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Since potassium hexatitanate whisker is often used for the filler of composites or as a
catalyst, its surface is very important. In this paper the surface morphology and structure of
potassium hexatitanate fiber has been observed by AFM. The potassium hexatitanate fiber
shows that its surface has different “lamellas”. In addition, we obtained the temperature
dependence of the linear expansive ratios along a, b, ¢ 3 directions of the cell by molecular
dynamics simulation. The simulation result shows that the linear expansive ratios along the
3 directions are almost the same. Therefore, the periodical surface structure is not
generated by the shrinkage along 3 directions in the cooling process of the K,0-6TiO,
whisker preparation. The surface structure is believed to be related to the mechanism of
crystal growth of the K,0 - 6TiO, whisker and is consistant with the “liquid melt inducing”

model [22]. © 2003 Kluwer Academic Publishers

1. Introduction

The annual number of papers showing applications of
atomic force microscopy (AFM) to oxides has more
than doubled from 1994 to 1997 [1], and from 1997 to
2001 the annual number of papers has also increased
sharply. The studies of oxides by AFM concentrated on
the following three aspects: the surface of single crystal
oxides; the film of oxides and the powdered sample of
oxides. However, relatively fewer results on powdered
samples have been reported [2—4]. The main reason is

that it is difficult to prepare the powdered samples
and obtain the high resolution image, especially atomic
level resolution. Also, it is not very easy to explain the
images obtained. However, the powdered oxides dom-
inate in practice. If the problems mentioned above are
overcome, the AFM study on powdered oxides will be
very promising.

Since the synthesis cost of K,O-6TiO; is low and the
quality and the cost performance are high, it is widely
used. Itis well known that the properties of materials are

Figure 1 Projection of idea K, O - 6TiO; whiskers [010] surface.
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determined by the structure of materials. Similarly, the
properties of K,O - 6TiO, whisker are also determined
by its structure. The bulk structure of potassium hex-
atitanate fiber has been examined in detail by XRD
and TEM (SAED) methods [5, 6]. It has a tunneling
structure and consists of distorted Ti—O octahedrons,
which share the planes and edges and enclose the potas-
sium ions (as show in Fig. 1). Because potassium ions
in K,0O - 6TiO, whisker are enclosed by the tunneling

structure and isolated from the environment, potassium
ions can’t escape from the tunneling structure in the
solution and present the inertia of chemistry [5, 7]. It
was reported that the axial direction of the K,O - 6TiO,
whisker along [010] direction was proved by the exper-
iment of TEM (SAED pattern) (see Fig. 1) [5]. Potas-
sium hexatitanate (K,O - 6TiO,) fiber is an advanced
reinforcing material for the composites to improve the
property of mechanics and tribology in industry [8—13].
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Figure 2 XRD figure of K>O - 6TiO, whiskers.
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Figure 3 a, b, c are the K»O - 6TiO, whiskers SEM pictures of different amplified factors.
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Figure 4 AFM morphology pictures of potassium hexatitanate whisker: (a) 20 um x 20 um (Topography), (b) 4 um x 4 um (Topography),
(c) 1800 nm x 1800 nm (Topography), (d) 3-dimensional picture of Fig. 4c (an angle rotated), and (e) contour of line 1 in Fig. 4c.

Furthermore, fiber-shaped materials have photocatal-
ized characterization [14]. The surface of tunneling
structure K,O - 6TiO, whisker combined with RuO,
was used as a photocatalysis for water decompositon
[15-17].

Since it is often used as the support, catalyst, ad-
vanced reinforcing material for the composites, the
modified surface is often required. And the start point
of modified surface study is based on the understanding
of the surface. The surface morphology and structure
of potassium hexatitanate fiber were characterized by
SEM and TEM in the past. However, SEM provides
too low resolution to observe the details of the sur-
face. Because the diameter of potassium hexatitanate
is about 0.3—-1 pm and the length is about 3-20 pm,
TEM can’t be used to observe it directly although the

SAED pattern gives the structure of the lattice. There-
fore, in this paper we want to observe the morphol-
ogy and surface structure of potassium hexatitanate
K;,0 - 6TiO, whiskers by AFM which can obtain im-
age form micron level to atomic resolution. Also, we
want to obtain the local roughness of potassium hexati-
tanate K,O - 6TiO, whiskers, which affects the harm in
biology [21].

2. Experimental section

2.1. Materials

The synthetic methods of the fibrous potassium hex-
atitanate (K,O - 6TiO,) were reported [18-20]. K,CO3
and TiO, were mixed up as the raw materials and sin-
tered at a certain temperature. K,O - 6TiO, whiskers
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Figure 5 AFM surface structure pictures of potassium hexatitanate whisker: (a) Size: 1000 nm x 1000 nm (Topography), (b) 3-dimensional picture
of Fig. 5a, (c) size: 1000 nm x 1000 nm (error signal) the same area with Fig. Sa, (d) 3-dimensional picture of Fig. 5c, and (e) contour of the line in

Fig. 5a.

can be obtained directly [22]. Also, K;O-6TiO,
whiskers can be obtained by ion-exchange method from
intermediate product K,O - 4TiO, whiskers [18]. In this
paper, the K,O - 6TiO, whiskers used are the products
of HT300 Japan. Fig. 2. shows the XRD diagram of the
K0 - 6TiO, whiskers. Fig. 3 shows the SEM pictures
of different amplifications of K,O - 6TiO, whiskers.

2.2. Atomic force microscopy imaging
The samples used for atomic force microscopy (AFM)
observation were prepared by dispersing some products
in distilled water followed by ultrasonic vibration for
half an hour, then dripping a drop of the dispersion onto
a cover glass [4].

Atomic force microscopy (Park Company, Auto
Probe CP5 Research) was used to image each sample
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in air at room temperature. A silicon nitride cantilever
with a force constant of 0.26 N/m was used in contact
mode AFM. The cantilever was 180 um long, 25 um
wide and 0.10 pum thick with an attached tip whose
apex radius was less than 15 nm. The scan rate is 0.5—
3 Hz. Firstly, The sample was placed on the scanner,
and some areas contained fibers were found by opti-
cal microscopy and monitor. Secondly, we scanned in
large areas and found single fiber. Lastly, we scanned
the surface of the single fiber with different scan areas.

3. Results and discussions

3.1. Morphology

We chose the 100 um scanner owing to the size of
K0 - 6TiO, whisker. The AFM morphology pictures
of potassium hexatitanate whisker are given in Fig. 4.



Fig. 4a shows the AFM image (20 um x 20 um Topog-
raphy) of K;O - 6TiO, whiskers deposited on the sub-
strate. Fig. 4b shows the AFM image (4 um x 4 pum To-
pography) of one fraction in Fig. 4a. Fig. 4c shows the
single whisker image (1800 nm x 1800 nm Topogra-
phy). Fig. 4d shows the 3-dimensional image of Fig. 4c.
From Fig. 4d and e we find that the arrises do exist,
which present that K,O - 6TiO, whisker is a pillar-like
crystallite and the cross section is not square [21] but
rectangular. Since 3-dimensional images in real space
can be obtained by AFM, the images in Fig. 4c and d are
more directly perceived through the sense comparing
with Fig. 3c.

3.2. Surface structure

The surface of another single K,O - 6TiO, whisker was
scanned with 5 um scanner. Fig. 5 shows the surface
AFM image (1000 nm x 1000 nm Topography) of sin-
gle K,O-6TiO, whisker. From Fig. 5a we find that
many lamellas do exist along the axis. Also, we find
that the SEM image (Fig. 3b) of a bundle of whiskers is
similar to the surface image of a single whisker. There-
fore, the surface of the K,O - 6TiO, whisker is believed
to be composed of many small lamellas and the diame-
ters of the lamellas are about 30 nm—150 nm and these
lamellas have the same axial direction with the whisker
itself. The surface structure is believed to be related
to the crystal growth mechanism of the K;O - 6TiO,
whisker and coincide with the “liquid melt inducing”
model [22]. The model includes 4 processes. In the
first process, the surfactant is used to assembly the well-
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mixed precursor, the anatase-K,COj3 inclusion contain-
ing the nano TiO, powders coated by K,COj3 crys-
tallized from the solution. In the second process, the
decomposable K,Ti;Os single crystals providing the
matrix materials for the formation of K,Ti4Og whiskers
are generated by the solid-solid sinter calcination. In the
third process, the orientation melt of the K,O-rich lig-
uid melt splits the decomposable K,Ti,Os single crys-
tals into layer-by-layer K, TisO9 whiskers with layered
crystal structure. Liquid melt covers on the whisker sur-
face to form the sinters with sheaf whisker structure.
In the last process, it is processed at a higher reaction
temperature. The K, O-rich liquid melt melts and aggre-
gates in the splits and the spaces among solid K, TigO13
whiskers. When comparing with the third process the
whiskers with tunnel crystal structure evolves from the
former K,Ti4O9 whiskers with layered crystal struc-
ture and much more liquid melt generated induces the
size decrease of the K, TigO;3 whiskers in diameter. Be-
cause the atomic resolution images of the K,O - 6TiO,
whisker haven’t been obtained yet, we are not sure
which planes the surfaces of K,O - 6TiO, whisker are.
Because the (100) and 201 plane are the two weak-
est binding planes [6], the surface of the K;0O - 6TiO,
whisker perhaps consists of these two planes. Fig. 4b
is the 3-dimensional image of Fig. 6a and we find
the lamellas clearly. Fig. 5c is the AFM image (Er-
ror Signal) the same area as Fig. 5a. Fig. 5d is the 3-
dimensional image of Fig. 5c. And the surface structure
are seen more clearly from Fig. 5¢ and d. Fig. 5e shows
the contour of the line in Fig. 5a. The Table I gives
the line analysis of the line in Fig. 5a. The roughness
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Figure 6 Temperature dependence of linear expansion ratio from molecular dynamics simulation.
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TABLE I Line analysis of line 1 in Fig. 5a

Rms rough Rave rough

Rp-v (Rq) (Ra) Mean Ht Median Ht

Line 1 56.84 nm  15.81 nm 14.08 nm 145.6 nm  140.9 nm

along the line in Fig. 5a is about 14.08 nm. It is one of
the reasons that the K,O - 6TiO, whisker presents weak
toxicity. Also, it is the reason that it tends to substitute
the asbestos.

4. Molecular dynamics simulation

Molecular dynamics simulation was done on the bulk
K>TigOq3. The simulation detail could be found in an-
other paper [23]. The simulation results of rutile TiO,
are in very good agreement with experimental data.
The thermal expansivity of K, TigO;3 is firstly obtained
by molecular dynamics simulation [23]. In this paper
Fig. 6 shows the result of simulations-Temperature de-
pendence of linear expansion ratio along a, b, c direc-
tions of the cell. The molecular dynamics simulation
results show that the linear expansive ratios along three
directions are almost the same. Therefore, it is con-
cluded that the periodical surface structure is not gen-
erated by the shrinkage along 3 directions in the cooling
process of the K,O - 6TiO, whisker preparation.

5. Conclusions

In this paper the morphology and the surface struc-
ture of the K,O - 6TiO, whisker were studied by AFM.
The images which resolution is between SEM and
SAED pattern of TEM were obtained. In large scan
area we obtained the image of the morphology of a
single K,O - 6TiO, whisker, which presents that it has
pillar-like crystallites. The images obtained by AFM are
more clearly than SEM pictures. In small scan areas we
obtained the image of the surface structure of a single
K0 - 6TiO, whisker, which presents that the surface
has many lamellas. The molecular dynamics simulation
results show that the linear expansion ratios along three
directions are almost the same. The periodical surface
structure is not generated by the shrinkage along three
directions in the cooling process of the K;O - 6TiO;
whisker preparation. The surface structure is believed
to be related to the mechanism of crystal growth of the
K,0 - 6TiO, whisker and is consistant with the “liquid
melt inducing” model [22].
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