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1. HISTORICAL

Metals and alloys have played an important role in the
development of human civilisation since the earliest times.
However, they have only been the object of scientific in-
vestigation since the 17th-18th centuries. The develop-
ment of the chemical approach to the formation of alloys is
discussed in a number of papers 1 - e .

Mendeleev's Periodic Law7 of the chemical elements
was by far the most important single contribution to the
understanding of the regularities of chemical interactions
between metals. The application of this law to the study
of interactions between metals is due to Kurnakov8. It
was he who proposed the term "metallic compounds or
metallides", now widely used in the chemistry and physics
of metals and in metal science, for the compounds formed
by the combination of metals. The term will be used in
the present article [but is hereafter translated "inter -
metallic compounds" (Ed. of Translation)].

The thermodynamic works of Gibbs θ were of the utmost
relevance to the development of equilibrium studies in
chemical systems, including metallic systems. His papers
on heterogeneous equilibria, as interpreted by Kurnakov,
led to the creation of an international language based on the
geometrical representation of the equilibrium diagrams of
systems. Since the beginning of the 20th century, the work
of Tammann w , Roberts-Austen " , Le Chatelier12, and
Howe13 has contributed to progress in this direction. Sys-
tematic studies of metal interactions and of equilibrium and
phase transformation diagrams received further impetus
from the general advances in physicochemical analysis14'15,
metallography w - w , and physical metallurgy20"23.
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2. DEFINITION OF THE SCIENCE OF METAL CHEMI-
STRY

The chemical approach to the science of alloys, which
began with Kurnakov's application of the Periodic Law and
with his equilibrium studies, has been called the chemi-
stry of alloys24»25, but is now unified under the general
heading of metal chemistry 2 6 " 2 8 . This science straddles
the boundary between inorganic and physical chemistry,
and is also related to crystal chemistry, solid state physics,
and metallography.

The general problems with which metal chemistry is
concerned, identified during its development, were formu-
lated as follows in a paper 2 8 presented to the Plenary Ses-
sion of the Division of Chemical Sciences of the Academy
of Sciences of the USSR in 1956: "the study of chemi-
cal interactions involving the metallic elements of the
Periodic Table, with each other or with metalloids, with
formation of solutions and compounds showing metallic and
covalent bond character, and the establishment of the gene-
ral principles underlying the formation, structure, and
properties of this broad range of solutions and compounds
of metals as a function of their composition".

Metal chemistry is a subdivision of inorganic chemistry,
dealing with the formation (as a result of the interaction
between atoms of metals and metalloids) of solid
solutions or of intermetallic compounds of variable or
fixed composition. These compounds do not, as a rule,
obey the theory of valency thus: the chemistry of metallic
solutions and intermetallic compounds is richer and more
comprehensive than the chemistry of compounds of non-
- metals.
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There is no class of inorganic (or, indeed, of organic)
compounds, in which the tendency towards isomorphic sub-
stitution or introduction of foreign atoms into the crystal
lattice is developed as strongly as in the formation of
various metallic solid solutions. In this respect, only the
very large number of naturally occurring inorganic materials
is at all comparable with metallic solid solutions and inter -
metallic compounds: these are the minerals, which can
show a strong tendency towards isomorphic substitution of
compounds within a series (for example, oxides, sulphides,
silicates, etc.), and iron meteorites, which consist mainly
of solid solutions of iron, nickel, and cobalt.

Metal chemistry encompasses the chemical reactivity
problems of more than 80 metals of the Periodic Table.
Many products of the reaction of metals with non-metals
(boron, carbon, silicon, and to a lesser extent oxygen,
nitrogen, etc.) also show metallic or covalent bond charac-
ter. Solutions and compounds of metals with these non-
- metals are also studied in metal chemistry, and in many
respects these compounds can be visualised as cross-links
between purely metallic compounds and compounds having a
covalent or ionic bond character.

It is the purpose of metal chemistry to study: (1) the
principal factors which determine the interaction between
metals; (2) the formation of solid solutions between metals;
(3) the formation of intermetallic compounds; (4) the crys-
tal chemistry of reactions in metallic systems; (5) inter-
actions between intermetallic compounds.

These problems continue to be the object of extensive
investigations by chemists, physicists, and metallurgists.
Very many papers in this field have been published in the
past 50 years. A number of contemporary problems in
metal chemistry were discussed at a special symposium on
the physical chemistry of metallic solutions held in
London29.

3. PRINCIPAL FACTORS WHICH DETERMINE THE
INTERACTION BETWEEN METALS

The conditions leading to the formation of complex sub-
stances with metallic bond character have not yet been
definitely established. Problems concerning the electron
distribution and the chemical bond character in complex
metallic solutions and intermetallic compounds are parti-
cularly difficult. However, there are a few generally
accepted physicochemical factors ω~ 2 9 which appear to
determine, largely if not completely, the conditions of
formation of metallic solid solutions and intermetallic com-
pounds.

The most important condition for characterising the
reactions between metals is their relative position in the
Periodic Table, which determines similarities and differ-
ences in the electronic structure of the atoms and in the
physicochemical properties of the elements.

Generalising the opinions expressed by various authors,
we can accept the view that the nature of the interaction of
metals with each other and with metalloids is very largely
determined by the following factors: (1) the atomic radii;
(2) the position in the electronegativity series of the ele-
ments; (3) the valency and ionisation potential.

None of these factors, taken in isolation, can explain
the nature of the reactivity of metals. Correct conclusions
can only be reached by considering them as interrelated
factors.

Atomic Radii

Many reactions between metals differ from normal
chemical reactions (such as ionic, molecular, etc.) by
having an atomic mechanism and by forming solutions and
compounds in which the bond between the atoms is typically
metallic. From this point of view, interatomic distances
(which are determined by the atomic radii of the elements)
acquire a special significance.

Atomic radii, like many other properties of the ele-
ments, exhibit a strong periodicity when plotted against
atomic number. Atomic radii are shown in Fig. 1. In
contrast to earlier methods of presentation by periods, the
atomic radii are arranged by groups of the Periodic Table.
In this scheme, the elements beryllium, boron, and alumi-
nium are assigned to the Β subgroups of second and third
Groups II and III, because this provides greater continuity
of the atomic radii than the alternative assignment to the
A subgroups.

Nekrasov's "Course of General Chemistry"30 mentions
further examples of the similarity in chemical properties
between beryllium and the metals of the zinc subgroup and
aluminium. Also in the electronegativity series of the ele-
ments, beryllium is adjacent to the metals of subgroup IIB
(see below).

As regards atomic radii, all the elements can be
classified into three families: one includes the elements of
moderately high atomic radius, the other two families
include the elements at either extreme of the range of
atomic radii.

Inspection of Fig. 1 shows the following characteristic
features: the largest atomic radii are found with the
metals of low atomic number of subgroups IA and IIA,
that is, the most typically metallic elements; the smallest
radii apply to the typical metalloids — B, C, Ν, Ο, Η —
found in the Β subgroups of Groups ΙΠ-VII. Within this
series of elements the atomic radius decreases continu-
ously from Β to H. Heavy metals (of high atomic number)
in those groups, such as In, Tl, Sn, Pb, Sb, Bi, Te, and Po,
also show an increase in atomic radius with increasing
atomic number. Metals belonging to transition groups
(from ΙΠ to VIII) and having unfilled d-electron shells, and
also metals of Groups I and II (subgroup B) have inter-
mediate values of the atomic radius, and most of them
belong to the first family.

Within any one group, the atomic radius of the elements
changes in the sense of continuous decrease with decrease
in atomic number. Very closely similar elements, such
as Ti, Zr, Hf; V, Nb, Ta; Mo, W; Fe, Co, Ni; Ag, Cu;
and others, have very similar atomic radii.

The similarity (or the difference) in atomic radii of the
elements, in conjunction with other properties of the react-
ing atoms, exerts a decisive influence on the interaction
between metals, particularly as regards the formation of
solid solutions.

Position in the Electronegativity Series of the Elements

The second factor which determines whether a reaction
of metallic character is possible is the position of the
metals in the electronegativity series of the elements. In
spite of the great importance of this factor in chemical re-
actions31"37, its application to metal chemistry has attrac-
ted little attention. The concept of electronegativity31'34»36

32



Vol.34 No.1 RUSSIAN CHEMICAL REVIEWS January 1965

K b ,

Cs

Κ

L i

Ba

C -

MR

V

Sc.

T h ,

IT
Ml

T i
Ta
Nb

V
« . ,

Cr

Be Os
Ruf
F t Co'

Pi

Pit

Nl

KH
Λα

Cu

ύ
I»

Be,

T l ,

In

Al
0 .

Β

i

Pk

S»

Oc

si'

c

Bl

Sb

Α ι

Po

T t

Se

S

o

3r
d

 f
a

m
ily

U
t 

fa
m

ily
2n

d
 f

a
m

ily

ΙΑ ΠΑ ΠΙΑ IVA VA VIA VIIA VIIIA VIDA VIIIA IB ΠΒ ΙΠΒIVB VB VIB VIIB

Fig. 1. Variation of the atomic radii of the elements with their position in the groups of
the Periodic Table.

embraces all the properties of an element stemming from
the behaviour of the outer electrons of the atom. As a rule
an element is electropositive if it shows a predominant
tendency to give up electrons, and it is electronegative if
its electron affinity is greater. The electronegativity
difference between atoms A and Β during formation of a
chemical bond can be identified with the extent of electron
transfer from atom A to atom B. The theory of this pro-
cess is discussed in a number of monographs and reviews 31~35:
the conclusion is that metals are the most electropositive
elements, and non-metals the most electronegative.

The electronegativity of the elements is arranged in an
arbitrary series such that each element is electropositive
with respect to the following element and electronegative
with respect to the preceding element. In accordance with
the project on the nomenclature of inorganic compounds set
up by the Commission on the Nomenclature of Chemical
Compounds, of the Division of Chemical Sciences of the
Academy of Sciences of the USSR36, the arbitrary electro-
negativity series for metals and non-metals is reproduced
in Table 1.

It can be seen from Table 1 that the most electroposi-
tive metals are those of the alkali and alkaline earth series
(with the exception of beryllium), whilst the metals of the
Β subgroups and beryllium are the most electronegative.
These groups of metals are separated by braces in the
table. Thus, as we have already pointed out, beryllium
is situated close to aluminium from the standpoint of this
important chemical property, and its behaviour towards
other metals resembles that of aluminium rather than that
of magnesium.

The transition group metals are situated between these
two extreme poles corresponding to the electropositive and
the electronegative metals. This series begins with acti-
nium and ends with nickel, the most electronegative ele-
ment of this group. In Table 1, the transition group is
also separated from the other groups by a brace.

With very few exceptions, the electronegativity of metals
within a group increases from bottom to top (see Table 1)
with decreasing atomic number: for example U-W-Mo-
Cr, etc. The exceptions are lithium, magnesium, beryl-

TABLE 1. Electronegativity series of the
elements.

Fr-Ce—Rb—K—Na
Ra—Ba—Sr—Ca—Li—Mg
Ac—La—lanthanides-Y
Sc—Th—Hf—Zr—Ti
p a _Ta-Nb—V
U—W—Mo—Cr
Re—Os-Ir—Pt
Tc—Ru—Rh—Pd
Mn—Fe—Co—Ni

Au—Ag—Cu—Hg—Cd—Zn
TI—Pb—In—Ga—Al—Be
Bi—Sn—Sb—Ge

Si—B—Te—As—P—C—H—At -»
<_ Se—S—N—Br— Cl— O--F

electropositive
metals

transition group
metals

tr onega tlve
tals

I elect
| nei

> non-metals

lium, and tin, which occupy more electronegative positions
than their analogues. The non-metals, bracketed together
at the bottom of the table, show large deviations from
electronegativity sequence within a group.

The position of an element in the electronegativity
series plays two important roles: it establishes the cause
of the formation of solid solutions and intermetallic com-
pounds and it explains the gradual transition from metallic
compounds through covalent compounds to ionic compounds.
The arbitrary electronegativity series of the elements
helps to systematise the designation of intermetallic com-
pounds.

In naming inorganic compounds, the most electroposi-
tive metal should be taken to be the electropositive part of
the compound, and all the other elements present should be
taken to be the electronegative part according to their posi-
tion in the electronegativity series. As proposed by the
above-mentioned Commission36, the electropositive metal
is written first in the formula of the compound. This
basis of classification can also be used for naming inter-
metallic compounds!·

t The order in Table 1 is not that given in the 1957 IUPAC rules
(Ed. of Translation).
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The order in which the elements of ternary and more
complex intermetallic compounds are written is the follow-
ing: the most electropositive metal is written first in the
formula, followed by the other elements in order of de-
creasing electropositivity. By analogy with Kurnakov's
terms "metallic compounds" or "metallides", we may use
the terms aluminides, beryllides, borides, carbides,
nitrides, etc. All such generic names for intermetallic
compounds are derived from the name of the electronega-
tive elements present in the compounds.

Valency and Ionisation Potential

The main factor which controls chemical reactions be-
tween elements is, of course, their valency.

The number of valency or outer electrons frequently
ensures that the atoms in the resulting chemical com-
pounds are present in stoichiometric ratios.

The number of valency electrons in interacting metals,
and their quantum state, play an important part in deter-
mining the limiting concentrations of solid solutions and
the composition of intermetallic compounds. The valency
of the elements, like the properties discussed above,
depends on their position in the Periodic Table. The most
electropositive metals (Group I) have one outer electron;
the number of these electrons increases as the number of
the group increases, to six for metals and to seven for
non-metals.

The increase in the number of outer electrons and in
the interatomic binding force is reflected by a decrease in
interatomic distance and in other properties of the metals,
which show a gradual increase in density, in melting point,
in hardness, in yield point, in elastic modulus, and a
decrease in compressibility coefficient.

The binding force of electrons within the atom is deter-
mined by the ionisation potential, which is measured by
the energy required to remove the outer (valency) electrons
from the atom8 1"3 4.

The first ionisation potentials of the elements of the
Periodic Table are reproduced in Fig. 2 (after Vedeneev
et al.3*). Again, they are arranged in groups rather than
by atomic number. From these data we can say that the
most electropositive metals (Group I) have the lowest
ionisation potentials, and that the ionisation potential in-
creases with increasing group number: this is evident
from Fig. 2. Another characteristic feature is that the
transition group metals show very small differences in
electronegativity irrespective of the number of outer
electrons. This is a very significant factor in the forma-
tion of a wide class of solid solutions based on these
metals.

With certain exceptions, the ionisation potential de-
creases within a group as the atomic number of the element
increases. Metallic elements differ from non-metals in
having lower ionisation potentials: this is particularly
striking with elements of one and the same group. Thus,
the ionisation potential of Group IVB elements, with the
same number of outer electrons, drops sharply on going
from C to Si, and more gradually on going from Si towards
the more metallic elements Ge, Sn, and Pb (see Fig. 2).
The ionisation potentials of the Group VB elements cover
a wider range, that of nitrogen being highest, those of
phosphorus and arsenic also quite high, and similar, and
those of antimony and bismuth not far from the values
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Fig. 2. Ionisation potential (first) of the elements arranged in
groups of the Periodic Table.

typical of metals. Hence we can say that metals of low
ionisation potential tend to give up their outer electrons
during ordinary chemical reactions, whereas non-metals
(large ionisation potential) readily accept electrons.
Accordingly, reactions between metals and non-metals
will produce compounds of ionic bond type.

Metal chemical reactions, in contrast to ordinary
chemical reactions, show a characteristic tendency to form
crystalline phases in which the electrons reside in the
inter ionic regions, and can move with relative ease. This
peculiarity of the collective distribution of valency electrons
in the crystal lattice of complex metallic substances, with-
out directional bonds, is highly typical of many metallic
solutions and compounds. As a consequence, many pro-
ducts of metal chemical reactions have the metallic type of
chemical bond.

By studying the physicochemical nature of metallic solid
solutions, and the transition from solid solutions to com-
pounds, it is easy to demonstrate a gradual change in
chemical bond type and to relate it to the respective posi-
tions of the constituent elements in the Periodic Table.
The wide spectrum of bond types observed in the products
of reactions between metals, varying from purely metallic
to ionic, demonstrates the fundamental status of the
Periodic Law in the theory of metallic alloys.

4. FORMATION OF SOLID SOLUTIONS OF METALS

The term solid solutions (literally, "solidified solutions")
first appeared in the literature in a report by Matthiessen6,
who studied the electrical conductivity of alloys as a func-
tion of composition, and was able to distinguish chemical
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compounds, "solidified solutions", and mechanical mix-
tures of two metals from the shape of the "composition-
property" curves. Following the development of the theory
of phase equilibria, the concept of solid solutions achieved
a wider significance, and was extended to include all solid
phases of variable composition: isomorphous mixtures of
metals, silicates, and other inorganic and organic systems.
Thus, its influence has spread to all the fundamental types
of equilibrium diagram for chemical systems e»M»15»38»39.

The discovery of X-rays and their application to the
study of the crystal structure of matter has made possible
further developments in the theory of the formation of
metal solid solutions. The conditions leading to the forma-
tion of solid solutions could be explained on the basis of
ideas regarding the crystal lattice, the way in which atoms
are located at crystal lattice sites, and data on interatomic
distances in crystals. Metallic solid solutions (phases of
variable composition) are formed either by replacing sol-
vent atoms by solute atoms in the crystal lattice or by
introducing solute atoms into the interstices of the solvent
lattice. Thus, we now refer to two types of solid solution:
1) substitutional solid solutions, 2) interstitial solid solu-
tions.

The fullest review of the historical developments in the
science of solid solutions, of the theory of their formation,
and of problems of chemical binding in metallic solid solu-
tions is contained in the papers presented to the All-Union
Conference on Solid Solutions, organised by the Division of
Chemical Sciences and by the Institute of General and
Inorganic Chemistry of the Academy of Sciences of the
USSR 39>40 in 1944.

Many theoretical approaches to the nature and proper-
ties of* metallic solid solutions were considered at that
conference. Substitutional solutions are treated as solu-
tions or as the chemical replacement of metal atoms in the
solvent metal lattice by foreign atoms (S. T. Konobeevskii),
and it is shown that the formation of all metallic solid solu-
tions is accompanied by a positive thermal effect, arising
from the formation of chemical bonds between solvent and
solute atoms. Dorfman concludes40, from a study of
various nickel solid solutions, that a rudimentary form of
valence bond between atoms of the solvent and of the alloy-
ing element is present.

Thus, solid solutions are described as phases of vari-
able composition with a single type of chemical bond.
Under certain conditions, chemical reactions can occur in
a uniform medium of these solutions: they take the form
of ordered distributions of atoms and of singularities and
extrema in the physicochemical properties on the composi-
tion-property diagrams.

Many theoretical problems in the chemistry of metallic
solutions and of reactions occurring in such media (for
example, heterogeneities in solid solutions and the forma-
tion of various compounds with a special type of bond be-
tween the electrons of the different atoms) have great
scientific interest. These problems are discussed in a
special monograph by Grum-Grzhimailo41.

From the chemical point of view, problems such as the
electronic structure of solid solutions, the theoretical
model of the structure of solid solutions (Friedel et al.),
atomic radii and distortions of the crystal lattice, lattice
structure and lattice defects in solid solutions, are equally
important. These problems are of immediate relevance
to the departures of real solid solution systems from the
ideal conditions of homogeneity and stability. Departures

of this type are symptomatic of chemical reactions between
the dissolved atoms.

Modern researches on the physicochemical nature of
solid solutions confirm that the theory of metallic solid
solutions is based on the electronic theory of metals43.
The basic postulate of this theory is that the atoms of solid
solutions are randomly distributed in the lattice, and that
the electrons are distributed (as in the case of pure metals)
in the interstices between lattice ions, without any direc-
tional bonds. This model of the atoms and electrons of the
solvent and solute metals presupposes the existence in the
lattice of solid solutions of ionised atoms, with a collective
distribution of quasi-free electrons. However, the possi-
bility of interactions between the electrons of different
atoms cannot be excluded, since atoms of different kinds
are present in such a lattice41»42.

The presence of chemical binding of this type in solid
solutions manifests itself in changes in the thermochemical,
physical, and other properties of systems consisting of
solid solutions. These changes cannot be easily explained
by simple geometrical considerations of substitutional or
interstitial foreign atoms in the lattice of the solvent metal,
without allowance for the chemical interaction between the
electrons of the different atoms in solid solution lattices.

The number of valency electrons involved, and the
extent to which they interact, control the conditions of
formation of solid solutions, the degree of distortion of the
crystal lattice, and the degree of disorder in the distribu-
tion of the atoms over the solid solution lattice. As we
shall show below, these same factors determine the change
from solid solutions to intermetallic compounds.

We shall now discuss the basic factors which control the
conditions of formation of metallic solid solutions.

The most general and most important factor, as Ageev
correctly points out43, is the position of the elements in
the Periodic Table, since this determines the electronic
structure of the interacting atoms. From this fundamental
factor stem derived criteria, which determine the con-
ditions most favourable to the formation of a continuous
series of solid solutions. These are: (1) not too large a
difference in atomic radii and in electronegativity and
ionisation potential — as was pointed out in the previous
Sections, this criterion is met mainly by metals which are
analogues or which occupy neighbouring positions in the
Periodic Table; (2) if all these parameters have reasonably
similar values, a continuous series of solid solutions is
formed provided that the atomic radii do not differ by more
than 8-10%. The conditions most conducive to the forma-
tion of a continuous series of solid solutions are that the
metals should belong to the same group and have the same
number of valency electrons, and that they should be cap-
able of crystallising in isomorphous lattices.

If the difference between the atomic radii of the metals
is increased from 10 to 16%, if their position in the elec-
tronegativity series is changed, or if the number of valency
electrons is varied, the tendency to form solid solutions
decreases. When the difference between the atomic radii
exceeds 16%, and the difference in electronegativity and
ionisation potential is large, there is a sharp drop in the
tendency to form solid solutions, and when the difference
exceeds 20% not only are solid solutions not formed, but
the metals are immiscible even in the molten state.

This relation between atomic radii and the ability to
form solid solutions can be explained by assuming that the

35



Vol.34 No.l RUSSIAN CHEMICAL REVIEWS January 1965

crystal lattice of the solvent metal can accommodate a
certain amount of distortion when solvent atoms are re-
placed by solute atoms. Evidently, there is a maximum
degree of lattice distortion beyond which the lattice has no
stable existence. The writer has discussed the se problems
in the particular case of iron solid solutions44. Fig. 3
shows the distribution of atoms in the α-Fe body-centred
cubic lattice, both without lattice distortion (Fig. 3a) and
with lattice distortion due to a 15% difference in atomic
radius between a solute atom and iron (Fig. 3&). It is easy
to see, by comparing Figs. 3a and 36, that the solvent
lattice becomes deformed when this difference (dr) in-
creases: as long as the atomic radius difference is no
more than 8-10%, atoms can be replaced indefinitely with-
out destroying the stability of the lattice, but for larger
radius differences (15% and over), and larger degrees of
lattice distortion, solvent atoms can be replaced only up to
a definite concentration at which the solubility limit is
reached and a new phase of different crystal lattice type is
formed. Analogous effects have also been reported by
other workers20»41 in the formation of solid solutions with
various interatomic radii.

This treatment of the conditions under which solid solu-
tions will form, being primarily based on the size-factor,
is not comprehensive and should be coupled with the
behaviour of the valency electrons and their interactions
in the lattice of solid solutions.

The criteria for the formation of a continuous series of
solid solutions listed above are most nearly satisfied by
transition group metals with an unfilled d-electron shell,
showing the greatest similarity in atomic radii and chemi-
cal properties (see Figs. 1 and 2). Many metals of these
groups will give continuous solid solutions both within their
group of the Periodic Table (same number of outer elec-
trons) and with metals of adjacent groups (small difference
in the number of valency electrons). Examples of this are
the interactions between metals of the following groups:
Group IV Ti, Zr, Hf; Group V V, Nb, Ta,· Group VI Cr,
Mo, W; Group VIII Fe, Co, Ni (iron subgroup) and Pd, Pt,
Ir (platinum subgroup), and others. Metals crystallising
in different lattice types are the only exceptions.

All the analogue-metals of the above triads form con-
tinuous series of solid solutions with one another. Con-
tinuous solid solubility for many of these systems was pre-
dicted by the writer4 4 and confirmed by later work45. The
formation of continuous series of solid solutions by metals
of the transition groups also shows some regularity along
horizontal rows, as evidenced by the systems Ti-V,
Ti-Cr, Zr-Nb, Nb-Mo, Nb-W, etc.

The maximal number of systems of this type was calcu-
lated, according to the crystal lattice type, for three

Fig. 3. Arrangement of atoms in the α-Fe lattice
(body-centred cubic) and in derived solid solutions:
a) in the α-Fe lattice;
b) after substitution of an atom with 15% difference
in radius.

classes of continuous solid solutions: (1) face-centred
cubic lattice (y-Fe); (2) body-centred cubic lattice (a-Fe);
(3) hexagonal lattice (a-Ti).

Systems with continuous solid solutions between transi-
tion group metals of these three classes are listed in
Table 2, which shows that metals which are nearest ana-
logues can give continuous solid solutions even when the
difference in atomic radii is as high as 10-11% (Ni-Rh,
Ni-Ir, and some others). This is an example of the posi-
tion of the elements in the Periodic Table and the similar-
ity in chemical properties having a decisive effect on the
nature of the interaction.

These metallic systems had not been investigated prior
to the writer's publication44, and the continuity of the solid
solutions was then only tentatively predicted. Many of the
systems have now been experimentally investigated, and it
has been shown that the solid solutions are indeed continu-
ous4 5.

The systems with continuous solid solubility listed in
Table 2 include the most refractory metals. Some typical
fusion diagrams for these systems are shown in Fig. 4. As
an example, we have reproduced the diagrams for systems
with the y-Fe lattice (Fe-Ni, Pt-Ir), the α-Fe lattice
(Fe-Cr, Cr-Mo, Cr-W, etc.), and the α-Ti lattice (Ti-Zr,
Zr-Hr, Ru-Os).

The tendency to form continuous solid solutions within
a group of elements is also shown by groups other than the
transition metals within which the difference in atomic
radii is small and the electronic structure of the atoms is
similar. This rule applies equally to highly electroposi-
tive and highly electronegative metals, including also some
metalloids.

For example, among the electropositive metals, pairs
such as Κ and Rb, Rb and Cs, Ca and Sr, Ca and Ba, and
Ba and Sr, and among the electronegative elements Ge
and Si, Bi and Sb, and Sb and As, have closely similar
atomic radii and other properties (see Figs. 1 and 2), and

TABLE 2.

Binary metal
systems

Atomic diameters of the
metals (A*) and differ
ence In diameter, %

I Π dif·
ference

Continuous solid solutions of
metals with the y-Fe lattice

in the systems:
γ-Fe—Ni
γ-Fe—β-Co
γ-Fe-Rh
γ-Fe—Pd
γ-Fe—Ir
γ-Fe—Pt
βίο—Ni
βίο—Rh
β-Co—Pd
β-Co—Ir
3-Co—Pt

Ni—Rh
Ni—Pd
Ni—Ir
Ni—Pt
Rh—Pd
Rh—Ir
Rh—Pt
Pd—Ir
Pd—Pt
Ir—Pt

2.52
2.52
2.52
2.52
2.52
2.52
2.50
2.50
2.50
2.50
2.50
2.49
2.49
2.49
2.49
2.08
2.68
2.68
2.74
2.74
2.71

2.49
2.50
2.68
2.74
2.71
2.77
2.49
2.68
2.74
2.71
2.77
2.68
2.74
2.71
2.77
2.74
2.71
2.77
2.71
2.77
2.77

1.2
0.8
6.3
8.7
7.6
9.9
0.4
7.2
9.0
8.4

10.8
7.6

10.0
8.8

11.2
2.2
l . t
3.3
1.1
1.1
2.2

Binary metal
systems

Atomic diameters of the
metals (A) and differ-
ence in diameter, %

I II
dif·

ference

a-Fe—Cr
a-Fe—V

Cr—Mo
Cr—W
Cr—V
Mo-W
Mo—V
Mo—Nb
Mo—Ta
\V—V
W—Nb
W—Ta
V—Nb
V—Ta
Nb—Ta

Continuous solid solutions of
metals with the α-Fe lattice

in the systems:
2.54
2.54
2.57
2.57
2.57
2.80
2.80
2.80
2.80
2.82
2.82
2.82
2.69
2.6!)
2.94

2.57
2.69
2.80
2.82
2.Γ.9
2.82
2.6!)
2.94
7.94
2.(19
2.94
2.94
2.94
2.94
2.94

1.2
5.»
8,9
9.7
4 7
(1.7
4.1
5.0
5.(1
4.8
4.3
4.3
9.3
9.a
0.0

Continuous solid solutions of metals
with the α-Ti lattice in the systems:

fi-Ti—β-Sc 2.93 3.28 9.3
a-andp-Ti-a-andp-Zr 2.93 3.1H 8.0
a-and/3-Ti-a-andp-Hf 2.93 3.17 8.2
a-and/j-Zr-a-and/3-Hf 3.19 3.28 0.6
P-Zr—β-Sc 3-19 3.28 5.6

JJ-Hf—fi-Sc 3.17 3.02 S.O
Os-Ru 2 B8 2.70 0.8
Os—Re 2.68 2.75 2.6
Ru-Re 2.70 2.75 1.9
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20
metal, at.%

Fig. 4. Fusion diagrams of systems of transi-
tion group metals forming continuous solid
solutions.

form continuous solid solutions45. The mutual replace-
ment of germanium and silicon, or antimony and arsenic
atoms in the crystal lattice of these substances depends on
the closeness of the atomic radii, on the equality of the
number of valency electrons, and on the identity of crystal
types. It is characteristic of these systems that german-
ium and silicon, being nearest analogues, can form con-
tinuous solid solutions in spite of the fact that one of them
is a metal and the other a typical non-metal.

However, if the difference in atomic radii and in ionisa-
tion potential and electronegativity is large for elements of
a given group (for example, C and Si, Bi and As), solid
solutions cannot be formed, even though the number of
valency electrons is the same4 5.

The tendency towards restricted solid solubility in sys-
tems increases as we go from metal analogues to metals
belonging to different groups, with different metal chemi-
cal properties (atomic radii, electronegativities, and
number of valency electrons).

Thus, the tendency of a given metal (from Group VIII,
say) to form solid solutions with metals of the Fourth
Period decreases from right to left, whilst the opposite is
true for a Group IV metal, the tendency decreasing from
left to right. This can be illustrated by taking Ni (Group
Vin) and Ti (Group IV) as examples.

The solubility of metals in nickel decreases in the follow-
ing sequence:

Nickel forms continuous solid solutions with the series
from Co to Mn; from Cr to Sc only restricted solid solu-
tions are formed, the solubility decreasing from Cr toward
Ti and Sc, and with Ca and Κ there is practically no inter-
action. This is exactly what would be expected from the
similarities and the differences in metal chemical proper-
ties between these metals and nickel. With titanium — a
Group IV metal — the situation is reversed. The solu-
bility of elements in /3-titanium decreases in the sequence

V-Cr-»Mn-»Fe-»Co-»Nl
Solubility,

in Ti, at. % 100 100 28 20 13 10

The β modification of titanium forms continuous solid
solutions with V and Cr, but it forms only restricted solid
solutions with Mn, Fe, Co, and Ni. It is clear from the
solubility series that the maximum concentration of metals
having a restricted solubility in β -titanium also decreases
progressively from manganese towards nickel, that is, as
the difference in metal chemical properties between these
metals and titanium increases.

The systems formed by the β modification of titanium
with the series of elements from Cr to Ni are illustrated
in Fig. 5. Whereas Cr has an unrestricted solubility in
/3-titanium, the solubility of the other metals at their
eutectic temperature decreases continuously in the sequence
Mn — Fe — Co — Ni. The crystallisation temperature of
the eutectic also decreases accordingly in these systems.
The strictly sequential decrease in solubility in /3-titanium
of the series Mn — Fe -* Co —• Ni corresponds to the in-
creasing separation of these elements of the Fourth Period
from the position occupied by titanium, to a gradual in-
crease in the number of electrons in the unfilled d shell,
and to an increasing difference in atomic radii between
titanium and these elements. These regular changes in
limiting solubility can be demonstrated with many other
metals.

Thus, starting from the fundamental physicochemical
factors which determine the type of interaction between
metals, the formation of solid solutions can be similarly
classified for a number of metals of the Periodic Table.
This has been done for silver and copper *>, magnesium and
aluminium4e>47, iron and nickel46»48, and chromium and

Solubility,
at. %

N i — Co— F e — Mn— Cr— V-» Ti— Sc — Ca-» Κ

100 100 100 50 43 15 unknown-insoluble.
Fig. 5. Fusion and solubility diagrams for the sys-
tems formed by β-Ti with Cr, Mn, Fe, Co, and Ni.
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titanium49»50. The solubility of various elements in man-
ganese 5 1 has been discussed recently, as well as more
general aspects of the metal chemistry of niobium and
vanadium, including the problem of the solubility of ele-
ments in these metals52»53.

A knowledge of the mutual solubility of metals in binary
systems is valuable in studies of the equilibria in multi-
component metallic systems with solid solutions. The
limiting concentrations of alloys in multicomponent systems
can be calculated from data on the behaviour of metals in
binary systems, and complex solid solution compositions
can be made. Calculations of this type were made by the
writer for the production of 4-, 6-, 15-, and 16-component
solid solutions based on nickel54 and of 5-, 9-, and 10-com-
ponent solid solutions based on a -titanium.55 These compli-
cated solid solutions have many properties which are
superior to those of pure metals and binary solid solutions.
The preparation of these multicomponent solid solutions
and the study of their properties are therefore of great
theoretical and practical interest.

5. FORMATION OF INTERNETALLIC COMPOUNDS

The formation of various types of compound by metals
with other metals or with non-metals is one of the charac-
teristic reactions of metal chemistry. The products of
such reactions have been termed intermetallic compounds
or metallides8. This term applies to all the compounds
formed between metals, whether their bond type is metallic
or covalent. In addition to the reviews already men-
tioned M " 2 e , many investigations have been concerned with
the formation, classification, and structure of intermetal-
lic compounds, and have surveyed work in progress 5β~β1.

On the basis of the general principles for the classifica-
tion of chemical compounds put forward by Kurnakov8»14»15,
intermetallic compounds can be subdivided into two main
types: (1) compounds of variable composition (or berthol-
lides), and (2) compounds of fixed composition (or dalton-
ides).

These two types of intermetallic compounds are now
generally accepted, and the terms are widely used in
inorganic chemistry, metallography, and metal physics.
They include not only the intermetallic compounds formed
by crystallisation from molten alloys but also the com-
pounds formed by transformations from solid solutions (see
below). Among the berthollides and daltonides are in-
cluded the many compounds formed by metals with non-metals
of small atomic radius, such as carbon, nitrogen, oxygen,
and hydrogen, and also the compounds with covalent bond
type and semiconductor properties. Many compounds
called carbides, nitrides, and sometimes suboxides and
hydrides are in fact interstitial phases and h',ve typically
metallic properties.

The classification of high-melting compounds has been
critically discussed62 for a wide variety of compounds
(mostly intermetallic compounds of the transition metals).
The compounds were assigned to the following three classes:
(1) compounds of two metals (true intermetallic compounds);
(2) metal-like compounds (carbides, nitrides, phosphides,
etc.); (3) compounds of two non-metals (non-metallic com-
pounds between boron and carbon, carbon and silicon, etc.).

There is also a classification based on the regular
changes in chemical bond character associated with the
position of the elements in the Periodic Table. The first

class includes the compounds formed by metals with other
metals, that is, the true intermetallic compounds, such as
beryHides, aluminides, stannides, antimonides, and many
others. In the second class we find once again compounds
with metallic bond type. The compounds of the first and
the second class usually have a relatively simple crystal
structure and belong to the cubic, the hexagonal, or the
tetragonal system (close-packed atoms). All these com-
pounds are studied in metal chemistry. Some of the com-
pounds in the second class, composed predominantly of
non-metal atoms, and the compounds formed by two non-
-metals, are non-metallic. Their chemical bond type is
covalent or even ionic. Many have a complex crystalline
structure and show semiconductor properties (high elec-
trical resistance).

These compounds behave as independent components in
equilibrium systems, and show distinctive singular points
on composition-property diagrams (with the exception of
the berthollides).

The singularity of properties is a characteristic crite-
rion of compounds of fixed composition, whether formed
by crystallisation from the melt or by transformations
from solid solutions.

We will consider the metallic compounds formed as a
result of decomposition of solid solutions. These com-
pounds were first discovered (in 1914) by Kurnakov, during
slow cooling of continuous solid solutions5β in the Au-Cu
system. The two compounds AuCug and AuCu were identi-
fied in this way. Subsequently, compounds of this type
were reported in many solid solutions, and called Kurnakov
compounds in honour of their discoverer26. In contrast
to solid solutions, all these compounds are characterised
by an ordered distribution of atoms in their lattice.

At the present time, the systems giving continuous
series of solid solutions without compound formation can
be considered exceptional. Textbooks of physicochemical
analysis1*»15, and many of the papers mentioned above29,
assign separate phases — corresponding to compounds on
the equilibrium diagrams (see Fig. 6a) — to these metallic
formations. These possess regions of homogeneity and
the compositions of the compounds are distinguished by
singular points. Compounds of this type are formed not
only from continuous solid solutions, but also in systems
with restricted solid solubility regions. Typical of these
compounds are VNig, VCos, MnAUg, MgAg3, AiigZn, Cv^Zn,
Fe3Al, and many others.

Fig. 6. Schematic equilibrium diagrams for
metallic systems with three types of compound:
a) Kurnakov compound;
b) compound of the berthollide type;
c) compound of the daltonide type.
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Among the recently discovered compounds are Tî Al
and TigAl, formed from the restricted a solid solutions of
aluminium in titanium62. Fig. 7, prepared from results
obtained in the writer's laboratory, gives the equilibrium
diagram of the system (above) and the variation of the Hall
effect with alloy composition after long annealing (below).
The compound TigAl is characterised by a break in the
curve, whereas Ti3Al corresponds to the maximum at the
intersection of two curves. The formation of this type of
compound in the Ti-Al system causes marked changes in ·
alloy properties; this has helped to clarify several anoma-
lies in the mechanical and other properties of these alloys.

We have further developed Kurnakov's ideas regarding
the importance of solid solutions in the formation of various
types of compound, and have suggested that lower oxides of
titanium can exist in the wide a solid solution region of the
titanium-oxygen system. A detailed study of the alloys of
the Ti-O system (up to 35 at.% oxygen) has recently pro-
vided experimental proof of the formation of the two pre-
viously unknown compounds TieO and TigO from titanium
a solid solutions63. Both these compounds have metallic
properties and crystallise with a hexagonal lattice, but
Ti3O gives an X-ray pattern with superlattice lines which
are characteristic of an ordered structure. The compounds
Ti2O3 and TiO2, which were previously known, belong to the
valency type. The recently discovered compounds. TieO
and TigO can be classified as interstitial phases: they are
still the only known examples of oxygen-containing com-
pounds formed from restricted solid solutions. Because
of these results, instead of the existing equilibrium dia-
gram (Fig. 8) of the Ti-0 system, showing a wide region of
titanium a solid solutions, a new diagram was proposed63,
including the new compounds TigO and TigO (see Fig. 9).
Analogous compounds of the suboxide type can be expected
in other systems of chemically reactive metals with re-
stricted oxygen solubility, for example, Zr-O, Hf-O,
V-O, Nb-O, etc. A study of these systems would there-
fore be of interest.

The discovery of these compounds is very relevant to
the understanding of the structure and physicochemical

10 ZO 30 tO 50
At —-

tsoo

MO

1200

600

zm.

L·
Ρ

1

rr
1

tt+p

/

L

Λ

1300'

«•TiO

9Z5*

&*8 \

IS 2i 3t Μ
oxygen, at. X

Fig. 8. Equilibrium diagram of the Ti-O system,
showing wide field of titanium a solid solutions
(from published data).

Fig. 7. Equilibrium diagram of the Al-Ti
system and variation of Hall constant with
composition.

oxygm, at. X

Fig. 9. Equilibrium diagram of the Ti-O system,
showing the formation of the compounds Ti«O and
Ti3O (from recent results).

properties of the alloys of titanium, zirconium, etc. which
contain a high proportion of oxygen, and should help to
throw light on the influence of oxygen on the mechanical and
other properties of these metals.

The formation of intermetallic compounds and their
relative stability depends on the difference in chemical pro-
perties (electronegativity, ionisation potential) of the inter-
acting elements. The stability of intermetallic compounds

39



Vol.34 No.l RUSSIAN CHEMICAL REVIEWS January 1965

and the strength of their chemical bonds can be judged, as
with any other chemical compound, by their heats of forma-
tion β*"66.

The available data show that the compounds between
metal analogues, in which the difference in chemical pro-
perties between the two kinds of atom taking part in com-
pound formation is smallest, are the least stable. In this
sense, the least stable compounds are the Kurnakov com-
pounds with an ordered structure, formed from solid solu-
tions of analogue - metals. For example, the compound AuCu,
mentioned above, has a heat of formation of 0.37 kcalx
x mole"1, whilst the compound FeCr, also formed from solid
solutions, in the Fe-Cr system, has a heat of formation of
0.78 kcal mole"1.

The author has made a study of the regularities dis-
played by the heats of formation of the intermetallic com-
pounds of nickel of composition MNij, showing a gradual
increase in the electronegativity difference between nickel
and the metal M.

Fig. 10, prepared from the results of this work67, shows
the heats and temperatures of formation of the compounds
of nickel with the following metals: Fe, Mn, Cr, V, and
Ti, belonging to Groups VIII, VII, VI, V, and IV within the
same period of the Periodic Table. As the difference in
properties between nickel (electronegative) and the metals
Fe, Mn, Cr, V, and Ti (electropositive) increases (see
Table 1), the stability of the nickel compounds of composi-
tion MNi3, involving these metals, increases in the
sequence FeNi3 — MnNt, — CrNi, — VNig — TiNig.

The partly anomalous behaviour of the compound CrNig
in the above series calls for further examination. The
first four compounds are formed from solid solutions and
are therefore typical Kurnakov compounds, whereas TiNig,
the most stable of the five, has the highest heat and tem-
perature of formation and crystallises from the liquid
phase. It should be noted that the difference in forma-
tion conditions (from the solid or the liquid phase respec-
tively) has no effect on the gradual change in properties.
This is proof of the generality of our proposition that the
stability and the gradual changes in chemical bond strength
of intermetallic compounds are a function of the position
of the reacting elements in the Periodic Table.
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Fig. 10. Temperatures (1) and heats (2) of
formation of compounds of nickel with iron,
manganese, chromium, vanadium, and
titanium of composition MNi3.

We will now discuss some features of the formation of
compounds of variable composition (the berthollides).
They are characterised by the presence of a homogeneity
region, and by the absence from the composition-property
diagrams of well-defined singularities at the ordinates
drawn through the composition of these compounds (see
Fig. 66). In the general classification of intermetallic
compounds, berthollides are intermediate in stability be-
tween Kurnakov compounds and the compounds of the dalto-
nide type. There are known examples of the formation of
Kurnakov compounds from berthollide compounds stable at
high temperatures when the temperature is lowered. A
striking example of this is the transformation on cooling,
in the Cu-Zn system, of the high-temperature β phase of
CuZn (berthollide) into the β' phase (Kurnakov compound).
The composition and crystal structure of these compounds
is often determined by the ratio of the number of outer
electrons to the number of atoms in the lattice of the com-
pound. These compounds have been termed electron
compounds; their quantum-mechanical theory is discussed
in a number of papers «J 2 0» 8 8. Phases of this type are
most readily formed by interaction between those metals of
the Β subgroups which are near neighbours in the Periodic
Table and have a small electronegativity difference.

Isolated examples of the formation of such phases can
be recognised in systems based on metals of Group I
(Cu, Ag, Au) and metals of Groups II (Zn, Cd, Hg), ΙΠ (TI,
In, Ga), V (Bi, Sb), and others. In some cases, the com-
pounds under discussion are formed when these metals
react with metals of the transition groups46. In the homo-
geneity region of these compounds, the properties change
smoothly with composition, as shown in Fig. 66.

With increasing difference in chemical properties be-
tween the reacting elements, associated with an increase
in electronegativity difference, in the difference in ionisa-
tion potential, and in the difference in the number of val-
ency electrons between the metals, the tendency to form
intermetallic compounds of the second type (daltonides)
increases. As shown in Fig. 6c, these are characterised
by singularities in the composition-property diagrams.

This is particularly true of the interaction between the
most electropositive metals of Groups I and II and the most
electronegative metals of the Β subgroups of Groups II-VI.
This confirms Kurnakov1 s prediction8 that the alkali and
alkaline earth metals, being the main carriers of basic or
metallic properties, should most readily form a variety of
compounds with the heavy (and most electronegative)
metals such as Hg, Zn, Cd, Pb, Sn, and Bi.

The gradual transition from metallic solutions through
systems with berthollide compounds to intermetallic sys-
tems in which daltonides are formed can be demonstrated
by selecting binary systems composed of analogue-metals
and of metals differing in their chemical properties. Fig. 11,
taken from Hansen and Anderko45, shows three types of
binary system: systems with continuous solid solution?
of two nearest-analogue electropositive metals of Group I
(K and Rb), restricted solid solutions based on metals and
the berthollide ω phase in a system of two electronegative
metals (Hg and Cd), and lastly a system in which no solid
solutions are formed, but giving rise to six compounds of
fixed composition (K, the most electropositive metal, and
Hg, the most electronegative metal). All these compounds
(KHg l l, KHg8, KHg4, KHg3, KHg2, and KHg) have higher
melting points than their constituent metals: they are
characterised by bonds of the metallic type and are typical
intermetallic compounds.
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Fig. 11. Equilibrium diagrams of systems of
two analogue-metals (K-Rb and Hg-Cd) and of
metals from different subgroups (K-Hg).

On the other hand, compounds with different types of
chemical bond are formed31»β5»ββ in some metal-non-metal
systems according to the concentration of the electronega-
tive element. For example, in the series of compounds
TieO, Ti3O, TiO, T,i2O3, and TiO2 of the Ti-O system, the
first two have metallic bonds, TiO has covalent bonds, and
Ti2O3 and TiO2 have predominantly ionic bonds.

Many compounds, for example, those formed by the
electropositive metal magnesium with electronegative ele-
ments, show a characteristic transition from metallic to
covalent and ionic bond character as the difference in
chemical properties between the second component and
magnesium is increased. This can be observed in the
series of compounds formed by magnesium with the ele-
ments of Group IV (Pb, Sn, Ge, and Si). It should first be
noted that all the compounds of magnesium with these ele-
ments correspond to the normal valency relationships:
their composition is described in every case by the formula
Mg^. As the electronegativity of the elements increases
from Pb towards Si, transition from a purely metallic bond
(Mg2Pb) to a covalent bond takes place (Mg2Sn, Mg2Ge,
Mg2Si).

This same transition and gradual change in bond type is
observed also in the series of compounds formed by mag-
nesium with the elements of the Third Period: Mg3Al2,
Mg2Si, Mg3P2, MgS, and MgCl2. These compounds also
obey the valency rules, as their composition shows. The
elements Al, Si, P, S, and Cl, present as a constituent,
show increasing electronegativity and ionisation potential
(see Table 1 and Fig. 2). Of these, only Al is a true metal,
the remainder being non-metals. Although Al is situated
in the Third Period close to Mg, it is quite unlike the
electropositive element magnesium in its electronegativity

(see Table 1). Hence, aluminium and magnesium form a
series of compounds, including Mg3AL,, all of which are
typically metallic. The next three compounds, Mg3Si,
Mg3Pa, and MgS have covalent bonds and are semiconduc-
tors, possibly with partial ionic bond character. The last
compound of this series, MgCl,, is a typical compound with
ionic bond character.

As the difference in chemical properties between mag-
nesium and the above elements increases, whether along a
group or along a period, the strength of the chemical bond
of the magnesium compounds increases. This is reflected
in an increase in the heat of formation and melting point of
compounds of a given stoichiometric composition, as shown
in Table 3.

The table lists the change in heat of formation (Q, kcal x
x mole"1) of compounds of magnesium with elements show-
ing gradually increasing electronegativity difference with
respect to magnesium.

A general survey of the heats of formation of compounds
is sufficient to show that intermetallic compounds have
much lower heats of formation than compounds of a covalent
or ionic bond type. In all three columns of Table 3 the
heat of formation increases from top to bottom, in the
same sense as the electronegativity of the reacting elements:
from Pb to Si for Group IV (B subgroup), from Te to Ο
for Group VI (B subgroup), and from Si to Cl for the Third
Period.

The stability of intermetallic compounds is also related
to their melting point. The highest chemical bond strength
corresponds, as a rule, to the highest melting point. This
is illustrated by the linear plots of Fig. 12, which join the
melting points of the compounds of Mg with Pb, Sn, Ge,
and Si.

The melting points of the compounds Mg2Pb, Mg2Sn,
Mg2Ge, and Mg,Si show a gradual increase, corresponding
to the tabulated heats of formation. For comparison,
Fig. 12 also shows published values45 of the melting point
of compounds of lithium with lead and tin. These also
show an increase in melting point on going from L^Pb to
L^Sn.

Linear extrapolation to the hypothetical compounds Lî Ge
and L^Si, for which there are no published data, affords
an estimate of their melting points (~ 870° for L^Ge and
~ 980° for L^Si).

These regularities in the heats of formation and the
melting points of intermetallic compounds, depending on
the relative positions of the reactants in the Periodic Table,
are expected to apply to many intermetallic and metal-like
compounds. This can be demonstrated by inspection of a
series of compounds between metals and metals or between
metals and non-metals. Regularities of this type have
been found in the gradual change in chemical bond type and
heat of formation of borides69, carbides70, silicides71,

TABLE 3

Compounds
with

Group IVB
elements

Mg*Pb
MgjSn
Mg.Ge
Mg.-Si

. Heats of formation of compounds of magnes-
ium with various elements.
„ Η Compounds

Q, ,fl with
kcal mol."|) Group VIB

(1 elements
4.2
0.1
G.I
G.3

MgTe
MgSe
MgS
MgO

kcal mole*1

25.0
30.0
42.2
73.0

Compounds
with ele-

ment* of the
Third Period

MftSI
iMfoP,
MgS
MgCI,

kcal mole*1

0.3
2Π.6
42.2
51.1
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TABLE 5. Heats of formation of phosphides of the iron
group.

500

urn
Pb Sn Ge Si

Fig. 12. Melting points of compounds
of magnesium and lithium with Group IVB
elements.

phosphides78, and other compounds between metals and
non-metals.

Tentative heats of formation M~71 (Q, keal mole"1) of
some borides and carbides of transition metals of Groups
IV and V, of identical stoichiometry, are reproduced in
Table 4. Although the data available for the borides of
these metals are incomplete, we may conclude that the
heats of formation increase in the same order as the elec-
tropositivity of the metal. The compounds formed between
phosphorus and various metals are perhaps the most inter-
esting from this point of view.

Starting from the fundamental properties of the phos-
phorus atom — larger atomic radius and lower electronega-
tivity than its analogue, nitrogen — Samsonov and Verei-
kina point out72 that the compounds of phosphorus with the
transition metals cannot be regarded as interstitial phases
except for the lanthanide phosphides. From electronega-
tivity considerations, metal phosphides should have a much
lower ionic bond character than nitrides, and their proper-
ties should be less metallic than those of arsenides, anti-
monides, and bismuthides. Phosphorus also gives inter-
metallic compounds more readily than does sulphur.

As the number of phosphorus atoms in transition metal
phosphides decreases, the role of the M-P and P-P bonds
becomes less important and the M-M bond becomes pre-
dominant. The properties of the phosphides, like those of
the carbides and nitrides, become more metallic under
these conditions.

Compound

Fe,P
Fe,P
FeP
FeP,

* -
kcol moU"

13.1
19.25
29.0
42.0

Compound

Co,P
CoP
CoP,

<?,
keal mol·*1

28.45
34.0
64.0

Compound

Ni6Pj
Ni,P
NiP,
NiPs

Q.
keal mole"1

17.4
19.2
38.0
45.2

In keeping with their greater percentage of metallic bond
character, phosphides should have a lower heat of forma-
tion than nitrides. This is because the ionisation potential
and electronegativity of the phosphorus atom are lower than
those of the nitrogen atom. The transition from pho sphides
containing relatively few phosphorus atoms to phosphides
containing more phosphorus atoms is accompanied by an
increase in heat of formation (Q, keal mole"1), as shown72

by the phosphides of iron, cobalt, and nickel listed in
Table 5.

These data indicate that, as the number of phosphorus
atoms in the compounds increases, so does the number of
P-P and P-M bonds; as a result, covalent and ionic bonds
begin to predominate. These raise the bond strength and
bring about an increase in the heat of formation of the
compounds.

Samsonov and Rodzinskaya73 have demonstrated some
measure of regularity in the chemical bond character of
sulphides, related to the electronic structure of rare-earth
elements and sulphur. They point out that "metallisation"
of the bond occurs to a greater extent in sulphides than in
the nitrides of the same metals, and ascribe this to the
ionisation potential of sulphur, which, like that of phos-
phorus, arsenic, and carbon, is lower than the ionisation
potential of nitrogen (see Fig. 2). Consequently, the sulphides
of these metals (of given stoichiometric composition) can
be expected to show greater collectivisation of the electrons
from the metal and from the sulphur, and greater metal-
lisation of the bond, than the corresponding nitrides. How-
ever, even the sulphides retain some covalent and ionic
bond character: as in the phosphides, this increases with
the number of sulphur atoms in the compound. For example
thorium monosulphide ThS is a typical intermetallic com-
pound74, whereas T h ^ , ThjS,, and ThS2 are classified
among the compounds with a covalent and partially ionic
bond.

This discussion of the influence of the physicochemical
nature of the constituent atoms upon the nature of the
chemical bond in intermetallic compounds demonstrates
the importance of the metal chemical properties of the
elements from the point of view of the formation of various
types of compound. Many of the physical, mechanical,
and other properties of these compounds are determined
by the strength of the chemical bond.

TABLE 4. Heats of formation of some metal borides and carbides.

Group

IV

3orldes

compos i·
tion

TiB.
ZrB.
HfB'.

<?. kcol x
XmoleH

70.2
78.0

Carbide*

compe-
tition

TiC
ZrC
HfC

<?. keal x
x mole·1

43.8
44.4
81

Group

V

Borides

competi-
tion

VB.
NbB,
TaB.,

<?, kealIX
x mole *

36.0
>52

Carbides

compe-
tition

VC
NbC
TaC

Q, kealix
x mole

30.2
33.0
36.0

6. CRYSTAL CHEMICAL REACTIONS IN METALLIC
SYSTEMS

The study of crystal chemical reactions in metallic sys-
tems28»74 is one of the main aspects of current work in the
field of metal chemistry. The term includes a wide
variety of reactions involved in phase transformations in
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metallic systems and in surface reactions in the solid
(crystalline) state. In contrast to the familiar chemical
reactions in liquid and gaseous media, which usually occur
by a homogeneous mechanism, these reactions are essen-
tially heterogeneous and occur in a crystalline medium.
We shall therefore call them crystal chemical reactions.
Many of the problems involved are part of the general
development of solid state chemistry.

Crystal chemical reactions include: (1) reactions lead-
ing to the formation of Kurnakov compounds from solid
solutions; (2) reactions leading to the formation of com-
pounds or other phases from supersaturated solid solutions;
(3) eutectoid and peritectoid reactions; (4) surface reac-
tions (oxidation, reduction, and other reactions in the solid
state); (5) solid-phase reactions between powders of
metals and non-metals.

Crystal chemical reactions are atomic rather than
molecular in character75. They relate to the rearrange-
ment and mutual replacement of atoms in a crystalline
medium, and their rates are controlled by diffusion processes.
The range of reaction times presented by these reactions
is unusually wide: they vary from instantaneous reaction
(in the case of martensitic transformations) to hundreds,
thousands, or millions of hours, up to geological times
(low-temperature decomposition of supersaturated solid
solutions, etc.).

The rates of reactions in the solid state depend on a
number of equilibrium considerations. Firstly, they
depend on the chemical composition and crystal structure
of the reaction medium, on the temperature, and on the
pressure. These factors can accelerate or suppress the
reaction rate. For example, it has been shown that
individual chemical species involved in these processes
correspond to singularities in the "composition-reaction
time" diagrams. Hence, the author76 has proposed a
method of physicochemical analysis based on the effect of
composition on the reaction time or the reaction rate in
metallic systems. Studies of the reactivity of alloys (solid
solutions, intermetallic compounds, heterogeneous alloys)
are concerned with metal chemical reaction problems.
Solid solutions and compounds can exhibit chemical passi-
vation (the loss of reactivity at normal or elevated tem-
peratures). Many corrosion-resistant and heat-resisting
metallic materials have been developed on the basis of
these properties. These are frequently homogeneous
metallic solid solutions or intermetallic compounds. The
chemical stability of these materials is hundreds of times
greater than that of the starting components.

Crystal chemical reactions have one special feature in
common: since they take place in the solid state, the
intermediate states of reactions in progress may be
"frozen" under various conditions, giving rise to a meta-
stable structure of the resulting compounds or phases.
Phases of this kind, being still in their formation stage,
are dispersed in varying degrees: their atoms are not in
their equilibrium crystal lattice sites. Due to their non-
-equilibrium state, these atoms are more reactive than the
atoms of solid solutions and compounds in a state of equili-
brium. This is strikingly confirmed by the high catalytic
activity of many metastable states of metallic solid solu-
tions and compounds77.

A detailed characterisation of crystal chemical reac-
tions and a substantially complete survey of the literature
would go beyond the scope of the present review: there
will be only a brief discussion of some types of crystal
chemical reaction.

As was stated above, many solid solutions (both con-
tinuous and restricted) can undergo reactions with forma-
tion of Kurnakov compounds having, as a rule, a different
type of crystal structure as compared with the solid solu-
tions from which they are formed. The atoms have an
ordered distribution in the lattice of these compounds, in
contrast to the disordered structure of solid solutions.
The compositions of these compounds can be recognised by
singularities in the composition-property diagrams, and
they extend over definite regions. The classical example
of this type of equilibrium diagram arose from the experi-
mental study45»46 of the copper-gold system (see Fig. 13),
showing the compounds Cu3Au and CuAu. Both these com-
pounds, formed from solid solutions, are characterised by
singular points on the plots of electrical resistivity and
hardness against composition (Fig. 13).

Examples of the formation of Kurnakov compounds are
very numerous48. At the moment, systems of solid solu-
tions in which compounds of this type cannot be detected
under suitable conditions are definitely exceptional.

Many restricted solid solutions in metallic systems
show varying solubility in the solid state. As a rule, the
solubility is highest at temperatures of transition from the
solid to the liquid state (that is, at the solidus point), and
decreases with decrease in temperature, as shown sche-
matically by curves SQ of Fig. 14a.

Because of this change in solubility, heat treatment —
quenching the alloys from temperatures close to the solidus
point — can be used to fix the solid solutions in a state of
supersaturation for concentrations extending almost to the
limiting solubility of the component at point S. The linear
variation of lattice parameter with composition can be used
to confirm that the solution is in a supersaturated condition,
as shown in Fig. 146. Under favourable conditions, de-
composition of the supersaturated solid solution and pre-
cipitation of the phase in excess can occur in these meta-
stable systems. This follows from thermodynamic
considerations of the free energies of the phases in the

Fig. 13. Equilibrium diagram of the Au—Cu
system, and change in electrical resistivity
and hardness with alloy composition.
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Sfi
concentration of Β ·

Fig. 14. Diagram showing changes in solubility (a),
lattice parameter and free energy (6), and particle
size of the precipitated phase formed by decomposi-
tion of supersaturated solid solutions (c).

equilibrium and the metastable states. The right-hand
side of Fig. 146 shows the change in the free energy FA of
the phase in equilibrium at temperature Tv The minimum
of the curve (Fo) corresponds to the equilibrium solubility
limit, and its maximum (Fa) to the non-equilibrium state
of the a supersaturated solid solution. It follows that the
supersaturated a solid solution must necessarily undergo
transformation with formation of a precipitated phase in
supersaturated (quenched) alloys lying to the right of the
equilibrium solubility curve SQ. These decomposition re-
actions involve atomic rearrangements, the formation of
intermediate, highly disperse phases, and the approach to and
achievement of equilibrium phase structures. The grain
size of the precipitated phases formed in these crystal
chemical reactions depends on the composition, tempera-
ture, and time of the reaction.

The particles of the precipitated phase obtained in a
fixed time at temperatures T[, T2, T3, and T4 are shown
schematically in Fig. 14c as small squares (on the left) and
as plots of their relative size (on the right). The size of
the particles depends on the temperature and on the compo-
sition of the supersaturated solid solutions; it is deter-
mined by the conditions of formation of crystal nuclei and
by the rate of growth of these nuclei.

This type of decomposition reaction in supersaturated
solid solutions of metallic systems has been studied in a
large number of alloys based on aluminium, iron, nickel,
titanium, and other metals. They are of the utmost im-
portance in raising the strength, heat-resistance, and
changing other physicochemical properties as a function of
conditions, and of the structure of the solid solutions
undergoing decomposition and of the phases which are pre-
cipitated from them.

We can also suggest general mechanisms for the crys-
tal chemical reactions occurring during eutectoid and
peritectoid transformations in metallic systems.

Since a detailed discussion of these reactions is out of
the question, we will merely state that eutectoid reactions
proceed according to the scheme

solid solution γ "tL a + AB (or β phase),

whereas peritectoid reactions involve the scheme

γ + a •+ AB (or β phase).

These reactions have their own individual peculiarities,
depending also on composition and temperature, and the
resulting phases can pass through a succession of inter-
mediate states and exhibit different crystal structures.
These reactions are particularly significant when the metals
can exist in polymorphic modifications (Fe, Ti, Zr, etc.).
These problems are dealt with in general textbooks on solid
state chemistry 7 5 and metallography ω " 2 3 .

Surface reactions in alloys, occurring when these
materials are heated in air or in special media 7 5» 7 8" 8 0, a re
a separate class of crystal chemical reactions. The
branch of crystal chemistry concerned with reactions be-
tween metals and non-metal powders and with the formation
of solid solutions, compounds, and heterogeneous alloy
structures 75>81>82 has also attracted a great deal of work.

7. INTERACTION BETWEEN INTERMETALLIC COM-
POUNDS

The reactions between intermetallic compounds, like
reactions between metals, are determined by a number of
physicochemical factors, which the writer has previously
formulated 8 3 . The different types of interactions between
intermetallic compounds in binary systems of these com-
pounds can be described by means of the three main types
of equilibrium diagram (see Fig. 15):

1. System AB-AC (continuous ser ies of solid solutions),

2. System AB-AX (restricted ser ies of solid solutions),

3. System AB-AY (eutectic mixtures without solid solu-
tions).

The following factors are conducive ** to the formation
of continuous solid solutions (Fig. 15a) in intermetallic sys-
tems: (1) isomorphous crystal lattices of the two com-
pounds; (2) identical chemical bond type; (3) compounds
including elements with similar metal chemical properties;
(4) compounds of identical stoichiometric composition.

Unless these conditions are met, the intermetallic com-
pounds form only restricted solid solutions (Fig. 156), and
in the limit, for very large differences in chemical proper-
t i e s between the components, only mechanical mixtures are

-%/lC HC KB —%HX AX IB

Fig. 15. Types of equilibrium diagram for intermetallic
systems:
a) continuous solid solutions;
b) restricted solid solutions;
c) eutectic mixtures without solid solutions.
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formed (Fig. 15c). All these problems of interactions be-
tween intermetallic compounds of different types have
attracted a great deal of attention in recent times, and
would justify a separate review article.

—0O0—

Thus, our review of the development and present status
of the science of metal chemistry leads us to conclude that
metal chemistry, as a scientific discipline, can unify the
study of the interactions of over 80 metals of the Periodic
Table, both with each other and with non-metals. By suit-
able application of Mendeleev's Periodic Law, metal chemi-
stry establishes the principles which control the formation
of the different classes of metallic solutions and compounds.

Metallic solid solutions, as phases of variable composi-
tion, have on the whole a single type of chemical bond: the
metallic bond. On the other hand, there is a large number
of intermetallic compounds showing very different bond
types, from metallic to ionic. The study of solid solutions
and metal compounds is highly relevant to an understanding
of the mode of interaction of many metals, and it makes
possible the prediction of equilibrium diagrams for as yet
unknown simple and multicomponent metallic systems.
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I. INTRODUCTION

Pyrolytic graphite is the product of the pyrolysis of
hydrocarbons on surfaces heated to 1000-2500°C. In
recent years this material has attracted very considerable
attention from research scientists, technologists, and
engineers working in various fields of science and tech-
nology. This is because of the many quite unique proper-
ties of pyrolytic graphite. Its strength at temperatures


