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TiZr-based alloys are known to absorb a large amount of hydrogen, and as such have been proposed as candidate
materials for hydrogen storage applications. For the easy synthesis of samples, as-cast TiZrNi alloys were pre-
pared and deuterated using a lab-built isotherm measurement system to locate the atomic positions of host
metals with deuterium before evaluating their technical usefulness. Results of Rietveld refinements measured
from simultaneous fit of X-ray and neutron diffraction patterns revealed that slowly cooled Tis3Zr,;Niy, alloys

have a C14 Laves phase (P63/mmc) with lattice constants of a = 5.27 and ¢ = 8.31 A with atomic compositions
of 52.25, 28.27 and 19.48 at. % for Ti, Zr, and Ni, respectively. Deuterium atoms sit in tetrahedral sites formed
by Ti»Zr, and Zr,Ni,. The exact locations of the deuterium atoms are (0.412, 0.462, 0.594) and (0.430, 0.569,
0.250) of Wyckoff positions in a xyz coordinate system. The formation of a hydride phase was unavoidable even
at low concentrations of deuterium, and was identified to TiD,.

1. Introduction

TiZr-based alloys are known to store a large amount of hydrogen
due to the high affinity of host metal atoms with hydrogen [1-3]. In
fact, alloys made with TiZrNi store hydrogen at a maximum of a hy-
drogen to host metal atom ratio (H/M) of near 2 at ambient condition
[4-6]. In this alloy, the presence of Ni prevents the sample from in-
creasing the absorption energy of hydrogen, moderating the binding
energy and making it a good candidate material for hydrogen storage.
TiZrNi alloys exhibit various phases depending on the cooling rates
from liquids. When this alloy was slowly cooled, a C14 Laves phase was
formed, while a quasi-periodic structure was found if the alloy was
rapidly quenched [7].

The C14 or MgZn,-type phase is a hexagonal structure (P63/mmc)
with a general formula of AB,, where A is the larger of the two ele-
ments. The radial ratio of A to B is 1.225 for hard spheres. In a TiZrNi
system, the Laves phase coexists with icosahedral quasicrystals in li-
quids and forms first at ambient condition in a wide range of Ti, Zr and
Ni compositions [8]. Understanding the structure and hydrogen atom
positions in the C14 phase is important because the alloy absorbs hy-
drogen in tetrahedral coordinated interstitial sites with a total of 17
interstices per AB, structure [9]. Due to the structural similarity of the
phase with quasicrystals, recent studies have proved that the capacity
of absorbed hydrogen in Tis3Zr,;Nizo quasicrystals exceeds 3.94 wt %

at 40 GPa [10].

It is believed that the nucleation process and the structure of the
C14 phase can provide clues on the formation of the stable icosahedral
phase, and hydrogen atoms in this system can probe the local structure
of quasicrystals. Because of its simple preparation, once the structural
stability of the C14 phase is known, as-cast samples are expected to
replace the meta-stable alloys for hydrogen storage application.
However, a few studies have reported on the structure and atomic
positions in deuterated alloys of Tis3Zr,,Ni,g alloys that have a similar
hydrogen absorption property with the quasicrystals at the same com-
position. Therefore, it is very important to identify the locations of the
host metal and hydrogen atoms in as-cast C14 Laves phase of
Tis3Zro;Niyg alloys, and to evaluate the hydrogen absorption capacity
under ambient conditions.

The structure and exact atomic positions with occupancies of the
constituent elements of this phase were determined using a Rietveld
refinement, which was successfully obtained by simultaneous fit to both
X-ray and neutron diffraction data. Deuterium was loaded into the
sample to achieve an effective scattering cross-section area of the
neutron diffraction data.

2. Experimental details

Raw materials of Ti, Zr and Ni were purchased from Alfa Aesar with
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purities of 99.99, 99.94 and 99.90 %, respectively. The mass of each
element was measured using an electric balance with 10~ *g of accu-
racy. As-cast ingots were prepared by arc-melting with 2.5g of the
mixed elements on a Cu hearth with water-cooling in an Ar atmosphere.
The melting and cooling process was repeated three times for homo-
geneity of the samples by flipping the ingot.

It is known that a thick oxygen layer covers the surface of the
sample and prevents the sample from hydrogen penetration. For
loading of hydrogen at low hydrogen pressure, an oxygen layer was
removed by applying an Ar-plasma etching and a thin Pd coating was
applied to prevent further oxidation when the samples were exposed to
air [11]. Due to the exothermic reaction of hydrogen and the relatively
high binding energy of hydrogen with Ti and Zr atoms, slow loading
with partial absorption of hydrogen was required. To introduce the
desired amount of hydrogen in the sample, a laboratory-built Pressure-
composition-Temperature (P-c-T) system was employed and the change
of hydrogen pressure was monitored. As a result, deuterium was loaded
with a deuterium to host metal atom ratio (D/M) of 1.05, which is
nearly half of the reported maximum value [9].

Powder X-ray and neutron diffraction data for the samples were
measured using X-ray diffractometer (D-8 Discover, Bruker, Cu-K, ra-
diation) and at POWGEN/BL-11A beamline (wave length of 1.066 A) of
spallation neutron source at Oak Ridge national laboratory, respec-
tively. The structure and atomic positions of host metal and deuterium
in Tis3Zro7Niyo samples were analyzed using General Structure Analysis
System (GSAS) [12]. Atomic positions were simulated and visualized
using a Visualization for Electronic and STructural Analysis (VESTA)
software.

3. Results and discussions

The results of X-ray and neutron diffraction patterns measured from
as-cast Tis3Zrs;Niag alloy samples are shown in Fig. 1. The simultaneous
fit to X-ray and neutron diffraction data revealed that the sample is a
single phase of a hexagonal closed packed structure (space group 194,
P63/mmc) with lattice constants of a = 5.27 and ¢ = 8.31 A, which is
very close to the ones reported by Majzoub et al. [13]. The Rietveld
refinement results, including atomic coordinates and occupancies, are
shown in Table 1. The best value of 2, which indicates the statistical
goodness of the fit, for X-ray diffraction, and neutron diffraction
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Table 1
Rietveld refinement results of as-cast Tis3Zry;Niyo sample measured from the
combined X-ray and neutron diffraction data (a = 5.27, ¢ = 8.31 A).

Atom  Wyckoff position  x y z Occupancy  Uiso

Ti/Ni 2a 0 0 0 0.82/0.18 0.005/0.198
Zr/Ti  4f 0.333 0.667 0.066 0.80/0.20 0.010/0.055
Ti/Ni  6h 0.837 0.674 0.250 0.46/0.54 0.057/0.008

patterns were 2.58 and 3.46, respectively. The results showed that in
the AB, structure, A-sites (4f) were occupied either by Ti or Zr, whereas
the B-sites (2a, 6h) were positioned by Ti or Ni. The summation of the
partial occupancies of the sites yielded the actual concentrations of
52.25, 28.27 and 19.48 at. % for Ti, Zr and Ni, respectively, which is
very close to the nominal composition. This result demonstrates the
uniformity of the sample with no mass loss of elements during the
preparation.

To analyze the structure of deuterated Tis3Zro;Niy alloy samples,
deuterium was loaded by using a computer-controlled P-c-T system at
300 °C. The amount of absorbed deuterium calculated by gas law was
D/M value of 1.05. The X-ray and neutron diffraction patterns with
simultaneous fit of Rietveld refinement for deuterated Tis3Zr,;Niyg al-
loys are shown in Fig. 2. To obtain the best fit within a reasonable
physical decoration, we fixed the occupancies of the host metals and
refined the deuterium positions and occupancies. In fact, X-ray and
neutron diffraction patterns revealed that the sample maintained the
C14 structure with a hint of a presence of an impurity phase. The values
of lattice constants increased to a = 5.54 and ¢ = 9.04 A, which sug-
gests the cell volume expansion from 201 to 223 A3, after partial deu-
teration. The formation of an impurity phase was noted at the mo-
mentum vector q values of 2.4 in X-ray diffraction and from 2.7 to 3.1
in neutron diffraction patterns (see Fig. 2(a) and (b)). The impurity
phase was not indexed by (Ti,Zr)H, or ZrH, phase (PDF: 17-0314) that
are frequently observed in TissZr3gNi;, alloys. Rather, a q value of 2.4
matched with (111) peak of TiH, (PDF: 65-1028). Due to the lack of
further diffraction peaks at a higher q, however, a complete analysis for
the impurity phase was not possible. After excluding of the impurity
phase, the 2 values for the neutron diffraction data significantly de-
creased from 15.54 to 7.66.

The positions and occupancies of metals and deuterium are listed in
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Fig. 1. Results of Rietveld refinements for (a) X-ray and (b) neutron diffraction patterns measured from as-cast Tis3Zro;Niyo alloys. The diffraction data and
calculated peaks for C14 phase are shown with circles and solid lines, respectively. The difference between the data and simulation is shown in dots.
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Fig. 2. Results of Rietveld refinements for (a) X-ray and (b) neutron diffraction patterns measured from partially deuterated Tis3Zr,;Niyg alloys. The diffraction data
and calculated peaks for C14 phase are shown with circles and solid lines, respectively. The difference between the data and simulation is shown in dots.

Table 2

Rietveld refinement results of deuterium loaded Tis3Zr,;Ni,o sample measured
from the combined X-ray and neutron diffraction data (D/M: 1.05, a = 5.54,
c =9.04A).

Atom  Wyckoff position  x y z Occupancy  Uiso

Ti/Ni 2a 0 0 0 0.82/0.18 0.005/0.198
Zr/Ti  4f 0.333 0.667 0.075 0.80/0.20 0.010/0.055
Ti/Ni  6h 0.835 0.670 0.250 0.46/0.54 0.057/0.008
D 12k 0.412 0462 0.594 0.40 0.005

D 6h 0.430 0.569 0.250 0.16 0.032

Fig. 3. Structure modeling of as-cast Tis3Zra;Nisg C-14 Laves phase with deu-
terium positions is illustrated by using VESTA. Ti, Zr, Ni and D are represented
in grey, pink, red, and blue, respectively. The fraction of the color of the atom
represents the occupancy of the shared site. The tetrahedrons are indicated with
solid lines. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

Table 2. According to the results, there is no particular site that is 100%
occupied by deuterium. Instead, deuterium atoms are uniformly dis-
tributed in the sample, and partially take in the available interstitial
sites. If deuterium atoms were not uniformly loaded, peak splitting in
the patterns should be noted. In a C14 Laves phase, hydrogen is known
to locate in the center of tetrahedral interstitial sites [14-16]. There are

35

three tetrahedral interstitial sites to host deuterium in the system; 241,
12k, 6h formed by Zr,TiNi, TizZrs, ZroNiy. Our best fit to neutron dif-
fraction data revealed that deuterium fills the 12k and 6h Wyckoff sites
with occupancies of 0.40 and 0.16, respectively. The distances between
Ti-Zr in Ti,Zr, tetrahedron at 12k site increased from 3.04 to 3.29 A,
and the one of between Zr-Zr at 6h site increased from 3.06 to 3.33 A.
One needs to note that 241 site is still unoccupied because of the partial
absorption of deuterium. The results of the refinement yielded that the
actual amount of deuterium was D/M of 0.74. The difference of the
value compared to the one estimated by P-c-T measurement system was
due to the formation of a hydride phase after deuterium loading.
Modeling of the atomic positions for the host metals and deuterium are
illustrated in Fig. 3 using VESTA software.

4. Conclusions

To investigate the local structure of C14 Laves phase in TiZr-based
alloys and to evaluate the potential of these materials for hydrogen
storage applications, as-cast Tis3Zra;Nipg samples were prepared by
using an arc-melting of elements and deuterated using a computer
controlled gas-handling system. The positions and partial occupancies
of host metal and deuterium atoms were determined by simultaneous fit
of X-ray and neutron diffraction data using a Rietveld refinement
method. The atomic concentrations of the host metals in as-cast alloys
were matched with the nominal ones. The estimation of the atomic
positions and concentrations of deuterium in partially deuterated
samples revealed that 11% of volume expansion occurred after the
deuteration. Deuterium atoms reside in tetrahedron interstitials formed
by TiyZry and ZroNi,. The difference between the nominal and actual
amount of deuterium in the sample was attributed to the formation of
TiD, hydride phase. These findings are valuable in that they identify the
locations of host metals and deuterium in TiZrNi alloys of the Laves
phase, and can be used for the evaluation of the materials for hydrogen
storage applications.
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