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ABSTRACT 
This study addresses the challenges associated with 

hydrogen storage as part of the transition toward low-

carbon energy systems. Among available solutions, 

solid-state hydrogen storage in intermetallic 

compounds offers promising advantages, although it 

is limited by mechanical aging phenomena such as 

decrepitation. Three intermetallic materials (LaNi5, 

TiFe0.9Mn0.1, and TiMn1.5) are investigated to better 

understand the relationship between microstructure, 

mechanical properties, and particle fragmentation. 

Microstructural and compositional analyses revealed 

significant deviations from ideal single-phase 

structures, with multiphase compositions attributed 

to industrial processing conditions. Nanoindentation 

results highlighted heterogeneous mechanical 

behavior, particularly in TiMn1.5, suggesting a link 

between local mechanical properties and crack-aging 

initiation. 

 

INTRODUCTION 
As greenhouse gas emissions rise, energy demand 

grows, and fossil resources are depleted, the 

transition towards cleaner energy alternatives has 

become a major challenge. The three main renewable 

energy sources - hydroelectricity, solar, and wind - 

offer promising solutions for reducing CO₂ 

emissions. However, only hydroelectricity is 

dispatchable; the others remain intermittent, 

highlighting the need for efficient energy storage 

solutions. In this context, hydrogen has emerged as a 

promising energy carrier. Although currently used 

mainly in oil refining and ammonia production, its 

potential is expanding toward applications such as 

industrial decarbonization and large-scale energy 

storage [1].  

 

When not produced near its point of use, hydrogen 

must be stored and transported. Its low volumetric 

energy density requires compression or liquefaction, 

involving extreme conditions (700 bar or -273 °C) 

with associated challenges in cost, safety, and 

energy efficiency [1]. Solid-state storage in 

intermetallic compounds offers an alternative: 

hydrogen is absorbed into the crystal lattice, 

forming a solid solution (α phase) that transitions to 

a hydride compound (β phase), with reversible 

absorption and desorption near ambient conditions 

[2]. 

 

This hydriding process involves a significant 

volume change in the crystal unit cell - up to 36% in 

some compounds [3] - which induces mechanical 

stresses that cause particle fragmentation, known as 

decrepitation. Fine particles progressively fill the 

void spaces within the powder bed, reducing 

porosity and limiting further expansion during 

subsequent cycles. As a result, particles push against 

the vessel walls, generating stresses that can lead to 

visible and damaging permanent strain [4,5]. 

Despite being widely observed, the underlying 

mechanisms of decrepitation remains insufficiently 

understood. This study examines the mechanical, 

microstructural, and compositional characteristics of 

three intermetallic compounds to elucidate the 

microstructural mechanisms driving decrepitation. 

 

MATERIALS 
Intermetallic, with the general formula ABₙ, 

combine an element A that easily forms very stable 

metal hydrides with an element B that forms very 

unstable hydrides, requiring very high pressure. 

Enabling the formation of hydrides with 

intermediate stability and promoting reversibility [2] 

is a challenge. In this study, the selected materials 

are three yet industrially implemented intermetallic 

alloys: LaNi5, TiMn1.5, and TiFe0.9Mn0.1. The alloys 

are supplied by the company FHYBERA (Dole, 
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France) and synthesized by vacuum induction 

melting. According to the supplier, material purity 

ranges between 99.9 and 99.95%. The samples are 

used in the as-cast state, without any homogenization 

or annealing treatment. Jaw crushing is also carried 

out by the company, under air atmosphere. 

 

LaNi5 

LaNi5 belongs to the AB5 family and crystallizes in a 

hexagonal CaCu5-type structure (P6/mmm, a ≈ 5.017 

Å, c ≈ 3.987 Å) [6]. It offers high volumetric density 

(115 kg H2.m⁻³), relatively easy activation, fast 

kinetics, and a moderate plateau pressure [7,8].  

 

First hydrogenation, the activation, requires elevated 

pressure (≥ 10 bar) and temperature, after which the 

alloy exhibits fast and reversible kinetics [7]. 

However, LaNi₅ undergoes pronounced ageing. After 

100 cycles at 40°C, maximum storage capacity drops 

from 1.5 wt% to 1 wt%, trapped hydrogen increases, 

and Pressure-Composition-Isotherm (PCI) curves show 

rising desorption plateau pressure and increasing 

hysteresis [8]. This ageing is generally accompanied 

by decrepitation into very fine powder [4]. 

 

TiFe0.9Mn0.1 

TiFe0.9Mn0.1 is derived from TiFe, an AB-type 

intermetallic with low cost, good reversibility, and 

recyclability. Literature reports experimentally 

identified maximal storage capacity rather around 1.7 

wt% (1.72 wt% at 30°C and 62 bar [9]; 1.69wt% at 

25°C and 58 bar [10]). TiFe crystallizes in a CsCl-type 

cubic structure (Pm-3m, a ≈ 2.9437 Å) (see phase 

diagram in [2]) and forms two successive hydrides (β-

TiFeH1.04 and γ-TiFeH1.9) with a total lattice volume 

expansion of 18% [11].  

 

Its main limitations are difficult activation (requiring 

up to 400°C and 65 bar) and a second transformation 

plateau when wt%H > 1.04, restricting its practical 

use. Partial substitution of Fe by Mn and non-

stoichiometric compositions facilitate activation 

conditions and lower equilibrium pressures [12,13], 

which motivated the selection of TiFe0.9Mn0.1 here. 

Dematteis et al. reports a maximal capacity of 1.75 

wt% at 25 °C and 79 bar [2] . 

This compound is TiFe-like, essentially single-phase 

(CsCl), though some secondary phases as TiFe2 or βTi 

can appear, surface oxides may also be present [2,14]. 

Increasing manganese content decreases absorption 

plateau pressures without significantly affecting 

maximum capacity, but increases plateau slope, which 

can be mitigated by homogenization annealing [13]. 

 

TiMn1.5 

TiMn1.5 belongs to the AB₂ family, known for high 

gravimetric capacity, good cycling stability, fast 

room-temperature kinetics, and low cost. It 

crystallizes predominantly in the hexagonal C14 

Laves phase (P6₃/mmc) at high temperature [15], but 

present many secondary phases. A detailed phase 

diagram can be found in [16]. 

 

TiMn1.5 does not require activation treatment, though 

surface oxide removal may occasionally be needed 

[17]. PCI curves show a maximum capacity of 1 

H/M, around 1.8 wt% at room temperature, with a 

sloped absorption plateau reducible by 

homogenization annealing [18]. Ageing occurs 

through lattice expansion, heterogeneous stress build-

up, and irreversible hydrogen trapping in δ-TiH 

hydrides, leading to increased PCI slope and reduced 

storage capacity over cycling [19,20]. 

 

METHODS 
Scanning electron microscopy (SEM) was used to 

investigate the microstructure of the as-cast materials 

in form of powder. 

 

Energy-dispersive spectroscopy (EDS), typically 

coupled with SEM, was used to determine the 

elemental composition of materials through the 

detection of characteristic X-rays. It enables semi-

quantitative elemental identification, and it was useful 

for mapping element distribution, detecting 

compositional heterogeneities, and verifying alloy 

stoichiometry. Atomic percentages were normalized 

to 100 %. 

 

Nanoindentation is used to measure the local 

mechanical properties of materials, such as hardness 

H and apparent elastic modulus Eapp, at the 

nanometric scale. In this study an Ultra-Nano 

Indentor CSM was used with a Berkovich tip. 

Analysis of the load–displacement curves allow 

mechanical properties to be extracted, while 

performing indentation grid enables the mapping of H 

and Eapp at the microstructural scale. 

 

RESULTS AND DISCUSSION 
Microstructural and elemental analysis 

Microstructural and elemental analysis of the 

intermetallic compounds are essential to understand 
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the mechanisms responsible for decrepitation and 

hydrogen storage properties, as hydriding depends on 

the organization of the principal, secondary phases and 

grain boundaries, some of which may promote crack 

formation upon hydrogen exposure. 

 

LaNi5 

Figure 1 shows a SEM micrograph (BSE) of LaNi5. 

Contrary to phase diagram predictions, the sample 

exhibits two main phases: a light grey matrix and an 

eutectic structure of light and dark grey regions, 

consistent with Ni-rich La–Ni eutectics. A few sparse 

white dots are also observed. Some, long intragranular 

cracks, bypassing the eutectic phase, are present, most 

likely generated during particle milling. 

 

 
Figure 1.  SEM micrograph of LaNi5: large domains 

of uniform preponderant phase while secondary 

eutectic phase seems present at grain boundaries. 

 

Five EDS composition analysis (tcount ≈ 50 s at 15 kV) 

are reported in Table 1corresponding to 5 zones: the 

matrix (zone 1), the eutectic (zone 2), its light grey 

lamellae within the eutectic (zone 3), dark grey 

lamellae within the eutectic (zone 4), and white dots 

(zone 5). 

 

The use of mischmetal (45–50% Ce, 25% La, 15–20% 

Nd, 5% Pr) rather than pure lanthanum (La) for this 

synthesis, explains the presence of Ce, Nd, and Pr in 

the elemental analyses; these were treated as 

lanthanum for comparison with phase diagram 

predictions. 

 

Table 1: EDS composition analysis (50 s at 15 kV) on 

LaNi5 sample: composition is reported in at%. 

Zone O Al S Fe Ni RE* 

1  2.0   80.7 17.3 

2 0.8 13.2 0.1  78.4 7.5 

3 0.4 4.0   80.2 15.4 

4 0.7 19.4 0.2 0.4 77.8 1.5 

5 46.6 1.1 1.6  20.9 29.8 

*RE: Rare earths such as La, Ce, Pr and Nd 

 

The matrix composition is broadly consistent with 

LaNi₅, with 2 at% Al detected. The eutectic regions 

show significantly higher Al concentration (13 at%), 

indicating preferential probable segregation of Al in 

grain boundaries. Higher-magnification analysis 

reveals that Al is concentrated in the dark grey 

lamellae of the eutectic phase (19 at%), which is 

likely to displays a microstructure reminiscent of 

nickel-based superalloys. Minor impurities (S, O, Fe) 

were also detected, with uncertain origins, possibly 

linked to raw nickel impurities or the use of recycled 

materials. The light grey lamellae have a composition 

close to LaNi5 with a lower Al content (4 at%) in 

substitution of Ni. The white spots likely correspond 

to La–Ni oxides. 

 

TiFe0.9Mn0.1 

Figure 2 shows a SEM micrograph (BSE) of 

TiFe0.9Mn0.1. Unlike the single-phase material 

typically reported in the literature, the sample is 

multiphase, with four main phases: a grey matrix 

(zone 1), a white phase (zone 2), a dark grey phase 

(zone 3), a very dark grey phase (zone 4), and a black 

phase (zone 5). 

 

 
Figure 2.  SEM micrograph of TiFe0.9Mn0.1 

revealing four distinct phases, where grey-level 

contrast reflects compositional heterogeneity. 

 

Table 2: EDS composition analysis (50 s at 15 kV) 

on TiFe0.9Mn0.1 sample: composition is reported in 

at%. 
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Zone 
O Al Si S Ti Mn Fe Zr 

1  0.2   50.5 4.9 44.3 0.1 

2  0.2   40.6 7.0 52.1 0.1 

3 12.0    51.4 3.8 32.6 0.2 

4 4.1 0.4 1.0 4.8 63.2 7.1 17.7 1.7 

5  0.7  3.3 82.8 3.8 4.6 4.8 

 

The matrix is close in composition to TiFe0.9Mn0.1. The 

white phase is iron-enriched and titanium-depleted, 

with a dendritic morphology. The dark grey phases are 

titanium-enriched and iron-depleted, with notable 

oxygen content (up to 12 at%) and minor impurities 

(S, Si), not homogeneously distributed. Trace of Al and 

Zr were also detected locally, with the Zr possibly 

related to melting contamination. The black phase 

likely corresponds to titanium-rich precipitates. 

 

TiMn1.5 

Figure 3 shows a SEM micrograph (BSE) of TiMn1.5. 

Contrary to the expected two-phase structure (TiMn₂ + 

minority TiMn) typically reported in the literature, the 

sample exhibits four phases: the matrix (zone 1), a 

light grey phase (zone 2), a dark grey phase (zone 3), 

and a black phase (zone 4).  

 

The matrix is close to the expected TiMn1.5 

composition. The light grey phase is titanium-enriched 

and manganese-depleted, the dark grey phase shows 

comparable Ti and Mn contents with a slight Ti 

predominance and higher oxygen concentration, and 

the black zones are titanium-rich and manganese-

depleted, with impurities including S and Se with 

uncertain origins. 

 

 
Figure 3.  SEM micrograph of TiFeMn1.5 revealing 

four distinct phases, where grey-level contrast 

reflects compositional heterogeneity. 

 

Table 3: EDS composition analysis (50 s at 15 kV) 

on TiMn1.5 sample: composition is reported in at%. 

Zone 
O 

at% 

Al 

at% 

S 

at% 

Ti 

at% 

Mn 

at% 

Se 

at% 

1  0.2  38.2 61.6  

2 11.6 0.1  46.7 41.6  

3 7.8 0.1  48.0 44.1  

4 14.2 0.1 1.6 56.1 27.3 0.7 

 

In conclusion, all three samples deviate from phase 

diagram predictions and literature results, exhibiting 

multiphase microstructures with varying 

compositions. This is attributed to the processing 

conditions: unlike small-scale academic studies 

involving remelting and homogenization treatments, 

these materials were industrially produced in large 

quantities without post-processing heat treatment, 

favoring the formation of chemical and structural 

heterogeneities. 

 

Nano-indentation 

Nanoindentation is employed to characterize the local 

mechanical properties. The aim is to map Eapp and H, 

in order to identify a potential correlation between 

these properties and microstructure associated with 

decrepitation. This approach also aims to evaluate the 

ability of certain phases to accommodate — or not — 

the stresses induced by volume changes during 

hydrogen absorption. 

This section presents preliminary nanoindentation 

grids obtained on particles of TiFe0.9Mn0.1 and TiMn1.5 

(with sizes ranging from 1 to 2 mm), embedded in a 

carbon-filled conductive resin. The results are 

reported as colored pixelwise maps, where white 

pixels correspond to erroneous outlier measurements. 

 

For TiFe0.9Mn0.1, the results (H in Figure 4 and Eapp in 

Figure 5) correspond to 300-indent grid (15 × 20) 

over 760 x 560 µm area, spanning 38 µm. No 

significant contrast in mechanical properties is 

observed, either in Eapp or H, with the exception of a 

few isolated data points. 
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Figure 4.  Hardness H. 

 

Several factors may account for this observation. On 

one hand, the small size of the phases (below 20 µm), 

their irregular morphology, and the short spacing 

between indents make it difficult to consistently 

position indents within individual phases, limiting the 

representativeness of the measurements. Moreover, as 

some phases are expected to have similar structure but 

slightly different chemical compositions due to Mn 

migration, their mechanical properties may also be 

quite similar, potentially masking any existing 

differences. 

 

 
Figure 5.  Apparent elastic modulus Eapp. 

 

The maps obtained for TiMn1.5 (hardness in Figure 6 

and apparent elastic modulus in Figure 7) correspond 

to 400-indent grid (20 × 20) over 38 x 38 µm area, 

spanning ~ 2 µm. They appear more contrasted. 

 

 
Figure 6.  Hardness H. 

 

In particular, the elastic modulus map reveals two 

distinct populations: one associated with values 

between 160 and 220 MPa (shown in blue), and 

another corresponding to values higher than 230 MPa 

(shown in yellow). This distribution appears to 

correlate with the phases observed in the EDS 

composition analysis, suggesting mechanical 

differentiation between these phases. In contrast, the 

hardness distribution appears more homogeneous and 

does not clearly distinguish between the different 

zones, indicating that this parameter is less sensitive 

to microstructural variations in this material. 

 

 
Figure 7.  Apparent elastic modulus Eapp. 

 

CONCLUSIONS 
The present study selected three intermetallic 

compounds: LaNi5, TiFe0.9Mn0.1 and TiMn1.5. A 

combination of SEM, EDS and nanoindentation was 
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employed to analyze their microstructural, 

compositional and mechanical properties. 

The results demonstrated that materials exhibit 

multiple phases with distinct chemical composition. 

Nanoindentation results reveal a significant 

correlation between composition and mechanical 

properties, particularly for TiMn1.5, whereas the 

results for TiFe0.9Mn0.1 are less contrasted and do not 

allow for establishing a clear relationship. 

Future work will focus on nanoindentation mapping 

following EBSD analyses to assess the influence of 

crystallographic orientation on mechanical 

properties, as well as exposing intermetallic 

compounds to hydrogen to investigate storage 

properties and decrepitation behavior through 

granulometry. 
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