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On the Defect Structure of Rutile

TOR HURLEN

Central Institute for Industrial Research, Blindern, Oslo, Norway

From the point of view of its importance to the understanding of
the oxidation behaviour of titanium and titanium alloys, a theoretical
reinvestigation is made of the defect structure of rutile with special
emphasis on what is to be expected from the ideal rutile structure
itself.

A discussion is moreover given of previous experimental results
on the subject, and it is concluded that most of the available data are
possibly best explained by assuming the defect structure to be & com-
bination of & non-stoichiometric and a stoichiometric one, both in-
volving titanium interstitial ions.

1.0 INTRODUCTION

It is well known that the oxidation of a metal usually leads to the formation
of a more or less compact oxide film on the metal surface, and that the
further oxidation requires passage through this film either of metal outwards
or of oxygen inwards. Very often, the rate of transport of material through
the oxide lattice itself (volume diffusion) is found to be determining for the
oxidation resistance of the metal (Wagner ! mechanism of oxidation).

It is further known that the volume diffusion in ionic crystals depends on
the defect structure of the crystals, and that the defect structure in many
cases may be partly controlled by the incorporation of foreign ions in the lattice
(Wagner-Hauffe 2 approach to alloy oxidation).

The application of this basic knowledge to the oxidation resistance of a
special metal and to its improvement by alloying, is greatly facilitated by the
understanding of the defect structure of the pure oxide(s) in question.

Rutile has been shown 34 to be the main oxide formed on titanium under
the most actual oxidation conditions. This oxide is of an n-conducting 5,
oxygen deficient 57 type. It does not seem well recognized, however, whether
the latter is due to the presence of oxygen vacancies or of titanium interstitials
in the rutile lattice.

The purpose of the present work is to elucidate this matter and to gain
the best possible understanding of the defect structure of rutile from already
known experimental data. Our hope is that this might facilitate the interpre-
tation and understanding of the oxidation behaviour of titanium and titanium
alloys.
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Fig. 1. The shape and size of the TiOs- Fig. 2. The octahedron model of rutile.
octahedra in rutile.

2.0 THE RUTILE STRUCTURE

Titanium forms a number of different oxides, and so far the following ones
have been identified 7: Ti,0, Tiz0,, TiO, Tiy0q, TizO;, TisO2s—1 (n = 4, 5, 6,
7, 8, 9 and 10), and TiO,. The lowest of these oxides, Ti,O, has a structure
which may be represented by OTiz-octahédra sharing corners and edges. The
other titanium oxides may be considered to consist of TiOg-octahedra sharing
corners, edges, and possibly faces in various ways.

From X-ray data on TiO, (rutile) is found that its TiO4-octahedra are not
exactly regular. Fig. 1 shows a rutile octahedron in two projections, and the
dimensions given are those determined by Magnéli and co-workers 7, which
are in close agreement with those determined by Cromer and Herrington 8.
The octahedra are characterized by:

4 Ti—O distances of 1.946 A
2 Ti—O distances of 1.984 A
8 0—O distances of 2.779 A
2 0—O distances of 2.959 A
2 0—O distances of 2.526 A
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In rutile, these octahedra are joined by edges and corners in such a way
as to make each oxygen ion belong to three neighbouring octahedra. This
type of octahedron coupling is shown in Fig. 2, where also the direction and
length of the crystallographic axes in relation to the octahedra are indicated.

From Fig. 2 is easily seen that this type of coupling between the octahedra
results in a kind of parallel octahedron chains in which neighbouring octahedra
have an edge in common. These chains are further joined to each other so
that the side corners in one chain’s octahedra become top corners in a neigh-
bouring chain’s octahedra and vice versa. In rutile, the c-axis becomes parallel
to the octahedron chains.

From Fig. 2 is further seen that this type of coupling between the chains
results in the existence of just as many open’ channels parallel to the c-axis
as there are octahedron chains, and in Fig. 3 is shown that such a channel
contains a row of octahedral interstitial positions for titanium. The distance
between these positions (in direction of the c-axis) is half only of that between
normal titanium lattice positions in an octahedron chain. The “interstitial”
oxygen octahedra are all of the same shape and size, and along the channels
every second one is turned 90° around the c-axis in relation to the rest of them,
and they are placed half way into each other. From Fig. 3 is further seen that
an “interstitial”’ Og-octahedron shares two faces and four edges with neigh-
bouring TiOg-octahedra.

The shape and size of the 'interstitial”’ Og-octahedra are shown in Fig. 4.
By comparing with Fig. 1, it is seen that these Og-octahedra differ distinctly
from the normal TiOg-octahedra in rutile, especially in being larger. The
volume of a TiOgz-octahedron is about 9.89 A3, whereas the volume of an
“interstitial” Og-octahedron is about 10.91 A3,

The rutile structure also contains tetrahedral interstitial positions, and it
is easily seen that there are just as many of these as there are octahedral
interstitial positions (twice that of normal titanium lattice positions). The
tetrahedral positions are not arranged along channels of any kind, and as
titanium is not known to occur with the coordination number four, these
positions seem to be of minor interest.

3.0 THE DEFECT STRUCTURE OF RUTILE

The defects or imperfections which can exist in crystal lattices can be classi-
fied as reversible (ions in interstitial positions and ion vacancies connected
with an equivalent number of quasi-free electrons and electron holes) or irrever-
sible (flaws, cracks, dislocations). The present discussion is confined to the
former class of defects.

Ehrlich ¢ reported that rutile exists over a rather wide oxygen concentra-
tion range (TiO.90—Ti0200), Whereas Magnéli and coworkers ? found that
the minimum content of oxygen is higher than that corresponding to TiO1.ge.
These investigators seem to agree, however, that the higher oxygen limit cor-
responds to the stoichiometric composition TiOs,gp.
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The possible non-stoichiometric defect equilibria in rutile may be represented
by the following equations:

Nil = 0y + 26 -+ 304(g) (1a)
Nil & Oy°¢ + ¢ + 30, (g) (1b)
Nil & Oy'2¢ + 30, (g) (1c)

for anion vacancies (Oy ) with or without trapped electrons (4 V-type defects),
and by
TiO, & Tif" + ne” + 0, (g) (2)

for cation interstitials (Ti{ ") with n positive charges (CI-type defects). As
to n-values other than four, see under section 3.4 below.
In addition, there is also a hypothetical possibility of a stoichiometric defect
equilibrium:
Nil & Ti," "4 Tif **F (3)

involving titanium vacancies (Ti, ).

The symbols ' and - mean a negative and a positive surplus charge, respecti-
vely. ¢ means a quasi-free electron, and Nil”’ designates an ideal stoichio-
metric crystal.

In the following, we shall discuss the above possibilities on the basis of the
ideal rutile structure itself and of other available data pertinent to the subject.

A critical discussion of results obtained up to 1954 has previously been given
by Hauffe 3, who concludes that the defect structure most likely is of the AV-

type.
3.1 Structural considerations

Under section 2.0 is shown that the rutile structure contains favourable
octahedral interstitial positions for titanium, and on this basis it seems likely
that rutile should be an oxide of the metal excess type (CI-type) rather than
of the oxygen deficient type (AV-type), and also that stoichiometric defects
(Eqn. 3) could be present in rutile.

An interesting fact in this connection is that a Ti, Qa4 —1-crystal structurally
may be described 7* as being composed of parallel sheet crystals of rutile, the
“grain boundaries’’ between which are free of misfit and differ from the ideal
rutile structure mainly in containing titanium in octahedral interstitial posi-
tions. At these grain boundaries”, the rutile layers are slightly displaced in
relation to each other (see below). Were it not so, the Ti,0z,_;-structures
would have been identical to rutile with an ordered arrangement of titanium
interstitials. It seems thus the most natural that in removing oxygen from
rutile, one should go directly towards the Ti,Os,_1-structures by forming
titanium interstitials, and not make a roundabout way by first forming oxygen
vacancies which then have to be eliminated (at least to a large extent) when
the oxygen content of the highest member of the Ti,Oq,_;-series is reached
(see under section 2.0).
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Magnéli and coworkers ? have further found that the rutile lattice is slightly
expanded, especially normal to the c-axis, with decreasing oxygen content:

= 4.584 A, c=2.959 A for maximum O-content
a = 4.603 A, c= 2960 A for minimum O-content

It ig difficult to judge what this expansion might really mean. If we assume,
however, that rutile is a normal ionic crystal in which the lattice dimensions
are mainly determined by the size of the ions, it is difficult to understand
how the formation of oxygen vacancies may give such an effect. It is easier
to imagine that the formation of titanium interstitials might cause a lattice
expansion. The radius of the fourvalent titanium ion is namely about 20 9%,
too large to allow six surrounding oxygen ions to come into contact with each
other. From Figs. 3 and 4, it is further seen that a titanium interstitial should
be expected to expand the lattice mainly in directions normal to the c-axis
(just as observed).

It may seem that the above-mentioned displacement of the rutile layers
at the “’grain boundaries” or Magnéli-Andersson planes — as they better are
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called — in the Ti,Og,_;-structures, is merely so that the octahedron chains
on one side of such a plane fit into the open octahedron channels on the other
side of the plane and wvice versa (see Fig. 3). The oxygen framework of the
rutile structure is thus maintained essentially unaltered all through a Ti,Oq,_;-
lattice. It is mainly the relative positions ofthe titanium ions in this frame-
work that are changed at a Magnéli-Andersson plane. The titanium ions on
one side of this plane are normally in positions which may be regarded as
interstitial in relation to the rutile lattice on the other side of the plane and
vice versa. Just at the plane, both the normal and the interstitial octahedron
positions are occupied.

On this basis, the Ti,Os,_;-structures could possibly be described as a
rutile structure with ordered arrangements of titanium vacancies and tita-
nium interstitials, the latter in excess. This may suggest that rutile itself
also could have defects of this kind more or less randomly distributed in the
lattice (see eqns. 2 and 3).

32 Density measurements

Ehrlich ® reports to have found a slightly lower density for TiO;97 than
for TiO, by pycnometric measurements on powders. These results are used by
Hauffe ® as one of the main arguments for the existence of AV-defects in rutile.

Ehrlich himself pointed out that his TiO;97-sample was not quite a sound
one. Pycnometric density measurements on powders are moreover easily
affected with both systematic and accidental errors. As a comparison, we
shall here give some density values determined by Magnéli and coworkers 7:

d(TiO) = 4.95, d(TiOrer) = 4.20, d(TiOys0) = 4.29 gem=3
and by Ehrlich ¢:
d(TiO) = 4.89, d(TiOpz) = 4.21 d(TiOy80) = 4.17 gem™3

all of them on powders.

The inconsistence of these results should make it clear that, so far, one
has to be careful in using the density data in elucidating the defect structure
of rutile.

33 Colour observations

It is well known (see, e.g., Ref.?) that rutile acquires a dark grey-blue colour
when kept in a reducing atmosphere at high temperatures, and that it is
slightly coloured in this way also by the incorporation of a higher-valent metal
oxide (Ta,05, Nby,O5, Sb,Oy or WO,).

Hauffe ® has suggested that this may be due to a formation of Pohl-Schott-
ky colour centres, the so-called F-centres. Such a centre is equivalent to an
oxygen vacancy with a trapped electron (O;°¢”). The colouring of rutile,
therefore, has naturally been used as another argument in favour of a defect
structure of the AV-type.
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A threevalent titanium ion in rutile may also give rise to a blue colour,
however, and — in our opinion — the significance of the colour change is not
understood well enough for the present to be used as an argument in this
discussion.

34 Conductivity measurements

According to the Schottky-Frenkel theory of reversible defects 10l a
defect equilibrium is given by the mass action law in quite an ordinary way.
The equilibria of the defect systems (1), (2), and (3) above, should thus be
represented by the following equations:

(Oy")(€7)2p¥ = const. (4a)

(Os"€7)(e")p* = const. (4b)

(Oy" 2¢7)p*% = const. (4c)
and

(Tii")(€")"p = const. (5)
and

(Tii++++)(Ti:,' ' ') = const. (6)

where p means the partial pressure of O, in the gas phase, and the brackets
indicate that it is the concentration of the defect species we are dealing with
in these equations. The constants are of course temperature dependent.

If we now assume that the conductivity (q) of rutile is proportional to the
concentration of quasi-free electrons, we easily have by combining the eqns.
(1) and (4) that

g = const. p18 (7a)
g = const. p~14 (7b)
g = const. (independent of p) (7e)

in the case of oxygen vacancies with none, one, or two trapped electrons,
respectively.
In the case of a defect structure of the CI-type, we have

g = const. pintt (8)

This is easily seen by combining the eqns. (2) and (5).

Hauffe and coworkers 512 have found that the conductivity of rutile
is proportional to P45 to p15 in the temperature range 800—1 000°C.
This may be explained on the assumption of three- and fourvalent titanium
ions in interstitial positions (n = 3 and 4 in eqn. 8). The results are not com-
patible with a defect structure of the AV-type.

It could here possibly be argued that a threevalent titanium ion is equi-
valent to a quasi-free electron and that it has no sense to use other n-values
than four in eqns. (2), (5), and (8). This cannot be quite correct, however.
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Cronemeyer 1 has namely shown that the electronic conductivity of rutile
is distinctly higher in direction of the c-axis than in a direction normal to
this axis, and as there is practically no possibility for interstitial titanium
ions to take part in an electron exchange in the c-direction, whereas this may
seem a preferred exchange direction for titanium ions in normal lattice positions
when judging from interatomic distances (see Fig. 3), a threevalent titanium
interstitial ion cannot be regarded synonymous with a quasi-free electron.
There is at least a distinct difference between interstitially and normally
placed titanium ions in this respect. This may easily be seen from the descrip-
tion of the rutile structure under section 2.0 above.

A combined stoichiometric and non-stoichiometric defect equilibrium in
rutile should be defined by the following simultaneous equations:

RENN]

(Tif "5 )T )y = &y
Tii ")) p = ky (9)

rr

4Tii 77 = «Ti," ) + (€)

The two first equations are the same as (5) and (6) above. The last equation
is required by the electroneutrality principle, and the two last equations
imply the simplifying assumption that » = 4 in eqn. (2).

By solving this equation system, we easily have:

(€ )%(dky(e )°p + ky) = 4kip (10)

which should represent the conductivity/oxygen pressure relationship in this
case, when the conductivity is assumed proportional to the concentration
of quasi-free electrons.

In case 4k,(¢ )*p ({ ks, this equation reduces to:

(€7) = (4ky)top10 (11)

which is equivalent with the previous eqn. (8), showing the conductivity to
vary inversely with the 1/5-power of the oxygen partial pressure when n = 4.
In case 4ky(e")*p >> k,, eqn. (10) reduces to:

(€) = (k3/ky)"op (12)

whereby it is seen that the presence of a stoichiometric defect equilibrium
in addition to a non-stoichiometric one should make the conductivity g to be
relatively more sensitive (d log ¢) to relative changes (d log p) in the oxygen
pressure p.

The conductivity/pressure relationships found by Hauffe and coworkers 2
could possibly be interpreted also along this line of thought.

The conductivity measurements referred to, have been made on powders.
The above discussion does show, however, that even single crystal data of
this kind may not be quite conclusive in determining the defect structure of
rutile.
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35 Weight change measurements

From eqns. (1) and (2) is seen that a rutile crystal should loose some
oxygen and, thereby, decrease in weight on the formation of defects. By also
taking eqns. (4) and (5) into consideration, we easily have for the equilibrium
weight:

w = w, — const. pU6 (13a)
w = w, — const. pi/4 (13b)
w = w, — const. p~1/2 (13c)

in the case of AV-defects with none, one, and two trapped electrons, respecti-

vely, and w = w, — const. p~ln+1 (14)

in the case of CI-defects with » positive charges.

w, means here the weight of the crystal when without defects. Buessem,
Forland, T., Forland, K.S., and Marshall 1*have studied the equilibrium weight
of a rutile sample (powder) as a function of the oxygen pressure (from about
10 to 760 torr) at temperatures from 860 to 1 050°C. Their results are appar-
ently best in agreement with (13a) above, thereby indicating a defect structure
of the AV-type.

As their rutile sample was not quite pure, and, considering the very small
difference between a 1/6- and a 1/5-power relationship, we don’t feel quite
convinced that the former and not the latter is the correct one. The latter
relationship is more consistent with the results of the conductivity measure-
ments (see above), and is the one to be expected if the defect structure is of
the Cl-type (n = 4 in eqn. (14) above).

Forland 18 is now making renewed and extended weight change measure-
ments on a high purity rutile sample, and it shall be interesting to see the results
of these measurements.

36 Incorporation experiments

It is well known that an incorporation of even small amounts of foreign
ions into a host lattice may drastically change its defect equilibrium, and that
a knowledge of the effect of such incorporations on various properties of a
crystal may assist in elucidating its original defect structure (see, e.g., Ref.5).

In the case of rutile, we are only aware of data on the effect of incorpora-
tions on its electronic conductivity and on its oxidation protective properties
when present as a film on titanium. The latter effect will be discussed under a
later section (3.7), and we shall here only deal with the former effect.

If rutile should have a defect structure purely of the AV-type, it seems
natural to assume that the cation interstitial positions in this lattice — for
one reason or another — must be so unfavourable that not even incorporated
cations will make use of them. An incorporation of a foreign metal oxide must
then take place in a way as here exemplified by CryO;:

Cr,0; + 26 + 30, = 2Cre(Ti) + 2TiO, (13)
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Crs(Ti) means here a threevalent chromium jon substituting a fourvalent
titanium ion, and this represents one negative surplus charge in the lattice.

From this equation is seen that the incorporation of a cation of lower
valence than four should lead to a consumption of free electrons and, thereby,
to a decrease in electronic conductivity in the case of AV-defects in rutile.
Small amounts of Gay03, AlO3, and NiO have been found 8, however, to have
almost no effect on the conductivity, and Cr,0; even to increase the conducti-
vity at temperatures below 900°C.

These observations are perhaps easier explained on the assumption of a
defect structure of the CI-type in rutile. In this case we should be allowed to
assume that also foreign cations could enter into interstitial positions in the
rutile lattice. Thus, by once more taking Cr,O3 additions as an example, and by
assuming this oxide to be built into the rutile lattice in such a simple way as
to give a fraction z of the Cr***-ions as substitutes for Ti****-ions in nor-
mal lattice positions:

2 Cry0g + 2x ¢ + 20, = 2x Crs (Ti) + 22 TiO, (14)

and the remaining fraction (1—) of the Cr*+*-ions, in interstitial positions:

(1—2)Cry03 = 2(1—x)Cr{*+ 4 6(1—=x) e + il;;x_)_ O, (15)
the total incorporation is represented by:
Cry0q = 22 Crg(Ti) + 2(1—x) Cri ¥ 4 2(3—4x) ¢™ 4 22 TiO, -+ 3_24“

0, (16)

From this equation is seen that the effect of CryO3-additions on the conducti-
vity of rutile in this case should depend on the fraction factor x (for « % % we
will have for the conductivity 4 ¢ :<§ 0). This factor may very well be a func-
tion of both Cr,0Oz-concentration, temperature, and oxygen pressure, and eqn.
(16) could thus possibly explain the observed effects of these variables on the
conductivity of the TiO,/Cr,0; mixed oxides (see Ref.®).

A similar treatment could be given also to other rutile/foreign oxide
systems.

37 Oxidation studies

Through studies of the oxidation of titanium under conditions at which
rutile is formed on the metal surface, it should also be possible to gain some
information as to the defect structure of rutile.

Most of the previous work on the oxidation of titanium is reviewed by
Kofstad and Hauffe 8 and by Kofstad, Hauffe, and Kjollesdal *. Some further
work is now being prepared for publication by Hurlen, Kjollesdal, Markali
and Norman.

In this latter work, rather strong evidence is found that the oxidation, at
temperatures from 300 to 500°C, is governed by a cavity formation at the
metal oxide interface. Such a cavity formation is probably most easily under-
stood by assuming the occurrence and growth of cavities to be due to a reten-
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tion at the metal/oxide interface of inward diffusing metal ion vacancies or
of vacancies left behind in the metal when metal ions enter into interstitial
positions in the oxide and migrate outwards.

In the same work is also found that rutile whiskers sometimes are formed
on top of the rutile film, and Kinna and Knorr ¢ have found that platinum
markers placed on a titanium surface, are deeply buried by the rutile layer
formed during oxidation at 1000 and 1 200°C. All these observations are
difficult to understand without assuming a preferential titanium diffusion in
rutile.

Also Gulbransen and Andrew 17 assume mainly a titanium diffusion in
the oxide film all over the temperature region (250—600°C) covered by their
oxidation experiments, and, in the relatively high negative activation entropy
of oxidation calculated from the results of these authors, Moore 18 finds theore-
tical evidence for the validity of this assumption.

Most of the workers within this field seem to assume a preferential oxygen
diffusion in rutile, however, and, from marker studies with radioactive silver
at 900°C, Davies and Birchenall 1* got some results which have been taken
as being in favour of this assumption even though they are not quite conclusive.

As the diffusion in solids may be regarded a diffusion of defects, it seems
that the results of the oxidation studies are more in accordance with a defect
structure of the CI-type (or a combined CI/CV-type) than with one of the
AV-type.

The fact that the Wagner-Hauffe 2 approach to alloy oxidation has proved
unsuccessful in the case of titanium 2° may also have some explanation #
on the assumption of a combined CI/CV defect structure in rutile. The Wagner-
Hauffe theory does not take such a combined defect structure into account.
It only applies to cases in which the oxide has a single defect system.

4.0 CONCLUSION

The defect structure of rutile has here been discussed on the basis of
structural considerations, density measurements, colour observations, conducti-
vity measurements, weight change measurements, incorporation experiments,
and oxidation studies.

It has been shown that some of the available data are inconclusive, that
some data (especially those by Marshall and Foérland 14 on the equilibrium
weight of a rutile sample as a function of the oxygen pressure) may indicate
a defect structure of the anion vacancy type (AV-type), but that the majority
of the data is most easily interpreted on the assumption of a defect structure
of the CI-type (or a combined CI/CV-type).

The strongest evidence in favour of this assumption is that the rutile
structure contains apparently very favourable octahedral interstitial positions
for titanium ions, and that positions of this kind actually are being occupied
in an ordered way in the rutile-like oxides belonging to the homologous series
of formula Ti,Oz.—1 (see Ref.?). This series of oxides extends directly up to
the lower O-limit of the homogeneity range of the TiO, (rutile), and it seems
logical and natural that we here should have just a transition from an ordered
to a random occupancy of such sites.
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