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The Effect of Calcination on the Surface Composition and Structure
of Titanium Dioxide Coated Mica Particles
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Thin layers of polycrystalline 110, were deposited on flaky muscovite and phlogopite particles. Deposi-
tion was performed in a water slurry using aqueous TiCl, as the titanium source. The eflects of heat
treatments on the surface composition of thin TiO, films were studied by XPS technique, The surface
composilion was strongly dependent on the calcination temperature, The substrate components diffused
through the film and as a consequence the outermost surface was a rixture of oxides of titanium,
siticon, aluminum, and sodium. Surface composition was not alfected by calcination after a certain
induction period. The dilfusing cations are believed to have an effect on the anatase-to-rutile transforma-
tion which was obscryed in the FiQ,—phlogopite system but not in the TiO,-muscovile system.
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1. Introduction

TiO,—mica pigments arc small mica plate-
lets coated with a thin layer of TiO,. They
are prepared by depositing hydrous TiO,
from Ti(IV) solutions onto the mica flakes.
Alter the deposition step the flakes are cal-
cined in order to incrcase their refractive
index and light stahility. The dilfercnce in
refractive indices between mica and TiO,
gives rise to optical interference and hence
the pigmcnts have difTerent colours de-
pending on the layer thickness of the TiO,
coating.

In a previous study (/) it was shown that
the type of the mica has an influence on the
phase transition temperature of TiQ, from
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anatase Lo rutile, Powder XRD measure-
ments revealed that the coating on musco-
vite mica remained in the anatase structure
through the whole calcination temperature
range studied, which extended up to 1000°C.
On phlogopite mica TiO, began to trans-
form from anatase to rutile at 850°C. At
950°C 50% of the coating was already ru-
tile. In the literaturc this transformation
temperature is reported to vary between
610 to 1100°C for unsupported TiQ, de-
pending upon the method of synthesis, the
atmospherc, and the presence of foreign
ions (2-10).

The aim of this study was to investigate
whether anncaling transfers impurity ions
from the mica substrate to the thin overlay-
ing TiQ, films. Then the differences in
crystallization behavior of thin TiO, films
deposited on chemically diffcrent mica sub-
strates could possibly be explained in this
way.,

160)



CALCINATION OF COATED MICA PARTICLES

2. Experimental

2.1. Deposition of the TiO, Coating

The micas used as substrates were musco-
vite and phlogopite. Muscovite was of In-
dian origin whereas phlogopite was from
Siilinjirvi ore in Finland. Structural, chemi-
cal and physical properties of Siilinjirvi
phlogopite have been published earlier by
Puustinen (71, 12). The shapes of mica parti-
cles used were platelike. The diameter of
particles ranged from 5 to 50 pm and the
thickness was less than 1 pum.

The titanium source was technically pure
TiCl, . Before use it was diluted with water
so that titanium(IV) concentration was 2.1
mol dm 3. The sodium hydroxide used was
also of technical purity.

A quantity of 50 g of mica was slurried
with 500 g of water., The batch was then
heated to 70°C and the pH was adjusted
to 2.2 with dilute hydrochloric acid. Then
aqueous TiCl, solution was introduced to
the agitated slurry at a constant speed of 0.5
ml min~" and hydrous titanium dioxide was
deposited on mica flakes. The pH of the
slurry was kept constant by the simultane-
ous addition of aqueous sodium hydroxide
solution. After the deposition step the solids
were separated and washed with deionized
water and dried for 16 hr at {10°C. After
drying the resulting TiO, coated mica pow-
ders were calcined at different temperatures
in air in order to crystallize the coating.

Thicknesses of the TiO, films were esti-
mated by means of both the interference
colour of the reflected light and the quanti-
ties of TiCl, solution used. The coating
thicknesses varied from 10 to 200 nm. Figure
1 reveals that the TiO, coating is polycrys-
talline with a smooth surface except for
some tiny cracks. The widths of these
cracks increased with increasing calcination
temperature or with increasing coating
thickness. However, the widths of the
cracks in the pigments studied were so smail
that the contribution of the uncovered sub-
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strate to the surface composition is negligi-
ble. The complete results of the powder
XRD measurements are presented in Ref.

(1).

2.2. XPS Measurements

Samples for XPS measurements were pre-
pared by fixing the coated mica platelets
onto the molybdenium sample holder with
Leak Sealing Compound (Vacuum Genera-
tors Ltd) diluted with acetone. When a drop
of this solution was dried on molybdenum
plate for a minute, platelets were gently
pressed to achieve a complete coverage of
the molybdenum surface over an arca of
about | ¢m?, After a drying period of an
hour loosely held platelets were shaken off
the sample. Finally the sample was blown
with hot air. This might lead to the contami-
nation of platelet surfaces with elements like
carbon, hydrogen, and oxygen in the form
of hydrocarbons, carbon oxides, and water,
but it was necessary to avoid the pressure
rise due to the attachment of loosely held
platelets to valves of the vacuum system.

XPS measurements were carried out with
a PHI Small Spot ESCA 5400 electron spec-
trometer in the constant analyzer energy
mode. The XPS spectra were excited by
nonmonochromatized Mg Ka-radiation,
The area of the analyzed sample surface was
approximately 1 mm? The survey spectra
of samples covered binding energies 0-1100
eV. Samples were also depth profiled by
argon ion sputtering using a PHI 04-300 ion
gun with 3.0 kV acceleration voltage and 25
mA current. The profiling speed was ap-
proximated to be roughly 1 nm/min by
means of calibration measurements using a
510,/ Si—system.

Sample preparation might lead to the con-
tamination of surfaces increasing especially
their carbon, hydrogen and oxygen content.
Because the main interest was to study the
behavior of the cations of mica the major
emphasis was given to following calcination
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FiG. 1. SEM picture (10,000 %) of muscovite platelets coated with a 100 nm thick TiO, film (calcined

at 850°C).

induced changes in the cation fractions of
the surfaces.

3. Results and Discussion

3.1. Micas

The effects of the heat treatment on the
substrate surface compositions were inves-
tigated by comparing surface compositions
of dried (110°C) and calcined (850°C) micas
(Table I). It can be seen that the calcination
effects are small except those concerning
sodium. At the surfaces of muscovite plate-
lets the sodium concentration increases by a
factor of 4 during the calcination. However,
the situation is the reverse at the phlogopite
surfaces, where the sodium content de-
creases from 0.4% to below the detection
limit of XPS. The most probable explanation
for this discrepancy is contamination of the
uncalcined phlogopite sample.

3.2, TiO, on Muscovite

Platelets which had about an 80 nm thick
TiO, coating were calcined at 850°C for dif-
ferent times and their surface compositions

were evaluated from survey XPS spectra.
Figure 2 depicts cation fractions as a func-
tion of calcination time. After calcination a
remarkable amount of cations from the mica
can be found on the TiO, surface. The TiO,
film is thick enough (80 nm) to guarantee that
photoelectrons emitted from the substrate
cannot escape through the film without scat-

TABLE I

Mica SurFACE COMPOSITIONS BEFORE AND
AFTER CALCINATION

Muscovite Phlogopite
110°C 850°C 110°C 850°C
O 67.6 66.6 59.1 53.6
Si 15.7 15.6 14.7 18.1
Al 12.9 12.9 9.7 [2.0
Mg 0 0 9.3 9.1
K 3.0 2.6 i3 15
Na 0.6 22 0.4 0
Fe 0 0 1.8 1.9
F 0.3 0.1 1.1 1.5
Ca 1] [t] .4 0.3
Ag 0 0 0.1 0
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Fic. 2. Cation contents at the surface of an 80 nm thick TiO; film on muscovite as a function of

calcination time at 850°C.

tering inelastically. Furthermore, because
cations exist on the surface of TiO, in a
different ratio than on the mica surface it is
reasonable to conclude that the observed
increase is caused by the diffusion through
the TiO, film and not by the tiny cracks of
the film observed in SEM pictures. It can
be seen that the composition of the surface
is stable when the calcination time exceeds
30 min. This can be explained either by the
saturation of the surface or by the limited
amount of diffusing cations availabte from
the thin mica platelets. It is worthwhile to
notice that chloride from the titanium source
was not detected in any sample.

Bach and Schréder have reported a simi-
lar kind of diffusion of sodium ions in TiQ,
films deposited on glass plates (/3). They
observed that the diffusion of sodium ions
also had an effect on the crystal structure

of the TiO, coating. It should be noted that
Na™ and/or Na,O are known to inhibit the
anatase-rutile transformation in unsup-
ported TiO, (6, {4). The aluminum ion is
also known to inhibit this transformation
(15, 16).

The calcination temperature had a sig-
nificant effect on the stabilized surface com-
position (Fig. 3). When the T = 650°C only
the sodium content has increased compared
to the dried (110°C) and uncalcined sample.
Al the higher temperatures amounts of other
mica cations increase with increasing tem-
perature. An interesting feature is that the
sodium content of the sample calcined at
1000°C is only about a half of its content in
the sample calcined at 850°C. This is proba-
bly due to the slow sublimation of Na,O at
1000°C. In 80 nm thick films the potassium
content exceeds the XPS detection limit
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FiG. 3. Surface cation fractions of an 80 nm thick Ti(), film on muscovite as a function of calcination

temperature.

only when the calcination temperature
reaches 1000°C. In thinner coatings (40 nm)
potassium is observed at the surface already
in samples calcined at 850°C. The tempera-
ture dependence of surface composition can
be explained either in terms of the tempera-
ture dependence of the saturation concen-
tration of the surface or in terms of different

amounts of mica cations available for diffu-
sion at different temperatures as a result of
temperature dependent structural changes
of mica. These structural changes leading
to partial decomposition of mica can be seen
in X-ray diffraction patterns.

Depth profiling measurements show that
the silicon and aluminum contents increase
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FiG. 4. Depth profiles of impurity cations in an 80 nm thick TiQ, film at different calcination

temperatures,

over the entire profiled depth with increas-
ing temperature (Fig. 4), Sharp profiles of
silicon show that it is accumulated at the
surfaces of the films. Profiles of aluminum
are much smoother, which can be attributed
10 lhe better solubility of aluminum into
TiO, compared with other cations. Sodium

differs from the other cations because in
the samples calcined at [000°C the sodium
contents are smaller than in samples cal-
cined at 750 and 850°C due to the partial
depletion of the surface region because of
the assumed sublimation of Na,0. How-
ever, the shape of the sodium profile near
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the surface implies that sodium is accumu-
lated at the surface of TiO, film also in sam-
ples calcined at 1000°C. Probably this accu-
mulation has happened during the cooling
period when the temperature is high enough
for diffusion but too low for sublimation of
Na,0.

When the depth profiles are compared to
those evaluated theoretically, assuming that
the diffusion through a thin film has a grain
boundary diffusion mechanism and that dif-
fusing components are accumulated at the
surface of the film (/7), it can be seen that
measured depth profiles of mica cations are
very much alike. So we can qualitatively
deduce that the diffusion process has a grain
boundary mechanism.

The thickness of the TiO, film had very
listle effect on the surface compositions or
depth profiles (Fig. 5). This is presumably
due to the surface saturation controlled dif-
fusing processes.

It is a well known fact that the cooling
rate has an effect on surface composition
because of segregation equilibria (/8). To
study the effects of the cooling rate for this
particular case we cooled our samples in
two different ways. The faster way was to
take samples from the furnace (850°C)
straight to room temperature. The slower
way was to let samples cool down in the
furnace at the same speed as the furnace.
Silicon and aluminum contents and profiles
did not show any marked cooling rate de-
pendence, However, the sodium content
over the entire profiled region was notice-
ably larger in the slowly cooled sample com-
pared with the more quickly cooled sample
(Fig. 6}.

3.3. TiO; on Phlogopite

The TiO,-phlogopite system was studied
for comparison to the TiO,—muscovite sys-
tem. The behaviour of the surface concen-
trations and depth profiles of TiO, films on
the phlogopite platelets were similar to
those of muscovite substrate. The magni-
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tudes of surface concentrations differed
from films on muscovite substrates but this
is simply because of different mica composi-
tions. As a most extreme example the so-
dium content exceeded the detection limit
of XPS in the TiO,-phlogopite samples just
when the calcination temperature was over
850°C (1.2 cation %). In TiO,—muscovite
samples at the same temperature the sodium
content was 11 cation-%. This is undoubt-
edly due to the small sodium content of
phlogopite, which is only about 10% of the
sodium content of muscovite. Also, the alu-
minum content of the surface of the TiO,—
phlogopite system (5 cation-9% at 850°C) was
only half of its value in the TiO,—muscovite
system (11 cation-% at 850°C).

According to these results the observed
anatase to rutile transformation of the
TiO,—phlogopite system, which was absent
in the TiO,—muscovite system, can be con-
nected with the smaller transformation in-
hibitor (Na, Al) contents of the TiO,-
phlogopite system. Iron is known to
accelerate this transformation (3, /4). The
iron content of the phlogopite mica is tenfold
its content in the muscovite. However, it
was not observed in XPS measurements.

Because the deposition process is the
same for both samples the different sodium
contents of TiO, film surfaces are also clear
evidence that the detected sedium is really
diffused through the TiQ, film from mica
instead of being codeposited from sodium
hydroxide solutioen. Our latest experiments
have confirmed this observation (/9).

As a consequence of its higher content in
phlogopite magnesium was detected from
samples calcined over 850°C as distinct from
samples with a muscovite substrate. This
fact can be of use when the type of mica
coated is analyzed,

3.4. The Effect of the Washing of the
Cualcined Sample

Films deposited on muscovite, 40 nm
thick, were washed with hot water after
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FiG. 5. Depth profiles of impurity cations in samples with different coating thicknesses calcined at

850°C for 90 min.

calcination at 850°C to study how tightly
diffused cations were bonded at the surface.
The XPS measurements showed that po-
tassium content was reduced from 2 cation-
% to below the detection limit of XPS during
the washing procedure. Also the sodium
content was markedly reduced from 12 to 2

cation-%. The ratios 5i/Ti and Al/Ti did not
change in washing.

3.5. The Effect of Substrate
Precalcination

In the previous samples mica was not cal-
cined before TiO, deposition. We conducted
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a experiment where muscovite was calcined
before coating and compared the XPS re-
sults for this sample with a sample which
had a coating of equal thickness on uncal-
cined muscovite. Both samples were cal-
cined after deposition at 850°C for 60 min.
The result was that sodium content was no-
ticeably smaller in the sample with precal-
cined substrate (8 cation-%) than in the sam-
ple with nonprecalcined substrate (12
cation-%). This is probably due to the libera-
tion of sodium during the first calcination
after which sodium is accumulated at the
surface of mica (Tabie I). During the deposi-
tion step this accumulated sodium can be
easily dissolved into the slurry and as a con-
sequence the coated precalcined mica has
a smaller sodium content than coated uncal-
cined mica. Also the potassium content is
smaller in the sample with the precalcined
substrate but the difference (2.1 and 1.6
cation-%2) is not very remarkable, particu-
larly when the accuracy of XPS is taken in
account. When all the surface atoms, i.e.,
also carbon and oxygen, are considered the
corresponding potassium contents are only
about 0.3-0.4 atomic-%. For potassium the
accuracy of XPS in these concentration lev-
els is around 0.05-0.1 atomic-%.

The silicon content also depends on

whether the substrate is calcined or not be-
fore coating. The sample with precalcined
substrate has a larger silicon content at its
surface (19 cation-%) than the nonprecal-
cined sample (13 cation-%). This is probably
due to the partial decomposition of mica
during the first calcination (cf. 3.2) which
enables the silicon to move more freely dur-
ing the next calcination period. Aluminum
concentration was not dependent on the pre-
treatment of the mica substrate.

4. Conclusions

We coated mica platelets with TiO, and
investigated, by means of XPS, what influ-
ences the calcination conditions have on the
surface compositions of TiO, films. Our re-
sults showed that cations from the mica dif-
fuse through the film to its surface. The
calcination temperature has a strong effect
on the composition of the surface. By means
of depth profiling measurements it can be
qualitatively deduced that the diffusion has
a grain boundary mechanism. Depth profiles
also reveal that cations accumulate at the
surface of the TiO, film. The different sur-
face compositions of TiO, coatings can be
used to distinguish the muscovite and phlog-
opite substrates.
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The observed differences in chemical
compositions and amounts of diffusing im-
purity cations, especially sodium and alumi-
num, in TiO, films may have a contribution
to the different crystallization behaviour of
films on muscovite and phlogopite sub-
strates.

The next thing to study are the influences
of cation diffusion on the pigment proper-
ties, To do this we will prepare pigments
without diffusion process. We assume that
this is possible with a chemical vapor depo-
sition (CVD) technique.
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