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Facile preparation of ZrO, whiskers by LiF-KCl molten salts synthesis
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Abstract

Monoclinic zirconia (ZrO,) whiskers were made via the molten salt method using zirconyl chloride octahydrate
(ZrOCl, - 8 H,0) as zirconium source, potassium chloride (KCl) as molten salt and lithium fluoride (LiF) as a
mineraliser. DSC-TG, XRD, FE-SEM, Raman and TEM were performed to study the effects of heat treatment
temperature, holding time and heating rate on the synthesis of zirconia whiskers. The results indicate that
zirconia whiskers with diameters of 50-80 nm and aspect ratios of 10-30 can be obtained by heating the
precursor at slow rate (3 °C/min) to 718 °C for 1 h and then at faster rate (7 °C/min) to 950 °C for 3 h. The
whiskers have a smooth surface and grow in [001] direction. The key to the ZrO, whiskers growth is the

controlled dissolution and precipitation of the ZrQ, in a LiF-KCI molten salt solution environment.
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I. Introduction

ZrO, can be applied in catalyst carrier [1], filter mem-
brane [2] and thermal barrier coating [3] due to its high
melting point and toughness, good corrosion, wear and
oxidation resistance, and a series of other outstanding
properties [4—7]. Whisker is a single-crystal material,
which can be used in the field of structural materials to
reinforce and toughen the matrix phase [8—11]. Zirconia
whiskers can be used to strengthen ceramics [12,13]. Si-
multaneously, since the thermal expansion coefficient of
zirconia is close to some metal materials [14], zirconia
whiskers are expected to be used as metal alloy rein-
forcement [15], showing wide application prospects.

Zirconia whiskers were reported to be prepared by
chemical vapor deposition (CVD) [15], hydrothermal
[16] and molten salt [17-19], so far. The molten salt
method is widely used for whisker preparation due to
its economy, simple process, low equipment require-
ments and easy to yield [20]. Earlier, we reported that
zirconia whiskers with a high aspect ratio were prepared
by using phosphate [17,18] as molten salt. However,
phosphate reacts with zirconium to form sodium zirco-
nium phosphate, an impurity that is difficult to remove
from the final product. KCl and NaCl are commonly

*Corresponding author: tel: +86 798 8499328,
e-mail: whj@jci.edu.cn

219

used in the molten salt method due to their environmen-
tal protection, stability and low-cost [21-25]. However,
the preparation of zirconia whiskers with LiF-KCl as
molten salt has not been reported. How to select stable
and low-cost LiF-KCl as molten salt through a simple
synthesis route to obtain zirconia whiskers is explored
and explained in this paper.

I1. Experimental

All the chemicals used in this experiment were of an-
alytical grade. A typical experiment started with mix-
ing of 1 g ZrOCl, - 8 H,0, 1 g KCl and 0.08 g LiF in an
agate mortar and grinding for 20 min until powders were
evenly mixed. The mixture was placed in a corundum
crucible with a diameter of 2cm and height of 6 cm,
then placed in a muffle furnace and heated under dif-
ferent conditions to investigate the influence of temper-
ature, holding time and heating rate on characteristics
of the final product. Thus, the first set of samples was
heated at different temperatures from 200 to 1000 °C
for 1h, whereas the second set of samples was heated
at 950 °C with the heating rate of 1-9 °C/min and hold-
ing time of 1-9h. The two-step heating (first at 718 °C
with 3 °C/min rate and 1h dwell then to 950 °C with
7 °C/min for 3h) was also applied. All prepared sam-
ples were cooled to room temperature inside the fur-
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nace, then cleaned repeatedly with deionized water, cen-
trifuged for precipitation for several times until the fil-
trate conductivity reached 100 S/m and dried at 70 °C.

The compositions were examined by XRD (DS,
Bruker) using Cu Ka radiation. Raman spectra were
observed using a Renishaw Raman spectrometer in the
wavenumber range between 0 and 800cm™ using the
532 nm line of an argon-ion laser. Simultaneous differ-
ential scanning calorimetry (DSC) and thermogravime-
try (TG) were performed on a thermogravimetric anal-
yser (STA449C NETZSCH) with the heating rate of
10 °C/min in an air atmosphere. The structure and mor-
phology of the whiskers were investigated using FE-
SEM (SU8010, Hitachi High-Technologies Corp.) and
TEM (JSM-2010, JEOL), respectively.

II1I. Results and discussion

Figure 1 shows the thermal analysis curves of the pre-
cursor mixture and XRD patterns of the samples heat
treated at different temperatures are shown in Fig. 2.
There is a weight loss of about 17wt.% in tempera-
ture range from RT to 280 °C in the TG curve and two
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Figure 2. XRD patterns of ZrO, heat-treated at different
temperatures for 1 h
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endothermic peaks at 98 °C and 278 °C in the DSC
curve. There is no diffraction peak in the XRD pattern
of the sample heated at 200 °C indicating that these two
endothermic peaks are related to the removal of crys-
talline water from ZrOCl, - 8 H,O [18]. The diffraction
peaks of monoclinic zirconia appeared at 300 °C and it
is inferred that the exothermic peak of DSC at 268 °C
is caused by the transition of zirconia from amorphous
to the crystalline state. There are no traces of tetragonal
ZrQO, in the synthesized particles at 300 °C though they
are relatively small as documented in Fig. 3a, which
may be attributed to the adsorption of fluoride ions [26].
The adsorption of fluoride ions reduces the surface en-
ergy of zirconia. Thus, there is no preference for the for-
mation of tetragonal phase and the monoclinic phase ap-
pears [27]. The DSC results show an endothermic peak
at 718 °C, the TG curve near 718 °C temperature has
no obvious weight loss. When compared to the phase
diagram of KCI-LiF [28] it can be concluded that the
endothermic at 718 °C is caused by the melting of KCI-
LiF. The results obtained at 500 °C and 800 °C show no
new crystal diffraction peak except monoclinic zirconia,
confirming the judgment of endothermic peak at 718 °C.
From 800 to 1000 °C, there is a large weight loss, about
58 wt.%, in the TG curve. Combined with the fact that
there is no crystal change according to the XRD results
of the samples obtained at 800, 950 and 1000 °C, it can
be concluded that the volatilization of KCI-LiF is re-
sponsible for the endothermic peaks in the DSC curves
at 879 °C and 979 °C.

Based on the above thermal analysis and correspond-
ing XRD results at key temperatures, the precursor
transformation processes during the heat treatment can
be summarized as follows:

Decomposition

7rOCl, - 8 H,0 ————— a-ZrO, + 2HCI + 7H,0
98-600°C
Crystallization

a-7r0, ——", m-7:0,

268 °C

X Melting .
KClsolid + LlFsolid 718 °C KCI_LlFmelt

Dissolution

melt
879°C

KCI-LiF,,,

m-ZrO, + KCI-LiF 7r0,-KCI-LiF

melt

K Cl—LiFmell V()lanllzano()n
879-1000°C
SEM images of the samples acquired at 300—1000 °C
are shown in Fig. 3. As shown in Figs. 3a-c, the speci-
mens prepared at temperatures below 718 °C (the melt-
ing point of molten salt) are granular. Change from
granular to one-dimensional morphology could be ob-
served for the sample prepared at 800°C (Fig. 3d).
When the heat treatment temperature was increased to
950°C or 1000°C, the particles show uniform one-
dimensional morphology, indicating that the tempera-
ture plays a key role in shaping the morphology.
The XRD patterns and SEM images of ZrO, heat-
treated for different holding times are shown in Figs. 4
and 5, respectively. Figure 4 shows that the holding time
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Figure 4. XRD patterns of ZrO, heat-treated at 950 °C for different holding time

Figure 5. SEM images of ZrO, heat-treated at 950 °C for different holding time: a) 1,b) 3,¢) 5,d) 7and e) 9h
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Figure 6. SEM of the samples heated for 3 h at 950 °C with different heating rates: a) 1, b) 3, ¢) 5, d) 7 and e) 9 °C/min, and
f) sample obtained by two-step heating (first at 718 °C for 1 h with 3 °C/min then 7 °C/min to 950 °C)

has little influence on the crystal phase, which are all
monoclinic zirconia without diffraction peaks of other
crystal phases. Nevertheless, the influence of the hold-
ing time on the morphology of the final samples is con-
siderable. The morphology of the sample obtained by
holding time of 1h is rod-shaped. There are a couple
of whiskers obtained by soaking time of 3 h. When the
heat preservation time is prolonged, the particle mor-
phology is characterized by short rods. The reason for
this phenomenon may be that when the heat holding
time is short, the crystal growth time is short, and the
samples are fine with short rods. With the extension of
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the holding time, the rods grow into whiskers. When the
holding time is too long, the whiskers grow along the ra-
dial direction, and the crystals appear as short rods.

Figure 6 presents SEM images of the ZrO, prepared
with different heating rates. When the heating rate is
slow, the particles are small and uniform rod-like par-
ticles (Figs. 6a,b). When the heating rate is too fast
the obtained samples have different morphologies, such
as rod-shaped, small particles and large particles (Figs.
6¢,d,e).

The reaction might be as follows. The precursor de-
composes at a low temperature (below 600 °C) and the

Figure 7. Characterization of as-synthesized ZrQO, whiskers prepared by two-step heating: a) Raman spectrum, b) FE-SEM,
¢) TEM image, d) SAED pattern and e) HR-TEM image

222



Q. Zhang et al. / Processing and Application of Ceramics 15 [3] (2021) 219-225

718 °C
Z10C1,+8H,0
710,
Kcl

Decomposition 3
s
___,}}J})

Melting & Dissolution

950 °C
7 °C/min
—_—
<l
o
7 °C/min
—_—
3 °C/min

>// X

Precipitation

Figure 8. Illustration of the protocol for a simple model for the synthesis of ZrO, whiskers

molten salt melts near the melting point (718 °C). The
decomposition product of the precursor dissolves in the
molten salt and then precipitates in the saturated liquid
phase. When the heating rate is too slow, the precursor
completely decomposes before the molten salt melts. At
the same time, the heating rate is slow and the time re-
quired to reach the same temperature is long. As the
crystal particles grow, it is difficult for the large parti-
cles to dissolve in molten salt and finally they stay in
the product. When the heating rate is too fast, the de-
composition products of precursor dissolve in molten
salt and then many uniform nuclei precipitate and grow
into rods.

If different heating rates are used before and after
molten salt melting, zirconia whiskers with a certain as-
pect ratio may be obtained, as shown in Fig. 6f. Below
the melting point of the molten salt (718 °C), a slower
heating rate of 3 °C/min was selected to make the pre-
cursor fully decompose. After molten salt melting, the
heating rate was increased (7 °C/min) to avoid crystal
growth and ensure a more uniform zirconia whiskers.

Figure 7 presents Raman spectrum of the whisker
sample prepared by two-step heating (Fig. 7a), and their
corresponding SEM image, TEM image, SAED pattern
and HR-TEM image are shown in Figs. 7b,c.d,e, re-
spectively. The SEM photograph shows that the sam-
ple is mainly composed of whiskers. The Raman pat-
tern shows that the main phase was monoclinic zirco-
nia, without obvious hetero-peaks. Combined with the

223

XRD standard card (PDF# 78-1807) d value, it indi-
cates that the growth direction of the zirconia whisker
is [001]. SEM and TEM images (Figs. 7b,c) also show
that whiskers are below 100 nm in diameter with the as-
pect ratios between 10-30.

A schematic diagram of the growth process of zir-
conia whisker is illustrated in Fig. 8. That is, the pre-
cursor raw materials are first mixed evenly in mortar.
The precursor ZrOCl, -8 H,O decomposes into small
ZrO, particles during the heating. Potassium chloride
and lithium fluoride melt and form a liquid phase at
about 718 °C. The heating stops and the sample forms
zirconia whisker as the furnace cools. When the heating
rate is relatively slow (e.g. 3 °C/min), the time to reach
the same temperature is longer. The decomposition of
precursors is sufficiently high. After molten salt melt-
ing, zirconia is dissolved in the molten salt completely.
Zirconia is supersaturated to precipitate into fine and
uniform rod-like particles. When the heating rate is rel-
atively fast (e.g. 7 °C/min), it takes a short time to reach
the same temperature. Only part of the zirconia is dis-
solved in the molten salt, and the dissolved zirconia pre-
cipitates into rod-like particles, while the undissolved
zirconia grows into large particles. When the two-step
heating rate is selected, the first heating rate is slow and
contributes to the complete decomposition of the pre-
cursor. Then, the molten salt is already melted and the
heating rate is increased which enables shortening of the
time needed to reach the maximum temperature. The
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heating stage completes more quickly and the cooling
stage starts earlier. This causes zirconia to supersaturate
in the molten salt providing a certain driving force for
the growth of crystals. Finally, the whisker-like particles
are obtained.

IV. Conclusions

In this paper, a simple LiF-KCI molten salts synthesis
method was used for preparation of ZrO, whiskers. The
effects of heat treatment temperature, holding time and
heating rate on the synthesis of zirconia whiskers were
studied. The results show that the zirconia whiskers
with a diameter of 50-80nm and aspect ratios of 10—
30 could be obtained through the careful precursor pro-
cessing: heating at a slow rate (3 °C/min) at first and
then accelerating (7 °C/min) above salt melting temper-
ature (718 °C), and final holding for 3 h at 950 °C. The
surface is smooth without obvious defects with whiskers
growing in the [001] direction. The patterns of XRD and
Raman spectrum show monoclinic ZrO, without im-
purities. The formation mechanism of zirconia whisker
could be described with the precursor and molten salt
undergoing decomposition and melting processes, re-
spectively, as the heating temperature rises. Then the
decomposed precursor products dissolve in molten salt,
zirconia grows preferentially in [001] direction because
of the anisotropic nature of its monoclinic structure and
thus whiskers are formed.
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