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Thermodynamic investigation of samarium–nickel alloys
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Abstract

The enthalpies of formation of the Sm–Ni solid alloys at 300 K were determined by direct calorimetry using two different calorimetric
apparatus. The characterization of the samples was performed using metallographic and X-ray diffraction analyses. The values of D H8f

(kJ /mol of atoms) for the following compounds were obtained for the formation in the solid state at 300 K: Sm Ni: 221.562; SmNi:3

233.061; SmNi : 236.061. The results are discussed and compared with those of other similar rare earth–nickel compounds.  20012
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1. Introduction by Pan and Cheng [5] who also published a revised
assessment [6]. The existence of eight intermediate phases

The intermetallic compounds formed by the rare earth was observed: SmNi and SmNi which melt congruently at5

elements (R) and nickel are of particular interest regarding 10798C and 14308C, respectively and Sm Ni, SmNi ,3 2

the reversible absorption of a large quantity of hydrogen SmNi , Sm Ni , Sm Ni and Sm Ni which form by a3 2 7 5 19 2 17

gas at room temperature and nearly atmospheric pressure. peritectic reaction. Three eutectic reactions were observed:
In particular, the exceptional hydriding properties of LaNi L→Sm Ni1SmNi (at 5708C and 32 at.%Ni), L→SmNi15 3

and LaNi -based alloys are widely known. Therefore, SmNi (at 8098C and 53.5 at.%Ni) and L→Sm Ni 1Ni5 2 2 17

these alloys are considered for hydrogen storage purposes (at 12808C and 94 at.%Ni).
(hydride heat pumps, Ni–MH rechargeable batteries, etc.) The solid solubility of samarium in nickel at 9802

[1]. Thermodynamic and thermochemical data can be very 10508C was determined to be about 0.48 mass%, by
useful for alloying design and processing. As far as the annealing diffusion couples at 10508 and 9808C for 72h
enthalpies of formation are concerned, some data are and 120h, respectively [7]. The Sm-rich portion of the
available for different R–Ni systems, especially in the Sm–Ni diagram is still not completely determined.
Ni-rich region. In recent years, a research programme has The enthalpies of formation of SmNi , SmNi and2 3

been set up in our laboratory to study the thermochemistry Sm Ni [8] and of SmNi by [9] have been evaluated and2 7 2

of R–Ni binary and ternary alloys [2–4]. that of SmNi determined by Al solution calorimetry [10]5

In the present study the results obtained in a thermo- and by direct synthesis calorimetry at 1473 K [11]. The
dynamic investigation of the Sm–Ni alloys in the 25.0– standard enthalpies of mixing have been measured for
74.0 at.% Ni region are reported. several R–Ni alloys [12], but no data are available for the

Sm–Ni system.
The data estimated by Shilov [8] and measured by

2. Literature data on the Sm–Ni system
Pasturel et al. [10] together with the experimental data on
the phase diagram have been used for a thermodynamic

2.1. Phase diagram and thermodynamic properties of
assessment of the Sm–Ni system by means of the CAL-

the Sm–Ni alloys
PHAD technique [13]. In this optimization, the strongly

The Sm–Ni phase diagram was previously investigated asymmetric and thermodynamically unlikely liquidus trend
around the congruent melting point of SmNi previously
suggested, have been discussed.*Corresponding author. Tel.: 139-010-353-6149/6161; fax: 139-010-

The calculated phase diagram, which is reported in Fig.362-5051.
E-mail address: ferro@chimica.unige.it (R. Ferro). 1, agrees well with the invariant equilibrium temperatures
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2.2. Crystal structures

The crystal structures and lattice parameters of the
Sm–Ni alloys are listed in Table 1. As for the SmNi2

phase, electrical resistivity, thermal expansion and tem-
perature-dependent X-ray diffraction measurements carried
out by Gratz et al. on R Ni compounds (R5Y, Sm, Gd12x 2

and Tb) for 0,x,0.05 gave mutually consistent evidence
for structural phase transition [22]. A temperature of 550 K
was suggested for the transition from the cubic (high
temperature) Laves phase to a low temperature cubic
superstructure, with regular vacancies on the rare earth
sites and a double lattice parameter. A similar stoichiome-
try and structure was previously suggested [29] for LaNi ,2

for which, however, a tetragonal structure was proposed by
Gschneidner et al. [30] with a 5a , c 52a (a 5unit cellt c t c c

edge of the simple Laves phase).
The Sm Ni structure was studied by Takeda et al.5 19

[25]. Six polytype structures (2H, 3R, 4H, 6H, 9R and
12R) were found and analysed by high resolution transmis-
sion electron microscopy and electron diffraction. Their
structures have been described as stacking sequences of
Laves phase type layers and CaCu type layers. It is not5

certain whether the four polytypes 4H, 6H, 9R and 12R are
stable or metastable phases formed during the phase
transformation from 2H and 3R.

Polytytpe structures have also been described for
Sm Ni [31].2 7

3. Experimental
Fig. 1. Sm–Ni system. The phase diagram as assessed by Su et al. [13] is
shown. For the invariant reactions, the experimental temperatures ob- The alloys were prepared from the elements with a
tained by Pan et al. [5,6] are reported (see text). In the lower part of the

purity of 99.9 (Sm) and 99.99 mass% (Ni), respectively infigure, the experimental values of the D H8 of the solid alloys aref

the 25.0–74.0 at.%Ni composition range.reported. d, t.w. aneroid calorimeter; s, t.w. high temperature calorime-
ter (dotted points refer to samples resulting in an incomplete reaction); ^, A number of alloys of selected composition were
value estimated by [9]; m, values estimated by [8]; h, high temperature prepared by sealing appropriate amounts of the elements in
calorimetry [11]; j, Al sol. calorimetry [10]). tantalum crucibles. The crucibles were induction heated in

a vacuum tube furnace under argon atmosphere and
subjected to appropriate thermal treatments chosen on the
basis of the phase diagram. These alloys were prepared as

obtained by Pan [5]. (Notice however that, in the paper by ‘reference’ alloys against those prepared in the calorimeter.
Su et al., the authors report the calculated phase diagram in The enthalpy of formation measurements were carried
comparison with several experimental points ascribed to out by using two different types of calorimeters built in our
Pan et al. which, at least partially, seem different from laboratory: an aneroid isoperibol calorimeter, [32,33] and a
those reported in the original paper by [5]). Small modi- high temperature direct reaction calorimeter working up to
fications in the Sm-rich eutectic reaction compositions 10008C [34].
(37.4 instead of 32 at.%Ni and 57.8 instead of 53.5 Most of calorimetric alloys were prepared directly in the
at.%Ni) have been proposed. In their work, however, Su et high temperature reaction calorimeter. Pellets of the mixed
al. [13] pointed out that their description of the phase powders weighing about 0.7 g were sealed in tantalum
equilibria should be refined. More phase diagram (thermal crucible under an argon atmosphere and dropped from a
analysis data) and thermodynamics experimental data are room temperature thermostat into the high temperature
necessary. calorimeter. The calorimeter temperature was set at a value

In this paper a contribution is given to the formation included between 650 and 9008C, according to the com-
thermodynamics. position of the samples. Each sample was dropped twice
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Table 1
Crystallographic data for the elements and the intermediate phases of the Sm–Ni system

Phase Composition Structure type Lattice constants, pm Ref.
at.%Ni

a b c

(g Sm) 0 cI2 – W ¯410 [14]
(b Sm) 0 hP2 – Mg 366.30 584.48 [14]

a(a Sm) 0 hR9 – a Sm 362.90 2620.7 [14]
Sm Ni 25.0 oP16 – Fe C 699 972 637 [15]3 3

SmNi 50.0 oC8 – CrB 377.6 1035.8 429.1 [16]
377.2 1034.1 427.0 [17]
373 1023 426 [18]

SmNi 66.7 cF24 – Cu Mg 722.6 [19]2 2

HT form 722 [20]
723.27 [21]

Sm Ni Laves superstructure ordered Doubled cell [22]12x 2

vacancies in the Sm sites parameter
x<0.05 LT form

aSmNi 75.0 hR36 – Be Nb 500.5 2469 [23]3 3

500.3 2459 [24]
Sm Ni 77.8 hP36 – Ce Ni HT form 496.9 2435 [23]2 7 2 7

ahR54 – Er Co LT form 496.9 3653 [23]2 7

Sm Ni 79.2 Sm Ni -polytypes 500 ¯n31600 [25]5 19 5 19

(n54, 6, 9, 12)
SmNi 83.3 hP6 – CaCu 493 397 [20]5 5

492.4 397.4 [26]
Sm Ni 89.5 hP38 – Th Ni 847.1 804.9 [27]2 17 2 17

(Ni) 100 cF4 – Cu 352.40 [28]
a The number of atoms in the, triple-primitive, hexagonal unit cell are indicated.

into the calorimeter from the room temperature thermostat. ture of the calorimeter is followed by a multiple-junction
In the first run (reaction run) a mixture of the pure Sm and thermopile (differentially connected to the similar ther-
Ni metals is dropped; in the second, reference run, the mopile of another calorimeter which is identical to the first
synthesized alloy is used. In each run the calorimeter is and used as a reference). The electric energy fed to the
calibrated with a procedure consisting in dropping four calorimeter in the reaction run and in the subsequent
weighed silver spheres, two before and two after the alloy. calibration runs is measured by means of a PC controlled
The enthalpy of formation at room temperature of the alloy acquisition system.
is obtained as the difference of the thermal effects ob- In order to check whether the equilibrium state had been
served in the reaction and reference runs. reached and with respect to side reactions, the different

With the aim of evaluating the error deriving from a samples prepared in the calorimeter, as those used as
possible not complete or not well-defined reaction, in ‘reference alloys’, were studied by X-ray powder diffrac-
several cases, ‘reference’ samples with the same com- tion, optical and electron microscopy and electron probe
position, prepared by conventional techniques and proved microanalysis.
to be in equilibrium, were used in the second drop step. The X-ray analysis of the various alloys was carried out

A few calorimetric samples were synthesized in another by the Debye method and by powder diffractometry using
calorimeter [32,33], maintained in a water ultrathermostat Cu and FeKa radiations. Powder photographs were used
at 2760.018C. In this case too, the formation heats were both for phase analysis and identification and for lattice
considered measured at 300 K because the sample in the parameter measurements. Metallographic examination was
calorimeter cooled down to this temperature during the carried out after SiC paper, diamant paste polishing and
measurement. This calorimeter consists of a thick alu- after etching in air or in dilute alcoholic HNO solution.3

minium cylinder containing two small electric furnaces, During this study both calorimetric and reference sam-
which are used for starting the reaction in the sample and ples prepared with conventional techniques in the Sm Ni–3

for electric calibration, respectively. The sample (about SmNi region showed the presence of a new phase near to
10–15 g) is a mixture of fine metal powders enclosed in a 37.0–40.0 at.%Ni stoichiometry. From our preliminary
gas-tight inox crucible sealed by electric welding which is studies, however, it cannot be excluded that this phase is
then inserted in the calorimeter and, after thermal not stable at room temperature, but decomposes at a
equilibration, heated until the reaction starts. The tempera- temperature below the eutectic one.
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A thorough investigation of the phase diagram in the shows slight discontinuities for the other intermediate
composition range 15–45 at.%Ni has been started by using compounds.
differential scanning calorimetry, in order to have a better As a concluding remark on the thermochemistry of these
definition of the equilibria involved in this region. alloys, a comparison with the literature data available for

As for the enthalpy of formation for the solid alloys at other isostructural rare earth–nickel compounds may be
300 K, no significant data have been obtained for this noteworthy. Several discrepancies may be noticed for
phase. specific compounds. Considering, for instance, the RNi2

phase, the following data have been reported for the light
rare earth metals, D H8 (kJ /mol of atoms at 300 K, if notf

otherwise indicated): LaNi : 229.6 (emf, [35]), 220.42

4. Results and discussion (acid sol.cal., [36]), 233.8 (estimated [8]), LaNi :2.28

241.9 (973 K, emf, [37,38]); CeNi : 238.6 (Al sol. cal.,2

The results obtained in the measurements of the heats of [39]); PrNi : 239.1 (973 K, emf, [37,38]); SmNi : 236.02 2

formation are listed in Table 2. A few data corresponding (dir. cal., this work), 237.7 (estimated, [8]), 234.5
to alloys for which the reaction was incomplete have also (apparently evaluated from thermochemistry of hydrogena-
been reported as an indication of the limits of the true D H tion reactions [9]).f

values. The data corresponding to samples which reached In conclusion, we may remark that these data are in
the equilibrium state, together with those of the literature, agreement with the exothermicity generally observed for
were used to trace the trend of the D H vs. composition the R alloys with the elements of the 10th group even iff

(Fig. 1) and to evaluate the most probable values of the they are not so high as with the heavier Pd and Pt
standard enthalpies of formation for the different com- elements.
pounds. These values are also reported in Table 2.

We may notice a good agreement between the results so
far obtained for the enthalpies of formation for the Sm–Ni Acknowledgements
solid alloys and the literature data. In particular the D Hf
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