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The aim of this work is to complete the available set of thermodynamic data on the La-Mg system in
order to get reliable optimisation of this system by the CALPHAD method. Indeed the CALPHAD method
requires a large set of consistent input data including both phase diagram and thermodynamic data.

The enthalpies of formation of the La-Mg intermediate compounds were determined at 298 K by
means of solution calorimetry in liquid Sn in a Tian-Calvet calorimeter. In these experiments, the partial
enthalpies of solution of the compounds at infinite dilution in liquid tin were measured at 665 K.

The enthalpies of formation of LaMg, LaMg, and La,Mgi; compounds were also calculated at 0K by
density functional theory to compare experimental and calculated values.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The La-Mg-Zn alloys are very attractive for the transport
industry since they have a light weight though with a high spe-
cific strength [20,21,26]. The optimisation of these alloys needs
knowledge on the phase diagram of the La-Mg-Zn system, and
consequently on the phase diagram of its constitutive systems, e.g.
La-Mg.

Currently, determination of phase diagram can be
achieved by numerical calculations. These calculations need
experimental thermodynamic quantities, such as activities of the
elements, enthalpies of mixing in the liquid phase or enthalpies of
formation of the solid intermediate phases as input data.

The aim of this work is therefore to provide enthalpy of forma-
tion of the La-Mg compounds for future calculations.

2. Literature data

The La-Mg phase diagram retained by Massalski [16]
corresponds to the assessment of the La-Mg phase diagram per-
formed in 1988 by Nayeb-Hashemi and Clark [13]. This phase
diagram contains five intermediate phases: LaMg, LaMg,, LaMgs,
La;Mg;7 and LaMgq,. LaMg, only exists at high temperatures,
between 725 and 775 °C; the other phases exist from room tem-
perature up to their melting points.
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However, the Mg-rich region was subsequently reinvestigated
in 1995 by Giovannini et al. [19] and the existence of an additional
intermediate phase LasMgy4; has been established.

Recently, based on a critical review of the La-Mg phase dia-
gram and additional experimental investigations, Berche et al. [29]
suggested a new phase diagram in which the discrepancies encoun-
tered in literature are clarified. The existence of LasMg4; and its
stability range were confirmed. The metastability of the LaMg,
phase at low temperatures was ascertained. All the invariant reac-
tions of this phase diagram were clearly defined and assigned, in
particular the melting temperatures of LasMgy4; and La,Mg;7.

Therefore six intermediate compounds (LaMg, LaMg,, LaMgs,
La,Mgq7, LaMgq,, and LasMg4, ) exist in the La-Mg phase diagram,
whereas two of them (LaMg, and LasMg4) are not stable at room
temperature.

The enthalpy of mixing of liquid La-Mg alloys was determined
by Agarwal et al. [18] between 970 and 1060K. Two different
methods were used: (1) direct enthalpy measurements by starting
from the pure metals and (2) determination of the integral enthalpy
from partial solution enthalpy measurements of the elements in
an alloy. The extrapolated maximum of the enthalpy of mixing is
about —13 k] mol~! at about 23.0at.% La which corresponds to the
composition of the compound (LaMgs ) bearing the highest melting
temperature.

Vapour pressure measurements over La-Mg liquid alloys
between 950 and 1133 K were reported by Afanas’ev et al. [7].
The results were used to calculate the activity of La and Mg,
their Gibbs energy, and their enthalpy and entropy of mixing. The
negative maximum of the concentration dependence of Gibbs
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Table 1

Partial enthalpies of solution at infinite dilution in tin bath at 665 K and enthalpies of formation of the La-Mg intermediate phases (kJ/mol atom).

Phase AgoiH* (KJ/mol of atom) A¢H (kJ/mol of atom)
Acidic Acidic CALPHAD DFT (0K) [30] Metallic calorimetry DFT (0K)
calorimetry calorimetry (298K) [27] (298 K) (this work) (this work)
(298K) [1] (298K) [15]
La -263.0+ 7.0 - - - - - -
Mg -133 £ 0.7 - - - - - -
LaMg —126.0 + 1.6 -11.9 -7.1 -16.7 -11.3 -12.1+34 —-11.25
LaMg; —80.7 + 2.0 - -24 -89 -12.2 -15.8 £ 3.5 -
LaMgs -60.0 + 1.0 -135 -27.7 -19.7 -133 -157 £ 24 -17.27
La;Mg;7 -31.8 £ 0.5 - -0.7 -8.7 -7.7 -78 £1.7 -7.84
LaMg;; —-27.6+ 1.7 - - —-6.4 -6.0 -49 + 1.7 -
Table 2
Compositions and annealing conditions of the samples and XRD and SEM results.
Alloys Comp. at.% Mg Annealing conditions Phases Space group Cell parameters (A)
T (K) Duration (h) SEM XRD This work Literature
LaMg 50.0 850 100 LaMg LaMg Pm-3m a=3.97 a=3.96 [2]
LaMg, 66.7 1029 100 LaMg; LaMg; Fd—-3m a=8.79 a=8.79 [3]
a=8.81[28]
LaMgs 75.0 840 100 LaMgs LaMgs Fm—-3m a=7.48 a=7.45-7.47 [2]
La;Mgy7 89.5 840 213 - La;Mg17 P63 /mmc a=10.37¢=10.22 a=10.365
c=10.244 [5]
LaMgi, 92.1 860 70 - LaMgi2 14/mmm - a=10.32-10.37
b=10.32-10.37
¢c=77.24-77.56

[19]

energy coincided with the composition of the congruently melting
compound LaMgs.

The shift of the negative maximum entropy and enthalpy
to the Mg side suggest short-range ordering in these liquid
alloys.

The vapour pressure of Mg over La-Mg binary alloys with com-
positions 20 and 21 at.%» Mg were measured by the Knudsen effusion
method from 660 to 910K in Ref. [6]. From these measurements
the authors evaluated the standard free energy of formation of
LaMg.

The enthalpies of formation of LaMg and LaMg3 at 298 K were
first measured by Canneri [1]. They used solution calorimetry in
hydrochloric acid 8.8N. Later on, Piagai et al. [15] performed the
same kind of measurements on LaMg and LaMgs and extended
them to LaMg; and La;Mg;7 by using hydrochloric acid 1N as dis-
solution bath.

In 2004, Guo et al. performed a critical assessment of the La-Mg
system by using the CALPHAD method [27]. However, they only
considered five intermediate phases: LaMg, LaMg,, La,Mg;7, LaMg3
and LaMg;,. Among other thermodynamic data, this assessment
provides calculated values for the enthalpy of formation of each
intermediate phase. The initial values used for this assessment by
the author were calculated using the Miedema model.

Recently, Wang et al. [30] calculated the enthalpy of forma-
tion of the intermetallic phases of this system at 0K by using
density functional theory. These calculations were performed
using Vienna ab initio Simulation Package (VASP) with projector
augmented plane-wave pseudopotential (PAW) and generalized
gradient approximation (GGA). The energy of cutoff of atomic wave
functions was set at 300 eV.

All the values available in literature for the enthalpy of forma-
tion at 298K of the La-Mg intermediate phases are reported in
Table 1.

Large discrepancies between these values can be observed. This
statement holds true when comparing experimental data, although
they were determined with the same method. This behaviour is
not surprising since in the acidic dissolution method the accuracy

is very low. In fact, the final states of dissolution are often poorly
defined as the dissolved elements present several oxidation states.
Moreover, the dissolution enthalpy of the pure elements (Mg and
hcp-La) in acids is very large in comparison with the calculated
enthalpy of formation of the compounds; a ratio of 100 is quite
usual.

This review clearly shows that no reliable data for the enthalpy
of formation of the La-Mg intermediate phases is available in
literature so far. The aim of the present work is to determine these
quantities in order to fill in this gap.

3. Experimental and calculation procedure
3.1. Sample preparation

The alloys were prepared from a mixture of pure constitutive
elements La and Mg, weighed in the stoichiometric ratio.

The characteristics of these elements are as follows: La ingot
(99.9%+, Huhhot Jinrui Rare Earth Co. LTD.) and Mg shots (99.98%,
Aldrich). Both magnesium and lanthanum were handled in a
glove box (<1 ppm 0O,, <20 ppm H;0) to protect them from oxi-
dation.

Weighed amounts of the pure elements were placed into tan-
talum crucibles (18 mm in diameter and 11 mm of height). These
crucibles were cold-stamped from a tantalum sheet, with a thick-
ness of 0.25 mm, supplied by Technicome. They were filled and
sealed by a tungsten inert gas (TIG) welding, under argon atmo-
sphere in a glove box.

Samples were then heated up to 1250K for 10 min. This treat-
ment, which aimed to rapidly get a homogeneous alloy, was
followed by an annealing treatment to reach the equilibrium state.
The annealing conditions are detailed in Table 2.

3.2. Sample characterization

The phase identification of the samples was performed by X-ray
diffraction and scanning electron microprobe.
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The diffraction patterns were recorded on a Philips Expert
diffractometer (with a copper K,; anticathode) in the [10-100°]
20 range, with a step size of 0.01671° and a step time of 130s. The
lattice parameters were determined from these diffraction patterns
using the PowderCell program [25].

SEM measurements were performed on a FEG XL30S—Oxford
Instruments. This scanning electron microscope is equipped with
an energy dispersive X-ray spectroscope which allows quantitative
analysis of the phases.

3.3. Calorimetric measurements

The solution calorimetric measurements were carried out in
a home-made Tian-Calvet calorimeter extensively described in
literature [4,9]. Each of the twin cells is surrounded by a thermopile
with more than 200 thermocouples. The calorimeter is suitable for
temperatures up to 1200 K and heated by a resistance furnace.

Pieces of Sn (solvent) with a total mass of about 2 g were placed
into a graphite crucible (12 mm in diameter, 70 mm in height)
which was put inside the quartz tube, itself introduced in one of
the calorimeter cells. Before starting the experiment, the quartz
tube was flushed several times with high purity argon. Finally,
during the experiments, the sample was subjected to an argon flow
of 10 ml/min. Small pieces (10-30 mg) of samples were dropped
from room temperature into the liquid Sn bath maintained at 665 K.
At the end of each set of measurements, the calorimeter was cali-
brated by three additions of 20, 40 and 100 mg of standard a-Al,03
supplied by NIST (National Institute of Standards and Technology,
Gaithersburg, MD, USA).

3.4. DFT calculations

The enthalpy of formation of the La-Mg compounds were calcu-
lated using density functional theory (DFT) with the Perdew-Wang
functional [12] of the generalized gradient approximation (GGA) as
implemented in the QUANTUM-ESPRESSO PWscf ab initio package
[33].

Sampling of the irreducible Brillouin zone was performed with
[6 x 6 x 6] and [8 x 8 x 8] regular Monkhorst-Pack grids [8] (i.e. 40
and 70 k-points, respectively). These two grids were used in order
to check the convergence of the calculation. Ultrasoft pseudopoten-
tials of Vanderbilt [17] with non linear core correction were used
for both La and Mg. The kinetic energy cutoff was 25 Ry. The smear-
ing method with a Methfessel and Paxton broadening function [14]
fixed at 0.02 Ry was applied as reported by Turner et al. [23].

For lanthanum, the (5s), (5p), (5d), (6s) and (6p) atomic orbitals
were treated as valence levels corresponding to a reference configu-
ration (5s)2, (5p)®, (5d), (6s)3/? and (6p)'/2 by GGA spin unrestricted
calculations.

For both lanthanum and magnesium, the cohesive energies (E)
were calculated by using the experimental crystal parameters.
These energies are given with respect to the energies of the spin
polarized atoms for La and Mg in their ground state.

Table 3
Cohesive energies for La and Mg in eV/at.

Table 4
Distortion matrix for La in A.

Atom La Ax coordinate Ay coordinate Az coordinate
1 0.1079 0.0544 —0.0427
2 0.1207 0.0539 -0.0211
3 -0.1076 —-0.0401 —-0.0100
4 -0.1209 —0.0682 0.0738

The energies of formation were calculated using the following
formula:

_ E(LapMg,,,) —nE(La) — mE(Mg)

AE;
n—+m

(1)

where E(La,Mgp,) is the total energy of La,Mgn,, n and m being the
number of Laand Mg atoms in the unit cell, E(La) and E(Mg) the opti-
mized bulk energies of hcp-La and hcp-Mg, respectively. These total
energies were determined using the experimental crystal parame-
ters.

4. Results and discussion
4.1. Phase identification

Results obtained by SEM and XRD are gathered in Table 2. All the
samples were single phased within the error margin of the obser-
vations. PowderCell program [25] was used to analyse the XRD
patterns. From the crystal structure of a phase, PowderCell calcu-
lates the theoretical pattern and by using a refinement algorithm,
the program determines the lattice parameter(s) corresponding
to the experimental diffraction pattern. The lattice parameters
obtained for each phase are compared to those reported in
literature. The agreement is good; the maximum observed devi-
ation is lower than 0.35%.

4.2. Preliminary DFT calculations

Preliminary DFT calculations were performed to test the validity
of our method.

The calculated cohesive energies (in eV/at.) of La and Mg are
given in Table 3. They are compared with calculated and experi-
mental values previously reported in literature.

Regarding the magnesium, our result is in full agreement with
that obtained by Pozzo et al. [31] using Perdew-Wang [12] func-
tional.

For the lanthanum, the cohesive energy obtained in the present
work is the closest calculated value to the experimental one.
According to Delin et al. [24], both local density approxima-
tion (LDA) and generalized gradient approximation (GGA) using
Perdew-Wang functional overestimate the cohesive energy E. of
La. This assertion agrees with our result.

The effect of a change of the internal positions on the total energy
was tested in lanthanum by considering small displacements of
the atoms from their symmetrical positions. The hcp-La contains 4

Element Values from this work Other theoretical values Experimental values
DFT GGA (PW86) DFT LDA (HL) DFT GGA (PBE) DFT GGA (PW91) Quantum Monte-Carlo (DMC)

La 4.651 5.492 4.23b 4.782 4.467°¢

Mg 1.45 1.744 1.474 1.454 1.514 1.51¢

a Ref. [24].

b Ref. [32].

¢ Ref.[11].

d Ref. [31].

e

Ref. [22].
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Fig. 1. Calculated total energy E; of the LaMg compound versus lattice parameter
for two sets of k-points.

atoms per unit cell. The distortion matrix of the atomic positions
(in A) is given in Table 4.

The variation of the total energy is relatively small and amounts
only to 0.06 Ry.

The total energy of LaMg was calculated using various lattice
parameters. Two sets of k-points, namely 40 and 70, were used
to check the convergence of the calculations. The corresponding
evolutions are depicted in Fig. 1. Quadratic fits of these data lead to
the same lattice parameter a=3.98 A within 0.007 A of deviation.

We can notice a good agreement with the experimental values
a=3.96A[2] and a=3.97 A [present work] (see Table 2).

Similar calculations were performed on LaMgs. The evolution
of the total energy versus lattice parameter is depicted in Fig. 2.
The lattice parameter a=7.52A of LaMgz was determined from
the fit of the curve. Although the deviation from the experimen-
tal data (a=7.45-7.47 A [2] and a=7.48 A [present work]) is larger
than in the case of the LaMg compound, the calculated result is still
satisfactory.

4.3. Enthalpies of formation of the solid phases

The enthalpy of formation was determined experimentally at
298K for LaMg, LaMg,, LaMg3, La;Mg;7 and, LaMg,. DFT calcula-
tions were performed at 0K for LaMg, LaMg3 and La;Mg;7.

The molar partial enthalpies of solution of La, Mg and the
intermediate phases in liquid tin were determined by successive
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Fig. 2. Calculated total energy E; of the LaMg; compound versus lattice parameter.
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Fig. 3. Molar partial enthalpies of solution in liquid Sn at 665K of solid La, Mg and
La-Mg intermediate phases.

additions of small pieces of material into the tin bath at 665 K. All
the obtained values are gathered in the appendix and plotted versus
the molar fraction of the added material in Fig. 3.

In the investigated composition range, the heat of solution is
approximately a linear function of the composition, Xsyjte. There-
fore the Ag,H values were fitted to a polynomial of first order and
extrapolated to infinite dilution (xs, =1) in order to obtain Ago H*.
The partial enthalpies of solution at infinite dilution for La, Mg and
the La-Mg intermediate phases referred to liquid tin at 665 K and to
solid elements or compounds in their crystalline structure at 298 K
are given in Table 1. The large exothermic effect observed with La
indicates a strong interaction between Sn and La. This is consis-
tent with the known existence of stable compounds between La
and Sn in the solid state and can be attributed to the fairly large
electronegativity difference between the components [10].

The enthalpies of formation, A¢H298 of the La-Mg compounds
were obtained from the difference between the heats of solution
at infinite dilution of the pure components and those of the com-
pounds following the formula:

AfH?%(AxBy) = x AsoH®(A) +y AsqtH®(B) — AsiH*(AxBy)  (2)

The obtained values are gathered in Table 1. They are compared
to those calculated at 0K by DFT. We can notice a good agree-
ment between them. DFT values lie in the uncertainty range of
calorimetric measurements.

Our results, both experimental (at 298 K) and calculated (at 0 K)
are compared to the literature data (at 298 K or at 0K) in Fig. 4.
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Fig. 4. Enthalpies of formation of La-Mg solid phases determined at 0 K by DFT and
at 298 K by solution calorimetry, compared to the literature data.
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The enthalpies of formation, determined by Canneri et al. [1]
for LaMg and LaMgs, and by Wang et al. [30] for both phases lie
within the uncertainty range of our results. The evolution of the
enthalpy of formation of the phases with the composition of the
phases determined in this work is consistent with those of Wang
et al. especially concerning LaMg;.

However, the values reported by Piagai et al. [15] are very far
from those reported by other authors. This could be due to the low
purity (95%) of the magnesium used [15]. However, the large scat-
tering of these values could also suggest a non-equilibrium state
for the studied alloys.

The optimized values reported by Guo et al.[27] for LaMg, LaMg;
and LaMgs differ substantially from both experimental and calcu-
lated values. Especially, it had been shown that the instability of
LaMg, at low temperature is not directly linked to a lower enthalpy
of formation. A new assessment of this system using the new set of
value described here will be soon published.

5. Conclusion

A new set of enthalpies of formation were determined in this
work for the La-Mg intermediate phases. Both experimental mea-
surements and calculations were performed.

Measurements were carried out by means of solution calorime-
try in liquid Sn in a Tian-Calvet calorimeter. The partial enthalpies
of solution of the phases at infinite dilution were measured at 665 K
in liquid tin and the enthalpies of formation were calculated at
298 K.

Calculations were performed using the generalized gradient
approximation density functional theory (GGA-DFT) with the
Perdew-Wang 86 functional. The enthalpies of formation were cal-
culated at OK.

Since this set of values seems to be consistent, this work may
help in a more reliable assessment of the La—-Mg system.

Appendix A.

Molar partial solution enthalpies (in kJ/mol of atom) obtained at
665K for La, Mg and the La-Mg intermediate phases in pure liquid
Sn.

69

X AHn A(AHn)
Lanthane

0.0021 —-257.9 6.65
0.0117 -266.0 1.82
0.0176 -261.1 0.36
0.0236 —-259.5 1.42
0.0298 —-259.2 0.32
0.0366 —-259.7 0.31
0.0439 —260.6 0.34
0.0106 -261.8 0.34
0.0180 —-262.8 0.28
0.0257 —263.0 0.25
0.0343 —262.5 0.36
0.0450 -262.8 0.29
0.0566 —-263.4 0.18
0.0048 —264.2 0.38
0.0118 -261.5 0.97
0.0190 —266.1 1.80
0.0282 —268.3 0.39
0.0335 —268.5 1.47
0.0394 -264.8 0.44
0.0469 —263.5 0.57
0.0038 -261.1 0.47
0.0071 -266.5 0.62
0.0097 —265.2 2.34
0.0010 —264.6 4.22
0.0055 -265.9 1.26
0.0112 —265.8 1.52

Appendix A (Continued )

X ‘AHp A(AHp)
0.0030 —-269.9 0.32
0.0085 ~262.0 0.47
0.0120 -268.9 0.90
0.0156 —-263.0 0.40
0.0209 —264.4 2.00
0.0253 —-262.0 6.44
0.0038 —-260.9 0.29
0.0138 —263.2 1.51
0.0174 —-264.9 1.03
0.0217 —262.7 035
0.0266 -268.3 2.04
0.0024 —-268.7 0.50
0.0078 —-269.3 0.57
0.0145 —262.2 0.39
0.0215 -265.5 0.34
0.0271 —-269.9 0.47
0.0309 —267.4 2.07
0.0016 -259.5 7.05
0.0059 —264.0 0.56
0.0116 —269.0 0.47
0.0172 -266.5 1.73
Magnesium

0.0024 -12.5 0.41
0.0068 -12.8 0.48
0.0086 -12.8 0.59
0.0110 -129 0.24
0.0144 -13.0 0.35
0.0189 -13.0 0.20
0.0045 -13.2 0.53
0.0075 -135 0.19
0.0106 -139 0.15
0.0161 -12.7 0.04
0.0015 -134 0.54
0.0030 -133 026
0.0070 -129 0.92
0.0097 -13.4 0.25
0.0130 -137 0.09
0.0167 -132 0.50
0.0068 -14.0 0.12
0.0207 -139 0.44
0.0356 -136 0.08
0.0511 132 0.64
0.0681 -13.7 1.11
0.0826 -137 0.25
0.0045 -13.7 0.35
0.0080 -13.8 0.40
0.0119 -132 0.12
0.0161 1338 0.22
0.0204 -13.6 0.21
0.0256 -134 0.41
0.0051 -129 0.12
0.0091 -13.0 0.1
0.0132 -13.2 0.19
0.0185 -129 0.30
0.0251 -133 0.41
0.0323 -129 0.47
0.0401 -13.2 0.14
0.0140 -134 0.18
0.0330 -13.0 0.14
0.0554 -13.6 0.13
0.0669 -13.1 0.21
0.0763 -13.6 0.44
0.0107 -135 0.12
0.0259 -135 -0.16
0.0409 -135 -0.22
0.0576 -13.7 -0.31
0.0087 -133 0.13
0.0246 -12.6 0.19
0.0355 -13.3 0.20
0.0423 132 0.26
0.0485 -12.7 022
0.0563 -129 0.09
0.0097 -13.5 0.17
0.0277 -13.1 0.07
0.0418 -134 0.15
0.0538 -13.5 0.18
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Appendix A (Continued )
X ‘AHp A(AHp)
0.0652 -13.0 0.22
0.0737 -13.7 0.41
LaMg,-HT
0.0054 —-80.7 0.51
0.0146 -80.9 0.95
0.0225 —-82.1 0.36
0.0298 -80.5 0.42
0.0367 -80.2 0.81
0.0081 —79.2 0.18
0.0202 -77.9 0.67
0.0272 -80.0 0.31
0.0338 -81.6 0.98
0.0423 —-84.4 0.14
0.0525 —-82.7 0.20
LaMg;
0.0087 —60.1 0.50
0.0263 —60.5 0.35
0.0419 —-61.4 0.67
0.0550 —60.1 1.15
0.0680 —59.7 0.97
0.0080 -59.9 0.26
0.0246 —60.8 0.24
0.0416 —60.6 1.72
0.0559 —60.1 233
0.0699 —61.7 0.35
LaMg
0.0049 —-125.9 0.65
0.0132 -127.1 1.04
0.0219 —-1254 0.23
0.0326 —-123.8 0.21
0.0467 —-123.2 0.15
0.0038 —-1224 0.59
0.0216 -121.9 0.53
0.0437 —-123.5 0.61
0.0557 -1229 0.98
0.0064 —125.0 0.72
0.0195 -126.0 0.84
0.0305 —-1223 0.94
0.0399 —-120.5 0.58
0.0502 —-124.8 0.36
0.0590 —-119.5 0.39
LayMg17
0.0080 -31.2 0.34
0.0213 -31.5 0.20
0.0329 -31.7 0.23
0.0441 -314 0.11
0.0544 -31.2 0.07
0.0056 -31.5 0.14
0.0157 -32.1 0.22
0.0265 -32.5 0.16
0.0395 -325 0.23
0.0529 -31.9 0.42
0.0669 -31.0 0.09
LaMg1>
0.0135 -25.8 0.15
0.0427 -25.7 0.19
0.0093 274 0.19
0.0344 -25.7 0.16
0.0600 —26.6 0.15
0.0801 —24.0 0.20
0.0143 —28.3 0.13
0.0456 -27.5 0.21
0.0776 -27.7 0.33
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