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The addition of 4 wt% Zr to TisoV15Crsg alloy was carried out in two different ways: arc-
melting or ball-milling. The cast alloy showed rapid hydrogen absorption up to 3.6 wt% of
hydrogen capacity within 15 min. Ball milling this sample worsened the kinetics, and no
hydrogen absorption was registered when milling was carried out for 30 or 60 min. When
zirconium is added by ball-milling, the kinetic is slower than that when addition is by arc-
melting. This is due to the fact that when added by milling, zirconium does not form a
ternary phase with Ti, V, and Cr but instead is just dispersed on the particles’ surface.
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INTRODUCTION

Hydrogen has a great potential to become a clean energy carrier but needs development in terms of
its production, safety, storage, and transport (Sakintuna et al., 2007; Modi and Aguey, 2021). For
hydrogen storage applications, metal hydrides have the advantage of a high-volumetric capacity at
low hydrogen pressure. Body-centered cubic (BCC) solid solution metal hydrides have relatively
high-gravimetric hydrogen capacity of around 3.5 wt% at room temperature under low hydrogen
pressure (2-3 MPa) (Kabutomori et al., 1995; Akiba and Iba, 1998; Sakintuna et al., 2007; Liu et al.,
2009; Miraglia et al., 2012; Bibienne et al., 2014; Bibienne et al., 2015; Kamble et al., 2017; Kamble
et al, 2018; Modi and Aguey, 2021). However, they usually form very stable monohydrides which
makes the reversible practical capacity only half of the total capacity (Akiba and Iba, 1998; Bibienne
et al., 2014; Bibienne et al., 2015; Kamble et al., 2017).

TiVCr and TiVMn are well-studied BCC alloys which show a total hydrogen absorption of around
3.6 wt% (Miraglia et al., 2012; Bibienne et al., 2015; Kamble et al.,, 2017; Kamble et al,, 2018). One
problem of these alloys is that the first hydrogenation, the so-called activation, shows a long incubation
time which makes the hydrogenation difficult and time-consuming (Miraglia et al., 2012; Bibienne
etal,, 2015). The alloys have to be subjected to high temperature and pressure, and a few hydrogenation/
dehydrogenation cycles have to be performed before the alloy could fully absorb hydrogen. Elimination
of the incubation time could greatly improve the first hydrogenation process. The activation process is
still not well understood, but it can be improved by many means such as introduction of additives/
catalysts, method of synthesis, or heat treatments (Huot, 2012; Miraglia et al., 2012; Bibienne et al., 2015;
Banerjee et al,, 2016; Young et al.,, 2016; Balcerzak, 2017; Kamble et al., 2017).

Additives could introduce secondary phases which help the first hydrogenation (Miraglia et al.,
2012; Bibienne et al., 2015; Kamble et al.,, 2017). Skryabina et al. (Skryabina et al., 2016) melted
(TiCr; 8)100xVx for x = 20, 40, 60, and 80 with 4 mol% Zr,Ni;, and reported the dependence of
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FIGURE 1| XRD patterns of cast BCC TisoV12Crge + 4 Wt% Zr and milled
for 15, 30, and 60 min.

hydrogen uptake, reversible hydrogen capacity and desorption
temperature on the vanadium content, and dependence upon
melted with the Zr-Ni additive. Miraglia et al. (Kamble et al,
2017) found dramatic improvement in activation when 4 wt%
Zr;Nijq was added to BCC Ti33V3(Crj; alloy by induction melting.

Ball milling is a well-known technique used for getting
nanocrystallinity, modifying surfaces, and producing alloys by
mechanical alloying (Hu et al,, 2004; Danaie et al., 2011; Huot,
2012). The reduced crystallite size and increase in defect density
induced by the severe plastic deformation techniques could facilitate
quick hydrogen absorption (Huot, 2012). M. Balcerzak (Balcerzak,
2017) used mechanical alloying to synthesize Ti, (Vy (x = 0.5, 0.75,
1, 1.25, 1.5). They reported the formation of nanocrystalline BCC
phase alloys after 14 h of milling. Alloys with high proportion of Ti
had higher hydrogen capacity. X. B. Yu et al. (Yu et al., 2005) added
10wt% nanoparticles of LaNij;;5C0p75Mng4Aly3 to quenched
Tiy;V,sMn sCryp by ball-milling. The layer of nanoparticles
modifies the surface of the pristine alloy. The nanoparticles
acted as gateways for hydrogen atoms to enter into the bulk of
alloy resulting in an improvement in activation.

In a previous investigation, we showed that as-cast of
Tis,V1,Cris + 4 Wt% Zr;Nijp has fast first hydrogenation at
room temperature under 2MPa of hydrogen. This was
attributed to a Zr-Ni-rich secondary phase (Bibienne et al,
2014). The relative impact of zirconium and nickel as an
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additive on first hydrogenation was investigated, and it was
found that addition of zirconium is more beneficial than that
of nickel (Kamble et al., 2018). The relative effect of the additive
and particle size on hydrogen sorption of BCC Tis,V;,Crs6 + 4 wt
% Zr showed that the chemical composition has more influence
on hydrogenation behavior than particle size (Miraglia et al,
2012). Ball milling is an energetic way to get nanocrystalline
structures and high defect density. This may lead to quick
hydrogen interaction. Thus, adding zirconium by milling will
tightly bind the BCC and zirconium particle, and this may act as
gateways for quick hydrogen absorption. In this article, we
present an investigation on the use of ball-milling for adding
zirconium to a BCC alloy and also for obtaining a nanocrystalline
structure.

ARTICLE TYPES

Tier 1: Brief Research Report, B-type Article

MATERIALS AND METHODS

The raw materials titanium (sponge, 3-19 mm, 99.95%),
vanadium (granules, 1-3mm, 99.7%), chromium (pieces,
irregular, 99%), and zirconium (sponge, 0.8-25.4 mm, 99.5%)
were purchased from Alfa Aesar and melted in the required
stoichiometry. Two compositions were melted: Tis,V;,Crs¢ and
Tis,V1,Crsg + 4 wt% Zr. The melting was carried out under argon
atmosphere using an arc-melting apparatus from Centorr
Associates Inc, NH, United States. Each composition was
melted three times by flipping the pellet each time in order to
achieve homogeneity.

To avoid oxidation, the sample pellets were crushed into
powder using a mortar and pestle inside an argon-filled glove
box. The crushed powders were put inside a hardened steel
ball-milling vial with a powder to ball ratio of 10:1. Ball
milling was performed using a Spex 8000 apparatus. For Zr
addition at melting, the as-cast Ti5,V1,Crss + 4 Wwt% Zr was
milled for 15, 30, and 60 min. Milling for the same periods
was also carried out on the as-cast Tis,V,,Cr34 to which 4 wt
% of zirconium was added at milling. Scanning electron
microscopy was performed using a JEOL scanning electron
microscope JSM-5500 with an attachment for energy

TABLE 1 | Refinement of cast TispV42Crge + 4 Wt% Zr milled for 15, 30, and 60 min. The error on the last significant digit is indicated by the number in parentheses.

Sample Phase Abundance (%)
As-cast with Zr BCC 100
(As-cast with Zr) Milled for 15 min BCC 100
(As-cast with Zr) Milled for 30 min BCC 87 (1)

C15 13 (1)
(As-cast with Zr) Milled for 60 min BCC 88 (1)

C15 12(1)

a (I°\) Crystallite size Microstrain (%)
(nm)
3.1116 (7) 10.3 (2)
3.105 (4) 7.6 (4) 0.19 (2)
3.113 (1) 8.3 (2 0.23 (1)
7.003 (3) 8.9 (1)
3.116 (1) 76 (2 0.27 (1)
6.993 (3) 8.9 (1)
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FIGURE 2 | XRD patterns of cast BCC Tis,V+,Crgg milled with 4 wt% Zr
for 15, 30, and 60 min.

dispersive spectroscopy (EDS) to measure the chemical
composition.

The first hydrogenation was measured at 298 K under 20 bars
hydrogen pressure using a homemade hydrogen titration system.
X-ray diffraction (XRD) patterns were taken on a D8 Focus
Bruker X-ray powder diffractometer with Cu Ka radiation. The
XRD patterns were analyzed by Rietveld refinement using
TOPAS software in order to determine the crystal structure
parameters such as lattice parameters and crystallite size
(Cheary et al., 2004; Robert et al., 2018).

RESULTS AND DISCUSSION

X-Ray Diffraction
The XRD pattern of as-cast BCC Tis,V,Crs¢ with the additive
4 wt% Zr has been shown in our previous report (Kamble et al.,
2018). It presents a single phase BCC crystal structure (S. G.- Im-
3m). The diffraction patterns of the milled samples are similar to
those of the unmilled ones as shown in Figure 1. There is no
indication of the creation of a new phase upon milling. The peak
broadening with milling time indicates reduction in crystallite
size and presence of microstrains.

Rietveld refinement was carried out on each pattern, and the
results are tabulated in Table 1. The refinement results for the
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alloy with 4 wt% Zr are from the previous research work and are
merged in Table 1 for comparison (Kamble et al., 2018). Table 1
shows that there is no influence of ball-milling on the lattice
parameter but a reduction in crystallite size. When milling is
performed for 30 and 60 min, there is an appearance of a C15 type
Laves phase.

In another set of experiments, zirconium was added by ball-
milling. The alloy Tis,V;,Crss was first arc-melted and
thereafter ball-milled with 4 wt% Zr. The XRD patterns of
the material after different milling times are presented in
Figure 2.

In case of Zr-addition at milling, all samples exhibit the main
BCC crystal structure with small minor peaks of zirconium. These
peaks diminish with milling time, which may indicate a reduction
of Zr crystallite size.

The results of the Rietveld refinement for zirconium addition by
milling are shown in Table 2. The refinement results for the cast of
alloy without 4 wt% Zr are from the previous research work and are
merged in Table 2 for comparison (Kamble et al., 2018).

The lattice parameter of the BCC phase does not change with
milling time. For the zirconium, the lattice parameters seem to
decrease with milling time, but we have to point out that the error
is also increasing with milling time. This is because the peak
intensities are greatly reduced, and thus the exact location of the
peak’s maximum is difficult to measure. The reduction of peak
maximum is due to the reduction of crystallite size as seen in
Table 2. We see that, with milling time, the crystallite size of BCC
and zirconium converge toward similar values. Moreover, the
value of the crystallite size and microstrain for the BCC phase is
similar to the values reported in Table 1. We could conclude that
the effectiveness of ball-milling is the same for Zr added at
melting or at milling.

First Hydrogenation

The effect of milling on the first hydrogenation of as-cast
Tis,V1,Crss + 4wt% Zr alloy is shown in Figure 3. As a
reference, the first hydrogenation curve of the as-cast alloy
presented in ref (Kamble et al., 2018) is included.

We see that the incubation time is quite long but thereafter the
kinetic is fast. In previous investigations, it was found that the fast
kinetic could be attributed to a network of the Zr-rich secondary
phase that acts as gateways for hydrogen (Bibienne et al., 2014;
Kamble et al., 2017). Milling for 15 min decreases the incubation
time, but the final capacity is reduced as well as slower kinetics.

TABLE 2 | Refinement of cast Tis,V412Crae milled with 4 wt% Zr for 15, 30, and 60 min. The error on the last significant digit is indicated by the number in parentheses.

Sample Phase Abundance (wt%) Lattice parameter Crystallite size Microstrain (%)
&) (nm)
As-cast BCC 100 a=3.107 (3) 19.8 (8)
TisoV12Crs6 ball-milled for 15 min with Zr BCC 95.1 (5) a =3.0990 (9) 10.6 4) 0.29 (1)
Zirconium (HCP) 4.9 (5) a=23.236 (2 21 (7) 0.16 (5)
c=5.156 (7)
TisoV12Crsg ball-milled for 30 min with Zr BCC 97.9 (2) a=23.095 (1) 8.4 (3 0.26 (1)
Zirconium (HCP) 212 a=23.234 (4 7(1)
c=515(1)
TisoV42Crsg ball-milled for 60 min with Zr BCC 100 a=23.095 (1) 9.0 2 0.30 (1)
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FIGURE 3 | First hydrogenation curves: as-cast TispV2Crgg + 4 Wt% Zr
and milled for 15 min (A) and milled for 30 and 60 min (B).
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FIGURE 4 | First hydrogenation curves of as-cast TisyV2Crag milled for
15, 30, and 60 min with 4 wt% Zr.

Further milling for 30 or 60 min (Figure 3B) effectively makes the
alloy inert to hydrogen. The reason for such behavior is unclear. It
is known that reduction of crystallite size may bring a smaller
capacity due to the higher proportion of grain boundaries

Hydrogenation of TisoV12Crge + 4 Wt% Zr

(Lv et al.,, 2019). However, in the present case the reduction of
capacity is too important to be only attributed to the reduction of
crystallite size.

In a previous investigation, it was shown that the bare alloy
Tis,V1,Crszs could absorb 3.6 wt% of hydrogen at room
temperature and under 20 bars of hydrogen but only after
22 h of incubation time (Kamble et al., 2017). Figure 4 shows
the first hydrogenation curves for samples where Zr was
added by milling. It shows that the sample milled for
15min could absorb hydrogen but at a slower rate and
longer incubation time than the sample in which Zr is
directly added in melting (Figure 3). The full capacity was
not reached because the absorption was terminated after
1,000 min. Further milling for 30 and 60 min makes the
sample inert to hydrogen.

Scanning Electron Microscopy
As only the samples milled for 15 min showed absorption in both
methods of Zr addition, they were studied further. Figure 5 shows
the BSE image of both samples after milling.

For the as-cast Tis;V;,Cr3e + 4 wt% Zr milled for 15 min,
the particles show a uniform gray shade. This indicates
uniform distribution of the elements. A previous
investigation showed that there is a zirconium-rich
secondary phase in this alloy (Kamble et al., 2018).
However, at the scale of Figure 5 and with an unpolished
sample, this secondary phase is not visible. In the case of as-
cast Tis;V1,Crs¢ milled with 4 wt% Zr, the particles show
bright areas which most likely are zirconium particles. To
verify this, we performed EDS analysis on both samples.

Energy Dispersive Spectroscopy

For both samples, the bulk composition was measured by
recording the EDS spectrum over the whole field of view
under low magnification. The bulk-measured composition
agreed with the nominal composition for both samples.

To check the nature of the bright areas in Figure 5B, an
elemental mapping was performed and is presented in
Figure 6.

It is clear that Ti, V, and Cr elements are evenly distributed,
and zirconium is in small particles attached to the BCC alloy. It
thus confirms the results of X-ray diffraction that the addition
of zirconium by ball-milling results in small particles of
zirconium bonded to BCC particles and no alloying with
the bulk to form a Zr-rich alloy as seen in the arc-melted
alloy (Kamble et al., 2017; Kamble et al., 2018). This indicates
that the milling duration of 15 min is too small to produce a
Zr-rich secondary phase.

X-Ray Diffraction After Hydrogenation

The X-ray diffraction of hydrogenated samples was registered in
order to see the hydrogenated crystal structure. The respective
XRD patterns are shown in Figure 7. For as-cast samples, the
BCC crystal structure turns into the FCC crystal structure upon
hydrogenation (Figure 7A). This confirms the formation of a di-
hydride phase. For the as-cast Ti5;V1,Crss + 4 wt% Zr further

Frontiers in Materials | www.frontiersin.org

January 2022 | Volume 8 | Article 821126


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Kamble et al.

Hydrogenation of TisoV12Crge + 4 Wt% Zr

| A Milled cast of (BCC+4wt%Zr) \

‘ B BCC milled with 4wt%Zr

FIGURE 6 | Elemental mapping of BCC TisoV412Crge milled with 4 wt% Zr for 15 min.

2 -theta (Deg)

4 wt% Zr (C).

¢ FCC ® BCC ¥ ZrH,
>
S
=
‘»

1 {® ]
E b.
E| | o

* o
A Re 29
a.
40 50 70 % 100 110

FIGURE 7 | XRD curves upon hydrogenation of as-cast Tis,V12Crgg +
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milled for 15 min (Figure 7B), the pattern also shows an FCC
phase, but the peaks are broader. This is due to the smaller
crystallite size of the BCC phase of the ball-milled sample as
reported in Table 1.

In the case of the Ti5,V;,Cr34 milled with Zr (Figure 7C),
the pattern shows an FCC phase but also the presence of
a ZrH, phase. This is understandable as free Zr was
identified in this sample after milling, and ZrH, is a very
stable hydride.

In Table 3, the lattice parameters and crystallite size of the
FCC phase as determined by Rietveld refinement are listed.
We see that the crystallite size of the FCC phase in the
hydrided samples is slightly larger than that of the BCC
phase in the corresponding as-cast or as-milled samples.
This is expected as hydrogenation usually results in a
swelling of the unit cell due to the inclusion of hydrogen
atoms in the lattice.
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TABLE 3 | Refinement of cast TispV12Crag + 4 Wt% Zr milled for 15, 30, and 60 min. The error on the last significant digit is indicated by the number in parentheses.

Sample Phase Abundance (wt%)
As-cast with Zr FCC 100
As-cast with Zr and milled for 15 min BCC 30 (2)

FCC 70 (2)
As-cast and milled for 15 min with Zr BCC 18 (1)

FCC 74 (1)

ZrH, 7.4 (4)
CONCLUSION

The addition of Zr at milling and at melting was investigated.
In the case of addition of Zr at melting, the alloy shows only the
BCC crystal structure. A C15 phase is produced upon
further milling for 30 and 60 min. In the case of Zr
addition at milling, there are some peaks of Zr along with
the BCC structure, but no alloying is observed. The addition of
Zr by milling leads to heterogenous presence of Zr on the
surface of BCC particles. Thus, we were able to test the effect of
pure zirconium on the hydrogen sorption behavior of the
T152V12Cr36 alloy.

The ball-milling adversely reduces kinetics and hydrogen
capacity for both ways to add zirconium. In fact, milling for
more than 15 min makes the samples inert to hydrogen. The
change in hydrogenation behavior upon ball-milling of the
alloy with the additive remains unexplainable. The first
hydrogenation of BCC alloys without the additive has
been reported to be very difficult (Bibienne et al., 2014;
Kamble et al., 2017). Milling this alloy with 4 wt% Zr for
15 min makes hydrogenation possible but at a slow rate and
with reduced hydrogen capacity. The reason for the poor
performance of the alloys with Zr added by milling may be due
to the fact that milling does not produce a Zr-rich secondary
phase. Therefore, the addition of Zr is optimum when
carried out at casting. Ball milling is not suitable for
adding Zr to BCC alloys for the purpose of getting fast first
hydrogenation.
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