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a b s t r a c t

Dynamic elastic modulus and internal friction of cold consolidated mixtures of Al and LiAlH4 powders
have been measured. All reactions and decompositions occurring in LiAlH4 during a thermal run have
been detected as dynamic elastic modulus anomalies and internal friction peaks, proving the effec-
tiveness of mechanical spectroscopy for the study of alanate. These informations are complementary to
calorimetric and thermogravimetric data.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Hydrogen is considered to be the fuel of the future. Its com-
bustion with Oxygen is pollution free and the energy density is the
highest among the elements: only 8,82 Kg of H2must be oxidized to
yield a GJ of energy [1]. Yet the lack of an effective method for
storing Hydrogen is restraining its employ for applications such as
the automotive [2,3]. A widespread ongoing research is therefore
devoted to find a way to store Hydrogen in solid state hydride
materials. The successful material should have nearly ambient
operating temperature, high reversibility storage capacity, fast ki-
netics, acceptable safety [4].

An interesting class of compounds are group I and II salts of
[AlH4]-, [NH2]-, and [BH4]- (alanates, amides, and borohydrides,
usually referred to as complex hydrides). They have recently
received considerable attention as potential Hydrogen storage
materials. In particular, LiAlH4 has an overall H2 mass release of
more than 10% in three steps:

3LiAlH4 / Li3AlH6 þ 2Al þ3H2 5,3% mass H2 release (1)
artment, Bologna University,

pari).
Li3AlH6 / 3LiH þ 1,5H2 þ Al 2,6% mass H2 release (2)

LiH þ Al / LiAl þ (½)H2 2,6% mass H2 release (3)

The three decompositions were observed by various research
groups at slightly different temperatures. In the present work the
first decomposition is observed at 440e450 K, the second at
480e490 K and the third at 645e670 K, in agreement with values
reported into the literature [5e8]. Step (1) is a rather complex
process where alanate melts and then decomposes. This decom-
position is exothermic with a reported enthalpy variation of�10 kJ/
mol, while reaction (2) is endothermic with an enthalpy variation
of 25 kJ/mol [6]. These two reactions are those of interest for po-
tential applications of alanate as a Hydrogen storagemedia. Step (3)
is usually not considered as its temperature is too high for practical
purposes.

Although LiAlH4 is one of the most interesting candidate hy-
drides for solid state Hydrogen storage, its high capacity is plagued
by drawbacks such as exothermic reactions, relatively slow
Hydrogen desorption rate and irreversibility of the decomposition
in practical conditions. Several routes have been attempted in order
to overcome these limitations, including doping with several ad-
ditives such as TiO, BN, Fe oxides or the use of milled alanate
nanoparticles [6,8e10]. At the same time, many efforts are being
performed in order to better understand the system evolution,
which is highly dependent on parameters such as impurities,
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heating rates, pressure, powder morphology [6,8,9,11].
Beside its use as an energy carrier, LiAlH4 is widely used as a

strong reducing agent in organic synthesis for the reduction of
esters, carboxylic acids, and amides [12,13]. It will reduce almost
any C]O containing functional group to an alcohol.

A complementary technique for the characterization of mate-
rials properties, mechanical spectroscopy investigation can be
performed together and in parallel with calorimetric measure-
ments. Mechanical spectroscopy is a tool able to effectively probe
many properties of materials, since the elastic constants and the
damping of vibrations are sensitive to measurable quantities such
as the atomic arrangement, composition or magnetic coupling. By
mechanical spectroscopy we refer to the measure of the internal
dissipation of the vibrational energy of a given specimen, usually as
a function of temperature or frequency. From the resonance fre-
quency, density and shape of the specimen, the dynamic elastic
modulus of a material is obtained, together with the damping or
internal friction. The technique is really sensitive and can usually
provide more precise data than those obtained with DSC (differ-
ential scanning calorimetry) and TGA (thermogravimetric analysis).
Some previous and closely related work on LiAlH4 and NaAlH4 was
performed indeed with this technique in recent years [14]. It
demonstrated how mechanical spectroscopy is effective to study
the Hydrogen dynamics and the onset of the decomposition
reactions.

A phase transformation in a solid is usually coupled to a
damping peak and to a sharp variation or discontinuity in the
modulus [15,16]. More specifically, a first order transformation, like
melting, is accompanied at the transition temperature by a damp-
ing peak and a jump in the dynamic elastic modulus, while a higher
order transformation such as a crystal symmetry change exhibits a
downward lambda shapedmodulus curve together with a damping
peak or upward divergence [17,18]. An order-disorder trans-
formation may display a discontinuity in both quantities [19].

Amongst first order transitions, the study of melting requires
the use of some shrewdness. The matter of measuring a specimen
which undergoes melting has been handled in several ways. One is
to cast the substance to be measured inside a hollow reed of
stainless steel closed to an end [18]. A different strategy consists in
mixing and melting two materials with different melting temper-
atures in order to obtain, after cooling, a specimenwith two phases
to be subsequently measured [20,21]. Unfortunately, none of these
procedures is appropriate for the case of alanate for two reasons.
First of all, the material releases a great amount of Hydrogen and
then, in ordinary conditions, its decompositions are irreversible.
We therefore proceed by mixing Aluminum and LiAlH4 powders,
with formation, after cold consolidation under a uniaxial pressure
of about 1 GPa, of a composite structure made by an Aluminum
matrix with interspersed alanate regions. The Aluminum matrix
behaves as a backbone which provides the required mechanical
strength which allows to measure alanate even through step (1)
decomposition, which can be preceded by melting. In these con-
ditions, experimental data contain the contribution of both mate-
rials and their decoupling is obtained from a measure of the
container or the un-melting material alone.

The Purpose of this work is to study the various LiAlH4 de-
compositions by means of mechanical spectroscopy measure-
ments. It will be shown how this technique is able to provide both
complementary and useful data with respect to those usually
achieved with calorimetric techniques. The measurement of elastic
constants and their variations in order to explain and quantify the
development of chemical-physical phenomena as a function of the
temperature, not only provides new and additional informations,
but also helps to immediately visualize the development of
chemical-physical events while providing very precise analytical
measurements of the same events. As is known, conventional
thermal techniques are particularly sensitive to minimal variations
in the choice of test parameters and often the expected events
cannot be properly documented.

2. Experimental

As received commercial Alfa Aesar LiAlH4 powders (97% purity)
are used, without any further purification, for all measurements
presented in this work. Powders and specimens are kept and
handled under a vacuum or in a dry box in order to avoid reaction
with moisture. For all mechanical tests, specimens are prepared
mixing from 40 to 60mg of LiAlH4 with 200e350mg Al (purity
>99,9% weight) and then cold consolidated under a uniaxial pres-
sure of about 1 Gpa. The compacted reeds dimensions are:
30,0� 6,0mm2 surface area and 0,7 to 1,0mm thickness. Due to the
lower density of alanate with respect to that of Aluminum (roughly
one third), the starting volumes of themixed compounds are nearly
the same. Specimens are not fully densified and, as a result, the
dynamic elastic modulus of the specimens is rather low with
respect to that of pure polycrystalline Aluminum specimens ob-
tained from the melt, whose values range from 65 to 70GPa.
Typical values measured in the present work are in the range be-
tween 8 and 12 GPa with a relative uncertainty of 15%, with dif-
ferences between specimens due to the different ratio between
Aluminum and alanate and the applied pressure. These values are
close to those reported for LiAlH4 modulus, which is of the order of
12 GPa [22]. Much lower values of the Young's modulus with
respect to those of solid materials obtained from the melt are,
moreover, commonly reported for cold consolidated powders,
especially for the case of mixtures without strong chemical bonds
between different phases [23,24].

Mechanical measurements are performed in a vacuum by
means of the mechanical analyzer VRA 1604 [25,26] or in Argon/
dry air by means of DMA (Dynamic Mechanical Analyzers) Q800 by
TA Instruments [27]. The internal friction (usually referred to as IF
or Q�1) is defined as Q�1 ¼ (DW/2pW) where W is the elastic en-
ergy stored in a specimen and DW is its decrease during an oscil-
lation. It can be obtained in a resonant experiment, as is the case for
VRA, from the envelope of the decreasing oscillation amplitude of
the specimen when excitation is turned off. Its value is given by (d/
pi, where d¼ ln (An/Anþ1) is the logarithmic decrement of the
oscillation amplitude, An, between the n-th and (nþ1)-th oscilla-
tion. In subresonant experiments (DMA), internal friction is ob-
tained from the lag between the imposed stress s ¼ s0 eiut and the
resulting strain ε¼ ε0 ei(ut�f). When the damping is much smaller
than one, Q�1¼ tanfyf and the values computed by the two
methods are equal [14,28].

In the VRA apparatus, specimens are mounted in free-clamped
mode and excited by flexural vibrations. Specimens are kept into
resonance while temperature is changing at the selected rate. The
resonance frequency of all specimens is in the 300e1500 Hz range;
the strain amplitude is about 10�5. Samples are heated from room
temperature up to a maximum temperature of 750 K at 2 K/min
rate.

In the DMA apparatus, specimens are mounted in single canti-
lever bending and excited in forced vibration mode at 10 Hz fre-
quency. The applied strain amplitude is higher with respect to that
used for VRA, mainly because of the need to obtain a better signal to
background ratio, taking care of air damping. Values of about
2$10�4 are used in most cases. Despite the Aluminum internal
friction strain dependence, the alanate contribution to the signal
remains unchanged both at the high and the low strain values.
Specimens are heated from room temperature up to 600 K at a
constant rate of 2 or 3 K/min, Fig. 1a and b shows two specimens as



Fig. 1. Images of cold consolidated specimens made starting from Al þ LiAlH4 powders.
In (a) specimen is vertically mounted in free cantilever mode inside the VRA apparatus,
while in (b) it is orizontally mounted in single cantilever mode inside the DMA
apparatus. Both pictures were taken at the end of a thermal run up to 700 K. Clearly
visible on the surface of the latter specimen are the signs of fusion and Hydrogen
release.
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they appear at the end of a thermal run in the VRA and DMA
mounting, respectively.

DSC (differential scanning calorimetry) and TGA (thermogravi-
metric analysis) reference tests on Al and LiAlH4 are performed
with both an SDT Q600 and a Q10 instrument by TA Instruments in
flowing Argon atmosphere [29]. Sample mass is typically 5e6mg
and heating rate from 2 to 5 K/min.

Alanate and compacted Al þ LiAlH4 powders morphology are
examined by scanning electronic microscopy (SEM) with a ZAISS
EVO 50 apparatus operating at 20 kV equippedwith an EDS (energy
dispersive spectrometer) INCAX-ACT fromOXFORD INSTRUMENTS.
3. Results and discussion

3.1. Morphology and microstructure of LiAlH4 and Al þ LiAlH4

mixtures

Fig. 2 shows an electron microscope image of the as received
Fig. 2. SEM observation of as-received LiAlH4 powders.
powders. Grains of a few micrometers are visible, with the same
morphology usually observed for commercial powders, resulting
from the monoclinic crystal lattice of LiAlH4 [8,30]. Fig. 3 shows a
two phases specimen as obtained after mixing alanate powders
with Aluminum powders and successive cold consolidation. An
Aluminum matrix (brighter areas) is observed with interspersed
darker regions of alanate.

After thermally treating the alanate powders and the com-
pressed specimens up to 580 K, a rather different morphology is
obtained. The high exothermicity of the lowest temperature
decomposition reaction has significantly modified the morphology
of LiAlH4 powders, as can be seen in Fig. 4, making them referable
to softening and melting phenomena. The images of the morpho-
logically modified powders highlight spherical formations and a
much finer dimension than the starting ones with the ability to
weld, as if a fast melting phenomenon was produced. Signs of
fusion are also present in the compressed mixtures, as can be seen
in Fig. 1b, relative of a specimenmeasured with DMA in dry air. At a
microscopic level, thermally treated cold consolidated specimens
exhibits a diffuse presence of cracks or pore-like features which
ought to be due to Hydrogen outflow from the specimen inside, see
Fig. 5.

3.2. Mechanical tests and calorimetry

The LiAlH4 decomposition with Hydrogen release of steps (1) to
(3) has been extensively studied in recent years by means of DSC
and TGA apparatuses. Step (1), occurring at the lowest temperature,
is both themost interesting and complex. In a typical heating test at
5e10 K/min heating rate, an endothermic peak is commonly
observed and attributed to melting of LiAlH4. It is immediately
followed, 5e15� higher in temperature, by an exothermic peak, due
to its decomposition. A corresponding TGA measure shows in this
temperature range a weight decrease due to Hydrogen desorption.
In some cases, immediately before melting, an exothermic peak,
attributed to the interaction of LiAlH4 with surface hydroxyl im-
purities, is detected [8,10]. However, step (1) can occur differently at
lower heating rates or in the presence of doping additions, of im-
purities or as a consequence of milling [8,11,30,32,33]. Hence, it is
reasonable to assume that the decomposition can followalternative
routes, including ones that do not require the melting of LiAlH4.
Fig. 3. Metallographic section, prepared by abrasion with emery papers with
decreasing grain size and polishing by cloths with ceramic abrasive of the Al þ LiAlH4

composite after pressing at 1 Gpa. The brighter regions are Aluminum, the darker
alanate.



Fig. 4. SEM observation of LiAlH4 powders after a thermal heating up to 580 K.

Fig. 5. SEM observation of the surface of a cold consolidated Al þ LiAlH4 specimen,
which exhibits a diffuse presence of cracks or pore-like features, due to Hydrogen
outflow during stages (1) and (2). The specimen is heated in dry air inside the DMA
apparatus at a heating rate of 3 K/min from room temperature up to 580 K. SEM
observation is performed after cooling the specimen in dry air.

Fig. 6. DSC (H) and TGA (M) signals of a 6 mg specimen taken from a cold consolidated
Al þ LiAlH4 mixture. Heating rate 3 k/min. Aluminum pan.

Fig. 7. Cold consolidated Al þ LiAlH4 powders specimen measured with the VRA
apparatus in a vacuum at a heating rate of 1,5 k/min. The reported signals are: dynamic
elastic modulus (M/M0, blue dots) normalized to its starting value at room tempera-
ture; internal friction (IF, red dots); pressure (P, black dots). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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Reference DSC measures performed on the as-received alanate
powders used for this work, show the usual decomposition process
while in cold consolidated Al þ LiAlH4 mixtures, the endothermic
peak immediately before LiAlH4 decomposition is missing, see
Fig. 6. The peak (here a shoulder at the left of the decomposition
peak) usually assigned to the interaction of LiAlH4 with surface
hydroxyl impurities is also detected, together with the endo-
thermic peak of step (2). The occurrence of Hydrogen release is
confirmed by specimen mass decrease. DSC tests are performed in
this work at rates of 2 or 3 K/min for comparison with mechanical
tests, where higher rates are not commonly used in order to keep
specimens at uniform temperature.

X ray diffraction (XRD) studies reported into literature of alanate
specimens from room temperature up to 600 K, clearly show the
disappearing of the LiAlH4 phase followed by the appearing of the
Li3AlH6 phase, which in turn disappears at higher temperatures to
leave place to LiH [5,31,33]. A similar behavior is observed in other
alanates [33,34]. As mentioned before, this standard trans-
formation sequence can be deeply modified by changing powders
morphology (e.g. by milling) or by dopant addition [6e10].
Figs. 7 and 8 show the corresponding mechanical behavior of an

Al þ LiAlH4 specimen prepared by cold consolidation as described
in the experimental section. Fig. 7 refers to a specimen measured
under a vacuum in the VRA apparatus while Fig. 8 refers to a
specimen measured in the DMA apparatus in dry air. Even if VRA
reveals to be more sensitive, step (1) decomposition is clearly
observed with both apparatuses. The following features are always
present in a VRA measure:

1) a small damping peak with a corresponding modulus defect at
about 380 K;

2) a damping maximum with a corresponding modulus steep
decrease at about 430 K;

3) a damping upward spike with a corresponding downward
modulus spike at about 445 K;

4) a second small damping peak with a corresponding modulus
defect at about 480 K.

Twelve specimens with slightly different Al to LiAlH4 ratios are
measured with both apparatuses (six with VRA and six with DMA).
The same features, with temperature differences in a range not
greater than 10 K betweenmeasures, are found for all specimens. In
the case of VRA measures, pressure values inside the vacuum
chamber are also collected. A pressure peak is detected,



Fig. 8. Dynamic elastic modulus (M, black dots) and internal friction (IF, red dots) of a
cold consolidated Al þ LiAlH4 powders specimen measured with the DMA apparatus in
dry air. The dynamic modulus at room temperature is 8,1 GPa. Internal friction values
are higher than those reported into Fig. 7 mainly because of a higher strain and air
contribution. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 10. Second run data of a cold consolidated Al þ LiAlH4 powders specimen
measured with the VRA apparatus in a vacuum at a heating rate of 1,5 K/min after a
first heating in a vacuum at 1,5 K/min from room temperature up to 750 K. The re-
ported signals are: dynamic elastic modulus (M/M0, black dots) normalized to its
starting value at room temperature; internal friction (IF, red dots); pressure (P, blue
dots). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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corresponding to each decomposition. The reported peaks are the
fingerprints of Hydrogen desorption from LiAlH4 and provide a
valuable information about Hydrogen release. Peak height is pro-
portional to the amount and rate of Hydrogen release.

Figs. 9 and 10 shows, for comparison, themechanical behavior of
pure cold consolidated Aluminum powders and that of a second
thermal run up to about 750 K on an Al þ LiAlH4 mixture, respec-
tively. The damping of pure Aluminum is well known from the
literature and is characterized by an increasing background
attributed to the bowing of dislocations and by a Debye peak
generally attributed to grain boundary relaxation [15 ch. 15, 28 ch.
2, 35,36,37]. The dynamic modulus, normalized at its value at the
beginning of each reported run, monotonously decreases as a
function of temperature, as usually observed in solids. The decrease
is steeper at the peak position (modulus defect). A similar behavior
is measured on Al þ LiAlH4 mixtures after a first thermal run up to
750 K. This heat treatment induces a complete decomposition of
alanate so that the specimen becomes a mixture of Aluminum and
Lithium. Now, the damping grain boundary peak is broadened and
shifted at higher temperatures. The dynamic modulus decreases
with respect to that at the beginning of the first run, probably due
to the pores and cracks produced by Hydrogen outflow, since
Aluminum powders alone exhibits the expected increase. Both
grain boundary peak and background are frequency dependent, as
Fig. 9. Dynamic elastic modulus (M/M0, black dots) and internal friction (IF, red dots)
reference data of a cold consolidated Al powders specimen measured with the VRA
apparatus in a vacuum at a heating rate of 1,5 K/min. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of this
article.)
observed in our measures and as reported into literature for ther-
mally activated processes [15,28,38]. Specifically, the grain
boundary peak in pure Aluminum has an activation energy of about
1,3e1,5 eV (125e145 kJ/mol), depending on Aluminum purity and
specimen microstructure. At the opposite, features 2) to 4) do not
depend on temperature, as can be evinced from the absence of any
temperature shift for these features in DMAmeasures performed at
10 Hz and VRA measures performed at resonance frequencies up to
1500 Hz. Therefore, the data shown into Figs. 9 and 10 prove how
features 2) to 4) are not due to Aluminum but reflect the LiAlH4
thermal behavior.

Feature 1) is due to the relaxation of defects introduced by the
cold consolidation process in Al cold consolidated powders. It is
typical of Aluminum specimens and disappears after a heat treat-
ment at or above 700 K [38].

After a first run up to 580 K, one of the specimens is thermally
heated up to about 750 K in the VRA apparatus. Fig.11 reports about
this test. The LiH decomposition is revealed by both a pressure
Fig. 11. Cold consolidated Al þ LiAlH4 powders specimen measured with the VRA
apparatus in a vacuum at a heating rate of 1,5 K/min after a first heating in a vacuum at
1,5 K/min from room temperature up to 580 K. The reported signals are: dynamic
elastic modulus (M/M0, black dots) normalized to its starting value at room temper-
ature; internal friction (IF, red dots); pressure (P, blue dots). Second run after a first
heating up to 580 K. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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peak, a modulus softening and a damping increase at 647 K.
3.3. Damping and modulus behavior

A phase transition can usually be described by the use of one
(and sometimes more than one) internal variable. In the case of a
first order transition the internal variable undergoes a discontin-
uous change, while in a higher order transformation it remains
continuous, even if its rate of change diverges. As far as internal
variables, such as an order parameter, are coupled to the elastic
constants of a material, large effects on modulus and damping are
expected at the transition [14,39,40]. If the first order phase tran-
sition is a melting, elastic modulus exhibits a downward jump at
the transition temperature, due to bonding breaking between
atoms or molecules. This has been observed for metals such as Tin,
Bismuth, Antimony, Lead, Indium and several eutectic alloys
[18,41].

Alanate decomposition, step (1), exhibits some similarity with a
so called “lambda point”, typical of second order phase transitions,
i.e. a cuspid singularity, upward directed for internal friction and
downward directed for dynamic elastic modulus. According to
phase-transition theories however, such singularities should be
due to a bi-linear coupling between the stress field and the order
parameter and should refer to reversible transitions. This is
certainly not the case of the present transformation, which is
manifestly irreversible, as shown by Figs. 7 and 10. So, the origin of
the pseudo-lambda shape of the transformation (a softening, fol-
lowed by a steep hardening of the structure, in a small temperature
interval) is to be ascribed to the decomposition process, not
involving a true phase transition. It is reasonable to relate such
process to the breaking of the Hydrogen tetrahedrons about the
Aluminum atoms (softening), and to the simultaneous formation of
the new Li3AlH6 phase (hardening), which should result in the
spherical aggregates morphology of the residual Alanate powders,
as shown by Fig. 4. The nucleation and growth of a new phase is an
example indeed of a process giving rise to internal friction effects.

As regard the specific mechanism causing the sudden damping
increase, the presence of free Hydrogen must be taken into
consideration. A number of different Hydrogen relaxation effects
due to the motion of Hydrogen atoms in solids is known, from
Snoek to Zener type relaxation to other coupled processes where
Hydrogen atoms interact with dislocations or grain boundaries
[28]. The sudden Hydrogen presence in the specimens due to the
various decompositions could add a transient new term to the
damping.

Cracks and pores generation due to Hydrogen outflow cannot be
held responsible for the observed IF and dynamic elastic modulus
features. A change in specimen connectivity would produce an
irreversible modulus change, while we observe transient phe-
nomena corresponding in time and temperature to the decompo-
sition steps.

In summary, mechanical spectroscopy tests show that:

1. As suggested by an exact correspondence with the DSC feature
usually attributed to the interaction of LiAlH4 with surface hy-
droxyl impurities, feature 2) is the sign of that reaction as
observed by mechanical spectroscopy.

2. Feature 3) corresponds to LiAlH4 decomposition with Hydrogen
release (pressure peak as detected in VRA tests). Two out of
three of the Aluminum atoms get free from the Hydrogen
tetrahedral cage (the AlH4

� anions, where the Hydrogen atoms
are tetrahedrally coordinated around the Al atom) [3], whose
destruction causes the emission of Hydrogen and the measured
pressure increase observed in Figs. 7 and 8. The irreversible
nature of the process, which is also frequency independent, is
manifest.

3. Feature 4) corresponds to Li3AlH6 decomposition, with a new
Hydrogen release. This is both proved from the pressure peak,
see Fig. 7, and from the temperature coincidence with DSC and
TGA measures.

4. At higher temperatures, see Fig. 11, the final decomposition of
fcc LiH into Li and Hydrogen is detected. Even if less intense,
these two last transformations closely resemble that of step (1),
with a dynamic elastic modulus dip, a damping narrow peak
and a pressure peak.

4. Conclusions

The decompositions occurring in LiAlH4 as a function of tem-
perature during heating has been directly measured for the first
time by means of mechanical spectroscopy, performing tests on
cold consolidated Aluminum and alanate powders having a com-
posite morphology and a good mechanical strength. Mechanical
spectroscopy data prove to be equally or more precise than calo-
rimetric data and could help to characterize transformations whose
details are not yet completely understood.
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