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Decomposition of TiO,-Sn0O: solid solutions

M. W.PARK, T.E. MITCHELL, A. H. HEUER
Department of Metallurgy and Materials Science, Case Western Reserve University,

Cleveland, Ohio, USA

Decompesition of TiO, —-Sn0, solid solutions was studied using large-angle X-ray diffrac-
tion, transmission electron microscopy, electron diffraction, and small-angle X-ray scatter-
ing. Particular attention was devoted to the initial stages of decomposition of homogeneous
solid solutions, so as to determine whether or not decomposition in the system can occur
spinodally. All of our results indicate that alloys within the spinodal can decompose by a
continuous and spontaneous process, i.e. spinodal decomposition does occur, whereas
alloys outside the spinodal decompose by a discontinuous and non-spontaneous process,
i.e. decomposition occurs by nucleation and growth.

1. Introduction

The linear theory of spinodal decomposition, as
propounded principally by Cahn [1], predicts
periodic and directional composition fluctuations
in elastically anisotropic crystals and there has
been a tendency to attribute all periodic micro-
structures to spinodal decomposition. This, how-
ever, has aroused controversy, since periodic
structures can also be formed by nucleation and
growth [2].

To avoid such ambiguity, Rundman and Hilliard
[3] suggested using small-angle X-ray scattering
(SAXS) to study spinodal decomposition. Results
obtained by this technique, however, have not
always permitted unambiguous interpretation, as
it has been shown [4] that previous notions con-
cerning “proof” of spinodal decomposition by
SAXS requires that decomposition be accurately
describable by the linear theory.

Recently, more subtle micrographic evidence
has been adduced [5, 6] to suggest the occurrence
of spinodal decomposition. Sinclair er al. [5],
using field ion microscopy on Ni—14% Ti speci-
mens, found gradual composition changes at
the interface between the decomposition pro-
ducts at the initial stages of decomposition. As
ageing time increased, however, the diffuse inter-
face sharpened. Laughlin and Cahn [6] observed
continuous phase separation in Cu—Ti alloys, as
deduced by a “microstructural sequence” method;
increasing strain contrast due to larger composition
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fluctuations was observed with longer ageing
times. Since this occurred at constant wavelength
of the composition fluctuations, the diffusion
coefficient (5) must be negative, which in a
binary system must imply the crossing of a spin-
odal.

In the present work, decomposition of several
TiO, —Sn0, alloys have been studied using large-
angle X-ray diffraction (LAXD), SAXS, trans-
mission electron microscopy (TEM), and electron
diffraction. It is shown that alloys within the
spinodal decompose by a continuous and spon-
taneous process, i.e. spinodal decomposition
occurs. Alloys outside the spinodal decompose
by a discontinuous and non-spontaneous process,
i.e. by nucleation and growth. Before describing
our results, however, previous work on decom-
position of TiO,—SnO, alloys will be briefly
reviewed.

2. Review of the literature
At elevated temperatures, TiO, (rutile) and SnQ,
(cassiterite) form a continuous solid solution with
space group P4, /mmm. Subsolidus phase equilibria
in this system was recent redetermined [7], and
the miscibility dome was found to be almost
symmetrical—the critical composition occurs at
47+ 2mol % TiO, at a critical temperature of
1430 5°C (Fig. 1). As was first demonstrated
by Schultz and Stubican [8,9], decomposition
of equimolar alloys produces composition fluctua-
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Figure 1 Subsolidus equilibria in the TiO, ~SnO, binary
ution model. See [7] for further details.

tions along [001], and the [001] spinodal was
calculated to be depressed by 105°C below the

solvus [7].
Schultz and Stubican [8,9] were the first
to study decomposition in the TiO;—SnO,

system. They annealed equimolar alloys at 1000
to 1150°C and as already mentioned, observed
periodic composition fluctuations along [001]
by TEM. These periodic fluctuations were attri-
buted to decomposition via the spinodal mechan-
ism; in addition, they observed side bands for
hkl reflections with / # 0 by LAXD. The [001]
composition fluctuations were attributed to the
anisotropy in elastic free energy, although Wu and
Mendelson [10] have more recently pointed out
that anisotropies in the diffusion mobility and in
the gradient energy can also contribute to the
anisotropic decomposition.

Herman and MacCrone [11] have criticized
Schultz and Stubican’s claim of spinodal de-
composition on two counts: (1) observations of
modulated structures are not sufficient proof of
the spinodal mechanism, and (2) their own (un-
published) SAXS spectra did not show the ex-
pected “crossover”. Stubican and Schultz [12],
in rebuttal, argued that the side bands they ob-
served could only be due to continuous compo-
sition fluctuations and that the failure to observe
a crossover during SAXS was due to these experi-
ments being performed at a late stage of decompo-
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. The several spinodals were calculated using the regular sol-

sition. However, Hargreaves [13] and Guinier
[14] have argued that discontinuous composition
fluctuations can also lead to side bands, and our
previous analysis [4] showed that the lack of a
crossover is inconsistent with a linear theory but
not with the spinodal mechanism in general.
The criticism of late stage decomposition is well
taken but also applies to the TEM observations
in question, since the results to be presented
below show that decomposition occurs at much
earlier times and lower temperatures than were
used by Schultz and Stubican.

Finally, it was observed that the wavelength
of the composition fluctuations receiving maximum
amplification first decreased with annealing time,
reached a minimum, and then increased [8].
Gupta and Cooper [15] simulated the kinetics
of spinodal decomposition of a 40mol % TiO,
alloy. Their one-dimensional numerical solution
of the diffusion equation for spinodal decom-
position suggested that spinodal- decomposition
could explain the entire process of the wavelength
changes with annealing time.

In summary, it is clear that the question of
spinodal decomposition in TiO,—SnO, alloys is
controversial, in part because no studies have
been conducted during the initial stages of de-
composition. The present work attempts to
resolve these difficulties.



3. Experimental procedures and results

3.1. Experimental procedures

Alloys containing 20, 50 and 80% TiO, were
prepared by homogeneously mixing SnO,* and
TiO,T powder and hot-pressing at 1450°C into
cylinders, ~ 1 cm diameter by ~ 1 c¢m long, using a
Poco graphite die, a 99.9% alumina tube as a liner
(to prevent reaction with the graphite) and alumina
plungers. Specimens were sliced into ~ 1 mm thick
discs in a precision wafering machine and solution-
annealed at 1580°C for 24h in a well-covered
alumina crucible; to minimize evaporation prob-
lems, the discs were embedded in previously
homogenized single-phase powder of the same
composition; they were finally quenched into
water. Specimen homogeneity was considered
adequate if the half-width of the (211) LAXD
peak was the same as that of pure SnO,. De-
composition was achieved by annealing in air for
various times at various temperatures. Because
of the short duration of some annealing experi-
ments, all specimens were inserted into a heated
furnace and air-quenched at the completion of
the run. (The more modest cooling rate of air-
quenching was used to prevent propagation of
the cracks introduced during the water-quenching
from the homogenization temperature.)

For the LAXD studies, a conventional X-ray
diffractometer was used with Ni-filtered CuKa
radiation; no attempt was made to resolve the
CuKoy, CuKa, doublet. Attention was focused
on the (21 1) peak.

For TEM studies, specimens were mounted
on a glass slide, ground using abrasive paper to
about half the initial thickness, and polished with
3um diamond paste; after removal from the
glass slide, they were remounted up-side down in
a 15 um etch-well in a glass slide and ground until
the specimen was flush with the glass surface.
Performation to ensure electron transparency in
a 650kV Hitachi microscope was performed using
ion thinning [16].

Specimen preparation for SAXS was similar
but more tedious, because the need for specimen
integrity was greater. One side of the specimen
was ground, and the small cracks present were
sealed with epoxy. After the epoxy set, the speci-
mens were glued up-side down in a 24 um etch-
well in a glass slide, and ground until the surface
was even with the glass slide. (X-ray spectra from

*99.6% Purity, Fisher Scientific Co, Pittsburgh, Pa, USA.
199.9% Purity, Fisher Scientific Co, Pittsburgh, Pa, USA.

two specimens prepared with and without epoxy
were identical.) The 3 to 4 mm specimen was then
mounted at the centre of a hole in a lead plate,
which itself was mounted in a lead plate holder,
and the specimen assembly was fixed in the
small-angle X-ray bench of a Rigaku—Denki high
intensity, rotating anode unit. A 1.0 mm diameter
X-ray beam, collimated by two pinholes of 0.5 and
0.3 mm, passed through the centre of the specimen
and a 180 or 250 mm specimen—film distance was
employed. Identical exposures of 27h at 46kVA
accelerating voltage and 70 mA beam current were
used; films were used instead of a counter because
of the low diffracted X-ray intensity. Plots of rela-
tive intensity versus radial position (equivalent to
diffraction angle) were made using a Joyce—
Lobell microdensitometer. (Further experimental
details will be given in Section 3.4)

3.2. LAXD results
LAXD decomposition studies of the three alloys
studied are shown in Figs. 2 to 4. The equimolar
alloy, the only one lying within the spinodal,
will be discussed first.

The (211) peak of a single phase specimen
and specimens annealed at 900°C for 6, 9, 15,20
and 60 min are shown in Fig. 2a and b; Fig. 2¢
shows the pattern for a specimen annealed for
7.5h at this temperature. As can be seen, the
diffraction peak of the single phase specimen is
symmetrical and the peak itself is quite narrow.
Upon annealing, appreciable scattered intensity,
i.e. side bands, is observed in addition to the main
diffraction peak, with the intensity being greater
on the low angle side of the diffraction peak.
After annealing for 20min, a distinct hump is
observed on the low-angle side and a similar
second peak is observed on the high-angle side
after annealing for 1h. Three distinct peaks are
observed from the specimen annealed for 7.5h.

Following de Fontaine [17], the asymmetry
shown in Fig. 2 is attributed to modulations in
both the lattice parameters and the atomic scatter-
ing factors. The central peak in Fig. 2c, of course,
is due to diffraction from the “residual” un-
decomposed matrix.

Fig. 3 shows the results of a similar experiment
for the 80% TiO, alloy annealed for times up to
116h at 1160°C, while Fig. 4 shows the 20%
TiO, alloy annealed for times up to 456h at this
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Figure 2 (21 1) X-ay diffraction peaks of the equimolar alloy. (a) As-quenched samples and those annealed at 900° C
for 6 and 9 min; (b) the diffraction peak of samples annealed for 15, 20 and 60 min; (c) the peak for the sample an-

nealed for 7.5h.
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Figure 3 (2 1 1) X-ray diffraction peak for 80 mol% TiO, ~20mol % SnO, alloy annealed at 1160° C for times up to
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Figure 4 (2 1 1) X<ay diffraction peak for 20 mol% TiO, —80 mol% SnO, alloy annealed at 1160° C for times up to

456 h.

temperature. (Note that both these compositions
are in the “‘metastable” portion of the phase
diagram at this decomposition temperature.) In
both cases, the shape of the original (21 1) X-ray
peak is unchanged throughout the annealing; the

new (2 1 1) peak appears well-developed above the
background and well-separated from the main
peak. Since the precipitate causing the new peak in
Fig. 3 is SnO,-rich, the higher scattering factor of
Sn allows this peak to be observed at shorter
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annealing times than is the case for the TiO,-
rich precipitate in Fig. 4.

3.3. TEM results

For the TEM study, single phase specimens of
the equimolar composition were annealed- at
temperatures of 750 to 1000°C, while one 80%
TiO, sample was annealed at 900° C.

Fig. 5a shows a micrograph of the equimolar
single phase alloy, while Fig. 5b and ¢ show
samples annealed at 750°C for 10 and 20min,
respectively. The fine structure visible in the latter
two micrographs are attributed to the initial stages
of decomposition. The sidebands visible in the
diffraction pattern of the latter sample (inset to
Fig. 5c¢) is further evidence of decomposition.

The microstructural evolution for this alloy
upon further decomposition is shown in the
sequence depicted in Fig. 6. The annealing tem-
perature was 900°C, and annealing times from
6 min to 127h were used.
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Well-defined and periodic decomposition pro-
ducts are maintained for the entire annealing
sequence; in all cases, the direction of spot separa-
tion in diffraction patterns is parallel to [001].
This spot sepration allows a calculation of the
lattice parameter difference of the two exsolved
phases. From Bragg’s law, it is easily derived that

—c> RAR  —c® AR

Ae =" 0LyY " PR @

where R is the distance from the (000) spot to
the original (hkl) diffraction spot in reciprocal
space, AR is the spot splitting, A is the wavelength
of 650kV electrons, and L is the camera length
of the electron microscope. The data for Fig. 6f
are shown in Table I; the mean Ac is 0.215A.

The phase boundary compositions at 900°C
are 10.5% TiO, and 80mol % TiO,, as estimated
from Fig. 1; the corresponding lattice parameter
difference, Ac, (taken from [7]) is 0.17904, in
tolerable agreement with experiment.

TABLE 1

Index R{(cm) AR(cm) d(A) Ac(A)
224 2205 0.14 0.6973 0.2432
(I13) 1595 0.095 0.9795 0.2009
(115 258 0.17 0.6049 0.2098
002 102 0.08 1.5383 0.2413
a1d 209 0.12 0.7491 0.1863
(113) 160 0.10 0.9795 0.2108

Figure 5 TEM evidence of the earliest stages of decom-

.position of the equimolar alloy. (a) As-quenched sample;

(b) and (c) samples annealed at 10 and 20 min, respect-
ively, at 750° C. Note the side bands adjacent to dif-
fraction spots in the electron diffraction inset to (c).
Magnifications for (b) and (c) as for (a).




Figure 6 Microstructural evolution of the equimolar alloy decomposed at 900° C. The annealing times for (a) to (f) are
6,15, 20, 60 and 450 min, and 127 h, respectively. All magnifications and orientations as for (a).
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Figure 7 Electron micrograph of the most extensively decomposed equimolar alloy studied, which was annealed for

63 h at 1000° C. See text for further discussion.

The most extensively decomposed specimen
studied by TEM was annealed for 63 h at 1000° C
and is shown in Fig. 7. The characteristic lamellar
periodicity is no longer perfectly defined and the
presence of two sets of spots in the diffraction
pattern makes indexing very difficult. (The in-
dexing shown in Fig. 7 refers to only one set of
spots.)

The nature of the decomposition products of
the 80% TiO, alloy annealed at 900°C for 15h
is shown in Fig. 8. No periodic precipitates were
found, nor was spot separation observed. However,
extensive precipitation was observed at high-angle
grain boundaries, as shown in Fig. 8a and b.
Consider Fig. 8a first. As can be seen, the two
grains have quite different orientations — their
zone axes are [1 1 1] and [1 T2] — so that the
misorientation is ~ 18°. When the selected-area
diffraction aperature included the grain-boundary
region, the diffraction pattern consisted of a super-
position of the individual diffraction patterns of
the two grains, but with each diffraction spot
showing clear spot separation. This indicates that
the presence of the grain boundary caused hetero-
geneous precipitation, the precipitate phase having
a well-defined orientation relationship with the
matrix on either side of the grain boundary. The
grain-boundary precipitate itself can be more
clearly seen in Fig. 8b. As with the equimolar
alloy, the observed spot separation can be used to
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calculate the lattice parameter difference between
the precipitate and matrix. The new diffraction
spots have appeared along [0 O 1] close to the
original spot but with a larger d spacing, consistent
with it being SnO,-rich. Equation 1 is still used,
but AR is now the distance from the original
(h k 1) spot to the new precipitate spot. Using the
spot separations for the (3 0 3), (4 0 4), and
(5 1 4) reflections, Ac was found to be 0.179,
0.169, and 0.223 A, respectively, again in reason-
able agreement with the expected value of
0.179 A.

3.4. SAXS results

SAXS studies of the equimolar composition were
conducted at 900° C; a typical scattering pattern
and its microdensitometer scan are shown in Fig.
9a and b, respectively, while the results of the
annealing experiments themselves, in the form of
scattered intensity (/) versus wave number (B)
curves, are shown in Fig. 10.

The SAXS diffraction pattern (Fig. 92) is some-
what unusual and requires further comment. The
pattern contains several radially elongated streaks
and not a ring pattern. Since the diffraction is
occurring from a lamellar structure (cf. Fig. 6),
the usual Bragg equation, A = 2d sin 6, describes
the small-angle X-ray scattering, with the spacing d
being ~ 100 A, and the diffraction angle 6 ~ 0.5°.
Since the scattered intensity was so low, unfiltered
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Figure & TEM evidence of grain-boundary precipitation in an 80 mol% TiO, —20 mol% SnO, specimen annealed at
900° C for 15h. (a) and (b) examples of two different high-angle grain boundaries. The misorientation is 18° in (a)
and 68° in (b).
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Figure 9 (a) Small-angle X-ray diffraction pattern and (b) corresponding microdensitometer scan for an equimelar

sample annealed at 900° C for 20 minutes.

us.b

Figure 10 I-8 curves derived from small-angle X-ray scat:
tering data for samples annealed at various times at
900° C.

Cu radiation was used, with § being calculated
assuming the diffraction occurred for the CuKa
radiation.*

Given the small diffraction angles, the lamella
planes that are diffracting must be nearly parallel
to the X-ray beam. The lamella planes are not
perfectly oriented, however, and there are small
angular deviations in all directions within the plane
perpendicular to the c-axis. Thus, a streak that is
symmetric around the X-ray beam is expected, i.e.
a single grain with lamella planes almost parallel to
the X-ray beam gives rise to two radially elongated
streaks. If the number of grains satisfying the
diffraction condition is large enough to give
diffraction in ali directions, a diffraction ring
centred at the central X-ray beam will be observed.
In the present experiments, while the orientation
of the grains is random, the number of grains

exposed to the X-ray beam is small and a simple
calculation indicates that the number of grains
satisfying the diffraction condition, i.e. with the
c-axis within 1° about any direction perpendicular
to the X-ray beam, is of the same order as the
number of streaks observed in Fig. 9a. Since the
centre of the X-ray beam could not be accurately
located, the microdensitometer was used to scan
only symmetrical pairs of streaks, and the centre
of the X.ray beam was located at the centre of the
two maxima in the spectra.

4. Discussion

It is clear, particularly from the LAXD and TEM
results, that alloys inside and outside the spinodal
decompose differently. For the 20 and 80% TiO,
alloys in the metastable portion of the phase dia-
gram, classical heterogeneous nucleation and
growth appears to occur. The longer times needed
to observe detectable decomposition, compared
to the equimolar alloy, is due to the need to form
nuclei of a critical size which have a large com-
position difference from that of the matrix; of
course, this is also the reason why the precipitate
peaks are well separated from the main peak in
LAXD. The fact that no noticeable changes
occurred in the shape of the main diffraction
peak, and the small intensity of the precipitate
peak, result from the small precipitate volume
fraction in these alloys.

Decomposition of the equimolar alloy at tem-
peratures < 1000° C would be expected to occur
spinodally, and all our evidence is consistent with
this. The lack of any incubation period (see Figs.

*Sin 20 = R/L = 26, where R is the distance from the central X-ray beam to the position of maximum diffracted inten-
sity on the X-ray film and L is the specimen-to-film distance. The diffraction equation can, therefore, be written R =
AL/d. For d = 100 A and L = 250 mm, R for CuKg radiation would be 7% less than R for CuKw radiation. Since the
intensity of the Kg radiation is ~ 4 that of Ke, this effect was ignored.
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2, 5 and 10) indicates that decomposition occurs
continuously and spontaneously. In the LAXD
study (Fig. 2), the composition fluctuations,
which cause the side band intensity, are seen to
increase gradually in magnitude with increased
annealing time and also to cause a gradual increase
(decrease) in the TiO, -poor (-rich) decomposition
product.

In electron transmission, evidence of decom-
position can be seen uniformly throughout the
grains in the bright-field micrograph for annealing
times as short as 10 min at 750° C (Fig. 5b) and
sidebands around diffraction spots are visible in
the diffraction pattern of the 20 min specimen
(inset to Fig. 5¢).

Although the SAXS spectra (Fig. 10) do not
show the “crossover” often taken as “‘proof”
of spinodal decomposition, our previous analysis
{4] has shown that such a crossover is only
expected if the decomposition can be described
by a linear spinodal theory, We believe that cross-
overs are likely to be observed only in samples
“perfectly” quenched from very high tempera-
tures (this would be indicated by a “flat” I—§
curve, i.e. one where the scattered intensity is
essentially independent of wave number), and
such a good quenching could not be achieved in
the present experiments.

It finally remains to discuss the magnitude of
the composition fluctuations and their variation
with annealing time. The most straightforward
way is to use the SAXS data. The wave number
receiving maximum amplification is readily
apparent from data such as is shown in Fig. 10,
and this characteristic periodicity is given in Table
II as a function of annealing time at 900° C. As
seen in Fig. 6, electron micrographs of samples
decomposed at this temperature showed period-
ically arrayed lines of contrast perpendicular to
[0 0 1]. Even though strain contrast due to
precipitates in electron microscopy is complicated
and in some cases is not in the same orientation
as the particles causing the strain [18], it is clear
in the present study that the periodic contrast in
the micrographs was caused by a periodic strain
between two phases, differing alternatively in
composition and in lattice parameter along
[0 0 1]. The TEM data are also shown in Table II,
and are in substantial agreement with the SAXS
data; they are based on the assumption that the
dark lines in the micrographs are due to strain
contrast; the characteristic periodicity was thus

TABLE II

Annealing  Direct Optical SAXS (A)
time at Observation™® Diffraction
900° C (R) &f
(min)
6 144 138 133
9 133 - 124
15 88 - 77
20 154 164 157
60 180 208 193
450 233 256 213
7620 417

*In order to measure the periodicity by transmission
electron microscopy only grains oriented such that
[0 0 1] was perpendicular to the electron beam were
used. All micrographs were taken at X 50 000. The plates
were then magnified X 4 and projected onto a screen to
measure the characteristic periodicities.

tSince the periodicity of the structures were not perfect,
the characteristic spacings were measured using an optical
diffractometer (6328 A laser and a 178.1 cm camera
length). Because of the imperfect periodicity, only
diffraction up to second order could be recorded.

calculated to be twice the distance between
adjacent dark lines.

In agreement with Schultz and Stubican’s data
[8] and Gupta and Cooper’s calculation [15],
Table II shows that the characteristic periodicity
first decreases with ageing time to a minimum and
then increases. Following Gupta and Cooper, we
attribute this to the need for the composition
fluctuations formed during the imperfect quench-
ing to decay, before coarsening begins. For the
900° C annealing experiments, insufficient data
are available at large wave numbers of the com-
position fluctuation to establish whether ¢*/3
coarsening occurs; however, such behaviour is
found for a “quenched” sample containing a
composition fluctuation of 150 A and annealed at
1000° C (these data are reported elsewhere [19]).
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