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Abstract

Recently, high-entropy alloys (HEAs) designed by the concepts of unique entropy-stabilized mechanisms, started to attract
widespread interests for their hydrogen storage properties. HEAs with body-centered cubic (BCC) structures present a
high potential for hydrogen storage due to the high hydrogen-to-metal ratio (up to H/M =2) and vastness of compositions.
Although many studies reported rapid absorption kinetics, the investigation of hydrogen desorption is missing, especially in
BCC HEAs. We have investigated the crystal structure, microstructure and hydrogen storage performance of a series of HEAs
in the Ti—-V-Nb-Cr system. Three types of TiVCrNb HEAs (Ti,V;NbCr,, Ti;V;Nb,Cr,, Ti,V;Nb;Cr,) with close atomic
radii and different valence electron concentrations (VECs) were designed with single BCC phase by CALPHAD method.
The three alloys with fast hydrogen absorption kinetics reach the H/M ratio up to 2. Particularly, Ti,V;NbCr, alloy shows
the hydrogen storage capacity of 3.7 wt%, higher than other HEAs ever reported. The dehydrogenation activation energy of
HEASs’ hydride has been proved to decrease with decreasing VEC, which may be due to the weakening of alloy atom and H
atom. Moreover, Ti,V;NbCr,M (M =Mn, Fe, Ni) alloys were also synthesized to destabilize hydrides. The addition of Mn,
Fe and Ni lead to precipitation of Laves phase, however, the kinetics did not improve further because of their own excellent
hydrogen absorption. With increasing the content of Laves phase, there appear more pathways for hydrogen desorption so
that the hydrides are more easily dissociated, which may provide new insights into how to achieve hydrogen desorption in
BCC HEAs at room temperature.
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1 Introduction

To meet the future global carbon emission reduction tar-
get, the development of clean and renewable energy like
Auvailable online at http:/link.springer.com/journal/40195. hydrogen has become the need of the hour. The safe, effec-
tive, and economical storage of hydrogen [1, 2] is a key link
in the whole hydrogen economy. Among the three options
(gas, liquid and solid) for hydrogen storage, the solid-state-
based approach [3, 4] has been considered as one of the
most promising ways for its high gravimetric and volumetric
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to be a more feasible operation to realize hydrogen storage
with low cost, improved cyclability, appropriate capacity and
trustworthy safety. Recently, high-entropy alloys (HEASs),
designed by the concepts of unique entropy-stabilized mech-
anism [13, 14], started to attract widespread interests for
their hydrogen storage properties.

The first report on the application of high entropy alloys
for hydrogen storage was in 2010. CoFeMnTiVZr HEA
with C14 Laves phase [15] can absorb and desorb up to 1.6
wt% of H, at room temperature. The effect of the chemi-
cal composition of the alloy on H, storage is revealed from
the lattice constant, elemental segregation and enthalpy of
hydride formation. Similar HEAs with Laves phase structure
[16] have been reported for hydrogen storage by alloys of
CrFeMnTiVZr system. Activated by high temperature, the
hydrogen storage capacity at room temperature observed was
1.85 wt%, with the desorption ratio was poor as 20%. In
addition, Edalati et al. applied CALPHAD methods [17] in
the design of hydrogen storage alloys. The designed alloy
TiZrCrMnFeNi, with single-phase thermodynamic stability
and valence electron concentration (VEC) of 6.4, absorbed
and desorbed 1.7 wt% of hydrogen reversibly at room tem-
perature without prior activation process in the first hydro-
genation/dehydrogenation cycle. However, the hydrogen
storage capacities reported so far for the investigated Laves-
phase HEAs are limited to ~2 wt% with a hydrogen-to-metal
ratio (H/M) of almost one due to the hydrogen occupation
site [18-21].

Materials with body-centered cubic (BCC) structure are
thought to be a high-capacity hydrogen storage alloy due to
the fact that BCC structure is non-close-packed one with
more interstitial sites for hydrogen occupancy [22]. Sahlberg
et al. prepared the TiVZrNbHf HEA [23] in terms of H/M up
to 2.5, where H/M was only 2 in conventional BCC alloys
[24-26]. The subsequent in-situ neutron powder diffraction
(NPD) demonstrated that hydrogen seems favorable to both
octahedral and tetrahedral sites caused by large lattice strain
[27]. Despite some controversy about hydrogen occupation
[28-30], HEAs with BCC structure could have superior stor-
age capacity. Other BCC-structure HEAs were also studied
for hydrogen storage, such as TiZrNbHfTa [31], TiZrN-
bTa [32], TiVZiNDb [33], TiZrHfMoNb [34]. All the alloys
could be hydrogenated at an appropriate temperature after
an activation procedure with H/M =2, which competes with
the well- researched Ti-V-Cr system [35-37]. Although the
above studies reported rapid absorption kinetics and large
capacity, it exhibits strong hydride stability, where desorp-
tion was attained only by applying temperatures higher than
623 K. Therefore, how to destabilize hydrides under mod-
erate conditions is a key issue for BCC HEAs to become
proper hydrogen storage materials.

Nygard et al. [38, 39] studied a series of HEAs with dif-
ferent elements and related the stability of its hydrides with
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VEC. The addition of elements with more valence electrons
leads to a decrease in the hydrogen release temperature.
However, the effects on the lattice constant of the newly
added elements are disregarded here, which would have
a direct effect on the bond strength of metal-hydrogen in
traditional BCC alloys [40—42]. Therefore, it is necessary
to control the atomic radius and adjust the VEC within a
defined system to examine its influence on hydride stability.
In addition, the effect of the Laves phase [43, 44] should not
be ignored. The presence of a predominant C14 Laves phase
structure in HEAs has been reported to desorb hydrogen
at room temperature [45], which implies that single BCC
structure with secondary phases (such as Laves phase) may
also lead to the destabilization of the hydride.

In the present work, Ti,V;3;NbCr,, Ti;V;Nb,Cr,
andTi,V;NbsCr, alloys, which were designed with single
BCC phase by CALPHAD, were prepared in nearly the
same average-atomic-radius and differed VEC to examine
the stability of hydrides. We confirmed that VEC is the
key issue for the destabilization of HEAs-based hydride.
The designed Ti,V;NbCr, alloy demonstrated an excellent
performance with maximum hydrogen storage capacity of
3.7 wt%, exceeding all HEAs for hydrogen storage ever
reported. Transitional metals (Fe, Mn, Ni) have been also
added to the targeted alloy to examine the effect of precipi-
tated Laves phases.

2 Experimental

Ti—V-Nb-Cr system was chosen for the current study due to
two reasons: (i) single BCC phase with a range of composi-
tion ratios can be easily formed in the system, which pro-
vides a higher flexibility to study the effect; (ii) the TiVNbCr
alloy with equi-molar ratio could be hydrogenated without
heat activation. The thermodynamic calculations were con-
ducted using the CALPHAD method with Thermo-calc
software using TCHEA3 database as will be discussed later.

Ti, V, Nb with 99.99% purity and Cr, Mn, Fe, Ni with
99.9% purity were used for alloy manufacturing. All the
Ti—-V-Nb—Cr HEAs were fabricated by arc melting from
pure elements under an Ar atmosphere, as well as the alloyed
Ti,VsNbCr,M (M =Fe, Mn, Ni). During the arc-melting pro-
cess, the ingots were flipped upside down and remelted at
least four times with a piece of Ti getter being employed to
prevent potential oxygen contamination. After arc melting,
the fabricated ingots were cut into 3mm X 3mm X 3mm
cubes and loaded into an in-house built Sieverts apparatus to
measure the hydrogen storage capacity and kinetics. Before
the hydrogen storage test, the reliability and accuracy were
carefully calibrated with the standard samples of LaNis and
TiFe.
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For crystal structure examination, X-ray diffrac-
tometer (XRD, Rigaku, Japan) with Cu Ka radiation
(4=0.15406 nm, 45 kV, 40 mA) was used to identify the
phase structure of the samples. The XRD data were collected
in the 26 range of 20°-90° with a 0.02° step increment at
ambient temperature. The morphologies of the samples were
observed by scanning electron microscopy (SEM, Hitachi,
Japan) equipped with energy-dispersive X-ray spectroscopy
(EDS) analysis.

The hydrogen desorption properties have been studied
by differential scanning calorimetry (DSC). A ~100 mg
sample was placed inside an alumina crucible equipped
with a pierced lid. Thermal analysis was carried out in a
high-purity Ar atmosphere, and the sample was heated to
540 °C at a heating rate of 10 °C/min, 8 °C/min and 5 °C/
min, respectively.

3 Results and Discussion

3.1 Calculation of Phase Diagrams in Ti-V-Nb-Cr
System

Phase prediction is a critical step to design HEAs due to the
complex interaction of multi-elements [46, 47]. By CAL-
PHAD modelling, the phase formation of the investigated
HEAs (Ti,V;NbCr,, Ti;V;5Nb,Cr, and Ti,V;Nb;Cr,) was
predicted through Thermo-Calc software and the TCHEA3
database, as shown in Fig. 1. The BCC phase of Ti,V;NbCr,,
Ti;V;Nb,Cr, and Ti,V;Nb;Cr, alloys starts to form at
1583 °C, 1632 °C and 1707 °C, respectively, the complete
at the solidus temperature of 1561 °C, 1590 °C and 1631 °C.
The single BCC phase of Ti,V;NbCr, is predicted to be in
the temperature range of 520 °C-1561 °C, and the HCP_A3
forms at a temperature below 520 °C. The appearance of
HCP_A3 phase is not surprising for Ti,V;NbCr, alloys rich
in Ti and V elements, since the accepted binary Ti-V phase
diagram [48] shows a large temperature range of HCP_A3

phase formation. Similar phase diagram can be found for
Ti;V;3Nb,Cr, and Ti,V;Nb;Cr, alloys with HCP_A3 phase
replaced by C15_Laves phase, which is very common in
the Ti-Nb-Cr system [49]. It should be noted that although
the phase diagram predicts a slight content of second phase
(HCP_A3 or C15_Laves) at low temperatures, the wide tem-
perature range suggests a tendency for all alloys to form
single-phase structures considering the melting cooling
process.

3.2 Microstructure and XRD Phase

All backscattered electron (BSE) images of as-cast alloys
show typical as-cast microstructure in Fig. 2. The grain
sizes are large (> 300 pm) and distinct grain boundaries are
seen. Uneven contrast of the SEM image indicates different
compositional distribution in dendritic and inter-dendritic
regions due to segregation during solidification. The EDS
analysis shows that the dendrites (brighter regions) are
enriched with higher melting point elements of Nb, V, and
the dark regions are heavily enriched with Ti, Cr. Although
the production of hexagonal close-packed (HCP) or Laves
phases was predicted by CALPHAD, no apparent contrast
belonging to the impurity phases can be found for all the
prepared alloys by BSE analysis. Rapid solidification has
been generally considered as effective in suppressing the
formation of intermetallic compounds [50], and therefore
secondary phases are difficult to be formed in the actual
melting process of the alloy. This is further validated by
XRD, as detailed below.

The XRD patterns of the Ti—-V-Nb—Cr series alloys
are shown in Fig. 3a. The as-cast alloys are composed of
single BCC structure. The lattice constants were calcu-
lated using JADE software by least square method based
on Bragg’s law, as listed in Table 1. According to the law
of partial substitution of elements, if the crystal structure
remains unchanged, the substitution of metallic elements
in the alloy leads to variation of the corresponding lattice
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Fig.1 Calculated phase diagram through Thermo-calc software and TCHEA3 database of a Ti,V3NbCr, alloy, b Ti;V;Nb,Cr, alloys, ¢

Ti,V;Nb,Cr, alloy
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Fig.2 BSE-SEM micrographs for a Ti,V;NbCr,, b Ti;V;Nb,Cr,, ¢ Ti, V;Nb;Cr,
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Fig.3 XRD patterns of Ti,V;NbCr,, Ti;V;Nb,Cr, and Ti,V;NbsCr, at initial as-cast state a and after hydrogen absorption b, respectively. Insets
in a showing the element mapping using EDS of the arc-melted ingots

Table 1 Crystallographic data

) A Alloys VEC Phase structure Designed atom Lattice param-  Unit cell
of Tl—V—Nb—Cr series alloys as radius ( A) eters ( A) volume
designed (A%

Ti,V;NbCr, 4.8 BCC 1.39 3.139 30.93
Ti,V;Nb,Cr, 4.9 BCC 1.39 3.135 30.81
Ti, V5Nb;Cr, 5 BCC 1.39 3.142 31.01

parameters as well as the cell volume. Thus, the crystal-
lographic parameters remain constant mainly caused by
the partial substitution of Ti (atomic radius: 147 pm) with
Nb (146 pm) in the Ti—-V-Nb—Cr series alloys as expected.
Furthermore, Fig. 3a inset shows the element mapping
using EDS of the arc-melted ingots in Ti,V;NbCr,,
Ti;V;Nb,Cr, and Ti,V;Nb;Cr,, where no apparent ele-
mental segregation was detected. Together with the above
BSE micrographs, it can be concluded that three alloys
with homogeneous elemental distribution and single-BCC
phase as well as similar crystallographic parameters were
well fabricated in the present study.

@ Springer

3.3 Hydrogen Storage Properties

It has been reported that TiVCrNb alloys [38] could be
hydrogenated with no activation procedure but an incuba-
tion time of 360 min. Herein, for the convenience of the test,
the samples were kept under vacuum at 473 K for 30 min
and subsequently annealed to 300 K for hydrogen charg-
ing tests with a maximum hydrogen pressure of 50 bar. The
first hydrogenation curves of the three alloys are shown in
Fig. 4a.

After less than 3 min of hydrogen absorption process,
the Ti,V;NbCr,, Ti;V;Nb,Cr, and Ti,V;Nb,;Cr, alloy
reached hydrogen equilibrium of 3.7 wt%, 3.4 wt% and
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Fig.4 a Hydrogen sorption kinetics of samples in the first cycle under 50 bar H, at 300 K, b PCT curves of the alloy samples after 1st cycle

hydrogen absorption/desorption at 323 K

Table 2 Hydrogen storage properties of alloys

Alloys Structure Maximum HIM
capacity (wt%)
Ti,V;NbCr, BCC 3.7 2.01
Ti;V3Nb,Cr, BCC 34 1.99
Ti, V3Nb;Cr, BCC 32 2.02
V5T sCryg 1 Feg 4 [52] BCC 35 1.78
TiV, Mny, [51] BCC 2.99 1.53

3.2 wt%, respectively. Considering the molar masses of
the corresponding alloys, the H/M obtained for all three
are essentially equal to 2, which is much higher than that
of the TiVMn [51] and TiVCr [52] alloys listed in Table 2.
Such high values are not often seen in conventional BCC
structures, where hydrogen usually occupies only tetrahe-
dral sites. Sahlberg et al. [23] prepared TiVZrNbHf HEA
with H/M as high as 2.5 and attributed this to the high
lattice distortion in the HEA. However, TiVZrNb alloys
with different Zr contents [33] were subsequently prepared
to demonstrate that no correlation was observed between
H/M and local lattice strain. Although controversy still
exists, there is no doubt that H does occupy the tetrahedral
and octahedral site of HEAs confirmed by in-situ XRD
at different temperatures and in-situ and ex-situ neutron
diffraction experiments [53]. Due to the above facts, the
HEAs fabricated in the current work show large hydrogen
storage capacities that have not been reported yet for simi-
lar alloys. It has also been exhibited in our work that arbi-
trary changes in composition can also be easily obtained
with high H/M.

It has been known that hydrogen sorption kinetics directly
affects its use for practical applications. The time taken to
reach 90% of the maximum hydrogen uptake is usually used
to examine the kinetics of hydrogen reaction [54]. It takes
nearly 110 s to reach 90% of the hydrogen reacted fraction
(£=0.9) for the three alloys, which is comparable to the rate
in LaNis alloys [55]. The possible limitations on the reaction
rate [56-58] may be either: (a) the dissociation of hydro-
gen on the metal surface; or: (b) H diffusion in the bulk; or
finally: (c) hydride formation at the metal/hydride interface.
Ni plays the role of catalyst [59] for hydrogen dissociation
in LaNis, and thus fast kinetics is obtained. In the alloy of
TiVNbCr HEAs, the fast kinetics matching those of LaNis
may be attributed to the catalytic effect of multi-principal
elements [60] as well as the fact that more lattice defects
induced by lattice distortion increase the nucleation rate of
hydrides [54]. Moreover, there seems to be a slight differ-
ence in reaction kinetics between Ti,V;NbCr,, Ti;V;Nb,Cr,
and Ti,V;Nb;Cr, alloy. Discrepancies may arise from sam-
ple size or errors in the measurement system, which will be
discussed in further work.

In addition, the structure of fully hydrogenated HEAs was
analyzed by XRD, as shown in Fig. 3b. All the structures are
highly similar to each other and are composed of FCC phase,
except for the NbCr, phase separation found in Ti,V;Nb;Cr,
alloy. This mechanism in the hydrogenation from BCC to
FCC phase is very common in HEAs and therefore will not
be discussed in this study.

After the first hydrogenation, desorption is performed
under high-temperature vacuum, followed by pressure-
composition-temperature (PCT) testing. Figure 4b shows
the PCT of the studied alloys at 323 K and up to 10 MPa.
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From the PCT curve, the plateau of absorption and desorp-
tion under thermodynamic equilibrium conditions could be
well evaluated. Two-plateau regions have been shown in the
PCT curves, which are the typical characteristics for BCC
alloys. The first plateau corresponds to the formation of a
monohydride (solid-solution a-phase to f-phase) while the
second plateau to the conversion to the dihydride (#-phase
to y-phase). Generally, the low plateau would reduce the
usable hydrogen capacity by half when operated at work-
ing pressure. Although Ti( 3V 5571, |Nby ,5Ta, | alloy [61]
shows a single equilibrium pressure plateau below 0.1 MPa
at 298 K, all the alloys studied here revealed two plateaus,
which is in agreement with that reported by Shen et al. [62].
This would allow the alloy to bypass the two-stage absorp-
tion process thus allowing for complete dehydrogenation
upon hydrogen release, which would make the HEA of great
significance. However, there is still further research to be
done regarding the hydrogen absorption mechanism of HEA
in consideration of one-step and two-step hydrogenation.
Herein, the first plateau was under very low plateau pres-
sure. It was impractical to fully exhibit the reason at the
moment since the current experimental setup has a limiting
lower pressure of 0.1 kPa. The second equilibrium plateau
of Ti,V3NbCr,, Ti;V;Nb,Cr, and Ti,V;Nb;Cr, alloy was
0.6 MPa, 0.006 MPa and below 0.001 MPa, respectively.
It is well-known that the equilibrium pressure is inversely
related to the lattice constant [63]. The lattice constants of
the three alloys are close to each other as mentioned above,
and therefore, the change in equilibrium pressure cannot
be explained by the volume. The equilibrium pressures are
considered to have a correlation to the stability of hydrides.
VEC value is regarded as a valid rule that is related to
the stability of hydrides [38]: the larger VEC leads to the
lower thermal stability of hydride phase. Since the VEC of
Ti,V;NbCr,, Ti;V;Nb,Cr, and Ti,V;Nb,Cr, alloy is 4.8, 4.9
and 5, respectively, the equilibrium pressures increase in the
following order Ti,V;Nb;Cr, > Ti;V;Nb,Cr, > Ti, V;NbCr,.

Whereas dehydrogenation is an endothermic reaction
and hydrogen desorption of BCC solid solution requires a

relatively high temperature particularly. Herein, DSC was
adopted to evaluate the hydrogen desorption performance
for all HEAs studied. DSC curves were measured at dif-
ferent heating rates (5, 8, 10 K/min) under a continuous Ar
flow from 273 to 673 K, as presented in Fig. 5. In order to
minimize the errors, all tested alloys are in the saturated
state under the hydrogen absorption conditions and tested
in equal weight. As for hydrogen desorption, each curve
has two endothermic peaks corresponding to the decom-
position of hydrides. The first peak usually corresponds
to the decomposition of the monohydride while the sec-
ond corresponds to the decomposition of the dihydride,
although only one peak exists in some room-temperature
exothermic alloys such as Ti,;Cr,,V ,,Feq [64]. In addition,
the peak temperature hysteresis is severe with an increas-
ing heating rate. The DSC endothermic peak temperature
of Ti,V;NbCr,, Ti;V;Nb,Cr, and Ti,V;Nb;Cr, alloy is
708 K, 632 K and 509 K at 10 K/min heating rate, respec-
tively. Obviously, the stability of hydrides is in the order
of Ti,V;Nb,;Cr, < Ti;V;Nb,Cr, < Ti,V;NbCr,, as the VEC
increases from 4.8 to 5. This implies that the hydride from
the alloys with higher VEC releases hydrogen more easily. It
has been reported that metal and H atoms interact positively
and form strong bonds in metal hydrides [65]. The stability
of such bonds is directly related to the Fermi energy level
[66]: the lower the Fermi energy level, the higher the sta-
bility. The strong bond between alloy atom and H atom is
weakened by the increase in the VEC, which explains the
above-mentioned reduced desorption temperature.

The dehydrogenation activation energies can be estimated
by the value of peak temperature at different heating rates
based on the Kissinger formula [67], as is shown in follow:

E
2| — —_
In [k/Tp] =R, +A, 1)
where E is the activation energy of dehydrogenation, R is
the gas constant (8.314 J/mol/K), T, stands for the peak tem-

perature, A is a linear constant and the temperature rate k has
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been defined previously. Thus, the slopes in the plot of
In [k/ Tg] and 1/T,, are utilized to calculate the value of the

activation, as shown in Fig. 5 inset. The activation energy
can be derived from their slopes, which are 225, 152 and
39 kJ/mol corresponding to the Ti,V;NbCr,, Ti;V;Nb,Cr,
and Ti,V;Nb,Cr, alloy. It is indicated that the activation
energy of alloys decreased with the VEC and thus enhanced
the desorption of hydrides.

3.4 Microstructure and XRD Pattern of Ti,V;NbCr,M
(M=Mn, Fe, Ni) System

Ti,V;NbCr, shows a maximum capacity of 3.7 wt% H, that
has exceeded all HEAs reported for hydrogen storage. It
remains a problem that the hydride is too stable, making it
difficult to release hydrogen. Herein, non-BCC forming ele-
ments (Mn, Fe and Ni) were added to the Ti,V;NbCr, alloy
aimed at introducing new phases in BCC structure.

Figure 6a shows the XRD patterns of Ti,V;NbCr,M
(M =Mn, Fe, Ni) alloys. It has been found that the phase
structures of Ti,V;NbCr,M (M =Mn, Fe, Ni) alloys are
determined as a single phase of BCC, except Ti,V;NbCr,Ni.
The addition of Fe and Mn elements leads to fewer pre-
cipitates than Ni, resulting in undetectable XRD patterns.
The lattice constants of Ti,V;NbCr,Mn, Ti,V;NbCr,Fe and

Ti,V;NbCr,Ni alloys are 0.4343 nm, 0.4315 nm, 0.4324 nm,
respectively. The difference in lattice constants arises mainly
from the radii of the doped atoms. The hydrogenation of the
alloy follows the same pattern as that of the HEA described
above with a phase transformation from BCC to FCC phase.

Microstructure for as-cast Tiy,V;NbCr,M (M =Mn, Fe,
Ni) alloys was studied by SEM, as shown in Fig. 6¢c—e. BCC
phase and a small amount of impurity phase can be found in
Fig. 6¢, and the impurity phase is scattered within the crystal
in the form of needle-like precipitates. It has been reported
that the increment of Mn content in TiVMn alloy leads to
the growth of C14_Laves phase [35]. EDS analyses were
used to determine the elements distribution of the matrix
and the precipitated phases, as listed in Table 3. The added
Mn did not dissolve completely in the BCC matrix, but pre-
cipitated more into the Laves phase. The order of melting
points of the elements is Nb (2750 K) > V/Cr (2183 K) > Ti
(1941 K)>Mn (1519 K). According to the Gibbs function,
the one with a higher melting point will nucleate preferen-
tially, and therefore Nb, V, Cr, and Ti will solidify first in
the liquid phase as BCC matrix. Subsequently the low melt-
ing point Mn will precipitate as Laves phase on the BCC
matrix together with Ti, which leads to the enrichment of Ti,
Mn elements in the Laves phase. A comparable interpreta-
tion could be also obtained in alloys of Ti,V;NbCr,Fe and
Ti,V;NbCr,Ni. Moreover, it can be seen that the addition

(a) [Initial structure . Bec (b) | Hydrogenation structure ATiNiH,
*
v Ti-Ni ¢ Fee
Ni ) i
~ TigVsNbCr,Ni ’; Ti,V;NbCr,Ni
= &
& &
2 ] 3
.g s *
Ti,VsNbCr,F ’\ =
g A 2Fe = Ti,VsNbCr,Fe ~J\’:\—
o
*
M .
Ti,VsNbCr,Vin JL Ti,V,NbCr,Vin J
1 1 1 1 1 1 1
20 60 20 20 30 40 50 60 70 80 90
29 (degrees) 20 (degrees)

Laves phase

Fig.6 XRD of Ti,V;NbCr,M (M =Mn, Fe, Ni) as-cast alloys a and its hydrides b, SEM micrographs for ¢ Ti,V;NbCr,Mn, d Ti,V;NbCr,Fe, e

Ti,V;NbCr,Ni
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Table 3 Elemental distribution

i Alloys Phase Ti A\ Nb Cr Mn Fe Ni
(at.%) of the Ti,V;NbCr,M
(M =Mn, Fe, Ni) alloys Ti,VsNbCr,Mn  BCC 3625 2532 1054 1755 1034 - -
Secondary phase 39.16 21.43 9.54 15.43 1444 - -
Ti,V;NbCr,Fe BCC 3557  26.01 11.11 1835 - 8.97 -
Secondary phase 37.83 14.48 7.2 13.69 - 26.81 -
Ti,V;NbCr,Ni BCC 33.05 29.14 1275 19.77 - - 5.30
Secondary phase 48.40 5.82 4.34 5.81 - 35.64

of Ni leads to the precipitation of more impurity phases,
compared to Mn and Fe. This is in agreement with the XRD
results, where the precipitates were labeled as TiNi phase.
The formation of high entropy solid solutions also follows
the traditional Hume-Rothery law, which requires that the
miscible alloying elements have similar atomic sizes and
electronegativity [68]. This means that large differences in
atomic radii usually lead to the formation of intermetallic
compounds. Compared to Fe and Mn elements, Ni has a
larger difference in atomic radius with Ti, V, Cr, and Nb ele-
ments and therefore more secondary phases formed.

3.5 Hydrogen Storage Properties

The characterization of the hydrogen storage properties in
Ti,V5NbCr,M (M =Mn, Fe, Ni) alloys is consistent with that
of the HEAs described above, as shown in Fig. 7. The addi-
tion of alloying elements reduces the maximum hydrogen
storage capacity to varying degrees. The Ti,V;NbCr,Mn,
Ti,V;3;NbCr,Fe and Ti,V;NbCr,Ni alloys reached hydrogen
equilibrium of 3.65 wt%, 3.51 wt%, and 3.19 wt%, respec-
tively. It has been reported that Laves phase precipitated at
grain boundaries will act as a fast channel for hydride nucle-
ation and thus enhance the kinetics of hydrogen absorption.
Herein, Laves phase resulting from the addition of Fe, Mn,
and Ni elements does not seem to accelerate the kinetics sig-
nificantly, probably owing to the excellent hydrogen absorp-
tion kinetic characteristics of HEAs itself. Zhang et al. [54]

—_
Q
-
—
o
-

suggested that the lattice distortion of HEAs could induce
more lattice defects (such as vacancies, dislocation, etc.),
which will increase the nucleation rate of hydrides. And
the apparent activation energy of hydrogen absorption in
the HEA is even lower than that of LaNis, thus exhibiting
excellent hydrogen absorption kinetics. Therefore, although
the improvement of hydrogen absorption kinetics by Laves
phase is often applied to some kinetically slow conven-
tional alloys, this strategy may not have a significant effect
in HEAs.

As mentioned above, the Ti,V;NbCr, alloy has the
hydrogen storage capacity of 3.7 wt% that has exceeded
all HEAs reported. Limited by the strong bonds between
metal and hydrogen atoms, it is difficult to desorb at room
temperature. Fe, Mn, and Ni elements were added to the
alloy with the expectation of reducing the stability of the
hydride. Figure 7b shows the hydrogen absorption PCT
curve of Ti,V5NbCr,M (M =Mn, Fe, Ni) alloys under
323 K. It is seen that the hydrogen absorption pressure of
Ti,V3NbCr,Mn, Ti,V;NbCr,Fe and Ti,V;NbCr,Ni alloys
were 0.12 MPa, 0.16 MPa and 0.36 MPa, respectively.
Compared to the plateau pressure below 0.001 MPa of
Ti,V;NbCr, alloy, the addition of Fe, Mn and Ni elements
significantly improves the hydrogen absorption plateau,
indicating the decrease in stabilization of the hydrides. In
the alloy of Ti,V;NbCr,Ni, the most amount of secondary
phase was precipitated. Laves hydrides are usually consid-
ered to desorb hydrogen at room temperature, and some

(c)

10} .
40} Ni
50bar H, at 300K T=323K v
] S g |57 "
g30f 7 ] = ' 5
(= ] o £
e - ‘:-, =
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< i g o1f E 602K
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Fig.7 a Hydrogen sorption kinetics of Ti,V;NbCr,M (M=Mn, Fe, Ni) alloys, b PCT curves of the alloy samples after 1st cycle hydrogen
absorption/desorption at 323 K, ¢ DSC curves of hydrogenated alloys at 10 K/min heating rate
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single Laves-phase HEAs have been reported such as TiZ-
rNbFeNi [45], TiZrCrMnFeNi [17]. In this article, Laves
phase seems to play a role in reducing the hydride stability.
More Laves phase precipitation leads to higher hydrogen
uptake plateau pressure, which also means easier dissocia-
tion at room temperature. This can also be seen in the DSC
curves, as shown in Fig. 7c. All the alloys can be dissociated
at room temperature, so the first heat absorption peak refer-
ring to the dissociation of dihydride is usually not detected
by DSC. The heat absorption peak on the DSC curves of
Ti,V3NbCr,Mn, Ti,V;NbCr,Fe and Ti,V;NbCr,Ni alloys
were 602 K, 586 K and 570 K, respectively, which actu-
ally corresponds to the phase transition (from body-centered
tetragonal/BCT to BCC) of monohydride. Therefore, it can
be considered to be owing to its Laves phase which offers
many pathways for hydrogen desorption so that the hydrides
are more easily dissociated.

4 Conclusions

In this study, a series of HEAs in the TiVNbCr system were
successfully designed by CALPHAD and fabricated by arc
melting based on the designed compositions. The micro-
structure characteristics and the hydrogen storage perfor-
mances were studied in explicit detail. The major conclu-
sions are drawn as follows:

1. Three types of TiVCrNb HEAs (Ti,V;NbCr,,
Ti;V3Nb,Cr,, Ti, V;Nb;Cr,) with close atomic radii and
different VEC were designed. It was found from XRD
and SEM/EDS results that the as-cast alloys are BCC
single phase.

2. H/M =2 was obtained for the designed alloys of differ-
ent compositions, and composition fluctuations did not
reduce this value. It is implied that HEAs can have great
potential in terms of hydrogen storage capacity when
lighter elements are selected. Particularly, Ti,V;NbCr,
alloy shows the hydrogen storage capacity of 3.7 wt%,
higher than other HEAs ever reported. Meanwhile, com-
bined with the peak temperature from different DSC
heating rates, the dehydrogenation activation energies
of Ti,V;NbCr,, Ti;V;Nb,Cr, and Ti,V;NbsCr, alloy
using the Kissinger method were calculated to be 225 kJ/
mol, 152 kJ/mol and 39 kJ/mol, respectively. It could
be proved that the stability of hydrides decreases with
VEC.

3. Transitional metals (Fe, Mn, Ni) have been further
added to Ti,V;NbCr, alloy to destabilize hydrides. The
addition of Ni leads to the most amount of Laves phase
precipitation. Although the Laves phase in conventional
alloys can improve the kinetics, this strategy does not
seem to work in present HEAs because of their own

excellent hydrogen absorption. Furthermore, the addi-
tion of the Laves phase leads to a decrease in the desorp-
tion temperature.
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