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Figure 2 Cross-section of the boron electrode treated in
N, (unetched).
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Formation of Li,TiO; solid solutions
by 4Li* = Ti** substitution

During a study of the phase diagram Li,O--TiO,
[1], it was found that at high temperatures Li,TiO3
forms a wide range of solid solutions between 44
and 66 mol% TiO,. These solid solutions have a
disordered rock salt structure based on the high
temperature polymorph of Li, TiO;. Li, TiOj itself
undergoes an order—disorder phase transition at
1213°C [2]. Some structural features of these
solid solutions are discussed further in this note
since they appear to form by an unusual replace-
ment mechanism which involves monovalent
and tetravalent cations.

Direct conformation of mechanisms of solid
solution formation normally requires accurate
measurements of densities over a range of com-
positions. It was not possible to measure the
density of most of the high Li,TiOj3 solid solutions
present because they cannot be stabilized to room
temperature; instead; they decompose and/or
transform to low Li, TiO;, even on rapid quenching
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from high temperatures. Consideration of the high
Li,TiO3 structure, however, reveals that there is
only one likely solid solution mechanism. Assuming
an oxide array (face centred cubic or cubic close
packed) that is essentially unchanged with com-
position, the overall solid solution mechanism
may be written as

4Li* = Ti*. (1)

For the lithia-rich solid solutions, this involves the
formation of interstitial lithium ions, probably on
tetrahedral sites and for the titania-rich solutions,
the formation of cation vacancies on the octa-
hedral sites.

The formula of the lithia-rich solid solutions
may be written as

Li, , (oct) Lis,(tet) Ti; - .(oct)O;
0<x<0.08. 2)

The only sites that are available in the rock salt
structure for the extra 3xLi* are tetrahedral sites
and at the solid solution limit (x = 0.08) 4% of
these tetrahedral sites must be occupied by Li*.
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The formula of the titania-rich solid solutions
may be written as

Liz_ax(0ct) Ti; . o(oct) Vax(oct)Os

0<x<0.19, (3)

in which V(oct) refers to an octahedral cation
vacancy. At the solid solution limit (x =0.19)
therefore, 19% of the octahedral sites are vacant.

The alternative to the above mechanisms in
which the oxide array stays constant, is a mechan-
ism in which the total number of cations remains
constant (since the cations are disordered, it does
not seem valid to consider mechanisms in which
either the Li* content or the Ti** content remains
constant). This mechanism would necessitate the
creation of oxide ion vacancies in the lithia-rich
solid solutions and oxide ion interstitials in the
titania-rich solid solutions. While the former is
a distinct possibility, there appears to be little
likelihood of the latter occurring: it is not possible
to have a significant concentration of oxide ion
interstitials in a structure that contains close
packed oxide ions. This mechanism is therefore
rejected.

It is unusual to find solutions in which mono-
valent and tetravalent ions replace each other,
although there appears to be no good theoretical
reasons why this should not occur provided that
(1) local electroneutrality is maintained fairly well
and (2) the two cations have similar bonding
requirements and are of similar size. In octahedral
co-ordination to oxygen, Li* and Ti** appear to
be of fairly similar size: typical bond distances are
Ti-0, 1.98 & and Li-0, 2.16 A [3]. Variations in
local electroneutrality must certainly occur in the
1i,TiO; solid solutions, but the cations should
be able to reorganize themselves so as to minimize
such effects. Thus, in the lithia-rich solid solutions
the oxide ions that are co-ordinated to substitu-
tional Li* ions must carry a considerable net
negative charge. This charge may be balanced if
the interstitial Li* ions are located in tetrahedral
sites that are adjacent to these oxide ions. In this
way, defect complexes formed by association of
substitutional and interstitial Li* ions may perhaps
occur. Similarly, in the titania-rich solid solutions,
the oxide ions that are associated with the sub-
stitutional Ti** ions must carry a considerable
net positive charge and this may be at least par-
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tially reduced if the cation vacancies are also
associated with these same oxide ions.

An explanation of the large variation with com-
position in the rate of the high - low phase tran-
sition in Li,TiO; solid solutions may now be
given, based on the above mechanism of solid
solution formation. In Li,TiO; and the titania-
rich solid solutions, the transition takes place
extremely rapidly and cannot be prevented from
occurring by quenching [1]. In lithia-rich solid
solutions containing 2 52% Li,0, however, the
disordered, high temperature solid solutions may
be readily preserved to room temperature and they
transform to the low temperature structure only
quite slowly on annealing at high temperature [1].

In order to undergo the high = low transition,
Li* and Ti** jons must reorganize themselves over
the octahedral sites and clearly, this process is
assisted greatly if there are already some octa-
hedral sites vacant. In the titania-rich solutions,
cation vacancies occur as a consequence of the
solid solution mechanism and hence, the transition
takes place rapidly. In the lithia-rich solid sol-
utions, vacancies arise only through the thermal
creation of defects, i.e. by the formation of
Schottky and Frenkel defects at high tempera-
tures. The number of such defects is likely to be
small and is further reduced by the presence of a
large number of interstitial Li* ions on tetrahedral
sites, since interstitial Li* ions and cation vacan-
cies will tend to annihilate each other. Thus, the
destruction of Frenkel defects by recombination
may be written as

Li*(tet) + V(oct) > Li*/V(oct). 4)

In stoichiometric Li,TiO3;, a thermal equili-
brium concentration of vacancies will be esta-
blished by, for instance, the reverse of the above
equation. In lithia-rich solid solutions, however,
the large concentration of interstitial Li* ions will
cause a great reduction in the concentration of
vacancies. Hence the sluggishness of the transition
in the lithia-rich solid solutions may be qualita-
tively explained.
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Compressive strength and glass transition
temperature

An empirical relation between the compressive
strength and the glass transition temperature of
materials composed of mainly first-row elements
of the periodic table is presented. This relation
indicates that flexible-chain polymers have an
intrinsically low strength in axial compression,
which probably disqualifies them as a reinforce-
ment fibre in composite materials that are sub-
jected to bending vibrations.

For an effective development of a new material
it is important to have some foreknowledge of
the ultimate properties that may be attained.

In the case of extended polymer chains the
maximum tensile modulus is determined by the
force—displacement curve of two adjacent atoms
in the chain and by the cross-sectional area of the
chain [1]. Moduli calculated in this way closely
approach the observed values [2]. For extended
linear chains (flexible as well as rigid-rod) made up
of firstrow atoms the theoretical modulus lies
between 180 and 250 GPa. In that case the tensile
curve shows elastic and brittle behaviour.

The limit for the tensile strength of a brittle,
elastic solid can be derived from the force—
displacement curve between two atoms. Accor-
dingly, the theoretical strength oy is estimated to
be [3]

E

Ot%'l_o

M
where F is the tensile modulus. Applying Equation
1 a theoretical upper limit for the strength of
about 25GPa is derived for linear polymers.
Experimentally, the fractural stress is of the order
of 10 to 100 times less than o;.

A third important property is the strength in
axial compression; commonly designated as the
compressive stress at which yielding occurs. In
many constructions the materials are subjected to
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compressive stress as in the case of bending vi-
brations. The phenomena which usually accompany
compressive yielding of polymers are the well-
known observations of kink and slip bands. These
macro-distortions are large-scale manifestations
resulting from the buckling of chains. In places
where buckling takes place the chains are forced to
adopt a very different conformation which may
extend over a large part of the chain.

Below the glass transition or softening tempera-
ture, T,, a polymer has glassy properties, above
this temperature it has rubber-like properties and
and near the melting point flow behaviour prevails.
In the molecular interpretation of the glass—
rubber transition of polymers this relaxation is
associated with the onset of large-scale segmental
motions in the chain. These motions are in iact
large conformational changes at certain atoms in
the main chain.

The amount of work required to bring about
these conformational changes at compressive
yielding may also be derived from the thermal
energy, which becomes sufficiently large at the
temperature 7,. Accordingly, such changes appear
spontaneously in the material above T,,. Assuming
elastic behaviour up to compressive yielding,
for the compressive strength

0, = REW)Y? @
can be written where W is the work per unit
volume needed for yielding and E, is the axially
compressive modulus. The apparently common
origin of phenomena such as compressive yielding
and glass-transition, relating to chain flexibility
and intermolecular interactions, suggests a corre-
lation between o, and Tj.

In the compilation given in Table I materials
have also been included which are actually three-
dimensional networks in the amorphous or crystal-
line state. Here, however, they are regarded as
three-dimensional polymers. The softening tem-
perature cannot be properly defined for every

2025



