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Zirconia is mainly used as an implant material; however, due to bioinertness, problems, such as falling off or shaking, during
implant placement arise. In this study, the bioactivity of zirconia was improved by coating the zirconia substrate with a
wollastonite slurry. Suitable wollastonite slurry was prepared for spin coating by controlling the solid loading, pH, and
dispersant. The surface properties of the wollastonite-coated layer, i.e., microstructural evolution, surface morphology,
roughness, and phase composition, were dependent on the coating thickness, which are directly related to the number of
coating cycles. The valuable wollastonite-coated layer was fabricated on the 3Y-TZP substrate by repeating the coating cycle
more than four times. The wollastonite-coated layer comprised an a-phase with a porous structure, and its surface roughness
increased by more than 10 times for the as-sintered 3Y-TZP substrate. The improvement in the bioactivity of the 3Y-TZP
substrate by wollastonite coating was confirmed by the results obtained from in vitro test. During the immersion of the SBF
solution, wollastonite dissolution and precipitation of hydroxyapatite particles were observed on the coated surface, indicating
that the wollastonite surface coating contributed to the improvement in 3Y-TZP bioactivity.
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Introduction on the substrate [10-12]. Bioactive surface coating is a
commonly used method to enhance the bioactivity of
Excellent biomaterials exhibit appropriate surface bioinert ceramic implants [13]. As bioactive coating
chemistry and surface topology with excellent mechanical materials, hydroxyapatite (HA), tricalcium phosphate,
properties, which promote cell attachment, growth, and and calcium silicate have been widely used for improving
tissue formation in the body [1, 2]. Calcium phosphate- the bioactivity of bioinert metals or ceramics [14-16].
and calcium silicate-based ceramics have bioactive and Among these materials, HA is mainly used for hard
biocompatible properties that are similar to natural tissue repair because its chemical composition is similar
bone tissue, which creates a desirable environment for to that of the bone [17]. However, it possesses low
bone regeneration and promotes direct bone bonding solubility in the body and faces low degradability [18].
after implantation [3-5]. However, most bioactive ceramics Wollastonite ceramics (CaSiO;) are highly bioactive
have shown mechanical instability due to their dissolution and biodegradable bioceramics and can be used for
into body fluids and creation of surface cracks when bone tissue regeneration [19]. The apatite-forming ability
implanted in the human body for long ceramics have of wollastonite is higher than that of other bioactive
been used extensively as a period [6]. Meanwhile, ceramics; however, monolithic wollastonite ceramics
zirconia and alumina femoral and dental components cannot be used in bulk due to their high degradation
have excellent mechanical properties, good wear and rate. Surface modification of wollastonite on zirconia
corrosion resistance, and biocompatibility [7, 8]. However, or alumina substrates improves its biological properties
these two ceramics possess bioinert properties; they do and can induce the formation of apatite on the substrate
not directly bind to the bone during implantation, and surface and replacement with new bone [20].
thus, their use in medical applications has been limited In recent years, dental implants have often been made
[9]. of structural ceramics. Zirconia is one of the most
Superior mechanical and biological properties could promising ceramics because it exhibits the highest
be obtained through the fabrication of biocomposite mechanical toughness. However, it is considered a
and hybrid-type implants by controlling the volume bioinert ceramic and only shows morphological fixation
fraction and distribution of the second phase in the with the surrounding bone tissues when implanted
matrix or through the preparation of bioactive coatings without any chemical or biological bone bonding. To
enable the wide biomedical applications of zirconia
*Corresponding author: implants, the use of bioactive coatings on zirconia has
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bond with hard and soft tissues [21].

Zirconia exhibits three different crystalline phases
depending on the temperature, despite having the same
chemical composition. When pure zirconia sintered
above 1,500 ° is cooled, several cracks occur due to the
volume expansion of the bulk undergoing a phase
transformation from tetragonal to monoclinic, resulting
in mechanical failure. To solve this bulk failure issue
after sintering, a stabilizer was added for the tetragonal
or cubic phases, which prevented the transformation to
the monoclinic phase at room temperature. The crystal
structure of zirconia can be determined by the amount
of stabilizer added [22]. The tetragonal single phase
stabilized by 3 mol% yttria is known as 3Y-TZP, and it is
widely used as a dental implant material owing to its high
strength and toughness, esthetics, and biocompatibility
[23]. To improve the bone-bonding ability of 3Y-TZP
implants, several surface modification methods have
been suggested by previous studies, including surface
corrosion, sandblasting, and bioactive material coating.
Surface corrosion and sandblasting improve the surface
roughness by generating chemical or mechanical defects,
respectively. However, these methods can cause damage
and defects on the implant surface [24, 25]. In contrast,
surface coating with bioactive materials can prevent the
formation of mechanical defects through non-machining
processes [26]. Surface modification of 3Y-TZP substrates
has been proposed by various methods, such as sol-gel,
plasma spray, and CVD coatings [27-29]. The slurry
coating process is a simple and cost-effective method
that is widely used to obtain a thick coating layer and a
roughened coating surface by controlling the solid
loading of the slurry and the coating cycle [30, 31].

In this study, we fabricated a bioactive zirconia substrate
by wollastonite surface coating and investigated the
surface properties of wollastonite coatings and improved
the bioactivity of the coated layer using in vitro tests. A
slurry and spin coating method was used to prepare the
wollastonite coating layer, and the solid loading in the
slurry and repeated coating cycles were controlled to
obtain coated layers with various thicknesses. Finally,
the effects of coating parameters on the microstructural
evolution, surface morphology, and phase composition
were examined.

Experimental Procedure

A zirconia substrate for wollastonite slurry coating
was fabricated by compaction and sintering of 3Y-TZP
powder, which is a common process used for dental
implant materials. The 3Y-TZP powder was prepared
using a commercial TZ-3Y powder manufactured by
Tosoh Company, Japan. Compaction of ceramic powder
was performed with uniaxial pressing of 1 g of powder
into a steel mold followed by cold isostatic pressing
under a pressure of 20 MPa for 10 min. The dense
3Y-TZP substrate was obtained by sintering at

1,450 °C for 2 h.

A fluid wollastonite slurry for spin coating was
prepared from commercial wollastonite powder and
distilled water. Process parameters for slurry preparation
were obtained from preliminary experiments. To control
the fluidity and stability of the wollastonite slurry, we
adjusted the slurry’s pH to 12 and added 1 wt% Darvan
C as a dispersant. The solid loading in the slurry, an
important processing parameter, was fixed at 30 wt%,
considering the forming ability of the coated layer and
slurry fluidity from a preliminary experiment.

To homogenize commercial wollastonite powder, ball
milling was performed for 24 h. Slurry coating was
carried out using a spin coater to fabricate a uniform
wollastonite coating layer. First, the zirconia substrate
was fixed on the center of the spin coater and a droplet
of wollastonite slurry was pipetted onto the zirconia
substrate while rotating at 3000 rpm for 60 s to form a
coating layer. To obtain a thick coating layer, spin
coating was repeated after drying for one to six cycles.
Dried specimens after final coating were densified by
heat treatment at 1,350 °C for 2 h. The microstructural
evolution and phase composition of the wollastonite-
coated layer on the zirconia substrate were analyzed
by scanning electron microscopy (SEM) and X-ray
diffraction (XRD). The surface morphology was
investigated by atomic force microscopy (AFM), and
the surface roughness was measured from AFM images.

An in vitro experiment was carried out to evaluate
the enhancement in the bioactivity of the wollastonite-
coated zirconia substrate. After immersion of the
coated specimen into an SBF solution, the dissolution
and precipitation behaviors on the coated surface were
investigated by SEM observation and XRD analysis.
Wollastonite-coated specimens fabricated by four and
six repeating coating cycles were used for in vitro
experiments over an immersion period from 1 to 14
days. A schematic of the experimental procedure is
shown in Fig. 1.
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Fig. 1. Experimental procedure for slurry/spin coating of
wollastonite on 3Y-TZP substrate.
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Results and Discussion

The microstructure and surface morphology of the
3Y-TZP substrate for coating are shown in Fig. 2. The
dense 3Y-TZP substrate was fabricated by sintering
with a small grain size of 360 nm and low surface
roughness of 0.04 um. In addition, the substrate had a
high sintered density (6.04 g/cm®) and was composed
of all tetragonal grains.

XRD of commercial wollastonite powder indicates a
B-wollastonite phase composition, as shown in Fig. 3.
Generally, natural wollastonite contains calcium silicate
(CaSiOs) and is produced with a mixture of low aspect
ratio powder and high aspect ratio fibers, as shown in
Fig. 4(a). Theoretically, wollastonite consists of 48.25%
of CaO and 51.75% of SiO,, also known as a white
mineral, with a chain structure that has been used as a
bioactive material in tissue repair and tissue engineering
because of its bioactive and degradable properties
[32, 33].

Commercial wollastonite powder used herein had a
broad particle size distribution with an average particle
size of 3.1 um. Commercial wollastonite powder was
ball-milled for 24 h to homogenize and reduce the
wollastonite particle size. Ball-milled wollastonite
powder had a smaller average particle size of 2.3 um
and a narrow particle size distribution, as shown in Fig.
4(b).

Fig. 2. Sintered characteristics of 3Y-TZP substrate for
wollastonite coating: (a) surface microstructure and (b) surface
morphology and roughness.
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Fig. 3. Phase composition of starting wollastonite powder.
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The surface microstructure of the wollastonite-coated
layer after heat treatment at 1,350 °C for 2 h depends
on repeated coating cycles, as shown in Fig. 5. A
homogeneous coating surface on the 3Y-TZP substrate
was observed by SEM for each repeated coating cycle.
However, the surface morphology of the coated wollas-
tonite particles can be clearly distinguished according
to the repeated coating cycle. In the case of one or two
repeated coating cycles, the wollastonite coating layer
was not clearly identifiable in the microstructural
observation. It was suggested that a thin coating layer
with one or two repeated coating cycles was formed on
the 3Y-TZP substrate by spin coating, which might
have melted and absorbed into the pores on the substrate
during heat treatment. In practice, the existence of small
pores on the specimen surface by two repeated coating
cycles was observed with a probability lower than that
of one coating cycle. In contrast, for the specimen
surface with four or six repeated coating cycles, the
entire surface of the 3Y-TZP substrate was covered

Bl s

Fig. 4. Microstructure and particle size distribution of wollastonite
powder: (a) commercial powder and (b) ball-milled powder for 24
h.

Fig. 5. Surface microstructure of wollastonite-coated layer on
zirconia substrate with repeated slurry/spin coating cycle: (a) 1, (b)
2, (c) 4, and (d) 6 cycles.
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with wollastonite particles with a random network
structure.

To observe the interface between wollastonite and the
3Y-TZP substrate and to evaluate the thickness of the
coated layer, the perpendicular microstructure of the
coated layer was observed through SEM, as shown in
Fig. 6. As shown in Fig. 5, an appreciable wollastonite-
coated layer was not observed on the specimen surface
with one or two coating cycles, as also shown in Fig.
6(a) and (b). In contrast, thick wollastonite-coated
layers (4.0 and 5.9 pm) were formed on the surface of
3Y-TZP substrates with four or six coating cycles, as
shown in Figs. 6(c) and (d), respectively. Wollastonite
particles were uniformly attached to the 3Y-TZP
substrate and a porous structure was deposited with one
or two layers. The wollastonite-coated thickness and
packing density of the wollastonite particles on the
coating layer increased slightly with repeated coating
cycles. Generally, slurry/spin coating involves a simple
and inexpensive process and has the benefit of
producing a thick coating layer (< 20 pm), compared to
sol—gel coating method. For long-term clinical stability,
slurry coating is suitable because of its thicker layer
and relatively slower dissolution rate [34, 35].

Similar characteristics were investigated for the
surface morphology by AFM, as shown in Fig. 7.
Surface morphologies comprising small zirconia grains
were observed in the wollastonite-coated surface with
one or two coating cycles; accordingly, the enhancement
in the surface roughness of the coated layer was
insignificant compared to that in the starting 3Y-TZP
substrate. In contrast, the surface morphology of
wollastonite-coated specimens with four or six repeating
coating cycles comprised large wollastonite grains;
consequently, the surface roughness of the 3Y-TZP
substrate was improved by more than 10 times.

The phase composition on the surface of the
wollastonite-coated layer with repeated coating cycles

Fig. 6. Perpendicular surface microstructure of wollastonite-
coated layer on zirconia substrate with repeated coating cycle: (a)
1, (b) 2, (c) 4, and (d) 6 cycles.

was observed through XRD analysis, as shown in
Fig. 8. Distinct wollastonite peaks were found on the
wollastonite-coated specimens with four and six repeating
coating cycles, but wollastonite peaks were insignificant
or almost not observed on coated specimens with one
or two repeating coating cycles. The phase composition
analysis of the coated surface agreed with the micro-
structural observations. Unlike the starting powder
composition of B-wollastonite, the coated layer was
found to be a-wollastonite resulting from a phase
transition during the final heat treatment at 1,350 °C for
2 h. Generally, wollastonite can be classified as a- or -
wollastonite, where o-wollastonite crystals have a
pseudo-hexagonal structure, while PB-wollastonite
crystals have a triclinic structure. The B-wollastonite
phase was identified by the calcination of wollastonite
between 800 and 1,130°C, and the a-wollastonite
phase was identified when the temperature exceeded
1,130 °C [33, 36].

To confirm the enhancement in the bioactivity of

(d)

o« Ra;0.64 pm 5o Ra;0.67 m

Fig. 7. Surface morphology and roughness of wollastonite-coated
layer with repeated coating cycle: (a) 1, (b) 2, (c) 4, and (d) 6
cycles.
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Fig. 8. Phase composition of wollastonite-coated layer with
repeated coating cycle.
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Fig. 9. Microstructural change in wollastonite-coated layer
fabricated by 4 coating cycles after in vitro test in SBF solution
with immersion period: (a) 1, (b) 3, (¢) 7, and (d) 14 days.
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Fig. 10. Phase composition of wollastonite-coated layer fabricated
by 4 coating cycles after in vitro test in SBF solution with
immersion period.

wollastonite coating on the 3Y-TZP substrate, an in
vitro test was performed by immersing four repeated
coating specimens in SBF solution. The microstructural
changes in the wollastonite-coated surface with an
immersion period of 1-14 days are shown in Fig. 9.
Slight surface dissolution on the wollastonite-coated
surface was only observed after immersion for 1 day in
the SBF solution, but after 3 days of immersion, small
precipitate particles were found on the coated surface,
which are expected to be HA particles. With increasing
immersion period in the SBF solution, fine precipitate
particles gradually grew and covered the wollastonite
surface of the coating layer. The phase change in the
wollastonite-coated surface with the immersion period
was examined by XRD analysis, as shown in Fig. 10.
The peak intensity of wollastonite gradually decreased
with the immersion period in the SBF solution due to
dissolution, and wollastonite peaks disappeared on the
specimen surface immersed for 14 days. However, new
peaks for precipitated HA particles were not found on
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Fig. 11. EDS atomic composition on wollastonite -coated layer
fabricated by 4 coating cycles after in vitro test in SBF solution
with immersion period: (a) 1, (b) 3, (¢) 7, and (d) 14 days.

the surface of the immersed specimen regardless of the
immersion period.

To investigate the precipitate particles on the coated
surface in an SBF solution, the change in surface
composition with immersion period was examined by
electron diffraction spectroscopy (EDS) analysis, as
shown in Fig. 11. With an increasing immersion period,
the silicon peak gradually decreased due to the
dissolution of wollastonite-coated layer into the SBF
solution. Meanwhile, the phosphorus peak appeared
after 3 days of immersion, and increased on the specimen
surface over the 14-day immersion period, indicating
that precipitated HA particles from the SBF solution
increased with immersion period. This result indicates
that wollastonite coating can be considered a suitable
method for improving the bioactivity and can be
applied to dental and orthopedic implants because of
the formation of apatite. In previous studies, the
apatite-forming ability of wollastonite was faster than
that of bioglass materials in simulated body fluids [37].
Therefore, the enhanced bioactivity of wollastonite
makes it a strong candidate as an implant-coated material.
Surface coating of wollastonite on 3Y-TZP is a promising
method for producing excellent implant materials for
medical applications.

Conclusion

To improve the bioactivity of the zirconia substrate,
wollastonite was coated on the zirconia substrate by
slurry and spin coating. The solid loading in the slurry
and repeated coating cycles were adjusted to control
the thickness of the wollastonite-coated layer. Uniform
and homogeneous wollastonite-coated layers were
fabricated by slurry and spin coating processes, but the
valuable wollastonite-coated layer on the 3Y-TZP
substrate was fabricated by repeating the coating cycle
more than four times. The wollastonite-coated layer
comprised o-wollastonite formed through a phase
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transformation from p-wollastonite during the final
heat treatment and the surface roughness enhanced by
more than 10 times than that of the original 3Y-TZP
substrate. The improvement in bioactivity of the 3Y-
TZP substrate by wollastonite coating was confirmed
through in vitro test. During the immersion of the SBF
solution, wollastonite dissolution and precipitation of HA
particles were observed on the coated surface, indicating
that the wollastonite surface coating contributed to the
improvement in the bioactivity of 3Y-TZP.
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