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Computer coupling of thermodynamics and phase
diagrams: the gadolinium-magnesium system
as an example !
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Abstract

A thermodynamic analysis of the binary Gd—Mg system is presented, and its description
is optimized using the experimental phase diagram and thermodynamic values. The excess
Gibbs energies of the liquid and solid («-Gd, B-Gd and Mg) solutions were described
according to the Redlich—Kister polynomial expansion. The intermediate compounds
(GdMg, GdMg,, GdMg, and GdMg,) were assumed to be stoichiometric phases. A good
agreement between the experimental and the computed phase diagram is shown. The
results are briefly discussed and compared with those for other binary rare earth—Mg alloys.

INTRODUCTION

Determination of phase equilibria and measurement of thermodynamic
properties are often performed separately in alloy chemistry research.
Phase diagrams and thermodynamics are strongly correlated, however, and
appropriate calculation techniques can be used to optimize the experimen-
tal data and to predict the thermodynamic behaviour of a multi-phase
system. These techniques are also helpful during the investigation of
multi-phase multi-component systems, because they reduce the amount of
experimental work by permitting the selection of crucial measurements.

The systematics of R-M alloys (R =rare earth metal, M =a given
element) is of particular interest, since the regular and smooth variation of
several elemental properties, on passing from one R to the next in the
Periodic Table, is a tool for investigation of their influence on alloying
behaviour. Moreover, this regular behaviour provides a prediction rule and
a reliability criterion in evaluation of data on series of R alloys with the
same partner.
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TABLE 1

R-Mg phases: stoichiometries, structure types and temperature ranges (K) of stability

Rare Formula (R:Mg)

carth 7.7 1:2 1:3 5:24 1:5 5:41 2:17 1:12
La CsCl MgCu, BiF; Th,Ni,; CeMg;,
<1018 <1048 <1071 < 945
Ce CsCl MgCu, BiF; CesMg,, Th,Ni;, CeMg,,
<984 <1023 <1069 <908
Pr CsCl MgCu, BiF, Ces;Mg,,; ThMn,,
Nd CsCl MgCu, BiF,; CesMg,,
<1073 <1033 <1053 <833
Pm
Sm CsCl MgCu, BiF, GdMg; CesMg,,
<1073 <1023 <973 <838
Eu CsCl MgZn, ErZn;, Th,Ni,,
Gd CsCl MgCu, BiF, GdMg;,
<1141 <1029 <993 <931

Tb CsCl MgZn, BiF, TisRe,,
<1128 <993 <878 <828

Dy CsCl MgZn, BiF,; TisRe,,
<1133 <983 <793 <873

Ho CsCl MgZn, TisRe,,
<1118 <968 <873

Er GCsCl MgZn, TisReyy,
<1103 <943 <873

Tm CsCl MgZn, TisRe,,

Yb MgZn,

Lu CsCl MgZn, TisRe,,

Magnesium alloys are of outstanding technological importance, espe-
cially in the aerospace field. Rare earths are of major significance in this
connection because they enhance high-temperature properties and improve
casting characteristics.

The phase diagrams of several R—Mg systems have been determined:
La-Mg [1,2], Ce-Mg [1], Nd—-Mg [3], Eu-Mg [4], Sm—Mg [5], Dy-Mg [6],
Gd-Mg [2] and Yb-Mg [7]; Tb—Mg, Ho—Mg and Er-Mg are being studied
in our laboratory while La—Mg, Ce-Mg, Pr-Mg and Nd-Mg have been
assessed in ref. 8. Table 1 summarizes the known R—-Mg solid phases, their
crystal structures and their melting behaviour.

Data on the thermodynamic properties of R—Mg systems include: vapour
pressure measurements of the solid phases at high temperature for several
R-Mg systems [9,10], enthalpies of mixing of the Ce—Mg liquid alloys [11],
and enthalpies of melting and dissolution in liquid Mg of some Ce-Mg
solid phases [11].
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EXPERIMENTAL INFORMATION ON THE Gd-Mg SYSTEM

For optimization, all the data are taken into account and weighted to
adjust for individual experimental errors. Careful discussion of the litera-
ture data is therefore essential. For the phase equilibrium data in particu-
lar, it would be. helpful if authors were to provide DTA points tables rather
than figures only.

Thermal, metallographic and X-ray analyses by Manfrinetti and
Gschneidner [2] have shown that the Gd-Mg phase diagram is character-
ized by four, peritectically melting, intermediate compounds (see also Fig.
1). The solubility of Gd in Mg extends to about 5 at% of Gd, and that of
Mg in a-Gd and B-Gd to about 14 and about 36 at% of Mg respectively.
Manfrinetti and Gschneidner indicated a temperature error of +2 K for
the invariant equilibria, and +3 K for the points along the liquidus and
solidus curves. No composition error is reported for these points, whereas
for the eutectic and eutectoid compositions an accuracy of +0.5 at% of Mg
was estimated. The DTA points used as input data were read from the
graph.

The Mg vapour pressure of three solid alloys was measured by Ogren et
al. [9] at 710-864 K for Gd-21 at% Mg, at 739-842 K for Gd-32 at% Mg
and at 728-900 K for Gd-45 at% Mg. The Mg vapour pressure over a
series of Gd—Mg solid alloys was also measured by Pahlman and Smith [10]
in the temperature range 650-920 K. They reported log(P) as a linear
function of 1/T for several alloys between pure magnesium and Mg-55
at% Gd. The log(P,,,,) —log(Py,) differences at several temperatures
were used as input data.

THERMODYNAMIC MODELLING

Optimization requires all the thermodynamic functions of the phases
involved to be expressed as analytical functions of temperature and compo-
sition, dependent on empirical coefficients that are adjusted to provide the
best fitting of the experimental data during the calculation.

The Gibbs energy of the pure elements is described by

G(T)=A+BT +CT In T+ DT*+ET*+ FT~' + GT’ )

The values proposed in ref. 12 (Table 2) were adopted for the A4,...,G
coefficients. Other thermodynamic functions (H, §, C,, etc.) can easily be
derived from G.

Intermediate compounds were described as stoichiometric in agreement
with the phase diagram in ref. 2. Their free energies were expressed as

G(x, T) = (1 =x)Ggy(T) +xGp(T) +A + BT (2)

where A and —B can be interpreted respectively as enthalpies and
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TABLE 3

Optimized coefficients (eqns. (2) and (3)) describing the thermodynamic functions of the
Gd-Mg phases

Phase A B
Liquid —51294.88 36.86659
2068.03 3.50768
—21685.00 10.10016
a-Gd (hep) —40966.52 31.49670
B-Gd (bec) —46636.27 34.99471
GdMg —17400.00 8.21492
GdMg, —19600.00 10.98787
GdMg;, —17000.00 9.44364
GdMg, —13000.00 7.35641
Mg —1047%.65 4.25257

entropies of formation. However, by analogy with other R—Mg systems, the
existence of an appreciable homogeneity range should not be ruled out
(especially for the GdMg phase at high temperature).

The excess Gibbs energies of the liquid and solid (a-Gd, B-Gd and Mg)
solutions were described according to the Redlich—Kister polynomial ex-
pansion [13]

GE(x’ T) =deng2i(Ai +BiT)(ng _de)i (3)

with i=0, ..., 2 for the liquid and i = 0 for the solid solutions.

/K T T Y - T T T —T T T
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Fig. 1. Gd—Mg system: comparison between the computed phase diagram (continuous line)
and the experimental points [2]. o two phase equilibria; ® invariant equilibria.
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Fig. 2. Calculated A;H° of the Gd-Mg solid alloys (solid line) compared with the A;H® of
some similar systems: o, Sm—Mg system, calorimetric data (this work, preliminary); e,
Gd-Mg system, from vapour pressure measurements [10]; O, Y-Mg system, from acid
solution calorimetry [15]; ®m, Y-Mg system, computed [16].

SYSTEM OPTIMIZATION

The Gd-Mg system was optimized with the computer program prepared
by Lukas [14]. This first uses a least-squares method to calculate the

T T T T Ll L LI T T
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Gd 0.2 0.4 0.6 0.8 Mg
X Mg

Fig. 3. Gd-Mg liquid alloys: computed values of A ; H°.
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unknown coefficients from experimental data taking their uncertainty into
account. It then determines the computed versions of the phase diagram
and the thermodynamic functions.

The coefficients are listed in Table 3. The computed phase diagram is
compared with the input data in Fig. 1.

Figures 2 and 3 represent a prediction of the trends of the enthalpies of
formation of the solid phases and the mixing enthalpy of the liquid.

DISCUSSION

Very good agreement between the computed phase diagram and the
experimental points from ref. 2 was found (Fig. 1 and Table 4) with small
differences (a few K or at%) only for the Mg-rich eutectic and for the solid
solubility of Gd in Mg, which are attributable either to an inadequate
thermodynamic phase description (especially the Mg solid solution) or to
possible errors due to metastable situations, such as those observed in the
Mg-rich portions of several R—Mg systems.

The literature offers very few data on assessment of the thermodynamic
properties of solid intermediate compounds. The A;H® of the solid phases
calculated in [10] at relatively high temperature were therefore taken as the
starting values and adjusted by trial and error. The trend of these final
values is compared in Fig. 2 with experimental and computed data for
similar systems. Those for Sm—Mg alloys have been determined calorimet-
rically in our laboratory, while those for the Y-Mg system include some
obtained calorimetrically in [15] and others computed in [16] while optimiz-
ing the diagram. A fair agreement is observed. It can be seen that the
values proposed for Gd-Mg alloys are intermediate between those re-
ported for the Sm-Mg and Y-Mg alloys. This fits the general trend
observed for R alloys.

The values computed for the A ; H° values in the liquid state are shown
in Fig. 3. No experimental data are available for Gd or its neighbouring

TABLE 4
Gd-Mg invariant equilibria: comparison between experimental and computed temperatures
Equilibrium Temperature (K)
Experimental Computed
B-Gd = a-Gd + GdMg 973 991
B-Gd + liquid = GdMg 1141 1140
GdMg + liquid + GdMg, 1029 1028
GdMg, +liquid = GdMg;, 980 979
GdMg; +liquid = GdMg; 920 915

liquid = GdMg + Mg 821 842
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R-Mg alloys. Comparison with those reported for Ce—Mg alloys shows a
satisfactory concordance.
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