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STRUCTURE AND PROPERTIES OF NANOPHASE TIO2

R. W. Siegel, H. Hahn1, S. Ramasamy2, L1 Zongquan3, Lu Ting4, Materials Science
Division, Argonne National Laboratory, Argonne, Illinois USA; and R. Gronsky,
National Center for Electron Microscopy, Lawrence Berkeley Laboratory, University
of California, Berkeley, California USA.

Resume - ̂Echanti"lions, de TiO? (rutile) nanophase de grains ultrafins ont ete
synthetises par la methode de condensation dans un gaz, suivie ensuite par
compaction^en-situ, et etudies par microscopie electronique en transmission, par
microdurete de Vickers, et par spectroscopie d1annihilation positronique en
fonction de temperature de frittage. La densfte des echantillons augmente
rapidement au-dessus de 500°C^avec seulement jine legSre croissance de grains. La
durete obtenue par^ cette methode, effectuee aux temperatures 400-600°C plus
basses que la temperature de frittage conventionnel et sans avoir besoin des
additives de frittage, est comparable on superieure a celle des echantillons de
gros grains.

Abstract - Ultrafine-grained, nanophase samples of TiO2 (rutile) were synthesized
by the gas-condensation method and subsequent in-situ compaction, and then
studied by transmission electron microscopy, Vickers hardness measurements, and
positron annihilation spectroscopy as a function of sintering temperature. The
nanophase compacts densified rapidly above 500°C, with only a small increase in
grain size. The hardness values obtained by this method are comparable to or
greater than coarser-grained compacts, but at temperatures 400 to 600°C lower
than conventional sintering temperatures and without the need for sintering aids.

1. INTRODUCTION

The gas-condensation method [1-3] for the production of small particles in the
size range of 1 to 50 ran has recently enabled the synthesis of a new class of
ultrafine-grained materials by the 1n-situ compaction and sintering of these
particles [4 ] , The resulting nanophase materials, which may contain crystal l ine,
quasi crystal l ine, or amorphous phases, can be metals, ceramics, or composites
with rather different and improved properties than normal coarse-grained
polycrystalline materials. The work so far done on these new materials and their
potential for the future have been recently reviewed [5 ,6 ] . Some advantages of
nanophase ceramics should be: ( i ) Their small particle size during synthesis
should allow for increased sinterabi l i ty at lower temperatures and smaller
residual pore sizes owing to a combination of high driving forces and short
diffusion distances, avoiding the need for sintering aids, ( i i ) The exceptional
physical and chemical control available in the gas-condensation method lets the
particle surfaces be maintained clean allowing subsequent high grain-boundary
purity and thus negligible interfacial phase formation, ( i i i ) The large fraction
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of atoms residing in interfaces, almost one-half in the case of a 5 nm grain
size, may allow for new atomic arrangements and thus novel and improved ceramic
properties. Such properties may include, for example, mechanical properties
which might be improved through higher grain-boundary purity and the absence of
brittle phases .. therein or small grain sizes allowing for more efficient
deformation mechanisms and more effective crack dissipation.

In order to explore the feasibility of creating nanophase ceramics with such
improved properties, ultrafine-grained nanophase "MO2 (rutile) samples were
synthesized in the present work by the gas-condensation method and then studied
by a variety of techniques as a function of sintering temperature. The
desirability of small and uniform particle size for obtaining quality ceramics
has been well documented for ceramics in general [7] and for TiO2 specifically
[8,9], Nanophase ceramics, with their high grain-boundary purity and very small
and rather uniform particle size, are expected to sinter at lowar temperatures
than normally available ceramics with larger particle sizes, and to exhibit
improved properties [6], Consequently, for comparison with the nanophase
samples, coarser-grained samples were also synthesized from commercial powders
and similar measurements were carried out.

2. EXPERIMENTAL PROCEDURE

The ultra-high vacuum chamber used for the preparation of nanophase TiO2 by the
gas-condensation method has been described elsewhere [6]. Titanium (99.7% pure)
was evaporated from a resistance-heated tungsten boat at temperatures between
1550°C and 1650°C into a 0.3-0.7 kPa helium atmosphere over a period of 15 to 30
min. The small Ti particles formed by condensation in the He-gas were deposited
on the cold-finger of the production chamber, and subsequently oxidized by the
introduction of about 2 kPa of oxygen into the chamber. The particles were then
compacted at 1.4 GPa at room temperature, resulting in a TiO2 nanophase compact
of 9 mm diameter by about 0.2 mm thick with a mean grain diameter of 12 nm.

For comparison with the nanophase TiO2, samples were also synthesized from
commercial TiO2 powder, which was ball-milied using NiO balls to an average grain
size of 1.3 urn, with a maximum grain size of 2.5 ym. Three samples were made
from this commercial powder. The first was compacted at 1.4 GPa at room
temperature without any sintering aid, as a direct comparison with the nanophase
sample, while the second was compacted at the same pressure, but using a B%
aqueous solution of polyvinyl alcohol (pva) as a sintering aid. The third sample
was compacted at 0.1 GPa with the same pva solution, this method being
essentially the conventional one for the preparation of such a ceramic. The
densities of the green pellets ranged from 55 to 70% of theoretical density.

Grain-size distributions were determined in the nanophase samples by transmission
electron microscopy (TEM), and in the coarser-grained samples by scanning
electron microscopy (SEM). Vickers microhardness was measured at room
temperature, using a load of 15 g and an indentation time of 25 s, on the
as-compacted samples and after sintering successively for one-half hour at
temperatures up to 1400°C. Complementary positron annihilation spectroscopy
(PAS) lifetime and Doppler-broadening measurements were also made in order to
monitor sample porosity as a function of sintering up to 900°C. In addition,
high-resolution electron microscopy (HREM) observations of grain and
grain-boundary structures were also carried out on selected nanophase samples
using the Atomic Resolution Microscope at the National Center for Electron
Microscopy, LBL. An operating voltage of 1 MeV was chosen to provide better
penetration of some of the thicker particles while retaining resolution at the
0.16 nm level. No attempt was made to orient the individual particles under the
electron beam; instead, the samples were scanned for large thin areas and imaged
in through-focus series bracketing the minimum contrast [10] condition.
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Figure 1. Average grain size of nanophase TiO^ {rut i le) as a function of
sintering temperature determined by TEM. The sintering anneals were one-half
hour in duration at each successive temperature. The grain-size distribution for
the as-compacted sample is shown in the inset.

3. RESULTS AND DISCUSSION

The results of the grain-size determinations using TEM on the nanophase TiOg as a
function of sintering temperature are presented in Figure 1. I t can be seen that
the grain-size distribution for the as-compacted sample is rather narrow and
typical of the particle-size distribution produced in the gas-condensation method
[2 ] . The distribution appears to remain unchanged by the Ti oxidation and
subsequent compaction processes. I t can also be readily seen that the average
grain size increases very l i t t l e up to about 550°C, and only rather slowly with
sintering temperature up to about 800°C, at which temperature grain growth
becomes fa i r ly rapid. A similar grain-size stabi l i ty against temperature has
been found for nanocrystalline iron with an in i t i a l average grain size of 6 nm
[11].

Figure 2 shows a high-resolution electron micrograph from a rather typical region
of the nanophase TiO2 sample sintered for one-half hour at 500°C. The grains
here are seen to be essentially equiaxed with relatively planar boundaries. The
grain boundaries in the as-compacted sample, on the other hand, appeared to be
significantly less planar than th is , but detailed atomic structural studies of
these nanophase boundaries have not yet been completed. The lat t ice fringes seen
1n Figure 2 are those representative of the atomic planes of ru t i l e , as confirmed
by both electron and X-ray diffraction patterns on al l of these samples.



Figure 2. High-resolution transmission electron micrograph of nanophase TiO2
(rutile) after sintering for one-half hour at 500°C. The sample was prepared for
TEM observation by fracturing the sintered compact, which gave rise to the open
areas seen in the micrograph.

The Vickers microhardness measured at room temperature is shown in Figure 3 as a
function of sintering temperature for three different TiO2 (rutile) samples, the
nanophase sample with 12 nm initial average grain size compacted at 1.4 GPa, and
two samples with 1.3 \f\ initial average grain size compacted at 1.4 GPa and
0.1 GPa. The latter sample, prepared essentially in accord with standard ceramic
processing methods, was the only one of these three which was sintered with the
aid of pva. The results for a fourth sample prepared in a similar manner with
pva, but compacted at 1.4 GPa, are not shown in Figure 3; they are very similar
to those for the 1.3 urn, 0.1 GPa sample, but shifted to lower temperatures by
about 150°C. It can be readily seen from these microhardness measurements that
the nanophase TiOo sinters at considerably lower (between 400 and 600°C)
temperatures than the commercial 1.3 \m powder with the aid of pva, yielding
comparable or greater microhardness values. For reference, the Yickers
microhardness of a single crystal of TiO2 measured under identical conditions is
1036 ± 66 kgf/mm2. Preliminary fracture toughness studies on these samples, made
by measuring the crack lengths emanating from microindentations at higher loads,
appear to confirm the similar or better mechanical properties of the nanophase
TiOo in comparison with the coarser-grained material and single-crystal TiO2
(rutile) as well. Without the aid of pva, the commercial powders are seen to
sinter rather poorly and exhibit inferior mechanical properties, as expected.

Although it seems apparent from the microhardness measurements that densification
of the nanophase sample was taking place upon sintering above 500°C, PAS
measurements were also carried out in order to monitor this densification more
directly. The results, which will be published elsewhere by the present authors
in a more complete account of this study of nanophase TiO2, show in their simple
two-state behavior that both the 12 nm, 1.4 GPa nanophase sample and the 1.3 pin,
1.4 GPa commercial-powder sample (see Figure 3) began densifying rapidly above
500°C, but that the nanophase sample did so more rapidly with increasing



temperature than the coarser-grained sample, resul t ing 1n a smaller void or pore
density at 900°C. As might have been expected, the PAS l i f e t ime measurements,
which are also sensit ive to varying pore sizes when they are smal l , c lear ly
Indicate smaller pore sizes in the nanophase sample re la t i ve to the coarser-

—grained sample at a l l the s in ter ing temperatures Investigated by PAS. •••-—-

•The resul ts of these f i r s t Investigations on nanophase TIG2 Indicate that these
'compacts, although already rather well bonded on compaction at room temperature,
; densify rapidly above 500°C, with onl$S a small Increase in grain s ize . The
hardness values obtained by th is method are comparable to or greater than those
of s ing le-crysta l TIO2 or coarser-grained compacts, but at temperatures some 400
to 600°G lower than conventional s in ter ing temperatures and without the need fo r

\ s in ter ing aids. Much work s t i l l needs to be done regarding the characterizat ion
of nanophase ceramics and the elucidat ion of the i r f u l l po ten t ia l . However, the
results of th is f i r s t study appear to hold considerable promise for the future of
nanophase ceramics.
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Figure 3. Vickers microhardness in kgf/mm2 of TiO2 ( rut i le) measured at room
temperature as a function of one-half hour sintering at successively Increased
temperatures. Results for a nanophase sample (squares) with an in i t ia l average
grain size of 12 nm compacted at 1.4 GPa are compared with those for coarser-
grained compacts with 1.3 ym In i t ia l average grain size sintered at 0.1 GPa with
(diamonds) and at 1.4 GPa without (circles) the aid of polyvinyl alcohol from
commercial powder.
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