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Abstract

The present concise communication emphasizes on two zirconium based AB2 alloys (ZrZn2 and ZrAl2) with an
overview concerning the basic physicochemical properties alongside their structure, elastic, or magnetic nature,
with further outlook in hydrogenation application purpose. We started introducing the general aspects of using
Zirconium based intermetallics with their advantages and the prevalent apprehension about binary phase diagram
of Al-Zr and Zn-Zr systems. We outlined extensive examples overlapping these different properties and we
highlighted the importance of hydrogen storage materials in the current worldwide concern about using clean
energy.
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1. Introduction

Zirconium alloys are known to have a good corrosion resistance and its incorporation in intermetallic alloys or
adjunct substitution provides improved protection against oxide growth depending on alloying concentration
(Féron, 2012; Samaras, 2011). This makes Zr-based alloys valuable for different applications like solid-gas
reactions or others hydrothermal energy conversions (Mine et al., 2014; Kumarn et al., 2013; Lototskyy et al.,
2018; Matsuyama et al., 2018).

Binary phase diagram of Zr-Zn and Zr-Al systems were reported since 1992 in the Phase Equilibria Journal
(Dutkiewicz; Murray et al.). In 2001 thermo-chemistry modeling groups start developing further database series
including wide range of optimized phase diagrams (Example in Figure 1) combining several thermodynamics
computing solutions such as the FactSage modules (Bale et al., 2009; Harvey et al., 2012).

2. Solid-state and Physicochemical Properties

Physical properties of ZrZn2 compound have been reported with considerable emphasize on its magnetic
measurements. Carrington et al., (2005) shows ferromagnetic character of the material and temperature
dependence through magnetization isotherms giving important information about spin fluctuations in ZrZn2
matrix. Other magnetism or transport properties were reported and shows that ZrZn2 spark erosion can proceed a
superconducting surface layer on the bulk material (Yelland et al., 2005). Supplementary detailed measurements
have been investigated also at high pressure to establish electronic topology on ZrZn2 Fermi surface,
interestingly meta-magnetic behavior is observed at a critical point (Kabeya et al., 2013).
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Figure 1. Example of binary phase diagram given by FactSage (Zn-Zr system)
Magnetic study of ZrAl2 was reported in literature investigating the influence of rare earth impurities (Zr1-

xRExAl2) on its resistivity and magnetic susceptibility. It was found some unexpected results consisting in
resistivity increment related to the fractional valence (Hafez and Slebarski, 1990).

ZrAl2 crystallizes in the C14 hexagonal Laves structure shown in Figure 2a, with lattice constant a=5.282 Å
and c=8.748 Å. ZrZn2 crystallizes in the C15 cubic Laves structure shown in Figure 2b, with lattice constant
a=7.393 Å and the Zr atoms in this case form a tetrahedrally coordinated diamond structure.

Figure 2. (a) The C14 Laves Phase structure of ZrAl2 (Hexagonal P63/mmc) Zr atoms larger spheres (white)
(b) The C15 Laves Phase structure of ZrZn2 (Cubic Fd-3m) Zr atoms larger spheres (green)

ZrZn2 elastic constant increases linearly with the compression pressure and the compound is stable up to 60
GPa. First-principle study based on functional density energy calculation confirmed the mechanical behavior of
the compound for low and high temperature (Sun et al., 2014).

Mechanical properties assessment of ZrAl2 (elastic constants and deformation mode) have been reviewed
recently exhibiting low elastic anisotropy with substantial temperature effect on linear thermal expansion for low
pressure (Zhang et al., 2014).

Hydrogenation experiments on ZrAl2 show scarce absorption. However, Zr(Al0.5Co0.5)2 composite
performed acceptable capacity of 1.1 H/M (Jacob et al., 2011).

Partial substituted compounds ZrZn2-xAlx have been investigated by X-ray powder diffraction: ZrZn1.5Al0.5
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is Pm3m cubic phase, but ZrZn0.5Al1.5 sample is giving same C15 Lave phase configuration as the non-
substituted ZrZn2 alloy.

The unit cell parameter of the sample ZrZn0.5Al1.5 is a = 7.473 Å and was synthesized using classical high
temperature annealing silica tube (Drašner and Blažina, 1981).

3. Outlook towards reverse hydridable materials

Complex Zr-based AB2 alloy (ZrNi1.2Mn0.48Cr0.28V0.13) was studied as catalyst of gas-diffusion electrodes within
alkaline-fuel cell giving moderate hydrogen-diffusion at current density of 40-60 mA/cm2 (Hu et al., 2004).
Similar multi-element or high-entropy Zr-alloys were produced recently by sophisticated heat treatment process
resulting slight or substantial improvement in hydriding behavior (Kim 2009; Zhang 2013; Wu 2015; Karlsson
2018; Zlotea 2019; Young 2015; Davidson 2003).

However, a series of ZrFex alloys with different iron composition range were achieved using a conventional
arc furnace with inert Argon. Hydrogen desorption isotherms were elaborated and maximum hydrogen capacity
of 1.2 H/M (1.80 wt % H2) was obtained for optimum ZrFe1.9 (Sivov et al., 2011). This shows that we can get in
specific cases an efficient sorption and enhanced capacity by using easy simple substitution with a transition
periodical element.

Figure 3. Possible bulk hydrides formation using high pressure hydrogenation system
In this current account ZrZn2 and ZrAl2 Laves phases exhibit very attractive and interesting

physicochemical properties, as an insight of appropriate matrix substitution (considering suitable metal substitute
ZrB2-xMx, B = Zn or Al, and M = Cobalt, Copper or/and Manganese) is particularly contributing in emerging
advanced reversible HSA hydrogen storage nano-materials (Figure 3). We are involved in our laboratory
framework in developing new Zirconium based AB3 alloys like CeZr2Ni5Cr4 and LaZr2Ni5Cr4 having interesting
hydrogenation properties particularly the electrochemical storage in Nickel-Metal Hydride Batteries Ni-MH
(Sahli et al., 2017, 2016). We are also seeking recently to substitute and replace toxic Chromium using other
more sustainable elements (Jaafar et al., 2020, 2018; Slama et al., 2019).

4. Conclusion

We have overviewed in this article the general properties of two interesting binary Laves phases ZrZn2 and ZrAl2.
These two intermetallics compounds were described and inspected in terms of structural and physico-chemical
characteristics exhibiting both good mechanical and superconducting behavior at various temperature offering
hands-on many energy storage purposes as well others possible high temperature conversion reactions. Our
ongoing efforts in the laboratory are handled in further development and contributions optimizing these AB2

alloys by introducing other metal substitutions or combination with AB5 compounds giving exclusively novel
hydrogen-storage materials.

Acknowledgement: We are thankful to Riadh Hamdi from INRAP and the Ministry of Higher Education and



Chemistry and Materials Research www.iiste.org

ISSN 2224- 3224 (Print) ISSN 2225- 0956 (Online)

Vol.14 No.3, 2022

53

Research (MESRS, Tunisia).

References

Féron, D. (2012), “Nuclear Corrosion Science and Engineering Part I-2”, Woodhead Publishing Series in Energy,
31-56.

Samaras, M. (2011), “Nuclear Energy Systems: Advanced Alloys and Cladding”, Encyclopedia of Materials:
Science and Technology 2nd Edition, 1-7.

Mine, N., Portier, S. & Martin, M. (2014), “Imaging and hydrogen analysis by SIMS in zirconium alloy cladding:
a dual ion beam approach”, Surf. Interface Anal. 46(S1), 249-252.

Kumarn, V., Pukazhselvan, D., Tyagi, AK. & Singh, SK. (2013), “Effect of Ni concentration on the structural
and hydrogen storage characteristics of Zr-Mn based laves phase system”, Mater. Renew. Sustain. Energy 2,
12.

Lototskyy, M., Nyallang Nyamsi, S., Pasupathi, S., Wærnhus, I., Vik, A., Ilea, C. & Yartys, V. (2018), “A
concept of combined cooling, heating and power system utilizing solar power and based on reversible solid
oxide fuel cell and metal hydrides”, Int. J. Hydrogen Energy 43(40), 18650-18663.

Matsuyama, A., Takito, H., Kozuka, T. & Inoue, H. (2018), “Electrochemical Properties of Nb-Substituted Zr-
Ti-Ni Hydrogen Storage Alloy Negative Electrodes for Nickel-Metal Hydride Batteries”, Metals 8(7), 473.

Dutkiewicz, J. (1992), “The Zn-Zr (zinc-zirconium) system”, Journal of Phase Equilibria 13(4), 430-431.
Murray, J., Peruzzi, A. & Abriata, JP. (1992), “The Al-Zr (aluminum-zirconium) system”, Journal of Phase

Equilibria 13(3), 277-278.
Bale, CW., Bélisle, E., Chartrand, P., Decterov, SA., Eriksson, G., Hack, K., Jung, I-H., Kang, Y-B., Melançon,

J., Pelton, AD., Robelin, C. & Petersen, S. (2009), “FactSage thermochemical software and databases -
recent developments”, Calphad 33(2), 295-311.

Harvey, J-P., Gheribi, AE. & Chartrand, P. (2012), “On the determination of the glass forming ability of AlxZr1-x
alloys using molecular dynamics, Monte Carlo simulations, and classical thermodynamics”, J. Appl. Phys.
112, 073508.

Yelland, EA., Yates, SJC., Taylor, O., Griffiths, A., Hayden, SM. & Carrington, A. (2005), “Ferromagnetic
properties of ZrZn2”, Phys. Rev. B. 72, 184436.

Yelland, EA., Hayden, SM., Yates, SJC., Pfleiderer, C., Uhlarz, M., Vollmer, R., Löhneysen, Hv., Bernhoeft,
NR., Smith, RP., Saxena, SS. & Kimura, N. (2005), “Superconductivity induced by spark erosion in ZrZn2”,
Phys. Rev. B. 72, 214523.

Kabeya, N., Maekawa, H., Deguchi, K., Kimura, N., Aoki, H. & Sato, NK. (2013), “Phase diagram of the
itinerant‐electron ferromagnet ZrZn2”, Phys. Status Solidi B. 250(3), 654-656.

Hafez, M. & Slebarski, A. (1990), “Magnetic and structural investigations of Zr1−xGdxAl2 alloys”, J. Magn.

Magn. Mater. 89(1-2), 124-128.
Sun, N., Zhang, X., Qin, J., Ning, J., Zhang, S., Liang, S., Ma, M. & Liu, R. (2014), “First principle study of

elastic and thermodynamic properties of ZrZn2 and HfZn2 under high pressure”, J. Appl. Phys. 115, 083514.
Zhang, P., Meng, F., Gong, Z., Ji, G., Yang, J. & Tang, X. (2014), “Pressure and tension effects on mechanical

properties of ZrAl2”, AIP Advances 4, 117141.
Jacob, I., Deledda, S., Bereznitsky, M., Yeheskel, O., Filipek, SM., Mogilyanski, D., Kimmel, G. & Hauback,

BC. (2011), “Can reduced size of metals induce hydrogen absorption: ZrAl2 case”, J. Alloy Comp. 509(S2),
S794-S796.

Drašner, A. & Blažina, Ž. (1981), “Structural Studies in the Systems ZrZn2-xAlx and HfZn2-xAlx”, Z. Naturforsch.
36b, 1547-1550.

Hu, W-K., Gao, X-P., Kiros, Y., Middelman, E. & Noréus, D. (2004), “Zr-Based AB2-Type Hydrogen Storage
Alloys as Dual Catalysts of Gas-Diffusion Electrodes in an Alkaline Fuel Cell”, J. Phys. Chem. B. 108(26),
8756-8758.

Kim, J-H., Lee, H., Hwanga, K-T. & Han, J-S. (2009), “Hydriding behavior in Zr-based AB2 alloy by gas
atomization process”, Int. J. Hydrogen Energy 34(23), 9424-9430.

Zhang, YL., Li, JS., Zhang, TB., Hu, R. & Xue, XY. (2013), “Microstructure and hydrogen storage properties of
non-stoichiometric Zr-Ti-V Laves phase alloys”, Int. J. Hydrogen Energy 38(34), 14675-14684.

Wu, T., Xue, X., Zhang, T., Hu, R., Kou, H. & Li, J. (2015), “Microstructures and hydrogenation properties of
(ZrTi)(V1−xAlx)2 Laves phase intermetallic compounds”, J. Alloy Comp. 645, 358-368.

Karlsson, D., Ek, G., Cedervall, J., Zlotea, C., Møller, KT., Hansen, TC., Bednarčík, J., Paskevicius, M., Sørby,
MH., Jensen, TR., Jansson, U. & Sahlberg, M. (2018), “Structure and Hydrogenation Properties of a
HfNbTiVZr High-Entropy Alloy”, Inorg. Chem. 57(4), 2103-2110.

Zlotea, C., Sow, MA., Ek, G., Couzinié, J-P., Perrière, L., Guillot, I., Bourgon, J., Møller, KT., Jensen, TR.,
Akiba, E. & Sahlberg, M. (2019), “Hydrogen sorption in TiZrNbHfTa high entropy alloy”, J. Alloy Comp.

775, 667-674.



Chemistry and Materials Research www.iiste.org

ISSN 2224- 3224 (Print) ISSN 2225- 0956 (Online)

Vol.14 No.3, 2022

54

Young, K., Wong, DF., Ouchi, T., Huang, B. & Reichman, B. (2015), “Effects of La-addition to the structure,
hydrogen storage, and electrochemical properties of C14 metal hydride alloys”, Electrochim. Acta. 174,
815-825.

Davidson, DJ., Sai Raman, SS., Lototsky, MV. & Srivastava, ON. (2003), “On the computer simulation of the
P–C isotherms of ZrFe2 type hydrogen storage materials”, Int. J. Hydrogen Energy 28(12), 1425-1431.

Sivov, RB., Zotov, TA. & Verbetsky, VN. (2011), “Hydrogen sorption properties of ZrFex (1.9 ≤ x ≤ 2.5) alloys”,
Int. J. Hydrogen Energy 36(1), 1355-1358.

Sahli, I., Ghodbane, O. & Abdellaoui, M. (2017), “Electrochemical hydrogenation of CeZr2Ni5Cr4-based alloys”,
Mater. Res. Bull. 85, 10-17.

Sahli, I., Ghodbane, O. & Abdellaoui, M. (2016), “Elaboration and electrochemical characterization of
LaZr2Ni5Cr4-based metal hydride alloys”, Ionics 22(10), 1973-1983.

Jaafar, H., Dhiab, A., Slama, C., Sahli, I. & Abdellaoui, M. (2020), “Synthesis of Quaternary Nano-Intermetallic
LaTi2Ni5Al4 with its Hydrogen Encapsulation and Inspection using Lithium-Hydride cell”, Micro. Nano.

Lett. 15(3), 201-205.
Jaafar, H., Aymard, L., Dachraoui, W., Demortière, A. & Abdellaoui, M. (2018), “Preparation and

characterization of mechanically alloyed AB3-type based material LaMg2Ni5Al4 and its solid-gaz hydrogen
storage reaction”, J. Solid State Chem. 260, 73-79.

Karouia, A., Slama, C., Jaafar, H., Schoenstein, F., Abdellaoui, M. & Jouini, N. (2019), “Microstructural and
mechanical study of nanocrystalline (Ti0.8W0.2)C synthesized by high-energy ball milling”, Int. J. Refract.
Met. Hard Mater. 83, 104968.


