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Abstract

In the framework of a description of the general alloying behaviour of the rare earth (R) metals, their reaction thermochemistry is
reviewed. Problems met in the thermochemical characterization and in the experimental investigation of R alloys and compounds are
highlighted and discussed. A short summary of the work in this field, carried out in our laboratory is reported. Special attention is given to
the work performed and in progress on selected groups of R compounds: these are aurides, arsenides, antimonides, bismuthides and
tellurides. The results obtained in the standard enthalpy measurements by direct calorimetry for RAu compounds, La–As, Tb–Bi and

0Ce–Te solid alloys are reported and discussed. Typical values of D H (kJ /mol at. at 300 K) are: LaAu, 272.062.0; Ce Au,f 2

255.061.0; GdAu, 282.062.0; TbAu, 282.062.0; DyAu, 282.063.0; HoAu, 283.064.0; YbAu, 275.062.0, LaAs, 2150.063.0,
TbBi, 2104.062.0; CeTe, 216864 and Ce Te –Ce Te , 216364.  2001 Elsevier Science B.V. All rights reserved.3 4 2 3
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1. Introduction and general remarks on rare earth values observed at room temperature for the DH of
alloy thermochemistry formation of solid alloys in their binary systems with the

‘trivalent’ R. The DH minima in some cases (for instance
In this contribution a short summary will be given on with the elements such as Au, As, Sb, Bi, Te, etc.)

some topics concerning the thermochemistry of the rare correspond to the equiatomic composition; in several
earth (R) alloys, presenting some details about the work cases, however, other stoichiometries (for instance 1:2 in
we have now in progress. Special attention will be given to the R–Al alloys) correspond to the most stable solid
a few groups of alloys characterized by high values of the phases.
formation enthalpies. In order to set this point, we may The trend, presented in Fig. 1, of the formation en-
refer to Fig. 1 which is an overall summary of the thalpies, may be related to the stability of the intermediate
thermochemical behaviour of the rare earth metals: an phases and, more generally, to the compound formation
indication is indeed given on the formation enthalpies of capability shown by an ‘average’ R with the different
the different R–Me alloys as a function of the position of elements.
Me in the Periodic Table. This behaviour changes, but It is known, indeed, that, from this point of view, a
slightly, from one rare earth to another, and this is an characteristic subdivision of the different elements into two
interesting point worthwhile discussing later (especially sets may be considered. Generally, the elements placed on
considering the different subdivision of the series of rare the left (in the first groups, with the exception of H, Be
earths into ‘light’ and ‘heavy’, trivalent and divalent, etc.). and Mg) in the Periodic Table do not form intermediate

On the basis of Fig. 1, however, it is possible to discuss compounds with the R. Their phase diagrams are of the
in a first approximation, an average trend. For the different simple eutectic or monotectic types, and we have here
elements an indication is given of the maximum negative either zero or very small (negative or positive) values of

DH of formation.
With the elements on the right of the Periodic Table, on*Corresponding author. Tel.: 139-010-353-6149; fax: 139-010-362-

the other hand, we have clearly negative values of the D H5051. f
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Fig. 1. Formation enthalpies (averaged values) of the trivalent rare earth solid alloys with the different elements in the Periodic Table. Generally, the more
negative value observed in the R–Me systems with a given Me is reported (compare with Fig. 15). Black cells correspond to the elements for which no
reliable data are available. The halogenides have not been considered.

phases. This trend may be shown in greater detail by and we have used calorimeters built in our laboratory.
considering the change in the shape of the phase diagrams These have been designed considering the peculiar charac-
(and in the corresponding melting points) formed together teristics of the R metal and alloys (mainly their high
with the R by the different elements along a row of the general reactivity, oxidability, etc.) and are based on the
Periodic Table. The 6th row is here presented as an ‘direct’ methods.
example in Fig. 2, where the available known diagrams
given by Gd (in a few cases by Y) have been selected [1]. 2.1. Direct reaction calorimetry

Considering now the elements which form compounds
with the R metals (that is the elements from the 7th to the According to this technique, the reaction, i.e. the syn-
17th group) we may notice two families of very stable thesis of the alloy, takes place in the calorimeter itself.
compounds: those given with ‘noble metals’ and those Several examples of techniques have been presented
(having an increasing covalent / ionic character) formed according to which intermetallic compounds are synthes-
with the metals, semi-metals and finally non-metals at the ized inside the calorimeter from a convenient mixture of
far right end of the Periodic Table. the component metals. A special case is that of the ‘self-

The contribution given by Ole Kleppa and co-workers to propagating reactions’ (gas-free combustion synthesis).
the systematics of the R thermochemistry is well known. A Many mixtures of solid substances (capable of reacting
high number of alloys have been studied by them and their with a strong thermal evolution) if heated up to a certain
accurate, elegant measurements, for instance on the com- characteristic temperature, may give rise to a self-sustained
pounds with the noble metals [2,3] are very important. reaction leading to the combination of the initial sub-

As for our group in Genova, for some time now we have stances.
been involved in the investigation of some groups of rare Different kinds of calorimeters have been employed for
earth alloys generally having clearly exothermal charac- measuring the heat evolved by these reactions. A point
teristics, among which those with the elements of the 14th, common to all these techniques is the necessity of starting
15th, 16th groups and also, for instance, with Ni and Au. the reaction inside the mixture and having it running in a

controlled manner. Different ignition methods have been
suggested and used; reference can be made to them for a

2. Experimental direct reaction calorimetry classification of these calorimeters.
In any case, state and composition of the sample have to

As previously mentioned, we have generally studied be checked (preferably, when possible, before and after the
alloys having high negative values of the DH of formation thermal measurements) that is, the elemental as well as the



250
R

.
F

erro
et

al.
/

Journal
of

A
lloys

and
C

om
pounds

321
(2001)

248
–260

Fig. 2. R–Me phase diagrams (at%) of trivalent rare earths (Gd, in two cases Y) with the elements of the 6th row of the Periodic Table [1]. Note the changes of the temperature scale (and, in two
cases, composition scale) from one diagram to another, according to the melting temperature of the Me partners. Notice several uncertainties (mainly in the liquidus) in the shape of the phase diagrams
(dotted lines).
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phase composition have to be clearly defined. To this end, the sample inside it, etc.) cools down again to room
microscopy, microprobe and X-ray diffraction analyses, temperature. A popular calorimeter of this group is the

¨have generally been used. so-called small-furnace calorimeter (Ofchen-Kalorimeter)
Two types of direct calorimeters have been built in our [4]. In principle a mixture of the powders of the two

laboratory for the measurements of the formation en- component metals is heated by a small furnace within a
thalpies: a room-temperature and a high-temperature calorimeter until alloying takes place. The electrical energy
calorimeter. supplied is measured and subtracted from the total heat

evolved. The electric energy dissipated in the calorimeter
2.1.1. Room-temperature direct synthesis calorimetry in the reaction run is then compared with that needed to

This type of instrument is enclosed inside a room obtain the same temperature / time response in a number of
temperature water-thermostat and, even though at the start calibration runs. Our instrument, as sketched in Fig. 3, is
of the reaction there is self-heating of the sample, during based on these characteristics [5,6]; it consists of an
the measurement the temperature of the calorimeter (and of aluminium cylinder which contains two small electric

Fig. 3. Aneroid small-furnace calorimeter. (Reprinted from [6] by courtesy of ASM International , The Materials Information Society). (a) In the upper
part the horizontal section of the thermostatic block (7) is shown. It consists of aluminium discs placed one on top of the other and rigidly connected by the
bolts (5), in which four identical calorimeters (1), (2), (4) and (6) are symmetrically arranged. A thermopile (3) is schematically presented. In the vertical
section two opposite calorimeters (9) and (17) ((2) and (6) in the horizontal section) placed in the thermostatic block (10, 7) are shown. Their thermopiles
are differentially connected. The envelope (8) is contained in an ultrathermostat (18) with propellers (16) and has a central hole for argon/vacuum
connection. (11) and (15) are the feed for the electric and thermopile wires, (12), (13) and (14) are supports of the different parts of the equipment. (b)
View of one calorimeter. (A) is the external part of the calorimeter and (C) is a double cylinder container of the sample surrounding the heaters. (B) and
(D) are the heaters of the sample and for calibration of an inert metallic block similar to the sample. (F) and (G) are thermopile junctions and (E) is the
reference block. (J) and (K) are thermal resistance connecting the platform (I) to the external surface of the calorimeter. (H) is a support.
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furnaces used respectively for electric calibration and for
starting the reaction in the sample (about 10–15 g of
compacted fine metal powders enclosed in a gas-tight inox
crucible sealed by electric welding). The calorimeter,
inserted in a large thermostatted Al-block, is covered by
the hot junctions of a thermopile (80 Cu/constantan
couples) differentially connected to another thermopile
placed for reference on a second similar calorimeter.

The energy evaluation, performed in the previous
models by means of a standard watt-hour-meter, is now
made by using a PC driven acquisition system which
measures time and voltage and current of the electric
heating coils, and also records the output of the thermopile,
control thermocouples, etc.

The heats of formation can be considered to be mea-
sured at 300 K. Errors in the range of 2–6% (lower for
highly exothermic synthesis) have been estimated.

2.1.2. High-temperature direct synthesis calorimetry
In several cases, the direct synthesis of the alloys can be

conveniently carried out in a high-temperature calorimeter.
Working at appropriate temperatures, depending on the
melting point of alloys and on the rate of the reaction, the
enthalpies of formation of low-exothermic compounds may
also be obtained. The reaction in a high-temperature
calorimeter may be started by dropping into it samples
from a lower temperature thermostat (which generally is a
room temperature thermostat).

Our high temperature calorimeter is based on this
principle; it has been described in [7] and is presented in
Fig. 4. It contains two cells set one above the other and
located in ceramic and metallic tubes for thermal equaliza-
tion. The temperature difference between the two cells
(working and reference cells) is measured by means of a
20 Pt /PtRh10% couple thermopile.

The sample is a compacted mixture of the powder
metals, sealed under argon in a Ta or Mo small container
in order to prevent any oxidation and change in the starting
composition. The heat effect observed in dropping the
sample inside the high temperature calorimetric cell is
compared with that observed in dropping the compound. In
each run the calibration is made by dropping weighed
pieces of pure silver.

The standard deviation for calibration was found to be
61% at the maximum. The total error of the results is
estimated to be in the range of 63%.

3. Results obtained in our laboratory in the
thermochemical investigation of some groups of rareFig. 4. High temperature drop direct calorimeter [7]. A schematic section

of the calorimeter is presented as it appears at the end of a run. It is earth alloys
inserted, inside a furnace, in a (1) vacuum tight work tube, (2) ‘nichrome’
metallic cylinder, (3) alumina tube, (4, 5) silica tubes forming the 3.1. Remarks on previous and current investigations
measuring and reference cells respectively, (6, 7) sample and reference
thermopile junctions, (8) Ag spheres for calibration, (9) sample-receiving

The rare earth alloy systems which have been studied ormetallic vessel, (10) sample enclosed in its metallic crucible, (11) quartz
wool, (12) thermocouple, (13) metallic reference block. are under investigation in our laboratory, are summarized



R. Ferro et al. / Journal of Alloys and Compounds 321 (2001) 248 –260 253

in the following list, which also includes some indication 3.1.5. R–Al alloys
of the more recent reference literature. Several R–Al alloys (R5La, Ce, Pr, Nd, Sm and Yb)

have been investigated in our laboratory by direct small
furnace calorimetry [22]; the high stability of the RAl23.1.1. R–Mg
compounds has been confirmed. A very good agreementA number of enthalpy of formation data have been
with the experimental data by Colinet [23] and Sommerreported in literature. These data have been obtained by
[24] has been observed. These data also fit very well in theacid solution calorimetry, vapour pressure and, in the case
trend of the standard enthalpies of formation ofof Ce alloys, by solution calorimetry in liquid Mg.
aluminides, systematically studied and discussed by Klep-However, emphasis has been given to the serious dis-
pa and coworkers [25].crepancies between the different sets of values and to the

need of a revision (see for instance Colinet and Pasturel
[8]). A few preliminary measurements on some R–Mg 3.1.6. R–Sn and R–Pb alloys
alloys by means of the high temperature calorimeter have Several data have been reported in literature mainly for
been carried out in our laboratory [9]. the RSn and RPb phases by e.m.f., vapour pressure3 3

measurements, dynamic differential calorimetry and Sn
3.1.2. R–Ni alloys solution calorimetry [8]. For the R–Sn systems, in our

Several systematic investigations of the R–Ni alloys laboratory, measurements on Y–Sn, La–Sn and Ce–Sn
have been carried out by different researchers (Colinet et alloys [26] have been performed by direct small furnace
al. by Al solution calorimetry [10], Schott and Sommer by calorimetry and the trends of the enthalpy of formation
Sn solution calorimetry [11], Dischinger and Schaller by have been discussed. A re-examination of R–Sn phase
e.m.f. [12], Hubbard et al. by acid solution calorimetry diagrams has also been carried out. As for Nd–Sn and
[13], Kleppa and co-workers by mixing and drop Gd–Sn systems, the investigation is in progress [27] by
calorimetry [14] and by high temperature drop calorimetry using both small-furnace and high temperature direct
[2]). A general discussion of the enthalpy of formation of calorimetry.
selected R with the elements of this part of the Periodic The enthalpies of formation (small-furnace calorimeter)
Table (Ni, Ru, Rh, Pd, Ir, Pt) has been presented by of some R–Pb (R5Y, La, Yb, Lu) alloys have also been
Kleppa (see for instance [2]). While studying some ternary measured; the investigation of the Gd–Pb system by direct
R–Ni–Me systems such as R–Ni–Al alloys [15,16], a few small furnace calorimetry, is in progress. For these sys-
measurements have been started by our group as a tems, measurements of C have also been made. E.m.f.p
reference for selected R–Ni alloys [17]. measurements moreover have been considered in addition

to the direct calorimetry [28].
3.1.3. R–Ag and R–Au alloys

A systematic investigation of this type of alloy (and of
3.1.7. R–As systemsthose with other ‘noble’ metals such as Ru, Rh, Pd, Ir, Pt)

Systematic measurements by dynamic differentialhas been carried out by Kleppa and co-workers. The data
calorimetry of the heat of formation have been carried outrelevant to the R–Au alloys (to which some contribution
for the NaCl type RAs compounds [29]. For La–As,has also been given by our group) will be discussed later
measurements have also been carried out by direct small(see Section 3.2.). As for the R–Ag alloys, only scarce data
furnace calorimetry in our laboratory, as discussed laterare available on thermodynamics. Calorimetric measure-
(see Section 3.2.).ments for solid R–Ag alloys (R5Sc, Y, La, Ce) have been

reported by Kleppa and co-workers [18,19]. Direct
calorimetric investigation on a few R–Ag alloys (on the 3.1.8. R–Sb and R–Bi alloys
congruent melting R Ag and RAg phases) is now in14 51 A systematic investigation has been performed in our
progress in our laboratory. laboratory on the R–Sb (R5Y, La, Ce, Pr, Nd, Sm, Gd, Er

and Dy) [30] and R–Bi (R5Y, La, Ce, Pr, Nd, Sm, Gd,
3.1.4. R–Zn alloys Tb, Dy, Er, Yb) systems [31]: the very high stability of the

Several R–Zn systems have been studied by using phases near to the 1:1 composition has been pointed out.
vapour pressure measurements [20] and e.m.f. [8]. The The trends of the formation enthalpies have been compared
minima of the D H generally correspond to the RZn with the shape of the phase diagrams. The data have alsof 2

compounds. Measurements of the enthalpies of formation been used to optimize the Pr–Sb, Nd–Sb and Sm–Sb
of the Nd–Zn alloys have been performed by our group by phase diagrams and to compute the ternary Nd–Pr–Sb
using direct and HCl solution calorimetry [21]. In spite of system [32]. The systematic trends of the heats of forma-
the quite different techniques employed and the different tion along the trivalent rare earth series have been especial-
temperature ranges involved, a fair agreement with the ly discussed. The particular behaviour of Yb on the other
Chiotti and Mason data [20] was observed. hand has been pointed out [33].
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3.2. Results obtained in this work in the study of
selected groups of R alloys and compounds

3.2.1. Rare-earth gold alloys
Among the alloys with the ‘noble metals’, a characteris-

tic group of systems is represented by the combinations
with Au. These systems are generally characterized by the
formation of up to 7–8 phases in each system: R Au and2

RAu are usually present. Moreover, many other phases are
formed in the Au-rich composition ranges (typical stoich-
iometries may be R Au , RAu , RAu , etc.). The high14 51 4 6

stability of several R-Au phases may be related to their
high melting points: the Raynor index [34] (which is

Fig. 5. Phase diagram of the Tb–Au system [36]. The small solid
solubility ranges observed especially at high temperature for the TbAu
and Tb Au are not reported in the figure.14 51

3.1.9. R–Te systems
The results obtained by direct small furnace calorimetry

for Ce–Te alloys are presented (see Section 3.2) in this
work.

Fig. 7. RAu phases. The trend of melting temperature (8C) and of the
corresponding reduced melting temperatures are compared with the trend
of the standard enthalpy of formation of solid alloys. The open symbols
are data from Kleppa et al. [3,37,39]. In the reduced melting temperature
trend, the open symbols correspond to the experimental values of the ratio
(K/K) between the melting temperature of the phase and that of the R
metal involved. The filled symbols, calculated as the ratio (K/K) between
the (constant) melting point of a fixed RAu phase (here LaAu) and the
melting point of the different R, define a ‘reference slope’. According to
Gschneidner [40], the experimental slope compared with the reference

Fig. 6. Standard enthalpies of formation of Pr–Au [39] and Lu–Au [37] one gives an indication of the stability trend of the phases along the
solid alloys. lanthanide series.



R. Ferro et al. / Journal of Alloys and Compounds 321 (2001) 248 –260 255

Table 1
Heats of formation of solid R–Au alloys. Calorimetric data for the reaction: (1 2 x)R 1 xAu → R Au . Reactions performed in Mo containers,solid solid 12x x solid

data reduced to 300 K

R Nominal 2D H Micrographic appearance Type of Calorimeter andf

composition (kJ /mol at.) working temperature
xAu

aLa 0.52 71.9 LaAu (primary crystals) surrounded Small-furnace
by La Au (see Fig. 8). Room temperature3 4

bCe 0.20 33.7 Ce Au dendritic crystals (90%) Small-furnace2

surrounded by (Ce) solid solution (10%). Room temperature
bCe 0.30 48.5 Ce Au primary crystals (85%) surrounded Small-furnace2

by (Ce) solid solution (15%). Room temperature
cGd 0.49 81.4 GdAu primary crystals (95%) cal HT

plus Gd Au (5%). T51153 K3 4
dTb 0.49 83.7 TbAu primary crystals (95%) and Tb Au cal HT3 4

(5%) at the grain boundary. T51147 K
dTb 0.49 78.4 TbAu primary crystals (90%) and Tb Au cal HT3 4

(10%) at the grain boundary. T51156 K
eDy 0.49 81.5 DyAu primary crystals (95%) and incomplete cal HT

reaction products (5%). T51171 K
Dy 0.49 (76.3) Sample not in equilibrium: DyAu and Dy Au cal HT3 4

crystals (70%) and Au-richest phases (30%). T51158 K
fHo 0.49 (75.2 ) HoAu primary crystals (80%) plus HoAu cal HT2

crystals (10%) and other Au-richest phases (10%). T51171 K
gYb 0.53 73.6 YbAu primary crystals (80%) plus YbAu (20%). Small-furnace2

Room temperature
gYb 0.60 72.4 YbAu primary crystals (75%) and YbAu (25%). cal HT2

T51098 K
gYb 0.65 70.8 YbAu primary crystals (85%) Small-furnace2

surrounded by YbAu (15%). Room temperature3

a To LaAu the value D H5272.062.0 kJ /mol at. has been attributed.f
b Average D H value extrapolated for Ce Au: 255.061.0 kJ /mol at.f 2
c

D H extrapolated value for GdAu: 282.062.0 kJ /mol at.f
d For TbAu the value D H5282.062.0 kJ /mol at. has been interpolated.f
e To DyAu the value D H5282.063.0 kJ /mol at. has been attributed.f
f For HoAu the value D H5283.064.0 kJ /mol at. has been estimated.f
g For YbAu a value of D H5275.062.0 kJ /mol at. has been interpolated.f

Fig. 8. Optical micrograph of La–52 at% Au. Etched in an alcohol11% HNO solution. LaAu (primary crystals) surrounded by La Au .3 3 4
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defined as I5T (R Au ) / [(12x)T (R)1xT (Au)] been reported [41]. A few more measurements have alsom 12x x m m

where T are the melting temperatures, in K, of the been carried out in this work. The results of the differentm

different substances), reaches values as high as 1.3 for the measurements are reported in Table 1. These, together with
RAu stoichiometry. This behaviour has been described in the information about the completeness of the formation
detail in [35]. A number of R–Au phase diagrams have reaction deduced from the metallographic appearance have
been studied in our laboratory (R5Pr, Nd, Gd, Tb and Y). been used for an evaluation of the formation enthalpies of
Fig. 5 shows, as an example, the Tb–Au system [36]. As the compounds reported at the foot of Table 1 and in Fig.
for the formation thermochemistry of these alloys in the 7. An indication of values slightly more exothermic (of
solid state, several contributions have been given, mainly 2–3 kJ /mol at.) than those previously indicated [41] has
by Kleppa and co-workers. Investigations on selected now been reached. We see a general agreement between
compositions of different R–Au with R5Sc, Y, La, Ce, Pr, our data and those from literature.
Nd [3] and more recently on Gd–Au, Ho–Au and Lu–Au For the Ce–Au system, for which the literature data
systems [37] have been carried out by high temperature show a certain discrepancy from the general average trend,
calorimetry. particular difficulties were observed in the preparation of

Some measurements (by using e.m.f. methods) have also the 1:1 compound. In the Ce-rich region, however, mea-
been performed for the Y–Au alloys by Alqasmi and surements carried out by our small-furnace calorimeter
Schaller [38]. resulted in a reliable enthalpy of formation value extrapo-

As an example, Fig. 6 shows, according to Kleppa’s lated for Ce Au (see Table 1).2

work the trends of D H vs. composition for Pr–Au [39]f

and Lu–Au [37] alloys.
For the RAu compounds, the trend of D H vs. the atomicf

number of R is shown in Fig. 7. For these phases,
preliminary information about our work has previously

Fig. 9. R–Au phases. Average interatomic distance (obtained as the cube
root of the atomic volume) vs. the lanthanide atomic number. R Au: (s)2

oP12 –Co Si type; RAu: (s) oC8 –CrB type, (d) oP8 –FeB type and (h)2

cP2 –CsCl type; RAu : (s) oI12 –CeCu type and (d) tI6 –MoSi type; Fig. 10. Gd–Sb system. Trend of the standard formation enthalpy of solid2 2 2

RAu : (d) oP8 –TiCu type; R Au : (s) hP65 –Gd Ag type; RAu : alloys at room temperature compared with the shape of the phase diagram3 3 14 51 14 51 6

(d) tP56 –SmAu type and (h) mC28 –PrAu type. (after [45] with GdSb replaced by the recently identified Gd Sb [30]).6 6 2 16 39
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During this study, the existence moreover of a new relevant to all the R lie on a regular monotonic line. The
Ce Au phase was observed and its structure determined: small deviation from the trivalent values shown by Yb in3 4

Ce Au , hR42 –Pu Pd type, a51.3887 nm, c50.6170 the YbAu compound may agree with an intermediate3 4 3 4

nm. (partially divalent) value of the valence. Fig. 7 shows
As for YbAu, a slight deviation from the smooth trend moreover the good correlation between the D H trend andf

of the other R may be noticed in Fig. 7; this may be related those of other constitutional properties (melting points).
to the possible different valence state. As pointed out by
Gschneidner [42] in the Yb–Au alloys, a change in the 3.2.2. R–X alloys (X5As, Sb, Bi, Te)
valence state from nearly II for the Yb-rich alloys to about As previously mentioned, another family of alloys (also
III for the Au-rich alloys has been evidenced. This may strongly exothermic) which have been extensively studied
also be related to the trend of the averaged interatomic (and are still under investigation) in our laboratory are
distance reported in Fig. 9 for the R–Au phases. The larger those given by the elements of the 15th and 16th groups of
dimensions of Yb(II) in the Yb-richer compounds is the Periodic Table.
evident from the deviation from the trend of the trivalent Among the compounds with the elements of the 15th
rare earths. It has frequently been observed in literature group, we have made a particular study of the antimonides,
that thermochemical data may also be related to the bismuthides and several arsenides. Some of the charac-
valence state [33,42–44]. When no promotion energy term teristic features of these systems are represented, as an
(from one valence state to another) is involved, i.e. the example, in Fig. 10 in which the data recently obtained for
metal valence value (II for Eu and Yb, mainly III for the the Gd–Sb system [30] are reported. We notice the high
others) is the same in the alloy as in the metal, all the data values of the melting points and the nearly symmetric

Fig. 12. Ce–Te system. Tentative phase diagram [1] and data of the
Fig. 11. Standard enthalpy of formation at room temperature of RX standard enthalpy of formation of solid alloys at 300 K obtained by using
compounds (X5As, Sb, Bi) vs. the lanthanide atomic number. For RSb, small-furnace direct calorimetry: (d) experimental values; (—) interpo-
a selection of the calorimetric data reported by [46] has been done. lated trend.
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Table 2shape of the liquidus curve around the 1:1 composition. A
Heats of formation of solid Ce–Te alloys. Calorimetric data for thegood correlation may be observed with the D H of the af reaction : (1 2 x)Ce(g ) 1 xTe → Ce Te at 300 Ksolid solid 12x x solidsolid alloys, with a deep minimum for the same com-
Nominal 2DH Diffraction lines observed in theposition. Similar behaviour is presented by the various
composition (kJ /mol at.) powder diffraction photographR–Sb, R–Bi and also R–As systems. Several groups of
x and remarksTeisostructural compounds are moreover characteristic of
0.30 91.7 CeTe1Cethese systems: we may mention the RX compounds given
0.375 122.4 CeTe1Ce

by nearly all the R (with some exception for the divalent 0.43 140.8 CeTe
ones) having the cF8 –NaCl type structure, and the R X 0.45 164.7 CeTe4 3

phase (cI28 –anti-Th P type). For the different RX com- 0.48 159.5 CeTe3 4
0.55 166.4 CeTe1Ce Te 1xpounds (X5As, Sb, Bi) the values known from literature 3 4

0.58 (147.2) Sample not in equilibriumfor the DH of formation are reported in Fig. 11 together
0.60 163.5 Ce Te3 4with those obtained in this work for TbBi (D H5f 0.65 155.3 Mainly CeTe2

2104.062.0 kJ /mol at. by high temperature direct 0.675 (129.0) Sample not in equilibrium
calorimetry) and LaAs (D H52150.063.0 kJ /mol at. by 0.70 139.3 CeTe 1x2f

0.70 (110.0) Sample not in equilibriumroom temperature small-furnace isoperibol calorimetry, see
0.75 113.5 CeTe 1x3also [47]). For RAs, the good agreement with the value
0.80 92.6 CeTe 1x3obtained by Hanks and Faktor [29] (2153 kJ /mol at.) may 0.85 67.8 CeTe 1x3

be considered.
a Values interpolated for CeTe: 216864 kJ /mol at. for Ce Te3 4For the monoantimonides and monobismuthides, the

–Ce Te : 216364 kJ /mol at.2 3general good agreement of our data with those reported in
literature may be noticed (see Fig. 11), even if there seems
to be a slight systematic difference between the vapour lurides. However, difficulties have been encountered: the
pressure (and e.m.f.) data and the calorimetric ones, which R–X direct reaction synthesis may in fact result in sudden,
on average, seem to be slightly less exothermic. An explosive, evolution of heat, not always giving samples in
indication of decreasing values of the negative enthalpy of an equilibrium state.
formation along the lanthanide series may be noticed. For the Ce–Te system (for which a provisional diagram

As for the compounds of the 16th group, these are is reported in Fig. 12) a number of samples have been
(especially for oxygen and sulfur) much more ionic and prepared in the room temperature, small-furnace aneroid
covalent in their bonding mechanism. Much higher values isoperibol calorimeter. Of the different alloys prepared
of the (negative) DH of formation have been reported in (about 40), only a dozen resulted in equilibrium, these
literature especially on passing from the heavy to the light samples have been considered to give reliable data. A
(sulfur, oxygen) elements of this group. For the oxides and selection of the data obtained is reported in Table 2 and in
sulfides several data are reported in literature. Gschneidner Fig. 12. In spite of the experimental difficulties and of the
[48], for instance, reported as a function of temperature the large fraction of unusable samples, we believe that the
DG of formation of the more stable R oxides and sulfides. overall trend of D H plotted in Fig. 12 (and the interpolatedf

These values have been discussed in comparison with values reported in Table 2) and possibly the indication of
those relevant to the other metals, and the high stability of the minimum may be considered significant.
the R compounds underlined. This, in a way, may be confirmed by Fig. 13 where the

As a general comment to the R–X systems (with X5S, data relevant to a few RTe compounds found in literaturex

Se, Te) we may note the high complexity (high number of have been reported. No trend of course may be deduced,
compounds, transformations, etc.) of the diagrams (espe- notice however the fair agreement among the numerical
cially for the compositions corresponding to at% X .50). order of the different values.
For most of these systems a clear definition of the
equilibria is lacking. In fact, the high melting temperatures,
the sequence of numerous intermediate phases (both point 4. Final remarks
and solid solution phases) showing complex formation
(and decomposition) equilibria, often resulted in uncertain With reference also to the comments reported in the
state diagrams which, in several cases, show improbable introduction, we may compare the data just reported for the
trends of the equilibrium lines. In fact, contradictory Ce–Te system to those relevant to the R–X systems for X
assessment of the same data have been reported in some selected in the groups 15, 14, 13 and 12. We see in Fig. 14
cases [49]. the progressive change in the value and position of the

Our laboratory is attempting to make some contribution minima of the curves of D H vs. composition.f

to the knowledge of the thermochemistry of these systems As a conclusion, we may consider the summary of the
by performing some calorimetric work on the less ex- experimental data reported in Fig. 1 and here compared
othermic compounds of the group, namely on the tel- (see Fig. 15) with those computed for La–Me according to
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Fig. 13. Literature data of the enthalpies of formation of solid RTe and
R Te –R Te compounds. The calorimetric data were mainly obtained3 4 2 3

by drop calorimetry [50], combustion calorimetry [51,52] and fluorine
combustion calorimetry [53]; e.m.f. data are mainly from [54–59].

Fig. 15. Enthalpy of formation relevant to the different R–Me systems
the Miedema model [63,64]. We notice the overall agree- (for a summary of the thermochemical behaviour, compare also with Fig.
ment between the two schemes and the corresponding 1). Comparison between experimental and calculated data: (a) minimum

experimental values (averaged over the different trivalent R) observed insubdivision of the elements into two families forming or
each system. (b) Minimum values computed for each La–Me systemnon-forming compounds, reacting with negative or zero or
according to [63]. The computed value for La–Te is from [64].positive D H which well reproduce the binary combinationf

characteristics reported and discussed above.
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