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A wollastonite coating layer was fabricated on a zirconia substrate via a sol-gel method to improve the bioactivity of 3Y-TZP—
a bioinert material. Initially, the coated wollastonite surface possessed a porous microstructure; however, the coated area and
film thickness increased proportionally with the increasing number of coating cycles. Furthermore, it was observed that dense
and thin coating layers were formed on the zirconia substrate after one or two coating cycles; however, after three or four
coating cycles, it was observed that porous and thick coating layers were formed on the zirconia substrate. The surface
roughness depended on the thickness of the wollastonite coating layer, which increased with the increasing number of coating
cycles. An in vitro test was conducted, wherein a wollastonite-coated specimen was immersed in a simulated body fluid solution
for 14 days. The test results revealed that new hydroxyapatite particles precipitated and covered the surface of the wollastonite
coating layer, thus confirming that the wollastonite coating layer significantly improved the bioactivity of zirconia, compared
to the pure zirconia surface.
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Introduction

Yttria tetragonal zirconia polycrystals (Y-TZP) are

considered a promising alternative for dental implants

owing to their high strength and good long-term pro-

perties. Y-TZP is a bioinert and nonresorbable ceramic

that exhibits excellent resistance to corrosion and wear,

high flexural strength and fracture resistance, high

translucency and radiopacity, low thermal conductivity,

good biocompatibility, and esthetic characteristics. The

color of original Y-TZP is ivory (color), which similar

to that of natural teeth, and possesses similar light

transmitting qualities [1-6]. 

It has been reported that zirconia is biocompatible;

thus, reaction in tissues and direct bone apposition are

significantly minimized [7-9]. Osteoblastic cells exhibit

good proliferation and surface attachment to zirconia.

However, despite their biocompatibility, zirconia implants

are bioinert and cannot be used in medical implants with

direct bone contact [10-11]. In bone repair and regenera-

tion, bioactivity plays a crucial role in the selection of

bioceramics [12-15]. The essential condition for a bone

implant to bond to a living bone is the formation of a

bone-like apatite layer on its surface [16, 17].

Therefore, it is necessary to improve the bioactivity

of zirconia for wide application as an implant material.

The bioactivity of ceramics is strongly dependent on their

surface properties, such as surface composition and

microstructural morphology. 

Recently, the surface modification of zirconia implants

by machining, sandblasting, and acid etching has been

widely used to enhance surface bioactivity [18, 19].

However, surface finishing can cause operation failure

of the zirconia implants due to a fracture by the surface

flaws created during the surface treatments. An effective

method to improve the bioactivity of zirconia is surface

coating with bioactive materials, such as hydroxyapatite,

tricalcium phosphate, and wollastonite ceramics [20,

21]. 

Wollastonite ceramics are promising bioactive materials

for fabricating artificial bones owing to their excellent

bioactivity and osteoconductivity. They have attracted

considerable research interest as alternative low-cost

bioceramics for medical applications, such as bone

repair, tissue engineering, and drug delivery [22-24].

However, they have limited applications owing to their

relatively high dissolution rate, which leads to lower

bone bonding strength after implantation in the human

body. Accordingly, they are expected to play an important

role in reinforcing and improving the bioactive pro-

perties of bioinert ceramics used in bone composites

[25-27]. For example, the fabrication of wollastonite

coatings on bioinert zirconia leads to improved surface

bioactivity and bone-binding ability [15, 28].

Wollastonite surface coatings can be applied to the

bioactive surface modification of various dental or

orthopedic implants at low temperatures [29]. Previous

studies have reported that wollastonite ceramics exhibit

high bioactivity and biodegradability. They can be used

for bone repair and regeneration; moreover, they are

well known to induce bone-like apatite particles in

*Corresponding author: 
Tel : +82-230-7202
Fax: +82-232-2474
E-mail: jklee@chosun.ac.kr



Wollastonite spin coating on zirconia substrate by sol-gel method 299

physiological environments, and also facilitate ingrowth

of hard tissues [30]. Several synthetic methods for the

preparation of wollastonite powder and coating have

improved the properties of bioceramics used for bone

and dental implants [31]. Among them, the sol-gel

method has been widely used as a simple method for

preparing highly bioactive coatings of wollastonite

[32]. In particular, spin coating in the sol-gel process is

a simple and economical method for the surface modi-

fication of dental implants, resulting in a homogeneous

film layer and easy surface coating of complex-shaped

parts [33-36]. However, techniques for the control of

sol composition and coating parameters are required to

obtain good bioactivity and a highly roughened surface

morphology. Hence, it is important to determine the

mechanism of apatite formation on the surfaces of

wollastonite coatings [37-39].

In this study, wollastonite sol-gel coating was applied

to a zirconia substrate using a spin coater, and the

resulting improvement in the surface bioactivity of the

zirconia substrate was investigated. After observing the

microstructural evolution and chemical composition of

the wollastonite coating layer, we analyzed the effect of

sol composition and number of coating cycles on the

surface morphology of the wollastonite coating and the

in vitro bioactivity in a simulated body fluid (SBF)

solution. Finally, we evaluated the enhancement in the

surface bioactivity of zirconia via wollastonite sol-gel

coating.

Experimental Procedure

Materials and sol-gel coating
Disk-type zirconia substrates were fabricated via cold

isostatic pressing under a pressure of 200 MPa for 10

min after uniaxial pressing using commercial 3 mol%

Y2O3-stabilized zirconia (TZ-3Y, Tosoh Co.) powder.

Dense 3Y-TZP substrates were obtained via sintering at

1450 oC for 2 h. Tetraethyl orthosilicate (TEOS) and

calcium nitrate tetrahydrate (Ca(NO3)2·4H2O) were

employed as the sol precursors for the preparation of

wollastonite sol. The two starting sol precursors were

mixed in ethanol with the same molar ratio, because

wollastonite is composed of SiO2 and CaO in a molar

ratio of 1:1. The optimal wollastonite sol composition was

obtained from a preliminary experiment, with adequate

viscosity for spin coating. First, 11.92 g of Ca(NO3)2·

4H2O was dissolved in 25 mL ethanol to control the

concentration to 2 mol/L; subsequently, 11.36 mL of

TEOS was dissolved with the same concentration. The

two solutions were mixed using a magnetic stirrer for

24 h at room temperature 24 oC.

Wollastonite coating on the 3Y-TZP substrate was

performed via the sol-gel method using a spin coater.

Five droplets of the wollastonite sol were added to the

zirconia substrate via spinning, and rotation was performed

for 60 s. The wollastonite-coated zirconia substrates were

dried for 10 min at 70 oC. The same coating cycles

after drying were repeated two to four times to obtain a

thick wollastonite coating layer. Finally, the wollastonite

coating layers were heat-treated at 1350 oC for 2 h in

an electric furnace to obtain a dense coating layer and

to increase the adhesion of the coating layer onto the

substrate. The detailed experimental procedure is shown

in Fig. 1.

Characterization of coating layer and in vitro

testing 
The surface morphology and microstructure of the

sintered 3Y-TZP substrate were observed using atomic

force microscopy (AFM) and field-emission scanning

electron microscopy (FE-SEM). The phase compositions

of the zirconia substrate and wollastonite coating layers

after heat treatment were analyzed using X-ray diffrac-

tion (XRD). The changes in the microstructural surface

evolution and chemical composition of the wollastonite-

coated surface with repeated coating cycles were analyzed

using FE-SEM, energy-dispersive X-ray spectroscopy

(EDS), and XRD. In addition, the surface morphology

of the wollastonite-coated films was observed using

AFM, and the surface roughness was evaluated with

repeated coating cycles from the AFM photographs.

The coating thickness was calculated from the perpen-

dicular SEM photographs. Finally, the bioactivity of

the wollastonite coating layer was confirmed via an in

vitro test of a wollastonite-coated specimen by immersion

in the SBF solution, placed in a thermostat at 36.5 oC.

After immersion for a maximum period of 14 days, the

dissolution of wollastonite in the SBF solution and the

precipitation of new apatite-like particles were investigated

using SEM and XRD analysis; in addition, the improve-

ment in the bioactivity of the zirconia substrate via

wollastonite sol-gel/spin coating was investigated.

Results and Discussion

The phase composition, surface microstructure, and

Fig. 1. Experimental procedure of the wollastonite coating process
by sol-gel/spin method.
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morphology of the sintered zirconia substrates are shown

in Fig. 2. The 3Y-TZP substrate has a dense and homo-

geneous microstructure with all tetragonal phases, a

high sintered density of 6.03 g/cm3, and a small grain

size of less than 0.3 µm. The average surface roughness

(Ra) of the 3Y-TZP substrate measured from the AFM

photograph was 0.04 µm. The as-sintered specimen

showed an uneven surface structure with several minimal

cracks, which was expected to affect the deposition of

wollastonite sol at the initial stage of sol-gel/spin coating.

Fig. 3 shows the microstructural changes of the

wollastonite-coated surfaces on the zirconia substrate

for different coating cycles. Unlike the zirconia sub-

strate, all the wollastonite-coated surfaces fabricated

via sol-gel/spin coating exhibited a highly roughened

surface, regardless of the number of coating cycles.

However, the amount of coated wollastonite particles,

connectivity of wollastonite grains, and surface micro-

structure and roughness of the wollastonite coatings

depended on the number of coating cycles. Scattered

wollastonite islands were observed on the wollastonite-

coated surface on the zirconia substrate fabricated with

one coating cycle, and uncoated zirconia grains were

simultaneously exposed on the surface of the wollastonite-

coated specimen. With the increasing number of coating

cycles, the connectivity of wollastonite particles on the

coated surface increased, and numerous rounded pores

were formed on the wollastonite-coated layer.

The perpendicular microstructure of the wollastonite

coating layer on the zirconia substrate is shown in Fig.

4. The microstructure was strongly dependent on the

number of coating cycles. All the wollastonite-coated

layers were formed on zirconia substrates with uniform

thickness, and they became thicker with repeated coating

cycles. A thin and dense wollastonite-coated layer

composed of small grains was formed after one coating

cycle. In contrast, a thick and porous wollastonite-

coated layer was obtained after four coating cycles, as

shown in Fig. 4(d). Overall, the coating thickness and

grain size of wollastonite gradually increased with the

number of coating cycles, but the compactness between

the grains in the wollastonite-coated layer decreased. It

is suggested that the microstructural evolution with

repeated coating cycles is related to the thermal decom-

position of the wollastonite gel precursor [40]. After

Fig. 3. Surface microstructure of wollastonite-coated layer with
repeated coating cycle; (a) 1 cycle, (b) 2 cycles, (c) 3 cycles and (d)
4 cycles.

Fig. 4. Perpendicular microstructure of wollastonite-coated layer
with repeated coating cycle; (a) 1 cycle, (b) 2 cycles, (c) 3 cycles
and (d) 4 cycles.

Fig. 2. Sintered characteristics of the 3Y-TZP substrate; (a) phase composition, (b) surface microstructure and (c) surface morphology.
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the final heat treatment at 1350 oC for 2 h after drying

the gel precursor, the gel precursor was thermally de-

composed and transformed into wollastonite grains. At

that time, several types of gas phases were formed

within the coated layer via thermal decomposition, and

they evaporated into the air while forming pores. Dense

wollastonite-coated layer could be obtained from the

thin gel precursor coating layer via rapid gas evaporation

during the heat treatment. In contrast, thick coating

layer formed by the gel precursor might have decom-

posed to form a porous microstructure via heat treatment

at 1350 oC for 2 h. It is believed that thick wollastonite-

coated layer with porous microstructure will have a

positive effect on improving bioactivity, because it

promotes the dissolution of the wollastonite coating

layer in body, and then enhances apatite formation by

releasing more calcium ions into the biological tissue

[41].

Fig. 5 shows the surface morphology observed via

AFM. A roughened surface morphology was formed by

the wollastonite coating on zirconia, and it depended

on the number of coating cycles. A highly roughened

surface was obtained after four coating cycles with a

thick coating layer with a porous microstructure. The

variations in the coated layer thickness and surface

roughness with the number of coating cycles are shown

in Fig. 6. The wollastonite coating thickness on zirconia

increased proportionally with increasing number of

coating cycles from 1.7 µm to 12.7 µm. In addition, the

surface roughness of the wollastonite-coated layer in-

creased proportionally with the increasing number of

coating cycles from 0.14 µm to 0.59 µm. Generally, a

high surface roughness contributes to the improvement

in bioactivity because it contributes to osteoconductivity

and cell proliferation on the implant surface [42]. 

The phase composition of the wollastonite-coated

3Y-TZP substrate is shown in Fig. 7. Mixed peaks of

tetragonal zirconia and α-wollastonite were observed on

the surface of the wollastonite-coated 3Y-TZP substrate.

With the thickening of the wollastonite-coated layer by

repeated coating cycles, the intensity of the α-wollastonite

peaks increased, whereas that of tetragonal zirconia

decreased. 

An in vitro test for the specimen with four coating

cycles was conducted by immersing the wollastonite-

coated specimen in the SBF solution for 14 days to

examine the improvement in the bioactivity of zirconia

via wollastonite coating. The morphological and phase

changes were investigated using SEM and XRD analysis,

respectively, as shown in Figs. 8 and 9. Clean surfaces

of wollastonite particles were observed in the sample

immersed for one day. Peaks of only α-wollastonite

were observed, indicating that only surface dissolution

of wollastonite occurred in the SBF solution during 1

day of immersion. However, after 3 days of immersion

in the SBF solution, several new particles were precipi-

tated on the surface of the wollastonite particles, which

were confirmed be hydroxyapatite particles using XRD.

In addition, as the immersion period was increased to 7

days, all the wollastonite surfaces were covered with

small hydroxyapatite particles, which was confirmed

via the increase in hydroxyapatite peaks, as observed

from XRD analysis. After immersion for 14 days in the

SBF solution, all the peaks of wollastonite disappeared

in the XRD pattern and only hydroxyapatite peaks

Fig. 6. Increment of (a) coating thickness and (b) surface rough-
ness with repeated coating cycle.

Fig. 7. Phase composition of wollastonite-coated zirconia substrate
with repeated coating cycle.

Fig. 5. Surface morphology and roughness of wollastonite-coated
layer with repeated coating cycle; (a) 1 cycle, (b) 2 cycles, (c) 3
cycles and (b) 4 cycles.
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were detected, suggesting the continuous dissolution of

the wollastonite-coated layer and a rapid increase in the

precipitated hydroxyapatite particles. The wollastonite

sol-gel/spin coating plays an important role in the

formation of a thick hydroxyapatite film on the zirconia

substrate in the SBF solution. When bioactive ceramics

are immersed in the SBF, ion-exchanges can take place

between the ceramics and SBF, and finally the HA

layers can be created on the surface of the ceramics. In

general bioactivity of an artificial ceramics can be

evaluated in vitro by examining the formation of apatite

layer on its surface in SBF [43]. Apatite-forming ability

of bioceramics is directly dependent on the chemical

composition and dissolution, and wollastonite-based

ceramics possess superior apatite-forming ability in

SBF [44]. Thick wollastonite-coated layer on zirconia

substrate fabricated by 4 repeated cycles may supply

abundant Ca2+ ions by the release from coated surface

into SBF solution during dissolution, and they induce

the formation of crystallized apatite on substrate through

forming an amorphous Ca-P deposition on the surface.

Therefore, it was determined that thick wollastonite

coating via the sol-gel/spin method effectively contributed

to the improvement in the bioactivity of the bioinert

zirconia substrate. 

Conclusion

Homogeneous wollastonite layers were deposited on

zirconia substrates via sol-gel/spin coating. The micro-

structure (dense or porous) of the wollastonite coating

layer changed depending on the number of coating cycles

and thickness of the coated layer. The wollastonite-

coated area and film thickness increased proportionally

with increasing number of coating cycles. In addition,

the surface roughness (measured from AFM photographs)

increased with increasing number of coating cycles

and coating thickness. The in vitro test, wherein the

wollastonite-coated specimen was immersed in the SBF

solution, revealed that new precipitated hydroxyapatite

particles were formed the surface of the wollastonite

particles. The continuous dissolution of wollastonite

particles and precipitation of hydroxyapatite particles

were observed during immersion of the specimen in the

SBF solution, and a thick hydroxyapatite film layer

was finally formed on the zirconia substrate after 14

days of immersion. This confirmed that the wollastonite

films formed via sol-gel/spin coating effectively improved

the bioactivity of the zirconia substrate through the changes

in microstructure, morphology, and chemical composition.
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