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Metastable phase has great potential in searching hydrogen storage alloys. In this work, high pressure
solidification has been successfully used to realize the supersaturation of Ti in YFe, based C15 Laves phase
to obtain a metastable Yy 7Zrg 24Tig osFe; alloy. The segregation of Ti, Y, Zr and related multi-phase formation
were substantially suppressed and the obtained HPS alloy contained a primary C15 phase(C15-1) and a

secondary C15 phase(C15-2) with 77.1% and 22.9% of the total content, respectively. Meanwhile, the hy-
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drogen absorption and desorption capacities increased substantially. This study proves that the combina-
tion of high-pressure solidification and alloying is a very effective method for exploring new hydrogen
storage materials with metastable structure and high performance.

© 2022 Published by Elsevier B.V.

1. Introduction

Large scale hydrogen (H) energy storage is a very promising so-
lution for the fluctuated distribution of renewable energy in space
and time, and high volumetric density, long life, cheap and safe H
storage are essential for that [1,2]. Hydrogen storage alloys (HSAs)
offer potential candidates to meet those criteria. However, HSAs,
such as RENis (RE=rare earth), TiCr, and TiFe, can only work at
ambient temperature and usually in high cost as they contain high
proportion of Ni, Ti, Pr, Nd and etc. While Mg based alloys suffer
from too high working temperature of about 300 °C. Thus, these
shortcomings hinder large-scale application [3-7]. Therefore, ex-
ploration of HSAs that can satisfy the above requirement is still a
challenge and of great significance.

It has long been known that the REM, Laves phases (M= transi-
tion metals) absorb quite high capacity hydrogen at ambient tem-
perature and pressure [8-13]. In particular, YFe,, which is simply
composed of abundant and cheap Fe and Y, can absorb up to 5 H per
formula unit (/f.u.) [14-16]. However, REM, alloys are irreversible for
hydrogen storage due to the unavoidable hydrogen-induced
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amorphization (HIA) in the de-/hydrogenation process [17-20]. Re-
cently, it has been found that HIA of YFe, can be suppressed by
simply adding Al, and a REM,-type reversible HSAs constituted of
abundant and cheap resources is developed. Unfortunately, YFe,-
based HSAs exhibit rather low dehydriding equilibrium pressure,
leading to incomplete dehydrogenation.

Alloying is an effective method to adjust the properties of HSAs,
and the general rule is hydrogen absorption/desorption pressure
plateau can increase with the decreasing of lattice constant and in-
creasing of elastic modulus [21-23]. Thus, partial substituting Y with
Zr, Ti, Mn, V, Sc, Cr has been applied for YFe, and ZrFe, based alloys
[24-28]. Indeed, the dehydriding equilibrium pressure is success-
fully elevated by Zr addition as the atomic radius of Zr (1.59 A) is
smaller than that of Y atom (1.78 A). However, it is still partially
below atmosphere pressure(0.1013 MPa) [24,25]. It is noted that the
atomic radius of Ti (1.45 A) is much smaller than Y and Zr, and the
bulk modulus of Ti (110 GPa) is higher than that of the Y (41 GPa) and
Zr (91 GPa). Therefore, it is expected that Ti substitution can further
increase the pressure plateau. However, there are still little reports
in literatures [25] because only trace amount of Ti can substitute the
Zr in Y(Zr)Fe, phase although Ti has a high mutual solubility with Zr.
The addition of more Ti resulted in the inhomogeneity distribution
of Y and the formation of Ti-rich phases [25]. Some other elements,
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Fig. 1. (a)XRD patterns and (b-c)Rietveld refinement of XRD profiles of Y 7Zr(o.3-x)TixFe, alloys prepared by casting and HPS.

such as Sc, are effective, but are not available owing to their very
high cost and even toxicity [26].

There is huge difference in microstructure and properties be-
tween the metal solidified under high pressure and atmospheric
pressure[27]. High pressure has been found to be a powerful tool for
controlling the element distribution and phase composition [28].
High pressure solidification (HPS) can effectively increase the solid
solubility of solute in alloys and form supersaturated solid solution
[29]. The ever increasing chamber dimension and maximum al-
lowable pressure in the high-pressure manufacturing equipment
make high-pressure manufacturing became an appealing solution
for preparing materials with superb properties nowadays. Mat-
sushita et al. [30]investigated the Mg85Y9Zn6 alloy and found high
pressure can transform the 18R-type LPSO to a fine dual-phase
structure composed of D05 and hcp structure. Wang[31] reported in
detail the effects of pressure on the structural, mechanical, elec-
tronic and vibrational properties of Ethylenediamine bisborane(a
hydrogen storage material). To the best knowledge of author, the
current studies on hydrogen storage have been mainly focused on
materials treated under normal pressure. With the high pressure
method is being more widely used in the preparation of metallic
materials, studying the effect of high pressure on hydrogen storage
materials becomes significant. The present work shows that higher
amount of Ti dissolves in YFe, based alloy by HPS, and a single C15
phase Yq7Zro»4TiggsFe, alloy was obtained under high pressure,
which could not be realized by conventional melting methods. Ele-
ment segregation and the formation of harmful phases were in-
hibited. With the formation of this metastable phase, the hydrogen
absorption capacity, desorption capacity and desorption pressure of
the alloy increased significantly.

2. Experimental procedure

The Y0.7Zr0‘24Ti0.05F82, YQ7ZI‘Q3F€2, Y0,7Zr0,27TiO,03Fe2(reference
samples) alloys were prepared by arc-melting under the protection
of high purity argon atmosphere (99.999%) in a water-cooled copper
crucible with high purity Y, Zr, Fe (purity 99.9%) and Ti (purity
99.99%) metal ingots as raw materials. Before melting, the metal
bulks were polished by a grinder to remove the oxidation layer. The
samples for high-pressure solidification were cut into cylinders
6 mm in diameter and 6 mm in length. The high-pressure experi-
ments were carried out using a six-anvil apparatus. High pressure
was generated by squeezing a cubic pressure medium containing a
sample with six anvils made of tungsten carbide. An internal heater

located in the cubic pressure medium generates the high tempera-
ture. Typically, the heater was composed of graphite and was in
contact with the top and bottom electrodes in the cubic pressure
medium, supplying electric current through anvils. When an electric
current was supplied to the heater, the sample was heated by Joule
heat. The pressure was applied before increasing the temperature.
Sample was heated for 1 h at relatively stable temperature(~1500 K)
and pressure(5.5 GPa), then stopped heating and the anvils were
cooled by chilled water to room temperature. After the sample was
cooled down, the applied pressure was released. The microstructure
was characterized by X-ray diffraction (XRD, Empyrean dif-
fractometer, Cu-Ka radiation A = 1.5406 A) and scanning electron
microscope (SEM) equipped with energy dispersive X-ray spectro-
scopy (EDS). The hydrogen storage properties were measured by
using a Sievert-type automatic gas reaction controller (Advanced
Materials Corporation) with reservoir in 63.546 ml. Before mea-
surement, the samples about 1 g were activated under dynamic
vacuuming condition below 0.01 bar at 473 K for 2 h. The isothermal
hydrogenation kinetics was measured under 4 MPa H, at 373 K,
while the desorption PCI curve was examined at 473 K.

3. Results and discussion

Fig. 1 shows the XRD patterns of Yo 7Zr(3-x)TixFe, (x = 0.03,0.06)
alloys prepared by different process, and the reference melted
ternary Yo-ZrosFe, alloy. It can be seen that all the melted qua-
ternary alloys consist of predominant Y(Zr)Fe, Laves phase of C15
structure. In addition to the C15 phase, there are some weak peaks
which corresponded to C14 Laves phase and YFe; phase. Especially,
the YFe; phase is present in all the melting alloys, even though the
alloys are treated by a long time of high-temperature annealing,
which is consistent with Y-Fe-Al and Y-Zr-Fe alloys [24]. This is be-
cause the Gibbs free energy of YFe; and YFe; is very close [32], the
YFes phase is easily formed in the vicinity of YFe, where the local Y
content is low if the alloys composition fluctuated. Moreover, there
are a large amount of C14 phase in the cast and annealed
Yo.7Z10.24Tig 06Fe2 alloys, which demonstrates the addition of Ti could
not substitute Y and Zr but results in C14 phase formation under
conventional preparation condition. In contrast, the alloy prepared
by HPS contains only C15 phase without the presence of C14 phase
and YFes phase. This demonstrates that high pressure effectively
changing the phase equilibrium of the alloy and forces the dissolving
of Ti into C15 phase to form a metastable phase. Consequently, the
alloy should also become more homogeneous. However, it should be
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Table 1
The phase contents and structure parameters.
Phase C15-1 C15-2
Phase contents 7710 22.90
Space group Fd-3mS Fd-3mS
Structure parameters a(A) 7.2391(9) 7.2206(5)
b(A) 7.2391(9) 7.2206(5)
c(A) 7.2391(9) 7.2206(5)
o°) 90 90
B(°) 90 90
v(°) 90 90

noted that the diffraction peaks of HPS sample are a little asym-
metric, which indicates the presence of a small amount of another
C15 phase with the lattice constant close to the main C15 phase.
Therefore, Rietveld analysis was carried out to fitting the diffract
gram, as it is shown in Fig. 1, and two C15 phases, including primary
phase (named as C15-1 here) and secondary phase (named as
C15-2), are identified with proportion being 77.1% and 22.9%, re-
spectively. The lattice constants of C15-1 and C15-2 are very close,
being 7.2391(9) A and 7.2206(5) A, respectively. The phase contents
and structure parameters are displayed in Table 1.

The microstructure of those Yo 7Zrg24Tio0sFe2 quaternary alloys
was further investigated by SEM equipped with EDS. There is ob-
vious element segregation in the as-cast Yg7Zrg,4TigosFe, alloy,
especially the Ti, as shown in Fig. 2(a). The segregation region of Ti
corresponds to the C14 phase. In contrast, after HPS, element seg-
regation is suppressed, especially Ti element distribution is uniform,
as shown in Fig. 2(b). With respect to the Zr and Y, comparing
Fig. 2(a) with Fig. 2(b), there are segregation region of Zr and de-
pletion region of Y in both melting sample and HPS sample, and
those two regions are coincident, which means that Y and Zr are
repulsive in the alloy in the presence of Ti. Nevertheless, the seg-
regation of Zr and Y is much less obvious in the HPS alloys. In ac-
cordance to the XRD results, the Zr segregation (Y depletion) region
should corresponds to C15-2 phase. According to the EDS analysis,
the average composition of C15-1 and C15-2 phase is
Y22.74Z1581Ti131F€7014  and  Y11.92Zr14.04Tisg7Fe6027, TeSpectively.
Thus, it is understood that the microstructure of the alloy is entirely
changed by HPS. Firstly, Ti dissolves into the YFe, based C15 phase,
which could not be achieved in conventional preparation; Secondly,
the alloy contains two C15 phase with complementary Zr and Y
content, while the C14 phase presented in melting alloy disappears
entirely.

It is known that Y and Ti elements are immiscible below 1273 K
[33]. As a result, the addition of Ti seriously affects the homogeneity
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of Y in the Y-Zr-Ti-Fe alloy, and also leads to the formation of Ti rich
phase. As well known, HPS changes the melting point, growth rate,
undercooling degree and solute diffusion coefficient of the alloy.
Increasing the pressure will increase the viscosity of the liquid
metal, so that it can be assumed that there is no convection in the
melt. Moreover, as the pressure increasing, the solute diffusivity
decreases exponentially. When the solidification pressure is over
3 GPa, the solute diffusion coefficient ratio of high pressure to at-
mospheric pressure is 107°, which is very easy to cause solute
trapping. Thus, the HPS suppresses element segregation and forms
supersaturated C15 phase.

Substantial influence is achieved on hydrogen storage properties
by the HPS formed unique microstructure. Fig. 3(a) and 3(b) shows
the hydrogen absorption kinetic curves under 4 MPa H, pressure at
373 K and dehydrogenation PCI curves at 473 K. It is illustrated that
the absorption capacity is only 117wt% for the as-cast
Yo.7Z10.24Tig 06Fe2 alloy, and is even lower than that of the Y ;Zrg sFe;
ternary alloy (1.60 wt%) [24]. It is obvious that the added Ti does not
play positive role because it can not dissolve into C15 phase but
results in the formation of large quantities of Zr-Ti-Fe C14 secondary
phase, and thus, the amount of hydrogen absorption phase(C15)
decreases significantly. After HPS treatment, the hydrogen absorp-
tion capacity of the alloy increases to 2.06 wt%, which is much higher
than that of the as-cast alloy and the YqZrgsFe, ternary alloy both.
The hydrogen desorption pressure is also greatly elevated for the
HPS treated samples, which leads to greatly increase dehydrogena-
tion capacity, being 0.69 wt% at 0,01 MPa. This demonstrates that Ti
addition can greatly promote the reversible hydrogen storage of YFe,
based Laves phase alloys if Ti can substantially dissolve into its
primary C15 Laves phase. As mentioned before, the equilibrium
dehydrogenation pressure of the hydrogen storage alloy is propor-
tional to the ratio of the bulk modulus B to the crystal cell volume V,
i.e. InP«B/V. The addition of Ti increases the bulk modulus and
elastic limit of the alloy (Ti:113 GPa, Y:41 GPa, Zr:91 GPa, Fe:168
GPa). In addition, the lattice constants of the C15 phases also de-
creases by Ti substitution. The lattice constant of C15 phase in
Yo.7Zro3Fe, and as-cast Yg7Zrgo7TigoeFes alloy are 7.279 A and
7.2732 A respectively, while they are 7.2391 A and 7.2206 A, respec-
tively, for C15-1 and C15-2 in Yq7Zrg27Tig0sFe, alloy treated HPS.
This demonstrates the significant cell volume decrease of C15 phase
with the dissolving of Ti, being 1.633% and 2.385% for C15-1 and
C15-2 comparing with the original C15 phase, respectively. There-
fore, the dehydrogenation plateau pressure of the alloy increases and
the dehydrogenation performance is improved.

Fig. 2. The microstructure and element distribution in (a) the as-cast and (b) HPS processed Yy 7Zro24Tig osFe> alloy.

3
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Fig. 3. (a)Hydrogen absorption kinetic curves under 4 MPa H, at 373 K and (b)Dehydrogenation PCI curves at 473 K for the as-cast and HPS processed Y 7Zrq24Tig0sFe> alloys.
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Fig. 4. The microstructure and properties of the annealed HPS Y0.7Zr0.24Ti0.06Fe2 alloy: (a) The microstructure and elements distribution; (b) XRD pattern; (c) Hydrogen
absorption kinetic curves under 4 MPa H2 at 373 K; (d)Dehydrogenation PCI curves at 473 K.

Although the new C15 phase obtained by HPS is supersaturated
in Ti and metastable, it is significant that the HPS C15 alloy is quite
stable under hydrogenation/dehydrogenation cycling. As it is shown
in Fig. 3, the hydrogen absorption capacity remains at 1.91 wt% and
1.87 wt%, and the dehydrogenation capacity remains at 0.62% and
0.59%, in the following two cycles. To further examine the stability of
the HPS C15 phase, the HPS samples were annealed in sealed quartz
ampoules at 573 K for 48 h. The heat treatment temperature was
determined by DSC analysis which demonstrates that no thermal
reaction existed below 573 K. After heat treatment, the segregation
of Y and Zr becomes much more obvious, as shown in Fig. 4(a), but
there is still no obvious segregation of Ti element. The XRD analysis,
as shown in Fig. 4(b), reveals that the metastable C15 phase is de-
composed and the obtained microstructure contains C15 phase, C14
phase and YFe; phase. The lattice constant of C15 phase changes
from 7.239 of HPS alloy to 7.269 of annealed alloy with the com-
position of Y,45Zr5 91Ty gsFes77, and the composition of C14 phase is
Ys.17Z123 .76 Ti3 3Feg776. The proportions of the two phases are 85% and
14%. As a result, the hydrogen absorption capacity changes to 1.47%

and the dehydrogenation capacity is 0.53%. Although the properties
deteriorate a little comparing to that of HPS alloy, it is still much
better than the as-cast Yo 7Zrg24Tig gsFe; alloys. This provides strong
indication for design of the YFe, based Laves phase alloys.

4. Conclusion

In summary, high pressure solidification (HPS) has been suc-
cessfully used to realize the supersaturated solid solution of Ti in
YFe, based C15 Laves phase in Yq7Zrg24TigosFe, alloy. The segrega-
tion of Ti, Y and Zr and related multi-phase formation are sub-
stantially suppressed and the HPS alloy contains a primary C15
phase(C15-1) and a secondary C15 phase(C15-2) with proportion of
77.1% and 22.9%, respectively. The C15-1 phase and the C15-2 phase
has CompOSitiOl‘l of Y22,74Zl‘5.81Ti1.31Fe70,14 and
Y11.92Z114.94Ti3 g7Fego 27, Tespectively, and their lattice constants are
very close to each other, being 7.23919 A and 7.22065 A. The for-
mation of this meta-stable structure promotes greatly the reversible
hydrogen storage properties of YFe, based Laves phase alloys. The
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hydrogen absorption/desorption capacity reaches 2.06 wt% [0.69%
(at 0.01 MPa) for HPS alloy, respectively, while it is 1.17 wt% and
0.36 wt¥% for the cast alloy. The hydrogen storage properties remain
quite stable with hydrogen absorption/desorption capacity being
1.91 wt%/0.62 wt% and 1.87 wt%/0.59 wt%, respectively in following
two cycles. Heating at higher temperature of 573 K, the HPS formed
metastable phases transforms to stable state composed of C15 phase,
C14 phase and YFe3 phase, and the major hydrogen storage prop-
erties still remains, although they deteriorate a little. This study
demonstrates that there is still great space to promote the hydrogen
storage properties of YFe, based alloys and HPS is a very effective
method for that.
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