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Interstitial metal hydride alloys exhibit significant volume changes between the hydrogenated and dehydro-
genated states during cycling, resulting in macroscopic stresses in powder beds that must be considered in tank
design. Interactions are complex, and these stresses are primarily influenced by the local particle size distribution
(PSD) and packing density. This study examines radial expansion forces in vertical storage containers using ABy-
type hydride alloys and synchrotron-radiation micro-computed tomography (SRuCT). Up to 50 cycles, pro-

gressive particle decrepitation occurs, with densification in the lower layers reaching a 91% packing density. This
results in local pressures of up to 605 bar in the hydrogenated state. A new empirical equation links packing
density to exponentially increasing stress. Experiments have shown that optimized PSDs can reduce stress by up
to 45% and increase storage capacity by 87% within the same tank volume.

1. Introduction

On the pathway to a zero-emission infrastructure in the near future,
renewable sources, such as solar, wind, and water power, have to be
increasingly implemented. To overcome fluctuations and provide en-
ergy resilience and security, efficient and safe energy storage is essential
for both the short and long term. Hydrogen is envisioned as the ideal
energy carrier with high flexibility in energy distribution, storage, and
use [1,2]. Depending on the degree of electrification, estimates for
hydrogen demand across all sectors in the EU27 + UK by 2050 range
from 161 TWh [3] to 2800 TWh [4]. Based on a lower heating value of
33.33 kWh/kg, this translates to hydrogen quantities ranging from 4.8 to
84 million metric tons. Hydride-forming materials have generated
growing interest, as they can provide efficient, loss-free, and safe
hydrogen storage at mild temperatures ranging from 0 to 80 °C and low
pressures of up to 50 bar [5-7]. Moreover, metal hydrides (MH) offer a
high volumetric storage density, such as MgyFeHy (150 kg Hy/m®),
considerably surpassing the corresponding values of pressurized gaseous
hydrogen at 700 bar (40 kg Hy/m®) and liquid hydrogen at —253 °C (71
kg Hy,/m®) [1,3,8]. This superior volumetric density makes MHs

exceptionally promising for both stationary and mobile, compact
hydrogen storage applications [9].

Although MH materials offer high volumetric hydrogen density,
storage systems must be optimized for capacity, minimal weight and
volume, operational reliability, and long lifespan. Volume expansion of
up to 30 % [10] can generate critical stresses, potentially causing elastic
and even plastic deformation, which must be avoided. Stress tends to
accumulate at lower container sections during cycling due to powder
bed decrepitation [11]. Coping with this “swelling/contraction' or
“breathing' effect remains a key challenge in designing systems for
maximum volumetric efficiency and is addressed in various studies.

To manage expansion during hydrogen cycling, metal hydride con-
tainers are typically filled to only 40-60 % of their volume, leaving void
space to relieve internal stress [10,12,13], though this reduces volu-
metric efficiency. Structural strategies such as wall reinforcement,
multi-layered container designs [14], and powder bed segmentation
[14] help distribute stress more effectively. Material-based approaches
include friction-reducing additives such as graphite, aluminium, and
polymer coatings [15-17], which decrease wall stress but can reduce
hydrogen capacity by up to 30 %. Pelletization with expanded natural

* Corresponding author. Helmholtz-Zentrum Hereon, Institute of Hydrogen Technology, Max-Planck-StraBe 1, 21502, Geesthacht, Germany
E-mail addresses: julian.puszkiel@hereon.de, julianpuszkiel1979@gmail.com (J.A. Puszkiel).

https://doi.org/10.1016/j.ijhydene.2026.153776
Received 8 January 2026; Accepted 28 January 2026
Available online 6 February 2026

0360-3199/© 2026 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications LLC. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-1547-997X
https://orcid.org/0000-0003-1422-9669
https://orcid.org/0000-0003-3279-3757
https://orcid.org/0000-0002-1696-4643
https://orcid.org/0000-0002-1547-997X
https://orcid.org/0000-0003-1422-9669
https://orcid.org/0000-0003-3279-3757
https://orcid.org/0000-0002-1696-4643
mailto:julian.puszkiel@hereon.de
mailto:julianpuszkiel1979@gmail.com
www.sciencedirect.com/science/journal/03603199
https://www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2026.153776
https://doi.org/10.1016/j.ijhydene.2026.153776
https://doi.org/10.1016/j.ijhydene.2026.153776
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2026.153776&domain=pdf
http://creativecommons.org/licenses/by/4.0/

G. Stahlkopf et al.

graphite (ENG), however, can enhance volumetric capacity by up to 150
% [17]. Glidants such as silicone oil, MoS,, and carbon black improve
powder flowability and reduce radial stress [18-22]. While effective,
these strategies often compromise gravimetric and volumetric efficiency
due to added inert mass or design complexity.

Radial stress and packing fraction are also influenced by particle
alignment and settling. Okumura et al. [23,24] used computed tomog-
raphy (CT) scans to reveal an inhomogeneous particle distribution after
cycling, with the packing fraction correlating to the powder bed height
within the container. Okumura [24], Escobar et al. [25] and Tran et al.
[26] attribute this to settlement effects from pulverization, leading to
densification in lower layers, increased packing fraction, agglomeration,
and radial stress. Okumura et al. [13] recently confirmed ongoing
densification at the bottom of LaNis-filled holders with repeated cycles.
However, if the packing fraction remains below 61 %, with
swelling-induced stress on the container remaining negligible.

Powder densification effects can be reduced by optimizing container
design, such as lowering the cell's slenderness ratio S; (height-to-diam-
eter), as demonstrated by Tran et al. [26] and Gillia [10]. A high S;
stabilizes the powder bed via wall friction, reducing gravimetric forces
on lower layers [27]. However, it can also hinder upward powder
movement, limiting the bed's ability to “breathe' and increasing radial
stress. In addition, the greater the difference between the radial and
length dimensions, the less active material can be contained with respect
to the container wall material, thereby decreasing the mass-related
overall system storage capacity.

Lin et al. [28] also observed increased stress when using larger
Mg2Ni particles and high packing fractions. After 50 cycles, pulveriza-
tion reduced the particle size to approximately 1 pm, causing agglom-
eration and a decrease in hydrogen capacity. Similarly, Haas and Schott
[29] reported up to 50 % capacity loss in Tig9gZrp.02Vo.43-
Fe.09Cro.0sMn; 5 under 100 MPa compressive stress. Borzenko et al.
[30] linked this to metal lattice distortion.

However, even at low initial packing fractions, stress can increase
rapidly and unpredictably [31], highlighting the complexity of swelling.
This behavior results from multiple interacting factors, not just the
packing fraction, S;, or particle size, as outlined in Fig. 1.

The decrepitation of metal hydrides during hydrogenation cycles
causes a continuous rearrangement of the powder bed, altering its me-
chanical properties [32]. This process continues until a final state is
reached [25,33] if the material does not exceed the yield strength of the
container during the cycling.

Despite decades of research, a comprehensive analysis of swelling-
induced stress during hydrogenation-dehydrogenation cycles, along
with viable solutions, remains limited at both micro- and macroscales.
This study investigates how powder bed properties, including particle
size distribution, packing fraction, alignment, and radial stress, evolve
and interact upon cycling. This approach aims to reduce radial stress
without the use of additives or altering the vessel's structure, thereby
enabling more efficient volume utilization, higher storage capacities,
and controlled elastic radial expansion. Unlike previous work focused on
additives, little attention has been given to modifying the material or its
morphology.

The following main strategies were pursued.

1. Investigating the powder bed inside the sample holder using
synchrotron-radiation micro-computed tomography (SRECT) images
obtained from the Deutsches Elektronen-Synchrotron (DESY) and its
relation to the measured expansion stress.

2. Investigating the powder after extracting it from the sample holder,
separating it into the top, middle, and bottom powder layers using
characterization techniques such as scanning electron microscope
(SEM) and particle size distribution (PSD).

3. Engineering the metal hydride powder design to prevent stress
accumulation behavior upon cycling.
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2. Materials and methods
2.1. Material

All experiments were performed with the commercially available C-
14 Laves ABy alloy Hydralloy C5® (Mns; TiggV14FesZrs") by GfE Metalle
und Materialien GmbH. The achieved capacity in the lab was 1.6 to 1.7
wt% at a 40 bar Hy pressure and 40 °C, following initial activation
(initial hydrogen absorption cycles to improve its efficiency for
hydrogen uptake). The volume expansion of the crystal lattice in the
absorbed state is 21.3 % [34]. The initial powder forms used for the
experiments are listed in Table 1.

2.2. Sample preparation

If not labeled differently, the powder samples were loosely filled into
the sample holder (SH) (Fig. 2c—f). Compacted samples ("comp') were
made by gradually filling the SH with metal hydride powder and
manually compressing it using a hammer and screw, which also released
trapped gas from the pores of the powder bed. Only the borehole could
be compacted, not the cone (Fig. 2d and e). "MaxCompFill' samples
contain the maximum compacted powder in the borehole (Fig. 2d). The
Packing fraction (®") was determined by measuring powder bed height
after filling with a caliper. The packing fractions were calculated ac-
cording to equations (1)-(3) introduced by Gillia [10]:

Solid volume related to powder bed volume:

Vi
o=
Vo

Solid volume related to cell volume:

Vs
Vcell

D = 2)

Powder bed volume related to cell volume:

Iz
Vcell

@' 3
with the solid volume V; of the active material, the powder bed volume,
including its porosity Vj, and the empty cell volume of the storage
container V.. In an additional experiment, the cone of the sample
holder was filled, labeled in the following with “MaxFill (Fig. 2e),
achieving a maximum filling of ®" = 1. The conical section was loosely
filled and leveled to just below the sealing disc at the system interface.

The used Hydralloy C5® was crushed employing a jaw crusher Retsch
BB50 with a jaw width of 2 mm. From the crushed material, different
PSDs were achieved by dry sieving using a sieve tower, Analysette 3 Pro
by Fritsch, with mesh sizes of 20, 32, 40, 63, 80, 100, 125 pm, 1, and 2
mm. The sieving of the already activated material was done inside a
MBraun 200B Eco glovebox (working atmosphere: O < 2 ppm, H20 <
0.5 ppm).

The PSDs were measured using the SYNC from Microtrac, based on
laser diffraction and employing the wet dispersion method (1:200 tet-
rasodium pyrophosphate, Na4P207, in a demineralized water solution).

To separate agglomerates, the powder samples were exposed to an
integrated ultrasonic (US) treatment for 180 s before the PSD mea-
surement. As determined by laser diffraction, the particle diameter
corresponds to the diameter of an ideal sphere that scatters light in the
same way as the measured particle.

1 chemical composition in wt%.
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Fig. 1. Overview of influencing factors for the stress development during hydrogen absorption of metal hydrides.

Table 1
Sample overview and designation of Hydralloy C5® for the performed experiments.

Designation Sample origin Sample pre-treatment, sample specifications, Characterization techniques Sample holders
(Activation)/titration parameters

Crush-S1-2 crushed Hydralloy C5® (Crush) - Particle size sieved 1-2 mm - Titration + radial stress meas. - Medium sample
- jaw crusher, jaw width - Titration cycles: - Measurement in the oxidized holder (m)
2 mm - Abs.: 40 bar, 40 °C, 1 h state: - Small sample holder
- Des.: 1 bar, 40 °C, 0.5 h - PSD-Measurement (180 s US) (s)
- SEM
Crush-A5T-S_x-y crushed Hydralloy C5® (Crush) - activated (A) - Titration + radial stress meas. - Small sample holder
- jaw crusher, jaw width 2 mm — 5 titration cycles (5T) in a big container - Measurement in the oxidized (s)
- separated PSD by sieve tower state:
- Mesh-sizes: x-y € {x, y [pm]|0-20, 20-32, 32- - PSD-Measurement (180 s US)
40, 40-63, 63-80, 80-100, 100-180} (S)
- Titration cycles:
- Abs.: 40 bar, 40 °C, 1 h
- Des.: 1 bar, 40 °C, 0.5 h
Crush-A5T-S-02 _x-y crushed Hydralloy C5® (Crush) - activated (A) - Measurement in the oxidized
- jaw crusher, jaw width 2 mm — b5 titration cycles (5T) in a big container state:
- separated PSD by sieve tower - PSD-Measurement (180 s US)
- Mesh-sizes: x-y € {x, y [pm] \0-20, 20-32, 32-
40, 40-63, 63-80, 80-100, 100-180} (S)
- oxidized (02)
Mix Crush-A5T-S_80- - Mixture: 70 % Crush-A5T-S_80-100 - Measurement in the oxidized - Small sample holder
100 +30 % Crush1-2 in middle layer state: (s)
+ C1-2 - PSD-Measurement (180 s US)
Designation additions: - _s: small sample holder used - _bot: Strain gauge measurement at the bottom part of the
- _comp.: compacted manually - _m: medium sample holder used sample holder
- _MaxCompFill: max. Possible, compacted filling heightin the = - _#n: number n of titration cycles - _mid: Strain gauge measurement at the middle part of the
SH borehole sample holder

_top: Strain gauge measurement at the top part of the
sample holder

- _MaxFill: additional to _MaxCompFill loose filling of cone

Sample holder Inner diameter x wall thicknessx  Slenderness ratio S, Strain gauge Volume Ve Material
Designation height (h/d) position
1. Small (s) 4x1.25 x 35 mm 8.75 bottom, middle, top 0.403 cm® 1.4404/A1SI 316L
layer
2. Medium (m) 12x 1.5 x 35 mm 3 bottom layer 4.175 cm®
2.3. Sample holder and stress measurements medium SH (mSH)), manufactured by HBK, with tolerances of +0.75 %
[35] and +£0.7 % [36], respectively, were glued to the outer wall in a
Two different sample holder (SH) dimensions were used (Fig. 2g and peripheral direction. Elongation is expressed in micrometers per milli-
h, geometry in Table 1). The small SH (sSH, ¢¥6.5 mm) matched the meter (pm/m). The measured strain is converted to an equivalent inner
beamline's limits in terms of dimensions, resolution, and safety. The pressure Xp,r in bar, representing the radial stress of the metal hydride

strain gauges DMS 1.5/350 LY45 (for sSH) and DMS 6/350 LM15 (for powder inside [37]. Both expressions will be used synonymously in the
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Fig. 2. a) SRUCT scan results after the data reconstruction and processing. b) sketch of the sSH and positions of the strain gauges, in red, marked the scan field of the
CT. c) Picture of the used sSH with mounted strain gauges. d) sSH in the “maxCompFill' state. E) sSH in “MaxFill' state f) Initial state of a loosely filled medium-size
sample holder. g) Assembled small sample holder and h) medium sample holder used for the titration devices. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

following. The experiments were stopped before reaching the yield
strength of the SH walls.

The strain gauges for the sSH were placed at three different heights.
The lowest strain gauge position was 3.2 mm above the bottom of the
sSH to diminish its influence on the geometrical stiffness of the radial
expansion (see Fig. 2b). A finite element simulation by COMSOL Multi-
physics 6.2 was done to determine this minimum height of the strain
gauge (see supportive information (SI) Error: Reference source not
found). The middle and top strain gauges, each with a height of 6 mm,
were placed directly on top of each other. The same calculation was
carried out for the mSH, where the single strain gauge was placed at 5
mm above its bottom (Fig. 2h).

2.4. Titration measurements

The absorption and desorption processes were carried out in an in-
house-designed Sievert apparatus. For the absorption measurement,
the sample holder was heated to 40 °C. The absorption and desorption
pressures are 40 and 1 bar of hydrogen (purity 5.0), respectively. The
titration parameters are listed in Table 1. The SH is mounted vertically.
Due to the device's setup, the pressures between the sample and the
reference volumes equalize within the first 100 ms at the beginning of
each absorption and desorption process. After this period, these volumes
are separated to initiate the measurement, resulting in the loss of the
first measuring points of the reaction. This leads to an increased sys-
tematic deviation due to the fast kinetics of the used metal hydride alloy
and a reduced hydrogen capacity of approximately. 1.2 to 1.4 wt% is
typically recorded. The measurement error of the device is £0.007 wt%
and +0.06 wt% for the mSH and sSH, respectively, according to the law
of error propagation.

The full expected capacity of the material could be measured during
the first activation cycle, reaching an average maximal hydrogen ca-
pacity of 1.66 wt%. Additionally, after the titration experiments, the
maximum capacity was measured exemplarily for one sample (after 15
cycles). The sample was frozen in its absorbed state using liquid nitro-
gen. Subsequently, the desorption was initiated from the frozen state by
slowly heating it to room temperature. Consequently, the measurement
inaccuracies of the setup could be avoided, and a maximum capacity of
1.72 wt% was measured.

2.5. SRuCT preparation, measurements, and analysis

Six sSHs prepared for the Synchrotron-radiation-micro-computed-
tomography (SRUCT) were loosely filled (Fig. 2¢) with the same pow-
der mass of 0.825 + 0.001 g, which resulted in the packing fractions of
®=45%4 0.5, =24 % + 0,1, and ®" = 54 % + 1.8. Due to the loose
filling, the particle arrangement is random, and the initial height of the
powder bed varies, as mentioned. The sSH were cycled 0 (not activated),
5, 10, 16, 20, and 26 times, respectively. Each last cycle was stopped in
the absorbed state under a hydrogen pressure of 40 bar. The cycles were
performed 3 days before the SRUCT measurements to minimize relaxa-
tion effects. SRUCT was performed at the high-energy materials science
(HEMS) beamline P07, operated by Helmholtz-Zentrum Hereon, at the
storage ring PETRA III at DESY, Hamburg, Germany [38].

The experiment utilized conventional attenuation contrast imaging
with a photon energy of 103 keV (wavelength of 0.12 A). For each
sample, 5001 projections were taken over 180°, with an exposure time
of 200 ms per projection. Imaging was performed using an indirect de-
tector system converting X-rays to optical light using a CdWOy4 scintil-
lator. The optical light was then magnified by a microscope optic and
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detected with a camera with a CMOSIS chip, developed in-house by KIT
and Hereon [39]. The camera offers a resolution of 5120 x 3840 pixels
with a pixel size of 6.5 x 6.5 pm, positioned 300 mm behind the sample.
To ensure accuracy, dark and flat-field images were captured separately
for each scan. A magnification of 5 was applied, resulting in a pixel
resolution of 2.55 pm after 2x binning and a reduced field of view (FOV)
measuring 6.52 mm x 2.04 mm (Fig. 2b — red windows). The resolution
of the scans could resolve particles down to approximately 7 pm in size,
depending on the local compaction level.

CT scans were performed on the as-prepared absorbed state for each
strain gauge (bottom, middle, and top layer) and SH. The scans were
recorded at the middle of each strain gauge to directly relate the
measured expansion stress at each layer to the powder bed properties.
Two more scanning series were performed after first reducing the
hydrogen pressure to the half-desorbed state at 9 bar at room temper-
ature. Approximately 50 % of the maximum capacity (averaged 0.63 wt
%, considering the reduced measured capacity mentioned earlier, see SI
Error: Reference source not found) was reached. Lastly, the fully des-
orbed samples were measured after evacuating the hydrogen pressure.

The data reconstruction was performed at the beamline (see
Ref. [40] for details) and 800 cross-sections with a 2.55 pm distance
between each other were reconstructed (Fig. 2a).

To calculate the packing fraction for each cross-section, a MATLAB
algorithm was developed (see SI Error: Reference source not found),
which automatically detects the inner wall of the sample holder to
separate the powder bed from the sample holder's wall for 50 cross-
sections in the middle of the strain gauge. Afterwards, it selects the
particle pixels from the void space within the powder bed by using an
empirically determined, constant threshold (SI Error: Reference source
not found). By this pixel evaluation, the local packing fraction @,y at
each cross-section is calculated (relation particles to void space) and
averaged. It is related to the measured expansion stress at 40 bar in the
absorbed state, as determined from prior cycling measurements.

2.6. SEM measurements

Scanning electron microscopy (SEM), using a FEI Quanta 650, was
employed to examine the particles and their morphological changes. For
this, the powder was oxidized for 1 week by slowly letting ambient air
diffuse into the powder bed. The samples were placed on conventional
aluminum mounts via graphite planchets and sputtered with gold. A
voltage of 20 kV and a magnification from 50 to 20,000 were used.

3. Results
3.1. SRuCT measurements

Fig. 3 shows the results of the SRUCT images in the form of horizontal
(a-d) and vertical (f-h) cross-sections. Based on the SRuCT data analysis,
the local packing fraction was calculated for both the absorbed and
desorbed states, and is presented in Fig. 3e for the complete powder bed
height.

e The powder bed exhibited increased porosity during the transition
from the absorbed to the desorbed state (Fig. 3e) and a significantly
reduced powder bed height of approximately 38 %, which can be
attributed to a 21.34 % shrinkage of the particles [8].

e During desorption and particle shrinkage, the formation of relatively
large gaps occurred (of approx. 320 pm width in #26, Fig. 3h-(1))
between agglomerated areas, particles, or between still-in-initial-
shape larger particles2 (Fig. 3a (2), h(3)). These gaps allow fine

2 Particles, that didn't change their size during cycling. They are fractured
inside but stay stable interlocked in themselves, but didn't form a new
agglomerate.
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particles to fall in and settle into deeper layers, resulting in a more

compacted powder bed with higher radial stress in this area, as can

also be seen in Fig. 3e. This is in accordance with the results reported

by Lin et al. [41].

The initially 1-2 mm large particles broke and crumbled significantly

within the first 10 cycles (Fig. 3a). Pulverization occurs predomi-

nantly in the top section, while larger particles are still visible in the
middle and bottom sections (Fig. 3b-d). Fine particles (<5 pm),
detected throughout the powder bed after five cycles by PSD analysis

(see SI, Fig. S6), promote the agglomeration and cohesion of the

particles.

e Larger particles (1-2 mm) remained mainly in the lower and middle
bed sections even after 26 cycles (Fig. 3b—d). In desorbed and half-
desorbed states, they show cracks (5-20 pm, Fig. 3c-(4)) but
retained their shape. Some cracks trapped smaller particles, poten-
tially hindering closure during absorption and promoting further
breakage. In other regions, advanced fragmentation indicated pro-
gressive crumbling into finer powder (Fig. 3c-(5)).

e The pulverization and detachment of fine particles usually proceeded
from the outside to the inside of the particle (Fig. 3a-(9)) or by
separation of a larger fraction of the particle (Fig. 3d-(9)). These
larger particles in the bottom or middle layer were surrounded by
fine powder, preventing them from falling apart even in a fractured
state (Fig. 3b—d, bottom). This resulted in a locally high density and
packing fraction, leading to high radial stress (Fig. 3). The local
packing fraction of these supported particles (Fig. 3d (7)) and the
fine powder clusters (Fig. 3d (8)) was approx. 91 % and 64 % (top
layer) to 70 % (bottom layer), respectively.

e After extracting the powder and analyzing it in SEM, the larger
particles visible in the SRuCT cross-sections were found to be a mix of
supported particles and agglomerates (Fig. 4b and c).

Consequently, the packing fraction increased from top to bottom
(Fig. 3e), and high confinement appeared to prevent pulverization.

While the general conclusions were reproducible in other specimen
holders, the concrete arrangement, size, and agglomeration density of
particles varied somewhat from sample holder to sample holder, sup-
porting the assumption of non-reproducible powder bed development
and randomness, which can give rise to unpredictable stress increases
within a certain number of cycles. The #20 cycled sample holder in this
series showed the highest compaction.

During desorption, the powder bed shrank into a single, large cy-
lindrical agglomerate, creating an annular gap in the inner wall of the
sample holder (Fig. 3a - (6)). Cracks inside bigger particles or agglom-
erates either expanded or sometimes also shrank again from the half-
desorbed state to the fully desorbed state. The compaction and stabil-
ity of powder bed agglomerates increased in the lower sections within
the powder bed. At the bottom, the powder bed shrank uniformly and
maintained a cylindrical shape, creating a gap between the bed and the
walls, with a maximum gap width of 50 - 68 pm in the desorbed state
(Fig. 3a, vacuum). The top layer exhibited a more pronounced insta-
bility, resulting in higher fragmentation compared to the middle section.

For higher-resolution analysis of particle morphology, agglomerates,
and stabilized structures, SEM images were taken at various cycling
stages (Fig. 4a). The fracturing and decrepitation of the particles are
obvious and increase with increasing cycling number. The particle size
analysis confirmed this (see SI Error: Reference source not found). The
cracks showed gap sizes in the single-digit micrometer scale (<3.5 pm,
SEM micrographs, SI Error: Reference source not found). At higher
cycling numbers, the fine particles (<5 pm) started to agglomerate, and
smaller particles were attached to bigger ones (>50 pm scale) or formed
agglomerates of smaller particles (Fig. 4b). These results are in good
agreement with the observations reported by Blinov et al. [42]. The
particles showed a rough, cracked surface and a sharp-edged shape.
Despite the visible cracks, the larger fractured particles remained
partially interlocked. Despite the externally acting compression forces,
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Fig. 4. a) Development of cycled MH particles after different cycle numbers (#x) extracted from the middle layer. b) Agglomerated particle and c) supported,

fractured, but still-in-shape-particle after 20 cycles from the bottom layer.

agglomerates form due to adhesion and van der Waals forces [27]
(Fig. 4f).

3.2. Particle size distribution

The volume-weighted particle size distribution measurements of
Crush-A5T-S_20-32_s_ MaxCompFill showed only a slight change as
compared to the initial bimodal PSD after the 5 activation cycles
(Fig. 5a), after 34 cycles (Fig. 5b). The bottom and middle layers showed
a slight increase in the number of particles between 1 and 5 pm particle
size without decreasing the minimum particle size. The top layer

transitioned from a bimodal distribution to a monomodal distribution,
resulting in an increase in the amount of very fine particles, with a peak
at 3 pm. The bimodal PSD of Crush-A5T-S_80-100_s MaxCompFill also
showed a decrease in the larger particles towards the final particle size,
with a peak at 5 pm.

Analysis of the PSD after different cycle numbers revealed a trend
toward a minimum particle size. A lower mean particle size limit was
observed, which is referred to as the final particle size. The PSD of the
mSH's powder Crush-S1-2.m #50 (Fig. 6) reached a minimum, final
particle size after 50 cycles in the dsg range of 5.4 pm, 7.1 pm, and 4.2
pm for the bottom, middle, and top layer, respectively (see SI Error:
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Fig. 5. a) PSD of activated (5 cycles), oxidized, sieved Hydralloy C5® as starting materials for the titration experiment in the displayed sieving ranges (highlighted
columns). ¢) Comparison of the selected PSD before and after the titration experiments, with the final particle size range marked in red. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)



G. Stahlkopf et al.

International Journal of Hydrogen Energy 215 (2026) 153776

a C 0246 .8101214161820222426 28
700 / 600 - Crush-81-2_s: Top
#5
— 600 500 - #10 ]
8 —— #16 ‘
2500 400 | o #20 ‘ 1
3 —— #26
& 400 - 300 1
2 — __200 1
g Crush-$1-2_m_bot: © 100 + 4
2200 4 #5 #5 =
3 #10 #10 § O [ omme o ) e £ S o G Gy
© ——#16 ——#20 X ;
2z 100 4 it #20 ——#25 © 600 Middle
=3 w—#26 —o—#46 =
® 04 ——#50 @500 ]
K T T T T T T T T N T E) 400 | 4
0 5 10 15 20 25 30 35 40 45 50 =
number of cycles [#] $ 300 1
1,84 1,81 L
b S 200 e ]
1’6< * 'S oty sz B8
o100 | s d
1,44 CJ o
3 T R T T T —
. 12 LS, ol
E. o B \.’*,ﬂ—k e 2 ERFE g g™ S kok 600 |
2 2 1,0
g s 500
30, 2 0,84
3 S crushs12_s:| 400
~ i Crush-$1-2_m: = 4 e
10 #5 o #5 = #5 300
0,4 #10 #16 0,4 #10
#20 —+—#20 ——#16 200 -
0,2 o #25 ——#26 0,2 ——#20 100l
——#46 —*—#50 0.0 —r—#26 R
0.0 o é 1‘0 1'5 2‘0 2'5 Obwast™, . . . o oo
0 5 10 15 20 25 30 35 40 45 50 0 2 4 6 8 1012 14 16 18 20 22 24 26 28

number of cycles [#]

number of cycles [#]

number of cycles [#]

Fig. 6. a) Max. measured radial stress (converted to the equivalent inner pressure Xp,;) and b) hydrogen uptake values for absorption cycles with equal 1-2 mm
particles of 7.1 g in a medium sample holder and c) radial stress values of 0.825 g in a small sample holder and d) their hydrogen uptake.

Reference source not found). The bottom layer exhibited a broader PSD
with an increasing number of cycles. The coarser particles existed longer
than the middle and top regions, maintaining the broader PSD.

For the sSH after 26 cycles, more small particles in the 1-10 pm range
were measured compared to the PSDs of the less cycled samples.

3.3. Stress development and hydrogen absorption

In this section, the influence of containment dimensions on stress
development is investigated.

3.3.1. Medium sample holder (mSH)

The stress measurements of mSH (Fig. 2f and h) in dependency of
hydrogenation-dehydrogenation cycles under equal initial conditions
revealed a random pattern of stress development at the bottom layer
(Fig. 6a). This confirms the conclusion made by several other researcher
groups, summarized by Gillia [10], who also recorded similar stress
developments. The achieved hydrogen capacity per cycle within the
experiment series showed a constant average value of 1.28 + 0.05 wt%,
measured at 40 bar (see 2.4, Fig. 6b).

Initially, the stress increased similarly across the first 8 cycles for
each experiment (see Fig. 6). However, the following cycles exhibited
divergent stress developments. For example, sample Crush-S1-
2 m_bot #20 exhibited a continuous increase in stress, reaching the
safety limit of the sample holder's material after 19 cycles. It was
stopped after 20 cycles to prevent plastic deformation. Conversely,
sample Crush-S1-2.m_bot #46 showed a similar stress increase during
the first 17 cycles. However, after 17 cycles, the expansion stress
decreased temporarily before increasing again at cycle 27, displaying an
up-and-down radial stress pattern with lower maxima than before.

This behavior, characterized by reaching a certain maximum stress
value followed by a decrease and a fluctuating plateau, was also
observed in other samples. However, this pattern was not reproducible
and unpredictable, as it was unclear which sample would reach the

safety limits after a specific number of cycles. Even though only one
sample reached the safety limits of the container material, it was not
predictable which of these samples would exhibit this behavior, as they
had the same initial conditions.

3.3.2. Small sample holder (sSH)

Measurements analogous to mSH were performed using a sSH
(Fig. 2c and g), which included two additional strain gauges in the
middle and top layers. These sSH were scanned in SRuCT and are shown
in 3.1. The titration cycles revealed a consistent hydrogen capacity in-
dependent of the developed expansion stress, averaging 1.21 + 0.04 wt
% (Fig. 6d). These values remained constant across all measurements
with the sSH and were independent of the measured stress. The capacity
was reduced by 0.07 wt% compared to the mSH. This could be related to
an increased measurement error of +0.06 wt% resulting from the
smaller hydride mass. The capacity at 9 bar, which was used for an in-
termediate desorption step during the SRuCT scans (Fig. 3c-g), reached
an average of 0.67 wt%, equivalent to a hydride fraction of 55 %.

The radial stress increased with each cycle, from top to bottom (see
Fig. 6¢), with the top layer exhibiting no radial stress. The maximum
equivalent pressure is 605 =+ 4.5 bar for the sample Crush-S1-2_s bot #20
in the last cycle and in the hydride state. The bottom layer exhibited the
steepest increase in stress. Like the stress measurements of the mSH
Crush-S1-2_m, the stress curves showed deviations and were not repro-
ducible or predictable. One measurement had to be stopped to prevent
damage to the sample holder due to excessive radial stress development
after 20 cycles (Fig. 6¢, #20). Plastic deformation was excluded, as
strain values returned to 0 % after each titration.

3.4. Stress development upon cycling with selected initial particle sizes

To investigate whether it was possible to minimize changes within
the powder bed due to pulverization and densification effects, by using a
low initial PSD, powder batches with a sieving range from 20 to 32 pm
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and 80 - 100 pm (see Fig. 5a) were compared. Before sieving the pow-
der, the material was activated and cycled 5 times. The selected PSDs
were close to the final particle size of 2 to 5 pm, which was expected to
result in more consistent behavior due to reduced pulverization during
further cycling. The (dry) sieved batches include a larger amount of very
fine particles (<10 pm), which could not be separated. The batch sieved
between 20 pm and 32 pm shows a peak at 18.5 pm, whereas the 80-100
pm batch shows a broader PSD with a maximum particle size of 400 pm.

The powder bed packing fraction ® was increased from 43 % for
Crush-A5T-S_20-32_s_.maxCompkFill to a maximum of 60 % for Mix Crush-
A5T-S 80-100 + C1-2_s comp. This was done by using the particle size
batch 80 — 100 pm (broader PSD) and adding 1-2 mm particles to the
sieved powder (see Fig. 7 b).

By manual compaction during filling of the SH, the sample mass can
be increased, and the packing fraction @' increases from 25 % to a
maximum of 46 % for Crush-A5T-S_20-32. A powder filling level of ®"
100 % was achieved with ®' = 46 % (porosity of 54 %). The other
samples reached packing fractions between ®" = 40 % and 67 %.

Even though Crush1-2.520-32_A5T MaxFill (Fig. 2e) contained by far
the biggest powder amount, the stress values compared to Crush-S1-2
powders were extremely low after 20 cycles, with Xp,, values < 52 bar
for the bottom layer (see Fig. 7a). In the middle, the stress values were
higher than with Crush-S1-2 after 20 cycles, with 195 bar compared to
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165 bar. At the top layer, the stress values of 330 bar were in the upper
third compared to the other selected PSD samples. The stress values for
Crush-S1-2 samples were zero at the top layer due to a loose packing
fraction (see 3.1). For the rest, the measured equivalent pressures were
already partially significant in the first cycle, with values ranging from
50 to 1115 bar, 90 to 1390 bar, and 60 to 515 bar for the bottom, middle,
and top layers, respectively.

The middle and top layers showed higher stress than the Crush-S1-2
powder after 25 cycles. Crush-A5T-S_80-100_s_comp_MaxFil and Crush-
A5T-S_80-100+C1-2_s_comp showed high stress, containing bigger initial
particles or a higher powder mass. They included a higher powder bed
packing fraction of 54 % and 60 % and an initially lower porosity,
respectively. The 1-2 mm particles in the latter sample were positioned
in the middle layer of the sample holder, correlating with the highest
radial stress measured in this layer, which imitates the phenomena
observed in the 1-2 mm supported particles (Fig. 3d - (7)).

Interestingly, the radial stresses of 20-32 pm and 80-100 pm powder
batches in Fig. 7a showed significant differences as compared to the
measurements using Crush-S1-2 powder (Figs. 7a and 6): After approx-
imately 10 cycles, the expansion forces stayed constant and didn't in-
crease significantly anymore, reaching a stable state after a small
number of cycles. Initially, a particle of 1-2 mm in size (Crush-S1-2)
exhibited a continuous increase in radial stress with increasing cycle
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Fig. 7. a) Measured maximal equivalent pressures for each cycle of the sSH in three different heights (dotted lines represent the measurements of the sSH scanned
with CT, same results as shown in Fig. 6¢). The percent values indicate the increase or decrease in radial stress relative to the first cycle. b) Overview of the different

packing fractions for the different experiments.
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numbers, with maximum values in the bottom layer (Fig. 7, dotted
lines). The PSD influenced stress development during the hydrogenation
cycles. Sieved particles with a mesh size of 20-32 pm showed a slight
increase in radial expansion values, while experiments with 80-100 pm
particles consistently exhibited a downward trend. All developments
here are relatively minor compared to the initial measurements with
particles of 1-2 mm.

After cycling, the global packing fraction changed, and a loosening of
the upper accessible powder layers was visible, indicating a slight in-
crease in the powder bed heights. These loose upper layers prevented
accurate measurement of the global packing fraction afterwards.

For the sample mass of 0.996 g for 20-32 pm and 0.996 g for 80-100
pm, the radial stress after 27 cycles shows similar values for the middle
and bottom layers. The top layer exhibits higher values for the finer
powder, achieving constant stress after 21 cycles, while the 80-100 pm
batch shows a steady downward trend.

4. Discussion
4.1. Influence of the packing fraction

The evaluation of the scanned sample holders (S; of 8.75) at various
saturation hydrogenation states, hydrogenation-dehydrogenation cy-
cles, and measured stress values revealed a strong influence of the local
packing fraction, ®jocq (Fig. 3), on stress development (Fig. 6). ®jocal
describes the calculated local packing fraction within a horizontal cross-
section in the absorbed state of the sample holder, based on the SRuCT
data (see calculation in SI Error: Reference source not found). Xp,, in-
creases exponentially after reaching a certain threshold of ®jycq) = 70 %,
shown in Fig. 8.

The relation between the equivalent inner pressure xp,; (see 2.3) and
the local packing fraction ®joc, based on the SRuCT data in a vertical
sample holder (see 2.5) is described by the empirically developed Egs.
(4) and (5).
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alloys.

When the ®joc, value exceeds 70 % in the horizontal plane, an
exponential increase in expansion stress is observed. The exponential
increase aligns with the findings from Nasako et al. [43] who measured
significant differences in stress development when changing the initial
packing fraction by only 5 % from 45 to 50 %. To the best of our
knowledge, only Okumura et al. [23] have investigated the packing
fraction after a defined number of titration cycles and correlated it with
radial expansion forces. Their measurement results have been incorpo-
rated into the graph in Fig. 8. Since the packing fraction was measured in
the desorbed state, a volumetric expansion of 24.7 % (based on the
provided specifications) was applied to account for the material's
expansion. However, it is important to note that this is a simplified
approximation:

Complex effects such as particle rearrangement during absorption
and the distinct expansion behavior of ABs-type alloys are not consid-
ered. Plastic deformation of the vessel wall distorts the strain gauge
data, likely inflating the measured expansion forces beyond those from
elastic deformation alone. Plastic deformation falsely increases their
measured expansion forces. As a result, these values are only of limited
significance and cannot be directly compared to the purely elastic Xpar
values defined in this work. Other publications typically report only the
initial packing fraction and the stress evolution during titration, without
measuring or relating changes in packing fraction throughout the
cycling process.

Assuming a storage container homogeneously filled throughout its
entire volume with a packing density below this threshold, a similar
behavior can be expected along the full height of the container. This
observation aligns well with values of @ reported in the literature,
which identify critical limits for the onset of expansion forces in tank
fillings, typically ranging from <40 % to 61 % [43-45]. In the present
study, the maximum packing fraction measured via SRuUCT was 91 %,
corresponding to an expansion stress of 605 bar (Crush-S1-2_s_bot #20).
Despite a remaining porosity of 9 %, the expansion stress reached sig-
nificant levels. Therefore, it indicates potential for further optimization
to achieve complete utilization of the available volume Ve or a less
confined arrangement of the particles.

Stress evolution varies noticeably across samples. Following Gillia's
classification, two curve-types emerge.

(1) Crush_A5T s_S_20-32_comp. and _maxCompFill show increasing
radial stress with cycles before plateauing, which Gillia describes
as a saturating evolution ([10], Fig. 9, type (d)).

(2) In contrast, other measurements (Fig. 7) show initially high stress
that gradually stabilizes (Gillia [10], Fig. 9, type (f)).

Both evolutions are driven by structural rearrangement and minor
pulverization, initial structural reorientation followed by fine frag-
mentation. The resulting agglomerates efficiently fill pore space during
expansion. Given the small particle sizes (20-32 pm, 80-100 pm), pul-
verization favours cohesive agglomeration near fracture sites over
settling or increased bottom-layer stress. Restricted vertical motion due
to wall friction may cause early-cycle stress buildup. Further CT analysis
could clarify these mechanisms and explain the differing radial stress
developments.

4.2. Influence of the particle size distribution

When the fine fraction exceeds 10 % with a particle size of djg < 5
pm, agglomeration increases significantly due to the dominance of the
van der Waals forces over gravitational forces. This leads to reduced
flowability and higher cohesiveness. Such an agglomeration can cause
less efficient and more stressful particle rearrangements when tensions
arise [46]. Fine powders are referred to as cohesive bulk materials, as
particle contacts are inversely proportional to the square of particle size,
resulting in stronger adhesive forces than in coarse powders [27]. The
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agglomeration can improve the thermal conductivity within the powder
bed. However, in the desorbed state Fig. 3 - (6), a gap between the
agglomerated powder pillar and container wall impedes thermal con-
ductivity until volume expansion re-establishes contact. At the investi-
gated scale, no measurable effects on thermal conductivity or gas
permeation were observed.

Okumura et al. initially used finer particles in a sample holder with a
ratio of particle diameter to sample holder diameter of 1:2.5 to 1:25 (for
comparison, this work: 1:4 to 1:2) [13]. This particle-to-SH diameter
ratio d,/dsy influences the possible achievable initial packing fraction,
@', of monomodal powders due to the different possible particle ar-
rangements and, therefore, the developed expansion strain. According
to McGeary et al. [47], a high packing fraction @' for spherical particles
can be achieved when the ratio is 1: (>10). If this ratio significantly
deviates, the initial packing density can vary by up to 16 %. Alterna-
tively, the packing fraction can be increased by using polymodal dis-
tributions. For example, a polymodal distribution of spheres with a
diameter ratio of 1:7:38:316 (four dominating particle sizes) and a
related volume composition of 6.1:10.2:23.0:60.07 (%) can increase the
packing fraction up to 97.5 % compared to a monomodal PSD with a
packing fraction of 62 %. Fine particles can fill the voids between larger
particles.

The solid fraction @' of the sample holder remains unchanged during
the experiments. ® and @ can vary during the hydrogenation-
dehydrogenation cycles due to the breathing (see Fig. 3f and h) and
reordering of the particles within the bed, leading to a change in Vj.

Bigger particles are more confined in the bottom (and middle) layers,
leading to a higher packing fraction. Even though fine powder settles
down, larger particles cannot crumble as they do in less densely packed
or confined areas. The high confinement and limited particle movement
act like an anti-pulverization effect. This phenomenon was observed by
Lin et al. [24]: Agglomerates become more compacted and stable with
increasing cycles. Due to the increased expansion forces, larger forces
arise between the particles, causing the contact areas to deform plasti-
cally and decreasing the distances between neighboring particles. This
increases the contact surfaces and adhesion forces [27]. In line with SEM
measurements, it can be observed that very fine particles tend to
agglomerate more readily (Fig. 4a #50).

Based on stress measurements, it can be concluded that the evolution
of a continuously increasing and uncontrollable radial expansion stress
is caused by a mutative polymodal powder bed, which changes particle
shape, size, order, and confinement with each cycle until a steady state is
reached. In some cases, the continuation of cycling reaches the limit of
the storage vessel before stabilization occurs (Crush1-2_#20, Fig. 7). The
measured up-and-down equivalent stress pattern described in section
3.2 and Fig. 6a was associated with the continuous reordering of parti-
cles within the powder bed during cycling. The stress development
changes indicate that no final powder bed state is reached.

4.3. Influence of slenderness ratio

The pressure curves for the sSH (Fig. 6¢) show a steady increase with
each hydrogenation/dehydrogenation cycle. In contrast, the mSH
initially remains unchanged at the same packing fraction ®'. However,
some curves show a drop in radial stress after about eight cycles
(Fig. 6a). This difference is linked to the dp,/dsy ratio. SRuCT data reveal
that large particles in the sSH tend to get stuck at the bottom, while in
the mSH, they can move more freely due to reduced confinement. Lower
wall friction weakens stabilization effects by fine powder, resulting in a
more uniform PSD within the bed, reduced expansion stress, and
improved bed homogeneity.

The slenderness ratio S; (hsy/dsy) is an important factor influencing
the overall system behavior. The mSH has a S; of 3 (Table 1), slightly
below the recommended 3.3 for safety [26], while the sSH reaches 8.75,
a factor of 2.6 higher than suggested. As shown in Section 3.2, safety can
still be maintained at higher ratios if factors like the PSD are optimized.
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Schulze [27] found that higher S; stabilizes vertical forces, such as
natural gravimetric forces, due to increased wall surface area and
intensified wall friction, thereby restricting lower-layer expansion and
fine particle settlements. SRUCT and PSD data confirm that large parti-
cles settle/stay in the lower sSH layers, hindering fine particle migra-
tion. This maintains the useful porosity in lower layers (e.g., for selected
samples from 3.4).

Higher S; improves stress reproducibility by limiting powder rear-
rangement, while larger diameters allow more unrestricted particle
movement, increasing variability but better simulating scale-up condi-
tions. According to the Janssen model, slender geometries enhance
confinement and stress uniformity, whereas lower ratios reduce repro-
ducibility but facilitate rearrangement.

Literature links a higher S; to increased swelling stress and more
pronounced volume changes [48]. Gillia connects S; > 1 in vertical
containers to accelerating stress buildup due to a ratcheting effect from
wall friction and recommends S, ~ 1 to balance confinement and
swelling accommodation [41]. However, our results show a stabilization
of radial stress at a higher S, = 8.75, suggesting that increasing stress is
notably influenced by the particle-to-diameter (d,/dsn) ratio (see 4.2).
This result indicates that the stress evolution described in the literature
mainly occurs in systems with significant pulverization. For system
scaling, it must therefore be evaluated whether the d,/dsy or the S;
should remain constant or be adapted.

4.4. Mitigation strategies for selected initial particle sizes

The results suggest that adjusting initial powder bed properties can
help mitigate detrimental changes in the powder bed evolution without
requiring additives or complex treatments.

The PSD measurements after cycling in Fig. 5 show maxima nar-
rowing down the final particle size of the particles in the lower pm range
(approx. 2-5 pm), which is similar to the PSD of the cycled samples (see
SI Error: Reference source not found).

Powder with a finer initial PSD showed distinct radial stress behavior
as compared to coarser particles (Crush-S1-2) and results from Qin et al.
[11] and Okumura et al. [23]. After filling and compacting the selected
powder into the sample holder, an “orientation phase' occurred during
the early cycles, characterized by higher radial stresses that then grad-
ually decreased. During the first 10 to 15
hydrogenation-dehydrogenation cycles, the powder particles reorder
and utilize the available space and porosity more effectively. Also, slight
(though significantly reduced compared to Crushl-2 samples) pulveri-
zation effects contribute to stress reduction during hydrogen absorption
(Fig. 5b). This results in a predominant decrease in expansion forces,
thereby stabilizing the maximum measured radial stress. The reordering
processes within the bed can homogenize the packing fraction and
reduce the radial stress, unless friction between particles or to the
container wall, confinement, or other factors prevent it.

Larger particles experience more significant size reduction during
pulverization (Fig. 5). After the orientation phase, radial stress decreases
for 80-100 pm particles, unlike the continued increase seen in 1-2 mm
particles. This suggests that greater initial size variation between the
initial and final particle sizes results in more unpredictable powder bed
behavior. Large particles can also form densely packed regions,
including stabilized particles, which generate higher expansion forces
(Fig. 8). In contrast, smaller particles create narrower gaps, limiting the
downward movement of pulverized material, as also noted by Lin et al.
[28].

The bottom section exhibits the most stable radial stress, indicating a
steady or final state with sufficiently high porosity. Comparing
Crush_ A5T-S_20-32_s MaxCompFill and Crush A5T-S_80-100_s MaxComp-
Fill, finer PSDs lead to a lower packing fraction and lower radial stress in
the bottom layer. The consistency proves a reduction of settlement and
inhomogeneous densification effects for both PSDs. This leads to less
stress and increased bottom-layer strength compared to the typically
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measured stress increases, as described in Fig. 7, and prevents plastic
deformation ("elephant foot' [11]).

A more confined environment shows beneficial effects for main-
taining constant and predictable stress development: Comparing the top
sections of Crush-A5T-S_20-32 comp, -MaxCompFill and -MaxFill (®" =
51 %, 67 %, and 100 %), the radial force increase from first to last
measurement is 450 %, 130 %, and 71 %, respectively, highlighting
more substantial changes at lower packing fractions (see percentages in
Fig. 7, SI Error: Reference source not found). This is influenced by the
available expansion space above the powder bed, allowing for more
particle rearrangement. As a result, the powder bed undergoes more
changes during hydrogenation/dehydrogenation cycles, reflected in
greater changes in radial stress between the first and last cycle.

The absence of larger particles results in less stress development, as
shown in Fig. 7 for Mix Crush-A5T-S_80-100+ C1-2. The extreme radial
stress is unlikely to decrease if more cycles are applied, as the sur-
rounding fine powder particles support these particles. This prevents
further pulverization and the increase in porosity, supporting the
explanation of the behavior of the Crush-S1-2 samples.

Based on the obtained outcomes and performed analysis, it is

radial stress
F first cycle:

-
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possible to propose three main strategies to reduce the stress caused by
swelling of metal hydrides effectively.

(1) Utilizing a fine powder with particle sizes close to the final par-
ticle size;

(2) Utilizing a pre-compressed powder;

(3) Utilizing the whole cell volume with sufficient porosity

As shown in Fig. 9, the strategies influence the development of the
powder bed and contribute to controlling radial expansion stress.

5. Summary, conclusions, and outlook

In this work, the development of radial expansion forces in vertically
placed storage containers filled with AB, hydride-forming alloy powder
(commercially available Hydralloy C5) was investigated by applying
advanced characterization techniques. The main outcomes and pros-
pects can be summarized as follows.
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Fig. 9. Schematic illustration of radial stress mitigation strategies in hydrogen storage vessels.
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e Characterizations (SEM, PSD, volumetric analysis, and SRuCT) sug-
gest that high, unpredictable radial expansion stress originates from
a dynamic powder bed that changes particle shape, size, and packing
with each hydrogenation/dehydrogenation cycle. During absorp-
tion/desorption, particles fracture into 2-5 pm, benefiting agglom-
eration. These fine particles sediment towards the bottom of the SH
and settle around larger ones (1-2 mm), hindering their pulveriza-
tion and increasing the local packing fraction to up to 91% in the
absorbed state. This leads to increased expansion stress in lower
layers. During desorption, an annular gap forms, allowing continued
sedimentation of fine particles.
e An empirical equation describes the equivalent internal pressure by
particle expansion depending on the local packing fraction from the
SRuCT data, showing an exponential stress growth at the packing
fraction @y, higher than 70 % in the hydride state. Previous studies
have focused on characterizing elastic deformation [23]. In this
work, to the best of our knowledge, it is the first time that an
equation linking packing density and elastic tank expansion has been
developed.
Establishing a stable, pre-compressed powder bed using initially fine
particles, ranging from 20 to 32 pm, is beneficial for maintaining a
stable and controllable radial stress development over multiple cy-
cles. After 20 cycles, the stress was notably reduced by 45 %,
compared to the initial use of 1-2 mm (Crush-S1-2 #20) with acti-
vated and sieved MH powder (Crushl-2.S20-32 A5T maxFill).
Although the MH mass increased by 87%, the expansion-induced
stress stabilized or even decreased with progressing cycles for the
latter. Both measurements reached the maximum hydrogen capacity.
The selected particle size distribution demonstrates how packing
density can be increased without the need for additives or system
modifications, while maintaining lower and more stable expansion
forces.
During the first hydrogenation cycles of manually compacted pow-
der beds with a small initial particle size, an 'orientation phase' was
observed: Higher radial stress occurred predominantly during the
first approximately 4 hydrogenation-dehydrogenation cycles. After-
wards, particles are reordered into a more relaxed state, reducing
stress during hydrogen absorption.

This study introduces a novel method to enhance the performance of
metal hydride (MH) powder beds without compromising hydrogen ca-
pacity, causing thermodynamic shifts, or introducing kinetic limitations.
It also lays the groundwork for further research on optimizing MH
storage systems for both stationary and mobile applications, paving the
way for a clean, emission-free future.

Appendix A. Supplementary data
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CT Computed tomography

DESY Deutsches Elektronen-Synchrotron
MH Metal hydrides

PSD Particle size distribution

SEM Scanning electron microscopy

SH Sample holder

mSH Medium SH

sSH Small SH

SI Supportive information

us Ultrasonic treatment
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" Powder bed volume related to cell volume
Diocal Local packing fraction
dio Percentile size, 10 % of the particles are smaller than d;o
d, particle diameter
dsy SH inner diameter

Se Slenderness ratio

Vs Volume of solid sample material
Veell Volume of sample holder

Vhb Volume of powder bed incl. Porosity
Xbar Equivalent inner pressure
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