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Abstract

We have conducted systematic studies in this laboratory of the thermochemistry of transition metal and rare earth aloys by high
temperature calorimetric methods. An overview of the thermochemistry of the aloys of the transition metals and lanthanide metals with
elements in the I11B and IVB columns of the periodic table is presented. The enthalpies of formation of most of these compounds were
determined by high temperature direct synthesis calorimetry. This review summarizes the trends between the enthalpies of formation of
the TR-X and LA-X alloys (where X isalllB or 1VB element) and the atomic numbers of the transition metal and lanthanide metal. We
compare our measured enthalpies of formation of each alloy family for the 3d, 4d and 5d transition metal elements. We also compare our
experimental measurements with predicted values on the basis of Miedema's semiempirical model. This review shows examples of a
correlation between the enthalpies of formation of the alloys of the lanthanide elements with the non-metal elementsin the 111B and IVB
columns in the periodic table. We also show some comparisons of our measured enthalpies of formation with the predictions of

Gschneidner for the lanthanide alloys. O 2001 Elsevier Science BV. All rights reserved.
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1. Introduction

During the last few decades the investigation of binary
intermetallic and metal—nonmetal compounds of transition
metal and rare earth metals received considerable attention
since it was found that a significant number of these aloys
may be utilized in electronic and nuclear technology.
Severa of these alloys have rather exceptional qualities
with respect to absorption of hydrogen gas and supercon-
ductivity. Many of these alloys have potential applications
in high temperature industrial processes. We will briefly
point out the particularly significant uses of the alloys in
each family of compounds.

While this overview cannot possibly assess al the
properties of these classes of compounds we do intend to
review the work performed in this laboratory on com-
pounds of transition metals and lanthanide metals and the
elements in groups of 111B and IVB in the periodic table.
In this overview we are restricting ourselves to cite mostly
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work performed in this laboratory. We will aso quote some
other investigators whose measurements were based on
calorimetry. This technique is usualy the most reliable
way to obtain enthalpies of formation.

Our experiments were carried out in a single unit
differential microcalorimeter which has been described in
an earlier communication from this laboratory [1,2]. The
temperature was held at 1473+2 K for most of the
measurements. When the experimental temperature is
different from this, we indicate it in the table where the
data appear.

Most of the results in this paper were obtained by direct
synthesis calorimetry (DSC) and some by the so-called
solute—solvent drop calorimetry (SSD) developed in this
laboratory by Topor and Kleppa [3]. To date we have
studied roughly 270 alloys in the considered families of
compounds; 38 of these were measured by SSD, the rest
by DSC or by solution calorimetry (seven alloys). In this
review we will mainly discuss the concerns related to the
DSC method. In our application of the direct synthesis
method the standard enthalpies of formation were obtained
as the difference between the results of two sets of
measurements. In the first set the following reaction takes
place in the calorimeter
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ME (s, 298 K) + mX (s, 298 K) = MEX,, (sor |, 1473 K)
(1)

where m represents the molar ratio X/ME; ME is the
considered metal; s denotes solid and | denotes liquid. The
reacted pellets were reused in a second set of experiments
in order to determine their heat contents

MEX,, (s,298K) = MEX, (sor |, 1473 K) (2
The standard enthalpies of formation are given by
AH? = AH, (1) — AH(2) (3)

where AH,,(1) and AH,(2) are the molar enthalpy changes
associated with reactions (1) and (2).

Some of the early experiments on transition metals by
DSC were carried out by Gachon, Charles and Hertz at the
University of Nancy, France [4]. They pointed out some of
the problems they encountered using this method. Some of
the problems inherent in DSC relate to the fact that in
order to achieve reliable results, the reaction between the
two elements of the binary compound must proceed to
completion in a finite interval of time (<3600 ). We
noticed for example that in some of the 4d transition metal
carbides which we attempted to study, the component
elements do react, but the reaction takes such a long time
that the measurements are unreliable. Some compounds
which have very high melting points simply do not yield
completely reacted phases at our working temperature of
1473 K, for example HfB,, ZrB,. It is also important to
note that the reaction must take place without the loss a
significant amount of material due to vaporization of either
component. In some cases, when the reaction is slow,
vaporization of one of the components may render the
measurement unreliable. This was the case for SmB, at
1273 K, and for Yb alloys at 923 K. The reaction should
also take place without any significant side reaction with
the container material. Most often we use a boron nitride
(BN) crucible to contain the samples. However, in some
cases, when we noticed some interaction with the crucible
material, we used a BeO crucible. This happened in very
few cases, e.g. with ScAl, Sm;Sn,, Pr.Si;, Nd.Si,.

While in many cases some information is available
about the considered phases, the phase diagrams unfor-
tunately are far from complete [5]. Many of the phases
which we studied have no published phase diagrams or the
melting points are not available.

Other major concerns in DSC are the assessment of the
completion of the reaction and the identification of the
reaction product. Most often we have relied on X-ray
diffraction to examine our products. As a rule, any sample
which has a measurable amount of unreacted material
(greater than about 3%) we consider as not reportable. If
the compound is fully reacted, we assess whether or not we
have the molar composition which we prepared, and also if
there are significant amounts of secondary phases present.

Again, as a rule, if we have more than about 10% of a
secondary phase present, we report the standard enthalpy
of formation as only indicative. If the secondary phase is
present in more than 15%, we usually do not report the
value at all. For many of the alloys which we studied the
X-ray diffraction (XRD) patterns are listed in the ASTM
powder diffraction file. We can then effectively make a
comparison of the experimental patterns and the published
patterns. However, in numerous cases the XRD patterns
are not listed in the ASTM powder diffraction file. When
the relevant information is available in Pearson’s compila
tion of crystallographic data, we can generate the XRD
patterns from published unit cell parameters and atomic
coordinates [6]. We decided not to prepare any compounds
for which structural information is not available. If the
XRD technique is not conclusive, we can utilize SEM or
X-ray microprobe analysis to further test our samples.

If the XRD pattern shows a small degree of incomplete
reaction, some compounds may still be successfully pre-
pared in the calorimeter by the DSC method, by maintain-
ing a small excess of one of the components. We devel oped
this technique for transition metal borides [7]. In the
calorimetric measurements we correct both the molar
enthalpy of reaction and the molar heat content for the
excess of boron present. This technique was aso found to
be useful for determining the enthalpy of formation of
some of the transition metal carbides, for example Mo,C.

Some of the transition metal alloy samples which are
crumbly in texture may fall apart in the calorimeter and
contaminate the liner assembly. The evaluation of the
measurements also becomes uncertain if the sample pellets
do not remain intact in the crucible during the reactions.
For such samples we sometimes introduced a modified
technique by adding a small, weighed amount of pure
silver powder (5—10 mol.%) as a neutral binder. Of course,
this technique can only be used when neither component of
the aloy interacts chemically with silver. Both the molar
heat of reaction and the molar heat content are corrected
for the heat content of silver at the reaction temperature.
This technique was originaly developed for handling
transition metal borides; however, it also proved to be
useful for transition metal silicides [7].

Reporting our enthalpy measurements we compare our
experimental values with values reported in the published
literature. Note, that our own measurements always refer to
room temperature. In our communications, the tables may
include the reference temperature or other conditions
different from ours. In our graphs, we always plot the most
exothermic vaue for the particular system. Generaly, the
enthalpies of formation measured by calorimetric tech-
niques tend to agree quite well [8-14]. We observe less
favorable comparison with values derived either from
vapor pressure measurements or from EMF data.

On the basis of empirical and semiempirical models
some methods have been proposed to estimate the en-
thalpies of formation of binary aloys and intermetallic
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compounds. de Boer et a. [15] predicted the enthalpies of
formation from the work functions, molar volumes and
electron densities at the boundary of the Wigner—Seitz cell
of the component elements. The heat of formation of
binary compounds (AB) which contain at least one transi-
tion metal, may be described in terms of a simple atomic
model.The alloys are suggested to be constructed from
Wigner—Seitz atomic cells characteristic of the pure metal-
lic elements, A and B. The alloying energy then originates
from the change in boundary conditions when dissimilar
atoms are in contact. For a compound AB of two transition
metals the enthalpy of formation according to de Boer et
al. [15] is composed of two contributions (a) a negative
contribution arising from the difference between the
electronegativities of the two constituent metals A and B
(measured by the difference in work functions) and (b) a
positive contribution arising from the discontinuity in the
electron density at the common interface of the dissimilar
Wigner—Seitz cells when atoms A and B are brought
together.

A concentration term is included to indicate the surface
area of atomic cells and the degree to which atoms are
surrounded by dissimilar neighbours. If one of the ele-
ments is not a transition metal an additional term R is
introduced. This term is related to the hybridization of the
d and p wave functions when the transition metal and the
non-transition metal elements become nearest neighbours
in the aloy.

As this semiempirical model was designed for transition
metal aloys, the comparison with experimental values is
usualy quite good for intermetalic systems, but not as
favorable for systems where the aloy is quite different in
bonding from the intermetallic transition meta type sys
tems. On the basis of this model a computer software was
developed by Niessen et a. [16] to allow calculation of the
predicted enthalpies of formation for aloys of lanthanide
elements. In the tables we list the enthalpies of formation
predicted by this model for each alloy.

In addition to the predictions by Miedema and co-
workers there have been other theoretical studies by Gelatt
et a., Pasturel et al. and Colinet et al., respectively, to
predict the enthalpies of formation of compounds formed
by transition metal and non-transition metal elements, for
example B, Si, Al, on the basis of band theory [17-19].
Gelatt et al. were the first to provide a detailed theoretical
analysis of the significant factors which contribute to the
enthalpies of formation of transition metal—polyvalent
metal systems [17]. Further work along these lines was
carried out by Pasturel et al. [18]. Pasturel’s theory of the
3d transition metal aluminides predicts a roughly parabolic
dependence of the enthalpies of formation on the number
of d electrons, with the weakest bonding in the middle of
the series. In each family of systems we will point out the
correlation of this theory with our experimental results.

Gelatt et a. conclude that there are two main contribu-
tions to the enthalpies of formation:

1. a negative (i.e. bonding) term which is due to the
hybridization between the d band of the transition metal
and the s and p bands of the polyvalent metal;

2. apositive (i.e. bond weakening) term which arises from
the increase of separation between the transition metal
atoms caused by the alloying process. Hence there is a
narrowing of the d band of the transition metal and a
lowering of the cohesive energy of the aloy.

The analysis of the contributions of these terms to the
total energy of the transition metal—aluminium alloys in
the 4d series led to the conclusions that the most negative
enthalpies of formation should be found for aloys of Rh
and Al [17]. We noted in previous communications that our
measurements fully agree with this prediction [20]. More-
over, we noted also that our results show a similar effect in
several other families of compounds, for example in
gallides, silicides, germanides, and stannides [20,21].

To predict the trends of the enthalpies of formation for
lanthanide alloys, Gschneider suggested that these should
be related to the relative molar volumes and reduced
temperatures. He suggested that these quantities should
reflect the lanthanide contraction in the compounds com-
pared to the contraction of the pure metals [22,23]. For
example if the lanthanide contraction in the compounds
from La to Lu become greater than in the corresponding
pure metals then the enthalpies of formation are predicted
to become more exothermic in the same sequence. In this
scheme the reduced temperature (i.e. the ratio of the
melting point of the compound to the melting point of the
lanthanide element) and the ratio of the molar volume of
the compound to the atomic volume of the pure element
normalized with respect to the first member of the series
(i.e. L) are used as indicators to predict the systematic
behavior of the stability of the alloys. In our discussion of
the enthalpies of formation of the lanthanide alloys we
shall cite examples where these correlations agree and also
where they disagree with the predictions by Gschneidner.

2. Borides

Many of the transition metal borides are utilized in high
temperature technology. This is due to their highly re-
fractory character, chemical inertness, hardness and ther-
mal conductivity. A novel application of rare earth borides
is in the area of high power electronic technology. LaB,
and YB, are particularly good examples of such uses.

Transition and lanthanide metals combine with boron to
form compounds with B:Me ratios ranging from 1:4 to
66:1. This wide range reflects the self-binding ability of
boron. The boron atoms may occur as isolated atoms in
metal-rich borides, as pairs, chains, two- or three-dimen-
sional networks in the more boron-rich compounds.

Because of their inertness, most refractory borides
cannot be studied by traditional solution calorimetry. Some
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of the early work on borides in this laboratory centered
around the study of transition metal borides by the SSD
developed by Topor and Kleppa [3]. For some of the
compounds the enthalpies of formation have been mea
sured by both SC and by DSC calorimetry, for example for
FeB, CoB and NiB [7]. The agreement is quite good;
however, the DSC method gives somewhat better preci-
sion. In order to ensure completion of the reactions and
facilitate better handling of the transition metal boride
samples we developed two techniques which are described
in the introduction [7]. We used both adding a small excess
of boron to ensure completion of the reactions and, when
suitable, a neutral binder to improve the precision of
measurements. In addition to the previously reported
values for lanthanide borides we measured the enthalpies
of formation of LaB, and Nd,B. by the DSC method.

The phase diagran of the La—B system shows a
congruently melting compound, LaB4 (m.p. 2988 K) and a
peritectically melting phase, LaB, (m.p. 2073 K) [5]. The
enthalpy of formation of LaB, was measured by Topor and
Kleppa by the SSD technique [3]. The XRD pattern of our
LaB, product matched well the pattern in the ASTM
powder diffraction file. However, we noticed approximate-
ly 5% LaB, as a secondary phase. The enthalpy of
formetion of LaB, is somewhat less exothermic than the
value for LaBg. This is quite reasonable when we consider
that its melting point is more than 900°C lower. The
melting point of LaB,, is also significantly lower (by about
500°C) than those of the neighbouring lanthanide tetra-
borides. Therefore, it is reasonable to expect a somewhat
less exothermic enthalpy of formation than for the neigh-
bouring lanthanide tetraborides. Actually,the enthalpy of
formation is comparable with the values for other com-
pounds with the LAB, molecular composition.

The phase diagram of the Nd-B system shows one
congruently melting phase, NdB, (m.p. 2883 K) and three
peritectically melting phases, NdB, (m.p. 2623 K), Nd,B.
(m.p. 2273 K) and NdB4, (m.p. 2423 K) [5]. We reported
the enthalpy of formation of NdB, by DSC in a previous
communication [24]. Nd,B; has a very interesting stoi-
chiometric ratio. The only other lanthanide boride which
we were able to prepare with this composition was Gd,B,
[24]. The XRD pattern of Nd,B, is not included either in
the ASTM powder diffraction file or in Pearson’s compila-
tion of crystallographic data [6]. The structure is listed as
Sm, B, type; however, since the atomic coordinates are not
available for this compound, we could not generate the
pattern by computer methods. However, Sm,B is iso-
morphous with both Nd,B and Gd,B.. We compared the
XRD pattern of Nd,Bg with the pattern for Gd,B; and
found close agreement with the exception of an approxi-
mately 0.2° shift in the peaksWe also noticed the presence
of a minor secondary phase of, approximately 5-7% of
NdB,. Our vaue for the enthalpy of formation of Nd,Bg
(—38.91.9 kd/mol of atoms) compares reasonably well
with the corresponding value for Gd,B,,—43.1+1.4 kJ/

mol of atoms. Note that the melting points are also quite
similar. We have only a very approximate value for Sm,B,
(=39 kJ/mol of atoms), which is also comparable in
magnitude. We did not tabulate a quantitative value for this
compound because the formation reaction is so slow that
we noticed some evaporation of Sm in the sample.

The only compound with higher B:ME ratio than 6:1
which we studied was AIB,, [25].

Table 1 shows the transition and lanthanide borides

Table 1
Standard enthalpies of formation of transition metal and lanthanide
borides; data in kJ/mol of atoms

Compound  AH? Method®  AH? Reference
(Expt.) (Pred) [15,16]
ScB, —102.3+49 SSD —69 [26]
TiB, —109.5+34 SSD —74 [26]
VB, —-70.7+42 SSD —-50 [26]
CrB, —-398+11 SSD -34 [27]
MnB —358+24 SC —47 [28]
MnB, —211+34 SC -35 [28]
Mn,B —317+20 SC 37 [28]
FeB —323+22 SC -38 [29]
—-293+0.7 DSC 17
Fe,B —226x27 SC —-30 [29]
CoB —348+30 SC -34 [29]
—347+06 DSC 17
Co,B -194+23 SC -28 [29]
NiB -201+19 SC -33 [29]
-20.7+11 DSC [7
Ni,B —226+14 SC 27 [29]
YB, —523*18 SSD —38 [30]
YB, —-357+26 DSC -66 17
NbB, -60.3+15 DSC -71 [31]
MoB —287x10 DSC —49 [31]
RuB, , —222+10 DSC -34 [32]
RhB, , ~355+10 DSC -35 [32]
Pd, B, —-256+09 SSD —22 [33]
LaB, -57.2+17 SSD —-20 [3]
LaB, —50.7£13 DSC —38 [This work]
TaB, —53.3+20 DSC —-70 (7
W,B, —-175+11 DSC -31 [7
ReB, —215x05 DSC —28 [31]
0sB, . —114+10 DSC —22 [34]
IB, —-209+10 DSC -36 [34]
Pt,B —20=*2 SSD —-29 [33]
AlB,, —~11.4+06 DSC +9 [25]
LaB, —572+17 SSD -20 [3]
LaB, —-50.7+1.3 DSC -38 [This work]
CeB, —535+15 DSC -38 [24]
PIB, -531*16 DSC -38 [24]
PrB, —51.3%£5.7 SSD —-20 [24]
NdB, —533+15 DSC -38 [24]
Nd,B, -389+19 DSC -58 [This work]
Gd,B, —43.1+x14 DSC —59 [24]
TbB, -342+18 DSC —67 [35]
DyB, -302+13 DSC - 66 [36]
HoB, —279+15 DSC —-65 [37]
ErB, —27.3+22 DSC —67 [38]
TmB, —-306+30 DSC —67 [39]
LuB, —29.8x09 DSC —69 [40]

“DSC, direct synthesis caorimetry; SSD, solute-solvent drop
calorimetry; SC, solution calorimetry.
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studied in this laboratory, the calorimetric method used,
the predicted values calculated on the basis of Miedema's
semiempiricall model and the references. The predicted
values differ significantly from our experimental measure-
ments. This may be because the model does not take the
boron—boron bonding into consideration. This bonding
effect is expected to contribute significantly to the stability
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Fig. 1. Standard enthalpies of formation of some 3d, 4d and 5d transition
metal borides. All data in kJ/mol of atoms apply to the most exothermic
compounds..
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Fig. 2. Standard enthalpies of formation of some lanthanide borides. Data
in kJ/mol of atoms.

of compounds with high boron content. The agreement is
quite good only for CoB, RhB, ; and Pd,B..

In Fig. 1 we plot the enthalpies of formation of
transition metal borides against the atomic number of the
metallic element. The enthalpies of formation when plotted
against the atomic number of the transition metal show
very similar patterns for the 3d, 4d and 5d borides.In each
family of systems there is a sharp rise from Sc,Y, Lato Ti,
Zr, Hf and then a subsequent decrease to a more or less flat
range. We are citing the enthalpies of formation of ZrB,
and HfB, from the study of Johnson et al. measured by
fluorine bomb calorimetry [41]. The shape of the curvesis
somewhat similar to that of the 3d transition metal
carbides. These are the only two families of compounds
which we have studied where we do not find the roughly
parabolic dependence of the enthalpies of formation on the
atomic number of the transition metal which was predicted
by Pasturel et a. [18].

In Fig. 2 we plot the enthalpies of formation of the
lanthanide borides against the atomic number of the
lanthanide element. It is difficult to assess any systematic
variation of the enthalpies of formation within the lantha-
nide borides since the molecular compositions which we
studied were quite different. However, it seems that within
groups which have the same molecular composition the
enthalpies do not vary very significantly, i.e. in sets for
LAB, and LAB, the values are very similar.

3. Aluminides

The aloys of auminum have been the subject of
increasing interest for some time. Their resistance to high
temperature oxidation makes them very suitable for a wide
range of technological applications. We measured the
enthalpies of formation of 39 aluminides nearly al by
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Table 2
Standard enthalpies of formation of transition meta and lanthanide
auminides; data in kJ/mol of atoms

Compound ~ AHY Method®  AH{ Reference
(Expt) (Pred.) [15,16]
ScAl —411+15 DSC -68 [43]
SCAl, 4, —477+09 DSC —62 [42)
TiAl, —36.6-1.2 DSC -39 [43]
VAL —-340+05 DSC -35 [43]
VAL, —278-09 DSC —24 [43]
CrAl, -169+18 DSC -26 [43]
Mn,Al, —234+0.8 DSC —42 [43]
Mn,Al -151+10 DSC —24 [43]
FeAl —235+16 DSC -32 [2]
CoAl —-534+14 DSC -43 [43]
NiAl -583+11 DSC —48 [2]
YA, -504=13 DSC —64 [42]
YAl —~400+16 DSC —60 [44]
ZrAl, -521+16 DSC —-72 [44]
ZrAl —484+13 DSC -57 [44]
NbAI, —-405+06 DSC -29 [44]
Nb,Al -137+10 DSC -28 [44]
Mo,Al, -330+0.7 DSC -17 [44]
Mo,Al —-223+16 DSC -15 [44]
RUAl -621+17 DSC —48 [20]
RhAI -1063+16 DSC 64 [20]
PdAl -91.9+41 SSD -84 [42]
~906+22 DSC [42]
Pd,Al —87.3x18 DSC —68 [44]
LaAl, —499+21 DSC —65 [42]
La,Al, —375x0.7 DSC —a7 [45]
HfAI —39.9+x20 DSC —-75 [45]
HFAL, —-438+13 DSC -65 [45]
HFAI, —406+08 DSC -51 [45]
TaAl, —299+x13 DSC —30 [45]
Ta,Al —199*+16 DSC —-37 [45]
WAI, -141+09 DSC -10 [45]
Re,Al —-296+09 DSC 24 [45]
Re,Al,, —-345+15 DSC -20 [45]
OsAl, —449+22 DSC -36 [46]
IrAl -928+18 DSC -60 [20]
PtAl —100.2*+4.4 SSD —-82 [42]
—949+25 DSC [42]
PLAI -965+12 DSC -79 [45]
PLAI -636+21 DSC -50 [45]
LuAl, —526=30 DSC -63 [40]

®DSC, direct synthesis calorimetry; SSD, solute solvent drop
calorimetry.

DSC. However, the enthapies of formation of PdAl and
PtAl were determined by Jung et a. by SSD [42].

We summarize the measured enthalpies of formation
along with the corresponding predicted values calculated
from Miedema's semiempirical model in Table 2. For
some of the transition metal aluminides the predicted
enthalpies of formation agree reasonably well with the
measured values (i.e. within about 10 kJ/mol of atoms).
However, there are many exceptions in al three sets of
aloys.

In Fig. 3 we plot the enthalpies of formation of 3d, 4d
and 5d transition metal aluminides against the atomic
number of the metallic element. This figure shows that the
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Fig. 3. Standard enthalpies of formation of some 3d, 4d and 5d transition
metal aluminides. Data in kJ/mol of atoms.

enthalpies of formation when plotted against the atomic
number of the transition element show a roughly parabolic
dependence. This observation agrees well with the predic-
tion of Pasturel et a. [18]. The absolute values of the
enthalpies of formation decrease systematically from the
Sc, Y, Lagroup to Cr, Mo, W and then increase sharply to
Ni, Pd, Pt. There is a noticeable minimum at Cr, Mo, W.
The 4d aluminides show the most exothermic values of the
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three sets of aloys. The only exceptions to the stated trend
are the reversals at PdAl and PtAl. The enthalpy of
formation of RhAI is numerically the most exothermic
value. This finding agrees well with the theoretical predic-
tion by Gellatt et al. [17]. However, our data show that the
3d and 5d alloys are different in this respect. The most
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Fig. 4. Comparison of the standard enthalpies of formation of some
lanthanide aluminides with relative molar volumes and reduced tempera-
tures. Data in kJ/mol of atoms.

negative enthalpies of formation in these two groups are
found for the end members, i.e. for Ni and for Pt [45].

In Fig. 4 we plot the enthalpies of formation of the
lanthanide aluminides against the atomic number of the
lanthanide elements. Most of the enthalpies of formation of
the lanthanide aluminides were by solution calorimetry
measured by Colinet et a. [47]. We only determined the
value for LUAl, [40] and LaAl, [42]. As the graph shows,
with the exception of the values for the divalent lan-
thanides Eu and Yb, the enthalpies of formation do not
show significant variation. This observation correlates
reasonably well with Gschneidner’s prediction. According
to this prediction the relative molar volume ratio plotted
against the atomic number of the lanthanide element yields
a similar plot [22,23]. A plot of the reduced temperature
shows significant decrease with increasing atomic humber
of the lanthanide element, which we do not observe in the
experimental measurements.

4. Gallides

Our studies of transition metal and lanthanide gallides
are dtill in progress. Therefore this overview represents
only a partial assessment of the results reported so far.

Among the 3d transition metal gallides the aloys of Ti
with Ga are of particular technical interest, since they may
be used for soldering oxide materials.

The enthalpies of formation of the transition metal and
lanthanide gallides which we have studied so far have all

Table 3
Standard enthalpies of formation of transition metal and lanthanide metal
gallides; data in kd/mol of atoms

Compound ~ AH? Method®  AH? Reference
(Expt) (Pred.) [15,16]
Sc.Ga, —59.4+20 DSC —59 [48]
Ti,Ga -390+14 DSC —a4 [48]
V,Ga, -166+17 DSC -18 [48]
Cr,Ga —11.8+18 DSC —-12 [48]
FeGa, —248+21 DSC -10 [48]
CoGa, —-294+22 DSC —18 [48]
NiGa —449+19 DSC -37 [48]
YGa —714+17 DSC -73 [21]
YGa, -68.1+23 DSC -65 [21]
Zr,Ga —534+21 DSC —63 [21]
Nb.Ga, —-265+17 DSC 27 [21]
Mo,Ga —-166+25 DSC -5 [21]
RuGa -354+23 DSC -34 [21]
RUGa, —410+16 DSC —27 [21]
RhGa —-732+23 DSC -53 [21]
RhGa, —449+12 DSC -32 [21]
PdGa —716+23 DSC -79 [49]
Pd,Ga —644+20 DSC —66 [49]
TmGa, —485+20 DSC —49 [39]

“DSC, direct synthesis calorimetry; experiments were carried out at
1373 K. Reference states are TR(s) and Ga(s) at 298 K.
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been measured by DSC at 1373 K. The reference states are
TR (9, LA (9 and Ga (9 at 298 K.

In Table 3 we summarize the experimental results as
well as the values predicted from Miedema’'s semiempiri-
cal model [15]. Apart from the values for the 3d and 4d
transition metal gallides this table also includes a measure-
ment for TmGa,, which is the only lanthanide gallide
value we have studied so far [39]. The experimental values
agree quite well with the predicted values for alloys from
Sc to Cr and for the Y, Nb and Ru gallides.

In Fig. 5 we plot the enthalpies of formation of the 3d
and 4d gallides against the atomic number for the transi-
tion metal. The molar compositions of the aloys are
indicated in the figure. The shapes of the two curves are
very similar, they are roughly parabolic with the minimain
the same location (Cr,Mo).

The enthalpies of formation for the 4d gallides are more
exothermic than the corresponding vaues for the 3d
gallides.The highest exothermic value is found for the
aloy RhGa This is consistent with the prediction of
Gellatt et a. for 4d auminides [17]. As for the corre-
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Fig. 5. Standard enthalpies of formation of some 3d and 4d transition
metal gallides. Data in kJ/mol of atoms.

sponding aluminides this effect does not show up for the
3d gallides, where the end member, Ni, has the most
exothermic enthalpy of formation.

5. Carbides

In the first transition metal series all the elements form
at least one carbide even though some of the reported
phases are metastable at room temperature. Many of the
binary carbides have a wide range of homogeneity. Hence,
significant deviations from exact stoichiometry are com-
mon. The structures may usually be described as close
packed arrangements of the metal atoms with the carbon
atoms in interstitial sites. The chemical bonding typically
is a mixture of covalent, ionic and metallic contributions.
We measured the enthalpy of formation of TiC by SSD;
the melting point of this compound is so high that the
reaction time exceeded reliable measurement time at our
working temperature of 1473 K [50].The heat of formation
of Mn,C, was measured by Kleppa and Hong by solution
calorimetry [51].The enthalpies of formation of al the
other carbides which we studied were measured by DSC
[50].

Most of the carbides in the 4d and 5d transition metal
series are very high melting. Several compounds which we
attempted to prepare in the calorimeter at 1473 K, were
found to yield incomplete reactions at this temperature. In
some of the 4d and 5d systems no compound formation
occurs a all. However, we were able to measure the
enthalpies of formation of some 4d and 5d carbides,
namely Y ,C, Mo,C in the 4d series and LaC, in the 5d
series. We already reported on our vaues for Y,C and
LaC, [52]. We are reporting a value for the enthalpy of
formation of Mo,C in this communication.

As the phase diagram shows, Mo,C is one of the stable
phases in this system (although the m.p. is not listed) [5].
In preliminary studies we prepared MoC and Mo,C from
—100 mesh Mo. Under our conditions Mo,C seems to be
the predominant phase. However, we observed about 5%
unreacted metal in this sample.ln order to facilitate com-
pleteness of reaction we used a finer Mo sample, with
smaller particle size (3—7 pm), as well as a small excess of
carbon in order to prepare the compositions Mo,C, , and
Mo,C, ;. The technique of using a small excess of one of
the components was described in a previous communica-
tion [7]. The XRD pattern of Mo,C, , matched the pattern
of the a-M0o,C listed in the ASTM powder diffraction file.
The homogeneity range was reported as X, =0.35—-0.53.
The compound was aso studied by neutron diffraction by
Parthe and Sadagopan [53] and Christensen [54]. SEM and
X-ray microprobe analysis also confirmed that our sample
was largely a single phase. A second phase of another Mo
carbide is present in an amount of less than 1%.

In order to improve the precision we aso used the
neutral binder technique for several compounds among the
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Table 4
Standard enthal pies of formation of transition metal and lanthanide metal
carbides; data in kJ/mol of atoms

Compound ~ AH{ Method®  AH? Reference

(Expt) (Pred))

[15,16]

Sc,C —455+16 DSC -56 —44 [52]
TiC -929+89 SSD -77  —76  [50]
V,C, —40.3%£1.2 DSC —42 —48 [50]
cr,C, -141+08 DSC -13  -22  [50]
Mn.C, -89+15 DSC -17  -21  [50]

-100+05 SC [51]
Mn,C, -91+13 DSC -18 -22  [50]
Fe,C +47+11 DSC -1 -11  [50]
Co,C +28+13 DSC +6 -9 [50]
Co,C +24+11 DSC +4 -6 [50]
Ni,C +12+13 DSC +7 -4 [50]
Y.,C —31.8+*13 DSC —48 —-37 [52]
Mo,C —-116+x13 DSC -16 —27  [Thiswork]
Al,C, -183+10 DSC - -34  [55]
LaC, —27.2*14 DSC —69 —60 [52]
CeC, —254+14 DSC -62  [56]
PrC, —294+16 DSC —-63  [56]
NdC, —292+14 DSC -63 [57]
sme, -257+11 DSC -65  [58]
GdcC, —248+16 DSC -65 [57]
ThC, —24.6*10 DSC —66 [35]
DyC, —286=20 DSC -66  [36]
HoC, -286+12 DSC -64  [37]
ErC, —288*+1.6 DSC —67 [38]
TmC, —-315+25 DSC -67 [39
LuC, —26.7£1.8 DSC —69  [40]

“DSC, Direct synthesis calorimetry; SSD, solute-solvent drop
calorimetry; SC, solution calorimetry.

3d transition metal carbides. We described this technique in
a previous communication [7].

The only non-transition metal carbide which we studied
was Al,C, [55]. Its enthalpy of formation is included in
Table 4.

In Table 4 we summarize the enthalpies of formation of
the transition metal and lanthanide metal carbides studied
in this laboratory, along with the predicted enthalpies
derived from Miedema's semiempiricdl model.The en-
thalpy of formation of Mn,C, was measured by direct
synthesis [50] as well as by solution calorimetry [51] in
this laboratory. The agreement is quite good. It is worth
noting that there are two sets of predicted values by the
Miedema model for this family of compounds. The fourth
column lists the values derived on the basis of the
calculations by deBoer et a. [15] while the fifth column
gives the values of Niessen et a. [16]. Our experimental
values compare somewhat better with the values of Nies-
sen et al. [16]. For the Co and Ni carbides the experimental
enthalpies of formation and the predicted values of Niessen
et al. have different algebraic signs.

In Fig. 6 we present a systematic plot of the measured
enthalpies of formation for the 3d carbides. This graph
shows some interesting trends. The magnitude of the
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Fig. 6. Standard enthalpies of formation of some 3d transition metal
carbides. Data in kJ/mol of atoms.

enthalpy of formation increases sharply from Sc to Ti, then
decreases from Ti to Mn. For Fe, Co and Ni the values are
small and endothermic, reflecting the metastability of these
compounds. In this curve we do not observe the parabolic
shape which we found for the aluminides and gallides. The
shape is more similar to the curve for transition metal
borides shown in Fig. 1. We noted that the shape of the
curve is even more similar to the trend in 3d transition
metal nitrides [50].

The lanthanide carbides are considered important by-
products in the nuclear fission process. Hence, information
concerning the thermochemical behavior of these com-
pounds is important to our understanding of the properties
of fisson products in nuclear reactors moderated by
graphite. In order to estimate the effects these products
may have on the efficiency of the reactor, thermochemical
data are of vital importance.

The early lanthanide carbides and LuC, all have a
tetragonal CaC,-type structure. We found no indication for
the presence of the h.t.. cubic modification. The carbides of
Ho, Er and Tm exhibit an orthorhombic modification
[37—39]. These compounds are all very sensitive to oxygen
and to moisture in the air.

Our measured enthalpies of formation are listed in Table
4. In general the predicted values do not agree with our
experimental measurements. We plotted the enthalpies of
formation of the lanthanide carbides in Fig. 7 against the
atomic number of the lanthanide element. Note that we
have no values for Pm, Eu and Yb. The experimental
enthalpies of formation for all the LAC, compounds which
we studied are all of comparable magnitude. We give an
average value of —27.5+2.1 kJ/mol of atoms for the 12
compounds studied. As the graph indicates, the heat of
formation shows little or no dependence on the number of
f electrons. With the exception of the divalent Eu and Yb,
the relative molar volume ratios when plotted against the
atomic number are also very nearly constant for the LAC,
compounds. Hence, in this case we find a reasonably good
agreement with Gschneidner’s prediction regarding the
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correlation between the enthalpies of formation and the
relative molar volumes [22,23].

6. Silicides

The silicides occupy an intermediate position between
the interstitial and intermetallic compounds. Similarly to
the borides, the special properties of these compounds are

related to the electronic structure of the transition metal as
well as to the tendency of silicon to combine into pairs,
chains, and to form two- and three-dimensiona networks.
The bonding character may change with change in the
ME:Si ratio. The silicides lower in Si content have more
metallic character, while an increasing tendency toward
covalent bonding generally occurs with increasing S
content.

The stability and resistance to oxidation make many of
these aloys excellent candidates for high temperature
structural applications, for aerospace applications and for
high temperature coatings and furnace construction
(Cr,Si,TiSi,, Y, Zr, Nb and Mo silicides). Their relatively
low electrical resistance alows their application for the
design of microelectronic devices and integrated circuits
(WSi,, TaSi,, PtSi). Some of the silicides exhibit super-
conducting properties for example, V,Si, CoSi,, Nb,Si,
PtSi.

Between 1986 and 1989, the enthalpies of formation of
16 transition meta silicides were measured by Topor and
Kleppa by SSD. All the later work by the present authors
were based on the use of DSC (70 aloys). We compared
the results obtained by the two techniques for several
compounds and found the agreement quite good for RuSi,
RhSi, Pd,Si, IrSi, PtSi and Pt,Si. However, our value for
Y Si; by DSC is somewhat more exothermic than the
value measured by SSD [59]. Some of the transition metal
silicides are very crumbly in texture. In these samples (15
alloys) we used a neutral binder (10 mol.% Ag) to insure
better precision of the measurements. We discussed this
technique in a previous communication [7].

In Table 5 we summarize the enthalpies of formation of
the transition metal and lanthanide silicides studied in this
laboratory along with the predicted values calculated from
Miedema's semiempirical model [15,16]. The predicted
values agree reasonably well with experiment for most of
the 3d silicides except for the silicide of Ni. We find more
disagreement in the 4d and 5d systems; for example, from
Mo to Pd and from Ta to Ir the experimental values are
quite different from the predicted values.

In Fig. 8 we present the enthalpies of formation for 3d,
4d and 5d transition metal silicides plotted against the
atomic number of the metalic element. In each binary
alloy we have plotted the most exothermic value for the
particular system. The curves are very similar. The minima
are in the same location (Cr, Mo) for the 3d and 4d
silicides. For the 5d silicides the minimum is dightly
displaced to Re. The curves show the familiar roughly
parabolic shape. We have found the same shape for the
curves of the transition metal aluminides and gallides. As
for the aluminides and gallides, the enthalpies of formation
are most exothermic for the 4d transition metal silicides.
This is consistent with the prediction by Gelatt et a. [17].
However, the enthalpies of formation of the two end
members in both the 4d and 5d families are exceptions to
the pattern we found in the 3d silicides. We see that the
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Table 5
Standard enthalpies of formation of some transition metal and lanthanide Table 5. Continued
silicides; data in kJ/mol of atoms
- - 0 Compound ~ AHY Method®  AHY Reference
Compound  AH{ Method® AH; Reference (Expt) (Pred) [15,16]
(Expt) (Pred.) [15,16]
- La—silicides are listed with the 5d transition metal silicides
ScSi -823+x21 DSC -80 [60] '
Sc,Si, —80.9x43 SSD —69 [61] CeS —711x33 DSC =77 [56]
TiS -726*19 DSC -74 [60] CeSi, —60.5x20 DSC —69 [56]
Tisi, —-57.0+2.8 SSD -55 [62] CeSiy —528+0.6 DSC —-63 [58]
Ti S, —-738+20 DSC -68 [60] PrSi —781+19 DSC —78 [56]
Ti S, —-785+21 DSC -74 [60] Prsi, —61.5x17 DSC —69 [56]
VS, —-375+20 SSD -29 [62] PreSi —676+21 DSC —-64 [58]
V,Si, —-50.0+20 DSC —46 [60] NdSi —787+25 DSC =77 [57]
V,Si -46.4+15 DSC -34 [60] Ndsi, —620*19 DSC —69 (57]
crsi —342+16 DSC -30 [60] Nd,Si; —-623x19 DSC —64 [58]
crsi, —-258+44 SSD -15 [63] SmS —79.7x29 DSC —78 (58]
CrSi, -336+1.0 DSC -31 [60] SmSi, —66.3*16 DSC —69 (58]
Cr,Si -27.2+11 DSC —-24 [60] SmsSi, —671+25 DSC —-64 [58]
MnSi —-39.4+17 DSC —-41 [60] GdS —756+23 DSC -78 [40]
Mn,Si, -340+12 DSC —-42 [60] Gdsi, —-59.0*21 DSC —68 (57]
FeSi —-386+18 DSC —-26 [60] Gd;Si, —-680=x23 DSC —64 [57]
CoSi -493+13 DSC -31 [60] TbS —809+18 DSC =79 (35]
Co,Si —379+20 DSC -30 [60] TbSi, —-615x24 DSC —68 [35]
CoSi, —349+11 DSC -15 [60] TbsSi; —61.0£25 DSC —65 [35]
NiSi —424+10 SSD -33 [64] DySi —689+20 DSC —-79 [36]
Ni,Si -50.6+1.7 DSC -32 [60] DySi, —546+21 DSC —68 [36]
Ni Si, —451+14 DSC -29 [60] Dy,Si, —640*x21 DSC —65 [36]
YS -80.7+13 DSC -78 [65] HoSi —809+22 DSC -7 [37]
Y.Si, —-71.7+36 SSD -64 [59] HoSi, —-581x24 DSC —66 (37]
—804+23 DSC [65] H05.S|3 —746+21 DSC —64 [37]
YSi, -61.8+14 DSC -68 [65] ErS —849+25 DSC -7 [38]
ZrSi -945+23 DSC -101 [65] ErS, —626*18 DSC —68 [38]
zr.S, —-71.7+48 SSD -87 [59] ErSi, —70.7x31 DSC —66 [38]
zr. S, -91.9+19 DSC -97 [65] TmS —86.1+23 DSC -7 [39]
zrsi, -60.3x17 DSC -83 [65] TmS, —649:x28 DSC —67 (39]
Nb,Si, —646+2.4 DSC _54 [65] Tm5'S|3 -76.1+23 DSC —66 [39]
NbSi, -537x16 DSC —43 [65] Lusi —783x21 DSC —80 (40]
Mo.Si, —-382+16 DSC -28 [65] LusSi; —67.8+33 SSD —68 (59]
MosSi, —479=x21 DSC —16 [65] ®DSC, Direct synthesis calorimetry; SSD, solute—solvent drop
RuSi —-58.1+37 SSD -32 [66] calorimetry.
-583=21 DSC [65]
Ru,Si, -60.7x17 DSC -26 [65]
RS B ;ggfig SSS% — {gg} enthalpies of formation of YSi and LaSi have less ex-
Rh,S 63924 DSC _ag [65] othermic values than ZrSi and Hf ;Si, while Pd,Si and PtSi
Pd,Si —-645+25 SSD —48 [64] have lower values than RhSi and IrSi, respectively. On the
_ —64.2x19 DSC [65] other hand, the enthalpy of formation of RhSi is not the
Pd,Si —579x19 DSC —37 (63] most exothermic value in this family of compounds. In this
LaSi -739+27 DSC -76 [58] . ; o
LaSi 56825 DSG _70 [56] we note a difference from the behavior of the aluminides.
Las. _601+26 DSC 6 (58] The only non-transition metal silicide which we studied
La.,Si, —61.6+16 DSC —65 [58] was Cu,Si [67]. The result is included in Table 5.
HIS —709+20 DSC -91 [46] In the group of lanthanide silicides studied in this
¢f33 2 - 22-%‘;-; gss'?: - gg [22] laboratory, only the value for Lu,Si, was determined by
—_ -+ —
T:SS 3 160525 DSG —m { 46} SSD [59]; dl the other compounds were measured by
WS, 973420 DSC 11 [46] DSC. The enthalpy vaues are included in Table 5.
Re,Si —-12.7+25 DSC -20 [46] Whenever possible we tried to study compounds with the
OsSi —40.0+10 SSD -29 [66] stoichiometries LA Si,;, LASi or LASi, in order to observe
IOS?S s —305%2. % Dsg - 33 [46] the systematic changes.
S B gi'i; 2 5 SSSC 0 {f’g In Fig. 9 we plot the enthalpies of formation of
PLSi _594+26 SSD 56 [64] compounds with the stoichiometry 5:3 against the atomic
-59.6+21 DSC [46] number of the lanthanide element. This figure shows that
Pt,Si —61.7x23 SSD —47 [64] the values display a small but very definite increase of the
_ —633x23 DSC [46] magnitude of the enthalpy of formation with atomic
Cu,S -6.1+0.6 DSC -4 [67]

number. This trend shows a disagreement with Gschneid-
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Fig. 8. Standard enthalpies of formation of some 3d, 4d and 5d transition
metal silicides. Data in kJ/mol of atoms.

ner's prediction for the correlation of enthalpies of forma-
tion with relative molar volumes. From the values of these
guantities an approximately constant enthalpy of formation
would be expected with the exception of the values for the
divalent metals Eu and Yb [22,23]. Since the melting
points are not available for many of the lanthanide
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Fig. 9. Comparison of the standard enthalpies of formation for some
lanthanide silicides of 5:3 stoichiometry with relative molar volumes.
Data in kJ/mol of atoms.

silicides, we cannot compare our enthalpies of formation
with the reduced temperature as suggested by Gschneidner
[22,23].

7. Germanides

During the past 2 decades there has been an increased
interest in the structure, physical properties and stability of
transition metal germanides due to their potential applica-
tion in the development of new materials for electronic
technology and magnetic devices.

We have in this laboratory studied a considerable
number of germanides both by SSD (seven alloys) and by
the direct synthesis method (thirty-four aloys).

In Table 6 we list the standard enthalpies of formation
of the transition metal and lanthanide germanides along
with the predicted enthalpies calculated on the basis of
Miedema’'s semiempirical model [15,16]. This table shows
that there is reasonable agreement between the experimen-
tal and predicted enthalpies of formation to within =5-10
kJ/mol of atoms. Some notable exceptions are the en-
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Table 6
Standard enthalpies of formation of some transition metal and lanthanide
germanides; Data in kJ/mol of atoms

Compound ~ AHY Method®  AH? Reference
(Expt) (Pred.) [15,16]
Sc.Ge, -934+38  SSD ~75 [68]
Ti Ge, —-708+24  SSD -60 [69]
V,Ge, —443+47  SSD -33 [69]
Cr Ge, —157+x11 DSC -15 [69]
Mn.Ge, —-182+0.7 DSC -33 [69]
Fe,Ge, -104+08 DSC -1 [69]
Co.Ge, —19.6+0.6 DSC —-19 [69]
Ni Ge, -311+06 DSC -22 [69]
Y Ge, -89.8+50 SSD —74 [68]
Zr.Ge, -811+56  SSD -85 [70]
Nb,Ge, -69.2x42  SSD -39 [70]
Mo,Ge, -16.7+05 DSC -8 [70]
RuGe —28.5*0.7 DSC —-14 [70]
RhGe -569+11 DSC -31 [70]
PdGe ~465+08 DSC ~51 [70]
Pd,Ge —-523+09 DSC —44 [70]
La.Ge, -678=10 DSC -73 [68]
Hf ,Ge, ~746+79  SSD -79 (71
Ta,Ge, —420*x1.1 DSC —41 [72]
Re,Ge, +21+27 DSC +9 [46]
OsGe, -37+25 DSC 0 [72]
IrGe —33.1+09 DSC —-23 [71]
—325+59  SSD [71]
PtGe —454+12 DSC —43 [71]
Pt,Ge —37.1*16 DSC —-37 [71]
Cu,Ge -4.1+0.7 DSC -4 [67]
LaGe, —754+22 DSC —88 [46]
Ce,Ge, —734x23 DSC —74 [56]
CeGe, 76619 DSC —87 [56]
Pr,Ge, ~704+23 DSC ~74 [56]
PrGe, , -81.7x17 DSC —86 [56]
Nd,Ge, -721+16 DSC —74 [57]
NdGe, , -802+19 DSC -86 [57]
Gd.Ge, -820+26 DSC —74 [57]
sm.Ge, -908+20 DSC —74 [58]
Th,Ge, -817+27 DSC ~74 [35]
Dy, Ge, —924+23 DSC -74 [36]
Ho,Ge, -91.8+17 DSC —74 [37]
Er Ge, -956+20 DSC -75 [38]
Tm,Ge, —91.3*19 DSC —74 [39]
Lu.Ge, -931+22 DSC -75 (73]

®DSC, direct synthesis calorimetry; SSD, solute-solvent drop
calorimetry.

thalpies of Sc,Ge,, Nb,Ge, and RhGe where the predicted
values are considerably less exothermic than our measured
values. It is noteworthy that the algebraic sign for the
experimental and predicted enthalpies of formation of
Re,Ge, agree.

In Fig. 10 we plot the enthalpies of formation against the
atomic number of the 3d, 4d and 5d transition metal
element. This figure shows that the curves follow the
familiar roughly parabolic pattern as for the aluminides,
gallides and silicides. Like the aluminides, gallides and
silicides the 4d transition metal germanides have the most
exothermic enthalpies of formation among the compounds
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Fig. 10. Standard enthalpies of formation of some 3d, 4d and 5d
transition metal germanides. Data in kJ/mol of atoms.

formed by the 3d, 4d and 5d elements. In the 4d and 5d
germanide groups we see a reversa in the pattern for two
of the end members, which does not show up in the 3d
germanide pattern. For example, the enthalpy of formation
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Fig. 11. Comparison of the standard enthalpies of formation of some
lanthanide germanides of the 5:3 stoichiometry with relative molar
volumes and reduced temperatures. Data in kJ/mol of atoms.

of RhGe is more exothermic than the value for Pd,Ge and
the heat of formation of Hf,Ge, is more exothermic than
the corresponding value for La;Ge,. We noticed similar
reversals for silicides.

The enthalpies of formation of the lanthanide ger-
manides are included in Table 6. Note that the predicted
values are essentially constant. However, in our measured
enthalpies of formation we see a definite increase to more
exothermic values with increasing atomic number.

In Fig. 11 we plot the enthalpies of formation of the
lanthanide germanides, where the structures al have
LA Ge, stoichiometry, against the atomic number of the
lanthanide element. The reduced temperatures decline with
increasing atomic number. The relative molar volume
ratios with the exception for the value for Yb,Ge, are very
nearly constant or may decline dlightly when plotted
against the atomic number. Hence, in this case Gschneid-
ner's prediction regarding the correlation of the enthalpies
of formation with the reduced temperatures and the relative
molar volumes disagree strongly with our data [22,23].

8. Stannides

Early calorimetric studies by Predel and Vogelbein [74]
and by Ferro et a. [8] show that transition metal stannides
have relatively large negative enthalpies of formation; this
indicates that the bonding between these metals and tin is
quite strong.

The V-Sn and Nb-Sn systems are of considerable
technological interest because of the superconducting
properties of the V,Sn and Nb,Sn compounds. The Zr—Sn
system is also of special interest because of the technologi-
cal use of zirconium stannides in pressurized water reac-
tors.

The enthalpies of formation of al the transition metal
and lanthanide stannides which we have studied in this
laboratory were measured by DSC. The results are re-
corded in Table 7. In this table we also include earlier
enthalpy values as well as appropriate references for the
3d, 4d and 5d and lanthanide stannides along with the
predicted values calculated on the basis of Miedema's
semiempirical model [15,16].

The predicted enthalpies of formation are in reasonable
agreement with the experimental results only for V,Sn,
Nb,Sn, Pd,Sn and PtSn. For the other aloys the differ-
ences are quite large.

In Fig. 12 we plot the enthalpies of formation of 3d, 4d
and 5d transition metal stannides against the atomic
number of the metallic element. In this figure we are citing
the calorimetric enthalpies of formation for FeSn, CoSn
and NiSn reported by Predel and Vogelbein [74]. The value
for Mn,Sn was derived from EMF measurements by
Lukashenko et a. [75], while the value for MoSn, was
assessed by Brewer and Lamoreaux [76]. The enthalpy of
formation of La;Sn, was measured by Borzone et a. [77]
and by Borsese et a. [78]. Fig. 12 shows that the
enthalpies of formation of the 3d, 4d and 5d stannides all
exhibit the familiar, roughly parabolic curve. We observed
similar systematic relationships for aluminides, gallides,
silicides and germanides. In order to see the systematic
changes among the 3d, 4d and 5d groups we selected the
triads Ti—Zr—Hf, Co—Rh-Ir and Ni—Pd—Pt; these were the
only triads for which the standard enthalpies of formation
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Table 7
Standard enthalpies of formation of some transition metal and lanthanide
stannides; data in kJ/mol of atoms

Compound  AH? Method®  AH? Reference
(Expt) (Pred.) [15,16]
Sc.Sn, —70.2*x18 DSC —76 [79]
Ti SN, —434+14 DSC —-52 [80]
V,Sn —21.7x14 DSC —16 [80]
Y Sn, —728+29 DSC —81 [79]
Zr.sn, —71.2+25 DSC -81 [80]
Nb,Sn -152+23 DSC -16 [80]
Ru,Sn, —-187+14 DSC -9 [80]
RhSn, —421+24 DSC -28 [80]
Pd,Sn -578+19 DSC 52 [80]
Hf Sn, —492+21 DSC —70 [80]
Ir.Sn, -150+19 DSC —24 [80]
IrSn, —12.9+16 DSC —-20 [80]
PtSn —58.8+2.3 DSC —-57 [80]
Pr.Sn, -753*14 DSC -82 [79]
Nd,Sn, ~741+14 DSC -82 [79]
Sm.Sn, —779+20 DSC —81 [58]
Gd.Sn, —-785+28 DSC -81 [79]
Tb,Sn, ~731+31 DSC -81 [35]
Dy, Sn, -751+21 DSC -81 [36]
Ho,Sn, -735+23 DSC -80 [79]
Er,Sn, ~723+21 DSC -80 [38]
TmgSn, —728*21 DSC —80 [39]
LugSn, —-751+27 DSC -80 [73]
—-736+14 DSC [40]

#DSC, direct synthesis calorimetry.

were available for al three groups. As we found for the
aluminides, gallides, silicides and germanides, the stan-
nides formed by the 4d elements have the most exothermic
enthalpies of formation.

In Table 7 we summarized the enthalpies of formation
of the lanthanide stannides studied in this laboratory.
Within experimental error, the reported values are essen-
tially constant, the average is —74.3+2.2 kJ/mol of atoms
for 12 compounds. Note that we have no values for Pm, Eu
and Yh. The enthalpies of formation predicted by Niessen
et al. [16] are all somewhat more exothermic than the
experimental values. However, these values are also nearly
constant throughout the lanthanide series. The heats of
formation predicted by Colinet et a. [81] by a modification
of the Miedema model are somewhat less exothermic than
the experimental values. However, these show a decreasing
trend with increasing atomic number. We have not found
such a trend in our experimental values.

In Fig. 13 we plot the enthalpies of formation of the
lanthanide stannides against the atomic number of the
lanthanide element. The heats of formation of La,Sn, and
Ce,Sn, were determined calorimetrically by Borzone et al.
and by Borsese et d. [77,78,82]. The systematic trend is
quite clear in this set of systems for the stoichiometric
ratios of the compounds are all the same. In this figure we
also compare our own experimental enthalpies of forma-
tion with the relative molar volume ratios as suggested by
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Fig. 12. Standard enthalpies of formation of some 3d, 4d and 5d
transition metal stannides. Data in kJ/mol of atoms.

Gschneidner [22,23]. The relative molar volume ratios
(with the exception of Yb,Sn,) are nearly constant when
plotted against the atomic number of the lanthanide
element. Hence for these compounds the prediction based
on the correlation of the enthalpy of formation with
relative molar volumes agree reasonably well with our
experimental data.
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9. Summary

In this laboratory we have carried out a systematic study
of the thermochemical behavior of approximately 270
compounds of transition metal and lanthanide elements
with the elements in the Il1IB and IVb columns in the
periodic table. We will summarize some general trends
which we observed.

The direct synthesis method which was used to measure
the enthalpies of formation of the majority of these

compounds (235) has a number of advantages when the
reaction is completed in a reasonable amount of time (1 h
or less). The process is less cumbersome and the results are
considerably more precise than those obtained by the
solute—solvent drop technique. We found that our operating
temperature of 1473 K is quite suitable for the enthalpy of
formation measurements for compounds which do not melt
above ~2773 K. This constraint explains our difficulties
with measurements of the enthalpies of formation of 4d
transition metal carbides, and with ZrB, and HfB,, which
both melt at considerably higher temperatures. Although it
is usualy preferable to select a congruently melting phase
for the calorimetric measurements, we also studied many
compounds which melt peritectically. In some cases we
had no information about the melting points of the
compounds or even the phase diagram of the system. Our
average precision using the direct synthesis method is
approximately +1-2 kJ/mol of atoms.

For the TR-X dloys which we have studied so far
(X=Al, Ga, S, Ge, Sn) the plot of the enthalpy of
formation against the atomic number of the transition
metal yields a roughly parabolic curve. This is consistent
with the prediction of Pasturel et al. [18] for transition
metal aluminides. For each binary system we aways
plotted the most exothermic value that we found in the
considered system. The minima of the curves are aso
roughly in the same position, near the middle of the series
(Figs. 3, 5, 8, 10 and 12).

In these systems another general trend may be observed.
The 4d transition metal compounds always have a higher
exothermic enthalpy of formation than the corresponding
3d or 5d aloys. The Rh aloys have some of the highest
exothermic values in these families, e.g. RhAI, RhGe,
RhSi. This is consistent with the predictions of Gellatt et
al. [17] for the 4d auminides.

In the carbides and borides we see a somewhat different
relationship between the enthalpy of formation and the
atomic number of the transition metal (see Figs. 1 and 6).
In both families we see an increase in magnitude from the
first to the second member of the group and a subsequent
decrease. After the decrease the curve levels off without
showing significant changes. We cannot make any genera
statement regarding systematic changes in the enthal pies of
formation of 3d, 4d and 5d carbides, since we have
systematic values only for the 3d compounds. Apart from
this, we measured the enthalpies of formation of some
selected 4d and 5d carbides where the melting tempera-
tures were suitable for our calorimeter notably the com-
pounds Y,C, Mo,C and LaC,. The transition metal
nitrides show a similar trend when the heat of formation is
plotted against the atomic number of the metallic element
[50].

In our previous communications we attempted to make
comparisons of the electronegativity differences of the
components of the binary alloys and the enthalpies of
formation. The available electronegativities have the same
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numerical values for the metallic components Fe—Co—Ni,
for Ru—Rh—Pd and for Os-Ir—Pt. The nonmetallic ele-
ments Si, Ge, Sn aso have the same e ectronegativity
values. Therefore, if there is any correlation between the
electronegativity differences and the enthalpies of forma-
tion, this might show up best by comparing Ru, Rh, Pd and
Os, Ir, Pt silicides, germanides and stannides. However,
the enthalpies of formation of Ru and Rh aloys with Si,
Ge and Sn differ by nearly a factor of 2. In all cases the
silicides have the most exothermic enthalpies of formation,
and then the values decrease significantly to Ge and Sn. We
also attempted to make a comparison of the melting points
of the considered compounds. We found no correlation in
any of the alloy families we studied (where the data were
available). This suggests that the chemical bonding in these
aloys is covaent rather than ionic as aready noted by
Colinet et al. [19] and by Pasturel et al. [18] for
aluminides.

When we plotted the enthalpies of formation of the
lanthanide compounds, LA-X, (where X=B, Al, Ga, C,
Si, Ge, Sn) against the atomic number of the metallic
element, we observed two distinctly different types of
behavior. (Note again that we have no values for Pm, Eu
and Yb. For the aluminides, carbides and stannides the
enthalpies of formation show no significant change when
plotted against the atomic number of the lanthanide
element. Hence, in these cases the enthalpies of formation
of lanthanide aluminides, carbides and stannides show
agreement with Gschneidner’s prediction regarding the
correlation between enthalpies of formation and relative
molar volumes [22,23] (Figs. 4, 7 and 13). However, the
agreement does not hold for the LA.Si; and LA Ge,
compounds, where we observe an increase in the mag-
nitude of the heat of formation with increasing atomic
number (Figs. 9 and 11). We do not as yet have enough
data for the lanthanide gallides to state a trend. We found
no correlation between the enthalpies of formation and the
reduced temperatures for any of the lanthanide alloy
families which we studied [22,23] (Figs. 4, 7, 11 and 13).
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We noted in previous communications that the en-
thalpies of formation of the compounds of lanthanide
elements with the 1B and IVB elements in the periodic
table show a roughly parabolic relationship when plotted
against the 111B or 1VB elements [35-40,56,58,79]. We
also observed this correlation for Sc and Y compounds
[79]. For the IVB elements the germanides have the most
exothermic value. In Fig. 14 we show an example of this
systematic behavior. Where data are available, the en-
thalpies of formation of the gallides seem to have the most
exothermic values in the IlIB set of compounds as
exemplified in Fig. 15. A systematic study is in progress to
measure the enthalpies of formation of the lanthanide
gallides.

The enthalpies of formation of the transition metal
alloys show a somewhat different picture. In the IVB set of
compounds, where data are available, the maximum nega-
tive enthalpy of formation is usually found for the silicides
[46]. We noted this difference in the thermochemical
behavior of transition metal and lanthanide compounds
with IVB elements in a previous communication which
assessed the trends in the 5d silicides [46]. We find that the
comparison is similar for 3d and 4d transition metal
compounds. We also attempted to make a comparison for
the compounds of the transition metals with the elements
in group I11B in the periodic table. For that group the
correlation is not as clear. Some alloys between In or Tl
and the transition metals do not form, or the heats of
formation are not available for comparison. For the groups
of Fe, Co, Ni, Mo, Ru, Rh, Pd, Os, Ir and Pt the
aluminides have the highest exothermic enthalpies of
formation. However, for Sc, Ti, Cr, Zr, Nb, Hf and Tathe
borides have the most exothermic heats of formation.
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