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Microstructural evolution of potassium titanate
whiskers during the synthesis by
the calcination and slow-cooling method
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K,TigO43 whisker was synthesized by the calcination and slow-cooling method, and the
microstructural evolution of whiskers, and the relations between the phase and the layer
structure, were investigated. The amount of K,O in the starting powder mixture played a key
role in forming a layer structure, which can be obtained by addition of excess K,O. During
calcination, rod-like K;TigO.5 particles with a layer structure were formed by reactions
between K,O and TiO,. During slow-cooling, the K,O-rich liquid phase reacted with K;TisO13
layers near the boundary and K,Ti;Os whiskers were produced by the splitting of layers
within rod-like K;TisO; particles. K,Ti,Os whiskers were reformed into K;TigO1; whiskers by
treatment in boiling water and reheating. The synthesized K,TisO+; whiskers had a clean

surface and a length exceeding 100 pm.

1. Introduction

Most of the ceramic composites which have high per-
formance have been produced by the incorporation of
morganic fibres or whiskers into advanced ceramics.
Potassium titanate fibre or whisker has been used
in a wide range of applications, as reinforcements,
thermal insulators, ion replacements, friction mater-
ials and a substitute for asbestos [1-4].

The crystal structure and properties of potassium
titanates, K,O - nTiO, (n = 1-9), are dependent on
the value of n. Characteristic of potassium titanates
with a high potassium content (n = 2, 3,4) is the exist-
ence of a layer structure, and they show a distinctive
intercalation ability and catalytic activity [1,5-7].
However, in the case of potassium titanates with a low
potassium content (n = 6, 7, 8), they have a tunnel
structure and exhibit high thermal insulating ability
and chemical stability [8-11].

Potassium titanate fibres and whiskers were fab-
ricated by the methods of calcination [12,13], hy-
drothermal reaction [14—-17], flux growth [18-20],
melt reaction [21], and slow-cooling calcination
[22-24]. Among the many methods of synthesis, the
slow-cooling calcination method has advantages in
that it uses no flux and long whiskers can be obtained;
therefore, production costs could be reduced com-
pared with other methods.

Fujiki and co-workers [1,9,22,23], reported that
potassium titanate whiskers could be grown by an
immcongruent melt-association reaction and that their
properties depend on the starting composition, calci-
nation temperature and cooling rate [1,9,22,23].
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However, most of the previous reports concentrated
on the phase relation of K,O-nTiO, whiskers and
optimum conditions for whisker growth, and little
attention was paid to the whisker-growth mechanism
by the calcination and slow-cooling method. It is
interesting to note that K,TigO;; phase exhibits
a rod-like shape at the calcination stage, each rod
having a layer structure.

In the present study, K,TigO, 3 whiskers were syn-
thesized by the calcination and slow-cooling method
under specific conditions, and the microstructural
evolution of the whiskers, reactions of K,O and TiO,,
and the relations between the phase and the layer
structure of the specimen during the synthesis, were
investigated. K, TigO 5 whiskers have found applica-
tions as automotive break linings, heat insulators and
a reinforcement for various composite materials [ 1, 2].

2. Experimental procedure

As starting materials, K,COj5 (Shinyo Pure Chemicals
Co.) and TiO, (Junsei Chemical Co.) were used. The
mole ratio of K,O and TiO, was basically fixed at 1/3,
but powder mixtures were also prepared with the mole
ratios_of 1/2 and 1/5 in order to investigate the influ-
ence of excess K,O at the same time. After milling for
24h with ethanol and subsequent drying, a platinum
crucible was filled with the powder mixture and
heated to 1150°C at a rate of 300°Ch~! in a box
furnace. After 6 h holding, the specimens were slowly
cooled to 950 °C at a rate of 16 °Ch ~* in furnace and
quenched in water. The morphology of the specimens

5493



during calcination and slow cooling was observed
using scanning electron (Jeol; JSM-35) and transmis-
sion electron (Jeol; 2000FX) microscopes, and the par-
ticle and whisker phases were identified by X-ray
diffraction.

To induce the transformation of the final X, 11504
whiskers from K,Ti,O4, after the slow-cooling,
K,Ti Oy whiskers were treated in distilled boiling
water for 4h, and dried at room temperature,
then reheated at 1000 °C for 1 h. Phase transforma-
tion and surface morphology of the whiskers
were also investigated by this process, using XRD and
SEM.

3. Results and discussion
3.1. Formation of rod-like K,TisO43 particles
during calcination

Fig. 1 shows the morphology of particles produced by
the reaction between K,O and TiO, at 1000°C.
There is no remarkable growth of whiskers until
heating to 1000°C, but a rod-like particle with
a length of 20-30 um appeared on reaction of K,O
with TiO,. Many needle-like particles grew on the
surface of the rod-shaped particle with a diameter of
1-2 pm.

Fig. 2 shows the morphology of the rod-like par-
ticles calcined at 1150 °C. On heating to 1150°C, the
rod-like particles grew in length and diameter and
the needle-like particles on it disappeared. How-
ever, in Fig. 2a equiaxed bulk, was also observed,
which suggested unreacted particles. The rod-like par-
ticles were 100-200 um long, had a diameter of
20-30 um, and show a layer structure in the horizon-
tal direction, as shown in Fig. 2a. On increasing the
calcination time from 1 to 5 h, the number of rod-like
particles increased, but their thickness decreased
(Fig. 2b).

The growth of rod-like particles is due to the crystal
structures of TiO, and K,TigOy,. It is easy to form
a tunnel structure of K,TigO;; by the reaction at the
solid-liquid interface between solid TiO, and liquid
K,O as well as the chain structure of TiO, (rutile)
composed of several TiOg4 octahedra [8-10].

Figure I Scanning electron micrograph of particles formed by the
reaction between K,O and TiO, at 1000°C.
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Figure 2 Scanning electron micrographs of rod-like particles cal-
cined at 1150°C for (a) 1 h and (b) 5h.

3.2. Microstructural evolution of whiskers
during slow-cooling

Fig. 3 shows the formation of whiskers from rod-like
particles during slow cooling. As slow cooling pro-
ceeds, the aspect ratio of the whiskers gradually in-
creases, but their length does not. In the initial stage of
slow cooling, rod-like particles coexist with a small
number of whiskers and unreacted particles (at
1000°C, Fig. 3a). However, with decreasing cooling
temperature, the number of rod-like particles
decreased, but the number of whiskers increased
(Fig. 3b). On slowly cooling to 950°C, a bundle
of whiskers was formed, as shown in Fig 3c.
It is observed that the powder mixture of K,O and
TiOQ, formed the rod-like K,TigO;; particles
with a layer structure during calcination at
1150°C, and then K,Ti O, whiskers formed by the
splitting of layers in the rod-like particle during slow
cooling.

Even though the slow cooling process was finished,
the whiskers were still attached to each other by
a K,O-rich phase, and not separated completely, as
shown in Fig. 3c. Therefore, to obtain completely sep-
arated whiskers after slow cooling, it was necessary to
subject the bundle to a process for the scattering of
whiskers.
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Figure 3 Microstructural evolution from rod-like particles to
whiskers by slow cooling to a temperature of (a) 1000°C, (b) 975°C
and (c) 950°C.

3.3. Phase change during calcination
and slow cooling

The phases of rod-like particles and whiskers formed
at each stage were measured by the XRD method.
Fig. 4 shows the XRD patterns of the specimen cal-
cined at 1150°C for 5 h and subsequently cooled to
950°C. From the analysis of XRD patterns, the rod-
like particles formed by calcination were confirmed to
be K, TigO; 3 phase, and the whiskers formed by slow
cooling to 950 °C were K, Ti,O4 phase. The formation
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Figure 4 XRD patterns of the specimens (a) calcined at 1150°C for
5hand (b) slowly cooled to 950 °C after being calcinated at 1150 °C
for 6 h. (@) K,Ti O (O) K, TigOy 5.

of rod-like K,;TigO;; particles during calcination at
1150°C and phase transformation of K,TigO;; from
K,Ti,O4 during slow cooling could be explained in
the K,0-TiO, phase diagram. From the phase
diagram of the K,O-TiO, system [22-23], the
composition of K,O -3TiO, 1s expected to decom-
pose to a K,O-rich liquid phase and a solid phase of
K,TigO,5 above 1114 °C. Therefore, the phase formed
by calcination at 1150 °C might be shown to be a mix-
ture of K,Ti40 rod-like particles (major phase) and
K,O-rich liquid phase (minor phase). On cooling
below 1114 °C, which is the incongruent melting tem-
perature of K,Ti,O,, the mixture of K,TigO,5 and
K,O-rich liquid phase reacts to form K,Ti,Og, as
shown in Fig. 4.

3.4. The formation mechanism of the layer
structure during slow cooling
Fig. 5 shows the layer structure of the rod-like par-
ticles calcined at 1150°C for 5h and the particles
attached to their surface. Both rod-like particles and
whiskers which were formed by calcination and slow
cooling exhibited the layer structure, and small par-
ticles were observed near the boundary between the
layers and the surface of the whiskers, as indicated by
arrows in Fig. 5. TEM analysis of the ring patterns
confirmed the small particles between the two layers
to be amorphous phase [25]. It is suggested that the
small particles are a K,O-rich phase formed from
solidification of K ,O-rich liquid phase during quench-
ing. In this study, K,O existed within the particles,
compared with the atomic ratio of K,TigO; 5, because
the ratio of K,0 to TiO, is 1/3 in the starting mixture
powder. So, it is expected that the K,O-rich liquid phase
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(b)

Figure 5 Layer structure of the rod-like particles calcined at 1150°C, 5 h and the particles attached to their surface observed by (a) scanning

electron microscopy and (b) transmission electron microscopy.

Figure 6 Variation of the morphology of whiskers with the mole ratio of K,O and TiO, (a) 1/2 and (b} 1/5, in the starting powder mixture,
and the whiskers obtained by calcination at 1150°C for 6 h and slow cooling to 950 °C.

was formed from excess K,O during heating, and
accumulated between the two K, TigOy 5 layers during
calcination. On slow cooling, a portion of the K,O-
rich liquid phase reacted with K,TigO,5 near the
boundary and produced the K,Ti,O4 phase. Conse-
quently, splitting of the two K,Ti,Og layers was in-
duced owing to the peritectic reaction mentioned
above and the demand for continual consumption of
K,O-rich liquid phase at the layer boundary. Of
course, the contraction of K,O-rich liquid phase on
cooling could be a factor causing the splitting between
the two layers of K,Ti,O,.

3.5. Effect of the ratio of K,O and TiO; on
the formation of the layer structure

Fig. 6 shows the variation in the morphology of
whiskers with the mole ratio of K,O and TiO,. In the
case of a higher K, 0 content (K,0/TiO, = 1/2), com-
pared with the initial case (K,0/TiO, = 1/3), the
same layer structure and split edge as in initial case is
found (Fig. 6a). With lower K,O content (K,O/
TiO, = 1/5), however, a smooth surface (Fig. 6b), but
no layer structure and split edges were found. It is
suggested that the amount of K,O plays a key role in
the formation of the layer structure, which resulted
from the distribution of excess X,O-rich liquid phase
between the whiskers.
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To obtain K,Ti,O, whiskers, two reactions are
known to occur [22]. Firstly, TiO, particles and
liquid K,O react to give K,TigO¢;, and then
K,TigO;; and liquid K,O react to produce K,Ti;Oq
at 1114 £+ 15°C by a peritectic reaction. According to
the phase diagram [23], K,Ti4O4 is formed in the
region where the mole ratio of K,O and TiO, is
1/2-1/6. However, the growth of K,Ti,0O4 whiskers is
optimized around the ratio of 1/3 experimentally [22].
Thus the K,O-rich composition has a significant effect
on the growth of whiskers. K,O-rich liquid phase
exists excessively between two layers of rod-like par-
ticles or whiskers, and it is induced to form a layer
structure of K,TigO,5. This implies that K,TigO;
grows to over 100 um in length with a rod-like shape
and a layer structure during calcination, and its aspect
ratio increases by reaction between K,TigO;3 and
K,O-rich phase during slow cooling, which induces
splitting between the two layers and the phase trans-
formation of K,TigO,; to K,Ti;O4 by a peritectic
reaction.

3.6. Transformation of K;Ti;Os to K;TisO13
whiskers by treatment in boiling water
and reheating

To transform K, TigO;3 whiskers from K,Ti,0, and

to obtain completely scattered whiskers after slow
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Figure 7 XRD patterns of the whiskers treated in boiling water for
(a) 0.5h,(b) 1 h,{c) 2h and (d) 4%, and subsequently reheated at
1000°C for 1 h. (@) K,T1,04, (O) K,TigO, 3.

cooling, it is necessary to extract the excess K* ions
and the dissolved K,O-rich phase simultaneously.
A bundle of K,Ti,Og4 whiskers was treated in boiling
water for 4 h to achieve these two aims. Fig. 7 shows
the XRD patterns of the whisker treated in boiling
water for 0.5, 1, 2 and 4 h. It is seen that the whisker
phase was transformed to K,TigO; from K,Ti Oq
by treatment in boiling water. With increasing treat-
ment time, the main peak of K,TigO3 (20 = 10°)
increased, but the main peak of K,Ti,O4 (20 = 11.4°)

Figure 8 Morphology of the whiskers treated in boiling water for
(a) 0.5h and (b) 1h, and subsequently reheated at 1000°C for 1 h.

reversely decreased. All whiskers were completely
transformed back to K,TigO;; phase by treatment in
boiling water for 4 h, as shown in Fig. 7c.

Fig. 8 shows the morphology of whiskers treated in
boiling water for 0.5 and 1 h. The whisker treated in
boiling water for 0.5h (Fig. 8a) was found to have
a rough surface due to the attachment of K,O-rich
phase and partially mutual adhesion. But, in case of
1 h treatment (Fig. 8b), whiskers had a clean surface
and completely scattered morphology. The mecha-
nism of phase transformation and scattering of
whiskers by treatment in boiling water could be ex-
plained by the crystal structures of K,TigO,5 and
K,Ti 04 [5-10]. In K,Ti,O4 crystal, the titanium
atom exists in the centre of an oxygen octahedron, and
TiOg4 octahedra, which are linked to each other by
a corner and an edge, consist of a layer structure. On
treatment in boiling water, some of the K * ions, which
existed between the two TiOg layers, might be easily
extracted from the layer because their radius is very
small. By extracting K ions from the layer, the crys-
tal structure is changed to a more open structure,
which might be easily transformed to tunnel structure.
On reheating, one of the TiOg4 octahedra which are
linked by an edge in a layer structure, was rotated by
absorption of energy, and then the K,Ti,Oy with
layer structure was transformed to K,TigO,; with
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Figure 9 Morphology of K,TizO,; whiskers synthesized by the
calcination and slow cooling process.

tunnel structure which contained trapped K* ions
among the TiO4 octahedra. ICP analysis of residual
water after treatment in boiling water [26], detected
more K * ions than Ti*™" ions. Thus the dissolution of
K™ ions from K,O-rich phase and K,Ti,O, is easier
than that of Ti** ions.

Fig. 9 shows the final K,TigO,3 whiskers obtained
from K,Ti, O, after treatment with boiling water for
4 h and subsequent reheating to 1000°C for 1 h. The
synthesized K,TigO;5 whiskers had a considerable
aspect ratio, a clean surface and a length exceeding
100 pm.

4. Conclusion

From a powder mixture of K,O and TiO,, K,TigO;3
whiskers were synthesized by the calcination and slow
cooling method. During calcination at 1150°C, rod-
like K,TigO¢5 particles with a layer structure were
formed by reactions between K,O and TiO,, and
K,Ti,O4 whiskers formed from these particles during
slow cooling. The amount of K,O in the starting
powder mixture played a key role in forming a layer
structure, which can be obtained by the addition of
excess K,O powder. K,O-rich liquid phase formed
and accumulated on the boundary between two
K,TigO4; layers during heating and calcination. On
slow cooling, the K ,O-rich liquid phase reacted with
K,TigO45 layers near the boundary by a peritectic
reaction, and induced the production of K,Ti,0y
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whiskers by the splitting layers due to the peritectic
reaction, K,Ti,0, whiskers were transformed back to
K,TigO,; whiskers by treatment in boiling water for
the dissolution of K,O and reheating. Synthesized
K,TicO,5 whiskers had a clean surface and a length
exceeding 100 pm.
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