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Abstract

We have investigated the structure and hydrogenation properties of a series

of Ti, V, Zr, Nb and Ta based high-entropy alloys (HEAs) with varying

degree of local lattice strain by means of synchrotron radiation X-ray diffrac-

tion, scanning electron microscopy, thermogravimetric analysis, differential

scanning calorimetry and manometric measurements in a Sieverts apparatus.

The obtained alloys have body-centred cubic (bcc) crystal structures and

form face-centred cubic (fcc) hydrides with hydrogen-to-metal ratios close

to 2. No correlation between the hydrogen storage capacity and the local

lattice strain δr is observed in this work. Both bcc and fcc unit cells expand

linearly with the zirconium-to-metal ratio [Zr]/[M], and increased concentra-

tion of Zr stabilizes the hydrides. When heated, the hydrides decompose into

the original bcc alloys if [Zr]/[M]<12.5 at.%. The hydrides phase-separate

in a hydrogen-induced decomposition type process for [Zr]/[M]≥12.5 at.%.

The result is then a combination of two bcc phases, one with a larger and
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the other with a smaller unit cell than the original bcc alloy.
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Introduction

High-entropy alloys (HEAs) receive attention due to their diverse and of-

ten extraordinary features such as excellent mechanical properties at extreme

temperatures, superparamagnetism, a large magnetocaloric effect and super-

conductivity [1]. HEAs typically contain four or more principle elements in

near-equimolar amounts that are randomly distributed over a single crystal-

lographic site. Furthermore, they tend to form single-phase solid solutions

with simple structures such as body-centred cubic (bcc), face-centred cubic

(fcc) or hexagonal close-packed (hcp). Yang et al. have suggested that one

can predict whether a HEA is able to form from the two parameters Ω and

δr [2]. Ω is derived in [2] following a quasi-chemical approach and is given

by

Ω =
Tm∆Smix
|∆Hmix|

(1)

where Tm is the melting point temperature of the alloy, ∆Smix is the entropy

of mixing and ∆Hmix is the enthalpy of mixing. The δr parameter account

for the atomic size mismatch of the constituent atoms within the alloy and

is defined as

δr =

√√√√ n∑
i=1

{
ci

(
1− ri

r

)2}
· 100% (2)
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where r is the mean atomic radius and ci is the atomic percentage of the

ith element with atomic radius ri. Hence, δr provides an estimate of the

degree of local lattice strain within the HEA. To obtain an HEA one should

according to [2] have

Ω ≥ Ωc = 1.1 (3)

δr ≤ δrc = 6.6% (4)

Hydrogen storage has been suggested as an application area for HEAs as

many of the elements commonly found in the alloys [3] form binary metal hy-

drides [4]. In general, the development of effective hydrogen storage systems

is considered as crucial for widespread use of hydrogen as an energy car-

rier. Metal hydrides are attractive materials for such an application as they

can achieve higher volumetric hydrogen densities than even liquid H2 [5].

Nevertheless, their applicability is often limited by low gravimetric hydro-

gen density, poor H2 sorption kinetics, non-reversibility, demand of extensive

activation procedures and the metal hydrides being too stable [6–8]. It is

expected that the HEA-concept will allow a larger degree of tunability in the

properties of the corresponding metal hydrides. However, hydrogen storage

in HEAs is still in its infancy with only a few reported studies [9–19]. A par-

ticularly interesting result is that a bcc (Im3m) HEA of TiVZrNbHf with

(δr,Ω) = (6.08 %, 136.87) was reported to absorb hydrogen to form a pseudo-

fcc metal hydride with a slight tetragonal deformation (bct, I4/mmm) and

hydrogen-to-metal ratio [H]/[M] = 2.5 [12, 15]. Such a high [H]/[M]-ratio has

never been observed in pure transition metal hydrides and would mean that
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hydrogen occupies all tetrahedral and around half of the octahedral sites in

the pseudo-fcc lattice. In transition metal hydrides, such as the binary hy-

drides TiH2, ZrH2 and PdH, the hydrogen atoms tend to occupy either the

tetrahedral or octahedral interstices within the fcc lattice. It is not common

that both the tetrahedral and octahedral sites are occupied at the same time.

The sites occupied by hydrogen atoms are nearly always separated by at least

2.0-2.1 Å [20, 21] with very few exceptions [22]. This empirical rule is known

as the Switendick criterion or the 2 Å rule. In fcc hydrides the shortest

distance between two adjacent sites is between one tetrahedral and one oc-

tahedral interstice rt−o =
√

3/16 · afcc. Thus, occupation of both tetrahedral

and octahedral interstices requires a large unit cell with afcc ≥ 4.62-4.85 Å.

The reported lattice for TiVZrNbHfH2.5 corresponds to a afcc ≈ 4.5513(2) Å.

Hence, it is possible that the Switendick criterion is violated in the case of

TiVZrNbHfH2.5 · It was suggested by Sahlberg et al. that ”[...] the built in

strain in an HEA could be the driving force to open up new interstitial sites

for hydrogen”. In this work we aim to investigate whether a similar effect can

be observed in other HEAs with comparable local lattice strain. The HEAs

TiVNbTa (δr,Ω) = (3.53 %, 388) and TiVZrNb (δr,Ω) = (6.03 %, 169) have

been reported to assume single-phase bcc solid solutions in the as cast state

[23, 24]. As the atomic radius of Zr is 1.60 Å, and the respective atomic radii

of Ti, V, Nb and Ta are 1.46 Å, 1.35 Å, 1.47 Å and 1.47 Å [25], the local

lattice strain can be tuned by altering the zirconium-to-metal ratio [Zr]/[M]

in the HEA. Here, we chose the systems TiVZrzNbTa1-z and TiVZr1+zNb as

our model systems.
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Experimental details

Four samples of TiVZrzNbTa1-z with z ∈ {0, 0.15, 0.50, 0.74} and five sam-

ples of TiVZr1+zNb with z ∈ {0, 0.20, 0.50, 0.75, 1.0} were synthesized from

lumps of Ti, Nb, Ta (Goodfellow, 99.99 % metals basis), V (Goodfellow,

99.6 % metals basis) and Zr (Alfa Aesar, 95.8 % metals basis) by arc melting

under Ar atmosphere. Ti oxygen-getter pieces were melted initially and the

samples were subsequently turned and remelted five times to enhance their

homogeneity. The final compositions can be considered as very close to the

nominal ones as the mass losses during arc-melting were less than 0.3 wt.%.

The overall chemical composition of TiVNbTa, TiVZr0.5NbTa0.5, TiVZrNb,

TiVZr1.5Nb and TiVZr2Nb were also confirmed by energy dispersive X-ray

spectrometry (EDS) analysis. Parts of the as cast samples were filed into

coarse powders for phase identification using a metal file. The rest was cut

into smaller pieces with a long handled bolt cutter. These pieces were sub-

sequently loaded into an in-house built Sieverts apparatus [26] where they

were exposed to an activation treatment by heating to 350 ◦C under dynamic

vacuum for 1-2 hours. The samples were then cooled to room temperature

and exposed to hydrogen gas at ∼ 20 bar to obtain the corresponding metal

hydrides. The absorption were in all cases complete within minutes, and the

final pressures were typically 11-16 bar H2. An additional batch of hydrides

was synthesized from TiVNbTa, TiVZr0.5NbTa0.50, TiVZrNb, TiVZr1.5Nb

and TiVZr2Nb following the same route of synthesis as discussed above but

with a hydrogen pressure of 80 bar. The samples were handled and stored in-

side an MBraun Unilab glovebox with purified Ar atmosphere (< 1 ppm O2

and H2O).

5



Both ex situ and in situ synchrotron radiation powder X-ray diffraction

(SR-PXD) patterns were measured at the P02.1 beamline at PETRA-III

at the German Electron Synchrotron (DESY) in Hamburg, Germany us-

ing a PerkinElmer XRD1621 detector with a sample-to-detector distance of

870 mm and a fixed wavelength of λ = 0.2071 Å. The exposure time was 20 s

in the ex situ measurements while it was 10 s during the in situ measure-

ments. Ex situ SR-PXD patterns were also measured at the Swiss-Norwegian

beamlines (SNBL) at the European Synchrotron Radiation Facility (ESRF)

in Grenoble, France using a Dectris Pilatus 2M detector [27] with sample-

to-detector distance 147 mm, 10 s exposure time and λ = 0.7896 Å. The

samples were contained in borosilicate glass and sapphire capillaries during

the ex situ and in situ measurements respectively. The sapphire capillaries

were connected to an in-house built Swagelok cell and placed under 1 bar of

gaseous Ar. The temperature was controlled through ohmic heating in a kan-

thal wire that was tightly wrapped around the sapphire capillary. Laboratory

PXD patterns were measured with a Bruker D8 Advance diffractometer with

Cu-Kα radiation (λKα1 = 1.5406 Å, λKα2 = 1.5444 Å). Phase identification

was performed by search-matches with the PDF-4 database and the EVA

software. Further analysis was performed with the Rietveld method using

GSAS-II [28]. In a typical refinement the background was accounted for by

a 16th order shifted Chebyschev polynomial. The peaks were modelled by

a Thompson-Cox-Hastings pseudo-Voigt function [29] with 4 refineable pa-

rameters. The zero offset, displacement factors, lattice parameters and phase

fractions were also refined.

The elemental composition was studied by EDS in a Zeiss Merlin scanning
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electron microscope (SEM) equipped with an X-Max 80 mm2 Silicon Drift

Detector. The data was acquired using an acceleration voltage of 20 kV and

a beam current of 1 nA for 20 min at a working distance of 8.5 mm. The

data was evaluated using the AZtec software. Prior to analysiss the samples

were prepared by mechanical grinding using 220 grit SiC paper, followed

by polishing using 9 µm, 3µm and 1µm diamond suspensions. Finally, the

samples were polished using a H2O2:SiO2 (1:5 ratio) mixture.

Thermogravimetric analysis (TGA) and differential scanning calorimetry

(DSC) were measured simultaneously with a heat flux type Netzsch STA

449 F3 Jupiter apparatus. In a typical measurement a ∼ 45 mg sample

was placed inside an alumina crucible equipped with a pierced lid. The

measurement was then conducted under flowing Ar at 50 mL/min. The

samples were briefly exposed to air when they were loaded into the apparatus.

Results and discussion

Values for Ω and δr were calculated for all the investigated alloys using

equation 1 and 2. In these calculations, values for ri and Tm were taken from

[25], ∆Hmix was calculated in the Miedema approximation [30] and ∆Smix

was estimated with the Boltzmann formula. Table 1 shows that these sys-

tems include a wide range of values of both δr and Ω. Notice that very high

values for Ω occur when ∆Hmix → 0. Fig. 1 shows Rietveld refinements

performed on a representative selection of the SR-PXD patterns of the as

cast alloys and their corresponding hydrides. Excellent fits are obtained for

the as cast alloys with a bcc single-phase (Im3m). Fig. 2 show SEM and

EDS mappings for as cast TiVNbTa, TiVZrNb and TiVZr2Nb. It can be seen
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that the alloys have dendritic microstructures. In general, the microstructure

of the as cast alloys get less dendritic with increasing [Zr]/[M]. The chem-

ical compositions of the different regions were determined with EDS, and

the results are shown in table 2. The average compositions of the investi-

gated areas correspond to the nominal within the measurement uncertainties

(±1-2 at.%). The only exception is that it seems to be less Nb than ex-

pected in TiVZrNb. A possible explanation is that some Nb is interpreted

as Zr since these two elements have overlapping energies (LαZr = 2.042 keV,

LαNb = 2.166 keV). For TiVZr2Nb the variation in the chemical composi-

tion between the dendrite and interdendrite matrix is within the measure-

ment uncertainty. The dendrites in TiVNbTa are significantly depleted in

Ta when compared to the interdendrite matrix. The composition appears

to change smoothly from the dendrite to the interdendrite matrix. In the

case of TiVZrNb, the dendrites are enriched in Zr. However, table 2 shows

that (δr − δrnominal)/δrnominal is less than 0.06 in the different regions. The

local lattice strain for the nominal compositions shown in table 1 can there-

fore be considered as representative for the overall alloys. Similar SEM and

EDS analyses for TiVZr0.5NbTa0.5 and TiVZr1.5Nb can be found in fig. A.1

and table A.1 in the supplementary information. The main phase of the

hydrides synthesized at 20 bar H2 is fcc (Fm3m). For the Ta-containing

hydrides there is an additional phase present that is bct (I4/mmm) for

TiVNbTaHx (30.3 wt.%) and TiVZr0.15NbTa0.85Hx (24.2 wt.%), while it is

bcc for TiVZr0.5NbTa0.5Hx (8.2 wt.%) and TiVZr0.74NbTa0.26Hx (2.2 wt.%).

As Nb and Ta have significantly higher melting points than Ti, V and Zr, the

additional phases could be hydrides formed from unmelted Nb or Ta. How-

8



ever, we find this unlikely since the lattice parameters of both Nb and Ta are

significantly larger than in for example TiVNbTa with the largest amount

of the additional phase. Thus, unmelted Nb or Ta should have been clearly

visible in the SR-PXD patterns in fig. 1, but this is not the case. Müller et

al. [31] observed that a bct/fcc or bcc/fcc two-phase region was obtained for

a broad range of compositions for TazV1-zHx. A similar reaction could have

taken place in our samples.

The bcc and fcc lattice parameters for the considered systems are shown

in table 1. No significant differences could be observed by PXD, TG/DSC

or manometric measurements between the hydrides synthesized at 80 bar H2

and those synthesized at 20 bar H2. Therefore, the hydrides synthesized at

80 bar H2 will not be discussed further. Fig. 3 shows that both the bcc and

fcc unit cells expand linearly when [Zr]/[M] increases. This is expected as the

atomic radius of Zr is significantly larger than the radii of the other elements.

The minimum for afcc that allow simultaneous occupation of both tetra-

hedral and octahedral interstices without violating the Switendick criterion is

shown in fig. 3. From the figure, it is clear that the lattice parameters of the

investigated hydrides are too small to expect the hydrogen atoms to occupy

both the tetrahedral and octahedral sites in accordance with the 2 Å rule.

However, such an analysis is based on the average structure. In HEAs with

large local lattice strain the distance between the tetrahedral and octahedral

lattice sites will deviate locally from the average. Thus, a fraction of the

octahedral sites may be sufficiently displaced from the neighbouring tetra-

hedral sites to become available for hydrogen occupation. It is also possible

that the lattice would expand sufficiently to allow simultaneous occupation of
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Fig. 1: Selected Rietveld refinements from the SR-PXD patterns of the as cast HEA alloys

(right) and their corresponding hydrides (left). The peaks belonging to bcc (Im3m), fcc

(Fm3m) and bct (I4/mmm) phases are indicated by |, N and �, respectively.
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(a) TiVNbTa

(b) TiVZrNb

(c) TiVZr2Nb

Fig. 2: Backscattered electron images (left) and EDS maps (right) of (a) as cast

TiVNbTa, (b) as cast TiVZrNb and (c) as cast TiVZr2Nb.
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Fig. 3: The lattice parameters obtained from Rietveld refinements, abcc and afcc, of the

bcc alloys and the fcc hydrides as a function of the [Zr]/[M]. The error bars are within

the data points. The compositions corresponding to the respective data points can be

determined from table 1. The dashed lines are linear regressions. The solid black line

in the upper panel indicate the critical value for afcc where the distance between the

octahedral and tetrahedral sites in the fcc matrix, rt−o, is equal to 2.0 Å. The lattice

parameters of the bcc allotrope of the raw materials [32–36] are shown for comparison in

the lower part of the figure, while the fcc allotrope of the corresponding binary hydrides

[31, 37–39] are shown in the upper part.
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Fig. 4: Manometric (◦) and gravimetric (O) measurements of the [H]/[M]-ratios of the

samples as a function of their [Zr]/[M] and the HEA parameter δr as defined in equation

2. The corresponding value for the TiVZrNbHf (×) that was reported by Sahlberg et al.

[12] are shown for comparison. As the local lattice strain δr increases with [Zr]/[M], the

order of the compounds is the same in both figures.
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Table 1: Comparison of the zirconium-to-metal ratio [Zr]/[M], local lattice strain δr, the

Ω HEA parameter, the bcc lattice parameter abcc and fcc lattice parameter afcc for the

considered systems.

System [Zr]/[M] [∅] δr [%] Ω [∅] abcc [Å] afcc [Å]

TiVNbTa 0 3.53 388 3.2295(2) 4.4355(4)

TiVZr0.15NbTa0.15 0.04 4.10 455941 3.2419(1) 4.4544(2)

TiVZr0.50NbTa0.50 0.13 5.09 551 3.2638(3) 4.4889(3)

TiVZr0.74NbTa0.26 0.18 5.58 701370 3.2852(3) 4.5132(2)

TiVZrNb 1.00 6.03 169 3.3076(2) 4.5336(2)

TiVZr1.20Nb 0.29 6.15 191 3.3234(3) 4.5499(1)

TiVZr1.50Nb 0.33 6.27 228 3.3418(3) 4.5706(1)

TiVZr1.75Nb 0.37 6.31 260 3.3571(3) 4.5827(1)

TiVZr2Nb 0.40 6.34 296 3.3674(3) 4.5968(1)

tetrahedral and octahedral interstices when the alloy is heated or if [Zr]/[M]

is increased further.

The manometric and gravimetric measurements of the hydrogen content

in our HEAs are shown in fig. 4. The [H]/[M]-ratios are close to, but never

exceed, 2. This indicates that the hydrogen atoms occupies the tetrahedral

sites in the fcc hydrides. There are no trends in the [H]/[M]-ratios in re-

lation to the HEA parameter δr nor the zirconium-to-metal-ratio [Zr]/[M].

This is interesting as the five systems that contain the highest amounts of

Zr, TiVZr1+zNb z ∈ {0, 0.2, 0.5, 0.75, 1} have comparable local lattice strain

δr to TiVZrNbHf [12]. Thus, the large [H]/[M]-ratio that was reported for

this system can not be explained by the large local lattice strain alone. It is
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Table 2: The compositions of TiVNbTa, TiVZrNb and TiVZr2Nb measured by EDS. δr

values were calculated as described earlier.

Elements

Composition Ti V Zr Nb Ta δr [%]

TiVNbTa (nominal) 0.25 0.25 0 0.25 0.25 3.53

TiVNbTa (average) 0.26 0.26 0 0.23 0.25 3.57

TiVNbTa (dendrite) 0.32 0.31 0 0.21 0.17 3.76

TiVNbTa (interdendrite) 0.23 0.23 0 0.25 0.29 3.44

TiVZrNb (nominal) 0.25 0.25 0.25 0.25 0 6.03

TiVZrNb (average) 0.27 0.27 0.26 0.20 0 6.22

TiVZrNb (dendrite) 0.27 0.27 0.30 0.18 0 6.37

TiVZrNb (interdendrite) 0.27 0.28 0.24 0.21 0 6.13

TiVZr2Nb (nominal) 0.20 0.20 0.40 0.20 0 6.34

TiVZr2Nb (average) 0.21 0.21 0.41 0.18 0 6.46

TiVZr2Nb (dendrite) 0.21 0.20 0.41 0.18 0 6.37

TiVZr2Nb (interdendrite) 0.21 0.22 0.41 0.17 0 6.54

reassuring that the manometric and gravimetric measurements in fig. 4 tend

to agree within a few standard deviations. The only exception is TiVNbTaHx

for which the manometric measurement exceeds the gravimetric value signif-

icantly. This might be due to outgassing of hydrogen during transport from

the high-pressure environment inside the Sieverts apparatus to the TG/DSC.

This is in agreement with the fact that the hydrides are destabilized when

[Zr]/[M] decreases. Fig. 5 shows three representative TG/DSC measure-

ments conducted during desorption of hydrogen from the hydrides. It can
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be seen that the desorption of hydrogen from the Zr-free TiVNbTaHx is

complete at ∼ 500 ◦C, while ∼ 900 ◦C is necessary to completely desorb the

hydrogen from the most Zr-rich system, TiVZr2NbHx.

As [Zr]/[M] increases, it is also evident from fig. 5 that the desorption

process becomes more complex. For TiVNbTaHx the desorption is composed

of three steps. The first event with onset at 112 ◦C is endothermic and cor-

relates to a mass loss of 0.2 wt.%. The second event with onset at 225 ◦C

is also endothermic and is accompanied by the bulk mass loss. After this

event the mass loss continue, although more slowly, and it is associated with

a broad endothermic event. The first event is only observed for the Zr-free

sample. Based upon similar measurements conducted for the other hydrides

(see figure A.2 in the supplementary information), it is clear that when the

zirconium-to-metal ratio increases above 25 at.% the second event splits into

three. The desorption furthermore proceed in a more complex fashion past

the original third event. For TiVZr2NbHx there is for instance an exothermic

event at ∼ 530 ◦C and two endothermic events at ∼ 685 ◦C and ∼ 792 ◦C,

respectively. The endothermic events are associated with mass losses and

are therefore due to hydrogen desorption. The exothermic event is on the

other hand not associated with a mass loss, and might for instance indi-

cate a structural transition. A similar exothermic event occur at about the

same temperature when [Zr]/[M] ≥ 18.4 at.%. This can be seen in fig. 5 for

TiVZrNbHx for which it occur at a slightly lower temperature.

To investigate whether the exothermic event is due to structural changes,

laboratory PXD patterns of the desorbed hydrides were measured after TG/DSC.

The PXD patterns are shown in fig. 6 from which it is evident that the bcc
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Fig. 5: TG/DSC measurements during hydrogen desorption from TiVNbTaHx,

TiVZrNbHx and TiVZr2NbHx. The upper part of the figure show the DSC heat flows

while the corresponding mass loss ρm that is assumed to be solely due to desorption of

hydrogen is shown in the lower part.
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Fig. 6: Cu-Kα PXD patterns of the as cast alloys TiVZrzNbTa1-z and TiVZr1+zNb

(black) and the alloys obtained after desorbing the hydrides at 1000 ◦C in the TG/DSC

(colored).
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HEA phase is retrieved when [Zr]/[M] < 0.125 corresponding to TiVZr0.5NbTa0.5.

For higher [Zr]/[M], we observe a phase separation in which the original bcc

phase is split into two bcc phases whose peaks are positioned at either side

of the original ones. The lattice parameters of the two bcc phases are shown

in fig. 7 as a function of the zirconium-to-metal ratio. It is also clear from

fig. 6 that the relative intensities of these phases change with [Zr]/[M]. The

intensity of the bcc phase with the largest unit cell (i.e. at lowest scattering

angle) increases with [Zr]/[M] when compared to that of the smallest. This

indicates that the largest bcc phase is Zr-rich. Senkov et al. [24] have re-

ported that no phase separation was observed when the bcc TiVZrNb HEA

was annealed at 1200 ◦C for 24 hours. This indicates that the observed phase

separation is induced when the hydrogen accommodated within the structure

is desorbed, and not by the high temperature as such.
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Fig. 7: The lattice parameters of the as cast alloys TiVZrzNbTa1-z ([Zr]/[M] ∈ [0, 0.25])

and TiVZr1+zNb ([Zr]/[M] ∈ [0.25, 0.40]) (black), and the two bcc phases observed after

desorption at 1000 ◦C in the TG/DSC (coloured). The error bars are within the data

points.

20



To investigate the phase separation we have followed the hydrogen des-

orption processes by in situ SR-PXD. The SR-PXD patterns that were mea-

sured during desorption of hydrogen from TiVNbTaHx, TiVZr0.5NbTa0.50Hx,

TiVZrNbHx and TiVZr2NbHx are shown in fig. 8. These data are presented

alongside the corresponding TG/DSC results and the phase fractions that

were obtained from the sequential Rietveld refinements. The phase fractions

are only reported up until the phase separation. This is because it is difficult

to distinguish Ti from V and Zr from Nb because of their similar X-rays

scattering. Thus, it is impossible to determine the exact compositions of the

formed phases which is necessary to calculate the phase-fractions. However,

all the observed peaks can be indexed, and reasonable fits can be achieved

if the occupancy of Ti/V and Zr/Nb is refined. The results of the Rietveld

refinements are shown in fig. A.3-A.6 in the supplementary information.

Fig. 8 shows that complete desorption of hydrogen was not achieved

during the in situ SR-PXD measurements. This is especially clear in fig. 8

(c) and (d) where we are unable to obtain the two hydrogen-free bcc phases

presented in fig. 6. A possible explanation is that the measurements were

performed in a closed system that enable a partial pressure of H2 to build

up during the desorption. Thus, the conditions are not identical to those in

the TG/DSC measurements where the desorbed H2 is flushed away with the

flowing Ar.

TiVNbTaHx. As presented above there are three events in the desorption

process when [Zr]/[M] = 0. Fig. 8 (a) shows that the first endothermic event

with onset at 112 ◦C in the TG/DSC data correlates well to the transition

from bct to bcc in the minority phase. The bulk mass loss in the second
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(a) TiVNbTaHx (b) TiVZr0.5NbTa0.5Hx

(c) TiVZrNbHx (d) TiVZr2NbHx

Fig. 8: In situ SR-PXD measurements during desorption of hydrogen from (a)

TiVNbTaHx, (b) TiVZr0.5NbTa0.5Hx, (c) TiVZrNbHx and (d) TiVZr2NbHx alongside

corresponding TG/DSC measurements and sequential refinement results. Peaks from a

C15-type Laves phase (Fd3m) are indicated by H. The heating rate were in all cases

10 ◦C/min.

22



endothermic event correlates similarly well to the transition from fcc to bcc in

the main phase. Finally there is a slow, continuous mass loss from ∼ 315 ◦C

towards the end of the measurement that is associated with a contraction

in the bcc phase. The contraction can be observed as shifts in the peaks to

higher scattering angles. Fig. A.3 shows very good fits in the refinements.

TiVZr0.5NbTa0.5Hx. When the zirconium-to-metal ratio [Zr]/[M] is in-

creased to 12.5 at.% (fig. 8 (b)), we observe a fcc phase alongside a minor

bcc impurity phase initially. At 310 ◦C the fcc main phase transforms to a

bcc phase. The compound now appears to be single phase bcc. As before,

this phase contracts towards the end of the measurement indicating that the

hydrogen desorption continue. At the highest temperatures, a shoulder ap-

pear on the low-angle side of the 110 bcc peak, but as no other peaks can be

resolved for this phase its nature remains uncertain. It should be noted that

the phase transition in the in situ SR-PXD data occurs at a slightly higher

temperature than the endothermic event associated with the bulk mass loss

in the TG/DSC data. This might be due to already discussed pressure dif-

ferences between the TG/DSC and SR-PXD measurements. The obtained

Rietveld fits from the refinements are very good (see fig. A.4). However, it

should be noted that the refinement is slightly poorer in the temperature

regime around the phase transition. This is probably due to rapid reaction

rate and limited time resolution.

TiVZrNbHx. When [Zr]/[M] reaches 25 at.% (fig. 8 (c)), the fcc hydride

transforms to a bcc hydride at 275 ◦C. As before the bcc unit cell contracts

after the phase transition, and again a shoulder appear at 500 ◦C on the low-

angle side of the 110 bcc peak. However, this time the shoulder grows into
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a new phase with broad peaks that can be indexed as fcc. The onset of the

exothermic event at 480 ◦C in the TG/DSC data correlates reasonably well

this phase-separation. The new fcc phase becomes more resolved until 700 ◦C

where part of it transforms to a C15-type Laves phase (Fd3m), isostructural

to ZrV2Dx [40]. The desorption is then unable to commence any further, but

we expect that the C15 Laves phase eventually would transfer into the larger

bcc phase presented in fig. 6 if hydrogen was removed from the capillary.

The peaks corresponding to the smaller bcc phase would then correspond

to the bcc phase observed towards the end of the measurement in figure 8c.

Selected Rietveld refinements are shown in fig. A.5. Again, the refinements

are slightly poorer in the temperature regime around transitions.

TiVZr2NbHx. When [Zr]/[M] reaches 40 at.% (fig. 8 (d)), the fcc hydride

transforms to a bct hydride (I4/mmm) at 253 ◦C. When the temperature

reaches 530 ◦C, the fcc phase appears on the low-angle side of the 101 bct

peak. This event correlates well to the exothermic event that is observed in

the TG/DSC measurement. When the temperature reaches 749 ◦C the bct

phase has turned into a bcc phase, but the intensity of this phase is much

lower than for TiVZrNbHx. At 794 ◦C part of the new fcc phase is trans-

formed to a C15-type Laves phase. This is similar to what was observed for

TiVZrNbHx, however for TiVZr2NbHx there are eventually no distinguish-

able peaks from the bcc phase which dominated the diffraction patterns to-

wards the end of the in situ measurement for TiVZrNbHx, see fig. 8 (c).

This fits well with our hypothesis that that the C15 Laves phase eventually

turns into the larger bcc phase shown in fig. 6 as this is the main phase of

the desorbed TiVZr2Nb and only a minority phase for desorbed TiVZrNb
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after TG/DSC. Selected Rietveld refinements are shown in fig. A.6.

Conclusion

Four samples of TiVZrzNbTa1-z with z ∈ {0, 0.15, 0.50, 0.74} and five sam-

ples of TiVZr1+zNb with z ∈ {0, 0.20, 0.50, 0.75, 1.0} were successfully synthe-

sised by arc melting, and their corresponding hydrides were synthesized by

hydrogenation in a Sieverts apparatus. SEM and EDS mappings reveal that

the microstructure of the as cast alloys get less dendritic with increasing

[Zr]/[M]. There are some variation in the chemical composition between the

dendrite and interdendrite matrix in the alloys with the most dendritic mi-

crostructures. However, the variation in local lattice strain from the nominal,

(δr−δrnominal)/δrnominal, is in all cases less than 0.06. The crystalline phases

were determined by SR-PXD. The alloys have bcc (Im3m) crystal structures

and form fcc (Fm3m) hydrides with [H]/[M] close to but never exceeding 2.

No correlation between the [H]/[M] and the lattice strain δr is observed in

this work. Both bcc and fcc unit cells expand linearly when the zirconium-

to-metal ratio [Zr]/[M] increases. TG/DSC indicate that the stability of the

hydrides increases with [Zr]/[M]. When heated, the hydrides decompose into

the original bcc alloys if [Zr]/[M] < 12.5 at.%. If [Zr]/[M] ≥ 12.5 at.%, the

hydrides phase-separate in a hydrogen induced decomposition type process.

The result is then a combination of two bcc phases, one with a larger unit

cell and another with a smaller unit cell than that of the original bcc alloy.

The amount of the phase with the largest unit cell increases with [Zr]/[M].

The phase-seperation was further investigated with in situ SR-PXD. The

phase-separation correlates with an exothermic event that was observed by
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TG/DSC at 530 ◦C. At this temperature, a strained fcc phase appear in the

in situ SR-PXD measurements. It is eventually transformed into a C15-type

Laves phase (Fd3m). The experimental conditions prevent full dehydrogena-

tion, but we expect that the C15-type Laves phase eventually transform to

the bcc phase with largest unit cell.
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