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A B S T R A C T   

This study presents the effect of stoichiometry and annealing condition on Ti–Cr AB2-type hydrogen storage 
alloys. Prior to annealing the majority phase of the as-cast alloys was the C14 Laves phase, with separate Ti and 
Cr phases. Annealing treatment (1273 K/14 d) led to a transition from C14 to C15 Laves phase structure. Both 
C14 (as-cast) and C15 (annealed) cell size increased with Ti content, up to a ratio (Cr/Ti) of 1.6, due to B-site Ti 
substitution in the lattice up to a limit. Pressure composition isotherm (PCI) measurements demonstrated alloys 
containing a greater Ti content had a better maximum hydrogen storage capacity (1.5 vs. 1.03 wt%) and lower 
plateau pressure (9.4 vs. 15.8 bar) at 253 K. Annealing resulted in a lower storage capacity (1.05 vs. 1.49 wt%), 
greater plateau pressure (ca. 30 bar) and flatter plateau slope (25 % reduction in plateau slope). Reduction in 
hydrogen storage capacity of annealed alloys could be due to diffusion of residual Cr in the alloy into the C15 
Laves phase during the annealing process, thereby changing the local composition as confirmed through X-ray 
diffraction (XRD).   

1. Introduction 

Storing hydrogen in a safe and efficient manner is arguably one of the 
most significant barriers to implement hydrogen as a low-carbon energy 
vector across the globe. Solid-state storage of hydrogen offers a less 
energy intensive, safer, and volumetrically more efficient method of 
storing hydrogen. Intermetallic compounds form a significant propor
tion of materials that have been explored for solid-state hydrogen stor
age. Some of the families of compounds that have been well researched 
over the last few decades include the AB, AB2 and AB5 alloys, due to 
their versatility in terms of composition and properties [1–10]. The 
typical components in each of the alloy families can vary, with transition 
metals such as Ti, Mn, Cr, being more common in the AB and AB2 family, 
and rare earths such as La, Ce, Nd being more common in the AB5 family, 
particularly in the A site [11]. A focus in recent years has been put to
wards researching the AB2 family of alloys due to their versatility in 
composition and ambient temperature PCI capabilities [12]. 

Ti and Cr have been used frequently in AB2 alloys, as the hydrogen 
storage properties of the AB2 compound TiCr2 are well known, where 
research into this particular compound dates back as early as the 1970s 

where it was found that up to 0.8 wt% of hydrogen could be absorbed at 
20 ◦C by Machida et al. [13]. Johnson and Reilly also conducted several 
studies into the hydrides of TiCr2 and TiCr1.8, where temperatures as low 
as 213 K were needed to observe a flat plateau. At these temperatures, 
the Ti–Cr alloys were seen to have multiple plateaux [14–16]. Due to the 
very high plateau pressures of Ti-Cr AB2 alloys at ambient conditions, 
this system is suited more towards use in metal hydride hydrogen 
compressors. Research in the past decade has involved modifying the 
TiCr2 composition for metal hydride compression applications, by 
alloying with other transition metals including Zr, Mn, Fe and V. The 
range of theoretical substitutions into the A and B site of TiCr2 that can 
be done to affect the formation energies and enthalpy of hydrogenation 
is extensive as shown by Loh et al. [17]. Li et al. have shown that a 
suitable alloy for an intermediate stage in a metal hydride compressor 
can be made by alloying with Zr and Fe, with a reversible capacity of 1.4 
wt% at − 20 ◦C and minimal hysteresis [18]. Cao et al. have further 
demonstrated that the Ti–Zr–Cr–Fe AB2 alloy system can have metal 
hydride compressor applications at more moderate working tempera
tures by alloying with V, improving the hydrogen storage capacity to 
1.52 wt% at 20 ◦C whilst still maintaining a flat plateau and very little 
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hysteresis [19]. Another alternative to this solution for moderate 
compression is to alloy with Mn and Fe as demonstrated by Chen et al., 
achieving a hydrogen storage capacity of 1.78 wt% at − 30 ◦C with very 
little plateau slope [1]. Whilst these examples are aimed at intermediate 
compression pressures (20–45 MPa), the Ti–Zr–Cr–Fe–V system has also 
been shown by Wang et al. to be useful in the second stage for higher 
pressure compression (up to 70 MPa) by fine-tuning the composition 
[20]. 

There are three main phases that can be found within the TiCr2 alloy, 
the hexagonal C14 and C36 Laves phases, and the cubic C15 Laves 
phase. The C14 and C15 Laves phases are more commonly formed 
compared to the C36 phase, however each of the three phases can be 
attained according to the Ti–Cr phase diagram (Fig. 1). Annealing of an 
alloy is an effective method of homogenising a specific crystal structure. 
This has been demonstrated for hydrogen storage purposes with Zr- 
based AB2 alloys where annealing at temperatures increasing up to 
1100 ◦C correlated to a higher phase percentage of the C14 and C15 
Laves phases within the alloys, depending on the composition [21]. The 
C15 Laves phase has a greater theoretical maximum storage capacity of 
7 H atoms per AB2 unit, compared to the 6.33 H atoms per AB2 unit of 
the C14 Laves phase according to Young et al. [22]. However, Shoe
maker et al. states the converse with the theoretical maximum being 6 
and 6.33, respectively [23]. Despite this, it has been demonstrated for 
multicomponent AB2 alloys that the critical hydrogen storage parame
ters such as gravimetric capacity and plateau pressure are dependent on 
the chemical and structural composition of the alloy. In particular, 
whether the C14 or C15 phase is dominant in the alloy [22,24]. 

Whilst a significant amount of research has focused around stoi
chiometric AB2, more recent experiments have shown the enhancement 
of hydrogen storage properties in AB2 alloys through off-stoichiometric 
compositions. Alloys that are rich in either the A or B component can 
cause site vacancies within the lattice, which are either filled by the 
excess A/B atoms or are left vacant. This results in the lattice expanding 
or contracting. This has been successful with Ti-based AB2 alloys, where 
a stoichiometric increase from 1 up to 1.1 has resulted in lattice 
expansion due to the larger atomic radius of Ti, and therefore an 
increased hydrogen storage capacity [3,25]. Off-stoichiometry can also 
be used to tune other storage properties, such as hydrogenation enthalpy 

and plateau pressure, which is critical for end-use applications such as 
hydrogen fuel cell and metal hydride compressors. 

Off-stoichiometry in Ti–Cr AB2 alloys has been researched previously 
outside the area of hydrogen storage, where the observed microstruc
tures were linked to the mechanical properties of the alloys by Chen 
et al. [27]. As the compositions move away from the TiCr2 stoichiom
etry, changes in cell volume are attributed to either substitution of Cr by 
Ti in B-sites, or Cr vacancies within the lattice. Analysis of the lattice 
parameters as per the data presented in Fig. 2 for the C36 Laves phase 
shows a greater cell volume as Ti content increases, which led to the 
conclusion that Ti substitution is a more likely result in 
off-stoichiometric alloys. There is however a noticeable plateau in the 
cell parameters when the alloy composition is < 64 and > 67 at% Cr, 
which suggests that there could be a limit to which Ti can substitute for 
Cr in the Laves phase structures. The substitution of Ti into the B-site of 
the C36 TiCr2 Laves phase has also been verified more recently by 
Baumann and Leineweber, concluding that Ti substitution is the domi
nant mechanisms and that Cr vacancies are much less common in the 
Ti-rich C36 phase [28]. 

The method used to synthesise Ti-Cr alloys has a significant influence 
on the observed phases. Biffi et al. have previously synthesised TiCr1.78 
which contained Laves and metallic phases from Ti and Cr powders 
using selective laser melting, whereas Murashkina et al. produced a 
singular C36 phase from powders using abnormal glow discharge 
plasma [29,30]. It is also known that arc melting can produce metal 
alloy samples with a mixture of different phases due to fast cooling. To 
fully understand the effect of the additional phases and unreacted metals 
on the hydrogen storage properties, it is therefore desired to produce a 
single intermetallic phase in the Ti-Cr alloys through annealing. The C15 
phase was selected as the target phase due to the wide composition 
range available at the appropriate temperature, according to the Ti–Cr 
phase diagram. A detailed comparison can then be made between the 
as-cast sample (with a mixture of different phases) and the annealed 
sample (featuring single C15 phase) on the hydrogen storage capacity 
and plateau pressure of the Ti-Cr alloys. 

The studies detailed in this paper were undertaken in order to un
derstand the changes in structural characteristics and hydrogen storage 
properties of several off-stoichiometric variations of the TiCr2 binary 
composition. The atomic ratio of Cr at the B site of the alloys made 
ranged between 1.55 and 1.85. As far as off-stoichiometric Ti–Cr binary 
compositions for hydrogen storage are concerned, there is very little 
prior research involving compositions rich in Ti at the time of 
completing this study. Previous work involving binary Ti–Cr AB2 alloys 
for hydrogen storage has been mostly done using temperatures below 
0 ◦C due to the high plateau pressures at ambient temperatures [14]. 

2. Materials and methods 

2.1. Alloy preparation 

The raw materials used to form each of the alloys were Ti sponge and 
Cr pieces, purchased from Alfa Aesar (both > 99.2 % purity). The alloys 
weighing ca. 10 g were melted into buttons by arc melting (Edmund 
Bühler GmbH compact Arc Melter MAM-1) under an inert (Ar) atmo
sphere, using a water-cooled copper crucible. Each alloy was flipped and 
re-melted thrice to achieve a homogeneous composition throughout the 
button. The buttons were then mechanically crushed into small pieces, 
no more than 2–3 mm in diameter. Some pieces were crushed further 
into a powder for hydrogenation measurements, Scanning Electron 
Microscopy (SEM) and X-ray diffraction (XRD), whilst the rest was set 
aside for annealing. 

2.2. Annealing conditions 

Two separate annealing processes were used to achieve a single 
phase within the alloy samples, with one anneal taking place for 2.5 days 

Fig. 1. Ti–Cr phase diagram. α-TiCr2 corresponds to the C15 Laves phase, 
β-TiCr2 corresponds to C14, and γ-TiCr2 corresponds to C36. Reproduced with 
permission from Springer [26]. 
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at 1073 K, and the other for a 2-week period at 1273 K. All samples were 
contained in a quartz ampoule sealed with Ar gas. The selection of the 
annealing temperatures was based on the Ti–Cr phase diagram, with the 
aim of producing a single C15 phase in the Ti–Cr alloy samples. It is 
noted that annealing was carried out for a long period of time (2 weeks) 
due to the extremely slow kinetics of the C14/C36 to C15 transition, 
which is also described by Baumann et al., and Johnson and Reilly [14, 
28]. The annealing temperatures were selected so that the alloy com
positions would sit in the C15 region of the Ti–Cr phase diagram. 

2.3. Materials characterisation 

Pieces were mounted and polished, to be examined using scanning 
electron microscopy (SEM). These pieces were also etched using Kroll’s 
reagent (92 % H2O, 6 % HNO3, 2 % HF by volume) to reveal the grain 
boundaries within the alloy. Microstructural characterisation and 
composition analysis was carried out using a JEOL 6490LV SEM, 
equipped with an Oxford instruments energy dispersive x-ray detector 
(EDX) for elemental analysis. Images of the alloys were taken in sec
ondary electron (SE) mode to examine the surface topography, and also 
in backscatter electron (BSE) mode to explore the phase distribution 
amongst each of the alloys. 

The structural parameters of the alloys were determined from the 
powder X-ray diffraction patterns taken using a D8 Bruker aXS Advance 
X-ray diffractometer with Cu Kα radiation, and λ = 1.5406 Å. Each scan 
was completed over a 2θ range of 20–135◦, with a step size of 0.02◦ and 
a time of 0.6 s per step. Critical structural parameters of the as-cast and 
annealed alloys, including phase quantification, lattice parameters and 
occupancy factors were calculated via Rietveld refinement on each of the 
measured diffraction patterns using TOPAS-Academic software. 

The parameters that were allowed to refine were carefully selected so 
that an accurate structural description of each alloy could be produced. 
Firstly, a correction was allowed to be made for the instrument back
ground, zero point and height of the sample being analysed. For the 
major Laves phase in each alloy (C14, C15), lattice parameters and Cr 
occupancy at the B site were allowed to refine. Ti occupancy at the A site 
was fixed at 1 due to the Ti-rich nature of the alloys. A Ti parameter for 
the B site was also introduced to determine the amount of B-site sub
stitution that was taking place, this value was allowed to refine from a 
first estimate of 0.05. Temperature factors for all phases remained 
constant across all phases, using the values calculated from the re
finements of the TiCr1.55 alloy samples. Each phase was allowed to have 
a peak shape refined. Lattice parameters and occupancy factors for the 
Ti and Cr single phases remained constant. 

2.4. Hydrogen uptake 

Hydrogen absorption/desorption and pressure-composition 
isotherm (PCI) measurements were taken using a calibrated Sievert’s 
volumetric apparatus [31]. The manifold and sample holder volumes of 
the Sievert’s apparatus were 48.096 cm3 and 13.045 cm3, respectively. 

The preparation procedure was kept the same for each of the alloys 
produced during the study. Approximately 1 g of each alloy was crushed 
into fine particles, the samples were then weighed and loaded into the 
sample vessel in an inert atmosphere. The sample vessel was then 
removed of all gases and one full hydrogenation cycle at ca. 300 K using 
ca. 100 bar of hydrogen (manifold pressure) was carried out to fully 
activate the material, with an activation time of at least 60 min. A 
further minimum of three additional cycles were then completed to 
ensure that a consistent weight percentage of hydrogen was being taken 
up and released. All samples activated easily. Activation took place 
under ca. 75 bar hydrogen and at 300 K. The PCI measurements were 
performed between the pressures of 0–100 bar and at temperatures of 
253 K and 300 K. Temperatures of 253 K for PCI measurements were 
reached using a salt and ice bath, which was regularly agitated and in 
which the sample holder was fully submerged so that a consistent 
temperature throughout the entire sample holder was maintained. The 
manifold temperature was maintained constant at 298 K during low 
temperature experiments using a PID controlled heater in an enclosed 
environment. A separate volume calibration at 253 K was carried out 
after each PCI measurement in order to quantify the hydrogen uptake as 
accurately as possible. Prior to each PCI experiment the sample was 
evacuated using a turbo molecular pump backed by a diaphragm pump. 

3. Results 

3.1. As-cast alloys 

XRD patterns of the as-cast alloys (shown in Fig. 3) reveal a multi- 
phase structure present within each of the alloys. Peak indexing re
veals that the most abundant phase is the C14 Laves phase, however 
minor HCP-Ti and BCC-Cr phases, located at 2θ = 40◦ and 44◦, respec
tively, can also be seen. The C14 and C36 Laves phases share the ma
jority of their peaks due to their structural similarities, with the C36 
phase having very few unique peaks. These have been identified at ca. 
2θ = 21.5◦, 47.7◦, and 80◦. Whilst there is likely a small percentage of 
C36 phase present, it is very difficult to quantify this through Rietveld 
refinement. Similar difficulties have also been found with phase quan
tification of C14/C36 by Biffi et al. and Coduri et al. [29,32]. For the 
duration of the study, it is assumed that the dominant Laves phase in the 
as-cast alloys is the C14 phase, which is shown in results from Rietveld 
refinement. The quantities of each phase in the as-cast Ti–Cr alloys, 
calculated from a Rietveld refinement of the XRD patterns, are available 
in Table 1. 

The unit cell volume for the C14 phase in each of the as-cast alloys 
has been calculated from Rietveld refinement, the results from this 
analysis, as well as referenced TiCr2 stoichiometric cell volumes taken 
from the Crystallography Open Database (COD) and the International 
Centre for Diffraction Data (ICDD), are displayed in Fig. 4. The unit cell 
volume increases from 167.3 Å3 to 168.0 Å3 as the Cr ratio decreases 
from 1.85 to 1.55. There is notably an initial decrease between both 
referenced TiCr2 cell volumes (168.6 Å3 from COD (1525361) and 167.7 

Fig. 2. C36 lattice parameters of Ti–Cr AB2-based alloys. Reproduced with permission from Springer Nature [27].  
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Å3 from ICDD (03-065-4747)) and the calculated TiCr1.85 cell volume 
(167.3 Å3). 

Additional results from Rietveld refinements of the as-cast alloys are 
provided, including the occupancy factors of Ti and Cr in the B-sites of 
the C14 lattice in Table 1, and the phase percentages present in each 
alloy are given in Table 2. Data from Table 1 shows a decrease in Cr 
occupancy in both B-sites as the alloy becomes richer in Ti from TiCr1.85 
to TiCr1.55, where B1 Cr site occupancy decreases from 0.838 to 0.797 
and B2 Cr site occupancy decreases from 0.851 to 0.810. Whilst the Cr 
occupancy decreases, the Ti occupancy increases from 0.0134 to 0.0197 
in the B1 site and from 0.00594 to 0.0134 in the B2 site. The trend does 
however deviate in the case of the TiCr1.64 alloy, where the Ti occupancy 
overall is at its greatest, as well as an increase in Cr occupancy in 
comparison to the TiCr1.78 alloy. Table 2 shows that the phase per
centage of the C14 Laves phase increases as the alloy becomes richer in 
Cr, from 84.5 % in the TiCr1.55 alloy to 89.2 % in the TiCr1.85 alloy, while 
the phase percentage of Ti simultaneously decreases from 5.5 % to 3.1 
%. 

SEM micrographs and EDX maps of the as-cast alloys are shown in 
Fig. 5. Images of the etched samples in SE mode reveal a dendritic 
structure, which is particularly prominent in the TiCr1.55 and TiCr1.64 

alloys (Fig. 6). The incidence of Ti-rich areas can be seen to decrease as 
the composition of the alloy decreases in Ti. Spot analysis in Ti-rich and 
bulk areas was also carried out to quantify the Ti/Cr ratio in each area, 
as well as to discover if any oxygen was present as a contaminant. The 
results from the spot analysis are discussed in more detail in the 
annealed section and are summarised in Table 6. 

The pressure-composition isotherms (PCIs) for hydrogenation were 
carried out at 300 K and 253 K as shown in Fig. 7. The full extent of the 
α+β and the β phase for PCI measurements could not be achieved with 
the pressure limit on the apparatus of 100 bar at 300 K. Therefore, a 
lower temperature was required to measure a full hydrogenation 
plateau. The temperature was therefore reduced to 253 K, and the PCI 
measurements at this temperature for the as-cast alloys are shown in 
Fig. 7. 

A summary of the hydrogen storage properties of the as-cast alloys 
are presented in Table 3. Results from hydrogenation measurements 
show a greater plateau and reduced hydrogen storage capacity as the Cr 
content in the alloy increases. The drop-off in capacity is much more 
severe as the stoichiometry moves closer towards TiCr2, with the 
maximum capacity at 100 bar H2 reducing from 1.5 wt% to 1.36 wt% 
between TiCr1.55 and TiCr1.78, however the reduction between TiCr1.78 
and TiCr1.85 is much greater with the maximum capacity for TiCr1.85 at 
100 bar is only 1.03 wt%. Therefore, for the remainder of this study, the 
TiCr1.64 alloy was chosen as the focus composition due to since from the 
phase diagram, this composition sits close to the C15/C15+Ti boundary 
(Fig. 8), which from similar results with Ti–Mn alloys, will increase 
hydrogen storage performance due to it being on the Ti-rich side of the 
Laves phase according to Liu et al. [33]. 

Fig. 3. XRD patterns of as-cast TiCr1.55 - Ti1.85 alloys.  

Table 1 
Atomic site occupancies of the C14 phase in the as-cast Ti–Cr alloys as calculated 
via Rietveld refinements. B1 and B2 refers to the B-sites available in the C14 
lattice, which are occupied by both Ti and Cr in off-stoichiometric alloys.  

Alloy C14 site occupancies 

Cr(B1) Cr(B2) Ti(B1) Ti(B2) 

TiCr1.55 0.797 0.810 0.0197 0.0134 
TiCr1.64 0.832 0.838 0.0283 0.00966 
TiCr1.78 0.836 0.831 0.0150 0.00503 
TiCr1.85 0.838 0.851 0.0134 0.00594  

Fig. 4. Unit cell volume of C14 Laves phase in as-cast alloys calculated from 
Rietveld refinement with reference TiCr2 C14 cell volume. COD (1525361) and 
ICDD (03-065-4747) database values added for stoichiometric TiCr2 values. 

Table 2 
Phase percentages of as-cast Ti–Cr alloy as determined via Rietveld refinement 
of the XRD spectra. The quantity of the phases corresponds to the best fit, which 
employs the least squares method to reduce the total residual.  

Alloy C14 wt% Ti wt% Cr wt% 

TiCr1.55 84.51 5.48 10.01 
TiCr1.64 85.04 4.54 10.42 
TiCr1.78 86.32 4.20 9.48 
TiCr1.85 89.15 3.12 7.73  
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3.2. Annealed alloys 

Samples of each alloy were annealed in order to achieve phase purity 
within the alloy microstructure and to reduce the plateau slope. The 
XRD patterns of samples annealed for 2.5 days at 1073 K and 14 days at 

1273 K are compared against the as-cast sample for the TiCr1.64 alloy in 
Fig. 9. The annealed samples show much sharper XRD peaks, with a 
reduction of FWHM from 0.235 to 0.115 consistent with the expected 
grain size increase and disordered boundary reduction, with the only 
Laves phase observed as the cubic C15. The peaks representative of the 
single metallic phases (Ti, Cr) at ca. 2θ = 40◦ and 2θ = 44◦, respectively, 
can be seen to decrease in intensity between the as-cast and annealed 
samples, with the most reduction seen with the greater annealing times 
and temperatures. 

Results from Rietveld refinement of the C15 phase in each of the 
alloys annealed at 1273 K for 14 days are given in Fig. 10. A similar 
trend is seen as that in Fig. 4, where the cell size increases with Ti 
content in the alloy (from 332.71 Å3 to 334.81 Å3). Once again, there is 
an initial decrease between calculated value for the TiCr1.85 alloy and 
that of the stoichiometric TiCr2 C15 cell size from the COD (336.3 Å3) 
and the ICDD (334.7 Å3). The calculated B-site occupancies of Ti and Cr 
are given in Table 4 for each of the Ti–Cr alloys annealed at 1273 K for 
14 days. The TiCr1.64 alloy has the most occupied Cr B-site with an oc
cupancy of 0.934, with the remaining sites occupied by Ti or vacant. 
Note there is only one type of symmetry-unique Cr atom in C15. There is 
generally a greater Cr occupancy in the alloys richer in Ti, but there is no 
specific order followed for this parameter. The Ti B-site occupancy in
creases with Ti content in the annealed alloys, from 0.00347 in the 
TiCr1.85 alloy to 0.0280 in the TiCr1.55 alloy. Phase percentage data is 
also shown in Table 5, where the greatest percentage of the C15 phase is 
present in the TiCr1.64 alloy (88.5 %). There is a small decrease of just 
under 4 % of the C15 phase from the TiCr1.64 alloy to the TiCr1.55 alloy, 
however in comparison there is a much more significant decrease in the 
C15% moving towards the TiCr1.85 alloy (a decrease of ca. 17 %). 

Fig. 5. SEM micrographs and EDX maps of all as-cast samples: TiCr1.55, TiCr1.64, TiCr1.78, TiCr1.85.  

Fig. 6. Representative micrograph of the dendritic structure within the 
TiCr1.55 alloy. 
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SEM micrographs of the annealed TiCr1.64 alloy with the accompa
nying EDX maps are given in Fig. 11 with a comparison to those of the 
TiCr1.64 as-cast alloy. The Ti map highlights larger Ti-rich areas 
compared to those seen in the as-cast alloy. Spot analysis of Ti–Cr bulk 
and Ti-rich regions (illustrated by the arrows in Fig. 11) observed in both 
the as-cast and annealed TiCr1.64 alloys is given in Table 6. There is a 
sizeable O content in the Ti-rich regions in both alloys, with a significant 
increase from ca. 16.6 wt% in the as-cast to 23.3 wt% in the annealed 
alloy. The Ti content increases from 58.9 wt% in the as-cast to 72.2 wt% 
in the annealed alloy, verifying the observations from the EDX maps 
shown in Fig. 11. There is also a slight increase in Cr content in the Ti–Cr 

Fig. 7. Pressure-composition isotherms of as-cast alloys at 300 and 253 K, where hydrogen gas pressure is limited to 100 bar due to equipment.  

Table 3 
Summary of hydrogen storage properties of as-cast alloys at 253 K.  

Alloy H2 wt% @ 100 bar Pplateau (bar) H2 wt% @ Pplateau 

TiCr1.55 1.50 (±0.006) 9.4 0.8 
TiCr1.64 1.49 (±0.006) 11.2 0.8 
TiCr1.78 1.36 (±0.006) 14.7 0.8 
TiCr1.85 1.03 (±0.004) 15.8 0.6  

Fig. 8. Zoomed in region of the Ti–Cr phase diagram between 0.3 and 0.4 Ti 
mole fraction and 800–1600 K. Reproduced with permission from 
Springer [26]. 

Fig. 9. XRD patterns of as-cast and annealed samples of the TiCr1.64 alloy.  

Fig. 10. Unit cell volume of C15 Laves phase in annealed alloys calculated from 
Rietveld refinement with reference TiCr2 C15 cell volume. COD (1525360) and 
ICDD (PDF 03-065-4160) database values added for the stochiometric 
TiCr2 values. 
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bulk regions, however it is noted that the slight increase in Cr weight 
percentage (from 63.96 wt% in the as-cast alloy to 64.49 wt% in the 
annealed alloy is within the error of the Cr weight percent in the as-cast 
alloy. 

The hydrogen storage properties of the sample annealed at 1273 K 
for 14 days are compared to those of the as-cast sample in Fig. 12. Whilst 
the plateau has flattened somewhat, there is a clear reduction in storage 
capacity, from 1.05 to 1.49 wt% at ca. 97 bar, and a greater plateau 
pressure (ca. 30 bar difference) for the annealed sample. 

4. Discussion 

All the alloys studied are Ti-rich in stoichiometry. Upon examining 
the Ti–Cr phase diagram presented in Fig. 1, for the composition range of 
the alloys investigated (Ti mole fraction range 0.35–0.39) the first solids 
to form before reaching the Laves phase are β-Cr and β-Ti and not all of 
this is converted to the Laves phase, as observed in Table 2. The 
remaining β-Ti converts to the stable α-Ti; there is a small percentage of 

β-Cr and α-Ti in the analysed results. It was determined that a specific 
path of phases was followed by each alloy during the transition from 
liquid to solid, before forming any of the Laves phases. This pathway 
predicted from the phase diagram (Fig. 1) is outlined below:  

Liquid → Liquid + β-Cr → β-Cr + β-Ti                                                    

This pathway explains the presence of the small but significant α-Ti 
and β-Cr phases amongst the C14/C36 Laves phases that have been 
detected in the as-cast alloys from XRD. Annealing is therefore required 
when using this synthesis technique to obtain a phase-pure sample. 

Rietveld refinement of the C14 phase in each alloy demonstrated an 
increase in cell volume as the Ti content in the alloy increased Fig. 4. Ti 
has a larger atomic radius than Cr, meaning that the increase in cell 
volume is due to the B-site substitution of Ti into the Cr site in the C14 
lattice. It is however apparent that there is an initial drop-off in cell size 
in comparison to the stoichiometric TiCr2 (Fig. 4). This could indicate 
that at smaller deviations away from stoichiometry (TiCr2 to TiCr1.85 for 
example) that it is more energetically favourable to form Cr vacancies in 
the C14 lattice, before Ti substitution takes place as the composition 
becomes even more Ti-rich. Additionally, there may also be an upper 
limit to the amount of Ti substituting into the lattice, as there is very 
little increase in cell volume between TiCr1.64 and TiCr1.55. The trend 
observed in Fig. 4 is very similar to that seen to the mechanical study by 
Chen et al. [27]. However, depending on the diffraction data source 
used, the observed drop from stoichiometric to sub-stoichiometric is 
significantly different. In this study the authors detailed the variance 
between diffraction data from the ICDD and COD databases for the same 
C14 phase structure, as well as the C15 phase for the annealed samples. 
It must be noted that some variance is expected from phase quantifica
tion depending on whether the material is single crystal, if there is any 
variance in crystal formation, the quality of the presented data, and the 
parameters in which the sample has been analysed. In this instance, the 
authors have used the highest quality phases possible to provide a better 
comparison. The COD database entry (1525360) presents a significant 
drop from the stoichiometric cell volume (168.8 Å3) compared to the 
ICDD (167.7 Å3) entry (03-065-4747), approximately a 1 Å3 difference, 
in relation to the TiCr1.85 sample. The ICDD database reference was from 

Table 4 
Atomic site occupancies of the C15 phase in the annealed Ti–Cr alloys.  

Alloy C15 site occupancies 

Cr(B1) Ti(B1) 

TiCr1.55 0.898 0.0280 
TiCr1.64 0.934 0.0138 
TiCr1.78 0.853 0.00621 
TiCr1.85 0.870 0.00347  

Table 5 
Phase percentages of annealed Ti–Cr alloys.  

Alloy C15 wt% Ti wt% Cr wt% 

TiCr1.55 84.57 6.10 9.33 
TiCr1.64 88.49 4.38 7.13 
TiCr1.78 79.04 7.76 13.20 
TiCr1.85 71.85 9.62 18.53  

Table 6 
Average compositions of Ti–Cr bulk and Ti-rich areas in the TiCr1.64 as-cast and annealed alloys.  

Alloy Ti–Cr bulk Ti-rich 

Ti (wt%) Cr (wt%) O (wt%) Ti (wt%) Cr (wt%) O (wt%) 

TiCr1.64 as-cast 36.04 (±0.81) 63.96 (±0.81) 0.00 58.86 (±2.25) 24.56 (±3.41) 16.58 (±1.29) 
TiCr1.64 annealed 35.51 (±0.04) 64.49 (±0.04) 0.00 72.22 (±1.52) 4.52 (±0.94) 23.26 (±1.16)  

Fig. 11. SEM and EDX micrographs of as-cast and annealed (1273 K for 14 d) of a TiCr1.64 sample.  

A.J. McGrath et al.                                                                                                                                                                                                                             



International Journal of Hydrogen Energy 53 (2024) 582–591

589

Levinger [34], and highlighted d spacing values for a binary Ti–Cr alloy 
(66 % Cr) annealed for 20 min at 1385 ◦C and water quenched. It is 
likely the produced C14 phase contained vacancies similar to those in 
this study, hence the reduction in unit cell volume compared to the COD. 
The COD reference for the C14 phase corresponds to a 1970 paper by 
Svechnikov et al. [35]. It is referenced and discussed in Murray’s paper 
[36], which details the Ti–Cr phase diagram and its construction, with a 
key comment being “because of difficulties in achieving equilibrium, the 
compound region of the phase diagram must still be regarded as speculative”. 
It is postulated that the COD reference, stemming from Svechnikov et al. 
[35], may have had limited vacancies, or was much closer the equilib
rium than that of the ICDD reference, however, without the quantitative 
information, this is speculative. The same can be seen for the C15 Laves 
phase quantification. The COD C15 entry (1525361) exhibits a unit cell 
volume of 336.3 Å3 compared to the ICDD entry (03-065-4160) 334.7 
Å3. Again, the COD entry is referenced to the work of Svechnikov et al. 
[35], and hence the same reasoning above applies. Similarly, the ICDD 
entry, which referenced the work by Duwez and Taylor [37], was not 
accessible, however, it was cited in a larger report by Kessler et al. [38], 
and highlighted that “high temperature modification of TiCr2 above 
1300 ◦C, exhibited a hexagonal structure, whereas, the low temperature 
modification of TiCr2 is cubic. The existence of allotropy in TiCr2, of course, 
means a more complicated set of phase relationships in this general region 
than if the phase were monomorphic”. Again, this leads to the assumption 
that variances seen between the COD and ICDD databases is likely due to 
vacancy variations, and hence the perceived differences in unit cell 
volume. A later Svechnikov paper in 1972 [39] highlighted the phase 
transformations in chromium-titanium compounds, referencing the 
Duwez and Taylor paper [37]. Despite a diffraction pattern being pre
sent, unfortunately the angle of reflection was not defined. This high
lights the potential for discrepancies to arise in the generation of the 
database values and hence the larger disparity between the COD and 
ICDD files. This error is likely compounded when considering the other 
factors highlighted above such as the processing of the alloy, phase 
purity and whether annealing is employed. 

The phase quantification from Rietveld refinement shows an increase 
in Ti phase percentage and a decrease in the C14 phase percentage as the 
Ti content in the alloy increases. This can be explained by examining 
into the Ti–Cr phase diagram. When looking above the γ-TiCr2/β-TiCr2 
boundary at 1545 K on Fig. 8, the TiCr1.78 and TiCr1.85 alloys sit in the 

γ-TiCr2 region, whereas the TiCr1.64 and TiCr1.55 alloys sit in the β-Ti +
γ-TiCr2 region, explaining the presence of additional Ti in the TiCr1.64 
and TiCr1.55 alloys. The greater C14 presence in the as-cast alloys richer 
in Cr interestingly then corresponds to a lesser C15 presence in the 
corresponding annealed alloys, according to the data presented in 
Table 5. It is notable that this is not the case for the alloys richer in Ti 
(TiCr1.55 and TiCr1.64), where the Laves phase percentages are similar. 
The alloy where C15 is most abundant, TiCr1.64, sits very close to the 
α-TiCr2/β-Ti + α-TiCr2 boundary, as well as having less C14 phase to 
transform initially in comparison with the TiCr1.78 and TiCr1.85 alloys, 
which results in the best conversion to the C15 phase post-annealing. 

The substitution of Ti for Cr into the C14 lattice can be linked to the 
observed hydrogen storage properties of the as-cast alloys. The alloys 
with a greater Ti content have a greater maximum storage capacity and 
lower plateau pressure. The difference in hydrogen storage capacity 
between the TiCr1.55 and TiCr1.64 as-cast alloys is 0.01 wt% at 253 K and 
so within error of measurement. This when coupled with the C14 lattice 
data from Rietveld refinement, suggests that there is a limit to how much 
Ti can improve the hydrogen storage properties of the C14 Laves phase. 
This is due to the Ti occupancy at the B sites in the C14 lattice does not 
continue to increase past the TiCr1.64 alloy, as well as the overall cell 
volume increase between TiCr1.64 and TiCr1.55 being very small. 

Annealing of the as-cast alloys has successfully reduced the quanti
ties of minor phases for the case of the TiCr1.64 alloy. In comparison with 
the first anneal at 1073 K with a duration of 2.5 days, there is a clear 
reduction in the constituent peaks of the Ti and Cr minor phases at 2θ =
40◦ and 2θ = 44◦ in the XRD pattern of the TiCr1.64 alloy annealed at 
1273 K for 14 days. The presence of the pure Cr is significantly reduced 
between the two annealed plots, however the small peak that is still 
present in the annealed alloys, as well as the calculated Cr weight per
centage from Rietveld refinement, highlight that the rate of transition to 
the C15 is slow suggesting a longer period of annealing beyond 14 days 
is needed to maximise conversion to the C15 phase. The other benefit of 
annealing on the hydrogen storage properties of the alloy is the flat
tening of the plateau slope, which is more obvious at the beginning of 
the α + β phase as seen in Fig. 12. This is however counteracted by the 
observed loss in hydrogen storage capacity between the annealed and 
as-cast alloys. 

Phase quantification from Rietveld refinement involving more than 
one Laves phase, and in this case with the Ti and Cr single phases, is 
challenging for both the as-cast and annealed alloys as several peak 
positions are shared between the observed phases in all the Ti–Cr alloys. 
This is especially true of the C14 and C15 Laves phases, where all the 
major peaks of the C15 phase (above relative intensity of 20 %) are 
overlapping or very close in position to major peaks of the C14 phase. 
The major Ti and Cr peaks also overlap with those of the C14 Laves 
phase. Whilst every effort has been made to carry out accurate Rietveld 
refinements with a well-considered methodology, the reasons stated 
above as well as the broader XRD peaks, particularly those in Fig. 3 of 
the as-cast alloys, means it is difficult to accurately quantify percentage 
changes of phases between the as-cast and annealed alloys. This is noted 
in other studies based on the Ti–Cr system [29]. 

There is a distinct decrease in the hydrogen storage capacity of the 
annealed TiCr1.64 alloy in comparison to the as-cast. It is possible that 
during the annealing process, the excess Cr present in the as-cast alloys 
has diffused back into the C15 lattice during its formation from the C14 
phase, perhaps into the Cr vacancies caused by off-stoichiometry. As a 
result, the C15 phase is more Cr-rich resulting in a negative effect on the 
hydrogen storage properties of the alloy. This is evidenced primarily 
from Rietveld refinement, where there is a substantial increase in Cr B- 
site occupancy between the C14 phase in the as-cast alloy (weighted 
average of 0.836) and the C15 phase in the annealed alloy (0.934). 
Phase quantification shows a reduction in residual Cr, as the Cr phase 
weight percentage also reduces from 10.4 % to 7.1 % between the as- 
cast and annealed TiCr1.64 alloys. The increase in Cr in the C15 lattice 
leads to a reduced hydrogen storage capacity and an increased plateau 

Fig. 12. Pressure-composition isotherms at 253 K of the as-cast and annealed 
samples of TiCr1.64. 
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pressure, both of which can be seen in Fig. 12. At higher Ti substitution 
of Cr, there are more A2B2 tetrahedral sites, which are more favourable 
for H absorption. Through annealing, this allows diffusion of Cr from 
pure Cr into TiCr2-x domains. This is further supported by EDX mea
surements, where the ratio of Cr to Ti in the Ti–Cr bulk areas increases 
from 1.774 to 1.816. It is also seen that the Ti-rich areas in the as-cast 
TiCr1.64 alloy become even richer in Ti post-annealing, from a weight 
percentage of 58.9 % in the as-cast to 72.2 % in the annealed alloy. 

The second cause of the observed reduction in hydrogen storage 
capacity between the as-cast and annealed TiCr1.64 alloy is the increase 
of oxygen content in Ti-rich areas of the alloys. As seen in Table 6, the 
measured weight percentage of O increases from 16.6 % to 23.3 % in the 
Ti-rich areas. It is well known that O is a contaminant in hydrogen 
storage alloys, therefore this increase will have contributed towards the 
observed decrease in the storage capacity and potentially the initial 
activation of the annealed alloy. 

5. Conclusions 

Off-stoichiometric Ti–Cr AB2-based alloys have been synthesised and 
studied for their structural and hydrogen storage properties. The 
following main conclusions can be drawn from the results and analysis 
conducted from this study:  

• Annealing is required to reduce the presence of minor phases (α-Ti, 
β-Cr) present from the initial arc melting, however, this process re
quires greater than two weeks in order to achieve maximum phase 
purity.  

• The C14 cell size for the as-cast and C15 cell size for the annealed 
alloys both increase with Ti content, however no increase is observed 
past approximately Cr/Ti = 1.6.  

• The increase in cell size indicates Ti substitution in the lattice, the 
observed trend indicates there is a limit to Ti B-site substitution.  

• There is an initial drop-off in cell size between the stoichiometric 
TiCr2 and TiCr1.85 for both the C14 and C15 phases, suggesting that 
Cr vacancies are present in smaller deviations away from AB2 stoi
chiometry, which may be because of thermal treatment.  

• Alloys with a greater Ti content have a better maximum hydrogen 
storage capacity and lower plateau pressure.  

• The reduction in hydrogen storage capacity of the annealed TiCr1.64 
alloy is owed to diffusion of residual Cr in the alloy into the C15 
Laves phase during the annealing process (supported by the reducing 
Cr peak in XRD data) and increasing O content in Ti-rich areas. 
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