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Recycling of a spent TiMn₂-based hydrogen storage

alloy – challenges, approaches, and initial trials
Introduction

The TiMn₂-based alloy Hydralloy® C5 has been used in sealed steel containers for hydrogen storage for decades (max. 1.8

wt.-% storage capacity). After decades of use, the containers no longer comply with high-pressure vessel regulations and

are therefore taken out of service. Recycling the storage containers makes sense for two reasons: firstly, most of the raw

materials required for production are classified as critical, and secondly, there is the potential to significantly reduce

greenhouse gas emissions (28.6 → 5.8
𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑘𝑔 𝑎𝑙𝑙𝑜𝑦
) [1]. During use, the alloy inside the storage vessels decrepitates to

powder, meaning that by the end of its service life, it is classified as pyrophoric. This leads to an unavoidable reaction with

ambient air when the containers are opened. For safety reasons, removal was therefore initially carried out on small

prototypes before larger ones are opened. Against this background, the results obtained so far are presented here.
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Extraction and its effects

TiMn2-based hydrogen storage alloy (virgin)

52.3 wt% Mn

26.6 wt% Ti

14.6 wt% V

3.2 wt% Fe

2.8 wt% Zr

0.03 wt% O

0.05 wt% N

0.32 wt% Ce

0.33 wt% Al

• Formation of intermetallic C14-Laves 

phase is responsible for H-storage 

capability and its brittleness 

• H is stored interstitially, so any 

elements that distort the crystal 

lattice pose a problem
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[1] Puszkiel et al., 2025, doi: 10.1016/j.ijhydene.2025.03.161

➢ These include, for example, Al and Si, as well as dissolved O

0.9 wt% O

8.4 wt% N
Predominant formation of Ti 

and V oxynitrides

Unreacted metallic alloy

Ar sputtering + AES measurement• The contact rate between air and 

powdered alloy is crucial and must be 

minimized

• It is possible to synthesize EoL alloy 

powder with almost identical O and N 

contents and particle sizes

• The O is present as a passivation layer 

nm thick (dominated by manganese oxide)

• The oxide film acts as a kinetic barrier for 

H and is very likely the reason for the 

reduced capacity of the real EoL alloy

-25% is a significant downgrade, meaning that end-of-life (EoL) alloy powder

should be subjected to a remelting process. However, the quantity available from

prototype containers is too small for initial melting trials, so synthetic production is

necessary. This can be done by grinding the alloy in a swing mill under air atm.

Cross-section cut

➢ Not reusable, not recyclable

Slow 

opening

0.7 wt% O

0.1 wt% N

SEM

➢ ~75% of the original max. 

hydrogen storage capacity

stored and 

used in

2 Refractory interaction trials in VIM under Ar

Main take away:

Average particle 

size is approx. 

11 µm

0.67 wt% O

0.04 wt% N Particle size of 

synthetic EoL alloy 

= <45 µm

Breaking down the oxidic passivation layer by remelting is the most obvious

recycling method for fully restoring the storage capacity. As in primary

production, a cold wall vacuum induction furnace (VIM) under argon is used for

this purpose. As there is no information or literature available on how this alloy

behaves in contact with different refractories, initial lab-scale kinetic studies were

carried out using the virgin alloy.

Holding 

time of 

100 min

Samples 

taken every 

20 min 

1.7 kg scale

Refractories tested:

o Al2O3

o Al2O3-TiO2 (70/30)

o ZrO2-CaO (96/4)
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Trials 2x repeated

Main take away:

• O uptake from the furnace atm can be ruled out

• O from reduction reactions does not dissolve but 

is deposited as inclusions on the wall

• General Mechanism: Ti (pre-)reduces → forms an 

O-rich layer → Zr diffuses in from the melt, 

oxidizes, and is thus drawn out of the melt

• Due to its (relative) superior resistance, ZrO₂-
CaO will be used in further trials

As soon as liquid and Mn 

evaporates, pO₂ drops 

from ~20 to 10–15 ppm 

First recycling trials in VIM under Ar

Same VIM setup as in is used. A mixture of 50% virgin and 50% synthetic

EoL alloy (previously compressed) is melted down on 1.7 kg scale.
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0.3-0.4 wt% O

Still…

But thick crucible wall deposits
result in yield losses of 25–30%

• Oxidic layer is broken down but inclusions lead to 

significant deposits

• 100% H capacity, despite 0.3–0.4 wt.-% O, is 

indicator for O being present as inclusions rather 

than in solution in the casted block

• Dealing with yield losses: Flux treatment to absorb 

inclusions → Literature very scarce, and 

thermochem. sim. points to instability of any oxide 

slags 

• Therefore, feasibility firstly with CaF₂ (+Cer)

(→ maybe cold-hearth induction furnace needed)

Main take away:

Conclusion and outlook

• Optimal extraction results in ~0.7 wt.% O and 

~0.1 wt.% N

• These concentrations can be adjusted in 

synthetic end-of-life (EoL) alloy powder 

• (→ Comp. with real powder, once available)

• There is noticeable interaction with Al₂O₃ or 

Al₂O₃ mixtures 

• (→ test spinel, e.g. composed of Al₂O₃ and MgO)

• To remove inclusions during recycling remelting, 

the use of flux is envisaged, which may 

necessitate a switch to a cold-hearth induction 

furnace


