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in einem früheren Promotionsverfahren angenommen oder als ungenügend beurteilt.
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Abstract

Among the different possibilities to store hydrogen, solid-state hydrogen storage in

nano-crystalline metal hydrides offers highest volumetric densities combined with a

high degree of safety. For an optimized scale-up of materials aiming at future indus-

trial applications, a precise knowledge of the spatial distribution of hydrogen inside

the metal hydride is essential. The method of choice for the investigation of the

time and spatial resolved hydrogen distribution is Neutron Imaging due to the high

neutron-hydrogen interaction cross section. During this work, new methods for the

characterization possibilities of metal hydride systems using Neutron Imaging have

been developed. For solid-state metal hydrides, a technique for a reliable quantita-

tive, time-resolved investigation of the hydrogen distribution has been introduced. In

combination with multi-correlation analysis, it allows for the determination of rele-

vant driving forces for the reaction kinetics in solid metal hydride beds. For metal

hydrides containing liquid phases, methods for the investigation of material transport

and structure evolution have been developed. Among the use of fission neutrons for

the analysis of scaled-up systems, cold Neutron Imaging combined with isotope la-

beling allows for the investigation of fundamental material properties of liquid phases

within a solid framework due to the simultaneous access to spatial resolution and

phase sensitiveness. Developed methods have been applied to two promising represen-

tatives for the different metal hydride classes. The solid-solid system sodium alanate

has been analyzed by in-situ Neutron Radiography and a multi-correlation analysis

has been performed to reveal the interaction of temperature, material packing density

and reaction kinetics. Additionally, the liquid-solid system LiBH4-MgH2, a so-called

Reactive Hydride Composite, has been analyzed both by fission Neutron Imaging as

well as cold Neutron Imaging in combination with isotope labeling of the liquid phase

LiBH4. New insights into material transport, structural changes and phase separation

have been derived. The results highlight the great potential of quantitative Neutron

Imaging for fundamental research on metal hydride systems as well as for optimization

of scaled-up systems with respect to future application.
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Zusammenfassung

Unter den verschiedenen existierenden Möglichkeiten zur Speicherung von Wasser-

stoff bietet die Verwendung von nanokristallinen Metall-Hydriden die höchsten vol-

umetrischen Speicherdichten bei gleichzeitig hoher Gefahrensicherheit. Für eine op-

timale Skalierung geeigneter Metall-Hydride mit dem Ziel einer zukünftigen, indus-

triellen Anwendung, ist eine präzise Kenntnis der räumlichen Verteilung des Wasser-

stoffs im Inneren des Materials essentiell. Durch die starke Wechselwirkung von Neu-

tronen und Wasserstoff ist Bildgebung mit Neutronen für die zeitaufgelöste Darstel-

lung und Analyse der räumlichen Verteilung von Wasserstoff die Methode der Wahl.

Im Rahmen dieser Arbeit wurden hierfür neue Analyse-Methoden unter Verwendung

einer Bildgebung mit Neutronen entwickelt. Für feste Metall-Hydride wurde eine neue

Methode zur zuverlässigen, zeitaufgelösten Untersuchung der räumlichen Verteilung

von Wasserstoff eingeführt. In Verbindung mit einer Multi-Korrelations-Analyse er-

laubt sie die Ermittlung relevanter, treibender Kräfte der Reaktionskinetik in festen

Metall-Hydriden. Für Metall-Hydride mit einer flüssigen Phase wurden Verfahren

für die Untersuchung von Materialtransport und Strukturveränderungen entwickelt.

Während Spaltneutronen zur Untersuchung von hoch-skalierten Systemen benutzt

wurden, erlaubt die Verwendung von kalten Neutronen in Verbindung mit der geziel-

ten Markierung von Isotopen die gleichzeitige Kenntnis über Phase und entsprechende

räumliche Verteilung und ermöglicht damit die Analyse fundamentaler Eigenschaften

der flüssigen Phase in Umgebung einer festen Matrix. Die im Rahmen der Arbeit

entwickelten Methoden wurden auf zwei vielversprechende Metall-Hydride angewen-

det. Als Referenz-System für ein festes Metall-Hydrid wurde Natriumaluminiumhydrid

mithilfe von zeitaufgelöster Bildgebung mit Neutronen charakterisiert. Um die Wech-

selwirkung des Temperaturfeldes, der Material-Packungsdichte sowie der Reaktionsk-

inetik zu untersuchen, wurde eine Multi-Korrelationsanalyse durchgeführt. Darüber

hinaus wurde das System LiBH4-MgH2, ein sogenanntes ’Reactive Hydride Compos-

ite’, als Beispiel für eine Kombination von fester und flüssiger Phase analysiert. Hierfür

erfolgte der Einsatz von Bildgebung mit Spaltneutronen und auch mit kalten Neu-

tronen und gleichzeitiger Isotopenmarkierung der flüssigen Phase LiBH4. Dadurch

konnten neue Einblicke in den Materialtransport, die Strukturveränderungen und

Phasenseparation in flüssig-fest Phasenmischungen erzielt werden. Insgesamt heben

die Ergebnisse das große Potenzial quantitativer Bildgebung mit Neutronen für sowohl

fundamentale Untersuchungen an Metall-Hydriden als auch für die Optimierung von

hoch-skalierten Systemen hervor, hier insbesondere im Zusammenhang mit dem Ziel

einer zukünftigen Anwendung.
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Chapter 1

Introduction

With respect to the worlds increasing energy demand and challenges of a potential

climate change there is a strong need for a new energy carrier and its corresponding

storage [7]. Hydrogen is widely agreed on as a promising candidate [104, 130] due to

its high gravimetric energy density of 119.9 MJ/kg. Additionally, there is the pos-

sibility for the establishment of a hydrogen economy including its generation using

so-called ’renewable’ energy resources (e.g. wind and solar energy), storage and con-

sumption in both stationary and mobile applications [31]. However, a drawback is the

low volumetric density of hydrogen at standard conditions for pressure and tempera-

ture. Hence, the increase of volumetric density is the main target of existing hydrogen

storage techniques, which mainly separate into pressurized and liquid storage and the

storage in metal hydrides. The first is most commonly used, with pressures reaching

up to 700 bar for automotive applications [59]. The main drawbacks are the technical

efforts required for a safe high-pressure storage of hydrogen and the inflexible, rigid

constrain to cylindrical tank vessels. Liquid hydrogen storage needs very low tem-

peratures (e.g. 20 K at 1 bar) which is accompanied by a high energy demand for

cooling. The third option is the storage of hydrogen in metal hydrides, which offers

the highest volumetric densities [105] This is referred to in literature as solid-state

hydrogen storage. In addition to high volumetric capacities, metal hydrides provide a

safe and often reversible storage. When in contact with hydrogen, many metals and

compounds have the ability to bond hydrogen, either in the interstitial sites of the

lattice or by nucleation and growth of a new lattice structure and phase. The reaction

with hydrogen is simply controlled via pressure and temperature. For interstitial hy-

drides, the required temperatures of operation are low, which is the reason why they

are also referred to as ’room temperature’ hydrides, e.g. LaNi5H6. A drawback of

metal hydrides and in particular interstitial hydrides is their poor gravimetric hydro-

gen capacity of typically below 2 wt.%, where the latter is expressed as the amount of

1
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stored hydrogen normalized by the raw-material mass. Current research aims at the

improvement of gravimetric capacity, combined with low temperature of operation,

low pressures (< 100 bar) and fast kinetics. This resulted in the development of com-

plex hydrides (e.g. NaAlH4 ) or compositions of two hydrides (e.g. 2LiBH4-MgH2).

A lot of fundamental research on materials was done on the tailoring of reaction en-

thalpies and kinetics by use of appropriate additives [34, 36]. However, with respect

to application the investigation and optimization of scaled-up metal hydride systems

and storage tanks is indispensable. For a comprehensive knowledge about mechanisms

and to address the respective design challenges, this requires an appropriate charac-

terization technique - Neutron Imaging. Due to its high sensitivity towards hydrogen

and the relative translucency of the metallic tanks shell, Neutron Imaging provides

unique insights into the distribution of hydrogen inside the metal hydride bed in situ,

and has the potential to reveal the dominant driving forces and rate-limiting steps in

these complex systems.



Chapter 2

Theoretical background

In the following sections the theoretical background of Neutron Imaging is given,

mainly adapted from Neutron Imaging and Applications by Ian S. Anderson et al.

[61] as relevant for this work.

The existence of the ’neutron’ was proven in 1932 by Chadwick [28]. Its funda-

mental properties are listed in table 2.1. Due to its mass, it exhibits a de Broglie

Table 2.1: Fundamental properties of neutrons

Mass mn Charge Spin Magnetic moment

1.6749·10−27 kg≈ 1 u 0 1/2 -9.662· 10−27 J· T−1

wavelength in the order of atomic distances, which makes it sensitive for the charac-

teristic length scales of condensed matter. The relation between neutron energy and

its wavelength is given according as

λ =
h

mn · v

E =
1

2
mn · v2

(2.1)

where λ is the de Broglie wavelength of the neutron with mass mn and velocity v, h

is the Planck’s constant. The neutron energy range is classified as given in table 2.2

according to [110, 27]. Since a neutron carries no charge and its mass is significantly

higher than an electron mass, the relevant interaction is with the nuclear potential

of the penetrated matter. For thermal neutron energies the wavelength is large in

comparison to the range of nuclear forces (in the order of femtometers), hence the

scattered waves are spherical symmetric and the total scattering cross section is given

3



4 CHAPTER 2. THEORETICAL BACKGROUND

Table 2.2: Classification of neutron energies according to [110, 27].

Notation Energy [meV] Velocity [m/s] λ [nm]

Cold 1 437 0.9

Thermal 25 2187 0.18

Epithermal 1000 13832 0.029

Fast/Fission 1·109 14·106 2.86·10−5

by

σtot = 4πb2 (2.2)

with the scattering length b. The latter is derived experimentally due to the lack of

a proper theory [112]. The cross section has the unit barn, with 1 b = 10−24 cm2. A

strong variation of the total cross section among different isotopes and energies exists.

The most prominent example for the cross section difference of two isotopes is probably

the one of hydrogen and deuterium, which is about 82.3 b to 7.6 b for thermal neutrons

[29]. The energy dependency of cross sections1 is visualized in Figure 2.1 [4]. For

Figure 2.1: Comparison of mass attenuation coefficients for X-rays, γ-rays, thermal
and fast neutrons, taken from Bücherl et al. [4].

reasons of better comparison, the mass attenuation coefficients are shown for X-rays

and high energy γ-rays as well. As visible, attenuation coefficients for fast neutrons

and X,γ-rays are approximately complementary and correlated to the atomic number.

In contrast, attenuation coefficients for thermal neutrons vary strongly with the atomic

1To be more precise, the Figure shows the total attenuation coefficients normalized to the element
mass. For the attenuation coefficient see section 2.1.1.2.
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number, originating from variation of the absorption cross section (see section 2.1.1.2).

However, the great advantage of neutrons over X-rays is their ability to penetrate

elements of high atomic number. In particular, metals are easily penetrated while the

interaction with hydrogen is relatively high.

2.1 Neutron Imaging

Neutron Imaging is the superordinate for both Neutron Radiography and Neutron

Tomography. The latter is in fact a combination of several Neutron Radiography

measurements and is described in section 2.1.2. While a number of measurement

techniques and characterization methods are based on the detection and study of the

scattered signal, classical Imaging techniques in general2 are based on the measurement

of the beam transmission through the sample. These techniques are further described

in the following.

2.1.1 Neutron Radiography

The general setup of Neutron Radiography is schematically shown in Figure 2.2 for an

exemplary Neutron Radiography of a hydrogen storage tank. The different steps are

• Generation of the neutron beam by the neutron source

• Neutron-sample interaction and projection of corresponding volume element on

the detection unit

• Detection of the transmitted neutron beam

These steps are successively elucidated in more detail in the next chapters.

2.1.1.1 Neutron Source

For the generation of a neutron flux sufficient for scattering or imaging experiments two

different types of sources are available: reactor sources and accelerator-based sources.

The flux of neutrons is defined as the number of neutrons per cm2 and second.

Reactor sources

The production of neutrons by nuclear research reactor sources are based on the

neutron induced fission process of Uranium-235, illustrated in Figure 2.3. Here, a

fission of Uranium-235 is induced by an incoming neutron, resulting in the creation of

two lighter nuclei and additional neutrons. Typically, one to two neutrons per fission

2Independent of the probe, e.g. X-rays or neutrons.
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Figure 2.2: Schematic standard setup for Neutron Radiography. The total volume
element of neutron-sample interaction is projected onto the scintillator screen (for
fission neutrons in this case, ZnS) where the transmitted neutron beam intensity is
converted into optical light and imaged by a CCD camera.

reaction can be used for research purposes, the others are either lost or necessary for

sustaining the chain reaction [61]. The fission reaction itself is accompanied by a large

amount of energy release in terms of heat. However, in contrast to power reactors,

research reactor designs are optimized for high resulting neutron flux. After the fis-

sion process, the generated neutrons are ’fast’ according to table 2.2 with energies in

the MeV range and have to be slowed down by a moderator in order to sustain the

chain reaction and facilitate a scientific use. This ’thermalization’ process is achieved

by multiple scattering interactions of neutrons and moderator material, leading to a

thermal equilibrium. Most commonly, light or heavy water are used as moderators due

their high moderating efficiency3 [113]. Before neutrons are directed via beamtubes

and neutron guides to the target instrument/beamline, they are potentially further

moderated to lower energies in a so-called ’cold neutron source’ by use of liquid hy-

drogen or deuterium [47]. The current most powerful research reactors in terms of

flux are the FRM II at MLZ in Germany, the HFR at ILL in France and the HFIR at

ORNL in the USA.

3The high moderation power of hydrogen is due the large elastic scattering cross section. The main
advantage of heavy water is its lower absorption cross section, allowing for a less compact reactor core
design.
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Figure 2.3: Schematic principle of neutron fission reaction for U-235, induced by a
thermal neutron; Figure taken from [2].

Accelerator-based sources

The second concept for high-flux generation of neutrons is nuclear spallation, where

a target is hit by high-energy protons. The latter are of energies in the order of

GeV and are generated by proton accelerators. The number of neutrons released

by spallation is significantly higher ( factor in the order of 5 [98]) and they cover

a large energy range from 10−2-102 MeV, peaked in the range of MeV (2 MeV for

Tungsten targets [98]). The used target materials are most commonly Mercury or

Tungsten and most sources are pulsed except for the SINQ at PSI in Switzerland.

Moderation of the incident ’spalled’ neutrons is achieved by liquid hydrogen or liquid

methane. The challenge in spallation source design is the minimization of beam loss

and heat dissipation [43]. In case of pulsed-sources the heat can dissipate in the

pulse intervals, allowing for high power and neutron flux pulses. Additionally, an

energy-resolved spectrum is supplied by the different traveling times corresponding

to neutron velocities. As a consequence and due to safety issues related to research

reactor operation, the current development is focusing on future spallation sources like

e.g. the European Spallation Source (ESS) in Lund, Sweden.

2.1.1.2 Neutron-Sample Interaction

Neutrons are guided within beam tubes to the target instrument. For the design of

neutron guides, beam tubes and collimator the reader is referred to the various text

books, eg. [121]. The transmitted neutron beam intensity I measured by the detector
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is described by Lambert Beer’s law. With x being the neutron beam direction, it is

I =

∫ E

0
f(E′)γ(E′) exp−

∫
µ(E′,x)dx dE′ (2.3)

with f(E) the spectrum of the incident polychromatic neutron beam, γ(E) the detector

efficiency, µ the total macroscopic attenuation coefficient. The initial intensity without

the sample, I0, is then given by

I0 =

∫ E

0
f(E′)γ(E′)dE′ (2.4)

For a finite sample thickness, as visualized in Figure 2.2, the attenuation by a single

element in a distinct volume V (in the figure it is denoted as the ’total’ volume element)

is defined as

Ω = µ · d =
m

V ·M
·NA · σ · d =

m

A
· NA

M
· σ = ρA ·

NA

M
· σ (2.5)

wherem is the sample mass, M its molar mass, NA Avogadro’s constant and ρA = m/A

the area density. The quantity σ is the total microscopic attenuation coefficient. It

sums the different types of neutron-matter interactions and can primarily be separated

into a total scattering, σs and an absorption cross section, σa, part

σ = σs + σa (2.6)

The absorption cross section , σa, describes the true neutron capture process.

It depends on the explicit composition of the nucleus and varies significantly among

different isotopes, exhibiting a strong energy dependency. In the framework of this

thesis, absorption cross sections are generally not taken into consideration except for

their particular use in section 5.3.2.

The scattering cross section , σs, can be further subdivided into elastic and

inelastic scattering interactions and each even further into coherent and incoherent

contributions. The elastic coherent scattering carries the structural information on

the locations of the nuclei in the lattice. For crystalline materials this is used for

structural investigations by ’diffraction’ studies. Elastic incoherent scattering is the

sum of the individual elastic scattering contributions from single nuclei. The largest

incoherent scattering cross section is the one of hydrogen, H-1 [29]. Inelastic scattering

contributions are rather small, conveying information on collective excitations in the

case of coherent inelastic scattering (e.g. phonon excitations) or on excitation of single
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particles/nuclei in case of incoherent inelastic scattering (e.g. diffusion).

All these interactions contribute to the incident neutron beam attenuation. For stud-

ies on metal hydrides the elastic incoherent scattering of hydrogen is most dominant,

except for use of highly absorbing isotopes as Li-6 and B-10 (section 5.3.2).

Coming back to the schematic drawing in Figure 2.2, in the typical case there

is presence of multiple elements within the penetrated volume V . Then, the total

attenuation is just the accumulation of attenuations by different isotopes

Ωtot =
N∑
i

Ωi (2.7)

where N equals the absolute number of isotopes inside the volume.

Deviations from Beer’s law

The ideal Beer’s law description for the beam attenuation by neutron-sample in-

teraction is potentially violated in real Neutron Imaging setups. For interaction with

hydrogen the beam attenuation is dominated by the large elastic incoherent scattering

cross section, as mentioned above. However, scattered neutrons are not necessarily

out of the beam or not being detected, depending on the sample-detector distance

or the effect of multiple scattering. Hence, effects of scattering potentially perturb

ideal Beer’s-type dependency of incident and transmitted neutron beam. An addi-

tional effect originates from the initial energy distribution of the beam: Due to the

energy-dependent interaction probability with the penetrated sample the total beam

attenuation changes with increasing penetration depth. This is known as the effect of

beam hardening4 [22]. Both effects of scattering and beam hardening are investigated

and discussed comprehensively within this work in sections 5.2.1 and 5.3.2.1.

2.1.1.3 Neutron Detector systems and image generation

For quantitative Neutron Imaging the detection is a process of conversion of neutrons

and projection onto a discrete array of pixels with intensities proportional to the

registered neutron intensity. Within this framework, an image is denoted as the 2D

spatial distribution of neutron intensities. For fast digital processing of images, charge-

coupled device (CCD) cameras are used and the measured or counted intensity is

discretized by use of gray values. Accompanied by the use of CCD cameras there is a

necessity for conversion of neutrons into optical light, which is realized by a scintillator

4For presence of high amounts of hydrogen in the sample, the latter can also act as kind of a
moderator, softening the spectrum due to elastic collision instead of hardening it.
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screen. Additional components are a 45◦front surface mirror after the scintillator to

prevent radiation damage of the camera by γ-rays or even neutrons. Moreover, a

focusing lens system can be used to vary the spatial resolution. The typical setup is

given by scintillator, mirror, lens system and CCD-camera [56, 92, 103]. In Figure 2.2

only the scintillator screen and the CCD-camera are shown for reasons of simplicity.

The scintillator material depends on the neutron energy: for fast neutrons e.g. ZnS

embedded in propylen is used [25]. The detection mechanism is based on proton-

recoil by the incoming neutron beam and ionization of ZnS, with photon release on

relaxation [70]. For thermal and cold neutrons a thin layer of e.g. Li-6F:ZnS is used

[111]. The highly absorbing component (Li-6) is used to produce charged particles by

a neutron capture reaction, which then ionizes a scintillator composite material (ZnS)

and optical light is generated within the relaxation process.

Considering the influence of the detector system itself, the finally derived gray value

or intensity of a pixel within an image is given by

I? = C? · I + ID (2.8)

where C? is a proportionality factor of the detector system, I is the original neutron

beam intensity after the sample transmission and ID is the dark current of the detector

[61]. The incident beam intensity is measured without sample in the beam path, the

corresponding image is denoted by the flat field in the following chapters. The dark

current is measured without the beam itself, its corresponding image is referred to as

the dark image. Accordingly, for a negligible energy dependency total attenuation is

derived by

Ω = −ln
(
I − ID
I0 − ID

)
(2.9)

where I = I? is denoted as the measured neutron beam intensity for the following

chapters of this thesis.

2.1.1.4 Spatial resolution

The resulting spatial resolution in an image depends on different parameters. Primar-

ily, there is the pixel array of the CCD camera itself and the scintillator screen that

is projected onto it. By using optical systems the size of the focused section of the

scintillator can be changed and therewith the pixel resolution. Nowadays, the pixel

array of CCD cameras range typically from 1024×1024 to 2048×2048 pixel. However,

the final effective resolution in the image depends on additional parameters like geo-

metrical unsharpness, scintillator thickness as well as scattering influences. The first

is known as the L/D ratio and is solely given by geometry as shown in Figure 2.4.
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Figure 2.4: Principle of the L/D criterion: A point is broadened by d for sample-
detector distance l, assuming a virtual source of width D and distance L to the sample.

Assuming a virtual source on the left side with thickness D, a point at a distance L is

enlarged by d for l being the point (sample)-detector distance. Hence, it is

L/D = l/d (2.10)

Accordingly, to increase the spatial resolution the sample-detector distance has to be

minimized. By collimation of the neutron beam, the virtual source width D at the

end of the collimator can be reduced, further increasing the spatial resolution. Since

high L/D ratios are usually accompanied by a low neutron flux, measurements are

a compromise of beam intensity and spatial resolution [61]. Additional blurring and

unsharpness is caused by the effect of scattered neutrons superimposing the trans-

mitted neutron beam, which is in particular present for strong incoherent scattering

contributions, e.g. by hydrogen. Additionally, the scintillator thickness reduces the

spatial resolution. Since the conversion rate and therewith detection efficiency are

positively correlated to the scintillator thickness, it is again a compromise between

spatial resolution and image intensity.

The effective spatial resolution can be quantified by determination of the Edge

Spread Function of the system [118]. If an edge object with the edge in parallel to the

beam direction is imaged, the edge is transferred to a step function in case of an ideal

imaging system. However, in real system the transition is broadened as expression

of the limited spatial resolution. This broadening is described by the Edge Spread

function, from which several derivations can be calculated for quantification of the

spatial resolution. In appendix A.1.1 further information is given on the comparison

of different functions for the calculation of the spatial resolution.
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2.1.1.5 In situ Neutron Radiography

The sequential acquisition of Neutron Radiography images for the analysis of time-

resolved processes is denoted as in situ Neutron Radiography. The total time between

subsequent images is the sum of exposure time (image acquisition time) and the time

necessary for data-processing and storage. The optimal exposure time is a compromise

of fast image acquisition, spatial resolution and corresponding quality of the derived

images as discussed in the section above. If the time-dependency can be assigned to a

single element or contribution of the total attenuation coefficient, it can be separated

into

µtot(x, y, z, t) = µC(x, y, z) + µTD(x, y, z, t) (2.11)

with a time-constant part, µc(x, y, z) and time-dependent part, µTD(x, y, z, t). Con-

sidering only the projection on one pixel in terms of the time-dependent beam atten-

uation, the difference attenuation in the time interval t− t0 is given by

∆Ω(t) = ΩTD(t)− ΩTD(t0) = −ln
(
I(t)− ID
I(t0)− ID

)
(2.12)

and simply the logarithmic ratio of dark image corrected intensities at t and t0.

2.1.2 Neutron Tomography

The second method addressed by the superordinate Neutron Imaging is Neutron To-

mography. It is a combination of several two-dimensional Neutron Radiography mea-

surements, which allows for a three-dimensional reconstruction of the projection data

set and gives access to the three-dimensional total attenuation coefficient. The follow-

ing has been adopted from Kak and Slaney [68]. Let µ(x, y) be the two-dimensional

total attenuation coefficient of an object with (x, y) spanning a plane in parallel to the

projection direction. The attenuation of a neutron beam propagating along a line A

through the sample is described by the total integrated attenuation coefficient along

this line - a one-dimensional projection of the attenuation coefficient. The line A can

be parametrized by two variables (θ, t) as shown in the left part of Figure 2.5, with

its parametrization given by

x · cos(θ) + y · sin(θ) = t (2.13)

The projection is then expressed by the line integral

Pθ(t) =

∫
line

µ(x, y)ds (2.14)
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Figure 2.5: Left: Projections Pθ(t) of the total attenuation coefficient µ(x, y) defined
by line integrals along the line A, defined by the parameters θ and t. Right: Principle
of Fourier slice theorem, according to which the Fourier transform of projection Pθ(t)
corresponds to a line through the origin of the frequency domain (u, v) of the Fourier
transform of the attenuation coefficient. Adapted from Kak and Slaney [68].

which can be rewritten so that

Pθ(t) =

∫ inf

− inf

∫ inf

− inf
µ(x, y) · δ (x · cos(θ) + y · sin(θ)− t) dxdy (2.15)

The as defined transformation of µ(x, y) is called the Radon transform of µ(x, y). For

Tomography data sets the Radon transform is also denoted as sinogram, since a full

2π rotation of θ transforms the projection of a point onto a sinusoidal line in the (θ, t)

reference system. A full projection of a finite sample object is derived by a combination

of several line integrals for constant rotation angle θ, assuming a parallel projection5

The two-dimensional Fourier transform of the attenuation coefficient is given by

F (u, v) =

∫ inf

− inf

∫ inf

− inf
µ(x, y) · exp−i2π(ux+vy) dxdy (2.16)

whereas for a projection at constant angle θ the corresponding one-dimensional Fourier

transform is given by

Sθ(ω) =

∫ inf

− inf
Pθ(t) · exp−j2πωt dt (2.17)

According to the Fourier slice theorem the one-dimensional Fourier transform of a

projection is equal to values of F (u, v) along a line through the origin, as visualized

5This, however, requires a negligible beam divergence, which usually a valid assumption for most
imaging beamline.
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in right part of Figure 2.5. This line is defined by a rotation of the u-axis by angle θ:

Pθ(ω) = F (ω, θ) = F (ω cos(θ), ω sin(θ) (2.18)

with u = w cos(θ), v = w sin(θ). Thus, Fourier transforms of projections of the atten-

uation coefficient reveal the values of F (u, v) along lines defined by θ. Accordingly,

the original attenuation coefficient can be reconstructed from the projection data by

inverse Fourier transform. The algorithm commonly implemented for attenuation co-

efficient reconstruction is the filtered back-projection algorithm (for derivation, see

[68])

µ(x, y) =

∫ π

0

∫ inf

inf
Sθ(ω) |ω| expj2πωt dωdθ (2.19)

where |ω| is a frequency filter and the integration over ω is the ’back-projection’. The

quality of reconstruction depends on the number of different projections at correspond-

ing angles θ. According to Kak and Slaney [68] the optimal number of projections is

defined by

Nθ =
π

2
·Ns (2.20)

where Nθ is the number of equally distributed projection angles in the range of 0◦-

180◦and Ns is the number of pixels necessary for an image of the sample. Hence,

for a typical Tomography experiment the number of pixels that represent the object

to be imaged determine the number of necesary roational angles. The reconstruction

for every projection in the (x, y)-plane results in a (x, y)-slice. Including the 3rd

dimension, z, gives a stack of slices, representing the full three-dimensional attenuation

coefficient.
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2.2 Metal-hydride based hydrogen storage

From the overall large field of metal hydrides, the following sections are limited to a

short introduction into the properties and fundamentals of hydrogen absorption by

metal hydrides that are relevant in the framework of Neutron Imaging analyses per-

formed within this work. For further reading there are a number of text books, e.g.

[58] or [7], that the interested reader is referred to. The following is based on Hydrogen

as Future Energy Carrier [7]. In general, a hydrogen absorption process starts with the

emergence of a physisorbed state characterized by an attractive Van-der-Waals inter-

action force between a hydrogen molecule and the metal surface. Further approaching

the metal surface, the molecule is dissociated and hydrogen metal bonds are formed

in the chemisorbed state. Next to chemisorption is the transition into subsurface lay-

ers and diffusion of hydrogen in the host metal. The thermodynamic features of a

proceeding reaction are schematically given in Figure 2.6. It shows the aspects of

Figure 2.6: Schematic principle of pressure concentration isotherms (left) with accord-
ing van’t Hoff plot (right), adapted from [35].

pressure-composition isotherms in the left part, where the logarithmic hydrogen gas

pressure depending on the concentration of hydrogen in the metal (denoted by cH) is

shown for different isotherms. For low concentrations the metal and hydrogen form

a solid solution, denoted as the α-phase. For a given temperature, the concentration

of hydrogen in solid solution is further increased by increase of pressure. At a certain

pressure level, hydrogen-hydrogen interaction inside the metal becomes relevant and

nucleation and growth of the hydride phase is induced [105]. For the coexistence of

solid solution (α) and hydride phase (β) the isotherms in Figure 2.6 show a flat plateau,

reaching until the maximal hydrogen content for the specific temperature is reached
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in the pure β-phase. Further increase of hydrogen concentration can only be achieved

by pressure increase and emergence of solid solution of hydrogen in the β-phase. With

increase of temperature the plateau range is reduced, it vanishes for the critical tem-

perature TC , above which separation into the two different α and β-phase is no longer

possible. Temperature and equilibrium pressure of a corresponding plateau are used

for calculation of the formation enthalpy of the metal hydride according to the van’t

Hoff equation
1

2
· ln
(
p

p0

)
=

∆H

RT
− ∆S

R
(2.21)

where R is the universal gas constant, ∆H the enthalpy and ∆S the corresponding

entropy of formation. In the case of two or more hydride forming metals, multiple

plateaus can occur [58]. In the right part of Figure 2.6 the van’t Hoff plot of the left

pressure-composition isotherms is shown. The line defines the plateau pressure for the

two-phase equilibrium of the α and β-phases depending on the inverse temperature.

It states that ab- or desorption of hydrogen is controlled by change of temperature or

pressure: starting from equilibrium for a given temperature and pressure, absorption

of metal hydride phase is ensured by pressure increase at constant temperature and

vice versa. This thermodynamic mechanism represents the driving force for reaction

of all metal hydride systems and corresponding storage tanks.

2.2.1 Sodium alanate - NaAlH4

In addition to this thermodynamic considerations, kinetic barriers for the respective

thermodynamically more stable state have to be taken into account. This may hinder

thermodynamically favored reactions. In some cases, a hydride may release hydro-

gen upon heating, but may neither re-absorb hydrogen nor form the initial hydride

again. Reaction barriers need to be overcome and respective measures need to be ap-

plied. Bogdanovic and Schwickardi have shown that the complex metal hydride sodium

alanate can successfully store and release hydrogen reversibly, if TiCl3 is added [14].

This is one of the few examples of hydrides so far that combine moderate temperature

of operation and rather high capacity of 5.5 wt.%. Due to its promising properties

for application purpose, it has been subject to a number of research studies. The

absorption of hydrogen takes place with a two-step reaction

NaH + Al +
3

2
H2 −−⇀↽−−

1

3
Na3AlH6 +

2

3
Al + H2 −−⇀↽−− NaAlH4 (2.22)

evolving from the initial state to a hexa-alanate state and finally to tetra-alanate.

The apparent pressure-temperature conditions for the existence of the three phases

are shown in Figure 2.7. Starting from the desorbed state, the hydrogen storage
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Figure 2.7: Pressure-temperature phase diagram for sodium alanate with added TiCl3,
taken from Bogdanovic et al. [12].

capacity for the first absorption step is 3.0 wt.%, followed by additional 3.7 wt.% for

the evolution from the hexa to the tetra state. For improvement of heat transfer and

volumetric density, the loose powder has been compacted to pellets and studies on

the effect of compaction have been carried out [115, 77, 126] confirming an increased

thermal conductivity. Both powder and pellets show good cyclability [13, 115].

The handling of a scaled-up production of raw NaH-Al-0.05TiCl3 has been proven

by e.g. Eigen et al. [37], showing a suitability of sodium alanate for application in

scale-up storage systems and tanks. For this reason, several studies on large sample

size as well as storage tank studies have been carried out by Donald L. Anton and

others [81, 82, 128]. Though all of them report a good scalability, studies are limited

to loose powder beds. However, for scaled-up storage system based on compacts, the

capacity is significantly reduced to 4 wt.% as reported by Bellosta von Colbe et al.

[127], the reason for this is has not been clarified yet.

2.2.2 Reactive Hydride Composite - Li-RHC

Vajo et al. and Barkhordarian et al. introduced the concept of ’Reactive Hydride

Composites’ (RHC) [122, 9, 8], where two complex hydrides (one e.g. a borohydride,

the other e.g. Magnesium Hydride) react exothermally during dehydrogenation and

thus lower the overall reaction enthalpy of the system. During the reaction of borohy-
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drides with MgH2, MgB2 is formed and reversibility was shown for the LiBH4-MgH2

system [20, 90]. The LiBH4-MgH2-RHC6 system is of particular interest due to its

high theoretical hydrogen storage capacity of 11.5 wt.% and low reaction enthalpy of

40.5 kJ/mol(H2) with an equilibrium pressure of 1 bar at 225 ◦C [122]. The absorption

takes place in a one-step reaction

2 LiH + MgB2 + 4 H2 −−⇀↽−− 2 LiBH4 + MgH2 (2.23)

while the desorption is found to be a two step reaction with initial decomposition of

Magnesium Hydride followed by destabilization of LiBH4 and formation of MgB2 and

LiH. For reversibility the formation of MgB2 during dehydrogenation is considered to

be crucial, according to Bösenberg et al. and Vajo et al. it depends on the applied

hydrogen back pressure [91, 20, 122]. The reaction kinetics can be significantly in-

creased with simultaneous lowering of ab- as well as desorption temperatures by use

of additives, e.g VCl3 and TiCl3 [20, 19, 33, 65, 18]. Still, strong kinetic constrains are

presesent, causing elevated temperatures of operation. Hence, typical conditions for

absorptions are temperatures of 350 ◦C at a pressures of 50 bar respectively 400 ◦C at

3-5 bar for desorption. For these conditions, it shall be noted that LiBH4 is present

in the liquid phase due to its melting point at about 275 ◦C. Concerning the cycling

stability, a significant capacity loss is reportet during cycling even for small sample

sizes [65]. Compaction of material has been performed by Jepsen et al. to increase

thermal conductivity and reversibility with encouraging results [66].

Scale-up of material is so far reported only by Jepsen for loose powder material, where

an increased degradation of capacity was observed during cycling [65]. Within a cur-

rent project, Bor4Store [117], a scale-up of Li-RHC and its combined use with a solid

oxide fuel cell is investigated.

6In the following it will be denoted as Li-RHC for reasons of simplification.



Chapter 3

Neutron Imaging of metal

hydrides - state of the art and

scope of work

In the following a brief summary of the evolution of Neutron Imaging for the investi-

gation of hydrogen storage materials is given, followed by a description of the state of

the art of the technique and the present limits for the investigation of metal hydride

based storage systems. Finally, the scope of this work is presented, subdivided into

method development and their application on two promising metal hydride systems.

3.1 Characterization of storage systems by Neutron Imag-

ing - state of the art

The use of metal hydrides for commercial hydrogen storage needs the transfer from lab-

scale, basic scientific investigations to the study of scaled-up and application related

systems. To tailor materials towards their theoretical capacity and towards applica-

tion, there is a strong need for the possibility to investigate the hydrogenation process

in operando. This enables a potential identification of the rate limiting steps and helps

to overcome the slow kinetics that may be associated with them. By ’classical’ mea-

surement techniques, the thermodynamic quantities pressure and temperature inside

the metal hydride bed and the hydrogen flow are measured to determine the systems

overall kinetics. Doing so, the total sample amount is averaged and no investigation

of the spatial distribution of hydrogen inside the material is possible. That is why

only hypotheses can be stated for observed deviations from theoretical or lab-scale

capacities and kinetics as it is the case in [127, 65]. Powerful scattering techniques

19
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like in situ diffraction studies, SANS, USANS or complementary X-ray techniques

[94] are not applicable due to the large sample size and surrounding tank hull ma-

terial, minimizing the beam transmission in particular for X-ray studies. A solution

and comprehensive analysis tool is Neutron Imaging. Already in early 2000 the first

successful Neutron Imaging experiments on the distribution of hydrogen in Mg2Ni

samples have been reported [99, 100]. However, investigation possibilities were limited

due to the use of imaging plate detector techniques [83], which did not allow for a

simple processing of data. With development of imaging instrumentation, referring

to both hardware in terms of CCD cameras and software in terms of data processing

and image reconstruction packages, the potential of in situ investigations increased

significantly. Against this background, in-situ Neutron Imaging has been identified

as an extremely suitable and effective method for the characterization of hydrogen

storage systems.[49, 63, 93, 94] Due to the high neutron cross section of hydrogen in

comparison to other elements, the in situ study of hydrogen distribution inside the

metal hydride becomes possible. While first works have been based on the qualitative

analysis only, studying macroscopic structure deformations due to pressure applica-

tion or cycling of material, there is a growing interest in a quantitative analysis for

precise determination of the explicit distribution of hydrogen in the metal hydride

[49, 63, 93, 94, 99]. Fundamental Beer’s law and the ratio of images of one ab- or des-

orption sequence is used for the investigation of the hydrogen distribution according

to equations 2.5 and 2.9 in section 2.1.1 .

For investigation of the 3D material structure, Neutron Tomography (NCT) has been

proven to give unique insights into the 3D distribution of hydrogen [94, 63, 55]. While

mostly limited to ex-situ studies due to the relatively long overall acquisition time

for a full set of projection images, recently there has been shown the possibility of

real-time NCT by use of projection angles according to the Golden Ratio [131] .

Neutron Imaging - methodical limits

Still, a major drawback concerning quantitative data evaluation is the uncertainty

of the effective macroscopic neutron attenuation coefficient for hydrogen [63] according

to equation 2.5. It depends on the sample detector distance in terms of the influence

of scattering, the neutron beam spectrum and profile and in case of thermal or cold

neutron spectra also on potential Bragg scattering [102, 114, 15] by structures of the

metal hydride material and beam hardening effects [74, 107]. So far, either literature

values for the cross section of hydrogen or calibration measurements using water are

used, both causing uncertainties in quantification of data [63, 93]. For in situ Neutron

Radiography, the amount of hydrogen is determined according to the attenuation

difference of subsequent images and a reference image in combination with the explicit
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macroscopic attenuation coefficient of hydrogen as described above. The normalization

to the underlying raw material to derive the wt.%-distribution is so far only possible if

the exact bed geometry and distribution of material mass is known or assumed a priori

[49, 108]. Thus, a method is missing to determine the material distribution within the

measurement, independently of the metal hydride bed geometry, in order to correlate

the distribution of hydrogen to the raw material distribution. Furthermore, current

studies on Neutron Imaging of metal hydride materials are limited to a sole ’image’

of the hydrogen distribution, not taking into account relevant driving forces like e.g.

temperature or material packing density. Thus, so far there exists no possibility to

distinguish between influences of single driving forces on the overall reaction and the

distribution of hydrogen. This is a major methodical limit for the use of Neutron

Imaging for metal hydride systems.

Neutron Imaging - material investigation limits

Concerning the investigation of metal hydride materials and the results gained

from Neutron Imaging studies, current research is well below the full potential of the

method: qualitative, ex-situ investigations have strong limitations and quantitative in

situ studies have been limited to interstitial hydrides only. Until now, no promising

or potential materials for application have been investigated by quantitative Neutron

Imaging. Additional, quantitative studies have been limited to small samples sizes

since scale-up material investigation require storage tanks or sample cells in particular

designed for the use of Neutron Imaging.

3.2 Scope of work

Apart from the introduction of experimental specifications and methods, this thesis

can in general be subdivided into two parts: first, new methods are developed for the

investigation of metal hydride systems by means of Neutron Imaging. In the second

part, the developed methods are applied to two promising systems with respect to

future application of metal hydride based hydrogen storage: sodium alanate and the

Lithium-based reactive hydride composite. In the following a short overview on the

two parts is given.

1. The method development covers both in situ Neutron Radiography as well as

Neutron Tomography. A new approach for data quantification in solid-state

metal hydride systems is presented. It is based on the combination of intrin-

sic thermodynamic quantities and nuclear physics theory, overcoming the above

mentioned limits of the use of the neutron-hydrogen interaction cross section
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and corresponding absolute attenuation coefficient. In this context, a method

for scattering field analysis and its correction is developed. A technique to cor-

relate Neutron Imaging data and additional macroscopic fields like temperature

and material packing density is developed, which gives a first-time access to the

interdependency of driving forces in metal hydride systems or complex systems

in general. Within that framework, a new method is developed for the determi-

nation of a quasi-continuous temperature field of scaled-up metal hydride beds

by means of IR-Thermography. The second part of method development refers

in particular to the analysis of metal hydride systems with presence of liquid

phases. A general method is developed for identification of material transfer

and estimation of the amount of mass transport, independent of sample size

and neutron energy spectrum. Furthermore, a new concept is introduced for

Neutron Imaging: isotope labeling in combination with a cold neutron spectrum

aiming at a unique characterization of highly absorbing phases like LiBH4 for

lab-scale sample sizes with micrometer resolution. The effect of beam hardening

and consequences for data quantification are clarified.

2. The developed methods are applied to two metal hydride systems: Methods

for solid-state metal hydride systems are applied to a scaled-up sodium alanate

pellet. Therewith, a quantitative Neutron Imaging study on a scaled-up com-

plex hydride is performed. The introduced new methods for data quantification,

scattering correction and, most important, correlation analysis by combination

of multiple macroscopic fields for temperature, material packing density and

hydrogen distribution are applied for the fist time in order to study the inter-

dependency of the corresponding driving forces temperature field and material

packing density. Methods for the analysis of solid-liquid phase mixtures are

applied to the Li-RHC system, both with macroscopic and microscopic resolu-

tion by choice of fission respectively cold neutron energy spectra. Within this

context, an absorption process for a scaled-up pellet is investigated both by in

situ Neutron Radiography as well as Neutron Tomography to study both the

time-resolved hydrogen distribution as well as the 3D material structure. The

developed methods for detection of material transfer are applied to investigate

the long-range mobility of LiBH4 in the system. Isotope labeling is applied on

lab-scale Li-RHC samples and material transfer of the liquid phase is studied

in detail with respect to phase separation and clustering. By combination of

spatial resolution and phase sensitiveness, the distribution and dynamics of a

highly absorbing phase, LiBH4, is followed throughout the reaction.
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Finally, perspectives are given in terms of future method development and applica-

tion of developed methods. Furthermore, a complementary use of neutrons and x-Ray

imaging for addressing multi-scale problem is shown. The impact of new methods

developed within this work and observed results as well as conclusions for investigated

materials are summarized.
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Chapter 4

Experimental and methods

4.1 Beamline setups

The performed measurements within this work have been carried out at two differ-

ent Imaging instruments at the research reactor FRM II at MLZ in Garching near

to Munich. For the investigation of scaled-up samples the fission Neutron Imaging

instrument NECTAR was used, respectively the cold Neutron Imaging instrument

ANTARES for the study of lab-scale samples. Both beamlines are briefly introduced

in the following, including the instrument setups for the performed measurements.

4.1.1 NECTAR - fission neutron imaging

The Neutron Imaging beamline NECTAR at FRM II is the only instrument available

for user services in Europe providing a fission neutron spectrum [25], which makes it

especially suitable for the investigation of scaled-up samples due to lowered overall

neutron interaction cross sections and accordingly a high transmittivity as shown in

Figure 2.1 in section 2. In the left part of Figure 4.1 a schematic drawing of the

beamline is shown. The instrument consists of two parts, where the first measurement

station, MEDAPP, is a neutron therapy facility and the second station is the Imaging

station. The generation of the fission neutron spectrum is done by use of a converter

plate that is placed within the moderator at the entry of the beam tube, consisting of

uranium silicide with 93% U-235. Fission neutrons are guided within a beam tube to

the instrument. A permanent filter consisting of 1 cm B4C and 1 cm lead is used for

reduction of thermal neutrons as well as for reduction of γ-radiation. Before reaching

the collimator, the neutrons pass a bench of additional available filters. The typical

filter set used for Neutron Imaging is a combination of iron and borated PE as well

as cadmium layers and lead [25, 21], which leads to a spectrum at the instrument as

25
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Figure 4.1: Schematic overview of the NECTAR beamline, taken from [24] and fission
neutron spectrum using a standard filter setup; taken from [25].

shown in the right part of Figure 4.1. The small thermal peak is due to the influence

of moderation in the guide [21]. The spectrum is peaked at 1.8 MeV with an average

neutron energy of 1.1 MeV. In the frame of this work, the filter setup was changed

for higher suppression of the gamma background and a filter of 10 cm of lead was

used instead. A change of the energy spectrum with respect to the one shown in the

right part of Figure 4.1 was not further considered. The collimator opening resulted

in a L/D ratio of about 75. The scintillator is ZnS embedded in polypropylene using

proton recoil induced fluorescence of ZnS as conversion reaction. The described setup

is denoted as the standard setup for the following chapters. The acquisition of images

was performed with a CCD-ANDOR DV-434BU camera with a pixel array of 1024 ×
1024 at a pixel size of 293 µm. For the reduction of influence by image artifacts caused

by radiation directly hitting the detector, a filtering algorithm for fission Neutron

Imaging was applied in combination with an additional median filtering of the image

data.[84]

4.1.2 ANTARES - cold neutron imaging

For investigation of lab-scale samples at micrometer resolution measurements have

been performed at the ANTARES Neutron Imaging instrument [106]. In the left part

of Figure 4.2 a schematic drawing of the beamline is shown. The measurement position

is in chamber 2, the energy spectrum at ANTARES is given in the right part of the

Figure. It is a cold spectrum peaked at about 1.6 Å. For the measurements a pinhole

of 18 mm was used, leading to an L/D ratio of 800. The precise adjustment of the

beam shape in order to match it to the sample geometry is done by a beam limiter.

Two different detector setups have been used:

For short exposure times and high time-resolution of in situ process monitoring a LiF-
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Figure 4.2: Left: Instrument setup of the cold Neutron Imaging instrument ANTARES
at FRM II, taken from [106]. Right: Cold neutron energy spectrum at ANTARES,
Figure modified from [1].

ZnS scintillator has been used with thickness of 200 µm, offering a field of view of

150 × 150 mm. The acquisition of images is performed with a CCD-ANDOR cooled

camera with pixel array of 2048 × 2048 at a pixel size of 73.2 µm. Ex situ studies have

been performed with a high resolution setup with a Gadolinium Oxysulfide (Gd2O2S)

scintillator of 10 µm thickness, offering a field of view of 40 × 40 mm. With the same

camera, a pixel size of 20.6 µm is derived by use of an optical lens system.

4.1.3 Neutron Tomography data reconstruction

The acquired projection data sets of Neutron Tomography studies are first filtered for

so-called white spots (saturated pixel originating from e.g. γ-ray impact) by use of

an adaptive filter (e.g. ’Despeckle’ within ImageJ [95]) and then reconstructed with

use of commercially available software, Octopus [26], and a filtered back-projection

algorithm. The reconstructed slice data is then visualized by either VGStudio MAX

[48], ImageJ, MATLAB [62] or ParaView [6]. For a volume data visualization, one

element of the mesh is referred to as a so-called voxel with a macroscopic attenuation

coefficient µ scaled by [1/cm].

4.2 Loading station and storage tank systems

In the following, design and experimental details of the used loading station for sorp-

tion experiments as well as storage tanks respectively sample cells are given.
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4.2.1 Loading station

The hydrogen loading station used within this work allows for in-situ monitoring and

control of absorption and desorption measurements. In appendix A.2 a schematic

drawing of the setup is shown and more detailed information is given. The hydrogen

flow is controlled by a mass flow controller (MFC). The standard setup and procedure

for an absorption experiment is as follows:

An external hydrogen pressure bottle is attached to an input valve at the loading

station with a reservoir pressure at least 3 bar above the maximal target pressure in

the tank to ensure a sufficient pressure gradient necessary for operation of the mass

flow controller. At the output valve, a tube connection to the storage tank containing

the metal hydride is attached. The storage tank is heated to the target temperature

for the absorption process and a controlled hydrogen flow to the storage tank is set.

Thermodynamic quantities hydrogen flow, pressure and temperature at the storage

tank are recorded. This allows for determination of the absorbed hydrogen content by

a kind of continuity equation: hydrogen passing the MFC is either in gaseous phase

or absorbed by the metal hydride. Hence, it is

n(H2)abs(t) =

∫ t

t0

fH2(t′)dt′ − p(t)

R

(
VTank
TTank

+
Vp
Tp

)
(4.1)

where fH2(t) = dn/dt is the hydrogen flow (unit mln/min), p(t) is the time-dependent

hydrogen gas pressure, VTank the effective free storage tank volume and TTank the

corresponding temperature inside the storage tank. Vp is the pipe volume from the

MFC to the storage tank and Tp the corresponding temperature. The pipe volume is

dead volume and can be reduced by e.g. use of PEEK capillaries with 2 mm inner

diameter as connection tubes. The effective free tank volume is the remaining free

volume in the tank containing the metal hydride. Due to the porosity in the metal

hydride bed depending on its material packing density, it is not simply the difference

of empty tank volume and corresponding macroscopic metal hydride volume, but has

to be calculated by means of a calibration measurement. For that, the pressure inside

the storage tank containing the metal hydride is increased by continuous hydrogen

flow monitored by the MFC. Measurements are done at room temperature to ensure

isothermal conditions for both tank and pipe volume, the maximal pressure has to be

chosen according to the used metal hydride to prevent any absorption by the metal

hydride. The effective volume is then given by

VTank =
1

dp/dt
· fH2 ·R · T − Vp (4.2)
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Figure 4.3: Left: Volume view of the FlexiStore tank without thermal insulation. The
heating cartridges are colored in red. The upper cylindrical part is the connection for
the hydrogen supply line. Right: Technical drawing of the side cross section of the
tank bottom body part with hydrogen supply line (vertical, from top to the center)
and boreholes for thermocouples (vertical, starting from the bottom part).

where dp/dt is the pressure increase. The pipe volume is determined in full analogy

but with disconnected storage tank.

4.2.2 Hydrogen storage tank FlexiStore

For measurements of scaled-up metal hydride pellets and powder a storage tank in

particular designed for in situ Neutron Radiography was constructed, in the following

referred to as ’FlexiStore’. It is made of steel EN 1.4922 and offers a large tempera-

ture and pressure range of operation, namely Tmax = 400 ◦C at maximal pressure of

150 bar. The tank model is shown in the left part of Figure 4.3. It is composed of two

bodies for a simple exchange of samples and a leakage free connection of the two body

halfs is ensured by a seal. The type of the latter depends on the target temperature:

for temperatures of up to 200 ◦C, a polymer-based FFKM O-ring is used while for

higher temperatures a silver-coated, spring-loaded metal-based (Inconel 718) C-ring

is used. Heating cartridges are attached to the outer body providing a total heating

power of 2000 W. The center area contains the metal hydride material, it is of reduced
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Figure 4.4: Left: Bottom body part of FlexiStore, filled with a sodium alanate pellet.
Right: Complete FlexiStore setup with attached thermal insulation, hydrogen supply
and thermocouples before an in situ Neuron Radiography measurment at NECTAR.
The tank is mounted on the rotational unit in front of the scintillator.

wall thickness of in total 24 mm for sufficient neutron beam transmission. The volume

of this area is about 60 ml and exhibits a cylindrical symmetry with 80 mm diameter

and 11 mm depth. A technical drawing of the side cross section of the bottom body

part is shown in the right part of Figure 4.3. The vertical inlet reaching from the top

to the center is the hydrogen supply line. The inlets from the bottom to the lower

inner volume boundary respectively to the center are inlets for thermocouples. In the

center the wall-thickness is reduced for attachement of a sinter metal filter to prevent

a blocking of valves by metal hydride powder. For homogenization of the temperature

field a thermal insulation can be attached, with an opening in the center tank area.

The bottom body part containing a metal hydride pellet is shown in the left part of

Figure 4.4. An additional spacing ring is applied to prevent direct contact of metal

hydride powder and the sealing ring. The cylindrical part in the center as visible in

the Figure is the as-mentioned sinter metal filter. Due to the tank wall thickness and

steel material the use of thermal or cold neutron spectra is limited. The FlexiStore

tank is in particular suitable for scaled-up samples and measurements at instruments

providing fission neutron spectra like NECTAR. The measurement setup is exemplary

shown in the right part of Figure 4.4 with the FlexiStore tank and attached thermal

insulation, heating and thermocouples placed in front of the scintillator at NECTAR.

4.2.3 Small sample cell

For measurements of lab-scale samples and use of thermal or cold neutron spectra

including both in-situ Neutron Radiography as well as Neutron Tomography a sample

cell was designed exhibiting a rotational symmetry with the rotational axis perpen-
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Figure 4.5: Left: Photograph of the small sample cell at the ANTARES beamline
with attached thermal insulation (top, covered in aluminum foil) and nozzle heater
(bottom). Right: Schematic drawing of the sample cell, quantities are scaled in mm.
The outer body is of stainless steel 1.4401, the sample is carried by an aluminum
insert body (finely shaded). From the bottom part a thermocouple is attached for
measurement of temperature and control of the heating power.

dicular to the beam direction. This allows for homogeneous wall thickness during a

Neutron Tomography measurement and hence a constant influence by the sample cell

material. For the latter stainless steel of quality 1.4401 was chosen so that the whole

sample cell could be designed out of Swagelok [30] standard parts except for a few

components. The sealing is ensured by standard Swagelok VCR Fitting. A photo of

the mounted cell is shown in the left part of Figure 4.5. At the bottom part a nozzle

heater is attached with a total heating power of 245 W. Above is the sample cell el-

ement carrying the inner free volume and the metal hydride material. At the upper

part a thermal insulation is used to homogenize the temperature field. The sample cell

is designed for maximal temperatures of 450 ◦C at a pressure of 75 bar. A schematic

drawing is given in the right part of Figure 4.5. In the inner free volume an aluminum

body with a diameter of 23 mm is inserted (finely shaded), the metal hydride material

is placed within the two boreholes of 3 mm diameter each. Aluminum is used for rea-

sons of its good thermal conductivity and its low total neutron attenuation coefficient.

At the bottom of the aluminum insert a thermocouple is attached for monitoring of

temperature changes during the reaction as well as control of the heating power.



32 CHAPTER 4. EXPERIMENTAL AND METHODS

4.2.4 Metal hydride material

The raw components of the metal hydride material used within this work have been

purchased by Sigma Aldrich and Alfa Aesar. Unless otherwise described, raw materials

have been pretreated by ball milling, where an attritor mill [116] with milling time of

10 h and a planetary ball mill [116] with 5 h milling time and a ball to powder ratio of

10:1 have been used for scaled-up materials measured at NECTAR (sections 5.4, 5.5.1).

A high-energy SPEX mill has been used for lab-scale material amounts measured at

ANTARES (section 5.5.2) with milling time of 5 h and ball to powder ratio of 10:1.

In all cases, steel balls have been used. For powder compaction a manual press with

maximal weight of 200 tons was used. To prevent the oxidation of the samples all

treatment and processing of materials was performed within a glove box with impurity

levels of ≤ 10 ppm (O2, H2O).

4.3 Infrared-Thermography

In the following the basic setup for Infrared-Thermography measurements is intro-

duced, which has been developed for measurements of the temperature field on the

tank surface to approximate the corresponding temperature field within the metal hy-

dride.

For a black body radiator the emitted heat radiation is described by the Stefan Boltz-

mann law with the radiation power solely depending on the temperature of the radi-

ator. For real bodies, a correction parameter is introduced with the emissivity ε that

is dependent of the surface material. Thus, the radiation power is

P ? = ε · σB ·A · T 4

with the emissivity ε ∈ [0,1], σB the Stefan Boltzmann constant and A the radiator

surface. The aim of Infrared-Thermography (IRT) is the determination of an object

temperature based upon the measured heat radiation of the objects surface. If the

transmission through the object to be measured as well as the interaction with the

transmitted medium (usually normal atmosphere) can be neglected, the total radiation

power normalized to the surface, PT , that reaches the IR detector is

PT = ε · σB · T 4
O + (1− ε) · σB · T 4

E (4.3)

where TO is the object temperature. The second summand is the reflected radiation

with TE the effective temperature of the environment. A high emissivity reduces a

perturbation by the environment and enhances the measurement accuracy. Metals
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Figure 4.6: Schematic drawing of the IR-Thermography setup. The sample to be
measured and the IR camera are covered by a coated box for approximation of a
closed system and reduction of potential perturbation by the environment (PE). The
radiation power PO is generated by the sample. The IR camera measured the total
radiation power PT according to equation 4.3.

typically have a low emissivity but are most commonly used as storage tank hull ma-

terials Thus, a direct measurement of the tank surface by IRT is limited and a coating

is necessary. For reasons of practical feasibility and large temperature range of opera-

tion, black varnish has been used for surface coating, with the layer thickness limited

to a few micrometer to limit influences of the varnish on the temperature field. The

emissivity of the varnish was determined to ε = 0.941 ± 0.004 by use of a calibration

measurement1. The setup for IR-Thermography is schematically shown in Figure 4.6

with labels according to equation 4.3. For further reduction of environmental influ-

ence an IRT station has been set up, enclosed by a box coated with black varnish for

derivation of a closed system approximating a black body behavior. The distance d

between the storage tank and the IR-camera depends on the used optics. Within this

work, a FLIR A305sc IR-camera is used with a pixel array of 320 x 240 pixels at a

maximal frame rate of 9 Hz. The minimum focal distance is 0.4 m, which is the tank-

1For determination of the emissivity of the varnish, a thermocouple is attached to the tank surface
in direct contact to the varnish. Simultaneously to the temperature measurement, which serves as a
reference, the varnish temperature is derived by IR-Thermography, starting with a default emissivity
value. The correct emissivity of the varnish refers to an emissivity, for which the two measured
temperature values equal each other.
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camera distance used for the measurements here. IRT measurements of the storage

tank surface are performed after reaching the steady state temperature of the storage

tank with attached thermal insulation to exclude effects of the heating process.



Chapter 5

Results and Discussion

This chapter is subdivided into two parts: In the first two sections new methods for

the characterization of metal hydride systems (scaled-up and lab-scale) are developed

and described in detail, while section 5.2 concentrates on the general quantification of

data and correlation analyses. Section 5.3 focuses in particular on investigation possi-

bilities for solid-liquid system compositions. It is pointed out, that methods developed

here are not limited to a special class of hydrides but are valid for a broad field of

storage systems in general. In the framework of method development, a comprehensive

software package has been designed an built in MATLAB for a semi-automatic run of

routines and analyses. Within the last sections this software package is used for the

application of developed methods on two different, complex metal hydride systems in

order to show the tremendous potential of Neutron Imaging on characterization and

optimization of metal hydride systems.

5.1 Temperature field by IR-Thermography

The temperature field in Sievert’s machines or other lab-scale instruments is assumed

to be approximately isothermal and hence measured by a single thermocouple close

to the sample. However, in scaled-up metal hydride beds and corresponding storage

tanks the temperature field is much more complex, and thus also its determination.

Most commonly, an array of temperature sensors distributed over the metal hydride

bed or the tank wall is used for determination of discrete temperatures values (e.g.

[65, 80]). The latter are then used to derive a rough estimation of the temperature

field. However, this bears uncertainties due to possible changes of material structure

(e.g. by channel formation [94]) and is accompanied by a high experimental effort

since a large sensor array is necessary for a sufficient data point density. Furthermore,

a direct contact of temperature sensors and metal hydride bed limits the possible bed

35
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design and gives constraints to the tank geometry.

The measurement of the tank surface temperature by IRT has the advantage of a

quasi-continuous field and a simple measurement setup. The measurement itself is in-

direct and contactless. In the following, the difference of the tank surface temperature

field derived by IRT and the corresponding field by an internal thermocouple array is

investigated.

5.1.1 Experimental setup and measurement process

As a tank model system the FlexiStore tank is used, the coating of surface and the

general IRT setup is described in section 4.3. An IRT image of the storage tank is

exemplarily given in Figure 5.1. In the left part an overview of the total storage tank

Figure 5.1: Left: IR-Thermography image of the whole FlexiStore tank. The dark
red pellet area in the center has temperatures T > 60 ◦C which exceeds the contrast
interval for the overview image. Right: Temperature field of the pellet in thermal
equilibrium as the region of interest.

including the thermal insulation is shown. The dark red pellet area in the center

exhibits temperatures T > 60 ◦C, which exceeds the contrast interval for the overview

image. The right part of the Figure shows the temperature field of the pellet in thermal

equilibrium as the region of interest. In the following, the analysis is limited to this

region of interest. The temperature inside the tank vessel was determined by using an

array of in total 16 thermocouples. For practical feasibility, a steel body was used as a

test phantom instead of a metal hydride pellet and the internal array of thermocouples

was subdivided into 8 points equally distributed on each of two circles for inner and

outer diameter as schematically shown in Figure B.1 in appendix B.1. The ex situ

temperature after reaching the thermal equilibrium was measured and interpolated to

a quasi-continuous field for target temperatures of 125 ◦C, 165 ◦C, 350 ◦C and 400 ◦C
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corresponding to ab- and desorption temperatures of sodium alanate respectively Li-

RHC, the metal hydride systems of interest for this work. The exact procedure is

described in appendix B.1. Additionally, a temperature field of the tank surface was

acquired by IRT for each of the target temperatures.

5.1.2 Results and discussion

The difference of steady-state temperature fields derived by IRT and the internal sen-

sor array is shown in Figure 5.2 for the different target temperatures. As visible, the

Figure 5.2: Steady-state temperature differences of tank surface temperatures deter-
mined by IR-Thermography and interpolated internal tank temperatures derived by a
thermocouple array. The absolute equilibrium temperatures are 125 ◦C (upper left),
165 ◦C (upper right), 350 ◦C (lower left) and 400 ◦C (lower right).

difference between the IRT image on the tank surface and the internal temperature

field is non-significant. Absolute differences are correlated to the absolute target tem-

perature. Still, even for the highest temperature of 400 ◦C, temperature differences



38 CHAPTER 5. RESULTS AND DISCUSSION

are maximum 15 ◦C. The discrete spot visible at (x,y)-position of about (40,20) mm

in the lower images is probably due to an incorrect measurement procedure for this

data-pair and related to the explicit procedure (see appendix B.1). Thus, it is not

further considered. In general, the temperature distribution is rather homogeneous

with less than 30 K difference over the whole tank for a target temperature of 400 ◦C.

However, some distinct cooler and hotter areas as compared to the average can be rec-

ognized. At the left and in particular upper left tank area, ∆T is found to be negative.

When moving to the lower right boundary, the difference is inverted and temperatures

measured at the tank surface by IRT are even higher than corresponding internal tem-

peratures. This effect must be caused by the explicit distribution of heating power

of the FlexiStore tank. The heating cartridges are attached at the outer perimeter of

the tank vessel, not fully covering the latter. Thus, a heat flow is possible, directed

from the highest heating power input to the temperature sink, causing an internal

negative temperature gradient from the temperature source (the upper left area) to

the sink (the lower right area). On the tank surface, the heat input is different due to

the location of the heating cartridge. Additionally, there is potential influence of the

coating itself due to its thermal conductivity, which needs to be investigated further.

Still, the temperature differences are small and the temperature field inside the storage

tank is in good agreement with the corresponding field on the tank surface derived

by IRT. Thus, the temperature of the metal hydride bed in thermal equilibrium can

be approximated by IRT, which gives for the first time access to a quasi-continuous

temperature field. Though a sufficient contact of metal hydride bed and tank wall is

required and the tank geometry should exhibit a plane and thin surface like in the

FlexiStore design, the introduced method is believed to be equivalent or at least com-

plementary1 to classical measurements by single thermocouples due to the simple and

contactless measurement and the access to a quasi-continuous field. Moreover, due to

the indirect measurement principle there are no constraints to the metal hydride bed

geometry. In addition to the encouraging results for equilibrium temperature fields,

IRT offers a high potential for in situ temperature field characterization as well, which

is discussed in more detail in the perspectives and outlook in section 7.1.1.

1The advantage or disadvantage depends on the explicit tank design. In vessel geometries like the
FlexiStore where a large plane tank surface with good contact of tank and metal hydride material an
accordingly good heat transfer is provided, IRT is superior.
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5.2 Development of evaluation methods for Neutron Imag-

ing data

In the following new methods for the quantitative analysis of hydrogen distributions in

solid-phase metal hydrides are developed, based on a combination of thermodynamic

quantities and nuclear physics theory and the concept of macroscopic attenuation. In

preparation for that the scattering field is investigated and a simple way to consider

its influence on the measured intensity distribution is shown. Some of the methods

developed in this thesis and their application on the sodium alanate system as shown

in section 5.4 have already been published prior to this thesis [17, 16].

5.2.1 Scattering and beam attenuation by hydrogen

As already described in section 2.1.1.2, the consideration of scattering influences is

important due to the high incoherent scattering cross section of hydrogen relative to

other elements for all relevant neutron energies, reaching from fission to cold neutron

spectra.

In general, for an in situ investigation of a hydrogenation of a metal-hydride by ideal

NR, the total attenuation coefficient Ωtot of equation 2.3 is 4-dimensional as shown

in equation 2.11 in section 2.1.1: the 3 dimensional information is related to the

spatial information of the material distribution and the additional dimension is a

time-dependency due to the absorption of hydrogen by the metal hydride. Instead of

considering the additional energy dependency of the attenuation coefficient related to

the energy spectrum of the instrument an averaged attenuation is used for reduction

of complexity. For taking a ratio as it is described in equation 5.2 and using large

propagation distances between sample and detector, spectral shifts in the projected

volume of the metal hydride that are caused by moderation or beam hardening can

be neglected in first approximation. This is discussed later on. If the attenuation by

the material can be assumed to be constant in time referred to the pixel area, the

attenuation coefficient separates into a material and a hydrogen contribution

µtot(r, t) = µM (r) + µH2(r, t) (5.1)

where only the latter carries the time-dependent information. This assumption is

crucial to the separation of contributions and the following equation 5.2. Its validity

is analyzed later on. It is stressed again, that the total time-constant attenuation is

the sum of attenuations by the metal hydride material itself as well as any enclosing

tank or sample cell material. Considering the projection of the sample volume element
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according to Figure 2.2 in section 2.1.1, the attenuation by hydrogen within the time

interval t− t0 is given as the logarithmic ratio of intensities at the corresponding time

steps according to equation 2.12

∆Ω(t) = ΩH2(t)− ΩH2(t0) = −ln
(
I(t)

I(t0)

)
(5.2)

Here, I(t) is the measured intensity at t during the absorption process and I(t0) is the

reference image of the material distribution before the hydrogen uptake. All images

are corrected by a dark field measurement.

Contemporaneous to the evolution of ∆Ω, a time-dependent scattering field is

emerging due to the high incoherent scattering cross section of hydrogen in comparison

to other elements. The scattering field in total leads to an increased background

intensity. In first approximation this background intensity is assumed to be spatially

constant on the detector plane for large neutron propagation distances from the sample

to the detector. In general, an effect of scattering can be denoted as a perturbation

of the ideal Beer’s law with almost no spatial dependency for propagation distances

above 10 cm, which was shown in particular for fission neutrons in [109]. Thus, the

perturbation is assumed to be spatially invariant, but time-dependent due to the

increasing amount of hydrogen during the sorption process. It is

I(r, t) = I0 · exp(−Ω(r, t)) + Isc(t) (5.3)

Here, Isc(t) denotes the scattering background for a given initial beam intensity2.

Accordingly, the time evolution of the scattering contribution can be investigated by

taking the difference of I(t)− I(t0) in areas for a time constant attenuation, assuming

a time-constant distribution of the initial beam intensity.

The measurements were performed at the instrument NECTAR, described in sec-

tion 4.1.1. Two setups have been used: a pellet with mass of 50.1 g of desorbed sodium

alanate (NaH+Al+0.05TiCl3) stored inside the FlexiStore tank has been investigated

with a CCD readout frequency of 5MHz and a total time between two succeeding im-

ages of 252 s. Additionally, about the threefold amount of the same material, 147.5 g,

stored in a tank made of aluminum has been studied, tank specifications are given

in appendix A.3. For the latter tank study, a less collimated beam was used for re-

duction of exposure time in combination with a readout frequency of 1MHz. In total,

2It is remarked, that this formalism does only hold for a given, specific flat field I0. For general-
ization, Isc can be introduced as the flat field modulated by a scattering parameter b = Isc/I0, which
will be discussed later on.
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the time between two succeeding images is 138 s. In this second setup an additional

filter was installed in the beamline setup consisting of 1cm of B4C(50%) embedded in

epoxy. In order to avoid a strong scattering influence, the distance between the sample

and the detector was set to 15 cm for both setups. To correlate the beam attenua-

tion caused by hydrogen absorption with its corresponding amount inside the metal

hydride material, the hydrogen flow from an external gas supply to the sample was

measured by a mass flow controller as described in the section 4.2.1. Additionally, the

temperature and pressure at the sample inside the two storage tanks were recorded.

These thermodynamic quantities allow for the calculation of the amount of absorbed

hydrogen by the metal hydride material according to equation 4.1 in section 4.2.1.

By time-synchronization to the image acquisition, each image can be allocated to the

respective amount of absorbed hydrogen. The performed absorption was the first ab-

sorption after manufacture of the raw material. As an initial pressure application is

known to cause a macroscopic structure deformation for loose powder [94, 128], the

metal hydride material in both storage tanks was pre-compacted using a manual press

so that the cylindrical symmetry of the metal hydride bed is preserved. During the

absorption process, the material structure can be assumed to remain macroscopically

stable as well: for compacts of sodium alanate, the volumetric expansion within the

first absorption is negligible, since it is below 3% in radial dimension according to

studies by Lozano et al. [77]. Moreover, no significant change of the material’s diam-

eter was observed by NR during the measurement. The change in axial direction is

less important as the beam attenuation is integrated for a projected volume element.

Additionally, according to Lozano et al. the expansion in the axial direction is as well

less than 3%.

5.2.1.1 Time-dependent scattering component

In Figure 5.3, Neutron Radiography images of the hydride material enclosed by the

two tanks are shown. The measured intensity was corrected for the dark image and

normalized by the flat field. In the left part of the Figure, the FlexiStore tank is shown

storing the pellet of mass 50.1 g. The gaseous amount of hydrogen in the remaining

free volume in projection direction of the pellet inside the tank is negligible, it is lower

than 3% of the absorbed amount of hydrogen by the material. In the lower part of the

figure the second setup is shown with the pellet of mass 147.5 g inside the aluminum

tank. The remaining free gas volume inside the tank in projection direction of the

pellet is 27% and has to be taken into account, in contrast to the FlexiStore setup.

Both pellets are cylindrical with an inner diameter of 11 mm and an outer diameter

of 77 mm, the thickness is 11 mm (steel tank setup) and 25.5 mm (aluminum tank
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Figure 5.3: Radiography images of the two investigated storage tanks filled with metal
hydride material. In the upper part an amount of 50.1 g of desorbed material is stored
inside the FlexiStore tank and 147.5 g of material are stored inside the tank made of
aluminum. The areas marked with circles are the projected volumes containing the
metal hydride material, denoted by A0. In the remaining area the attenuation is time
independent, it is denoted by B. Area A1 in the lower part corresponds to free gas
volume inside the aluminum tank.
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setup), respectively.

The projected volume inside an image containing the metal hydride material is

enclosed by the white (FlexiStore) respectively black (aluminum tank setup) circles

and denoted by A0. The attenuation in A0 is time-dependent due to the absorption

of hydrogen by the metal hydride. In case of the aluminum tank there is additional

free hydrogen gas volume inside the tank. Hence the attenuation in this area, which

is denoted by A1, is time dependent as well. The amount of gaseous hydrogen is

correlated to the pressure inside the tank vessel. Outside these areas, denoted by

B for both setups, the attenuation is caused only by the tank material and there-

fore constant in time. For every image the intensities within sections taken out of

area B are averaged and the difference to a reference image at t0 is calculated. As

the attenuation by the tank material is assumed to be constant in time, any change

within the difference I(t)− I(t0) in area B is directly assigned to a change of the

scattering contribution. This is the time-dependent part of the total scattering in-

tensity as introduced in equation 5.3. The difference is taken in order to be sensitive

to small changes in the measured intensity. The correlation of the time-dependent

scattering intensity to the amount of hydrogen in the projected volume containing

the pellet is shown in Figure 5.4. The amount of hydrogen is normalized to the

pellet area to derive an average amount of hydrogen inside the projected pellet vol-

ume, denoted by the subscript V . The evolution of the scattering intensity for the

steel tank setup is shown in the left part of the image. Up to an amount of about

n(H2)V = 0.006 mol/cm2 the time-dependent scattering intensity increases linearly

with the hydrogen content. This is exactly what is expected for a time-dependent

scattering originating from hydrogen uptake. With further uptake of hydrogen there

is no linear dependency any more, the curve converges into a plateau. Interestingly,

the transition at n(H2)V = 0.006 mol/cm2 is distinct and equals the beginning of the

second absorption step according to the two reactions steps of sodium alanate accord-

ing to equation 2.22 in section 2.2.1, as it is visible in the inset of Figure 5.4. The

inset is a kinetic plot, showing the absorbed amount of hydrogen inside the projected

pellet volume, n(H2)V , as a function of time and normalized by the pellet area. The

time evolution is generic for systems undergoing two reaction steps as it is the case

for sodium alanate: the final phase, tetra-alanate, is separated from the first phase,

hexa-alanate, by the slow increase of n(H2)V from t≈ 100 min to t≈ 270 min. After

that, the increase of the slope indicates the beginning of the 2nd reaction step and the

formation of the tetra-alanate phase. This coincides with the transition observed for

the scattering intensity evolution. It is not clear, whether this transition is caused by

any structure-related transformation correlated with the reaction steps or whether it
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Figure 5.4: Evolution of the time-dependent scattering intensity in area B with the
amount of hydrogen inside a projected volume element for the steel tank setup (left)
and the aluminum tank setup (right). The insets show the time evolution of the
amount of hydrogen in the projected pellet volume, normalized by pellet area.

is at random and caused by multiple scattering. The formation of the tetra-alanate

phase includes the formation of a new lattice structure. A change of the scattering

intensity measured in area B that is caused by this structural change should then be

only due to the thermal part of the energy spectrum of NECTAR [25], which allows

for the appropriate angular distribution of scattered neutrons to be detected in B.

However, according to the measurement principle of the ZnS scintillator embedded

in propylene there should be no sensitivity towards energies below typical electronic

binding energies (several eV) for the hydrogen atoms, as recoiled protons are necessary

for a luminescence of the ZnS [132]. Consequently, the scattering intensity evolution

measured in area B should not contain any information related to structural changes.

However, for multiple scattering the transition should be more continuous and smooth

than the one measured in Figure 5.4 as the angular distribution for scattering by an

ensemble of particles is given by a probability distribution. In case of multiple scatter-

ing also the existing amount of hydrogen in the sodium hydride as part of the reference

image at t0 has to be considered3. The emergence of multiple scattering would then

3In the desorbed state, there is presence of hydrogen within NaH.
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be related to a total amount of 0.016 mol/cm2.

The different setup in case of the aluminum tank with about the threefold pellet mass

is used to clarify whether the change of slope is related to structural changes or caused

by the emergence of multiple scattering due to the increasing amount of hydrogen in

the projected volume element. In analogy to the procedure described above for the

lower mass pellet, the evolution of scattering intensity correlated to the amount of hy-

drogen inside the projected pellet volume is shown in the right part of Figure 5.4. In

contrast to the FlexiStore setup with 50.1 g of material, the scattering intensity shows

no linear correlation to the hydrogen content in the projected volume at all. There is a

distinct increase of the intensity observed already for the first images at the beginning

of the absorption process followed by an oscillatory behavior around an average inten-

sity of approximately 100 counts. In the lower right inset the time evolution of the

hydrogen content in the projected pellet volume is shown. The structural change of

the metal hydride with emergence of the hexa-alanate phase starts at approximately

0.025 mol/cm2. There is no correlation to the evolution of the measured scattering

intensity. This clearly indicates that an emergence of multiple scattering is the rea-

son for the transition observed in the steel tank setup with less amount of material!

Considering again the initial amount of hydrogen in the pellet with 145.5 g of mate-

rial, already within the reference image there is 0.028 mol/cm2 of hydrogen inside the

projected volume. Accordingly and if the different tank geometries are neglected, the

multiple scattering regime is already present at t = t0 for the aluminum tank setup.

The initial increase of the scattering intensity is most probable due to the amount of

gaseous hydrogen in the free volume inside the tank according to area A1 of Figure 5.3.

The absolute number of counts measured is influenced by the different tank geome-

tries, the different initial beam intensities and collimator setups and therefore rather

complex. However, in this case only the evolution of the intensity correlated to the

amount of hydrogen in the projected pellet volume was needed to clarify the influence

of multiple scattering on the measured scattering intensity field. The fluctuations in

intensity are due to fluctuations of the initial beam intensity. The oscillating signal

visible in the right part of Figure 5.4 is most probable originating from an oscillating

initial beam intensity as well, which is not yet understood but might be due to end of

lifetime of the converter plate for generation of the fission neutron spectrum. As part

of the interaction process of fission neutrons and hydrogen, which is predominantly

elastic scattering, the scattering intensity measured within area B is determined by

moderated neutrons. Depending on the number of scattering events, moderation can

result in a decrease over several magnitudes in energy [97]. However, the distribution

of the time-dependent scattering field is broad and shows no radial dependency as it



46 CHAPTER 5. RESULTS AND DISCUSSION

is expected due to the large sample-detector distance. Therefore it is valid to assume

that the energy spectrum of neutrons detected in area B is almost the same as in

area A0, especially with emergence of multiple scattering as this is accompanied by a

broadening of the angular distribution of scattered neutrons towards 4π. Thus, the

measured intensities can be used to correct all Radiography images for the effect of

time-dependent scattering by subtracting the scattering intensity given in Figure 5.4

from the corresponding image.

5.2.1.2 Correlation of hydrogen content and beam attenuation

While area B of Figure 5.3 was used to determine the scattering field intensity and

to correct for time-dependent scattering, area A0 is used for the investigation of the

correlation between the attenuation by hydrogen and the corresponding amount of

absorbed hydrogen inside the projected pellet volume. To calculate an average atten-

Figure 5.5: Correlation of the attenuation by hydrogen, ∆Ω, and the amount of ab-
sorbed hydrogen inside a projected volume element for the pellet, n(H2)V , for the steel
tank setup. Additionally, the linear fit is plotted.

uation, the ∆Ωi of each pixel i inside A0 are calculated according to equation 5.2 and

averaged. By that, ∆Ω is independent of local fluctuations of the amount of stored

hydrogen. Its correlation to the amount of absorbed hydrogen in a projected volume

element of the metal hydride, n(H2)V , is shown in Figure 5.5. The dependency is
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linear, ∆Ω = c · n(H2), with a proportionality factor of c = 4.0 ± 0.15 cm2 mol−1.

This linearity is in agreement with the energy spectrum of neutrons at NECTAR [25],

according to which the flux has its maximum in the MeV regime. At these energies

there should be no sensitivity towards material structures but towards nuclear po-

tentials, which are the single hydrogen nuclei in this case. The same correlation is

shown for the aluminum tank setup in Figure 5.6. The attenuation derived according

Figure 5.6: Correlation of the attenuation by hydrogen, ∆Ω, and the amount of ab-
sorbed hydrogen inside a projected volume element for the pellet, n(H2)V , for the
aluminum tank setup. Additionally, the linear fit is plotted. The inset shows the
analogue correlation for the gaseous amount of hydrogen.

to equation 5.2 contains both the attenuation by the absorbed hydrogen as well as the

attenuation by gaseous hydrogen in the free volume of the total projection of the pellet

volume. Since area A1 represents the free volume inside the aluminum tank, it is used

to investigate the correlation of the amount of gaseous hydrogen inside a projected free

volume element and the corresponding neutron beam attenuation. This is shown in

the inset of Figure 5.6, a linear correlation is observed with a proportionality factor of

c = 2.8 ± 0.2 cm2 mol−1. Thus, the influence of the attenuation by gaseous hydrogen

can be corrected with known tank geometry to derive only the attenuation by the

absorbed amount of hydrogen in a projected volume element. This is shown as the

main plot in Figure 5.6. The correlation is again linear with the same proportionality
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factor of c = 2.80 ± 0.03 cm2 mol−1 as it was the case for the attenuation by gaseous

hydrogen. For both investigated setups, which differ significantly in terms of the to-

tal amount of stored hydrogen as well as in terms of geometry and tank materials, a

linear correlation of absorbed hydrogen in a projected volume element and the beam

attenuation by interaction with hydrogen was found. This shows that even for larger

amounts of samples the ideal Beer’s law can be assumed correctly which is important

for a quantitative determination of the hydrogen distribution. However, the slope be-

tween the steel tank setup and the aluminum setup was found to differ significantly.

A reason might be the different initial energy spectrum due to the additional 1 cm

filter of B4C(50%) embedded in epoxy. Spectral simulations analogously to the ones

performed by Breitkreutz et al. [21] for the changed setup revealed a hardening of

the spectrum with an average energy of Ē = 2.1 MeV instead of Ē = 1.8 MeV as

for the steel setup. This directly lowers the interaction probability of hydrogen nuclei

and incoming neutrons due to the energy dependency of the cross section for hydrogen

[29]. Accordingly, a logarithmic ratio of two images according to equation 5.2 leads

to a changed slope for the linear correlation. This shows that the explicit beamline

setup, which determines the spectrum, has a strong impact on the explicit correlation.

The interaction between fission neutrons and the hydrogen nuclei is predominantly

elastic scattering which leads to a moderation of neutrons that are scattered at hydro-

gen nuclei, in particular inside volume containing the metal hydride material. During

the absorption process these moderated neutrons are measured as time-dependent scat-

tering intensity as investigated in the beginning, leading to an increased background

intensity. Due to the lower interaction probability of MeV-neutrons with the hydrogen

nuclei the energy spectrum of neutrons measured in the detector area corresponding to

the projected pellet volume is expected to be shifted to higher energies. This spectral

shift to higher energies is known as ’beam hardening’ [22] and would perturb a linear

correlation of attenuation by hydrogen and normalized amount of hydrogen content.

However, since a linear correlation was found for both setups effects of beam hardening

can be neglected for an amount of hydrogen inside a projected volume element up to

at least 0.09 mol cm−2. This value originates from the initial amount of hydrogen in-

side a projected volume for the reference image of the 145.5 g-pellet, 0.028 mol cm−2,

added to the corresponding final amount of absorbed hydrogen of 0.062 mol cm−2

according to Figure 5.6. Thus, though the image formation process is quite complex

including the processes and perturbations mentioned above, the linear correlation and,

by implication, simple Beer’s law is robust for large propagation distances.
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5.2.1.3 Time constant scattering influence

In addition to the time-dependent scattering influence caused by an increasing amount

of hydrogen inside the storage tank during the absorption process there is an additional

time-independent scattering intensity contribution by the metal hydride material itself

and the storage tank components that contributes to the total scattering field given

by equation 5.3. This scattering contribution could as well affect and distort the mea-

sured intensity distribution and therewith investigated quantities. To clarify, whether

the linear correlation that was found in Figure 5.5 is influenced by a time-constant

scattering field, again a spatially constant scattering intensity Isc on the detector plane

is assumed due to the large propagation distance as it was done for equation 5.3, but

this time it is set as time-constant. Using this, the attenuation difference for time

steps t0 and t according to equation 5.2 becomes

∆Ω?(t) = −ln

(
exp−Ω(t) + ISC

I0

expΩ(−t0) + ISC
I0

)

In the following, b = ISC/I0 is introduced as a scattering parameter defined by the

ratio of scattering and flat field intensity. Therewith

∆Ω?(t) = ∆Ω(t)−
[
ln
(

1 + b · expΩ(t)
)
− ln

(
1 + b · expΩ(t0)

)]
(5.4)

The quantity ∆Ω(t) is the ideal attenuation difference without any influence of scatter-

ing. The parenthetical term on the right is a perturbation of this ideal attenuation due

to scattering contributions. If the latter are considered to be small, the perturbation

can be expressed as a Taylor series and simplifies to

∆Ω?(t) = ∆Ω(t) ·
(

1− b · expΩ(t0)
)

(5.5)

This is based on the assumption that b · expΩ(t) � 1 and ∆Ω � 1. In ideal NR,

attenuation difference and amount of hydrogen are directly proportional, given by

definition of the macroscopic attenuation (see equation 2.5). It is

∆Ω(t) = Ω(t)− Ω(t0) = −ln
(
I(t)− ID
It0 − ID

)
= c ·∆n(H2)(t) (5.6)

with the dark field intensity ID and ∆n(H2)(t) = n(H2)(t) − n(H2(t0)) and the pro-

portionality constant c according to equation 2.5. More precisely, it carries among
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others the microscopic cross section of hydrogen:

c =
2 ·NA · σH

A
(5.7)

The factor of 2 is due to a calculation with molecular hydrogen. From equation 5.5

the following relation is derived for the attenuation difference by hydrogen under the

influence of small, time-invariant scattering fields:

∆Ω?(t) = c? ·∆n(H2)(t), c? = c ·
(

1− b · expΩ(t0)
)

(5.8)

Thus, it can be concluded that for small scattering contributions fulfilling the above

given conditions a linear correlation of beam attenuation difference and the total

amount of hydrogen4 is preserved. The proportionality constant, c?, is reduced to

the ideal case. Thus, within a correlation plot like it is shown in Figures 5.5 and 5.6

the same overall evolution is derived but with a reduced slope. For high scattering

fields a linear correlation does not hold due to a decreasing slope for higher amounts of

hydrogen according to equation 5.4. However, it is essential that a linear correlation

of the attenuation by hydrogen and the amount of absorbed hydrogen is invariant to

small scattering influences in the way that only the explicit slope is changed, but not

the entire type of a linear correlation. According to Figure 5.6 a first approximation

of a lower limit can be derived, for which the amount of hydrogen in the projected

volume and corresponding scattering influences do not affect this linear correlation.

Starting from an absorbed amount of 0.05 mol cm−2, a distinct linear correlation is

found for the remaining data range. Considering an initial amount of hydrogen of

0.028 mol cm−2 already present in the initial reference image, a lower limit of about

0.08 mol cm−2 of hydrogen is derived. A linear correlation facilitates a quantitative

investigation of the hydrogen distribution within the metal hydride bed, which will be

described in detail in the next section.

It is emphasized, that given results are based on the fission neutron spectrum at

NECTAR. However, the introduced methods for scattering investigation and corre-

lation of beam attenuation and hydrogen amount are valid for all type of neutron

energy spectra. Still, for use of thermal and in particular cold neutron spectra there

are significant differences due to the energy dependency of overall attenuation coeffi-

cients for the corresponding energy range: In particular, the time-dependent scattering

field is expected to be more complex due to potential effects of bragg scattering [102]:

All chemisorption driven metal hydrides undergo a change of the crystalline structure

during hydrogenation, thus the microscopic cross section carries a time dependency

4It is remarked again that the latter is the total amount within the projected volume.
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related to this structural change. Additionally, the absolute cross sections are signifi-

cantly higher and therewith the scattering field is enhanced in comparison to the one

observed in Figure 5.4.

5.2.2 Combination of Thermodynamics & Nuclear Physics Theory:

Normalization method

With the combination of thermodynamic quantities and macroscopic attenuation a

simple way was introduced for the study of the correlation between the beam attenu-

ation by hydrogen and the corresponding hydrogen content. This can be realized with

low experimental effort, since the thermodynamic quantities pressure, temperature

and hydrogen flow are sufficient for the calculation of the evolution of the hydrogen

absorption.

So far, for quantification of data and determination of the spatial and time-resolved

hydrogen distribution the microscopic cross section σ is used to calculate the mass of

hydrogen assigned to the measured intensity of one pixel, according to the formalism

for the attenuation coefficient µ as given in equation 2.5. The major problem is that

the latter explicitly depends on the individual instrument setup at the beamline in-

cluding sample detector distance, neutron energy spectrum and sample composition

and corresponding scattering field. For the scattering field the effect of both time-

dependent and time-invariant scattering effects was shown in the previous sections,

where the time-invariant effect changes the proportionality constant in case of a linear

correlation. This can be understood as a change of the effective attenuation coefficient,

causing deviations from literature-based values! Additionally, there is a potential influ-

ence by the crystalline structure of the material for use of thermal and cold neutrons.

This is explicitly used in Bragg-edge Imaging and discussed already in the previous

section. Hitherto, these effects are neglected and literature values for hydrogen or

values derived by calibration measurements with water are used instead.[63, 93] This

is clearly not optimal for a precise quantitative investigation. A unique but simple

method to overcome this problem is to use a combination of thermodynamic quanti-

ties and nuclear physics formalism for the macroscopic attenuation coefficient, which

determines the measured intensity in Neutron Imaging. The following is not limited to

a fission neutron spectrum as used here, but also valid for thermal and cold neutrons.

During the hydrogen absorption experiment the thermodynamic quantities pressure

and temperature and additionally the hydrogen flow into the tank volume allow for a

ready calculation of the absorbed amount of hydrogen by means of a kind of continuity

equation as described by equation 4.1 in section 4.2 . In case of a linear correlation of
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beam attenuation by hydrogen and corresponding amount of hydrogen it is

∆Ω(t) = c · n(H2)(t)

according to equation 5.6, where the reference amount, n(H2)(t0), has been set to zero

per definition. In fact, both ∆Ω(t) and n(H2)(t) are not continuous but discrete. Their

time-resolution is given by the time interval between subsequent Neutron Radiography

images. For every image, the following condition for normalization is defined

Ć ·
N∑
i=1

∆Ωi(t) = n(H2)(t) (5.9)

where N is the number of pixels and ∆Ωi is the attenuation difference in pixel i. This

defines the normalization constant, Ć, and therewith each image pixel i of an image

at time step t can be assigned to the corresponding amount of absorbed hydrogen by

n(H2)i = Ć ·∆Ωi(t) (5.10)

By that, the spatial and time-resolved, quantified distribution of hydrogen within the

metal hydride bed is derived. It is stressed, that it solely relies on a linear correlation of

attenuation by hydrogen and corresponding hydrogen content in the sample volume,

but not on the absolute attenuation coefficient and is therewith more precise and

robust against varying experimental setups! Still, a basic assumption is the time-

constant material amount within the resolution of one pixel area, excluding material

transfer. In case of the latter the reader is referred to section 5.3.

5.2.3 Material distribution

While the in situ image data of the hydrogen absorption process is used for the deter-

mination of the time and spatial-resolved, quantitative hydrogen distribution as shown

in the above section, a reference image at t0 corresponding to the desorbed state of

the material before the start of the absorption process can be used to calculate the

distribution of material amount and material packing density. In full analogy to the

normalization condition for the hydrogen distribution according to equation 5.9, the

corresponding condition for the material distribution is

Ć ·
N∑
i=1

Ωi,mat = mtot (5.11)
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Figure 5.7: Distribution of total attenuation for the FlexiStore setup with the metal
hydride pellet for visualization of geometry effects of the storage tank/ sample cell.

where mtot is the total metal hydride mass and Ωi,mat is the attenuation caused solely

by the metal hydride material within pixel i of the reference image. As for the deriva-

tion of the hydrogen content distribution, a linear correlation of material amount

and corresponding attenuation by material, Ωmat, is a necessary condition for a valid

normalization, its validity has to be ensured a priori. In addition, in case of multi-

component metal hydride systems a homogeneous spatial distribution of material com-

ponents has to be assumed, which can be achieved by ball-milling as part of the sample

preparation process. The attenuation distribution of a reference image is exemplary

shown in Figure 5.7 for the FlexiStore setup and a metal hydride pellet. The color-

coding indicated by the colorbar is chosen in the way that only the region of interest,

the metal hydride pellet, is visible. The outer area, colored in dark red, corresponds

to the attenuation by the FlexiStore tank only and refers to area B according to the

upper part of Figure 5.3. The total attenuation shown in Figure 5.7 is a superposition

of attenuations by tank, ΩTank, and metal hydride material, ΩMH

Ωtot(x, y) = ΩTank(x, y) + ΩMH(x, y) (5.12)

ΩMH is the quantity of interest, necessary for normalization and derivation of material

distribution. ΩTank is homogeneous and exhibits a spatial dependency due to reduced

wall thicknesses for temperature sensors and hydrogen inlet as shown in the technical

drawing in Figure 4.3 in section 4.2. These effects are visible in Figure 5.7 by reduced

attenuation, where the vertical lines correspond to the hydrogen supply line (upper

line) and temperature sensor (lower line), respectively. The line at about 109◦from
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the top (4 o’ clock position) corresponds to an additional borehole for temperature

monitoring. The area of reduced attenuation in the center is due to a reduced wall

thickness for the sinter metal filter. The correction of Ωtot by ΩTank according to

equation 5.11 for derivation of the attenuation by the metal hydride material depends

on the explicit tank geometry. In the following two correction procedures are presented

for the most common tank geometry effects.

5.2.3.1 Correction of tank geometry influences

The correction procedures are shown exemplary for the FlexiStore tank but are readily

transferable to other storage tank designs or sample holders. In general, geometry

effects in terms of their profile are either step functions or curvatures, where for the

latter only cylindrical symmetries are considered.

Cylinder geometries

In the upper left part of Figure 5.8 a section of Figure 5.7 is shown referring to

the varying wall thickness at about 109◦. In the upper right part the corresponding

profile

Pi = 1/N

N∑
j=1

Ωtot,i,j (5.13)

is given for averaged y-positions (indicated by index j), where the image has been

rotated to turn the edge into a vertical position to allow for a readily calculation of

profiles. The notation is changed from continuous to discrete i, j to consider the array

representation of the image data. According to the technical drawing of FlexiStore

(see Figure 4.3) the variation of wall thickness exhibits a cylindrical symmetry with the

rotational axis being perpendicular to the projection direction. Thus, in ideal case the

profile should be of the form Pi = 2·
√
r2 − (i− ic)2, with r the radius corresponding to

cylindrical symmetry. However, a broadening and clear deviation from the ideal case

is observed. The reason is geometrical unsharpness and blurring due to the limited

resolution of the instrument as described in section 2.1.1.4. A reference attenuation,

Ωr is defined by the left and right boundary of the profile, corresponding to a volume

with constant wall thickness. In the lower left part of Figure 5.8 the difference of

profile attenuation and reference is shown with ΩC = Pi − Ωr. The curve is fitted by

a Gaussian and the fit curve is used for correction of the total attenuation by wall

thickness variation

Ω?
tot,i,j = Ωtot,i,j +A · exp−( i−icσ )

2

;

where parameters A, ic and σ are derived by fitting. The corrected attenuation is
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Figure 5.8: Correction principle for cylinder geometries. Upper left: Total attenua-
tion image rotated counterclockwise by 109◦for the determination of the effect of wall
thickness reduction caused by the borehole for a thermocouple. Upper right: Cor-
responding averaged profile plot according to equation 5.13. Lower left: Profile of
attenuation difference Ωc = Pi − Ωr and Gaussian fit. Lower Right: Corrected total
attenuation image.

shown in the lower right part of Figure 5.8. The distribution of attenuation by the

material is well preserved. It is remarked, that in case of a better spatial resolution the

broadening is reduced and an approximation of profiles by Gaussian is no longer valid.

A combination of Gaussian and theoretical profile has to be used instead with the limit

of the theoretical profile for high spatial resolutions. The latter has to be considered

for use of thermal and cold neutrons, for fission neutron spectra the approximation by

Gaussian is sufficient.

Step geometries

In addition to cylinder geometries and profiles, tank vessels or sample cells often

exhibit step functions. Again, the FlexiStore tank is taken as an example in the fol-

lowing. Here, the center wall thickness reduction for the sinter metal filter is a step

function, exhibiting a radial symmetry in the projection. The center section of the to-
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tal attenuation is shown in the upper left part of Figure 5.9. Due to image broadening

effects caused by the spatial resolution of the instrument the distinct edge is trans-

fered into a broadened transition from higher to lower wall thickness. This is shown

by profile plots in the upper right part of Figure 5.9. Each profile plot is derived from

Figure 5.9: Correction principle for step geometries. Upper left: Total attenuation and
effect of wall thickness reduction in the center of FlexiStore. Iteratively, profiles are
calculated for various rotation angles θ. Upper right: Evolution of calculated profiles
for different rotation angles. Lower left: Averaged normalized edge profile according
to equation 5.14. Lower right: Corrected total attenuation image.

a rectangle for fixed angle θ as visualized in the upper left part of the Figure. The

rectangle height is finite and an averaged profile of the rectangular subsection is calcu-

lated according to equation 5.13 from the left boundary to the center. Subsequently,

the image is rotated by θ and the procedure is iterated for a full 2π rotation to in-

crease data statistics. The edge broadening is described by the Edge-Spread function

as introduced in section 2.1.1.4 and in appendix A.1.1. As visible, all profiles corre-

sponding to different rotation angles exhibit the same curvature, fluctuations are due
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to image artifacts. For correction of edge geometries, the edge profiles are averaged

and normalized by the geometric step height in wall thickness, hT ,

Ẽ =
1

Np · hT
·
Np∑
l=1

Pi,θl (5.14)

where the average of Np rectangular profiles is used for reasons of increased data

statistics. The as-derived spread function is shown in the lower left part of Figure 5.9.

A normalization by the edge-height generalizes the edge profile and has to be calculated

only once for a definite sample-detector distance and energy spectrum5. By use of the

radial symmetry of the edge step, the normalized profile, Ẽ, is extrapolated to 2D.

As reference attenuation for the constant tank wall thickness the averaged left hand

boundary of edge profiles in the upper right part of Figure 5.9 is used in analogy to

the procedure performed for cylindrical geometries in the above paragraph. Then, the

tank step geometry effect is corrected by

Ω?
tot,i,j = Ωtot,i,j +

(
hT · 1− Ẽ2D(i, j)

)
The resulting attenuation is shown in the lower right part of Figure 5.9, where the

distribution of attenuation by the material is well preserved.

Final correction and normalization for derivation of the material distribu-

tion

After correction of as described geometric effects the resulting attenuation by the

tank material is constant and homogeneous. It is determined from a reference area

containing no metal hydride material or from an empty-tank reference measurement.

Subsequently, it can be corrected by simple subtraction according to equation 5.12 to

derive the distribution of attenuation by the metal hydride material only. This sets

the basis for a valid normalization and calculation of the quantitative material amount

in pixel i

mi = Ć · Ωi,mat (5.15)

with Ć defined by equation 5.11. The quantity mi is the amount of material in a

projected volume element corresponding to image pixel i. In case that the exact shape

or geometry of the metal hydride bed is known, the packing density can be calculated

readily with given pixel size, ps. For a pellet with its base area perpendicular to the

projection direction as it is the case for the standard setup of FlexiStore, the material

5This is under the assumption, that effects of multiple scattering and beam hardening, causing a
different edge spread, can be neglected.
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packing density is simply

ρi =
mi

p2
s · d

(5.16)

where d is the thickness of the pellet. The spatial distribution of material packing

densities allows for analysis of potential inhomogeneties and enables an optimization

of compaction process routes.

5.2.4 In-situ hydrogen distribution

In the previous sections methods have been introduced to calculate the time and

spatial-resolved, quantitative hydrogen distribution as well as the spatial distribution

of material amount or packing density. For determination of the weight-normalized

hydrogen content distribution, the two quantities are combined and the normalized,

absorbed hydrogen content in pixel i at time t is given by

ñ(H2)(t)i =
2 ∗ n(H2)(t)i

mi
(5.17)

with n(H2)(i)(t) and mi according to equations 5.10 and 5.16. In the following, the

necessary steps to derive the normalized hydrogen content distribution are summa-

rized:

1. The absorption process of a metal hydride material is measured in-situ by Neu-

tron Radiography. In addition to the image data acquisition, the thermodynamic

quantities pressure, temperature of the metal hydride bed and hydrogen absorp-

tion flow are recorded to allow for a calculation of the time-resolved amount of

absorbed hydrogen.

2. The image data is corrected for the dark image and normalized to the flat field.

3. The scattering field is investigated, a correction of time-dependent scattering

and and analysis of the correlation of the attenuation by hydrogen and the

corresponding hydrogen content in the projected volume is performed.

4. In case of linear correlation a normalization of the attenuation by hydrogen to

the corresponding total absorbed hydrogen amount is performed.

5. Tank geometry effects are corected using a reference image, referring to a mate-

rial distribution in the desorbed state before the absorption process.

6. In case of linear correlation of attenuation by material and corresponding mate-

rial amount, a normalization to the total metal hydride mass is carried out.
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7. The combination of hydrogen and material distribution results in the time and

spatial-resolved, quantitative distribution of the hydrogen content.

It is remarked, that the procedure shown here for an absorption holds in full analogy

also for a desorption process. Furthermore, the methods of normalization are not

limited to Neutron Radiography studies, but are as well valid for Neutron Tomography

data sets.

5.2.5 Correlation analysis - multiple-field approach

Hitherto introduced analyses possibilities are limited to the above described evolution

of the hydrogen content distribution. However, to explore the full potential of in-situ

Neutron Radiography, investigations have to be taken beyond the sole image data.

That includes, in fact, a combination of the unique spatial distribution of hydrogen

and additional macroscopic fields that exhibit the same spatial information. For the

case of metal-hydride based hydrogen storage, the relevant quantities for scaled-up

samples are the temperature field and the material packing density. While the former

is assumed to be isothermal for lab-scale sample sizes in e.g. Sievert’s machines, it is

more complex for scaled-up samples, significantly affecting reaction kinetics. The ma-

terial distribution or packing density is known to significantly influence reaction rates

[80]. However, the time-resolved interdependence of these different driving forces has

not been investigated. So far there exists no possibility to distinguish between influ-

ences of single driving forces on the overall reaction or material performance. This is

a major drawback for the optimization of scaled-up systems! In the following, a way

is presented to overcome this problem by combination of multiple macroscopic fields.

Within this work, it was already shown that IR-Thermography allows for determina-

tion of quasi-continuous temperature fields of metal hydride beds based on tank sur-

face measurements as introduced in section 4.3. Furthermore, within the framework

of method development for quantitative image data analysis according to the above

section, a way for determination of the material distribution or material packing den-

sity has been introduced. In the following, only the term material packing density is

used, without loss of generality. In case of non-uniform metal hydride bed geometries

the methods developed in the following are valid as well. The three macrsocopic fields

- hydrogen content, material packing density, temperature distribution - are combined

to allow for a correlation analysis of the corresponding quantities n(H2), ρ and T .

5.2.5.1 Multi-Correlation (3D)

After determination of packing density, temperature field and time-resolved hydrogen

distribution as shown previously, the three macroscopic fields are given as exemplary
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Figure 5.10: Accessible macroscopic fields: material packing density (left), tempera-
ture field (center) and normalized hydrogen distribution image (right).

shown in Figure 5.10. These fields are taken from the method application to sodium

alanate in section 5.4 and are shown here just for illustration purpose, the results

for the material are discussed in the corresponding section 5.4.5. In the upper part

of Figure 5.11 a section of the three macroscopic fields is shown for the time step t,

where only the hydrogen distribution to the right carries a time-dependency. Both

packing density as well as temperature field are assumed to be time-invariant. For

the temperature, this first approximation is valid if the maximal reaction rate and

therewith the release of reaction enthalpy rate is limited by a controlled hydrogen

flow. It will further be discussed in section 5.4 for the application of methods to the

scaled-up sodium alanate system. At time step t, one pixel pi of an image carries

a data triplet consisting of its hydrogen content, specific temperature and material

packing density. It is denoted by [n(H2)i, Ti, ρi]. The last two quantities are fixed and

the average hydrogen amount is calculated for every pixel of an image matching the

tuple [Tα, ρβ], which results in

〈n(H2)〉α,β =

∑N
i=1 n(H2)i · δTi,Tα · δρi,ρβ∑N

i=1 δTi,Tα · δρi,ρβ
(5.18)

where N is the total number of pixels corresponding to the metal hydride material and

the δi,j are Kronecker deltas. The quantity 〈n(H2)〉 is the averaged hydrogen content of

pixel pα,β in a so-called ’multi-correlation map’. The formation principle for the latter

is schematically shown in Figure 5.11 where the hydrogen distribution data is com-

bined with information regarding the temperature field as well as the material packing

density distribution for a specific pixel pi of the corresponding image. The exemplary

pixel is framed inside each image. The derived triple [n(H2)i, Ti, ρi] contributes to one

pixel of the multi-correlation map, where packing density and temperature determine

the abscissa respectively ordinate position and the amount of absorbed hydrogen con-

tributes to its average for the specific [Tα, ρβ]-tuple. This denotes a transformation

from real to correlation space, the spatial information is lost within a multi-correlation
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Figure 5.11: Schematic illustration of the transformation from real to correlation space
for multi-correlation analyses. Pixel information for material packing density (upper
left), hydrogen distribution (lower left) and temperature field (lower right) are com-
bined within the triple [n(H2)i, Ti, ρi] to derive one element of the multi-correlation
map shown in the upper right.

map. As a consequence, the consistency of correlations for different regions inside the

image has to be ensured, which is done by calculation of corresponding maps for

data frequency and standard deviation as shown in the end of this subsection. In

the present case of a time-constant material packing density and temperature field

the only time-dependent quantity is the hydrogen distribution image. Performing the

transformation for every existing [Tα, ρβ]-combination for every hydrogen distribution

image, a time-resolved multi-correlation map of hydrogen content, temperature and

material packing density is derived. For reason of sufficient data statistics, discrete

intervals instead of continuous values are used for Tα, ρβ. As a result of this binning,

several pixels are matching a [Tα, ρβ] tuple and the hydrogen content in equation 5.18

is an averaged quantity. The shape of these correlation maps is defined by existing tu-

ples [Tα, ρβ] and therefore depends on the explicit spatial distribution of temperature

field and material packing density for the investigated metal hydride sample.

With the as-given definition of multi-correlation maps, the interdependency of quan-
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tities can directly be resolved, where gradients of averaged hydrogen content indicate

a present correlation.

• If gradients are inclined by ± 45◦, the influence of the given temperature field

and the material packing density is equal. If the axis labeling is in ascending

order as it is in Figure 5.11, gradients exhibiting a positive slope indicate a

positive correlation and therewith an increased hydrogen content for increasing

temperature and material packing density and vice versa.

• A deviation of gradient orientation from ± 45◦indicates a predominant influence

of one quantity. In case of reduced slopes the influence of packing density is

more pronounced and vice versa.

• In the limit of purely vertical or horizontal orientation there is exclusive presence

of 2D correlation and non-significance of one quantity.

• In case of non-significant gradients or high fluctuation over time no general

interdependency of driving forces (macroscopic fields) can be stated.

It is remarked that correlations resolved by this method solely depend on inhomo-

geneities that are present for the studied metal hydride with explicit temperature

field and material packing density. Thus, correlations always have to be considered

against this background, they might change for different conditions of temperature

and packing density. Though binning is applied and pixel matching a [Tα, ρβ] tuple

are averaged, still the reliability for poor data statistics is low. This typically affects

in particular the boundary of correlation maps, but might be important for large ar-

eas as well. To resolve the data statistics distribution, a frequency distribution on

the correlation map morphology as well as standard deviation distribution has to be

considered. The frequency distribution is given by the number of pixel corresponding

to a distinct [Tα, ρβ] under the chosen binning

fα,β =

N∑
i=1

δTi,Tα · δρi,ρβ (5.19)

The standard deviation distribution is given with use of equation 5.18 and the above

defined frequency fα,β by

stdα,β =

√√√√ 1

fα,β

N∑
i=1

(
n(H2)i − 〈n(H2)〉α,β

)2
· δTi,Tα · δρi,ρβ (5.20)
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An increase of intervals (increase of binning) reduces the correlation map dimension

and typically decreases values of standard deviation. As in real space imaging, the op-

timal binning is a compromise between resolution and data statistics. It is remarked,

that if standard deviation maps reveal a high fluctuation of hydrogen amounts for

different tuple [Tα, ρβ] though presence of sufficient data point frequency, the corre-

lations for triplets originating of different image regions are not consistent and no

general conclusion concerning the type of correlation between temperature, material

packing density and hydrogen content can be drawn.

In case that multi-correlation maps exhibit vertical or horizontal gradients, the data

set can be reduced to derive a 2D correlation map which is shown in the following.

5.2.5.2 2D-Correlation

If the influence of one quantity (field) can be neglected, the full field dataset can be

visualized without the necessity of averaging as performed in equation 5.18. Hence, a

tuple [q, n(H2)] corresponds to a pixel within a 2D correlation map, where one tuple

element is the normalized hydrogen content, the other, denoted by q, is either the

temperature or the corresponding material packing density. The 2D-correlation map

is then given by

cα,β =
N∑
i=1

δn(H2)i,n(H2)α · δqi,qβ (5.21)

where it is spanned by intervals of n(H2) and q with α, β indexing a pixel of the

2D-correlation map. Due to the time-resolution of the hydrogen content distribution,

the 2D-correlation map carries a time dependency as well. Two general cases of

corrleations are visualized in Figure 5.12. Here, the left part of the Figure shows an

uncorrelated dataset for quantities q1, q2. The presence of correlation is then indicated

by formation of order as can be seen in the right part of the Figure. The degree of

order determines the significance of correlation. An as shown inclination indicates

a linear correlation. In that case, the correlation can be quantified by the Pearson

correlation coefficient which is defined by

rn(H2),q =

∑N
i=1(n(H2)i − 〈n(H2)〉)(qi − 〈q〉)√∑N

i=1(n(H2)i − 〈n(H2)〉)2
∑N

i=1(qi − 〈q〉)2

(5.22)

It is stressed again, that the determination of the 2D-correlation map is necessary to

confirm the presence of a linear correlation before its quantification.
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Figure 5.12: Cases of 2D correlation for variables q1, q2: uncorrelated (left) and linear
correlated (right).

5.3 Development of analysis methods for systems with

liquid phases

Within in the previous sections, the developed methods include a normalization of the

attenuation difference between an image at t and a reference image at t0 to assign

a hydrogen content to every pixel. Against this background, the basic assumption

for quantification of the hydrogen distribution in the metal hydride is that the initial

material distribution stays constant during the sorption reaction. Consequently, any

change between the images can be exclusively assigned to the interaction with hydrogen

in the projected volume element, hence to an absorption in case of ∆Ω > 0 or to a

desorption vice versa. For solid-state metal hydride systems this approximation holds

well6 However, the situation is fundamentally different for metal hydrides containing

a combination of liquid and solid phase, as the case in e.g. Li-RHC for standard

temperatures of ab- and desorption. In the following, methods for the analysis of

solid-liquid metal hydride systems are developed using Li-RHC as a model system.

6Differences are mainly due to the volumetric increase in case of initial cycling of compacts, so
that measurements should be done either for first-time absorptions or after several cycles, when the
expansion is negligible.
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5.3.1 Indication of material transfer

In general, in case of material transfer of the liquid phase within the solid throughout

the reaction and measurement, a spatial invariance of material distribution does no

longer hold. The change in attenuation of one pixel pi,j between two images is now

driven by a superposition of two time-depending quantities: the amount of moving

LiBH4 and the amount of hydrogen absorbed in the projected volume defined by pixel

pi,j
7. It is

∆Ωi,j = ∆Ω(H2)i,j + ∆Ω(LiBH4)i,j = c1∆m(H2)i,j + c2∆m(LiBH4)i,j (5.23)

, where c1 and c2 are proportionality constants according to equation 2.5. Again, the

∆ refers to the time interval ∆t = t−t0 between the two images at t and t0. During an

absorption process, the first summand is monotonously increasing while the second is

varying since the liquid phase can both disperse or accumulate within pi,j . From that

it is not possible to separate these two quantities, since only the superposition ∆Ω

can be accessed. However, detection and estimation of material transfer is possible by

an indirect approach using the following boundary condition: The maximal possible

normalized hydrogen content equals the maximum theoretical capacity of the material,

which is well defined by the stoichiometry of the final composition in the absorbed

state. To make use of this boundary condition, the standard normalization procedure

is performed to derive the hydrogen content in each pixel as shown in the previous

sections, ignoring the above shown superposition and potential influence of material

transfer. Thus, the derived distribution of hydrogen in the material is a pseudo-

distribution, since every change in attenuation is assigned to absorption of hydrogen

only. Hence, a material transfer can be identified if

∃pi,j : wt(pi,j) > wtmax (5.24)

where wt(pi,j) is the weight-normalized hydrogen content of pixel pi,j in the pseudo

distribution according to equation 5.178 in section 5.2.4 and wtmax is the maximal

possible hydrogen content of the system. The maximal amount of hydrogen is given

by the initial amount of material according to the reference image and the maximal

theoretical capacity of the material

m(pi,j)H2,max = m(pi,j)0 · wtmax (5.25)

7For reason of simplicity the formalism for the case of an absorption is shown. The desorption is
in full analogy.

8Here, wt instead of ñ(H2) is used.
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In the ideal case, the threshold for identification of material transfer is given by the

theoretical capacity according to equation 5.24. However, real systems rarely reach

their theoretical capacity. Thus, a more practical threshold for the material can be set

according to empirical capacities derived from lab-scale measurements (e.g. Sievert’s

based) or literature.

5.3.1.1 Estimation of motion distance by selective binning

Since the change of attenuation according to equation 5.23 is based on the projected

volume defined, the pixel area can be used to estimate a lower limit for the material

transfer distance: Any motion of the liquid phase inside the projected volume area is

not resolved, since it is

∆Ω(LiBH4)i,j = c2 ·∆m = c2 ·
∫
Vp

∆m′ dV

where ∆m′ is the difference of mass fields from t and t0 and Vp is the projected volume

defined by the pixel area. Consequently, changes inside this volume equal out due to

conservation of mass. By that, a variation of the pixel size allows for a change of

resolution with respect to material transfer. If at a given pixel size ps the condition

according to equation 5.24 is fulfilled and a material transfer is identified, the pixel

size is enlarged by binning up to a pixel size p?s, for which the following condition is

fulfilled:

max (wt(pi,j)) ≈ wtmax (5.26)

where the set (i, j) defines the sample area. This is visualized in Figure 5.13 by a static,

rectangular binning, where for pixel size p?s the motion is limited to the corresponding

pixel area and not resolved. The estimated motion distance is then derived by

Md ≈ p?s − ps

In the limit of one pixel covering the total sample area the correlation of attenuation

by hydrogen and hydrogen content is derived as shown in section 5.2.1.2. Since at this

resolution any change in attenuation is originating of the absorption of hydrogen, the

general correlation is not affected and the normalization procedure is valid in case of

a linear correlation.

A static and rectangular binning as visualized in the left part of Figure 5.14 is the

simplest but most inaccurate estimation of Md, since it does not account for the specific
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Figure 5.13: Effect of static, rectangular binning on the identification of material
motion between time interval t and t0, where motion is implied from the lower left
pixel to pixel pi,j . At pixel size ps (visualized by dotted lines), motion can be identified
while at (2x2) binning with corresponding pixel size of p?s (solid outer boundary) the
motion is in the inside of pixel pi,j and not detected.

shape of the area that is formed by pixels fulfilling condition 5.249. The darkened area

in the Figure corresponds to a clustering of pixels with wt(pi,j) > wtmax at an unbinned

pixel size according to the dotted lines, denoted by ps. The shadowed and enlarged

area is the area that originally hosted the moved material. For this static, rectangular

binning (the origin is set on the upper left edge), a pixel size of p?s and a corresponding

pixel area defined by the solid outer boundary line is necessary to reach the condition

given in 5.26. The according motion distance Md = p?s is significantly overestimating

the true motion distance for the given setup. To this respect, a selective binning is

proposed that takes this specific shape into account.

A pixel in this selective binning is initially defined in the way that it encloses the

center area of a hydrogen pseudo content. In the following, binning is then enlarged

according to the initial binning shape by ensuring an equidistant boundary difference of

9The motion of a liquid phase is induced by a driving force. Thus, a clustering or accumulation in
a contiguous area can be assumed.
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Figure 5.14: Comparison of static (left) and selective binning (right, shown exemplary
for radial binning) for a cluster of pixel owing wt(pi,j) > wtmax (shown as darkened
area) as result of a material motion from shadowed background.

old and new binning area10. This is an iterative process until the normalized hydrogen

content in each redefined pixel is below or equal to its respective maximum according

to equation 5.26. The boundary difference is the estimated material motion distance.

The application of selective binning is visualized in the right part of Figure 5.14,

where the initial pixel area of material motion is approximated by a circle with radius

r0 (denoted in the Figure by ps). Hence, the outer boundary of binning areas and

redefined pixels are circles and Md is defined by the radius difference r − r0 with r

chosen in the way that condition 5.26 is fulfilled. This gives Md = p?s since for the

radius r = p?s the material transfer takes place in the inside of the corresponding

circular pixel area. Compared to the static, rectangular binning in the left part of

Figure 5.14 the estimation of the motion distance by selective binning is much more

precise.

5.3.1.2 Estimation of material mass involved in material transfer

Besides the above described estimation for the material transfer distance, the boundary

condition formulated in 5.25 allows for an estimation of the material mass involved in

this transfer as well. For LiBH4 as liquid phase in the system, the dominant interaction

cross section for a fission neutron spectrum in the total attenuation of LiBH4 is the one

10It is remarked, that redefined pixels according to this procedure are not necessarily of symmetric
shape.
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by hydrogen11. Thus, the excessive mass of hydrogen in a pixel can be calculated by

using the maximal mass of absorbed hydrogen that is given by the maximal theoretical

hydrogen content and the reference mass according to equation 5.25. It is

m(pi,j)exc = wt(pi,j) ·m(pi,j)0 −m(pi,j)H2,max (5.27)

Hence, the total mass of hydrogen that is involved in material transfer is estimated to

mmov =
∑
i,j

m(pi,j)exc ·Θ (m(pi,j)exc) (5.28)

where Θ is the Heaviside step function. From that the mass of the corresponding

LiBH4 can be calculated. In case that the composition of the liquid phase is different

and the attenuation of other elements than hydrogen cannot be neglected, a calibration

measurement for the liquid phase is necessary to determine its attenuation normalized

by area density. Subsequently, the material mass can be calculated from the excessive

attenuation in analogy to equation 5.27. The estimated mass is again a lower limit,

since the starting point (the source) of material transfer cannot be resolved.

5.3.2 Isotope labeling

The investigation possibilities shown in the previous chapters are based on the changes

of the total attenuation within a projected volume element between subsequent im-

ages (in situ NR) or within the ratio of two Tomography data sets (ex situ NCT). For

the presence of only one time-depending quantity, which is hydrogen in most cases,

this allows for a precise investigation of its distribution inside the host metal hydride

material. However, the analysis of systems containing two or more time-depending

quantities is limited, as it is not possible to assign the changes of attenuation to a

specific quantity or material species. This is shown in the previous section, where an

indirect assignment can be performed making use of the maximal theoretical capacity

of the system to be investigated. In the following, a method will be introduced which

allows to address a specific species in a multiphase system in order to study its distri-

bution and dynamics.

Due to the interaction of neutrons with the nuclei of the penetrated material there

exists a strong dependency of the interaction cross section on the explicit configura-

tion of the nucleus as already introduced in the theoretical section in the beginning

of this work. Accordingly, some elements show a tremendous difference of the total

interaction cross section among their different isotopes. This ’isotope effect’ is widely

11For use of a thermal or cold spectrum the effect of high absorption cross section by isotopes like
Li and B has to be considered. This is explained in detail in the following section.
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Figure 5.15: Total cross sections of Li-6, Li-7, B-10 and B-11 as a function of neutron
energy. The data is used from ENDF data base [42].

used, both within the neutron scattering and the NI community, either for reduction

of the elastic incoherent scattering contributions by H-1 hydrogen or to explicitly label

hydrogen in the sample (e.g. [57, 79]). An even higher difference in neutron absorption

cross section exists for the two elements Lithium and Boron and their isotopes Li-6,

Li-7 respectively B-10 and B-11. The absorption cross section as a function of neutron

energy is shown in Figure 5.15, it was derived from the Evaluated Nuclear Data File

(ENDF) [29, 42]. In addition to the strong energy dependency in the absorption cross

section for the shown isotopes Li-6 and B-10, they show a high absorption cross section

in the thermal and cold neutron energy regime. This is as well listed in table 5.1 for a

neutron energy of 25 meV in combination with the natural abundance for the different

isotopes of Li and B. A total neutron beam attenuation within a system containing

Table 5.1: Isotopes of Lithium and Boron and their corresponding total neutron inter-
action cross section. The plot is generated based on data of Evaluated Nuclear Data
File [42, 29]

Isotope nat. abundance [%] σtot (25 meV) [b]

Li-6 7,4 937

Li-7 92,6 1

B-10 19,9 3849

B-11 80,1 5
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Lithium or/and especially Boron is dominated by the attenuation by these two ele-

ments, which enables a unique analysis of their distribution or dynamics in the overall

system. This is of particular interest for the investigation of metal hydride materials

as many promising systems contain either Boron, Lithium or even both of them. In

this manner, the Reactive Hydride Composite 2LiBH4-MgH2 bears a high investiga-

tion potential since the LiBH4-phase contains both highly absorbing elements Li and

B. Additionally, this phase is in the liquid state during an absorption or desorption

process, which gives additional dynamics to the whole system and makes it highly

interesting from the materials science point of view. Thus, the following methods and

investigations will be shown for the 2LiBH4-MgH2 system, but can be readily gener-

alized to every other metal hydride systems containing a significant difference in cross

section for the different isotopes of one or more of its elements.

In order to ’mark’ the LiBH4 phase by using the isotope effect so that its behavior

during a reaction can be studied, samples with at least two different isotope composi-

tions have to be compared. In this way, a change or motion of the LiBH4 phase should

be visible in both samples by a change of attenuation. If the ratio of attenuations is

in agreement with the ratio of attenuations for the different isotope compositions, the

corresponding change, motion or material can be identified as LiBH4. It is pointed

out, that within a single isotope composition this is not possible since the measured

total beam attenuation is an accumulation of the interaction of all elements within the

corresponding projected volume element. In particular, a significant perturbation is

due to the beam attenuation by hydrogen in case of absorption or release of hydrogen.

Since the measured beam attenuation Ω in an experiment depends on a large variety

of parameters as described in the theoretical background section, the attenuation by

LiBH4 needs to be calibrated for different isotope compositions. For that an aluminum

block is used, drilled with 5 holes of 3,5 mm diameter each. These wholes are filled

with LiBH4-MgH2-0.025TiCl3 powder with different weight ratios of isotope compo-

sitions. In the following, the natural isotope composition of LiBH4 will be denoted

as LiBH4 and the corresponding LiBH4-MgH2-0.025TiCl3 system as Li-RHC. The low

absorbing isotope composition of Li-7B-11H4 will be denoted as LiBH4,iso, the cor-

responding LiBH4-MgH2-0.025TiCl3 system as Li-RHCiso. LiBH4,iso was purchased

from Katchem with purities of B− 11 > 99, 8% and Li− 7 > 99, 8%. The mixtures of

the two systems are given in the table below: For better statistics, 5 Neutron Radio-

graphy images have been combined by means of a median filtering. Image acquisition

was performed with an exposure time of 22 s with the high resolution setup. A (2x2)

binning has been applied, resulting in a pixel size of 51.2 µm. The corresponding at-

tenuation image is shown in 5.16, the positions of the different mixtures in the image
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Table 5.2: Mixtures of Li-RHCiso and Li-RHC.

Position Iso : Nat amount Li-RHCiso amount Li-RHC Mass [g]

1 0:1 0 1 0.022

2 2:1 2/3 1/3 0,044

3 1:1 1/2 1/2 0,043

4 1:2 1/3 2/3 0,044

5 1:0 1 0 0,064

are listed in the first column of table 5.2. The highly absorbing sample with natural

Figure 5.16: Left: Attenuation of different mixtures of natural and isotope Li-RHC
positioned according to table 5.2 with the marked area used for the profile plot. Right:
Profile plot of the marked area along the x-direction showing < Ω > (x).

composition is shown to the left, the low absorbing, isotopically enriched sample is

shown to the right. In between the samples are positioned in ascending order with

respect to their amount of high absorbing isotopes from left to right. The quantity of

interest is the beam attenuation that is caused by the LiBH4-phase. The measured

beam attenuation, Ωtot, that is given in Figure 5.16 is the sum of attenuations by the

different materials inside a projected volume element. The attenuation by the additive

TiCl3 is neglected due to the small amount of substance in the mixtures. Thus, to
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derive the attenuation by LiBH4 the other contributions have to be subtracted:

ΩLiBH4 = Ωtot − (Ωholder + ΩMgH2 + ΩLi−RHCiso)

where Ωholder is the attenuation by the sample holder made of AlMg3. It is determined

by a reference area above the sample. In the theoretical background chapter it was

described that the attenuation caused by an element is determined by the number of

atoms within a projected volume V element according to

Ω = µ · d =
m

V
·NA · σ · d =

m

A
·NA · σ = ρA ·NA · σ

with area density ρA = m/A. Thus, in ideal Neutron Radiography the normalized

attenuation

Ω̃ =
Ω

ρA
(5.29)

is constant and allows to calculate the material mass in a projected volume element

for a corresponding average attenuation and area:

m =
< Ω > ·A
< Ω̃ >

(5.30)

This can be used vice versa to correct the total attenuation by the influence of MgH2

and Li-RHCiso:

Ω̃LiBH4 = Ωtot −
(
ρA,MgH2 · Ω̃MgH2 + ρA,LiRHCiso · Ω̃Li−RHCiso

)
(5.31)

The area densities for Magnesium Hydride and Li-RHCiso can be calculated using their

pure sample compositions. A homogeneous spatial distribution of the compounds is

assumed (no clustering!), thus the corresponding area A is the total sample area, which

is defined by a simple threshold

A =

N∑
i=1

p2
s ·Θ (Ωi − ΩE)

with ps being the pixel size and ΩE being the standard deviation of the background

attenuation (noise) after correction of the sample holder, it is determined to 0.021.

The normalized attenuation Li-RHCiso is directly derived from the sample at position

5, the one for Magnesium Hydride is derived from a pure MgH2 pellet serving as a

reference sample (see appendix B.2.1). For the former it is Ω̃Li−RHCiso = 4.36 cm2/g,

for the latter Ω̃MgH2 = 2.2 cm2/g. The validity of considering a constant normalized

attenuation is checked within the next section and in appendix B.2.1, respectively.
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In ideal Neutron Imaging the attenuation can be averaged for each sample and cor-

rections according to equation 5.31 can be performed using average area densities for

Magnesium Hydride and Li-RHCiso. Finally, a linear correlation of ΩLiBH4 and the

corresponding area density would be derived, with a specific area density for each of

the five mixtures.

5.3.2.1 Beam hardening effect and evolution of normalized attenuation

However, in real Neutron Imaging there are perturbations by mainly scattering and

beam hardening 12 which cause a deviation from the linear correlation. Thus, the

explicit correlation of Ω(ρA) for the given instrumental setup has to be analyzed. Due

to the cylindrical symmetry of the boreholes in the aluminum sample holder the sample

mass area density varies along the x-axis. Each sample area is subdivided into a set

of areas in which the average attenuation as well as the area density is calculated.

It is assumed that the area density of the powder is homogeneous and the different

elements and material compounds are homogeneously distributed inside the sample

volume. Consequently, the mass fraction mf within a subarea defined by an x-interval

x ∈ [x0, x0 + ∆x] is given as follows

mf =
2

r2 · π

∫ x0+∆x

x0

√
r2 − (x′ − xc)2 dx′

where r is the radius of the borehole 13 and xc is the x-position of the sample center.

By this, the area densities of LiBH4, Magnesium Hydride as well as Li-RHCiso can be

calculated and the averaged as well as normalized attenuation by LiBH4 is derived for

the subarea. Each sample is divided into 11 subareas, the corresponding correlation of

attenuation and area density is shown in the left part of Figure 5.17. A strong deviation

from a linear correlation is observed, starting already at low area densities of 0.015

g/cm2. The data points until ρA = 0.075 g/cm2 originate from samples with different

mixtures of Li-RHC and Li-RHCiso, the last data point with area density of 0.13 g/cm2

is derived from a pellet of Li-RHC14. Since the increase in attenuation is dampened

12By use of a monochromatic beam the effect of beam hardening can be reduced [119], depending
on the energy resolution of the selector. However, this is accompanied by a significant loss of beam
intensity. For in-operando measurements of reactions and processes of highly attenuating elements
like Boron, Li, hydrogen, etc. or steel sample holders like storage tanks with low transmittivity, a
monochromatic instrument mode is often not suitable.

13Since the sample fills the whole borehole, the radius of the latter equals the sample radius.
14The pellet is of 70 mg mass, with diameter of 8 mm. A Neutron Radiography image was aquired

with the pellet stored in vertical position inside an aluminum cell to ensure a constant are density in
the projection image.
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Figure 5.17: Left: Correlation of attenuation by LiBH4 and corresponding area density,
fitted by the bimodal energy model according to equation 5.32. Right: Evolution of
the normalized attenuation, Ω̃ = Ω/ρA, as a function of the area density of LiBH4.

with increasing area density of high absorbing isotopes Li-6 and B-10, the effect of

non-linearity can be explained by a beam hardening of the polychromatic neutron

energy spectrum. Due to the strong energy dependence of the neutron interaction

cross sections for the isotopes B-10 and Li-6 as shown in Figure 5.15, the interaction

probability for low-energy neutrons is increased and vice versa. Consequently, the

neutron energy spectrum of the polychromatic beam is hardened when penetrating

the sample. More precisely, the dominant energy dependency for Li-6 and B-10 is

carried by their respective neutron absorption cross section. In addition, the influence

of the elastic scattering cross section of hydrogen is energy-dependent as well, which is

shown in appendix B.2.1. Thus, there is a contribution to the beam hardening effect by

hydrogen, even though it is less pronounced due to the significantly lower cross section

value. As a consequence of beam hardening, the linear correlation of the measured

attenuation and the area density is lost as visible in Figure 5.17. This phenomenon

is widely known and studied in X-ray-Tomography [32, 39, 23]. Comparably little

number of studies is found for the same effect in the Neutron Imaging community
15. In this context, most of the correction algorithms have been developed within

15A search publication database search via ’Web of Science’ gives only 22 entries for beam hardening
in NI, but 670 for X-ray Imaging (request of 14.12.2015)



76 CHAPTER 5. RESULTS AND DISCUSSION

the X-ray community. The majority of them is based on hardware filtering [64] to

sharpen the energy spectrum before an interaction with the sample or linearization

[54]. For both, a physical model for the correction algorithm is missing. The best

approach in this regard is the so-called ’bimodal energy model’, introduced by Van de

Casteele and Van Dyck in 2002 [124, 123]. It assumes two dominant energies E1,2 in

the spectrum with corresponding attenuation coefficients µ1 and µ2, holding µ1 > µ2.

By that equation 2.3 becomes

I

I0
=

∑2
i=1Ci · exp−µid∑2

i=1Ci

where Ci = f(Ei)γ(Ei). Defining the ratio α = C1/C2 and using the expression for the

area density according to equation 2.5 the following expression for the attenuation16

based on the area density is derived:

Ω(ρA) = −ln
(
I

I0

)
= ρA · η1 + ln

(
1 + α

1 + α exp−(η1−η2)ρA

)
(5.32)

where ηi = σ(Ei) ·NA/M .

The non-linear increase of the attenuation is converging into a linear correlation for

large thicknesses or high area densities, in which the attenuation is determined by the

second and higher energy E2. Although the reduction of a polychromatic spectrum to

only two relevant energies is a rough approximation, the resulting function fits wells

to experimentally derived beam hardening curves [125]. The shown model is valid for

a single element or material, for a multi-component system the beam hardening func-

tion has to be corrected in principle for every single phase inside the system. However,

since the dominant cross sections are given by the highly absorbing isotopes B-10 and

Li-6, the investigation of an effective attenuation for the LiBH4 phase as shown in the

left part of Figure 5.17 is sufficient. The model derived in equation 5.32 is used to fit

the experimental data for varying ρA,LiBH4 , the analytical fit function is plotted as a

dotted line in Figure 5.17. As can be seen, the bimodal energy model fits well to the

experimental data, the determined fit parameter are listed in table 5.3. Without draw-

Table 5.3: Fit parameter according to the ’bimodal energy model’-fit of attenuation
correlated to area density.

η1 [b/kg] η2 [b/kg] α

66 ± 6 7 ± 2 3.7 ± 0.8

16The attenuation here is simply denoted as logarithmic ratio of dark image corrected intensities,
Ω = −ln (I/I0).
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ing quantitative conclusions about the underlying energy modes and their relation to

the real polychromatic spectrum, the qualitative ratio of η1 and η2 is reasonable with

respect to the strong energy dependency of the Li-6 and B-10 isotopes. Due to the

effect of beam hardening the normalized attenuation is a function of the area density.

This is shown in the right part of Figure 5.17. For ρA ≈ 0 the correlation should

be linear in the left part of the figure for small attenuation densities, resulting in a

plateau for the normalized attenuation in the right part of the Figure in agreement

with the analytical function according to equation 5.32. A further increase of the area

density is accompanied by a decrease of the normalized attenuation due to the beam

hardening effect. In the natural isotope composition of LiBH4 the influence of beam

hardening on the beam attenuation is strongly pronounced and is significant for even

small area densities of ρA = 0.005 g/cm2. Still, the analytical function can be used

to calculate the material mass inside a pixel (in Neutron Radiography) or voxel (in

Neutron Tomography) within any Li-RHC-system.

From the pure Li-RHCiso sample in the total right position in Figure 5.16 the nor-

malized attenuation for LiBH4,iso is calculated. In contrast to the mixtures containing

natural Li-RHC, the whole sample volume is averaged since the normalized attenua-

tion shows no significant dependency to the corresponding area density of LiBH4,iso in

agreement with the results found for MgH2 as shown in appendix B.2.1 for low area

densities. This is due to the fact that for LiBH4,iso and MgH2 the dominant attenu-

ation is originating from the cross section of hydrogen as shown in Figures 5.15 and

B.3. The correction of the influence of Magnesium Hydride is performed in analogy to

the procedure described above using equation 5.31. Thus, the normalized attenuation

for LiBH4,iso is calculated to

˜< Ω >LiBH4,iso = 7.85

[
cm2

g

]
(5.33)

The ratio of the normalized attenuations of natural LiBH4 and isotopically enriched

LiBH4,iso, which is again a function of the area density of natural LiBH4, is defined

as:

r̃ =
< Ω̃ >LiBH4

< Ω̃ >LiBH4,iso

(5.34)

Its evolution with area density for natural LiBH4 is shown in Figure 5.18. The ratio

shows strong differences depending on the respective area density: For small ρA values

a maximal ratio of r̃ = 6.8±0.8 is found. For highest ρA of the natural sample of

Figure 5.16 (total left position) this ratio is reduced to 3.5±0.8. For the identification
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Figure 5.18: Evolution of the ratio of normalized attenuation of LiBH4 and LiBH4,iso,
r̃, depending on the area density of LiBH4.

of LiBH4 and calculation of masses this has to be considered, which is described in

the following.

5.3.2.2 Identification and mass estimation of LiBH4 in multi-compound

systems

As already described, knowledge of the normalized attenuation as a function of the

area density allows for the calculation of mass of LiBH4 according to equation 5.30.

This is in particular useful for a tomographic dataset and mass estimation in arbitrary

volumes of interest or even single voxel sets. Since a Neutron Tomography dataset

consists of a combination of several Neutron Radiographies in which the total volume

area of the sample in the field of view is projected, it is the total area density of a

projection that determines the attenuation and influence of beam hardening. Accord-

ing to the calibration curve in the left part of Figure 5.17 the total area density is

given by the measured attenuation in the projected sample volume. Hence, this total

area density determines the normalized attenuation based on the calibration curve in

the right part of the same Figure. For a mono-phase sample of LiBH4 with unknown

material mass, the latter can be directly calculated using < Ω̃ > (ρA,tot), where ρA,tot
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is the area density of a Neutron Radiography of the sample.

In general, the system of interest does not consist of such a mono-phase, but is

a mixture of multiple compounds like in the system that is investigated here, the

Li-RHC. Though a priori the spatial distribution of phases can be assumed to be

homogeneous with respect to the pixel resolution of 20.06 µm after ball milling [133, 5],

the distribution of phases after chemical reactions like hydrogenation is not known.

In particular, since the LiBH4-phase is in the liquid state during hydrogenation this

introduces a high dynamics into the system and might lead to a clustering, motion or

separation of phases. There are two methods to identify such a phase and estimate its

mass:

• The induction of a motion or change of LiBH4 is caused by a driving force. It has

to be assumed that the induced motion or change can be exclusively assigned to

LiBH4. A possible driving force is the temperature, causing a solidification or

melting of LiBH4 and corresponding changes in the total sample. It is pointed

out, that this way of phase identification is indirect and a comparison of a priori

and a posteriori states is necessary. Following the assumption that a detected

change between two data sets that refer to two different states of the system can

be assigned solely to LiBH4, the mass of LiBH4 can be calculated in the way

described above using the normalized attenuation. This method is not limited

to samples of different isotope contents but can be applied on any system. It is

in full analogy to the method developed for the quantification of the hydrogen

distribution in solid state metal hydride systems as introduced in section 5.2.1.2.

However, the use of two identical samples except for their isotope composition -

Li-RHC and Li-RHCiso - gives some advantages: Due to the high absorption cross

section for Li-6 and B-10, any change of the LiBH4 in the natural composition is

especially pronounced. Additionally, the behavior of the phase (e.g. motion,

clustering) should not depend on the explicit isotope composition. Thus, a

comparison of Li-RHC and Li-RHCiso should reflect the ratio r̃ for the correct

area density. This introduces the second method, namely the

• direct identification of LiBH4 by comparison of Li-RHC and Li-RHCiso. If the

ratio of attenuations of the two samples in any volume or region of interest is in

agreement with r̃ for the total area density of the natural composition of LiBH4,

the material inside the area can be identified as LiBH4. Again, the corresponding

material mass can then be calculated by use of the normalized attenuation.

The last method is exclusively enabled by use of the isotope contrast for Lithium

and Boron. It is a powerful and unique investigation tool for the LiBH4-MgH2 system
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in terms of the identification of phase separation, clustering and material motion

originating from the LiBH4-phase. It is stressed, that the method of isotope labeling

combines phase sensitiveness and spatial resolution! The method introduced here is

not limited to Li-RHC, the approach can be used in general for any metal hydride

systems containing Lithium and/or Boron or other elements with isotopes of different

interaction cross sections.
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5.4 Applications - sodium alanate

Several studies have been carried out on sodium alanate to reveal fundamentals and

mechanisms of the sorption reaction. Due to the moderate temperature regime of

operation and relatively high hydrogen capacity, it has as well been subject to several

scale-up studies (e.g. [128, 81] (see section 2.2.1) and can be ideally treated as model

system for first-time application of developed methods within the previous section.

Though there is general agreement on the high potential of sodium alanate systems

for scale-up and application, there has never been a direct, quantitative study of time-

resolved hydrogen distribution nor a correlation to macroscopic fields of temperature

and material packing density. In the following subsections the high impact and inves-

tigation depth of in-situ Neutron Radiography investigations are shown, starting with

qualitative analysis but revealing its full potential in the time-resolved quantitative

analysis and correlation studies. Excessive use of the methods that were introduced

and described in section 5.2 for the investigation of solid-state metal hydride systems

will be made.

5.4.1 Experimental and measurement setup

Both desorbed-state sodium alanate powder and pellet in composition NaH + Al +

0.05TiCl3 have been studied within the FlexiStore tank at the fission Neutron Imaging

instrument NECTAR at FRM II. For loose powder, a material amount of 30 g respec-

tively 50 g for the pellet was used. The latter was of 77 mm outer diameter, 12 mm

inner diameter and 10.5 mm thickness. For both measurement configurations, a sinter

metal filter was placed in the center of the tank to prevent a potential blocking of valves

by powder particles. A hydrogen absorption experiment was performed at a tempera-

ture of 125 ◦C for reasons of comparability to other scale-up studies [127]. Additionally,

it is reported to be a suitable temperature for TiCl3-doped sodium alanate [128, 101].

The external heating was applied 1 h before the measurement to ensure thermal equi-

librium. The starting pressure was 1 bar followed by a quasi-instantaneous increase to

35 bar within a time interval less than 1 s. A further increase of the hydrogen pressure

up to a maximum of 100 bar was controlled by a mass flow controller with the flow

set to 50 mln/min to match reaction kinetics to the image exposure time. During the

measurement the thermodynamic quantities pressure and temperature inside the tank

volume as well as the hydrogen flow were recorded. Simultaneously to the hydrogen

absorption process, an in situ Neutron Radiography measurement has been performed

using the standard instrumental setup as described in section 4.1.1. The total time

between two succeeding images was 252 s. In order to avoid a significant perturbation
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by scattered neutrons with respect to section 5.2.1, the sample detector distance was

set to 15 cm.

5.4.2 Qualitative Neutron Imaging - material structure changes

Focusing on the region of interest, which is the pixel area representing the metal

hydride material, already qualitative Neutron Imaging results reveal information about

the influence of a quasi-instantaneous pressure increase on the macroscopic material

structure. In Figure 5.19 the left column shows the material distribution in terms of

the measured intensity normalized by the flat field and corrected for the dark image

for loose powder before application of hydrogen pressure (top) and after (bottom) the

pressure increase from 1 to 35 bar within a short time interval of about 1 s. Initially

the powder is homogeneously distributed, except for a free volume in the upper part

that originates from vibrations during transport and densification by gravitation. As

Figure 5.19: Intensity distribution normalized to the flat field and corrected for the
dark image according to equation (1) for loose powder (left column) and pellet (right
column). Top: material distribution before H2 pressure increase; Bottom: after pres-
sure increase.
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visible in the lower left image, a pressure induced compaction and radial channel

structures have formed due to the centered hydrogen inlet in accordance with the

results found for a different tank design.[94, 128]. The position of the hydrogen inlet

in combination with the initial material distribution and possible packing density

differences seem to determine the complex structure after quasi-instantaneous pressure

increase. These changes in macroscopic structure limit an efficient design of the raw

material distribution, e.g. in terms of a contact to the tank hull to ensure an optimal

heat transfer and management. In case of the pellet (right column of Figure 5.19)

the macroscopic structure is stable and remains almost unchanged during hydrogen

uptake. In addition to an increased volumetric efficiency compared to loose powder it

allows for the tailoring of macroscopic raw material distributions with respect to the

tank geometry to ensure an optimal contact between tank and metal hydride bed for

maximum thermal conduction as mentioned above. Due to these superior properties,

the further characterization focusses on pellets in the following.

5.4.3 Temperature field

The steady state temperature field is derived by IR-Thermography (IRT) of the Flex-

iStore tank for the desorbed state and a flow of 50 mln/min. At this low hydrogen

flow, significant effects of the reaction enthalpy on the measured temperature field

can be neglected. The measurement procedure and setup is described in section 4.3.

According to the results given in section 5.1 the temperature field derived by IRT is

in good agreement with the internal temperature field of the metal hydride and serves

as appropriate approximation. The derived temperature field on the tank surface is

shown in Figure 5.20. It is cropped to the region of interest, showing only the tank

surface area that corresponds to the metal hydride pellet. As visible, the temperature

field is rather homogeneous with maximum temperatures of 119 ◦C at the left pellet

area and lowest temperatures of about 115 ◦C near to the hole in the pellet center as

well as at the lower pellet area. Maximum temperature differences are determined to

5 ◦C and are originating from a non-homogeneous heating power input from the the

heating cartridges.

5.4.4 Material packing density distribution

In metal hydride based hydrogen storage the relevant quantity is the gravimetric hydro-

gen content [wt.%] of the hydride, which is the amount of stored hydrogen normalized

to the raw material mass. Hence, for the quantitative characterization of the hydrogen

distribution the raw material mass corresponding to each pixel is necessary. It can

be derived from the reference image at t0 before starting the absorption measurement
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Figure 5.20: Approximated steady-state temperature field for the sodium alanate
pellet, derived by IR-Thermography.

as described in detail in section 5.2.3. In the left part of Figure 5.21 the raw data of

Figure 5.21: Attenuation distribution of a reference image normalized for flat field and
corrected for dark image (left). Material packing density distribution after correction
of influences by the sample environment and after normalization procedure (right).

the reference image is shown, normalized for the flat field and corrected for the dark

image. The lines visible in the image correspond to temperature sensors inside the

tank hull to record the temperature. As the intensity measured by one pixel is the

total projected volume of the sample object which is the sample environment consist-
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ing of tank hull, temperature sensors and the pellet (see the illustration of the total

projected volume in Figure 2.2), the image has to be corrected for the influence of

any quantity except for the metal hydride material. If the geometry of the storage

tank is known, the correction can be readily performed (see section 5.2.3.1). Since

the inner pellet diameter fits to the wall thickness reduction in the centre for the

sinter-metal filter, a correction is not necessary. The effects of inlets for temperature

sensors and hydrogen supply are corrected by Gaussian as shown in section 5.2.3.1 for

cylindrical geometries. Subsequently to correction of tank geometry effects, the pellet

is selected as a region of interest and a logarithm is applied to get the distribution of

the macroscopic neutron beam attenuation by the raw metal hydride material in the

desorbed state (see left part of Figure 5.21). The quantitative material distribution is

calculated according to section 5.2.3 by normalization of material’s attenuation to the

total material amount. A sufficiently homogeneous distribution of NaH, Al and the

additive in the overall pellet is assumed after ball milling treatment (see experimen-

tal section 4.2.4). According to studies by Bücherl and L.v. Gostomski the neutron

beam attenuation at NECTAR correlates linearly to the material mass of the present

components, thus the normalization procedure is valid [24]17. After compaction, the

pellet has a homogeneous thickness of 10.5 mm, allowing for the calculation of the

material packing density according to equation 5.16, which is shown in the right part

of Figure 5.21. The packing density is visualized by pseudo colors. A density gradi-

ent is apparent with minimal density (approx. 0.8-0.9 g/cm3) in the left part and a

maximum density (approx. 1.3-1.4 g/cm3) in the lower right part near the hydrogen

supply line in the center, which is masked in the image. These large differences in the

packing density originate from the combination of a non-homogeneous bulk density of

the loose powder inside the press matrix before compaction.

5.4.5 Time resolved hydrogen distribution and correlation studies -

multiple field analysis

In situ Neutron Radiography data is combined with thermodynamic data from the

tank and metal-hydride to derive the quantitative, time and spatial-resolved hydrogen

distribution within the pellet. For that, the procedure introduced in section 5.2.2 is

applied. When taking the logarithm of the ratio of an image at t and a reference image

at t0 to derive the attenuation difference by hydrogen according to equation 5.2, the

17In fact, for the fission neutron spectrum at NECTAR the attenuation caused by desorbed state
metal hydride is dominated by the interaction cross section of hydrogen that is present in sodium
hydride. Attenuation by sodium, aluminum and the additive is negligible. The linear correlation of
attenuation by hydrogen and the corresponding amount of the substance has already been verified for
the NECTAR spectrum in section 5.2.1.2.



86 CHAPTER 5. RESULTS AND DISCUSSION

effect of the gaseous amount of hydrogen in a projected pixel volume is equal or lower

than 3 % of the corresponding amount absorbed by the metal hydride18 and neglected

in the following. Any effect of material transfer as described in section 5.3.1 by means

of the expansion of material can be neglected: for sodium alanate pellets, the volu-

metric expansion within the first absorption is below 3 % in radial dimension [77].

Additionally, no significant change of the material’s diameter was observed during the

measurement. A change in axial direction does not have to be taken into account as

the beam attenuation is integrated over the full projected volume.

After the normalization procedure for the calculation of the hydrogen distribution,

the data set is combined with the material packing density for derivation of the gravi-

metric hydrogen content distribution as described in section 5.2.4. This distribution is

shown exemplary for three images at time steps t = 77, 265 and 519 min in Figure 5.22

(lower part) together with the evolution of the overall hydrogen content in the metal

hydride (upper part of the figure) derived by thermodynamic data according to equa-

tion 4.1 in section 4.2.1. The plot shows the typical two-step absorption reaction for

the complex hydride sodium alanate, evolving from the initial state to a hexa-alanate

state and finally to tetra-alanate [12] according to equation 2.22 in section 2.2.1. The

formation of the tetra-alanate phase in this absorption process starts at t ≈ 265 min.

The three time steps, for which the absorbed hydrogen distribution is shown in the

lower part of Figure 5.22, are marked by circles. The images demonstrate the main

advantage of in-situ Neutron Imaging, namely the analysis possibility of the spatial,

temporal and quantitative resolved hydrogen distribution within the metal hydride si-

multaneously, which is scaled by pseudo colors for each image. Up to the beginning of

the 2nd phase, hydrogen seems to be homogeneously distributed within the material.

However, in the last of the three images shown in Figure 5.22, corresponding to the

end of the absorption process, an increased concentration of hydrogen in the left part

of the pellet is visible, indicating a spatial difference in the kinetics. The region of

increased hydrogen content matches the region of maximal temperature by external

applied heating (see Figure 5.20, right) as well as regions for lowest material packing

density (see Figure 5.21, right). Temperature and material packing density are known

to have a significant impact on the sorption behavior of metal hydrides in general

and so it is for the complex hydride sodium alanate.[12, 76] However, so far there has

been no possibility to investigate the interdependency of these different driving forces.

With the method of combination of macroscopic fields in terms of a multi-correlation

study as introduced in section 5.2.5 it is possible to resolve the impact of the two

different driving forces. At time step t, one pixel pi carries a data triplet consisting

18This is due to the fact that the pellet occupies almost all free volume inside the tank.
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Figure 5.22: Time evolution of absorbed hydrogen (top) with quantitative, spatially
resolved hydrogen distribution in the material (bottom) for selected time steps, indi-
cated by dashed circles in the overall time evolution image.

of its hydrogen content, specific temperature and material packing density. The triple

[n(H2)i, Ti, ρi] contributes to one pixel of the multi-correlation map according to equa-

tion 5.18, where packing density and temperature determine the abscissa respectively

ordinate position and the amount of absorbed hydrogen contributes to the average for

the corresponding [Tα, ρβ] pixel of the multi-correlation map. Doing so for every hy-

drogen distribution image a time-resolved multi-correlation map of hydrogen content,

temperature and material packing density is derived. Multi-correlation maps for 6

selected time steps (t = 60, 144, 248, 290, 415 and 623 min) are shown in Figure 5.23.

For reason of sufficient statistics discrete intervals instead of continuous values are

used for Tα, ρβ. Interval widths of 0.021 g/cm3 have been chosen for ρβ and 0.1 ◦C for

Tα, respectively. On the x-coordinate the material packing density is plotted, on the

y-coordinate the temperature field. The average hydrogen content is scaled by pseudo

colors. For the beginning of the hydrogen absorption (t = 60 min, see also Figure 5.22)

there is no significant correlation in conformity with the first image showing the spa-

tial hydrogen distribution. With a further proceeding hydrogen absorption (maps for

t = 144, , 290 min), the highest hydrogen contents are found at the left boundary line

of the multi-correlation map, e.g. for T ≈ 115.5 ◦C and ρ ≈ 0.95 g/cm3 in the lower
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Figure 5.23: Multi-correlation maps for correlation of temperature T , material packing
density ρ and average hydrogen content (as color bar) for different time steps (t = 60,
144,. . . , 623 min).

left image of Figure 5.23 (for t = 290 min). In this area, data statistics is low since

only a few pixel fulfill the required condition for temperature and packing density,

which is shown in Figure 5.24. In the left part the frequency distribution of existing

tuple [Tα, ρβ] is shown. It is determined by the explicit temperature field and material

packing density distribution for this experimental study. The highest frequencies and

accordingly best data statistics are found in the lower area for ρ ∈ [1, 1.4] g/cm3

and T ∈ [115, 117] ◦C. At the boundary areas as well as in the upper area, statistics

is particularly low with high fluctuation of data for contributing pixels as indicated

by the standard deviation map shown in the right part of the Figure. Consequently,

effects observed in these areas are less significant and conclusions have to be drawn

carefully.

In addition to the influence of data statistics, a neighborhood effect might be the

reason for these discrete spots. Indeed, if transformed back to real space, the left

boundary of the correlation map corresponds to regions near to the left pellet area,

where highest kinetics are measured. Neighborhood effects might be e.g. the heat

transfer from a reaction spot during formation of the hydride phase to adjacent ar-

eas, enhancing the reaction in the local neighborhood. This could also be observed

for the interstitial hydride LaNi5 by use of Neutron Imaging [49, 63]. Additionally,

the reaction and evolution of a new phase is accompanied by structural changes and
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Figure 5.24: Left: Frequency distribution of existing tuple [Tα, ρβ] for the same bin-
ning as used for the calculation of multi-correlation maps. Right: Corresponding
distribution of the standard deviation, exemplary for t = 644 min.

motion of reactants on the nano or atomic scale, which also influences local neigh-

borhoods. Besides these spots for lower temperatures that are most probably caused

boundary effects and statistical fluctuations, there additionally seem to be higher hy-

drogen contents for temperatures above T = 117 ◦C. Moving further along the time

axis of Figure 5.22 and entering the 2nd and final tetra-alanate phase, a clearly visible

correlation between hydrogen content/kinetics and material packing density is forming

(Figure 5.23, t = 415 min, 623 min), indicated by the emergence of vertical orientated,

color-coded transitions between different hydrogen contents and horizontal gradients.

A significant influence of the temperature deviations in the pellet of maximum 5 ◦C

on the kinetics could not be observed. Under the applied conditions, reaction ki-

netics is dominated by the material packing density distribution as indicated by the

multi-correlation study. Furthermore, the correlation is found to be negative. Thus,

an increased inner porosity inside the metal hydride and between particles enhances

reaction kinetics and vice versa.

5.4.5.1 2D-correlation

To further distinguish and more precisely investigate the influence of both, temper-

ature and material packing density, the data of multi-correlation maps is used for a

2D-correlation analysis according to section 5.2.5.2, which is the n(H2)−T or n(H2)−ρ
correlation. With respect to the strong influence of packing density especially for ad-

vanced absorption stages a small interval (ρ ∈ [1.1-1.3] g/cm3) is chosen to study the

influence of the temperature field only. Within this range, effects of material packing
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density variations are negligible: elements (pixel) exist for almost every [ρ, T ]-tuple of

the subset of the multi-correlation space defined by the above ρ interval. Addition-

ally, for this interval the best statistics is found by means of a high frequency of pixel

matching tuples [ρ, T ]. Resulting 2D-correlation maps are shown in the upper left part

of Figure 5.25 exemplary for t = 135 min, which is within the first absorption step,

and for the end of the measurement at t = 644 min (lower left part of Figure 5.25).

Here, the x-coordinate is the temperature and the y-coordinate refers to the hydrogen

Figure 5.25: Left: Correlation maps at selected time steps for correlation of the tem-
perature and hydrogen content. Right: Time evolution of the Pearson correlation
coefficient.

content. The frequency of pixels matching the specific tuple [T, n(H2)] is scaled by

pseudo colors. As can be seen by the 2D-correlation map, there exists no significant

correlation between temperature and hydrogen content/kinetics, though this is indi-

cated by the upper part (T > 117.5 ◦C) in the corresponding multi-correlation map

in Figure 5.23 for the same time step. This disagreement is due to low frequencies

for tuples of high temperatures and low or medium material packing density. Since

the 2D-correlation reveals a linear correlation, the time evolution of the Pearson cor-

relation coefficient can be calculated by use of equation 5.22, which allows to quantify

the correlation of interest [87]. In the right part of Figure 5.25 the time evolution

of the Pearson correlation coefficient for all existing [T, n(H2)]-tuples is shown, the

absolute values are below 0.1. According to the classification introduced by Evans,
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the correlation is very weak, confirming a non-significant impact of the temperature

field on the kinetics [40]. Although a decrease of the correlation coefficient is visible,

it is not significant. Still, the investigation of the temperature effect is limited by

means of the low statistics for T > 117 ◦C and medium or low densities. For that

reason, a complex correlation especially pronounced for higher temperatures cannot be

investigated nor stated. An analogue 2D-correlation study is performed for material

packing density and hydrogen content. The whole set of existing [ρ, n(H2)]-tuples is

used assuming a negligibility of the temperature influence as implied by the previous

results. 2D-correlation maps are shown in the left of Figure 5.26 for the same time

steps as before (t = 135 min, upper left, t = 644 min, lower left). The time evolu-

Figure 5.26: Left: Correlation maps at selected time steps for the correlation of mate-
rial packing density and hydrogen content. Upper right: Time evolution of the Pearson
correlation coefficient. Lower right: Correlation of Pearson correlation coefficient and
hydrogen content.

tion of the Pearson correlation coefficient is shown on the right. A linear correlation

between material packing density and hydrogen content or reaction kinetics is found,

indicated by the initial broad distribution of [ρ, n(H2)]-tuple frequencies turning into

an ellipse for proceeding absorption. The Pearson’s correlation coefficient is negative

and the slope of its evolution is especially pronounced at t ≈ 280 min, which almost
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coincides with the beginning of the second absorption process (see upper right part of

Figure 5.26). This means that an increased material packing density results in lower

reaction kinetics. However, the plot of the Pearson’s correlation coefficient against the

absorbed amount of hydrogen reveals a non-trivial ρ − n(H2) correlation, shown in

the lower right part of Figure 5.26. Despite the underlying noise two different regimes

can be observed: i) a weak negative correlation reaching into the second absorption

step in concordance with multi-correlation maps for t = 144,. . . , 290 min and ii) an

increased and significant negative correlation for the second phase. The correlation

is still present and strongest pronounced for the absorbed hydrogen amount evolving

into a plateau (Figure 5.22), indicating the end of the absorption process. Ex situ

studies on smaller amounts of material confirm a reduced kinetics with increased ma-

terial packing density and vice versa [66, 77]. However, the reason for this dependency

is still not fully understood: A possible explanation is, that the material compaction

influences the particle arrangement and induces reorganization with preferential ori-

entation perpendicular to the compaction direction. The inner porosity is reduced,

resulting in an increased barrier for the nucleation and growth of the hydride phase

that has a lower density than the raw material. However, the reaction enthalpy for the

formation of the hydride phase is 47 kJ mol−1(H2) for absorption to the hexa-phase

and 37 kJ/molH2 for the final tetra-phase and should be much higher than the energy

needed for a volumetric increase.[12] Still, an effect of free volume could in principle ex-

plain the evolution shown in Figure 5.26. Initially, inner porosity exists since densities

after compaction are well below the theoretical bulk density of 2.07 g/cm3. Therefore,

the most probable explanation is hindered or limited permeation of hydrogen[66, 129].

The initial less pronounced correlation could again be explained by inner porosity

inside the sample, enabling permeation of hydrogen among the particle interfaces.

During the reaction the emergence of the hydride phase causes a reduction of free

volume due to its lower density of 1.24 g/cm3 for the final NaAlH4. This leads to a

blocking of pores and channels and consequently to a reduced permeation. Reduction

of permeation and the need for splitting of hydrogen molecules for diffusion through

the solid increases the overall diffusion lengths and reduces kinetics.

5.4.6 Conclusions from in situ NR studies for solid state MH systems

From the measurement and results described and discussed in the above sections the

following conclusions for storage system based on sodium alanate can be drawn and

additionally some general features concerning solid-state, scaled-up metal hydrides

and their investigation possibilities using Neutron Radiography are derived.
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Initial pressure application leads to significant changes of the initial macroscopic ma-

terial structure for loose powder beds. The porosity of the bed is reduced and a

compaction is observed due to the pressure surge, where the resulting structure is in-

fluenced by the position of the hydrogen supply line as well as the explicit powder bed

distribution. For design of the metal hydride bed geometry in terms of optimal heat

transfer between material and tank an as observed channel structure is not optimal.

Best bed design in terms of heat transfer and stability of geometry is derived by com-

paction and use of pellets. For in-situ resolution of structure changes of metal hydride

beds already qualitative in situ Neutron Radiography is sufficient. For solid-state metal

hydride systems the results derived here from correlation studies are in conformity with

reports from literature, stating a highly significant, negative correlation of material

packing density and absorption kinetics. By quantitative, time-resolved correlation

analysis the derived time evolution of correlation indicates a transition from perme-

ation to diffusion probably depending on the remaining free pore volume. The optimal

metal hydride bed design is a compromise of bed structure stability and robustness

against pressure surges, high volumetric densities and optimal kinetics. Since there

is a tendency towards a self organized density of compacts during cycling as reported

in [77], the compaction process should be performed in the way that the maximal

theoretical density in absorbed state is not exceeded. This allows for a optimal bed

design in terms of volumetric density, structure stability and kinetics. Moreover, the

material packing density distribution can be derived by a single quantitative Neutron

Radiography. For scaled-up pellets, the homogeneity of bulk powder density inside

the press matrix is important to allow for a homogeneous absorption process. Against

this background, Neutron Radiography can serve as a tool for optimization of metal

hydride compaction processes. For sodium alanate, the effect of temperature field

variations of about ±3 ◦C were found to have no significant influence on reaction ki-

netics. Hence, the focus for tank and metal hydride bed design is on the optimization

of material packing density distribution and heat transfer from metal hydride to the

tank.

In general, in situ Neutron Radiography with use of methods for quantification and

multiple field analysis as applied above was shown to be a highly powerful method for

in operando investigation of scaled-up metal hydride beds. It is so far the only method

that is capable of spatially resolving the hydrogen distribution inside the metal hy-

dride bed! Furthermore, the use of fission neutron spectra allows for the analysis of

even large metal hydride beds and covering tank vessels.
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5.5 Applications - Li-RHC

In contrast to NaAlH4, the Li-RHC system exhibits a liquid phase for the absorbed

state because the temperatures typically used for absorption and desorption are well

above the melting point of LiBH4. A presence of the liquid state dramatically changes

material and structure properties as will be shown in this section. Additionally, the

analysis differs in comparison to a solid system, allowing for a detection of material

transfer in the system using the methods introduced in section 5.3. In the first part,

the analysis of a scaled-up pellet of LiBH4 is examplarily presented to show the inves-

tigation potential for scaled-up storage systems. In the second part the resolution is

increased from millimeter to micrometer and the LiBH4 phase is studied in particular,

making intensive use of isotope labeling introduced in section 5.3.2.

5.5.1 Li-RHC storage system

5.5.1.1 Experimental and measurement setup

A pellet of 60 mm diameter, 23.27 g mass, 6.4 mm thickness and an initial den-

sity of ρ = 1.14 g/cm3 was analyzed by in-situ Neutron Radiography to study the

time-resolved absorption process of the Li-RHC system with liquid LiBH4 phase. To

additionally reveal the 3D-material structure, a Neutron Tomography analysis was

performed. It is remarked, that there is no effect of neutron absorption by isotopes

B-10 and Li-6 due to the fission neutron spectrum of the NECTAR instrument (see

Figure 5.15 in section 5.3.2). To investigate a potential phase separation, the pellet

was cycled 7 times beforehand. Starting from the desorbed state, the hydrogen ab-

sorption process was investigated by in situ Neutron Radiography. In contrast to the

investigation of the scaled-up sodium alanate system the exposure time could be re-

duced to 120 s due to a new instrument software, allowing for a better time-resolution

of in-operando processes. The pellet is stored within the FlexiStore storage tank. The

standard measurement setup for in-situ investigation of metal hydrides is used as in-

troduced in section 4.1.1, except for an additional 1 cm B4C filter embedded in epoxy

that was also used for the investigation of scattering effects in section 5.2.1 for the

aluminum tank setup. Absorption was performed at a temperature of T = 355 ◦C

with a controlled hydrogen flow of 200 mln/min into the tank volume up to a pressure

of 70 bar. In the left part of Figure 5.27 a Neutron Radiography image of the storage

tank is shown for a qualitative overview. The intensity is normalized by the flat field

and corrected for the dark image. The area of interest is the tank center region where

the metal hydride pellet is located. This is shown in more detail in the right part of the

Figure by the distribution of the total beam attenuation, Ω, scaled by pseudo colors.
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Figure 5.27: Left: Neutron Radiography of a 60 mm Li-RHC pellet inside the Flex-
iStore tank, the intensity is scaled in gray values. Right: Total attenuation image
derived from a region of interest showing the metal hydride pellet, scaled by pseudo-
colors. The blue color above the pellet corresponds to free volume inside the tank due
to a reduced pellet diameter.

Due to a reduced pellet diameter of 60 mm there is a significant void volume inside

the tank, corresponding to absolute beam attenuations of about 1
2 . The attenuation

contrast in terms of bright lines corresponds to the hydrogen supply line and temper-

ature sensors, respectively. The circular center contrast is due to the indentation for

the sinter metal filter and the accordingly reduced tank wall thickness. As for the

presence of a sinter metal filter with direct material contact a phase separation was

observed [65], measurements are performed without any filter material. To prevent a

potential blocking of the hydrogen supply line by LiBH4, the pellet is enclosed within

an aluminum jacket with a thickness of about 1 mm. Its contribution to the overall

beam attenuation is non-significant and it is neglected for the following analysis. A

reaction of LiBH4 with the aluminum jacket was not observed.

5.5.1.2 Material packing density and temperature field

In contrast to the 77 mm diameter pellet in case of the sodium alanate study in sec-

tion 5.4 the pellet here has no inner diameter. Hence, for a correct normalization

procedure according to equation 5.11 in section 5.2.3 to derive the material distri-

bution and packing density, the effect of non-homogeneous wall thickness has to be

corrected. In contrast to the cylindrical symmetry of insets for temperature sensors

and hydrogen supply, the wall thickness variation in the center exhibits a step func-

tion in the projection image. Consequently, a fit of the attenuation variation and a
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Figure 5.28: Left: Total attenuation distribution of an uncorrected reference image,
the attenuation is scaled by pseudo colors. Right: Attenuation by material after
correction of tank geometry effects and subtraction of tank background attenuation.

corresponding correction by Gaussian is not possible. Instead, the edge profile itself is

used as described in section 5.2.3.1 for step geometries. Effects of temperature sensors

and hydrogen supply are corrected by Gaussian fits as described in the first part of

section 5.2.3.1. Additionally, the plain tank background is corrected as well as shown

in section 5.2.3.1. In the right part of Figure 5.28 the resulting material attenuation

distribution after tank geometry corrections is shown in addition to the total, uncor-

rected attenuation image in the left part of the Figure. Areas which are corrected by

both, Edge Spread and Gaussian functions, are well embedded into the neighboring

areas. At the right pellet boundary a low attenuation by the material is observed

which is tantamount to a highly porous structure. Additionally, the pellet boundary

deviates from purely radial symmetry in this area, indicating a partial, slight macro-

scopic structure loss. This will be discussed later on. For reasons of simplicity, this

area is not considered within the normalization procedure for the calculation of the

material distribution. The latter is derived as described in detail within section 5.2.3

and visualized in the left part of Figure 5.29. Here, the material packing density is cal-

culated based on the assumption of an unchanged pellet depth, keeping its initial value

of 6.4 mm. Accordingly, packing densities represent an upper limit since an expansion

of the material during cycling is highly likely. Still, the relative distribution of packing

density is correct and significant inhomogeneities are observed. Highest densities are

found in the upper pellet part of about 1.3-1.4 g/cm3. As already mentioned, at the

right pellet boundary the densities are approximately halved with about 0.7 g/cm3,

indicating a highly porous structure. In the lower right area moderate densities of

about 1-1.1 g/cm3 are found. For this area also the lowest temperatures are observed
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Figure 5.29: Left: Distribution of material packing density based on the assumption of
homogeneous pellet depth of 6.4 mm. The density is scaled by pseudo colors. Right:
Approximation of the steady state temperature field of the Li-RHC pellet derived by
IR-Thermography of the tank surface.

for an equilibrium temperature field as shown in the right part of Figure 5.29. As

described in section 4.3 the temperature field is acquired by an IR-Thermography

measurement of the steady-state temperature field on the tank surface. The temper-

ature field is cropped to the region of interest, namely the metal hydride pellet. As in

the case for sodium alanate the influence of the reaction enthalpy corresponding to the

absorption of hydrogen is low due to the limited flow of hydrogen for reasons of time

resolution. Thus and against the background of high measurement accuracy as shown

in section 5.1, the temperature field on the tank surface is assumed to be a good

approximation for the temperature field within the metal hydride bed. Due to the

non-homogeneous heating setup the temperature field shows significant temperature

gradients and spatial differences. Lowest temperatures are found in the lower pellet

area with T∈ [356-358] ◦C while highest temperature are found at the right boundary

of the pellet with T ≈ 380 ◦C, corresponding to highly porous packing densities. The

maximum temperature gradient is about 0.8 K/mm. In contrast to the sodium alanate

study, where the temperature field was homogeneous and no effects on kinetics and

hydrogen distribution have been observed (section 5.4.5), a significant influence of the

temperature field on the absorption process and distribution of hydrogen is expected

for the Li-RHC system.
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5.5.1.3 Time resolved hydrogen distribution - material motion

By using the thermodynamic quantities temperature and pressure the normalized hy-

drogen content is calculated according to equation 4.1 in section 4.2.1. Its time evo-

lution is shown in the left part of Figure 5.30 together with the hydrogen pressure

evolution. After about 4 h the absorption converges into a plateau, with a corre-

Figure 5.30: Left: Time evolution of normalized hydrogen content (left y-axis) and
pressure (right y-axis) for the absorption process of the scaled-up Li-RHC pellet. The
vertical lines correspond to selected time steps for hydrogen distribution images (Fig-
ure 5.31) and multi-correlation maps (Figure 5.33). Right: Correlation of the total
attenuation by hydrogen (∆Ω(n(H2)V )) and absorbed amount of hydrogen, normal-
ized by area. The linear regression is shown additionally as a straight line plot.

sponding hydrogen content of about 7.9 wt.%. The theoretical maximal capacity for

the system composition is 11.2 wt.%. Hence, the deviation is about 30 %, which is also

reported for other scaled-up storage systems as reported by Jepsen [65]. The beam

attenuation difference due to the absorption of hydrogen is calculated as shown in

section 5.2.1. Its correlation to the amount of absorbed hydrogen, normalized by the

pellet area is given in the right part of Figure 5.30. A linear correlation with a propor-

tionality constant of 2.8±0.1 cm2/mol is observed, which is in perfect agreement with

the correlation derived for sodium alanate inside the aluminum tank for the same in-

strument setup19 as shown in Figure 5.6, section 5.2.1.2. Thus, the time and spatially

resolved hydrogen distribution is derived by the normalization procedure according

to section 5.2.2 by combination of thermodynamic quantities and beam attenuation

difference. Using the material packing density distribution given in Figure 5.29 the

time-resolved, normalized hydrogen content distribution is calculated. It is shown in

19In contrast to the standard instrument setup, an additional B4C filter was used as in the case of
the aluminum tank study in section 5.2.1.2.)
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Figure 5.31 for selected time steps of t = [35,45,59,89,151,213] min. The time steps are

Figure 5.31: Normalized hydrogen distribution inside the pellet shown for time steps of
t = [35,45,59,89,151,213] min (starting in the upper left, ascending row-wise) according
to the vertical lines in the left part of Figure 5.30.

indicated in the overall hydrogen content evolution in Figure 5.30 by vertical, dashed

lines. The corresponding sequence of the spatial hydrogen distribution in Figure 5.31

is row-wise from left to right, the first time step for t = 35 min is visualized in the

upper left. Here, a rather homogeneous distribution of hydrogen within the metal

hydride bed is observed. Still, the content is enhanced at the right pellet boundary

corresponding to lower packing densities. With proceeding absorption there is an evo-

lution of a distinct hydrogen concentration spot in the lower left pellet area. For the

time step t = 151 min hydrogen contents are derived that are above the theoretical
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maximum! Taking into account that the difference attenuation by hydrogen averaged

over the whole pellet volume according to Figure 5.30 is linear, observed phenomena

of high hydrogen contents are not due to a failure of the normalization procedure.

Instead, the only possible explanation is a violation of the basic assumption of a con-

stant material distribution according to equation 5.1 in section 5.2.1 and therewith the

evidence of material transder in the system! Thus, the calculated hydrogen contents

are pseudo-contents since there is a superposition of attenuation changes caused by

hydrogen absorption and material transfer. Concerning the latter, there is in principal

the possibility of combined material transfer of LiBH4 and MgH2, LiH or MgB2. How-

ever, there is no visible macroscopic structure loss by deformation of the pellet since

it still exhibits a radial symmetry in the acquired projection images. Accordingly, in

the following the detected material transfer is assumed to be exclusively due to mate-

rial transfer of the only liquid phase present - LiBH4. When the absorption reaction

converges into a plateau and quasi-equilibrium20, the effect of material transfer is still

present as indicated by persisting pseudo-contents in the last image of Figure 5.31.

With use of methods developed in section 5.3.1 the motion distance and involved

material mass can be estimated. For calculation of the motion distance, a selective

binning as visualized in Figure 5.14 is used. For the present study, a radial binning

with its origin at the hydrogen pseudo-content spot is used, shown in the left part

of Figure 5.32. The binning radius is enlarged until condition 5.26 is fulfilled and no

pixel is present with corresponding hydrogen content higher than the theoretical max-

imum. The derived radius and pixel size directly depends on the maximal theoretical

hydrogen content. The theoretical maximum for the sample composition investigated

here is 11.2 wt.%, which corresponds to a binning radius and therewith to a motion

distance of 5 mm. However, Li-RHC systems under real experimental conditions so

far never reached their theoretical capacity. For lab-scale samples with an amount of

several mg there are deviations of about 10-20 % reported in literature. Even worse,

for scaled-up systems the deviation is reported to be about 30 % for 6× cycled pow-

der samples [65]. To consider this broad range of system capacities, in the right part

of Figure 5.32 motion distances for different realistic hydrogen content maxima are

shown. For low content maxima of 9.5-10 wt.% the observed motion of LiBH4 and

phase separation might already partially be the reason and therewith these motion

distances are less probable. However, it can be concluded that the motion distance is

at least 5 mm, which corresponds to the maximal theoretical system capacity. Still,

20Since at given conditions for temperature and pressure the purely absorbed state with full con-
version of components is thermodynamically favored, reaction rates have to be seen against the back-
ground of limt→∞, in which full conversion should be reached and which demarks the true equilibrium.
Hence, there are kinetic barriers that lead to the plateau in Figure 5.30, which is therewith a quasi-
equilibrium.
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Figure 5.32: Selective binning for estimation of the motion distance. Left: Different
radii of radial binning with origin at the pseudo hydrogen concentration spot at the
pellet boundary. Right: Normalized hydrogen content for the binned area and cor-
responding estimated motion distance. The data points correspond to the different
binning radii in the left part of the Figure.

this represents the lower limit since the origin of motion is not known and cannot be

addressed. Based on these considerations, a larger motion distance is highly likely.

In addition, it is possible to estimate the amount of material that is involved in motion

by use of equations 5.27 and 5.28. The attenuation by Lithium and Boron can be ne-

glected for the fission neutron energy spectrum at NECTAR and therewith the excess

mass of hydrogen given by equation 5.28 directly gives the corresponding amount of

LiBH4 contributing to motion:

mLiBH4,mov =
mmov

rH2,LiBH4

(5.35)

where rH2,LiBH4 = 0.185 is the mass ratio of hydrogen and LiBH4. Calculated quan-

tities are listed in table 5.4. As does the motion distance, the amount of material

depends on the assumed maximal theoretical hydrogen content. The quantities shown

in Figure 5.32 are used again for mass estimation. In the last column of table 5.4 the

ratio of the total mass of LiBH4 in the sample and the mass of LiBH4 contributing

to motion is given. Depending on the assumed maximal theoretical hydrogen con-

tent, about 0.4-2.3 % of the total formed LiBH4 is involved in motion. Again, this

represents the lower limit due to the limited spatial resolution. For the correlation of

material packing density, temperature field and hydrogen content a multi-correlation

analysis is performed as introduced in section 5.2.5. It is shown in Figure 5.33 for the
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Table 5.4: Estimated material amount of LiBH4 involved in motion, mLiBH4,mov, ratio
of moving LiBH4 to the total mass of LiBH4 in the sample for different maximal
hydrogen contents, wt.%max.

wt.%max mLiBH4,mov [mg]
mLiBH4,mov

mLiBH4,tot
[%]

11.2 36 0.4

10.99 46 0.5

10.65 65 0.8

10.35 88 1.0

9.45 196 2.3

same time steps that where selected for the hydrogen content evolution according to

Figures 5.30 and 5.31. The time series is sequenced row-wise, starting from the upper

Figure 5.33: Multi-correlation maps of temperature, material packing density and av-
erage normalized hydrogen content (scaled by pseudo colors) for selected time-steps of
t = [35,45,59,89,151,213] min (starting in the upper left, ascending row-wise) according
to the vertical lines in the left part of Figure 5.30

.

left image. In the beginning of the absorption process a correlation as already known

from the absorption of solid sodium alanate according to Figure 5.23 in section 5.4.5

is observed. Kinetics is enhanced for areas of lowest packing density, corresponding

to the left boundary lines of the correlation map. In contrast to the sodium alanate
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study, the temperature field gradient is significant and kinetics is positively corre-

lated to the temperature. Accordingly, highest hydrogen contents are observed in the

upper left area of the first correlation map in Figure 5.33. With further proceeding

absorption, correlations change: correlation maps 2 and 3 show a transition towards

an enhanced hydrogen content for packing densities of ρ ∈ [0.75-0.95] g/cm3. Transi-

tion lines for different hydrogen contents are not vertical as in the case of the sodium

alanate study (compare Figure 5.23, section 5.4.5) but inclined, seemingly indicating a

negative correlation of temperature and hydrogen content. However, the results have

to be interpreted considering a transfer of material from which the following working

hypothesis can be drawn: With initial forming of LiBH4 in the right pellet boundary

area corresponding to high temperatures and low material packing densities and fur-

ther proceeding absorption, the liquid phase is attracted by a solid matrix framework

that provides the ideal porosity to allow for surface energy minimization and wetting,

assuming a good wettability of LiBH4 on the solid compounds MgH2, MgB2 and LiH.

The driving force for material transfer are capillary forces. For high packing densities

the amount of wetting fluid is low with respect to the solid matrix material amount due

to the low provided porosity. The optimal packing density is derived as the one where

attraction points of motion are observed in the multi-correlation map in Figure 5.33,

which is as mentioned ρ ∈ [0.75-0.95] g/cm3. A probable source of material transfer

is the right pellet boundary area with low porosity and high temperature. The latter

enhances mobility of the liquid due to the correlation of diffusion and temperature

according to Fick’s law [41] and the temperature dependency of viscosity [96]. This

might be the reason for the low hydrogen content in this area with further proceeding

absorption. As a consequence of the liquid phase present in the Li-RHC system, the

standard and reasonable correlation as it was derived in section 5.4.5 for purely solid

system compositions like sodium alanate is no longer valid! To investigate the 3D

structure of the hydrogen distribution and to clarify, whether high hydrogen pseudo-

contents are due to possible surface effects a combined Neutron Tomography study is

performed, which is shown in the following.

5.5.1.4 Combined Neutron Tomography - 3D structure

Before performing an in-situ absorption study a Neutron Tomography investigation of

the desorbed state was carried out to derive the 3D material distribution and pack-

ing density. After the absorption process, again a Tomography analysis is performed.

Both studies have been performed at room temperature without thermal insulation

at a hydrogen pressure of 2 bar. The same measurement parameters have been used

for both Tomography measurements for reasons of comparability. In total, for each
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Tomography 375 projections have been acquired with corresponding projection an-

gles distributed over 360◦at an exposure time of 120 s. The sample position is kept

unchanged between the two measurements and no effect of thermal expansion has to

be considered due to the ex-situ, room-temperature state of the system in de- and

absorbed state. Hence, projection data sets can be combined directly and the ra-

tio of intensity distributions21 for the ab- and desorbed state is computed for every

projection step. This ”new” projection data is then reconstructed using the software

OCTOPUS [26] to derive the attenuation difference caused by hydrogen absorption.

This is shown in Figure 5.34, where in the left part an overview image is plotted for

reconstructed data corresponding to the desorbed state. The volume data is clipped to

Figure 5.34: Left: Overview image of reconstructed data of the desorbed state showing
the tank geometry. The latter is clipped to visualize the metal hydride pellet in the
tank center. Visualization of data was done with VGStudio Max [48]. The center image
shows the spatial distribution of voxel attenuation coefficients for the pellet region of
interest of the combined data set, it is quantitatively scaled by pseudo colors. Right:
Corresponding histogram with voxel attenuations.

visualize the inner part of the FlexiStore tank containing the metal hydride pellet. In

the center part of the Figure the pellet is selected as region of interest. Here, the dis-

tribution of voxel attenuation coefficients, µV oxel of the reconstructed combined data

set is shown, representing the spatial distribution of the attenuation by hydrogen. The

right part of the Figure shows the corresponding histogram, with voxel attenuations

sorted into 216 equally distributed bins ∈ [0,µmax]. For quantification of the hydrogen

content distribution, the procedure is in full analogy to the 2D-case carried out before.

A normalization procedure as introduced in section 5.2.2 is performed, but extended

21The intensity distributions are normalized by the flat field and corrected for the dark image.
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to 3D with the sum covering all voxels instead of pixels. Referring to Figure 5.34,

the normalization constant is the quotient of the total amount of absorbed hydrogen

and accumulated histogram according to equation 5.9. The normalization method is

valid since the correlation of the attenuation difference by hydrogen and the corre-

sponding amount of substance was proven to be linear as shown in Figure 5.30. For

the hydrogen content in each voxel normalized by the corresponding material mass,

an analogue normalization is done for the desorbed state data set by use of the total

pellet mass, again in full analogy to the 2D case with summing here over 3D voxel

data instead. The resulting quantitative distribution of hydrogen contents is visual-

ized in Figure 5.35. In the left part, the total pellet volume is shown. As indicated

Figure 5.35: Volume data set for the spatial distribution of the normalized hydrogen
content, scaled by pseudo-colors. Left: Full volume data set. Right: Applied threshold,
showing only voxels with a corresponding normalized hydrogen content ≥ 9 wt.%.

by the colorbar, the hydrogen content reaches values up to 20 wt.% that are located

in the lower left pellet area. In the remaining area, values are significantly lower.

In good agreement with results from in-situ Neutron Radiography, lowest hydrogen

contents are observed at the right pellet boundary. Thus, a combined Tomography

analysis of ab- and desorbed state confirms a motion of material by the presence of

hydrogen pseudo-contents higher than the maximal theoretic capacity! In the right

part of Figure 5.35, the volume data set is thresholded to exclusively derive the spatial

distribution of hydrogen contents equal or higher than 9 wt.%. As visible, the loca-

tion of voxels is predominantly in the as mentioned lower left pellet volume, indicating

no limitation to the surface. Single, isolated voxels that are spread over the whole

pellet volume are corresponding to artifacts due to the low contrast in the combined

projection data set. However, a more accurate investigation of the axial and radial

distribution can be derived by an analysis of xz-slices for different y positions, where
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x is the projection direction in parallel to the neutron beam. This is shown in Fig-

ure 5.36 for 6 slices at different x-positions. The viewing direction is along the negative

Figure 5.36: Distribution of the normalized hydrogen content in (x,z)-slices. The
upper left image shows the volume data set of the pellet, with (x,z)-slices for different
y-positions indicated by the white rectangles. The slice data is shown starting from
the upper middle, ascending row-wise in the sequence indicated by the arrow within
the overview image.

y-axis and the sequence of slices is indicated by the arrow in the overview image to

the upper left. The first slice is given in the middle of the upper row and the following

slices are sequenced row-wise. The concentration spot of hydrogen contents in the

lower left pellet volume is again clearly visible in slices 3 to 6. Quantitative values

are most frequent in the range of 12-14 wt.%, being slightly higher than in case of the

in-situ Radiography study. Additionally, distinct spots of hydrogen contents of about

18 wt.% are observed, in particular for the last two slices corresponding to the left pel-
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let boundary. Still, there is general agreement of 2D projection and 3D Tomography

data. The absolute, quantitative differences are discussed again in section 5.5.3. As

the main benefit from slice data analysis, it can be proven that pseudo-content spots

are not due to surface effects since a rather homogeneous distribution in axial (x-)

direction is derived. From that it can be deduced that the directed mass transport by

motion of LiBH4 towards the lower left pellet boundary is equally distributed in axial

pellet direction. This is in good agreement with the formulated working hypothesis,

in which capillary forces are causing a motion of liquid LiBH4 to minimize the surface

energy by wetting of the solid matrix framework. From the time evolution of the

hydrogen content in Figure 5.31 and multi-correlation analysis in Figure 5.33 it can

be concluded that high pseudo-contents of hydrogen are due to a directed motion of

LiBH4 towards a material packing density of ρ ∈ [0.75-0.95] g/cm3. This density seems

to provide the best porous framework for agglomeration and wetting, thus attracting

mass transport of LiBH4. The distribution of the material packing density in the pellet

is essentially determined by the compaction process itself. It is in first approximation

homogeneous in the axis that is perpendicular to the compaction direction, which is

the axial pellet direction in this case. Accordingly, a homogeneous distribution of

LiBH4 along the axial pellet direction is expected since it exhibits the same packing

density and provides the same porous framework. This is well confirmed by results

derived by slice analysis as shown in Figure 5.36 as discussed above. Based on the

results of both, in-situ Neutron Radiography as well ex-situ Neutron Tomography,

the following mechanism for the absorption process of scaled-up Li-RHC compacts is

proposed:

1. With beginning of the absorption the system composition is predominantly pure

solid state, therewith the correlation of material packing density and reaction

kinetics is the same as for the solid-solid sodium alanate system and it can be

stated in general for solid-solid systems: lower packing density and increased

porosity enhances reaction kinetics. Possible reasons have been already worked

out in section 5.4 and refer to increased hydrogen diffusion and, most impor-

tant, permeation rates. Additionally, there is a positive correlation of kinetics

and temperature, where the latter contributed to e.g. enhanced diffusion and

permeation rates as well.

2. With further proceeding absorption the amount of liquid LiBH4-phase is contin-

uously increasing, accompanied by an induced motion that is driven by capillary

forces present for the porous solid framework due to surface energy minimiza-

tion and wetting of solid phases. The wettability is assumed to be good since

no macroscopic expulsion of liquid phase is observed. The present porous frame-
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work in the pellet is inversely related to the material packing density that is

defined by the compaction pressure during pellet manufacture. Capillary forces

are as well inversely correlated to pore diameters [11, 53] and therewith areas

of maximal attraction are areas of highest packing density. However, the total

amount that can accumulate within these areas is limited.

3. Ongoing absorption and further increasing amount of liquid LiBH4 lead to a

partial expulsion of excess LiBH4 out of areas with high packing densities. The

optimal porous framework that provides best compromise of free volume and cap-

illarity is determined to exhibit a packing density range of ρ ∈ [0.75-0.95] g/cm3.

This is reasonable since it coincides with the maximal theoretical packing den-

sity of the absorbed state, which is 0.83 g/cm3 for the given system composition

based on solid material compounds.

4. In the final absorption state an accumulation of LiBH4 is observed at as-mentioned

packing densities. Due to the compaction process the packing densities are homo-

geneous in the direction perpendicular to the compaction direction. Accordingly,

LiBH4 is distributed homogeneously in the axial pellet direction.

Most important is that motion of LiBH4 during the absorption process occurs over

long distances of at least 5 mm and affects at least about 1 % of the total material.

The material transport within the pellet is expression of a long-range phase separa-

tion process. The reversibility of material transfer during the desorption reaction is

questionable due to the long-range motion distances. The observed phase separation

is probably the reason for the degradation of capacity over cycling as reported by

Jepsen [65]. Though material transfer and liquid phase are present, no macroscopic

structure loss is observed, except for the small shape-deviation at the highly porous

area briefly described in the beginning. Thus, after the initial compaction process the

solid compounds consisting most dominantly of Magnesium Hydride seem to form a

stable framework during the sorption processes, still providing a sufficient porosity to

allow for agglomeration and motion of liquid LiBH4.

With evidence of phase separation and mass transport by motion of LiBH4 on a

macroscopic dimension, there is a strong need for a more detailed analysis on the fun-

damental aspects of motion of LiBH4, its phase transition and effects due to melting.

This is done in a detailed and intensive manner in the following section.
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5.5.2 Mobility of LiBH4 in LiBH4-MgH2

For a precise investigation of the fundamental properties and dynamics of liquid LiBH4

within the solid phase there is the need for higher spatial resolution and in particular

the need for a phase sensitiveness towards the LiBH4 phase. The spatial resolution

that can be achieved by use of fission neutron spectra is limited to the order of mm and

is thus not sufficient. An increase of resolution to the order of micrometer is possible

by a change of the neutron energy spectrum to the cold regime, which is provided

by the ANTARES instrument as described in section 4.1.2. Considering the required

phase sensitivity, the method of isotope labeling that was developed in section 5.3.2

can be applied. In the following sections a comprehensive study on LiBH4 and its

distribution and motion inside the solid matrix is carried out. The combination of

spatial resolution and phase sensitiveness reveals fascinating new insights into the

fundamental properties of the Li-RHC system, heavily impacting also strategies for

future scale-up in terms of application.

5.5.2.1 Experimental and measurement setup

To ensure sufficient neutron beam transmission and data statistics, the mixture 1:1

of LiBH4 and MgH2 is used instead of the normal 2:1 mixture that was used for the

study of the scaled-up system above. The potential effects of the changed composition

are discussed later on. The samples are placed in the aluminum inset within the small

cell sample holder as described in section 4.2.3. Due to potential effects of compaction

and in order to focus on the fundamental interactions, loose powder samples are used.

To study explicitly the dynamics of the LiBH4 phase, isotope labeling of this phase

is used. This method is introduced and explained in detail in section 5.3.2 with

the natural composition of LiBH4 containing the highly absorbing isotopes Li-6 and

B-10. The investigations were performed at the ANTARES instrument at FRM II

to provide the necessary cold neutron spectrum [120]. To get the best compromise

between spatial and time resolution the standard setup with pixel size of 73.2 µm is

used, the exact specifications are given in section 4.1.2. The exposure time for each

Neutron Radiography is 26 s. In Figure 5.37 the sample setup at the instrument is

shown where the sample cell with the attached thermal insulation and nozzle heater

is positioned in front of the LiF-ZnS scintillator (shiny, in the left part of the Figure).

In front of the sample a Boron rubber is placed with an opening matching the relevant

sample field of view. This is to prevent a CCD camera pixel overflow corresponding

to the flat field region for long exposure times.
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Figure 5.37: Measurement setup for the small cell at the ANTARES instrument,
showing the sample with attached nozzle heater and thermal insulation in front of the
scintillator unit (to the left). Additionally a black Boron rubber is used to prevent a
CCD camera pixel overflow for long exposure times.

5.5.2.2 Initial liquefaction of LiBH4

In first stage, the effect of initial liquefaction of LiBH4 on the material structure of the

total composite is investigated. The material packing distribution of the as-prepared

sample is shown in the total attenuation image in the total left of Figure 5.38. The nat-

ural composition with highly absorbing Li-6 and B-10 is in the left part of the sample

holder, to the right is the isotope composition. The structure is typical for a loose pow-

der bulk density with low packing density, which is given in table 5.5. The attenuation

image was calculated from a Neutron Radiography at conditions corresponding to the

solid phase of LiBH4, namely at a pressure of 13 bar and a temperature of 200 ◦C. To

induce liquefaction of LiBH4, the temperature was increased to 350 ◦C and the pres-

sure was kept constant. At a temperature of T = 275 ◦C Lithium Borohydride starts to

Table 5.5: Parameters for loose powder samples investigated by the isotope-labeling
technique and effect of first liquefaction of LiBH4 on the macroscopic powder density.

Li-RHC Li-RHCiso

mass [mg] 75 ± 0.1 45 ± 0.1

ρPowder - initial [g/cm3] 0.58 ± 0.02 0.39 ± 0.03

ρPowder - liq [g/cm3] n.a. 0.5

density increase by phase transition [%] n.a. 30 ± 17
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melt. This change of structure affects the total macroscopic structure of the compos-

ite, visualized in the middle and in the right image of Figure 5.38. The middle image

shows the sample with LiBH4 in liquid phase and after the changes of material struc-

ture, when the equilibrium is reached. In the right part a difference image is shown,

the data set of the Radiography after liquefaction is subtracted from the dataset before

liquefaction. The intensity of the attenuation difference, ∆Ωtot, is scaled by pseudo

colors. Values corresponding to ∆Ωtot < 0 refer to a reduced attenuation in the system

with liquid LiBH4, which indicates a reduction of the material amount in this area.

Hence, the material packing density is reduced as well. Vice versa, ∆Ωtot > 0 refers to

an increase of the material amount. Thus, the material packing density is increased

for the corresponding area. The difference image indicates an increased packing in

the main and center part of the sample, which is both due to radial contraction as

well as due to contraction in height. The latter is most significant as can be seen by

the pseudo coloring for ∆Ωtot. In case of the natural composition (the left of the two

samples) the change of material packing density or area density in case of a projection

like it is here is much stronger pronounced than in case of the isotope-sample, as it is

indicated by the difference data set in Figure 5.38. Accordingly, changes in attenuation

on the top of the sample are more significant for the natural composition. From the

difference image it can be stated that liquefaction of LiBH4 induces a transformation

of the overall macroscopic material structure. Within the framework of this change,

the material packing density is significantly increased, which is estimated in table 5.5

by the absolute attenuation image after liquefaction. As visible in the difference image,

there is a difference between Li-RHC and Li-RHCiso in terms of the structural change

induced by liquefaction. The volume change of the Li-RHCiso sample is symmetric,

since after liquefaction it still has a cylindrical symmetry. For the natural composi-

tion, a non-symmetric change is observed in the difference image with a kink visible

in the difference data set at an y-position of about 8 mm, where the pillar is tilted

differently above and below this kink. For Li-RHCiso, the density increase is estimated

to 30±17 %. The large measurement uncertainty originates from a reduction of the

sample diameter that cannot be determined precisely with the given pixel resolution.

Due to the non-symmetric sample boundary for the natural composition, the density

increase cannot be quantified. Still, the overall density increase is lower than for the

isotope-sample due to the higher initial powder density 22

According to the difference image, the liquid LiBH4 phase is not macroscopically sep-

arated from the Magnesium Hydride along the vertical axis since there is no evidence

of a vertical gradient in the attenuation difference, ∆Ωtot. Due to the rotational sym-

22The differences in initial powder packing density are due to different treatments during filling,
e.g. by applied shaking to accumulate the powder in the sample holder bottom.
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Figure 5.38: Left: Total attenuation of the natural sample composition with highly
absorbing isotopes Li-6 and B-10 (left) and isotopically enriched composition (right)
before the initial liquefaction of LiBH4. Samples are stored within the small sample
cell according to section 4.2.3. Middle: The analogue to the left, but after liquefaction
of LiBH4. Right: Difference attenuation image (liquid-solid).

metry of the sample cell, it is not possible to resolve or investigate a phase separation

in the plane with its normal perpendicular to the projection direction. For that, a

Neutron Tomography analysis is necessary, which is shown in the following sections.

Due to the time-resolved imaging data the time interval of the sintering process during

liquefaction of LiBH4 can be derived. It is estimated to ∆t = 182±13 s, after which no

further changes in material structure are observed and equilibrium is assumed. Since

the resolution is limited by the pixel size, any changes occurring on a scale smaller

than the pixel size of 73.2 µm are not detected and the estimated sintering process

time has to be interpreted as a lower limit. In addition to the change of material

structure there is an additional change in attenuation by thermal expansion of the

sample holder cell, which is estimated to 1.5±0.15 mm.

From the analysis of initial liquefaction of the LiBH4 the following conclusions can

be drawn:

Starting from an as-prepared powder bulk density, the first liquefaction of LiBH4 re-

sults in a significant change of the overall macroscopic material structure accompanied

by a denisfication of the material. Hence, the process can be described by liquid phase

sintering [46], where by liquefaction of LiBH4 and wetting of solid Magnesium Hydride

particles capillary forces emerge that cause a densification of the system [69]. Porosity

reduction is driven by minimization of surface energy [69]. Densification shows no

preferential orientation except for a shrinking in z-direction due to the influence of

gravity, as the sample volume is reduced in all spatial directions. Still, there seems to
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be a dependency of the a posteriori structure on the explicit initial distribution of par-

ticles and agglomerates since a difference was found for the two investigated samples.

This agrees with literature, where the amount of densification and the magnitude of

rearrangement of structure depends on the size and shape of particles, as well as on the

distribution of pores [67, 73]. Since the initial packing densities of natural and isotope

composition samples differ significantly (see table 5.5), the different structures after

sintering are reasonable. On time domain, sintering was found to reach equilibrium

after already approximately 180 s. However, though there is presence of a liquid phase

and a high degree of material transfer, no evidence of expulsion of the liquid phase is

observed in the simple projection images derived by Neutron Radiography within the

investigated time interval (Figure 5.38). This is in well agreement with the observed

densification and confirms the process of sintering, which assumes a good wettability

of the solid to allow for the emergence of capillary forces. A bad wettability and a

corresponding high contact angle between liquid phase and solid would counteract

densification [60, 86] and cause a macroscopic phase separation in height due to the

lower density of the liquid phase, which is not observed. Consequently, the identifi-

cation of sintering also indicates a good or sufficient wettablility of the Magnesium

Hydride phase.

The observed densification as a result of sintering has important consequences for

the development and design of hydrogen storage tanks: the initial volume occupied by

loose powder filling will decrease significantly already after the first absorption, chang-

ing the material structure and reducing the interface area of metal hydride material

and tank surface. This causes a reduced heat transfer and accordingly a worse overall

performance of the storage system, since poor heat transfer of storage medium and

surrounding tank material is one of the main hurdles for tank optimization [78].

5.5.2.3 Liquid state - clustering

Using isotope labeling in combination with Neutron Tomography analysis, it is pos-

sible to resolve the structure of LiBH4 in the total sample composition in all spatial

dimensions. This gives rise to a fundamental investigation of material properties, as

shown in the following sections. Surprisingly, isotope labeling of highly absorbing iso-

topes has not yet been used in the Neutron Imaging community.

The starting point of investigation is the state of equilibrium after sintering of the

material as described in the previous section. Therefore, a Neutron Tomography anal-

ysis has to be performed for the characterization of the liquid state, since the phase

transformation in terms of solidification of LiBH4 potentially changes the structure
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(for that, see the following sections). To ensure a stable liquid state of LiBH4, pres-

sure and temperature are set to 15.5 bar respectively 357 ◦C according to conditions

for the absorbed state of Li-RHC as given by its van’t Hoff plot [75]. The temperature

is controlled based on data given by the temperature sensor at the bottom of the alu-

minum fitting inside the sample cell as described in section 4.2.3. To resolve the full 3D

material structure after initial sintering of LiBH4, a Neutron Tomography analysis is

performed. For that, the hydrogen supply has to be disconnected from the sample cell

to allow a precise angular motion of the sample holder on the rotational axis. Though

the material structure was found to have reached equilibrium, there is still a potential

material transfer within a voxel since the determination of equilibrium is based on

in-situ Neutron Radiography, averaging out an undirected motion inside the material

in the projected volume. To minimize resulting motion artifacts in the reconstructed

slices of the Tomography data set, the total time for a Tomography run has to be min-

imized. Consequently, the number of acquired projection images is below the Nyquist

criterion, it was set to 375 for this study. In fact, this is a compromise between the

influence by artifacts originating of motion and undersampling, since both negatively

effect the quality of the reconstructed data [10]. The exposure time is texp = 26 s at a

pixel size of 0.074 mm. Including the detector inherent time between two images and

the adjustment of rotation angles a Tomography run was performed within 220 min.

Within this time interval, temperature fluctuations were less than 1.5 ◦C so that ef-

fects on the structure or thermal expansion of the sample are negligible. The image

processing and data reconstruction was standardized and done with the OCTOPUS

software. It is briefly described in the appendix A.4. In the left part of Figure 5.39

an overview of the reconstructed and visualized data of the samples with natural and

isotope composition is given in terms of the attenuation coefficient colored in gray

values. The shown data was reduced to the volume of interest, the sample volumes,

and thresholded to correct for voxels with an attenuation coefficient corresponding to

the free gas volume inside and above the metal hydride powder. Thresholding involves

a calculation of the attenuation coefficient for the sample environment, µE , which is

dominated by gaseous hydrogen (since the sample volume is pressurized to ensure

thermodynamic conditions appropriate for the absorbed state) and determined to µE

= 0.5 1/cm23. In the left part of Figure 5.39 the sample with the natural composi-

tion is shown in the front, the back part shows the isotope sample. To show both

samples simultaneously in one image, the gray values for the attenuation coefficient of

each sample are scaled differently. Thus, no quantitative conclusions concerning the

attenuation coefficient can be drawn from this overview image. Still, a first surface

23The threshold is derived from a reference area above the main sample volume for pure attenuation
by gaseous hydrogen.
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Figure 5.39: Left: Volume data set of attenuation coefficients for natural (front) and
isotope (back) composition for the liquid state of LiBH4 (T > 275 ◦C), derived by
Neutron Tomography analysis. For simultaneous visualization of both sample compo-
sitions voxel for the two data set have been scaled individually by gray values. Right:
Histogram of attenuation coefficients for the two sample compositions. The frequency
is normalized by the absolute number of contributing voxel. The blue curve refers to
the isotope sample, the green to the natural composition, respectively.

comparison is possible: Though approximately half of the total sample amount is in

the liquid state and liquefaction of LiBH4 caused a clear change of the macroscopic

material structure (compare Figure 5.38), the top surface of the material is not smooth

and plane but structured. This indicates a present MgH2 structure, acting as a stabi-

lizing matrix for the liquid phase which is in agreement with the results found for the

sintering process from the 2D projection images, where a separation of phases could

not be observed, hinting to a stabilizing Magnesium Hydride matrix. Still, surface

structures differ less than 0.5 mm, which is the result of an initial homogeneity of

material compounds MgH2 and LiBH4 achieved by material preparation in terms of

high-energy ball milling. It can be assumed that the initial distribution of material

compounds highly determines the structure after sintering as already stressed in the

above section. Thus, the material preparation route becomes in particular important

for the case of scaled-up storage systems.

The right part of Figure 5.39 shows histogram plots of the natural (colored in green)

and the isotope composition (blue) for the frequency distribution of the attenuation

coefficient of the whole sample volume. The attenuation coefficients are sorted into

512 equally spaced bins. The environmental threshold, µE , sets the left boundary to

0.5 cm−1. The frequency values are normalized to the number of relevant voxels in
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the sample, N , that is given by

N =

Ntot∑
i=1

Θ (µi − µE)

, where Ntot is the total number of voxels in the volume of interest and µi is the

attenuation coefficient of voxel vi. The distribution of attenuation coefficients for the

natural composition is shifted to higher values due to the highly absorbing isotopes

Li-6 and B-10 in agreement with results of section 5.3.2. The average attenuation of

the natural composition is determined to < µ >Li−RHC = 6.69 cm−1, for the isotope

composition it is < µ >Li−RHCiso = 2.35 cm−1. For the natural composition there

is a significant frequency increase at the left boundary, which cannot be observed for

the isotope composition. The reason might be an increased environmental attenuation

coefficient, which will be discussed later on.

The full access to the 3D material structure that is given after reconstruction allows

for a comprehensive analysis of the structure inside the material and gives unique in-

sights into the sample composition in the liquid state after sintering, which is shown

in the following. By processing the data set in terms of setting a threshold for the

attenuation coefficient, µT , only voxels with a corresponding attenuation higher than

the chosen threshold are visualized. If this is applied on the natural composition data

set for the right flank of the attenuation coefficient distribution according to the right

part of Figure 5.39, only highly attenuating voxels of the total volume are selected,

which represent a high amount of LiBH4 in the voxel composition. By that, concen-

tration spots of the liquid phase within the sample can be visualized. This is shown

qualitatively in Figure 5.40 for both the natural, highly absorbing composition (left

part) and the isotope composition (right). The reference coordinate system is the

lab coordinate system with x and z-axis scaled in mm, the attenuation coefficient for

each voxel is scaled by pseudo colors as indicated by the colorbar to the right of each

image. The threshold for the natural composition is set to µT = 10.41 cm−1 respec-

tively µT = 3.33 cm−1 for the isotope sample. At this stage, the threshold is chosen

in the way to visualize exclusively areas of high attenuation. The explicit threshold

levels are discussed in the next subsection. As can be seen in the left part of the

Figure, voxels with high attenuation coefficients corresponding to material with high

amount of LiBH4 form cohesive volume elements. In the following, these volumes of

high concentration of LiBH4 are denoted as ’cluster’ and the corresponding threshold

as µTC . The clusters are in first approximation homogeneously distributed in height

with no preferential orientation. This holds as well for the isotope composition in the

right part of Figure 5.40, where the distribution of clusters qualitatively looks similar.
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Figure 5.40: Cluster in the liquid state (temperature above 275 ◦C) revealed by thresh-
olding of the data set. Left: Natural sample composition; visualization of voxels with
attenuation coefficient ≥ µT = 10.41 cm−1. Right: Isotope composition; visualization
of voxels with attenuation coefficient ≥ µT = 3.33 cm−1.

For the isotope composition the assignment of highly absorbing volume elements to a

corresponding high concentration of LiBH4 is not as distinct as for the natural compo-

sition sample: the difference in total attenuation between MgH2 and LiBH4 originates

from incoherent scattering of hydrogen only. The contribution by metals Mg and Li is

negligible, if isotope impurities in Li can be assumed to be non-significant.24 Since the

molar ratio of LiBH4 and MgH2 was chosen to 1:1 to ensure sufficient neutron beam

transmission (as described in section 5.3.2), the attenuation of equi-molar LiBH4 and

MgH2 differs only by a factor of 2. Additionally, the density of pure MgH2 is approx-

imately 2.2× higher than for LiBH4. Thus, in case of clustering of pure Magnesium

Hydride the expected total attenuation in a voxel is comparable to a corresponding

pure LiBH4. For the isotope composition sample, this makes it difficult to assign voxel

24In first approximation this is valid since the purchased isotopically enriched LiBH4 has a purity of
99.8 % for Li-7. Furthermore, the amount of Li-6 in natural Li is only 7.4 %, which gives an effective,
maximal impurity of 0.015 %.
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Figure 5.41: Cluster revealed by thresholding of the volume data in analogy to Fig-
ure 5.40, but for the solid state of LiBH4 (temperature below 275 ◦C). Left: Nat-
ural sample composition; visualization of voxels with the attenuation coefficient ≥
µT = 10.41 cm−1. Center: Isotope composition; visualization of voxels with the atten-
uation coefficient ≥ µT = 3.33 cm−1. Right: Histogram of the full set of attenuation
coefficients for the two sample compositions (no threshold exept for µE). The fre-
quency is normalized by the absolute number of contributing voxel. The blue curve
refers to the isotope sample, the green to the natural composition, respectively.

with corresponding high attenuation coefficient to a cluster of LiBH4. The reason for

clustering of the liquid phase and its spatial distribution is discussed later on.

To investigate the effect of solidification of LiBH4 on the sample structure and the

observed clustering, the temperature is reduced to 221.5 ◦C at a pressure of 13.1 bar.25

This leads to a solidification of LiBH4 at around 275 ◦C with the overall system still

being in the absorbed state. The macroscopic density change of the total sample that is

induced by solidification of LiBH4 is estimated to about 4 % using the same techniques

as for the study of the initial sintering. This is not further discussed here, details for

macroscopic structure change due to solidification are given in appendix B.3. After

reaching the thermal and structural equilibrium, again a Neutron Tomography study is

performed with the same parameters as for the liquid state Tomography for reasons of

comparability. Applying the same thresholds for the attenuation coefficient as for the

liquid state, µTC = 10.41 cm−1 (natural composition) respectively µTC = 3.33 cm−1

(isotope composition), a similar clustering of LiBH4 is observed, which is visualized

in the left and middle part of Figure 5.41. In the right part the total histogram plot

25Since there is no connection to the hydrogen supply and a pressure loss due to leakage is negligible,
the sample cell can be seen as a closed system. The reduction in pressure is directly caused by the
temperature decrease.
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of the frequency distribution of the attenuation coefficients for both natural (green)

and isotope (blue) composition is shown. The number of bins is again 512, with an

unchanged environmental threshold of µE = 0.5 cm−1. In comparison to the histogram

for the liquid state shown in Figure 5.39, the right flank for both compositions is shifted

to higher values for the attenuation coefficient.

5.5.2.4 Phase transition of LiBH4 - density change & cluster determina-

tion

From this change of the histogram distributions it is possible to deduce a fundamental

material property of LiBH4: Since maximal values of the attenuation coefficient for

the natural composition can directly be assigned to cluster of LiBH4, the increase of

attenuation is caused by a density increase of these cluster due to the solidification of

LiBH4. Thus, the phase transformation of LiBH4 in terms of solidification is accom-

panied by an increase of material density and vice versa as it is a typical property of

metals. Besides these qualitative results, it is also possible to quantitatively estimate

density increase by solidification. To do so, the two Tomography data sets of liquid

and solid state of LiBH4 in the total mixture are compared. After reconstruction

the distribution of attenuation coefficients is given, which is for a mixture of different

compounds given as

µ =
∑
i

NA

Mi
· ρi · σi

which is already known from the theoretical section. In the case of a voxel containing

only a mono-phase, which is assumed for voxel containing cluster of LiBH4, the sum

eliminates. Thus, the change of the attenuation coefficient is directly proportional

to the change of density, which is the only non-constant quantity when comparing

states before and after the phase transition. To be more precise, there is a potential,

additional influence by the change of the elastic, coherent scattering cross section of

LiBH4 due to the emergence of a crystalline structure in case of solidification (Bragg

scattering). Since the incoherent scattering cross section of hydrogen and in case of

the natural composition especially the absorption cross section is dominant, the effect

of potential Bragg scattering is neglected. Hence, it is

ρl = ρs ·
< µC >l
< µC >s

where ρl,s are the material densities and < µC >l,s the averaged cluster attenuation

coefficients of LiBH4 in the liquid respectively solid state. The average cluster atten-

uation coefficient is a function of the chosen threshold for cluster determination, µTC ,
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Figure 5.42: Evolution of the density change, ∆ρ/ρl, depending on the cluster thresh-
old ratio, µTC/µmax for estimation of the density change of LiBH4 corresponding to
the phase transition (melting). Left: Natural composition. Right: Isotope composi-
tion. The assumed transition into a plateau is indicated by the two lines in the upper
area.

and is derived by

< µC >=

∑N
i=1 µi ·Θ (µi − µTC)∑N
i=1 Θ (µi − µTC)

where µi is the attenuation coefficient of a voxel vi within the sample volume. For low

cluster thresholds, voxels contributing to the average cluster attenuation coefficient do

not only contain LiBH4 but Magnesium Hydride or pores as well. Since the latter are

stable and undergo no phase transition for the conditions used in the two performed

Tomography studies, the deduced density change is a pseudo density and underes-

timates the real density of pure LiBH4. Thus, by continually increasing the cluster

threshold, the pseudo density should converge to the real density. The evolution of the

density change, ∆ρ/ρl = (ρs − ρl)/ρl, depending on the cluster threshold is shown for

both the natural (left) and isotope (right) sample composition in Figure 5.42. For real

cluster with voxels containing only the mono-phase of LiBH4, its solid state density

is given by literature values, ρs = 0.66 g/cm3 [134]. The cluster threshold is given

as a relative quantity, it is normalized by the maximal attenuation coefficient of the

solid state data set. As expected, the density change increases with normalized cluster

threshold: starting from 0.6, it reaches a plateau at 0.8 with a corresponding density

increase of 7.6 % for solidification in case of the natural composition. Going further

on the abscissa, there is no more monotonic increase, the values fluctuate around an

average of 7.9±0.25 %. The corresponding area in the plot is enclosed by the solid

vertical and horizontal lines in the upper right area. The fluctuation is expression

of measurement uncertainty and lower statistics for the right flank of the frequency
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distribution of attenuation coefficients (see Figures 5.39 and 5.41). The convergence

into a plateau agrees well with the theoretic considerations given before. Accordingly,

for a normalized cluster threshold of 0.8, which corresponds to µTC = 10.74 cm−1 for

the solid state, voxels fulfilling these threshold condition can be assumed to contain

purely LiBH4
26. Hence, the observed evolutions proves the existence of real cluster

of pure LiBH4, which where observed qualitatively in the upper section (Figures 5.40

and 5.41)! For the pure liquid phase in the natural composition sample, the solidi-

fication is accompanied by a density increase of 7.9±0.25 %. Accordingly, the liquid

density is ρl = 0.618±0.001 g/cm3. For the isotope composition in the right part of

Figure 5.42, the general evolution is similar: starting again from a normalized atten-

uation of 0.6 and moving to higher values, the density change increases. However, it

converges already at 0.69 to a density change of 10.5±0.25 %. The explicit normalized

cluster threshold that denotes the transition into the plateau depends on the corre-

sponding frequency distribution of attenuation coefficients as given in Figure 5.39 and

5.41. Therewith, it depends on the explicit material structure of the sample in terms of

packing density, homogeneity of compounds and porosity. The derived density change

for solidification is, however, of greater interest. With 10.5±0.25 % it is clearly higher

than for the natural composition and though there is a significantly reduced distin-

guishability between Magnesium Hydride and LiBH4, which should lead to a more

complicated determination of LiBH4 cluster as discussed in the upper paragraphs,

the plateau in Figure 5.42 is distinct. The corresponding liquid density of LiBH4 is

ρl = 0.603±0.001 g/cm3. In table 5.6 the derived values for the density change and

absolute density of liquid LiBH4 is summarized. The significant difference between

Table 5.6: Resulting liquid density of LiBH4 and relative density change due to phase
transition for both natural and isotope sample compositions.

Li-RHC Li-RHCiso

ρl
[
g/cm3

]
0.618 ± 0.001 0.603 ± 0.001

∆ρ/ρl 0.079 ± 0.0025 0.105 ± 0.0025

the natural and the isotope composition can be explained by beam hardening and the

results found in section 5.3.2: beam hardening leads to a deviation from the linear

correlation of neutron beam attenuation and area density, which is shown for LiBH4

in Figure 5.17. In particular, data points originating from the isotope mixture are

not contributing to the plot, since it shows the area density for natural LiBH4, only.

In case of the isotope composition the beam attenuation originates mainly from the

26This statement is limited to the spatial resolution and measurement uncertainties. Though the
existence of pores inside voxels denoted as cluster is possible, they still contain a predominant amount
of LiBH4.
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incoherent scattering cross section of hydrogen as already discussed in the previous

paragraphs. Accordingly, a beam hardening effect in case of the isotope powder com-

position for a maximal area density of 0.16 g/cm227 is not significant. The proof is

given indirectly by comparison with the beam hardening investigation of Magnesium

Hydride, where no significant influence was found for area densities up to approxi-

mately 0.4 g/cm2 (see appendix B.2.1). Consequently, an increase of material density

as taking place by solidification of LiBH4 results in an increase of area density, which

is accompanied by a corresponding linear increase of the neutron beam attenuation.

This is different in case of the natural composition sample. Here, a linear correla-

tion does not hold any more as shown in Figure 5.17 for area densities higher than

0.005 g/cm2. Thus, an increase of area density due to solidification is accompanied

by a non-linear increase of neutron beam attenuation, which is especially pronounced

in the right part of Figure 5.17 for the normalized attenuation. In case of the natu-

ral sample composition the maximal area density for LiBH4 is about 0.077 g/cm2, a

further increase of area density leads to a significantly lower normalized area density

and corresponding beam attenuation. Hence, the increase of beam attenuation for

the natural composition is lower than for the isotope composition, which explains the

lower density change derived for the natural composition. Additionally, solidification

in case of the isotope composition is accompanied by a small macroscopic material

packing density increase of approximately 4.2 %, which is not observed for the natural

composition (as discussed in appendix B.3). Hence, there is still densification accom-

panied with solidification of LiBH4. This will be discussed later on. Accordingly, an

increase of the attenuation coefficient is partially caused by the reduction of porosity

and mistakenly interpreted as change of pure LiBH4 density due to solidification. It is

stated that the reason for the higher density change observed for the isotope sample

is a superposition of both effects: beam hardening and porosity reduction. There-

with, the density change derived from the natural composition represents the lower

limit whereas the corresponding change derived from the isotope sample represents

the upper limit:
∆ρ

ρl
∈ [0.0765, 0.1075]

Unfortunately, no study is reported in literature concerning the density of liquid

LiBH4. This is surprising against the background that it is a fundamental material

property, relevant for material preparation, compaction and interpretation of results;

in particular in the view of the fact that the temperature regime for both ab- and

desorption of the Lithium-RHC corresponds to the liquid phase of LiBH4. Apart from

27The maximal area density is calculated using the center of the sample (3 mm diameter) with a
macroscopic material density of 0.52 g/cm3 according to appendix B.3.
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this fundamental material property the results shown above allow for a determination

and proof of the existence of cluster that contain no other significant phase than LiBH4

by use of the cluster attenuation threshold, µTC . In the following, this quantity will

be used to comprehensively and quantitatively analyze the LiBH4-clusters that are

observed after melting of the liquid phase.

5.5.2.5 Sintering - macroscopic phase separation and multi-scale problem

In the following, the thresholds µTC = 10.7 cm−1 and µTC = 3.74 cm−1 for the natural

respectively the isotope sample composition are used for the identification of voxels

corresponding to cluster of LiBH4 in the total sample volume.28

The analysis is limited to the natural sample composition due to the clear labeling

of LiBH4 by the highly absorbing isotopes of Li and B, so that influences of MgH2

can be neglected. While a clustering for the liquid state is qualitatively distributed

homogeneously in height and shows no ordering, which is again shown in the left part

of Figure 5.43, this is different for the distance to center. The radial distribution of

cluster of LiBH4 is shown qualitatively in the right part of Figure 5.43 for the liquid

state of the natural composition by a top view in negative z-direction for the same

threshold for the attenuation coefficient as used for Figure 5.40, µTC = 10.41 cm−1.29

An ordering of cluster is visible, which are distributed at the boundary of the alu-

minum sample cell, sharing the same cylindrical rotational symmetry. In the center

area of the sample no clustering of LiBH4 can be observed! This is a surprising results

since it shows the system in a state directly after melting of LiBH4 and accompa-

nied sintering of the liquid state of LiBH4. For a quantitative analysis, a cluster

attenuation threshold of µTC = 10.7 cm−1 as described previously is used. Relevant

cluster parameters like cluster volume and distance of centroid to center are derived

by particle analysis performed with the ImageJ software, the exact procedure is shown

in appendix B.4. It includes a thresholding using the above set cluster attenuation

threshold in combination with a binarization of voxel identified as cluster or as being

part of cluster. The histogram of the frequency of cluster volumes for the initial liquid

state is given in the upper part of Figure 5.44, where the frequency of cluster volume

is normalized to the absolute number of observed cluster. Cluster volumes are sorted

into 50 equally spaced bins with binning width of 0.0193 mm3. About half of the

cluster in the liquid state are sorted into the first bin. Hence, their volume is equal

or less than 0.0193 mm3. Besides these small cluster there exist some with larger

28The thresholds for cluster attenuations correspond to a normalized cluster threshold of 0.8, which
is originating from the natural composition according to Figure 5.42.

29This is slightly lower than the derived cluster threshold by Figure 5.42, µTC = 10.7 cm−1, but
chosen for a better visualization due to a higher amount of voxel fulfilling the threshold condition.
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Figure 5.43: Left: Cluster distribution for the natural composition in the liquid state
with applied threshold of µTC = 10.41 cm−1. Right: Top view in negative z-direction
of the left image, revealing order and symmetry of cluster.

volume of up to 0.25 mm3. The average cluster volume is determined to 0.03 mm3. In

the lower part of Figure 5.44 the histogram of distance of cluster centroids to sample

center is shown, where the frequency is again normalized to the absolute number of

cluster. The qualitative impression given by the top view in Figure 5.43 is confirmed

by the histogram: the average distance of cluster centroids to the center is 0.91 mm,

hence LiBH4 is clustered at the outer sample boundary and has a rotational symmetry

defined by the sample center axis.

The results of Neutron Tomography analysis of clustering for the liquid state of LiBH4

in Li-RHC highly contribute to the understanding of the mechanism and effect of sin-

tering, which is discussed in the following.

Before sintering is induced by liquefaction of LiBH4 its distribution can be as-

sumed to be homogeneous over the sample volume. If initial clustering is present, it is

due to agglomerations of LiBH4 in the loose powder bulk density that can occur even

after milling procedure [38]. This initial clustering has no rotational symmetry but a

random distribution. Increasing the temperature above the melting point of LiBH4

at 275 ◦C causes a sintering of the solid material, Magnesium Hydride, in terms of a

densification due to repacking of wetted particles, driven by capillary forces. This is in

agreement with classical theory of liquid phase sintering [46] or supersolidus sintering
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Figure 5.44: Top: Histogram of the frequency of cluster volumes for the natural sample
composition in the liquid state for a binning of 50. Frequencies are normalized to the
absolute number of cluster. Bottom: Histogram of the cluster centroid (center of
gravity of a cluster) to sample center distances. Again, frequencies are normalized to
the absolute number of clusters.

[45]. The latter comes closest to the a-priori state present in this case: after ball

milling, particles can consist of both the solid as well as the melting phase. However,

the amount of liquid is significantly different to typical sintering processes: In case of

the system used here the molar ration of LiBH4 and MgH2 is 1:1. Since the density of

LiBH4 is less than half of the density of Magnesium Hydride, the volume ratio of liquid

and solid material is higher than 2/3. For typical sintering processes aiming at high

densification the liquid phase amount is about 30 % [44, 45]. Hence, in the Li-RHC

system the volume amount of the liquid phase is approximately increased by a factor of

2! The high amount of liquid phase causes a rapid densification. This is in agreement

with other results reported in literature, e.g. [72, 46]. Indeed, in Figure 5.38, 90 %
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of the structure change is completed already after approximately 1 minute. Based on

the results for clustering and according densification of the solid Magnesium Hydride

matrix (Figures 5.38, 5.40, 5.44) a model for the sintering process is stated. It is

schematically shown in Figure 5.45. The left part shows an exemplary composition of

Figure 5.45: Developed model for densification during first-time liquefaction of LiBH4.
Left: Steady state at thermal equilibrium below the melting point with LiBH4 in the
solid state (phase is denoted by gray), the solid MgH2 phase is marked light gray.
Center: Temperature gradient inside the sample due to temperature increase above
the melting point (TM ). The vertical line denotes the temperature boundary, to its
right it is T ≥ TM . The liquid phase of LiBH4 is shown in black, wetting the solid phase
and a) inducing an effective motion of solid particles to the sample center, induced
by capillary forces FC , b) repacking of solid particles for optimal wetting and surface
energy minimization, c) effect of containment of a hydrogen gas pore.

particles consisting of Magnesium Hydride and LiBH4, where the latter is colored gray

and the former is light gray. There is no ordering and the porosity between particles

is in very good agreement with the low macroscopic density determined in the initial

section. For reason of simplification, particles consist of a mono-phase only. The fol-

lowing is readily transferable to multi-phase particles as well. In the initial state the

applied temperature field by external heating is well below the melting temperature of

LiBH4. Further, it is in equilibrium and shows no dependency on the distance to the
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sample wall30. The latter is indicated by the continuous area in the right part. When

the temperature is increased to induce a melting of LiBH4 the temperature field shows

a radial dependency with a decreasing temperature with increasing distance from the

wall. This is due to the location of heating elements, which are placed at the outer

part of the cylindrical sample cell as shown in section 4.2.3 and Figure 4.5. As a con-

sequence of the radial temperature field, the melting of LiBH4 starts at areas close the

sample wall. This is shown in the middle image of Figure 5.45, where a quasi-static

case is used for illustration. The melting point is indicated by TM in the upper axes,

corresponding to a radial distance indicated by the vertical dashed line. Starting from

the sample wall to the right and moving further until this boundary line, LiBH4 is in

liquid state and colored black. On the left side of this line, the temperature is below

the melting point and particles are solely in the solid state, providing a wettable sur-

face area for LiBH4.

The liquid state gives rise to mobility and structural changes of material composition.

Solid Magnesium Hydride is wetted by LiBH4 and capillary bridges arise between

single solid particles in the right area and the solid surface at the boundary. Thus,

capillary forces cause a displacement of single solid particles from the partially molten

area towards the boundary line and therewith towards the sample center. This motion

is accompanied by a rearrangement of particles to minimize surface and interfacial en-

ergy [46, 60], which is shown in a) of Figure 5.45. Here, the MgH2 particle is increasing

its distance to the cell wall, moving towards the solid area due to the capillary force

FC . Consequently, particles rearrange and a densified matrix is formed, in which the

liquid phase is finely and dispersively distributed as shown in image b). With the tem-

perature field evolving towards equilibrium, shifting the boundary line in the center

image towards the sample center, the as described process continues: a densified solid

matrix of MgH2 is formed in the sample center, embedded in liquid LiBH4. Still, it is

not fully understood why the position of LiBH4 clusters show a rotational symmetry

with cluster oriented at the sample boundary as indicated by the analysis according to

Figures 5.40, 5.44. A reason may be that particles and structures of the solid matrix

are preferentially oriented towards the sample center even after equilibrium is reached

and the sintering process is completed. Consequently, openings and large pores would

be located at the outer boundary of the solid matrix and LiBH4 could agglomerate

and form clusters in these openings, resulting in the observed symmetry.

Accompanied by a full melting of LiBH4 in the sample, the liquid-solid volume ratio

converges to the as mentioned 2:1 ratio. For this volume ratio, a shape loss is reported

in literature [44]. This is not the case in this study, since a reduction of the sample

30Since the sample holder has a rotational symmetry, this can be generalized to a non-radial depen-
dency.
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radius is observed according to Figure 5.38. A possible reason for this is the existence

of gaseous pores in the sample due to the hydrogen pressure of 13 bar. During the

densification process a trapping of pores might occur as illustrated in image c) in Fig-

ure 5.45, where the pore is trapped between the interface of two Magnesium Hydride

particles. This contributes to a stabilization of the solid-matrix and overall sample

structure, preventing a shape loss.

From that the solid matrix is proposed as being a mixture of densified MgH2 particles

including gaseous pores. It is penetrated by liquid LiBH4, which shows cluster at the

outer matrix boundary. The existence of a densified solid matrix that is penetrated by

the liquid phase, where the latter is fine and dispersively distributed within the sample

center area, is confirmed also by Figure 5.46. It shows the natural composition with

two thresholds applied: LiBH4 clusters31 are defined by µ ∈ [µTC , µmax] and are col-

ored in blue as indicated by the colorbar, where the cluster attenuation threshold was

already determined to µTC = 10.7 cm−1. The solid matrix forms the inner core and is

defined by µ ∈ [7,9] cm−1. By combination of isotope and natural samples the com-

position of the solid matrix can be partially resolved: for the isotope composition the

maximal attenuation is 4.18 cm−1, which is approximately the maximal attenuation of

MgH2 assuming a similar clustering for the isotope sample as indicated by Figure 5.41.

Since attenuation coefficients for the solid matrix in the natural composition are up

to 9 cm−1, there has to be a contribution by highly attenuating LiBH4. Consequently,

the inner core colored in yellow in the Figure contains LiBH4, distributed within the

solid matrix. It is remarked that the analysis is limited to the spatial instrumental

resolution with the lower limit given by the voxel size of 3.92 · 10−4 mm3. For this

resolution, no clustering or gaseous pores are found within the solid matrix32. Still, it

is highly likely that LiBH4 is also occupying pores within the solid matrix, clustering

on a lower dimension.

The results concerning the effect of liquefaction of LiBH4 have a tremendous im-

pact for the understanding of reaction mechanism and the material prospects for the

future usage in hydrogen storage systems. A cluster emergence as a result of excess

liquid phase due to the given molar ratio for the metal hydride system is nothing else

than a phase separation of Magnesium Hydride and LiBH4! The dimension of phase

separation scales with the size of the sample, which leads to a macroscopic separa-

tion of phases, in particular for scaled-up systems. By that, the kinetic limitations

observed for the system as given in the theoretical section are due to a multi-scale

problem! In addition to kinetic limitations on the micro- or nanoscale that are tried

31It is remarked again, that ’cluster’ is referred to voxel that contain solely LiBH4. Thus, the results
hihgly depend on the overall spatial resolution.

32For precise analysis probabilities of the solid matrix the reader is referred to section 7.1.3
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Figure 5.46: Volume data set of the natural composition in the liquid state with two
applied threshold intervals: the solid matrix is defined by µ ∈[7.5,9] cm−1 and colored
in orange. LiBH4 cluster are defined by µ ∈[10.7,max] cm−1 and colored in blue.

to be overcomed by additives, macroscopic phase separation is an additional, so far

not considered issue. A large transport of material is necessary to complete sorption

reactions. Even more, it is inherent in the system, since temperatures for absorption

and desorption correspond to the liquid phase of LiBH4, causing a high excess amount

of the liquid phase in case of sintering.

The observed effect of phase separation might be the reason for observed incomplete

reactions in literature. In fact, there is no evidence of above 90 % reaction comple-

tion reported in literature for the Li-RHC system. In addition to the phenomenon

of phase separation, there might be another effect: Due to reduction of pores/cracks

and defects during densification with accompanied MgH2-MgH2 interface occupation

and penetration of the solid matrix by the liquid phase, diffusion and even worth per-

meation pathways for hydrogen are blocked. Hence, hydrogen has to diffuse either

through the solid or liquid LiBH4 to reach its target area, which leads to reduced
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reaction kinetics. According to the results gained by Neutron Imaging data the tem-

perature field is proposed as the main driving force for the observed symmetry and

order: clustering of LiBH4 and densification of the solid matrix follows the given sym-

metry of the temperature field, which is a crucial, ordering parameter for the evolving

structure and phase separation.

This macroscopic phase separation that is inherent in the absorbed state raises the sys-

tem to a further level of complexity. Considering kinetic barriers on atomic (e.g. diffu-

sion), nano (e.g grain boundaries), micro (e.g. particle size) and now even macro-scale

(phase separation), the improvement of the overall reaction kinetics and reversibility

is a multi-scale problem. It is pointed out that as-performed cluster analysis can be

addressed only due to isotope labeling of the liquid phase in combination with Neutron

Tomography.

5.5.2.6 Solidification and cluster enhancement

The cluster analysis that has been performed for the post-sintering state is done now

for the solid state after solidification of LiBH4. By that, it is possible to analyze the

effect of solidification on clustering in the sample. As the temperature field was already

proposed as a crucial order parameter for the symmetry and clustering, solidification

and corresponding temperature decrease is expected to have an effect on the observed

clustering as well.

The cluster volume distribution for solid and liquid state is shown in Figure 5.47,

where the liquid state is already known from the upper part of Figure 5.44. The same

histogram parameters are used for the solid state in the lower part of Figure 5.47.

A clear enlargement of LiBH4 clusters is observed, indicated by an increase of vol-

ume: the average volume in the solid state is 0.13 mm3, which denotes an increase by

a factor of 4.3 in comparison to the liquid state33. The absolute number of clusters in

the liquid state is 90 for the used bin number of 50. After solidification, the number

of clusters reduces to 70. Thus, in addition to the enlargement of existing clusters of

LiBH4 their absolute number is reduced, indicating a fusion of clusters. According to

the histogram, the frequency of small clusters is reduced and at the same time the

distribution shifts to higher cluster volumes. From this it can be deduced that small

clusters which are located at close distance to each other merge to form larger clusters.

In Figure 5.48 the histogram of the distances of the cluster centroids to the center of

33The histogram itself does not allow to draw the conclusion of growth of existing cluster since it
contains no spatial information about the absolute cluster position. The identification of clusters in
liquid and solid state was done using the information about the cluster centroid position provided
by the particle analysis plugin of ImageJ [3], see appendix B.4. Hence, the volume increase can be
assigned to an emergence of clusters.
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Figure 5.47: Cluster volume distribution in the natural sample composition for the
liquid (top) and solid state (bottom) of LiBH4. Frequencies are normalized to the
absolute number of cluster, the applied binning is 50 for both histograms.

the sample, dCC , is shown for both liquid (upper part) and solid state (lower part).

The frequency distribution is normalized to the total number of clusters. Due to the

binary representation of cluster volume data, the direction of cluster growth can be

readily detected (see also appendix B.4). As visible, the histogram data is shifted to

lower distances for the solid state. The average distance to the center is calculated

to 0.91 mm. Hence, it can be deduced that the growth of clusters has a preferential

direction, which is the center of the sample. Additionally, the histogram in Figure 5.48

shows no distances smaller than 0.5 mm, both for liquid and solid state. Thus, the

solidification induces no cluster emergence in the sample center, though there is the

presence of liquid LiBH4 in the interface of the Magnesium Hydride matrix. This

is in good agreement with the reduction of the total number of cluster in the over-

all sample and growth of existing cluster. The reason for this will be discussed later on.



132 CHAPTER 5. RESULTS AND DISCUSSION

Figure 5.48: Distribution of distances of cluster centroids to the sample center in the
natural sample composition for the liquid (top) and solid state (bottom) of LiBH4.
Frequencies are normalized to the absolute number of cluster, the applied binning is
50 for both histograms.

Combination of liquid and solid state - LiBH4 material transfer

To investigate the cluster growth and to determine the source area of the observed

growth, data sets of liquid and solid data are directly combined in terms of a difference

image. By that, the material transfer of LiBH4 can be tracked if it is assumed that

any change in the attenuation coefficient of a voxel, ∆µ, can directly be assigned to a

increase or decrease of the LiBH4 content

∆µ = µl − µs

< 0, n(LiBH4) growth

> 0, n(LiBH4) decrease
(5.36)

where n(LiBH4) is the amount of substance of LiBH4 in that voxel. The validity

of this assumption is discussed later on. To induce solidification of the latter, the

temperature is reduced to 221.5 ◦C. The temperature difference corresponding to the

liquid and solid state is 135.5 ◦C. In case of the liquid state, a thermal expansion of the
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sample holder and sample cell is estimated to ≈ 0.07 mm 34. This thermal expansion

has to be considered for the calculation of the difference voxel data to avoid artifacts

and identify cluster. The process of mapping two data sets by transformation of the

coordinate systems is called registration [50], which is done with the software package

Avizo [52] and described in appendix B.5. The data set corresponding to the solid

state is used as reference, the transformation is applied on the liquid data set35. The

registered liquid data set allows for a direct comparison of liquid and solid state by

calculation of a difference data set as described above, where the term ’registered’ is

omitted in the following.

To analyze changes of the LiBH4 content inside the solid matrix, the attenuation

difference data set is subdivided into 5 (x,z)-slices for different y positions (depths)

of the sample. This slicing is applied for both the natural as well as the isotope

composition. For the sample with the natural composition, attenuation difference

slices are shown in Figure 5.49. In the upper left an overview volume data set for

the attenuation difference is shown with orientation and y-position of selected slices

visualized by white rectangulars. They are sequenced as indicated by the arrow in

the overview image with ascending y-position, starting from the upper left. The outer

area of all slices and additionally the slice numbers 1 and 5 correspond to the sample

boundary. In each slice, the attenuation difference is scaled by pseudo colors given to

the right. As visible, positive ∆µ are observed mainly in the center of the sample in

particular pronounced for slice number 3, corresponding to a higher content of LiBH4

within the solid matrix for the liquid state. For the sample boundary there exist mainly

negative attenuation differences, hence the amount of LiBH4 is increased at the sample

boundary after solidification. Deviations from this general findings are concentrated

in the upper sample area, where strong positive attenuation differences are also found

at the sample boundary. This is due to a macroscopic change of the sample structure

upon solidification, similar but less pronounced to the one that was already observed

for initial sintering. Further informations are given in appendix B.3. The void areas

that are frequent especially in the center slices 3, 4, 5 are due to a thresholding of ∆µ to

reduce artifacts at the sample boundary that are due to the registration of images (see

appendix B.5 for further information). In the image center these voids correspond

to low but positive ∆µ. From the difference attenuation slices it can be concluded

that solidification causes a directed material transfer of LiBH4 from the inner area

(corresponding to the solid matrix) to the outer sample area (corresponding to LiBH4

clusters according to the upper section, e.g. Figure 5.46). The increase of LiBH4 at the

34The latter is an upper limit, derived by calculation of the linear thermal expansion of the aluminum
sample holder (diameter 23 mm) for the given temperature difference.

35This is arbitrary and could be done vice versa without influencing the following results.
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Figure 5.49: Volume data for the natural sample composition set showing the atten-
uation coefficient difference of liquid and solid state, obtained by registration. Upper
left: Overview of the difference data set with positions of (x,z)-slices indicated by the
white rectangulars. The attenuation coefficient difference for the slice data is shown
row-wise, starting in the upper center and sequenced as indicated by the arrow in the
overview image.

boundary of the solid matrix is homogeneous with no preferential areas except for a few

distinct areas in the middle height for slices 1 and 2. This is probably due to reduction

of pores or particle reorientation at the solid matrix boundary induced by material

transfer. Another possible reason is the effect of temperature that will be discussed
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Figure 5.50: Analysis of the z-dependency for slice number 3 of the natural composition
according to Figure 5.49. Left: Attenuation coefficient difference of slice 3. Center:
2D correlation map of ∆µ and z-position. Right: Average attenuation coefficient
difference depending on z.

later on. The z-distribution of changes in attenuation is shown in Figure 5.50 for slice

3. The left image shows the original difference slice, similar to Figure 5.49. In the

center image, a 2D-correlation map as described in section 5.2.5.2 is calculated for the

difference attenuation and z-position. The frequency of tuples is visualized by pseudo

colors. In the right image the average attenuation difference, < ∆µ >, depending

on the z-position is plotted. Only negative values for < ∆µ > are considered since

the sum over all ∆µ should be zero due to conservation of mass. As visible, there is

no evidence of z-position influence on the observed motion of LiBH4: the correlation

map is vertical without inclination and the average attenuation difference shows no

z-dependency as well. Consequently, the influence of gravity on the material transfer

of LiBH4 induced by solidification is negligible.

An analogue investigation is done for the difference data set of the isotope compo-

sition, which is shown in Figure 5.51. Again, the orientation of slices is given in the

overview image in the upper left of the Figure with their sequence indicated by the

arrow, starting from the upper row. In general, the same results as for the natural

composition are found. The artifacts are increased due to a worse distinguishability

of sample boundary and sample cell wall. Thus, the initial and last slice are set closer
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Figure 5.51: Volume data for the isotope sample composition set showing the atten-
uation coefficient difference of liquid and solid state, obtained by registration. Upper
left: Overview of the difference data set with positions of the (x,z)-slices indicated
by the white rectangulars. The attenuation coefficient difference for the slice data is
shown row-wise, starting in the upper center and sequenced as indicated by the white
arrow in the overview image.

to the sample center to reduce the influence of artifacts. Still, a general motion of

LiBH4 from the densified solid matrix to the outer boundary area is observed, show-

ing similar characteristics as in case of the natural composition. The full data set

histograms for both, the natural and the isotope composition, are shown in the inset

of Figure 5.52 for positive ∆µ for a number of 512 equidistant bins. To reduce the
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influence of artifacts originating from image registration, a threshold of 0.26 cm−1 is

applied36. The ratio of average attenuation differences is then calculated to 2.1. Scal-

ing the histogram distribution for the isotope composition with this ratio, histogram

curves agree well as visualized in the main plot of Figure 5.52. For the area density of

Figure 5.52: Histograms showing the distribution of the difference attenuation coef-
ficients for the natural (green) and isotope (blue) sample composition. The latter
is scaled by a factor of 2.1. The inset shows the original distribution of difference
attenuation coefficients.

ρA = 0.07 g/cm2 corresponding to the sample center of the natural composition the

lower limit of the ratio of natural and isotope LiBH4, r̃, is 3.5±0.8 (see Figure 5.18)

and therewith slightly enhanced in comparison to the observed ratio of 2.1. Deviations

are possibly due to an increased motion of LiBH4 in the isotope composition, that is

directed from the solid matrix located in the sample center to the boundary. Increased

motion is originating of higher amounts of LiBH4 in the less densified solid matrix in

the liquid state. This is in agreement with an observed macroscopic densification for

the isotope composition for the phase transition of LiBH4 in terms of solidification,

which is described in appendix B.3. Hence, it is proposed that the attenuation dif-

36It is derived from the standard deviation of ∆µ corresponding to an area of the sample holder
material, serving as a reference.
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ferences are mainly due to motion of liquid LiBH4 during the solidification process.

Both, the direct cluster analysis of the liquid and solid state as well as the combination

in terms of difference data, give a rather complete picture of the phase transformation

of LiBH4 from liquid to solid and of the effects on the Li-RHC system:

• The solidification of LiBH4 induces a material transfer of the liquid phase out of

the solid, center-located matrix to the outer boundary.

• The direction of material transfer is homogeneous and shows no dependency in

z-direction (height).

• As part of the material transfer process to the boundary, existing clusters of

LiBH4 start to grow and smaller clusters merge together, reducing the absolute

cluster number.

• The cluster growth is accompanied by the relocation of its centroid to the sample

center, confirming the direction of material transfer and cluster growth.

The emergence of clusters and relocation of cluster centroids can be made visible by

using the combined volume data set of the liquid and solid state. This is shown in

Figure 5.53 for the natural sample composition, where clusters in the liquid state

are visualized by a color gradient from red to yellow approaching the cluster bound-

ary. Clusters corresponding to the solid state are shown as transparent, with only

the surface colored in gray, which allows to directly reveal the cluster change induced

by solidification. For the left and center image a cluster attenuation threshold of

µTC = 10.7 cm−1 is applied for both liquid and solid data set. The left image shows

the volume in vertical position and the center image a view from the top. For the right

image the threshold is set to 11.5 cm−1. As visible, liquid state cluster are covered by

corresponding solid state cluster, indicating a growth due to the as described motion

of LiBH4 from the solid matrix. The top view shows the relocation of cluster centroids

to the sample center due to a corresponding directed cluster growth, indicated by

non-symmetric covering for the solid state. This is as well visible in the right image,

where the volume increase of the cluster is observed in agreement with the histogram

shown in Figure 5.47. In the conclusions for sintering the temperature field was al-

ready identified as an order parameter for cluster symmetry and phase separation at

the solid matrix boundary, the effects observed here for solidification of LiBH4 are

driven as well by the temperature field, which is discussed in the following:

If the temperature is reduced below the melting point of LiBH4 to induce solidifica-

tion, the time evolution of the phase transition carries a spatial dependency due to a

spatial dependency of the temperature field: heat loss is occuring at the outer sample
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Figure 5.53: Visualization of the combined volume data set of liquid (colored) and
solid (transparent gray) state. Left: View of the sample in vertical position, the
cluster threshold for both states is µTC = 10.7 cm−1. Center: View from the top of
the sample, same cluster threshold. Right: Zoomed center view in the vertical position
and increased µTC = 11.5 cm−1.

cell boundary. Hence, there exists a temperature gradient from the sample center to

the sample boundary, contrary to the case of liquefaction as discussed in the previous

sections. The rotational symmetry of the temperature field causes a first solidifica-

tion of LiBH4 at the sample boundary, at the location of the LiBH4 cluster. Since

solidification is accompanied by a density increase of LiBH4, cluster densify which

is observed as an enhanced maximal attenuation coefficient for the solid state (his-

tograms in Figure 5.39 and 5.41). Densification perturbs the liquid state equilibrium,

occupied volume is reduced and solid LiBH4 surfaces are preferably wetted by liquid

LiBH4, inducing a flow from the center to the outer boundary. As a consequence, the

solid matrix can be further densified, which is observed here by a macroscopic density

change for the isotope composition. It can be concluded that for the phase transi-

tion of LiBH4
37 the temperature field is found to be a crucial parameter that induces

material transfer, clustering and phase separation. The symmetry of the temperature

field during temperature changes is conserved and reflected by the sample symmetry

and cluster ordering even in the equilibrium state.

37As for both, liquefaction and solidification, the temperature field was found to have a tremendous
effect.
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5.5.2.7 Cycling - phase separation

Besides high operation temperatures and slow kinetics for scaled-up systems, one of

the major drawbacks for the Li-RHC system is its capacity loss during cycling, which

can be up to 0.17 wt% per cycle for a scaled-up storage tank containing a loose powder

bed as reported by Jepsen [65]. A possible reason that is discussed is phase separation,

though there is neither an experimental proof nor a comprehensive theoretical model

so far since measurements are based on simple Sievert’s-machines or powder diffrac-

tion that cannot reveal the spatial resolution of the sample structure. However, the

use of Neutron Tomography gives first-time and detailed access to the spatial distribu-

tion of material and isotope labeling allows for the explicit analysis of the distribution

and dynamics of LiBH4, as shown in the previous sections. The above mentioned

and discussed macroscopic phase separation and clustering of LiBH4 is highly likely

the reason for the observed capacity loss. To prove this prediction, a number of 6

cycles have been performed with the natural and isotope compositions between two

different beamtimes at ANTARES. The Li-RHC system is investigated by Neutron

Tomography in its desorbed state for temperatures corresponding to the solid, respec-

tively liquid state of LiBH4. In the fully desorbed state, the system composition is

2LiH-MgB2+Mg, containing no LiBH4 phase38. Hence, any change in the combined

Tomography data sets can then be assigned to an existence of LiBH4 due to the the

induced phase transition in the case of the temperature increase, causing a change of

density and material transfer. Consequently, an observed attenuation difference would

prove a capacity loss due to phase separation. For reasons of comparability, the same

temperature levels as for the investigation of sintering have been used: T= 357 ◦C for

liquid, respectively 221.5 ◦C for the solid state. Measurements have been performed

with ambient Argon gas pressure inside the sample cell. The same Neutron Tomogra-

phy and image acquisition as well as data reconstruction parameters are used as for

the measurements in the previous sections.

An overview image of the attenuation coefficients as result of the Neutron Tomography

data reconstruction is given in Figure 5.54. It shows the natural composition sample

at a temperature corresponding to the solid state of LiBH4. The main sample is clearly

indicated by its top surface at z-position of about 1.6 cm and cylindrical symmetry. In

contrast to the initial state before sintering (see Figure5.39), material that is separated

from the main sample is observed, located at higher z-positions. This is a first proof

of macroscopic phase separation observed after cycling of the material. A detailed

38The standard composition is 2LiH+MgB2 for a molar ration of 2:1 for LiBH4 and MgH2. In the
present case there is an excess of Magnesium Hydride due the molar ratio of 1:1, which decomposes
to Magnesium during desorption
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Figure 5.54: Left: Overview image showing the attenuation coefficient distribution in
grayscale colors for the solid state of the natural sample composition. Right: Quali-
tative material packing density gradient visible by the increased amount of voxel with
lower z-positions for the thresholded attenuation coefficient.

analysis of this evident separation is done at the end of this section. First, the main

sample will be concentrated on with investigations related to the temperature increase

and possible existence of LiBH4 in this area. Analyses are constrained to the natural

composition sample due to the higher significance for the LiBH4 phase and related

changes in attenuation for temperatures corresponding to the solid and liquid state.

Phase separation - main sample volume

For the main sample volume, already a qualitative visualization as given in the right

part of Figure 5.54 reveals a distinct change in material packing density. A thresh-

olding of attenuation coefficients is applied with µT = 9.72 cm−1. It is remarked,

that thresholding for desorbed state data sets does not refer directly to clustering of
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LiBH4 and cannot resolve a potential long-range separation of Boron and Lithium:

Although the beam attenuation is dominated by Boron since the absorption cross

section for B-10 is significantly higher than for Li-6 and additionally the amount of

B-10 is more than doubled to the respective amount of Li-6 in the natural sample

composition (Figure 5.15 and table 5.1), there still is no phase sensitivity as in case of

the absorbed state. Thus, a potential separation of LiH and MgB2 cannot be stated

nor investigated. Nevertheless, the material amount in the right part of Figure 5.54

shows a clear gradient with densification for lower z-positions. This might be due to

influence of gravity at presence of liquid LiBH4, since the density of the components

of the Li-RHC system differs. However, after sintering no z-dependency of the packing

density was observed in the liquid state. Thus, gravity seems to have an influence only

during cycling and becomes more significant for longer time scales.

For detection of LiBH4 present in the desorbed state a combination of reconstructed

data sets corresponding to solid and liquid state of LiBH4 is performed in analogy to

the procedure introduced in the sections above. Again, the liquid state data set is

registered and the solid state is used as reference. A difference data set is generated

with ∆µ = µl − µs according to equation 5.36. It is subdivided into 5 (x,z) slices for

different y-positions along the sample to investigate a potential attenuation coefficient

difference and its distribution. The slice data is shown in Figure 5.55. The distribution

of attenuation differences is scaled by pseudo-colors. It shows a clear z-dependency,

where negative ∆µ of ≥-0.5 cm−1 are observed in the lower sample area for slices 2,

3 and 4 representing the inner part of the sample. In the upper sample half positive

∆µ are found. The height-dependency of ∆µ is shown quantitatively for the sample

center slice (slice 3) in the upper row of Figure 5.56. In the left image, a different

scaling for ∆µ is applied to enhance differences corresponding to the z-position. Pos-

itive differences at the sample bottom for z = 0 mm are probably due to registration

artifacts and not considered in the following. The middle and center image show a

2D correlation map of ∆µ and z for ∆µ < 0. In comparison to the absorbed state

given in Figure 5.50 the distribution of tuples shows a clear positive correlation of ∆µ

and z up to a height of about 11 mm. This is as well shown in the plot to the right,

where ∆µ is averaged for various height steps. For low z values it initially decreases

due to the as-mentioned registration artifacts and converges into a plateau at about

11 mm. Fluctuations are caused by low data statistics. The evolution of ∆µ is similar

for the whole inner sample part as shown in the lower part of Figure 5.56. Here,

averaged attenuation coefficient differences for slice numbers 3, 4 and 5 corresponding

to y-positions of -0.4 mm, 0 mm and 0.4 mm depending on z are shown. The curves

agree well, confirming the described positive correlation.
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Figure 5.55: Volume data for the natural sample composition set showing the atten-
uation coefficient difference of liquid and solid state, obtained by registration fo data
sets. Upper left: Overview of the difference data set with positions of (x,z)-slices in-
dicated by the white rectangulars. The attenuation coefficient difference for the slice
data is shown row-wise, starting in the upper center and sequenced as indicated by
the arrow in the overview image.

From the combination of the solid and liquid data sets a number of conclusions can be

drawn that are discussed in the following. The observed difference of attenuation co-

efficients in the combined data set indicates a still present LiBH4 phase. It undergoes

a density decrease upon melting resulting in expansion and material transfer, causing

the difference attenuation that is discussed above for the combined data set. A remain-
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Figure 5.56: Analysis of z-dependency for slice number 3 of the natural composition
according to Figure 5.49. Upper left: Attenuation coefficient difference of slice 3.
Upper center: 2D correlation map of ∆µ and z-position. Upper right: Equally dis-
tributed bins for z-position, a number of 50 bins is chosen. ∆µ is averaged for the
corresponding intervals. Bottom: Averaged attenuation coefficient differences for slice
numbers 3 (blue), 4 (green) and 5 (red), the legend shows their distance to the center.

ing LiBH4 phase in a desorbed sample is caused by an incomplete desorption reaction

of LiBH4 and MgH2 due to non-sufficient contact od reaction partners. Hence, this is

the proof of phase separation and incomplete reaction during cycling with remaining

LiBH4 in the desorbed state! As it is already known from the previous section, the

phase transition of LiBH4 from solid to liquid is accompanied by a reduction of density.

According to the positive correlation of z and ∆µ observed in Figures 5.55 and 5.56,

liquefaction increases the amount of LiBH4 in the upper sample area, accompanied by

a decrease in the lower sample area. Hence, in the solid state LiBH4 is present in the

lower sample area, finely distributed within a dense matrix consisting of MgB2 and

LiH according to the packing density gradient of highly absorbing isotopes Li-6 and
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B-10 indicated by Figure 5.54. By the increase of temperature and phase transition in

terms of melting, LiBH4 is ’expelled’ out of the densified matrix and occupies volume

in the upper sample area that exhibits a less densified structure. To quantitatively

estimate the amount of LiBH4 present in the desorbed state the first method described

in section 5.3.2.2 is suitable, where the normalized attenuation of LiBH4 that was cal-

culated in section 5.3.2.1 is used to determine the amount of LiBH4 that causes the

observed difference data set for the attenuation coefficient. Since except for the ther-

mal expansion of the sample cell no macroscopic structure change was observed, the

assumption that attenuation coefficient differences can be exclusively addressed to mo-

tion and thereby the presence of LiBH4 is valid. Still, thermal expansion of the sample

cell and registration of the liquid state data set introduce artifacts into the combined

difference volume data. Influences of registration and further artifacts are considered

by thresholding the data set similar to the introduction of the environmental threshold

in section 5.5.2.3. For the difference data set the threshold is derived from the average

difference attenuation of the aluminum body inside the sample holder and determined

to ∆µE = -0.1 cm−1. From the total histogram of attenuation coefficient differences

shown in Figure 5.57, only voxel exhibiting ∆µ lower than ∆µE are considered in

the following. The threshold is indicated by a vertical dashed line in Figure 5.57.

The total difference attenuation is -2.8, which is the accumulated attenuation of all

voxels in the data set. In the ideal case, the difference should be exactly zero due to

conservation of mass. The deviation is due to artifacts originating of the registration

of the liquid data set. Still, the overall attenuation difference is less than 0.5 % of

the total attenuation and therefore neglected. With applied threshold the difference

volume data set is visualized in Figure 5.58. It again shows the z-dependency of LiBH4

by occurrence of voxels most dominantly in the lower sample area. All voxels shown

in the Figure represent the amount of LiBH4 that contributes to motion. For mass

estimation of transferred LiBH4 a normalized attenuation of < Ω̃ > = 23±4 cm2/g is

used, corresponding to an area density of ρA = 0.092 g/cm2 for the sample center39.

The amount of material motion is then given by

mmov =

N∑
i=1

∆µi · VV oxel
< Ω̃ >

·Θ (∆µi −∆µE) (5.37)

and calculated to mmov = 0.17±0.03 mg, which is about 0.6 % of the total initial

amount of LiBH4 in the sample. However, if it is assumed that the observed motion

39A beam hardening effect by the sample holder is negligible, since the main element Fe shows
no significant energy dependency in the concerned energy interval for the ANTARES instrument.
Thus, a simple correction of the sample holder background is performed to determine the total sample
attenuation of a projection and to derive the according area density as given in Figure 5.17.
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Figure 5.57: Histogram of attenuation coefficient difference, ∆µ, for the combined
difference data set of liquid and solid state. For the generation of the frequency distri-
bution, values are sorted into equally spaced bins, the number of bins is set to 2048.
The vertical line shows the applied threshold, ∆µE = -0.1 cm−1, for consideration of
artifacts.

of LiBH4 is exclusively due to the phase transition and therewith the accompanied

density decrease for liquefaction, the calculated amount of motion is only a fraction

of the total present LiBH4. With the density difference between solid and liquid state

according to table 5.6, ∆ρ = ρs − ρl, the total amount of LiBH4 corresponding to the

detected amount of motion is given by

mtot = ρs ·
mmov

∆ρ

and calculated to mtot = 2.3±0.7 mg. This is equivalent to 5-10 % of the initial

amount of LiBH4 in the absorbed state. Moreover, the calculated amount can be

interpreted as the lower limit, since investigations are limited to the instrumental

resolution with a pixel size of 73.2 µm. Hence, a significant phase separation of LiBH4

and Magnesium Hydride in the Li-RHC system is proven! Since the samples have

only been cycled 5 times, it can be concluded that already within the first cycle a

partial and non-reversible phase separation is highly likely. Furthermore, the molar

ratio of LiBH4 and MgH2 in the composition studied here is 1:1, but in the standard

system it is 2:1 with an additional amount of liquid phase, further destabilizing the
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Figure 5.58: Volume data set of the difference attenuation coefficient with applied
threshold ∆µE = -0.1 cm−1.

solid matrix and enhancing the clustering and macroscopic phase separation discussed

in the upper section. There, the existence of macroscopic phase separation in terms

of clustering of LiBH4 was already proposed as a potential reason for the observed

capacity loss of the Li-RHC system. Now it could be experimentally proven for the

first-time that macroscopic phase separation of LiBH4 and Magnesium Hydride is

one important reason for the reported capacity loss during cycling in literature. It

is highly probable that the observed clustering in case of initial phase transition and

liquefaction of LiBH4 persists during cycling. The initial stability of the macroscopic

structure after liquefaction as found in e.g. Figure 5.40 was assumed to be due to a

stable solid matrix and embedded hydrogen gas pores. During cycling, however, the

sample structure is undergoing tremendous changes for nucleation and growth of new
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phases for de- or absorption of hydrogen. This allows for a reordering and influence

of gravity on the structure, causing a packing density gradient as found qualitatively

in Figure 5.58.

Phase separation - upper sample volume Besides a phase separation resolved

by the difference volume data set for the main sample volume there was deduced

already a first indication of an additional macroscopic phase separation within the

overview image in Figure 5.54: Above the main sample volume with its surface at

about z = 1.6 cm the presence of additional material is detected, which is investigated

in the following. In Figure 5.59 the attenuation coefficient distribution is shown for

the solid state of the natural (upper row) and isotope composition (lower row). The

Figure 5.59: Long-range phase separation above the main sample volume for the solid
state of LiBH4. Upper row: Natural sample composition with vertical (left) sample
position and top view in negative z-direction (right). Lower row: corresponding images
for the isotope sample composition.

corresponding left is a front view in negative y-direction, the corresponding right shows
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the view from the top in negative z-direction. The attenuation coefficient is scaled by

pseudo-colors. For suppression of artifacts and noise, an environmental threshold of

µE = 0.05 cm−1 is applied. It corresponds to a suppression of attenuation coefficients

within the inner free volume of the sample cell. As visible, for the natural composi-

tion the sample cell wall is wetted along the total z-distance. In addition, there are

connected volumes/clusters reaching into the inner free volume of the sample cell, lo-

cated in the lower and upper part of the visualized volume as shown in the top view.

Within these clusters highest attenuation coefficient values of up to 4.28 cm−1 are

observed. For the isotope composition in the lower row of Figure 5.59 wetting is less

significant. According to the z-view to the right, the wetting is incomplete. In con-

trast to the natural composition, no clustering reaching into the inner volume of the

sample cell is observed. The maximum attenuation coefficient value is 0.52 cm−1. The

full histogram of attenuation coefficients contributing to the volume data set given

in Figure 5.59 is shown in Figure 5.60, with the environmental threshold indicated

by the vertical dashed line at 0.05 cm−1. Here, the normalized frequency distribu-

Figure 5.60: Histogram of attenuation coefficients for natural (green) and isotope
(blue) composition. The frequency is normalized by the corresponding absolute
amount of data points. Attenuation coefficient values from the volume data set are
sorted into 1024 equally spaced bins from µ ∈ [0.05,µmax]. The environmental thresh-
old, µE , is indicated by a vertical dashed line.

tion for the natural composition is colored in green respectively blue for the isotope

composition. The combination of natural and isotope sample composition allows to
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determine the material that separated from the main sample and wets the sample

cell wall. The ratio of the average attenuation coefficient for µ ∈ [0.8·µmax, µmax] of

natural and isotope composition is 8.2. This agrees approximately with the ratio of

normalized attenuations for LiBH4,nat and LiBH4,iso given in Figure 5.18, which is

6.8±0.8 for the low area density and corresponding negligible beam hardening effect.

In fact, beam hardening for the upper sample volume can be neglected due to the

low absolute attenuation of < Ω >≈ 1.2. It can be concluded that the material be-

ing macroscopically separated from the main sample volume consists of Lithium and

Boron. Hence, most probably it is pure LiBH4; deviations of ratios may originate

of a slightly different amount of LiBH4 in the two sample compositions. The reason

for this phase separation and accumulation in the upper sample holder volume is as-

sumed to be evaporation of liquid LiBH4. Since the heating source is placed at the

bottom part of the sample holder, a temperature gradient exists with lower temper-

atures for higher z-positions. Consequently, the saturation pressure of LiBH4 has a

similar z-dependency, which results in an effective material transport of LiBH4 and

condensation in the upper sample areas. This could also explain the well defined tran-

sition of separated material in the upper and the main sample volume. The different

extent of phase separation for natural and isotope compositions is probably due to

the different total sample amount and accordingly different surface area. The latter is

directly proportional to the evaporation rate.

Using a normalized attenuation of Ω̃ = 53±2 cm2/g for a negligible beam hardening

according to the right part of Figure 5.17, the mass of LiBH4 can be estimated in

analogy to equation 5.37, but for the absolute attenuation coefficient and an environ-

mental threshold of µE = 0.05 cm−1. This way, an amount of separated LiBH4 of

0.23±0.01 mg is derived, which is about 0.7 % of the total amount of LiBH4 in the

initial sample composition. Originating from evaporation, it is inherent to the liquid

phase of LiBH4 and therewith to the absorbed state of the Li-RHC system at standard

temperatures for ab- and desorption. From the small amount of separated material

the saturation pressure can be assumed to be quite low, limiting evaporation and ac-

cordingly the rate of condensation and phase separation. Still, a cycling of material

with well defined gas flow out of the sample volume in case of desorption enhances

evaporation by induced molecule transport and separation from the main sample. This

type of phase separation is clearly irreversible and inherent to a presence of a liquid

phase.
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5.5.3 Conclusions from Neutron Imaging studies for storage systems

based on Li-RHC

From the measurement and results described and discussed in the above sections the

following conclusions for storage systems based on Li-RHC can be drawn.

Loose powder samples exhibit a sintering-like densification of about 30 % upon first

liquefaction of LiBH4. The formation of a solid matrix is accompanied by a clustering

of LiBH4 at the outer boundaries of the densified solid matrix. Hereby, the gradient of

the temperature field is crucial for the emergence of order and induced clustering. The

latter denotes a partial phase separation of LiBH4 and MgH2. This process is system

inherent, the formation of the densified solid matrix could only be avoided in case of

an isothermal temperature field. Still, in real systems this cannot be realized as in

particular in scaled-up samples the temperature field shows significant gradients. The

structural repacking in case of first-time liquefaction of LiBH4 is driven by capillary

forces and minimization of surface energy. Material packing density in terms of provid-

ing a porous network, wettability and the temperature field have been identified as the

most significant driving forces for motion and clustering of the liquid phase. During

cycling there is an additional effect of gravity, causing a phase separation correlated

to the z-position, which was present even for small sample sizes of a total height of

1.9 cm. For scaled-up samples with increased sample height, the influence of gravity

is expected to be even more pronounced, adversely affecting the systems reversibility.

From the results based on isotope labeling and the corresponding discussion in the

above sections, the main reason for capacity degradations as reported in literature

is the existence of phase separation and its persistence over cycling. A reduction of

densification, structural repacking and accompanied clustering and phase separation

induced by first-time liquefaction of LiBH4 is achieved by pre-compaction of the metal

hydride and use of pellets. It was shown that even after several cycles the main macro-

scopic geometry in a scaled-up pellet is preserved, though an internal motion of LiBH4

over distances of 5 mm and more was observed. Against this background and with

respect to the discussed mobility of the liquid phase together with the volume ratio

of liquid and solid phase, the only probable reason for this macroscopic stability is a

sufficient interconnection of solid particles and phases after the compaction process.

In terms of the material packing density the latter has an important impact on the

resulting distribution of the liquid phase. While an increased packing density and cor-

responding reduced average pore diameter lead to an increase of agglomeration and

material transfer of LiBH4 due to increased capillary forces, a sufficient free volume

and porosity is necessary due to the density reduction of LiBH4 in case of liquefaction,
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which has been determined to 0.6-0.62 g/cm3. Against this background, the optimum

raw density in the desorbed state was found to be [0.75-0.95] g/cm3. The temperature

field is strongly impacting the final distribution of LiBH4 in the absorbed state since

it determines the time-sequence of liquefaction and hence the material transfer of the

liquid phase. Thus, the homogeneity of the temperature field is of high importance for

an equally distributed liquid phase and therewith for the reduction of phase separa-

tion. The temperature field might even be used for an improved reversibility: For the

phase transition of LiBH4 in terms of solidification the temperature field was identified

as order parameter for the directed material transfer of the liquid phase. Hence, a par-

ticularly designed temperature field allows for a deliberate material transfer of LiBH4

inside the solid matrix with the potential to reverse a present phase separation within

a sample. Additionally, a long range phase separation is present due to evaporation

of liquid LiBH4. The evaporation rate was proposed to scale with the total sample

surface and the saturation pressure of LiBH4. With respect to the latter, a continuous

pressure-discharging flow as part of a desorption setup increases the total amount of

evaporated LiBH4, so that time intervals for pressure ramps have to be minimized.

It is stressed again, that cold Neutron Imaging of isotope labeled lab-scale samples

sizes has proven to be an ideal tool for the precise investigation of the distribution and

fundamental dynamics of LiBH4 inside the Li-RHC system. For the investigation of

scaled-up samples, fission Neutron Imaging using fission neutrons was shown to give

unique insights into macroscopic material transfer and sample structure, serving as

the relevant characterization tool for scaled-up Li-RHC systems.



Chapter 6

Summary and conclusions

The following part is separated into summaries concerning method development re-

spectively its application to metal hydride systems and according results for sodium

alanate and Li-RHC.

6.1 Methods for Neutron Imaging

Within this work, methods for the precise quantification of the time and spatial re-

solved hydrogen distribution by combination of nuclear physics theory and thermo-

dynamic quantities have been developed. A standard experimental setup of Neutron

Imaging combined with monitoring of temperature, pressure and hydrogen flow to

the metal hydride bed has been proposed. In the framework of data quantification, a

method for the determination of the scattering field has been introduced. Scattering

contributions are found to be non-significant for sufficient sample detector distances

(about 15 cm), resulting in a linear correlation of beam attenuation by hydrogen and

the corresponding absorbed hydrogen content and thereby confirming the validity of

Lambert Beer’s law. A linear correlation is the basic requirement for the quantification

of the distribution of hydrogen in the metal hydride bed. The main advantage of the

combination of thermodynamic data and macroscopic attenuation is its independence

of the absolute neutron-hydrogen interaction cross section, which makes it superior to

conventional quantification techniques that all rely on this very same absolute cross

section. One of the highlights of this work is the development of a correlation analysis

by the combination of multiple macroscopic fields. The associated transformation from

real to correlation space allows for a unique investigation of the interdependency of

driving forces in metal hydride systems by means of a multi-correlation analysis. This

takes the investigation possibilities of Neutron Imaging much further than a sole and
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classical ’imaging’ of metal hydrides and paves the way for an optimization of hydro-

gen storage tanks and metal hydride systems: A single in situ Neutron Radiography

investigation on metal hydride samples and sample environments that are designed

for addressing a specific scientific question, e.g. by a well-defined material packing

density or temperature gradient, can substitute several hundreds of classical ex situ or

in situ Sieverts or compaction measurements to study the influence of e.g. the material

packing density or the temperature field. Additionally, it reveals unique insights into

the explicit hydrogen distribution in the metal hydride material inside a storage tank.

The methods have been developed by use of fission neutrons due to the associated

investigation possibility of scaled-up samples and hydrogen storage tanks. The usage

of fission neutrons bears the advantage of a reduced neutron-matter interaction cross

section and accordingly higher transmission. Additionally, the lower energy depen-

dency of interaction cross sections reduce effects of beam hardening, even for large

samples with high area densities. Still, the developed methods are as well applicable

for other neutron energy spectra, allowing for comprehensive analysis of metal hy-

dride systems by means of Neutron Imaging. Hence, these methods are proposed as

standard techniques for the investigation and optimization of scaled-up metal hydride

systems.

While the above mentioned methods were developed for solid-state metal hydrides,

liquid-solid mixtures as the Li-RHC require a different approach due a possible mate-

rial transfer of the liquid phase throughout the reaction. A threshold condition was

developed for the detection of material transfer by use of the maximum theoretical

hydrogen content of the system. Even more, this allows for an estimation of the ma-

terial mass involved in motion. It was shown that the lower limit of the material

transfer distance can be determined by a selected binning of the image data. Another

highlight of method development in this work is the first-ever use of isotope labeling

for cold Neutron Imaging in combination with highly absorbing isotopes, which gives

exclusive insights into their dynamics and spatial distribution. As a model system,

Li-RHC was used with Li-6 and B-10 exhibiting a high neutron absorption cross sec-

tion in the cold neutron energy regime. A calibration was performed with different

mixtures of the natural sample composition and isotopically enriched Li-7 and B-11

within LiBH4, showing a significant effect of beam hardening for the natural, highly

absorbing sample. This is found to be in good agreement with the so-called ’bimodal

energy model’, originally developed by Van de Casteele et al. [124] for X-ray imaging

techniques, and calibration curves have been derived for the attenuation by natural
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LiBH4 correlated to the area density of the latter. This allows for a mass estimation

of LiBH4 based on Neutron Imaging data. The introduced isotope labeling technique

for Neutron Imaging is expected to heavily impact the general application of Neutron

Imaging for material science. In particular, it bears a tremendous potential for the

analysis of metal hydrides since a lot of promising systems contain either Lithium or

Boron, which gives access to phase sensitive measurements without loss of the spatial

resolution. In total, the developed methods in this thesis enlarge the analyses poten-

tials provided by Neutron Imaging and support an intensified use of Neutron Imaging

for research on metal hydride materials.

In the framework of the development of multi-correlation analysis, a new technique

for determination of the temperature field of scaled-up metal hydride beds has been

developed: The tank surface temperature field derived by IR-Thermography has been

proven to agree well with the internal metal hydride bed temperature in thermal

equilibrium. Additionally, the high potential also for in situ measurements is shown

in section 7, facilitating the determination of temperature fields for metal hydride

systems with respect to classical thermocouple-based measurement.

6.2 Application to metal hydrides

The developed methods have been applied to two different promising metal hydride

systems. Techniques for solid-state metal hydrides have been applied to a scaled-up

system of compacted sodium alanate by use of a fission neutron spectrum. In fact, this

was the first-ever quantitative in-situ investigation of a complex hydride. Moreover,

methods developed for liquid-solid systems have been applied to Li-RHC, which is the

first Neutron Imaging study of a Reactive Hydride Composite material. A scaled-up

Li-RHC pellet has been investigated again by use of a fission neutron spectrum while

a lab-scale sample has been investigated using isotope labeling and a cold neutron

spectrum.

For the scaled-up sodium alanate pellet the material packing density distribution

could be calculated by means of the developed methods using a normalization proce-

dure of the material attenuation to the total material mass. The packing density was

found to be significantly non-homogeneous, resulting from an irregular bulk powder

density before the compaction process. This shows, that a single Neutron Radiography

experiment can be used as a quality check of metal hydride pellets. It further empha-

sizes the importance of a sufficient pre-processing of metal hydride powder by means
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of a homogenized bulk powder density within the press matrix. The quantification of

the hydrogen content by means of developed methods has revealed a non-homogeneous

distribution and evolution of the hydrogen content inside the pellet, present even at

the end of the absorption process. By multi-correlation analysis the reason for this

kinetic differences was studied and a dominant effect of the material packing density

was found for a homogeneous temperature field with differences less than 5 ◦C. The

correlation analysis has been reduced in dimension from 3D to 2D, allowing for a

quantification by the Pearson correlation coefficient. A significant negative correlation

between packing density and hydrogen content has been found. For the first time, the

detailed time-resolution of the correlation evolution reveals a dependency on the ab-

sorbed hydrogen content, hinting to a permeation and diffusion controlled limitation

of kinetics in case of high packing densities. The particular time evolution is uniquely

resolved by in situ Neutron Radiography and additional macroscopic fields of tem-

perature and packing density. For optimized absorption processes of scaled-up metal

hydride compacts, a homogeneous packing density is a basic requirement demanding

an optimization of the compaction process. It emphasizes the necessity of a sufficient

pre-processing of metal hydride powder to ensure a homogenized bulk powder density

within the press matrix to hinder kinetic differences inside the pellet, aiming at the

optimization of the whole storage tank.

For the scaled-up Li-RHC pellet investigated by fission Neutron Imaging, again a

non-homogeneous material density distribution has been derived. The time-resolved

and quantified hydrogen distribution reveal an initial negative correlation of packing

density and kinetics as already determined for the solid-state sodium alanate system.

Multi-correlation analysis additionally reveal a contributing effect of high tempera-

tures on the reaction rate. Hence, the best kinetics are found for low material density

and high temperatures of 380 ◦C. However, for the ongoing reaction this correlation

does no longer hold: For the first time, motion could be detected in the Li-RHC sys-

tem by hydrogen pseudo-contents exceeding the theoretical maximal capacity of this

system of 11.2 wt.%. The detection of motion is a direct result of the application of

developed methods for liquid-phase systems. The material transfer can be addressed

to the liquid phase of LiBH4. By selective radial binning, the lower limit of the motion

distance has been estimated to 5-23 mm. The amount of LiBH4 involved in motion is

about 36-196 mg, which corresponds to 0.4 % to 2.3 % of the total amount of formed

LiBH4 in the system. This effect of motion is an important (if not the only) reason for

the overall reduced hydrogen capacity of the Li-RHC system, where in this absorption

study only 7.9 wt.% are achieved. By multi-correlation analysis, the desorbed state
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packing density that corresponds to an attraction of LiBH4 has been determined to be

in the range of [0.75-0.95] g/cm3 and is considered as the optimal packing density for

the Li-RHC system. The evidence of motion and agglomeration of the liquid phase at

the as-mentioned densities could be confirmed by a combined Neutron Tomography

analysis of the ab- and desorbed state. Furthermore, it has been shown that motion

and agglomeration is not a surface effect but involves the total pellet volume. Hence,

for an optimization of scaled-up pellets the a priori material packing density should

not exceed the as mentioned 0.95 g/cm3 to prevent an expulsion of LiBH4 of the solid

matrix and in order to counteract a long-range material transfer and phase separa-

tion. As a driving force for material transfer an equilibrium of capillarity provided by

the porous solid phase framework, surface energy and free volume is proposed. The

model relies on the properties of LiBH4 including its phase transformation and dynam-

ics respectively mobility inside the solid framework provided by mainly Magnesium

Hydride. These fundamental material properties have been investigated with high-

resolution cold Neutron Imaging and use of the developed method of isotope labeling

for an exclusive tracking and analysis of LiBH4.

For an increased beam transmission a molar ratio of 1:1 of absorbed LiBH4-MgH2 with

identically prepared samples has been used: a natural composition and an isotopically

enriched composition by Li-7 and B-11 with low absorption cross sections. In situ

Neutron Radiography measurements of the first-time liquefaction of LiBH4 revealed a

sintering-like densification of the whole sample of about 30 %. Another highlight of

this work regarding material characterization is the Neutron Tomography analysis of

the isotope labeled samples, both performed in the liquid and solid state of LiBH4.

The densification process was found to induce a clustering of LiBH4 with large cluster

volumes of up to 0.25 mm3 at the boundary of the solid matrix, where the latter is

a densified solid framework of MgH2, in which LiBH4 is dispersively distributed. The

clustering is accompanied by an emergence of order of the initial homogeneous bulk

powder density and denotes a partially macroscopic phase separation of LiBH4, which

could be shown in this work for the first time ever. The temperature field and its

gradient along the sample symmetry axis was identified as an order parameter for the

clustering of the liquid phase and the formation of the solid matrix. By combination

of Neutron Tomography data sets for the liquid and solidified states, the density in-

crease of LiBH4 upon phase transformation from solid to liquid could be determined to

8-11 %, corresponding to a liquid density of 0.60-0.62 g/cm3. Solidification of LiBH4

caused an emergence of clustered material at the sample boundary and by registration

of data sets this observation could be assigned to an effective motion of LiBH4 from the

solid matrix to the sample boundary. Again, the explicit radial temperature gradient
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is proposed as the underlying driving force. The effects of clustering accompanied by

a densification and emergence of a solid matrix in case of low contact angles as well as

an induction of ordering with symmetry depending on the explicit temperature field

(denoted as order parameter) can be generalized to any system exhibiting a mixture of

solid and liquid phase. According to the results of microscopic and macroscopic phase

separation (even in lab-scale samples) that superimpose with kinetic limitations refer-

ring to micro- (e.g. particle size distribution) and nanoscale (e.g. grain boundaries,

additive distribution), the optimization of such a system is identified as a multi-scale

problem! It sheds new light on strategies for system improvements by adding the

macroscopic dimension as part of the rate limiting steps in terms of a necessity for

reversibility of the phase separation by permeation and diffusion of species.

In addition to the effect of the initial liquefaction of LiBH4, the effect of cycling has

been investigated again by Neutron Tomography and isotope labeling using cold neu-

trons. For the first time, a macroscopic phase separation could be shown for a cycled

Li-RHC system. LiBH4 is identified in the desorbed state of Li-RHC by volume ex-

pansion due to phase transition induced by an increase of temperature. A significant

dependency on the sample height was found, indicating the effect of gravity during

cycling, which adversely affects the contact area of reaction partners. By use of the cal-

ibration curves derived within the method development, a phase-separated amount of

2 mg of LiBH4 has been calculated, which corresponds to 5-10 % of the initial amount

of LiBH4 in the absorbed state. The results of phase separation analysis are of high

scientific impact for optimization and tailoring of materials, since for the first time

they give profound reasons for observed capacity degradation and kinetic limitations

in the Li-RHC system. In addition to the phase separation within the main sample

volume, a macroscopic and long-range phase separation of LiBH4 has been identified

in the upper part of the sample holder. This is explained by evaporation of liquid

LiBH4 and condensation in the upper sample holder part at corresponding tempera-

tures below the melting point. A total evaporated amount of LiBH4 of 0.23 mg has

been calculated, corresponding to 0.7 % of the total initial amount. Besides the inter-

nal phase separation, the effect of long-range and irreversible phase separation due to

evaporation of liquid LiBH4 is crucial for the longterm cyclic stability and capacity of

the sample. A probable solution to these effects is discussed in section 7.

It is finally remarked that the developed methods show a tremendous potential

for investigation of metal hydride systems on the micro- and macroscale, where the

chosen energy spectrum defines the possible dimension of investigation. Cold Neutron

Tomography of isotope labeled samples of Li-RHC opens a new field of research due to
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the observation of clustering and phase separation as summarized above. Such a kind

of analysis is exclusively possible using Neutron Imaging and the developed methods

of this work. This paves the way for an optimization of metal hydride systems - both

concerning fundamental properties as well as concerning scale-up and development of

storage tanks with respect to application.
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Chapter 7

Outlook and perspectives

This section is subdivided into a methodical and a metal hydride related part.

7.1 Method development

7.1.1 IR-Thermography

In addition to the good agreement of the temperature field distribution measured

within the storage tank FlexiStore and the tank surface temperature derived by IR-

Thermography for the case of thermal equilibrium, there is a high potential for time-

resolved measurements of ab- and desorption processes. Proof of principle in situ mea-

surements of the hydrogen absorption of a sodium alanate pellet inside the FlexiStore

tank have been performed. In the following, first preliminary results are given. The

pellet was of 77 mm diameter with a thickness of 9 mm and mass of 49 g. The hydro-

gen absorption was started from thermal equilibrium at a temperature of 125 ◦C and

ambient pressure. The latter was continuously increased up to a maximum of 85 bar

with a constant hydrogen flow of 1 ln/min. The temperature evolution due to the

heat of reaction has been monitored by two thermocouples in the center: on the pellet

surface respectively inside the tank wall according to Figure 4.3. Additionally, the

tank surface temperature in the center was determined by in situ IR-Thermography.

The obtained results show a promising time resolution of the two temperature peaks

associated to the two reaction steps according to Figure 2.7 as shown in Figure 7.1.

The red and the green curve correspond to the thermocouple in the storage tank

placed on the metal hydride pellet respectively to the thermocouple in the tank wall.

The black curve corresponds to the averaged temperature inside a region of interest

on the tank surface center derived by IR-Thermography. As visible, both, magnitude

as well as time-resolution of the surface temperature, agree well to the metal hydride
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Figure 7.1: Temperature evolution for hydrogen absorption of a sodium alanate pellet.
The plot shows temperatures of the pellet center (red), the tank wall center (green)
and an averaged ROI on the tank surface center (black), where the latter has been
derived by in situ IR-Thermography.

temperature: The difference of the temperature maxima of pellet and tank surface for

the first absorption step is about 2 ◦C respectively 0.9 ◦C for the second absorption

step. The corresponding time difference of temperature maxima is 25 s respectively

115 s. Further investigations have to be carried out to reveal the explicit correlation

of time, amplitude and spatial resolution to the pellet-tank contact and the storage

tank material. Still, a precise derivation of a time and spatial resolved temperature

field is possible, highly improving the principle and methodical possibilities of storage

tank temperature field measurements.

7.1.2 Neutron Imaging

With the above shown potential for in-situ resolution of the metal hydride temper-

ature field, it is possible to combine in situ IR-Thermography with in situ Neutron

Radiography for the study of fast sorption reactions. This would take the developed

method of multi-correlation analysis one step further: additional multiple macroscopic
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fields are then as well time-resolved, enabling access to the evolution of the heat of

reaction and its complex correlation to the hydrogen distribution in the frame of the

interdependency of the driving forces temperature and material packing density. The

overall effect of scattering in case of thermal and cold neutron imaging has to be

clarified as it has been done in the frame of this work for a fission neutron spectrum

to ensure a linear correlation of the attenuation by hydrogen and the corresponding

amount of absorbed hydrogen. Therewith the basis is set for a further application

of the developed methods by use of thermal and cold neutron spectra with increased

spatial resolution. Additionally, the corresponding wavelength of neutrons and their

sensitivity for material structures can be used for a phase-sensitive investigation: the

explicit use of Bragg-scattering on lattice structures has already been shown to be suit-

able for structural analysis by means of Neutron Imaging. However, within an in situ

absorption process there is a superposition of attenuation change due to hydrogen con-

centration changes and structural changes without a possibility to distinguish between

them within a direct imaging based on transmission intensity measurements. Still, it is

possible to measure the coherently scattered signal originating from neutron-structure

interaction with the use of a second detector as shown recently by proof-of-principle

measurements by Peetermans et al. [89, 88]. Hence, a combined setup for imaging and

diffraction measurements would allow to reveal the spatial distribution of hydrogen by

means of Neutron Imaging and additionally give phase sensitiveness by the analysis of

the scattered signal. The method of isotope labeling in Neutron Imaging and its high

potential for tracking of specific phases has been shown within this work. A prepara-

tion of two samples is necessary to derive an absorption contrast between two isotopes

of the same element. However, this demands the assumption of comparability of the

two samples, which might not always be given, in particular for large metal hydride bed

geometries. A possibility to overcome this measurement uncertainty is the combined

use of cold/thermal and fission neutron spectra: due to the strong energy dependency

of absorption cross sections of highly absorbing isotopes, the change of neutron ener-

gies towards the fission energy range has the same effect as a substitution with the

low-absorbing isotope. It brings the advantage that only one sample is necessary and

no assumption on comparability have to be taken. Due to the limited resolution of fis-

sion Neutron Imaging instruments, this dual-energy approach is in particular suitable

for larger sample geometries. Against the background of the current development of

powerful spallation sources like the ESS, the exclusive features of their corresponding

spectra can as well be used for a phase sensitive analysis: Within the pulsed spectrum

the energy resolution is related to the time domain between two pulses. Hence, this

brings the same advantages as discussed above, but without the necessity to change
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between instruments. Additionally, the continuous energy spectrum sets no constrains

to the spatial resolution.

7.1.3 X-ray Tomography studies

Though Neutron Imaging gives unique insights into the distribution of hydrogen or

phases addressable by isotope labeling, a precise investigation of the material struc-

ture on the micro- or nanoscale is not possible due to the limited spatial resolution.

Changing the probe to photons and performing corresponding measurements at a syn-

chrotron facility, a micro or even nano Tomography is possible due to the significantly

higher L/D and the ability of beam focusing. Additionally, the photon flux is about

5 orders of magnitudes higher, allowing for a significantly better time-resolution for

the study of in-situ processes. The imaging principles as well as image reconstruc-

tion as introduced in the theoretical section remain unchanged, though the interaction

potential changes: in case of the neutron-matter interaction the relevant potential is

the nuclear potential, resulting in a highly dependent interaction cross section on the

explicit nucleus composition and differences among isotopes as in detail described in

the theoretical section of this work. In case of photon-matter interaction the relevant

potential is given by the electron density configuration of the element, resulting in an

increasing total interaction cross section with the atomic number. Thus, in contrast

to Neutron Imaging the cross section of hydrogen is low in comparison to heavier

elements, allowing for a precise studies of the raw material structure. In the follow-

ing, a brief analysis of an ex-situ micro Tomography of a fragment of a cycled sodium

alanate pellet is shown to give an impression of the high analysis potential for material

structure investigations of metal hydrides.

The measurement has been performed at the micro Tomography station at the

beamline P05 at Petra III at DESY [51]. The photon energy was set to 15 keV. The

used CCD camera has a pixel array of 3056×3056 pixel, the pixel size is 1.2 µm. The

effective resolution by means of 10 % of the MTF (see appendix A.1.1) was determined

to 1.31 µm. In total, 1700 projections have been acquired with an image exposure time

of 200 ms. The image reconstruction was done with a backfiltered projection algorithm

implemented within an IDL1 routine. Volume data processing and analysis was done

with VGStudio and ImageJ. For noise reduction, all images have been (2×2)-binned,

resulting in a pixel size of 2.4 µm. The investigated pellet fragment was cutted from

a 10-times cycled sodium alanate pellet of diameter 60 mm and 6 mm thickness with

an initial material packing density of 1.4 g/cm3. The sample holder, a standard glass

capillary sealed with Plasticine, was glued onto the sample stage to ensure a fixed

1IDL - Interactive Data Language, Exelis Visual Information Solutions, Inc.
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sample position on the rotation unit. In the left part of Figure 7.2 an overview of

the attenuation coefficient distribution of the pellet fragment is given. The attached

Figure 7.2: Left: Volume data set of attenuation coefficients from a sodium alanate
pellet fragment, derived by X-ray micro Tomography. Axes are scaled in mm. Right:
Inner sub-volume of the left total volume selected for pore analysis.

axes are scaled in millimeter. Higher gray values correspond to larger attenuation

coefficients, referring to the metal hydride material. As visible, the fragment exhibits

a large number of cracks and channels that can be further analyzed using the tools

and methods already introduced within this work. To reduce the amount of data and

exclude any influence of the fragment-cutting process, a center subset of the total vol-

ume is selected, shown in the right part of the Figure. An analysis of the pore-volume

distribution has been performed. Therefore, the Particle Analyser plugin [3] has been

used as shown in appendix B.4 for calculating the particle volume distribution, but

here with an inversed threshold condition (equation B.1)2. The volume frequency dis-

tribution is normalized to the absolute number of pores and shown in the right part of

Figure 7.3. Additionally, an exemplary (x,y)-slice of the sub-volume in Figure 7.2 is

shown in the left part. The attenuation coefficient is scaled by pseudo-colors, with void

areas colored in blue. The remaining voxel correspond to the metal hydride material.

Since the pore-volume analysis is limited to closed pores only and the maximal pore

volume is found to be in the order of 103-104 µm3, the large voids visible in the slice

image are interconnected cracks and not pores! Crack formation in compacts due to

cycling was already reported in literature(e.g.[77, 66]), but so far limited to the sur-

face analysis by optical microscopy. Here, a full three-dimensional analysis is possible,

revealing the surprising interconnection of cracks accompanied by small and dispersed

2Thus, it is ∀µi ≤ µTC : µi := 1, with µTC = 0 cm−1
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Figure 7.3: Left: Slice of the subvolume with the attenuation coefficient scaled by
pseudo colors. Right: Log-log plot of the frequency distribution of the determined
pore volumes.

closed pores with a volume of about 10 µm3 according to the histogram. These closed

pores probably emerge during phase-change and reordering of the lattice structure

as part of a self-organized process. Though, the log-log plot of the corresponding

histogram shows no power-law behavior. This is left without further discussion, em-

phasizing only the methodical power of micro Tomography investigations. Even more,

the emergence of pores and cracks can be investigated in-situ due to the low image

acquisition time, contributing to a fundamental understanding of sorption mechanism

and accompanied structural changes.

However, it is stressed that the most comprehensive investigation of metal hydride

materials (both fundamental and scaled-up), is realized by a complementary use of

both probes: photons and neutrons. The combination of two unique investigation

possibilities concerning structure and metal hydride matrix (photons) and hydrogen

(neutrons) has the potential to give a fully and clarified understanding of the mecha-

nism involved in metal hydride based hydrogen storage. Imaging techniques using pho-

tons and neutrons are wrongly underrepresented in current research of metal hydrides!

In addition to new insights due to the spatial resolution, the introduced techniques

for particle or pore volume analyses are at least highly complementary to small angle

scattering studies. It is believed that they are even in favor since the true particle

volume is imaged directly, without the need for model approaches due to the indirect

measuring principle.

Concerning the investigation and optimization of hydrogen storage tanks and scaled-
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up metal hydride systems, Neutron Imaging is outstanding in terms of its analysis

capabilities relating to the distribution of hydrogen, in particular with respect to the

methods developed within this work. Their application to further or optimized sys-

tems will greatly contribute to solve questions of tank and powder bed designs and

their impact on hydrogen sorption kinetics. The method of isotope labeling for high

absorbing isotopes that was first-time introduced into Neutron Imaging opens a new

field of research: for metal hydrides, some of the most promising materials contain

Lithium or Boron. Hence, their distribution, motion or dynamics throughout the

reaction can uniquely be ’tracked’.

7.2 Metal hydride systems/ materials

Before addressing the two systems investigated within this work, it is stated that there

is a general need for tank development and optimization in particular with respect to

future applications of metal hydride systems. For that, an intensified use of Neutron

Imaging in combination with the newly developed methods is highly recommended as

it is at present the only comprehensive characterization tool for scaled-up systems.

7.2.1 Sodium alanate

As shown above, micro Tomography measurements can be used to investigate the

distribution and emergence of pores and cracks. In situ measurements can reveal their

correlation to the sorption process and thereby help for the optimization of the metal

hydride bed structure. In additional to the fundamental properties, the sodium alanate

system is already intensively characterized in terms of cyclic stability and kinetics as

well. However, most of these studies are based on lab-scale measurements. Concerning

scale-up and optimization, there is comparably litte effort. A possible reason might be

the to date lack of as mentioned characterization techniques for storage tank systems.

This work provides the basis for precise studies of in situ sorption measurements by

time-resolved correlation analyses using Neutron Imaging. The challenges that have

to be addressed are the interdependency of material packing density and temperature

field concerning their impact on kinetics. The compaction process can be optimized by

means of Neutron Imaging, where the resulting metal hydride bed has to be optimized

for the explicit temperature field and heat transfer inside the storage tank. Though,

right now sodium alanate appears to be the most promising metal hydride systems in

terms of its use inside a scaled-up storage tank.
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7.2.2 Li-RHC

The application of developed methods for the analyses of liquid-solid systems on the

Li-RHC systems revealed a high mobility of the liquid phase in combination with

material packing densification for the first-time liquefaction. The rearrangement and

clustering of the liquid phase was accompanied by long-range phase separation. The

dynamics and mobility of the liquid phase has to be further investigated since it was

identified as one highly probable explanation for cyclic degradation of the hydrogen

capacity. For this purpose, the introduced technique of isotope labeling in combi-

nation with Neutron Imaging gives unique insights and is the method of choice. In

particular, there is the need for a more detailed analysis of the sintering process and

its correlation to fundamental material or bulk powder properties. With respect to

the latter, relevant quantities derived from this work are particle size distribution,

wettability and temperature field. The effect of the particle size distribution can be

well addressed by changed ball milling conditions since they influence the average size

and shape of particles. Porosity can be affected by compaction. The wettability of

solid compounds MgH2, Mg, MgB2 and LiH by LiBH4 has a strong influence on the

densification mechanism and therewith on the observed structure emergence. It can be

changed by use of an adequate additive as shown by Parikh and Humenik for adding

Mo to Ni in the TiC-Ni system [85]. By that, the sintering mechanism is expected to

be significantly influenced!

Within the model that was developed for the densification process and structure emer-

gence the existence of gas filled pores is of great importance. They are assumed to

stabilize the solid matrix by changing the effective amount of liquid phase with respect

to the overall volume. This hypothesis can be studied by means of X-ray micro or

nano Tomography analogously to the study shown above for sodium alanate. Accord-

ing to the results derived from this work, the temperature field is supposed to have the

highest impact on the phase changes of LiBH4 and the accompanied effects of material

transfer and emergence of an ordered structure. Thus, it is predicted that the change

of the temperature field has a significant effect on the observed phase separation. Even

more, it may be designed in such a way that phase separation can be reversed by cyclic

phase transformations of LiBH4 induced by according changes of the temperature field.

It is stressed, that to address the multi-scale problem the material investigation should

include Neutron Imaging (micro- and macroscale) and Xray-Imaging (nano-, micro-

and macroscale) among the already used scattering techniques for a comprehensive

analysis.

In addition to the sintering process itself and respective dynamics for the first-time

liquefaction, the effect of cycling needs to be studied by the use of Neutron Imaging in
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combination with isotope labeling to resolve the underlying mechanism and in order

to optimize material properties. An in situ analysis of a complete cycle should clarify

whether the observed phase separation is reversible. In situ studies of compacts are

necessary, treating the effects of sintering, phase separation and cyclic degradation. A

dependency of the phase separation on the material packing density is expected due

to a possible expulsion of the liquid phase for high material packing densities in the

desorbed state, driven by a volumetric increase upon hydride formation and liquefac-

tion. As a general approach for the reduction of phase separation, scaffolding may be

considered in future investigations.

Apart from the internal phase separation, the long-range macroscopic phase sep-

aration due to evaporation of LiBH4 needs to be further investigated and reduced.

Here, confinement by gas separating membranes or polymers might be a solution and

need to be elucidated.

After clarification of the fundamental material properties and the associated dynamics

upon the sorption reaction, the scale-up process needs to be investigated and opti-

mized. The key issues are the effect of phase separation and its potential correlation

and scaling with the sample size, the influence of gravity for large sample heights

and the material transfer of LiBH4 in systems with pellet stacks. Moreover, non-

homogeneous temperature fields and material packing density distributions as present

in scaled-up systems result in a high degree of complexity and a challenging task on

the way to application.



170 CHAPTER 7. OUTLOOK AND PERSPECTIVES



Appendices

171





Appendix A

Experimental and Methods

A.1 Beamline setups

A.1.1 Determination of spatial resolution using ESF,LSF and MTF

A.1.1.1 Theoretical background

For quantification of the spatial resolution of an image it is necessary to introduce

some general quantities first. In the description of imaging systems by linear response

theory, a measured image is given by the convolution of the point spread function

(PSF), psf(x, y), and the object function, o(x, y)

I(x, y) = o(x, y) ∗ ∗psf(x, y) =

∫ ∫
o(x− x′, y − y′) · psf(x− x′, y − y′)dx′dy′ (A.1)

The point spread function is the system response to a point source, a delta-function.

If a line object and and edge object are defined in parallel to the y-axis, the systems

response to the line object is the so-called line spread function (LSF), the projection of

the PSF in the direction of y and hence a one-dimensional function. The corresponding

systems respond to the edge object gives the so-called edge-spread function (ESF). Its

derivative in x gives the LSF

LSF (x) =
d

dx
ESF (x) (A.2)

One definition of resolution is associated directly to the LSF. If the latter can be

approximated by a Gaussian function, then the spatial resolution is given by the full

width at the half maximum. Alternatively, resolution is defined by the full width that

covers 50% or 90% of the integrated LSF according to Koch et al. [71]. In case of a

non-Gaussian or non-symmetrical shape the modulation transfer function (MTF) can
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be calculated. It is the Fourier transform of the LSF

MTF (ω) = F(LSF (x)) (A.3)

and the resolution depends on the frequency, for which the MTF is equal to 10%,

r = 1/2 f10.

A.1.1.2 Spatial resolution at NECTAR and effect of metal hydride mate-

rial

In the following the concept of resolution measurement is applied to measurements of

the FlexiStore storage tank for different sample-detector distances.

FlexiStore storage tank

For determination of the effective spatial resolution in an image of the empty

FlexiStore storage tank, the edge spread function has to be calculated. Due to absence

of a distinct and well-defined edge at the boundary of the tank body, the wall thickness

reduction for the sinter metal filter in the center region of the tank is used (see technical

drawing in Figure 4.3 in section 4.2). Before, an attenuation image is calculated

according to equation 2.9 in section 2.1.1.2. A horizontal profile is computed and for

increase of data statistics the tank is rotated around the center and various profiles

are calculated for different rotation angles. The resulting set of profiles is shown in

the left part of Figure A.1. For a more detailed description, see ’Step geometries’ in

Figure A.1: Left: Set of profiles Pi,θ for different rotation angles θ. Right: ESF
for three different sample-detector distances d=10 cm (blue), d=20 cm (green) and
d=40 cm (red).
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section 5.2.3.1. The profiles are averaged and a normalized ESF is calculated1

ESF (i) =
P (i)− < P >√

V ar(P )
(A.4)

where P (i) is the average profile over the different rotation angles at position i. < P >

is the average attenuation of P (i) and the denominator its standard deviation. In total,

6 different sample-detector distances (d = 10,15,20,25,40,60 cm) have been investigated

to investigate the effect on the spatial resolution. The resulting ESF is shown for

d = 10,20,40 cm in the right part of Figure A.1. As expected, the edge is significantly

broadened with increasing sample-detector distance, in agreement with theoretical

consideration according to the geometric unsharpness described in equation 2.10 in

section 2.1.1.4. The derived LSF are shown in Figure A.2 for the different distances.

All could be approximated by Gaussian, which are additionally shown in the Figure as

Figure A.2: LSF for different sample-detector distances (d = 10,15,20,25,40,60 cm)
and Gaussian fit (dotted line).

dashed lines. Consequently, the full-width half maximum was used for calculation of

the effective spatial resolution, shown in Figure A.3. At the standard sample-detector

distance of 15 cm as used in the performed in-situ studies the resolution is about

3.1 mm. However, the derived dependency of resolution and distance does not totally

reflect the decrease given by geometric unsharpness in terms of d = l ·L/D. According

to the latter, the resolution should be significantly lower for low detector distances.

1Without an effect on the calculated resolution.
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Figure A.3: Spatial resolution according to the FWHM of the LSF-fit for the different
sample-detector distances (d = 10,15,20,25,40,60 cm).

Thus, for low distances a superposition of additional effects like scintillator thickness

or scattering is reasonable, causing and effective lower resolution.

A.2 Loading station

To meet space requirements for sample environment at various Neutron Imaging in-

struments at different neutron sources the volume and design of the loading station is

minimized, as can be seen in Figure A.4. In the left part a photo of the unit is shown,

the corresponding schematic drawing of pipes, components and their interconnections

are given in the right part of the Figure. A typical absorption process is performed

with open valves V7, V9, V3 and V10 according to the schematic drawing in the right

of Figure A.4. The hydrogen flow is controlled and measured by a mass flow controller

(MFC) of type van Bronkhorst Maettich. Two controller types are available for dif-

ferent maximal hydrogen flows: a small MFC with range 1-50 mln/min and a larger

MFC with range 100-5000 mln/min. A desorption measurement is performed with

open valves V10, V3, V8 and V4. The internal pipe volume of the loading station was

calculated by use of a reference volume and equation 4.1, it is 35 ml.
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Figure A.4: Left: Photo of the loading station unit (without attached connection pipe
to the hydrogen gas supply and the storage tank). Dimensions of the unit: W: 50 cm,
D: 45 cm, H: 70 cm. Right: Schematic view of valves and components of the loading
station.)

A.3 Aluminum Tank specifications

In the framework of this thesis a storage tank based on aluminum has been developed

for maximal neutron beam transmission. Its dimensions exceed the FlexiStore tank

dimensions to enable an investigation of even larger metal hydride sample sizes. The

total inner volume is 0.318 dm3, resulting of a width of approx. 90 mm, a depth

of 35 mm and a height of 110 mm according to the right part of Figure A.5. The

main tank body consists of AlMg1SiCu (EN AW 6061), the collar that hosts the metal

expansion screws is made of steel (EN 1.4922) to provide a sufficient strength. The

sealing is ensured by a FFKM polymer ring of type Perlast G92E with diameter of

85 mm and 5.33 mm thickness. The tank is heated by 4 heating cartridges at the

tank corners, with a heating power of 250 W each. For temperature monitoring, 4

thermocouples can be attached, 2 on each of the large tank faces with variations in

height. Due to to good thermal conductivity of aluminum, the temperature field can

be precisely adjusted, e.g. to derive especially designed temperature fields exhibiting

specific gradients. For a simple setup and connection of the storage tank system to

the control box of the loading station, the electrical connections for the thermocouples

are organized on a connector board in the lower front of the tank.

The tank can be operated at a temperature of maximal 180 ◦C at a pressure of 100 bar.

Thus, it is limited to investigation of low and moderate temperature hydrides. The

temperature and pressure range of operation was in particular chosen for operation

with sodium alanate. In contrast to the FlexiStore design, the inner dimensions of the

aluminum tank allow for a flexible metal hydride sample geometry and bed design.
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Figure A.5: Left: Frontal view of the aluminum tank with the connection board.
Right: Technical drawing of the inner tank dimensions (top: top view, bottom: side
cut).

For loose powder, a container made of aluminum (AlMg3) can be inserted to prevent

direct contact of the metal hydride material with the tank wall. For pellets, a special

holder has been developed and built that allows for a centering of pellets of various

diameter and again prevents direct contact of pellets and tank material2.

A.4 Neutron Tomography data reconstruction

The Neutron Tomography data reconstruction is done with the commercial software

package Octopus [26]. An adaptive filter is applied beforehand for reduction of image

artifacts. A flat field correction based upon the intensity evolution over the different

projection angles within a reference area without sample in the beam path is applied.

This is to consider a potential variation of the neutron flux during the measurement.

Additionally, the reference field allows to consider the influence of the scattering field

2In case of sodium alanate, this is to prevent a potential surface reaction of NaH or TiCl3 with the
aluminum tank material.
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in analogy to the method described in detail in section 5.2.1. To correct for the effect

of ring artifacts in the reconstructed data, a software-own ring filter (on default level

3) is applied. The software additionally offers the possibility to iteratively find the

correct center of rotation. For further information the reader is referred to the software

manual.
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Appendix B

Results and Discussion

B.1 IR-Thermography measurements

For determination of the temperature inside the tank a metal body is used serving as a

phantom. It has a diameter of 77 mm at a thickness of 10.5 mm. Two thermocouples

are inserted into the tank inside through the hydrogen supply line and are placed on

the surface of the phantom in different positions to record its surface temperature TS

as shown in the upper left part of Figure B.1. Accordingly, for a chosen target tem-

perature two data points are derived from one temperature measurement in thermal

equilibrium. To increase the data point density, the thermocouples are rotated within

additional measurements for the same target temperature as shown in the lower part

of the Figure. The corresponding positions of data points form two circles with dif-

ferent distance to the phantom center. This is visualized in the upper right image

of Figure B.1. In total, 8 measurements are performed for one target temperature,

resulting in 16 discrete data points. Due to variations of the heating power of the

used cartridges for the same target temperature there is a potential small absolute

temperature offset between the different measurement series, as e.g. the case in Fig-

ure 5.2 in section 5.1. For better comparison to an IR-Thermography image the data

points of the internal temperature are interpolated to form a quasi-continuous field.

This is shown exemplary for a target temperature of 100 ◦C in Figure B.2. Hence, the

accuracy of IR-Thermography can readily be derived by subtracting the to images as

shown and discussed in section 5.1.
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Figure B.1: Upper left: pellet phantom with exemplary position of two thermocou-
ples at inner and outer radius for measurement of two data points contributing to the
internal surface temperature TS . Upper right: Inner and outer radii defined by sub-
sequent rotation of single measurement positions according to the left image. Lower
image: Illustration of the data acquisition principle. Each image corresponds to a
single measurement.

B.2 Isotope labeling

B.2.1 Correlation of attenuation and area density for Magnesium

Hydride

In analogy to the section 5.3.2, ’Isotope labling’, the correlation of averaged attenuation

and area density for MgH2 as well as the normalized attenuation is calculated. For that

purpose, a Neutron Radiography of a MgH2 pellet was performed at the ANTARES

instrument with the high resolution setup. The pellet has a density of ρ = 1.071 g/cm3

with a mass of 239 mg, a diameter of 8.1 mm and height of 3.7 mm. It is placed with

the press normal in parallel to the vertical axis. The exposure time was 55 s at a pixel

size of 20.06 µm. The attenuation image is shown in the left part of Figure B.3 together

with the energy dependent total neutron interaction cross sections for Magnesium-24

(green) and H-1 (blue curve). The energy spectrum at ANTARES is peaked around

36 meV [120].

In this magnitude, the energy dependency of Mg is negligible as visible in the right

part of Figure B.3. This is different for hydrogen, which shows an energy dependency
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Figure B.2: Internal temperature field for a target temperature of 100 ◦C (reached
at the center thermocouple in the tank wall of FlexiStore) after interpolation of the
discrete data pairs resulting of 8 contributing measurement series.

Figure B.3: Left: Attenuation image of the Magnesium Hydride pellet. Right: Total
neutron interaction cross section of hydrogen (H-1, blue) and Magnesium (Mg-24,
green) as a function of the neutron energy. The data is used from ENDF data base
[42].

for energies in the meV range. With increasing energy there is a transition area in

which the cross section converges into a plateau reaching until ≈ 10 eV. Thus, for

the peak energy of 36 meV there still is an energy dependency in the cross section,

allowing for a beam hardening effect by the neutron-hydrogen interaction. For the
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analysis of its influence the same investigation as shown in the section ’Isotope label-

ing’ is performed in the following.

The pellet is well aligned in the aluminum sample container. Thus, the sample thick-

ness varies with x in the same way as it was for the Li-RHC powder samples in

section 5.3.2 and a cylindrical symmetry of the area density is assumed. Since by

compaction the inner porosity is reduced and the material distribution shows a higher

homogeneity than in case of loose powder, the pellet is separated into subareas de-

fined by single pixels with the y-range kept constant to cover the whole sample height.

Thus, for each pixel along the x-axis a vertical data column is investigated. After

correction of the sample holder background by a reference area above the pellet, the

average attenuation and area density are calculated for each of the subareas. Their

correlation is visualized by the lower curve in Figure B.4. The initial evolution up

Figure B.4: Lower curve: Average attenuation by Mg-24 for different area densities
ρA,MgH2 . Upper curve: Corresponding normalized attenuation, Ω̃.

to an area density of ρA ≈ 0.25 g/cm2 is due to the the limited resolution and a

resulting blurring of the pellet boundaries and not considered in the following. With

increasing area density a reduced average attenuation < Ω > is observed, the evolu-

tion is non-linear. Consequently, the normalized attenuation decays with increasing

area density. This is shown by the upper curve in Figure B.4. The reason for the
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observed non-linear correlation is a beam hardening with increasing area density. The

corresponding reduced interaction cross section of hydrogen leads to a reduced average

attenuation. Since the energy dependency of the cross section for hydrogen (H-1) is

much less pronounced than it is the case for Li-6 and B-11, the resulting hardening

of the spectrum is reduced as well. The maximal normalized attenuation is found for

area densities of 0.3-0.4 g/cm2, it is Ω̃ = 2.2±0.1 cm2/g. Since the variation of Ω̃(ρA)

for ρA corresponding to loose powder is negligible in comparison to the one observed

for LiBH4, it is not considered for the correction of the overall attenuation by the

influence of MgH2 (see equation 5.31).

B.3 Neutron Radiography analysis of solidification of LiBH4

The reduction of temperature to 221.5 ◦C in order to induce a solidification of LiBH4

is accompanied by a further change of the material structure. Still, the magnitude

of structure change is significantly lower than for the initial liquefaction. For the

isotope sample, a slight densification of about 4.2% of the sample is observed with

the cylindrical symmetry still being present after equilibrium is reached. The overall

density in the final state is calculated to 0.52 g/cm3 for the isotope sample. As it is

the case for the initial liquefaction, the density change cannot be calculated for the

natural sample composition due to a non-symmetric structure change. The kink that

was observed in the liquid state is enhanced by solidification. This structure change

is highly likely responsible for the observed attenuation changes in the upper sample

area in the difference slices according to Figure 5.49. The non-symmetric structure

change is due to the explicit a priori distribution of material and pores. Additionally,

slight variations or symmetry deviations in the temperature field might contribute to

this findings.

B.4 Selection of cluster from volume data set - particle

analysis

The selection of cluster is done by using the Particle Analyser plugin of ImageJ [95, 3].

A thresholding is performed according to the cluster attenuation threshold, which

generates a subset of the total voxel data set. Voxel within this subset are binarized,

so that they fulfill the following condition:

∀µi ≥ µTC : µi := 1 (B.1)



186 APPENDIX B. RESULTS AND DISCUSSION

Accordingly, the specific information about the attenuation coefficient for each voxel

is lost. Neighboring voxel in the subset are allocated to cluster, denoted as particles

within the ImageJ software. A list of all cluster in the sample volume is generated

and fundamental properties are calculated. The most relevant for this thesis are the

total cluster volume and the position of the cluster centroid. The latter can be used

to identify cluster both in the liquid and solid state data set and track their potential

motion. The binarization of the voxel data set provides spatial information about the

growth of cluster in case of the solidification, which allows to draw further conclusions

about the cluster changes accompanied by the solidification process: The performed

binarization has the advantage that in case of cluster growth due to solidification the

cluster centroid will be moved towards the direction of the new elements (voxel) of

the cluster. This allows to determine whether the emergence of clustering has any

preferential orientation.

The distance of the cluster centroid to the sample center is calculated as follows: The

coordinates of the sample center are derived out of an arbitrary x-y slice of the sample

volume. Thus, the distance of the cluster centroid to the center is calculated simply

by

dCC =

√
(xC − x0)2 + (yC − y0)2

where (xC , yC) is the position of the cluster centroid and (x0, y0) is the sample center

position.

B.5 Registration of volume data sets

The process of alignment of two related data sets is referred to as registration. One

data set is set as a reference system and the other data set is transformed in order to

result in a minimal difference of data sets. The transformation possibilities reach from

rigid/linear transformations to non-linear or elastic transformations. The studies in

this work cover the case of sample cell displacement due to thermal expansion of the

sample cell upon heating. It is emphasized that only the difference due to the sample

cell displacement needs to be corrected. Any differences that are originating from the

material structure itself are target of this investigation and any effect of registration on

the structure itself has to be strongly avoided! To ensure a correct registration of the

sample cell motion, a rigid transformation is applied with the software package Avizo

[52]. After a resampling of the data, effects of thermal expansion are non-significant

and the outer sample boundaries match well.
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fortwährende Unterstützung bei der Umsetzung meiner Ideen und Vorhaben. Weither-

hin danke ich Dr. Martin Dornheim für seine Unterstützung, die hilfreichen Diskussio-
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mir geteilt und ich danke Ihm für die schöne gemeinsame Zeit. Mein ganz besonderer
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