

Thermopower Measurements Used as Non-destructive Material Testing,
Journal of Machine Manufacturing, Volume XLIX, E3-E5, pp. 31-34, HU ISSN
0016-8580, 2009.
[18] Sumiaki Nakano, Shin-ichi Yamaura, Sakae Uchinashi, Hisamichi Kimura,

Akihisa Inoue: Effect of hydrogen on the electrical resistance of melt-spun
Mg90Pd10 amorphous alloy, Sensors and Actuators Vol. B 104, pp. 75-79,
2005.

- 22 -

