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A Screening Method for Hydrogen Storage Alloys
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Abstract

A screening method is described that can be used for rapid evaluation of metallic systems for their
hydrogen storage potentials. The method makes use of a single sample of compacted elemental powders
that are sintered to yield nearly all phases and compounds of the respective phase diagram. The sample
is then evaluated in a Sievert’s type apparatus by charging with hydrogen of initially known pressure and
recording the pressure change as a function of temperature. Deviation from linearity in the pressure-
temperature relationship is a sign of hydrogen sorption in that particular system. As to which phase (or
phases) absorbs hydrogen is determined with the detailed comparison of X-ray analysis of the sample before
and after hydrogenation. The method is applied to Mg-Al binary with success. In Mg-Ni-Al ternary, the
method is partially successful due to the limited number of phases that could be formed. This could be
remedied either by mechanical milling of powders before compaction or, preferably, by splitting the ternary
system into regions of similar solidus temperatures.
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Introduction

A large number of studies (e.g., Zaluska et al., 1999;
Bobet et al., 2001; Güvendiren et al., 2004) were car-
ried out, especially in the last decade, and hydrogen
storage characteristics of various metallic composi-
tions were characterized. Typically such studies re-
quire a lengthy preparation of a specific composition,
its processing, and a characterization procedure to
establish its sorption properties. Not all studies are,
however, successful for end purposes. Thus, before
efforts are concentrated on a particular composition,
a rapid method to establish hydrogen storage poten-
tial of various phases and compounds in a binary or
multi-component system would be beneficial.

The search for rapid methods for the discov-
ery of new materials is not new. The first ap-
plication of such methods dates back to the 1950s
and refers to the field of phase diagram determina-
tion itself. Thus, in order to construct phase dia-
grams, Boettcher et al. (1955) deposited thin films

with composition gradients and used electron diffrac-
tion to identify the phases. Hanak, in the early
1970s, took this approach one step forward and, fol-
lowing co-sputtering to obtain compositional varia-
tion, screened various properties, e.g., superconduc-
tivity, from the thin film compositions. He proposed
that this multiple-sample concept was far more ef-
ficient than studying the one-composition-at-a-time
approach. The application of this concept was not
necessarily limited to thin film work. Just as the
phase diagrams may be constructed from diffusion
couples or diffusion-multiples (e.g. Jin, 1981), they
could also be used for screening purposes. Thus Zhao
(2001) used bulk samples made up of phases formed
through inter-diffusion of several materials in inti-
mate contact with one another and mapped them
using localized micro-scale property measurements.

First applications of the rapid search for hydro-
gen storage alloys were reported in the 9th Inter-
national Symposium on Metal-Hydrogen Systems in
2004. There were 2 methods reported, one by the
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present authors based on powder metallurgical pro-
cesses (Akyıldız et al., 2004) and the other by Zhao
et al. (2004). The latter, as above, made use of
diffusion multiples from bulk constituents and used
time-of-flight secondary ion mass spectroscopy as the
screening method. Recently a thin film method was
developed by Dam et al. (2007). The method makes
use of an optical screening technique and can be
used for binary or ternary systems provided that the
phases involved change their optical state upon hy-
driding.

The current paper follows an earlier report
(Akyıldız et al., 2004) and gives a detailed account of
the screening method, together with its applications
to alloy systems Mg-Al and Mg-Ni-Al. The method
makes use of metallic powders as diffusion–multiples
and uses commonly available X-ray diffraction tech-
niques as the screening tool.

Materials and Methods

A schematic representation of the steps involved
in the screening method is shown in Figure
1. The method involves mixing and hot com-
paction/sintering of elemental powders. As such, the
method relies on the internal reaction of elemental
powders to yield all phases and compounds in a sin-
gle sample. In mixing, elemental powders, preferably
similar particle size, are blended in equal volumetric
proportions. This is for the purpose of maximizing
particle-particle contact among different elemental
powders. Hot compaction and sintering are carried
out in the solid state at the highest possible tem-
perature. Liquefaction is avoided as it would lead to
the formation of single or fewer phases in the system.
This treatment leads to the formation of a series of
phases across the respective phase diagram (Zhang
et al., 2001).

Mixing

Hot compaction/
sintering

X-Ray characterization

Sorption

Milling

Phases formed via
internal reaction

Figure 1. A schematic representation of the steps involved in the screening method.
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The sample is then milled and subjected to hy-
drogenation experiments in a Sievert’s type appara-
tus. The experiment simply involves heating and
cooling of samples with a slow rate under a cer-
tain hydrogen pressure. Absorption or desorption is
noted by monitoring the pressure change as a func-
tion of temperature. The samples are then examined
in hydrided and dehydrided conditions with X-ray
diffraction so as to identify the phase(s) involved in
sorption.

The method was applied to Mg-Al binary and
Mg-Ni-Al ternary systems. Powder samples were
mixed with equal volumetric proportions with the
addition of 1 wt% TiH2. Particle sizes of the powders
were approximately 40 µm for Mg and Ni, and 30 µm
for Al. The powder mixtures were then hot pressed
at 400 ◦C for 3 h. Following this solid-state sintering,
the samples were ground by hand into coarse pow-
ders, and then attritor-milled with 5 wt% graphite
addition. Milling was carried out with a ball-to-
powder ratio of 10 in a glow box under argon atmo-
sphere. The samples for hydrogenation experiments
were typically 0.5 g. The hydrogenation experiments
were carried out at a pressure (room temperature) of
1 MPa. The samples were heated up to 400 ◦C in
increments of 5 ◦C/min. The samples were cycled
(hydrided and dehydrided) once and cooled to room
temperature before measurement. Thus the data re-
ported in this work refer to the second cycle.

Results and Discussion

Mg-Al Binary System: Sintering of Mg-Al pow-
ders was successful in that all phases relevant to Mg-
Al system were obtained in a single sample. Figure 2
shows the microstructure of the sintered sample. As
verified with EDAX analysis, the sample contains
Mg2Al3 and Mg17Al12 intermetallics together with
Mg and Al phases. As checked with X-ray diffrac-
tion, the amount of Mg2Al3 is much less than that
of Mg17Al12.

The pressure-temperature diagram of the sin-
tered and milled Mg-Al powders is given in Figure
3. With no reaction, the pressure is expected to
change linearly with temperature. This is the case
up to about 250 ◦C. Above this temperature, the
rise in pressure is less than expected, implying that
the powder absorbed hydrogen. In fact, at higher
temperatures, the rise in pressure is more than com-
pensated for by the absorption. Thus, there is a net
drop in pressure. The drop in pressure starts around

300 ◦C, and continues up to 340 ◦C. Above approx-
imately 375 ◦C, the trend is reversed. The pressure
beyond this temperature rises more quickly than ex-
pected. Thus, the hydrogen that was absorbed at a
lower temperature is now desorbed. The experiment
was terminated at 400 ◦C. It appears, judged from
the initial slope, that desorption at 400 ◦C is only
partially complete.

Figure 2. Microstructure (back scattered image) of Mg-
Al elemental powders sintered at 400 ◦C.
Mg and Al phases are evident in the struc-
ture together with intermetallics Mg17Al12 and
Mg2Al3 formed as a result of internal reaction.

Figure 3. Variation of hydrogen pressure with temper-
ature in a constant volume experiment for a
multi-phase sample based on Mg-Al binary.
Pressure drop close to 275 ◦C is due to hy-
drogen absorption, see text for details.
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To identify the phases involved in the reaction,
2 samples (hydrided and dehydrided) were prepared.
For the former, the sample was heated up to 400 ◦C
and cooled slowly to room temperature under hydro-
gen. For the latter, the sample was subjected to the
same treatment with the exception that, upon reach-
ing 400 ◦C, the hydrogen was discharged and the sys-
tem was taken under vacuum and kept so while the
chamber was cooled to room temperature.

The X-ray diffractograms of the hydrided and de-
hydrided samples are given in Figure 4. In the hy-
drided sample, MgH2 is the dominant phase. Thus
hydrogen is absorbed in the sample in the form of
MgH2. Additional phases present in this sample
are Mg17Al12, Mg2Al3, Al, and Mg. In the dehy-
drided sample, there is no hydride phase. The sam-
ple is dominated by Mg17Al12, whose intensity is
now much stronger. The amount of Mg2Al3 is re-
duced drastically. Al, if present, occurs only in a
trace amount.

The observations made in this study are consis-
tent with those reported by Bouricha et al. (2000),
and imply that, upon hydriding, Mg17Al12 absorbs
hydrogen by a disproportionation reaction. As a re-
sult, Mg17Al12 is split into MgH2, Mg2Al3, and Al.
The reaction appears to be reversible in the sense
that, upon dehydriding, the phases combine, form-
ing the parent Mg17Al12 phase.

Thus, of the variety of phases present in the sam-
ple, it is only the Mg17Al12 phase that has a po-
tential as a hydrogen storage material. This is, of
course, true for the current experimental conditions,

i.e. no special activation treatment, pressure level
up to 1 MPa, temperatures up to 400 ◦C. With
the application of higher pressure or temperature,
the other phases may also absorb hydrogen. For
the current experimental condition, Mg does not ap-
pear to be active; the amount that is present in the
milled sample appears to be unaffected both in the
hydrided and dehydrided sample. The same is true
for Mg2Al3, which is known (Mintz et al., 1980) to
absorb hydrogen via a disproportionation reaction
similar to Mg17Al12 but with much slower kinetics
and under higher hydrogen pressures (Bouricha et
al., 2000) (see below).

Mg-Ni-Al Ternary System: The microstruc-
ture of sintered Mg-Ni-Al compact is given in Figure
5. Sintering was not altogether successful in that Ni
particles remain unreacted in the structure. In ad-
dition to Ni, the other phases present are Mg2Al3,
Mg17Al12, and Mg, i.e. the same phases as in Mg-
Al. A distinct Al phase could not be observed in
the structure, indicating that it had been consumed
totally in the internal reaction.

The pressure-temperature diagram of the milled
Mg-Ni-Al is given in Figure 6. The diagram indi-
cates a pressure drop, i.e. absorption at temperature
around 225 ◦C. From the reduced level, the pressure
increases linearly up to 350 ◦C. At this temperature,
the pressure starts rising with a faster rate, indicat-
ing desorption. Beyond 375 ◦C, the slope is nearly
the same as the initial one before absorption. Thus
hydride formed remains stable over a temperature
interval of 150 ◦C.

Absorbed

Desorbed

Figure 4. X-ray diffractogram (CoKα) of hydrided (above) and dehydrided (below) multi-phase sample based on Mg-Al.
Note that, in the hydrided sample, MgH2 is formed together with Al and Mg2Al3.
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Figure 5. Microstructure of Mg-Ni-Al elemental powders
sintered at 400 ◦C. Ni particles remain largely
unreacted, Mg phase is Al rich. Intermetallics
Mg17Al12 and Mg2Al3 are the main products
of internal reaction.

To identify the phases involved in the reaction, 2
samples are prepared as before. The X-ray diffrac-
tograms of the hydrided and dehydrided samples

are given in Figure 7. In the dehydrided sample,
the phases largely confirm what was reported above.
The diffractogram is dominated by Ni peaks, and
the other phases present are Mg17Al12 and a small
amount of Mg2Al3. The phases included Mg, which
could barely be identified, and an additional weak
phase identified as Al3Ni.

Figure 6. Variation of hydrogen pressure with tem-
perature in a constant volume experiment
for a multi-phase sample based on Mg-Ni-Al
ternary. Note pressure drop at temperatures
close to 225 ◦C.

Absorbed

Desorbed

Figure 7. X-ray diffractogram (CoKα) of hydrided (above) and dehydrided (below) multi-phase sample based on Mg-Ni-
Al. Note that, in the hydrided sample, MgH2 is formed together with Al.
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In the hydrided sample, the diffractogram is sim-
ilar to that of Mg-Al except for the presence of Ni
peaks. Here again, the main phases formed are
MgH2 and Al. The amount of Mg17Al12 is reduced
drastically, implying that it is the absorbing phase.
Interestingly Mg2Al3, which was a product of the
disproportionation reaction in Mg-Al, does not seem
to be present in the current sample in comparable
amounts. It is probable that (with the presence of
Ni) Mg2Al3 also absorbed hydrogen, and, as a result,
disproportioned into MgH2 and Al. This implies a
2-step reaction. In the pressure-temperature curve,
however, there is no clear sign of such a 2-step reac-
tion. To be conclusive on this point, a repeat experi-
ment would be required with improved sensitivity in
pressure measurement and preferably with a much
slower heating rate.

In this study, it appears that the mixing and sin-
tering of elemental powders to form all phases in a
single sample works well for Mg-Al. Obviously, the
method can be used for other, similar, binary sys-
tems. Mg-Al system has the characteristics that the
melting or solidus temperature of all phases and com-
pounds are similar. The method, on the other hand,
did not work well for Mg-Ni-Al. The phases formed
in this system consisted of Mg17Al12, Mg2Al3, and
Al3Ni. Other binary intermetallics Mg2Ni, MgNi2,
AlNi, AlNi3, and Al3Ni2 did not form during sinter-
ing, nor did the ternaries such as Mg3AlNi2 (Guan-
glie et al., 2001).

To improve the current method, a milling stage
could be introduced before compaction so that, in a
subsequent sintering, more phases could be obtained
(Zhang et al., 2001). This would be particularly rel-
evant for Mg-Ni-Al, or other similar binary or multi-
component systems, i.e. the systems that involve
phases or compounds of widely different melting or
solidus temperature. In fact, milling of elemental
powders to synthesize intermetallics is a well estab-
lished method (e.g., Liang et al., 1998; Gasiorowski
et al., 2004) and can be applied to binary as well
as multi-component systems. Although the intro-
duction of milling would help to improve the reac-
tivity of the powders and be useful in that respect,
it would, at the same time, result in the structural
refinement of the powder mixture. Too much re-
duction would be detrimental, as it would eliminate
the compositional variation in the sample and would
have the same effect as the liquefaction, i.e. forma-
tion of fewer (or a single) phases.

Another approach would be to split the systems

into parts so that the differences in the melting
points of phases would be much less. Splitting is
quite straightforward in the case of binary systems.
Al-Ni binary system, for instance, can be split into
2 parts; Al-Al3Ni2 and Al3Ni2-Ni. The former may
be sintered at 600 ◦C, whereas in the latter the use
of much higher sintering temperature, e.g., 1000 ◦C,
would be possible. For the current elemental mixture
of Mg-Ni-Al, as judged from the relevant binaries,
the whole field may be examined in terms of 3 trian-
gular divisions. These divisions are Al-Mg-MgNi2,
Al-MgNi2-Al3Ni2, and Al3Ni2-MgNi2-Ni. The sin-
tering temperature for the first and second could be
450 ◦C and 600 ◦C, respectively, and for the third it
could be as high as 1000 ◦C.

Conclusion

In this study, a method was described for rapid eval-
uation of metallic systems for their hydrogen stor-
age potentials. The method comprises the following
steps:

i) The production of a sample by sintering of
compacted elemental powders that would yield
the complete range of phases in the relevant
phase diagram.

ii) The hydrogenation of the sample by charging
it in a Sievert’s type apparatus with hydrogen
of initially known pressure and recording the
pressure as a function of temperature.

When the pressure-temperature relationship is
linear, the system may be abandoned without any
further effort. If it is non-linear, the evaluation will
proceed further, since it implies that a phase (or
phases) exists in the sample that reacts with hydro-
gen. Then, the final step would be:

iii) Identification of hydrogen sorbing phase(s) by
measuring X-ray diffractogram of the sample
before and after hydrogenation and making a
detailed comparison between the two.

The method was applied to Mg-Al binary with
success; all phases and compounds in the Mg-Al
phase diagram could be formed in a single sample
and, of these phases, Mg17Al12 could be singled out
as a candidate for hydrogen storage material. In Mg-
Ni-Al ternary, the method was less successful due to
the limited number of phases formed. This could
be remedied either by mechanical milling of powders
before compaction or, preferably, by splitting the
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ternary system into regions of similar solidus tem-
perature.
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