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a b s t r a c t

The structural properties and chemical composition of a new pseudo-binary intermetallic compound
Mg6.01Ni0.43Pd0.53 stabilised by Pd have been studied by X-ray Powder Diffraction and Scanning Electron
Microscope coupled to Energy Dispersive X-ray analysis. The intermetallic compound is isomorphous to
Mg6Pd (Cubic system, F-43m space group) with a lattice parameter of 20.1373 Å. The Mg atoms occupy
vailable online 22 October 2009
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the same atomic position than in Mg6Pd while the Ni and Pd atoms share the 16e sites. The solubility
limit of Ni in Mg6Pd extents, at least, up to 11 wt%. The compound is stable up to melting which takes
place at 800 K.

© 2009 Elsevier B.V. All rights reserved.
canning Electron Microscopy SEM
-ray Diffraction

. Introduction

Hydrogen storage for mobile applications is a major challenge
or metal hydrides (MH). At present the inherent safety, high vol-
metric density and reversibility at moderate temperature and
2-pressure conditions of MH are restricted to intermetallic AB5,
B2, and AB families in which A is an early transition metal or rare
arth and B is a late transition metal. The mass capacity of these
ompounds is lower than 2 wt%. Looking for low weight metals is
ust for this type of applications. Magnesium hydride has a very

igh gravimetric density, 7.6 wt %, a low price and it is abundant on
arth. However, high stability and slow kinetics preclude its direct
se in mobile applications. Because of that, a lot of work has been
eveloped in the past to overcome the kinetics [1,2] and thermo-
ynamic [3–6] limitations. More recently, interest of theoreticians
or MH [7–9] has brought new impulse to the quest for new desta-
ilised magnesium alloys. In most cases the results from such work
oint to metastable phases as possible candidates for destabilised
agnesium hydride alloys.

There have been some reports regarding hydrogenation prop-

rties of metastable Mg6Ni compounds [10,11]. Alloying of Mg
nd Ni with Mg6Ni stoichiometry by conventional metallurgical
ethods, i.e. at thermodynamic equilibrium, results in a two phase

∗ Corresponding author. Tel.: +34 914976704; fax: +34 914978579.
E-mail address: josefrancisco.fernandez@uam.es (J.F. Fernández).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2009.10.090
Mg + Mg2Ni material [12]. By melt spinning an amorphous alloy is
obtained, which crystallises isomorphous to the Mg6Pd intermetal-
lic alloy [13] at 573 K [14]. This metastable alloy transforms to the
Mg + Mg2Ni two phase alloy at a higher temperature (∼673 K). The
hydrogenation properties of the metastable Mg6Ni phase have been
studied at room temperature by electrochemical methods [11].
However, full characterisation of the hydrogen interaction with this
compound has not been obtained due to its metastable character.

In this paper we show that it is possible to stabilise the Mg6Ni
compound by partial substitution of Ni by Pd. The intermetallic
compound Mg6Pd0.5Ni0.5 crystallises in the same space group as
Mg6Pd. A previous assessment of the ternary Mg–Ni–Pd phase dia-
gram reports that Ni solubility in the Mg6Pd phase only extends
up to ∼3 wt% at 673 K [15]. Our results demonstrate that the Ni
solubility limit extends, at least, up to 11 wt%.

2. Experimental

An alloy with nominal composition Mg6Ni0.5Pd0.5 was prepared by induction
melting under argon followed by casting. The initial constituents were a two phase
alloy Mg + Mg2Ni (47.5 wt%:52.5 wt%) and elemental Mg and Pd. The alloy was brittle
having a metallic appearance. The samples were subjected to two different thermal
annealing treatments: 657 K in vacuum for three days and 698 K in Ar for five days.
Cooling was achieved by removing the sample from the furnace. In the following

these samples will be labelled as A657 and A698, respectively. Chemical composition
was studied by means of Scanning Electron Microscopy coupled to Energy Disper-
sive X-ray Analysis (SEM-EDX) on a HITACHI S-3000N OK at 20 keV. Specimens for
SEM-EDX analysis were embedded in epoxy resin and polished with diamond paste
and colloidal silica down to 0.25 �m. Structural characterisation was obtained by
X-ray Powder Diffraction (XRPD) on a X’Pert Pro Panalitical �–2� diffractometer (fil-

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:josefrancisco.fernandez@uam.es
dx.doi.org/10.1016/j.jallcom.2009.10.090
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ing that the Mg atoms occupy the same atomic positions than in
Mg6Pd compound while the Ni and Pd atoms share the 16e posi-
tions. No additional peaks were observed. The low amount of Mg
precipitates seen in Fig. 1a is below the detection limit of XRPD
measurements. Similar results were obtained for the A698 sample,
ig. 1. BSE images for A657 (a and b) and A698 (c and d) samples. Bright spots on
nduced by polishing.

ered Cu-K� , Bragg–Brentano geometry, 2� range 10–90◦ , step size 0.012◦ , counting
ime 2.7 s). The diffraction patterns were analysed using the Rietveld method with
he Fullprof software [16]. Bulk density was measured with a Helium Pycnome-
er (Micromeritics Accupyc 1330). The thermal stability of the alloy was studied
y Differential Scanning Calorimetry (DSC) in a PerkinElmer DSC-4 calorimeter at a
eating rate of 20 K/min under argon atmosphere.

. Results

Fig. 1 shows Backscattered Electron (BSE) images of polished
amples after annealing at 657 K (Fig. 1a and b) and 698 K (Fig. 1c
nd d). In Fig. 1a and b we can observe that the A657 sample is
hemically homogeneous with a minor amount of black precipi-
ates along the grain boundaries (Fig. 1b). The precipitates mainly
onsist of magnesium as revealed by EDX analysis. On the other
and, for the A698 sample no Mg precipitates are found (Fig. 1c).
he black features observed in Fig. 1c are voids induced by pol-
shing. Quantitative chemical composition was obtained from EDX
ine scan analysis. The results are presented in Fig. 2a (A657) and
ig. 2b (A698). The Mg composition is homogenous for both sam-
les. A clear anti-correlation between the Ni and Pd composition
an be noted for A657. The homogeneity of Ni and Pd compo-
ition clearly improves with the annealing treatment at 698 K.
he average composition is Mg6.00(4)Ni0.39(5)Pd0.63(5) for A657 and
g6.01(4)Ni0.43(3)Pd0.53(3) for A698. Both samples are poorer in Ni

nd richer in Pd as compared to the nominal alloy composition. It
hould be mentioned that, although in a very small amount, we
ave observed some segregation of Pd and Ni at the surface of the
698 sample (Fig. 1d). This is probably connected to the exponen-

ial increase in Mg vapour pressure which starts to be important
t the temperature of that annealing (Pvap ∼ 1 Pa). This segrega-
ion seems to indicate that a reduction of Mg content leads to a
hase separation of the alloy into several other phases, like Mg2Ni

r Mg6Pd.

XRPD pattern of the A657 sample is presented in Fig. 3. All
iffraction peaks can be indexed in the F-43m space group with
lattice parameter of 20.1373(3) Å. It is larger than that of Mg6Pd,
= 20.1080 Å. The Rietveld refinement has been done by assum-
re due to colloidal silica used for the polishing. The black features of (c) are voids
Fig. 2. Mg–Ni–Pd chemical composition for the A657 (a) and A698 (b) samples as
measured from line scan EDX analysis.
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Fig. 3. XRPD pattern for the A657 sample (circles) together with the Rietveld
refinement obtained with the Fullprof software (solid line). Bragg peaks for the
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g6Ni0.5Pd0.5 phase are shown as vertical bars. Difference between the calculated
nd the experimental patterns is shown at the bottom of the graph (dashed line).
iller indices are given for the main peaks in the pattern.

eing the only difference a slight decrease in the lattice parameter
0.1333(5) Å. The agreement factors for the fitting were Rp = 16.0,
wp = 20.6, RBragg = 15.5 and �2 = 6.53.

The thermal stability of the new phase was studied by thermal
nalysis. Fig. 4 shows DSC heating and cooling runs for the A657
ample. No thermal events were observed during heating until
00 K. At this temperature an endothermic peak is measured. On
ooling, a more complicated exothermic event is observed. Most
robably DSC peaks are related to the melting (on heating) and
olidification (on cooling) of the alloy that happen at temperatures
f 800 K and 762 K, respectively. Subsequent heating and cooling
uns of the sample show essentially the same DSC curves. The
eat of melting is (1/7)�Hm = 7.2 kJ/mol while the entropy of melt-

ng is (1/7)�Sm = 9.0 J/K mol. A slightly larger value is measured
or the heat of solidification on cooling ((1/7)�Hm = 7.7 kJ/mol).

he observed values of heat and entropy are in favour of the
hermal events as being due to the melting of the alloy. For
omparison, the heat of melting of Mg2Cu is two times larger,
1/3)�Hm = 13.7 kJ/mol [17].

ig. 4. DSC scans for heating and cooling of the A657 sample. The curves were
btained under Ar at a heating/cooling rate of 20 K/min.
Compounds 495 (2010) 663–666 665

4. Discussion

The main question we would like to answer is the follow-
ing: the new phase we have found is it a stable or a metastable
phase? Recently, an assessment of the ternary phase diagram of
the Mg–Ni–Pd system has been published [15]. According to that
work, at 673 K a three-phase field composed of �(Mg6Pd), �(Mg2Ni)
and �(Mg) phases is formed at the Mg-rich corner of the phase
diagram. At this temperature, the limit of solubility of Ni in the
� phase does not extent more than 3 wt% Ni. In addition, several
eutectic reactions in the Mg-rich corner of the Mg–Ni–Pd phase dia-
gram have been reported: a four-phase eutectic type (L → � + � + �,
763 K), a eutectic pseudo-binary (L → � + �, 808 K), and two eutectic
binary (L → � + �, 780 K and L → � + �, 813 K) reactions. According
to that work, our single-phase samples should correspond to a
metastable phase. However, it is difficult to understand how the
sample A698 can be metastable. This sample with composition
64 wt% Mg, 11 wt% Ni, 25 wt% Pd (Mg6.01(4)Ni0.43(3)Pd0.53(3)) has
been annealed for 5 days at 698 K. After this long thermal treatment
the SEM-EDX and XRPD studies clearly indicate that the sample is
a homogeneous pseudo-binary single-phase alloy isomorphous to
the � phase. In addition, DSC calorimetric measurements show that
no thermal events are observed when the alloy is heated up to the
melting point. Therefore, we conclude that the phase we have found
is stable and that the solubility limit of Ni in the � phase should
extent, at least, up to 11 wt%.

A possible explanation for the discrepancy between our results
and the published phase diagram can lay on the small amount of
segregated Ni and Pd rich phases we have found at the surface of the
A698 sample. As we have only observed such effect at the surface of
the sample, we have concluded that it should be driven by the loss
of Mg due to evaporation. Therefore, it could be possible that for
the experiments quoted in reference [15], this effect is responsible
for a misleading assignment of the equilibrium phases.

It is interesting to note that the melting of the alloy takes place
at 800 K, a temperature similar to that quoted in [15] for the eutec-
tic pseudo-binary (L → � + � (808 K)) and not far away from the
other eutectic temperatures. On the other hand, the melting point
of the intermetallic Mg6Pd takes place at a much higher temper-
ature (above 973 K). It seems that the thermal behaviour of the
Ni-substituted alloy close to the melting temperature resembles
more that of the two phase system (� + �) than that of the single-
phase intermetallic compound. Therefore, we cannot rule out that
at temperatures very close to the melting point, the sample can
decompose to the � + � phases. This decomposition should be kinet-
ically hindered as we do not observe any thermal event in the DSC
measurements until melting.

The lattice parameter of the new phase, 20.1373(3) Å is con-
siderably larger than those of Mg6Pd (20.108(2) Å [13]) and the
metastable Mg6Ni (20.09 Å [14] or 19.987(1) Å [11]). As a larger
atom like Pd (atomic radius rPd = 1.37 Å) is substituted by a smaller
one like Ni (rNi = 1.25 Å) the lattice parameter should have increased
with the Pd for Ni substitution. However, this discrepancy is not so
relevant if we consider the low amount of substituted Pd atoms
(one out of fourteen atoms) and the existence of a homogeneity
region for the Mg6Pd phase. In the binary Mg–Pd system, this phase
occurs from 85 at% Mg to 87.2 at% Mg, being the homogeneity range
probably accommodated by partial substitution of Pd by Mg in the
16e site (atom no.12) and, also, by partial occupancy of Mg atoms in
the 4d site [13]. Since the atomic radius of Mg (rMg = 1.60 Å) is much
larger that those of Pd and Ni, the lattice parameter is expected to

depend much strongly on the Mg content than on the Ni for Pd
substitution. Small variations on the phase stoichiometry would
hide the changes of the lattice parameters induced by the Ni for
Pd substitution. More information about crystallography and other
properties of the new phase have been published recently [18,19].
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The bulk density has been calculated from the atomic compo-
ition obtained from EDX analysis and the volume of the unit cell,
165.9(3) Å3. To estimate the bulk density we assume full occu-
ancy of all sites in the cubic structure, rending a total amount of
96 atoms in the unit cell. From this value, the cell volume and
he atomic composition measured by EDX we have arrived to a cal-
ulated density of 2.62(2) g/cm3, in fairly good agreement with the
ulk density measured with the helium pycnometer, 2.58(1) g/cm3.

The fitting of the XRPD pattern can be considered good though
ome discrepancies between the calculated and experimental
ntensities for some of the peaks are apparent from the difference
lot. This is a clear indication that a better refinement of the Pd
nd Ni occupancy factors is needed. It should be taken into account
hat the high difference in electronic density between Ni and Pd
nd the high number of atoms in the unit cell (∼396) make the
RPD spectra very sensitive to the Ni to Pd substitution. In partic-
lar, the 16e site (atom no.12 in ref. [13]) in the structure cannot
e refined just from the XRPD data as the three elements, Mg, Pd or
i, can occupy such site. Neutron diffraction (ND) measurements
re underway in order to determine the occupation factors for all
toms by a simultaneous refinement of ND and XRPD data.

. Conclusions

A new pseudo-binary Mg6Ni0.5Pd0.5 intermetallic alloy sta-
ilised by Pd has been found. The alloy is isomorphous to Mg6Pd
nd it crystallise in the cubic system, in the space group F-43m. The
attice parameter is a = 20.1373(3) Å, slightly larger than the value
or Mg6Pd. The Mg atoms occupy the same atomic position as that

n the parent alloy Mg6Pd while the Ni and Pd atoms share the
6e positions in the cubic structure. The atomic composition of the
lloy as measured by EDX is Mg6.00(4)Ni0.39(5)Pd0.63(5) for the sample
nnealed at 657 K and Mg6.01(4)Ni0.43(3)Pd0.53(3) for that annealed at
98 K. The density of the compound is 2.58(1) g/cm3 in good agree-

[
[
[

[
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ment with the calculated one from the EDX composition and the cell
volume, 2.62(2) gr/cm3. Our results demonstrate that the solubility
limit of Ni in the Mg6Pd phase extent, at least, up to 11 wt%. The alloy
melts at 800 K, a temperature close to the eutectic pseudo-binary
reaction (L → � + �, 808 K).
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