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In this paper, chemically synthesized CaO-ZrO2-SiO2 (CZS) powder was plasma sprayed onto a
Ti-6Al-4V alloy substrate for its potential applications in biomedicine. Surface morphology and phase
composition were analyzed by scanning electron microscopy (SEM) and x-ray diffraction (XRD). The
degradation behavior of the coating in biological environment was in vitro appraised in Tris-HCl buffer.
The mass loss was much lower than that of the wollastonite coating (WC) and close to that of the
hydroxylapatite coating (HC). The bond strength with titanium alloy substrate was 31.8 ± 4.7 MPa. In
vitro bioactivity appraisement results showed that apatite could be formed on the surfaces after soaking
in simulated body fluid (SBF) for 14 days. Canine marrow stem cells (MSCs) also showed well adhesion
and proliferation on the coating surfaces. In summary, results suggest that the coating possesses well
cytocompatibility and may be an appropriate candidate for application in biomedicine.
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1. Introduction

Plasma-sprayed hydroxylapatite coating (HC) on a
Ti-6Al-4V substrate has been widely used in orthopedics
and dentistry to achieve chemical bonding of the implant
to bone tissue (Ref 1). However, the low crystallinity and
poor bonding strength result in degradation, peeling, and
fatigue-induced failure under tensile loading (Ref 2, 3).
Plasma sprayed CaO-SiO2 based ceramic coatings have
been widely studied recently for their high bonding
strength with titanium substrate, good bioactivity and
biocompatibility, but the degradation of the coatings in
biological environment affects the long-term performance
(Ref 4-6).

Good chemical and dimensional stabilities, mechani-
cal strength and toughness, coupled with a Young�s
modulus in the same order of magnitude with stainless
steel, were the origin of the interests in using zirconia
as a ceramic biomaterial. Zirconia was also used as

reinforcement in many types of ceramic because of its
high strength and toughening characteristics during
crack-particles interactions (Ref 7-10). Sintered com-
posite of hydroxylapatite and zirconia was reported to
have much higher mechanical properties than pure
hydroxylapatite (Ref 11, 12). The strength and fracture
toughness of bulk bioglasses containing zirconia were
obviously enhanced (Ref 13) and degradation in vivo
was mitigated (Ref 14). The good biocompatibility of
zirconia ceramic was also been extensively proved
(Ref 15). Human osteoblasts were found to spread,
adhere to the material surface closely, and no any
cytotoxicity was found (Ref 16, 17). However, as a bio-
inert material, most of the zirconia implant was gener-
ally encapsulated by fibrous tissue that isolated them
from surrounding bone tissue (Ref 18).

Colin et al. (Ref 19) found that calcium oxide in calcia
partially stabilized zirconia (Ca-PSZ) could react with acid
oxides, such as silicon oxide, titania, and extracted from
the zirconia matrix at high temperature. For example, the
calcia can react with silicon or silicon oxide to form
CaSiO3 or Ca2SiO4 phase in the near zirconia zone. In this
paper, a decalcification reaction of Ca-PSZ with silica was
used to prepare the CaO-ZrO2-SiO2 (CZS) powder, which
was plasma sprayed onto a titanium alloy substrate for
potential application in biomedicine. The powder and
coating surface morphologies and phase composition were
evaluated by scanning electron microscopy (SEM) and
x-ray diffraction (XRD). The bonding strength of the
coating with titanium alloy substrate was measured. The
degradation behavior in biological environment was in
vitro appraised by monitoring the mass losses in Tris-HCl
buffer. Cytocompatibility was evaluated by observing the
attachment, proliferation behavior of canine marrow stem
cells (MSCs) on the coating surface.
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2. Experimental

2.1 Feedstock and Coating Preparation

Commercially available pure ZrO2 and CaCO3 powder
were mechanical mixed for 6-8 h in a polyethylene bottle
with ethanol as media. The mixed powder were sintered in
air at 1400 �C for 8-10 h in a muffle furnace with the
heating rate at 5 �C min�1. Then, silica powder was
mechanically mixed into and the mixture was sintered in
air at 1400 �C for another 10-14 h to obtain the CaO-
ZrO2-SiO2 (CZS) ceramic. All of the original powders
were analytical-reagent grade and obtained from Shanghai
AiBi Chemistry Preparation Co, China. Combining the
CaO-ZrO2-SiO2 phase diagram and the previous results
(Ref 5), which reported that the dicalcium silicate/zirconia
composite coatings with no more than 70 wt.% zirconia
content exhibited good bioactivity and mechanical prop-
erties, the CaO-ZrO2-SiO2 ceramic in this study was pre-
pared with the mole ratio of the CaCO3:ZrO2:SiO2 at
1:1:0.4.

The obtained CZS ceramic was abrasive to less than
60 lm size as plasma spraying feedstock. Air plasma
spraying (APS) system (Sulzer Metco, Switzerland) was
employed to prepare the coating with Ti-6Al-4V plates
(10 9 10 9 2 mm) as substrates. The detailed plasma
spraying parameters are shown in Table 1.

2.2 Coating Characterization

The phases of the feedstock and coating were deter-
mined by x-ray diffraction (D/max 2550 v, Japan). The
surface morphology and cross-sectional microstructure of
the coating were evaluated by SEM coupled with an
energy-dispersive spectrometer (EDS, INCA Energy,
Oxford Instruments, UK). The porosity of the coating was
estimated by image analysis techniques. Porosity level was
determined by capturing an image of the coating cross-
section and differentiating between porosity and bulk
coating by grey levels. Surface roughness (Ra) of the
coating was measured by a profilometer (Hommelwerke

T8000-C, Germany). Bioactivity evaluation was per-
formed by immersing the samples in simulated body fluid
(SBF) with the ion concentrations similar to those in
human blood plasma (Ref 20). The detailed composition
of the SBF is shown in Table 2. After 14 days immersion,
the samples were analyzed by SEM and EDS.

The degradation of the CZS coating in biological
environment was in vitro evaluated by monitoring the
mass losses of the coating after immersion in Tris-HCl
buffer. Each piece of sample was immersed in 10 mL Tris-
HCl buffer. After soaking for different periods, samples
were washed by distilled water and alcohol and then dried
at 105 �C for 24 h. The mass changes before and after
soaking were measured. Mathematic average of the mass
losses of five measurements was reported.

2.3 Bonding Strength Measurement

Two identical cylindrical Ti-6Al-4V rods (˘ 25.4 9
25.4 mm), one with coating (about 400 lm) and another
was gritblast-roughened to enhance resin adherence were
used according to designation of ASTM C633 (Ref 21). A
thin layer of E-7 adhesive glue (Shanghai, China), whose
tensile fracture strength is over 70 MPa, was used to bond
the two cylinders together. In order to assure the intimate
contact between the resin and the two surfaces, a com-
pressive stress was applied to both rods for about 1-2 h
before 4 h of curing at 100 �C in an oven. The tensile
bonding strength was measured using a materials tester
(Instron-5592, SATEC, USA) at a crosshead speed of
1 mm min�1. The average of five test data was given to
represent the bonding strength.

2.4 In Vitro Cytocompatibility

2.4.1 Cell Morphological Observation. Cells sus-
pended in 200 lL Dulbecco�s modified Eagle�s medium
(supplemented with 10% fetal bovine serum, 100 U mL�1

penicillin and 100 mg mL�1 streptomycin) at a density of
5 9 104 cells mL�1 (passage 5-7) were seeded on 1 cm2

sample sterilized by autoclaving at 120 �C for 30 min. The
culture was kept at 37 �C in an atmosphere of 5% CO2 and
95% relative humidity. The culture medium was changed
every other day. After cultivation for 2, 4, and 6 days, the
samples were taken out from the culture plates and fixed
with 2.5% glutaraldehyde in 0.1 M sodium cacodylate
buffer (pH = 7.4) for 1 h. After rinsing with phosphate-
buffered saline for three times, 10 min for each time, and
dehydrating sequentially in a series of ethanol (50, 70, 95,
and 100%), each concentration twice and 10 min for each
time, the adhesion and spreading of the cells on the MS
coating were observed by SEM.

2.4.2 MTT Assay. MTT assay was applied to deter-
mine the viability and proliferation of the MSCs. On
complete removing of the original culture medium, 720 lL
fresh culture media and 80 lL of MTT solution
(5 mg mL�1) were added to each well. The plate was
incubated at the same cultivation condition for another
4 h. Then, an equal volume of the supernatant was
removed carefully and the intracellular formazan was

Table 1 Plasma spraying parameters

Argon plasma gas flow rate, slpm 40
Hydrogen plasma gas flow rate, slpm 10
Spray distance, mm 100
Argon powder carrier gas, slpm 3.5
Current, A 600
Voltage, V 68
Powder feed rate, g/min 21

Table 2 Ionic concentration of human blood plasma
and SBF solution (obtained from calculation, unit: mM)

Na+ K+ Ca2+ Mg2+ Cl2 HCO3
22 HPO4

22 SO4
22

Human blood
plasma

142 5.0 2.5 1.5 103.0 27 1 0.5

SBF solution 142 5.0 2.5 1.5 148.8 4.2 1 0.5
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solubilized by 800 lL of dimethyl sulfoxide for each well.
The absorbance of the resulting solution was measured
using spectrophotometry at a wavelength of 570 nm. The
results were reported as absorbance which is proportional
to the quantity of the living cells on the coating surface.

3. Results

3.1 Characteristics of the Coating

The phase composition of the sintered powder and
as-sprayed coating is illustrated in Fig. 1. The feedstock
was mainly composed of ZrO2, Ca2SiO4 and CaZrO3,
while in the as-sprayed coating, the Ca2SiO4 phase peaks
became weak since the decreased crystallinity of the
coating in the rapid heating and cooling process of plasma
spraying.

The surface morphologies of the as-sintered CZS
powder and prepared coating are shown in Fig. 2(A)-(D).
The coating showed typical characteristics of plasma
spraying with rough surface. Higher magnification of the
SEM micrographs showed that large amount of cuboid
particles conglutinated together. EDS results demon-
strated that the cuboid particles were ZrO2.

The cross-sectional microstructure of the coating is
shown in Fig. 3. Typical lamellar structure with a few
pores can be seen from the images. Measured from the
cross-sectional images, the thickness of the coating was
about 80-100 lm and the porosity was approximately
9.8%. The measured bonding strength of the CZS coating
with Ti-6Al-4V substrate is 31.8 ± 4.7 MPa, which is
much higher than that of the plasma sprayed HC reported

in some other studies (Ref 22, 23). Roughness (Ra) of the
CZS coating is 6.92 ± 0.54 lm.

3.2 Dissolution Behavior in Tris-HCl Buffer

The degradation in biological environment was evalu-
ated by monitoring the mass changes of the samples after
immersion in Tris-HCl buffer. The surface morphology of
the sample after immersion in buffer solution for 30 days
is illustrated in Fig. 4. Results show that the cuboid zir-
conia particles remained after immersion in the buffer,
and connected together to form a network. The further
dissolution of the coating was therefore reduced. The
dissolution percent of the coatings in the Tris-HCl buffer
are shown in Fig. 5. It was 0.051 ± 0.021% for CZS after
5 days immersion, while that of the HC was 0.385 ±
0.041% and 2.88 ± 0.18% for WC.

3.3 In Vitro Bioactivity and Cytocompatibility
Evaluation

To forecast the bone-bonding ability of the CZS coat-
ing, samples were immersed in SBF to test the bone-like
apatite formation capability. After 14 days immersion in
SBF, many island particles were formed on the sample
surfaces as shown in Fig. 6. EDS measurements verified
that these particles were mainly composed of Ca, P, O and
a little of Na, Mg elements.

In vitro cytocompatibility was evaluated by canine
MSCs culture system. HC and WC samples were fabri-
cated for comparison. In order to exclude the influence of
surface texture on the cells adhesion and proliferation, HC
and WC samples were prepared with the roughness close
to the CZS coating.

Figure 7 shows the cell morphologies after 2, 4, and
6 days culture on the CZS coating surface. Under SEM,
large number of cells was observed to adhere to the
material. These cells possessed a polygonal shape with
many extending cytoplasmic processes adhering to the
sample, spread and reached larger sizes with compact
bodies and short cellular extensions. After 4 days of cul-
ture, the cells reached confluence on the coating surfaces.

The MTT results shown in Fig. 8 further demonstrated
the well proliferation of the MSCs on CZS. The number of
living cells increased with extending of culture time.
During the 6 days culture, cells exhibited similar prolif-
eration rate on both of CZS and HC.

4. Discussion

In this paper, a decalcification reaction between
Ca-PSZ and silica at high temperature was employed for
synthesis of CZS powder. The obtained powder showed a
special microstructure: large amount of cuboid ZrO2

particles conglutinated together with the interspace filled
by silicate salts. Similar microstructure was also reported
by Yeo et al. (Ref 24). This kind of structure is very
beneficial for its potential application in biomedicine. The
ZrO2 particles are biocompatible and chemically stable in

Fig. 1 XRD patterns of the as-sintered CZS powder and pre-
pared coating
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biological environment, while the silicate salts, the bioac-
tive dicalcium silicate, can induce the formation of apatite
in SBF or biological environment. It indicates that the
material can chemically bond to the host bone tissue and is
of advantages to the early fixation of the implants (Ref 4,
5, 13, 17).

The degradation results evaluated in Tris-HCl buffer
primary demonstrated the good stability of the coating. As
shown in Fig. 4, after 30 days immersion in the buffer, the
ZrO2 particles remained in the coating and connected to
form a network. The further reaction of water molecules
with the silicate salts was reduced and thus the dissolution
rate of the coating decreased. Therefore, the CZS coating
showed a much lower dissolution rate as compared with
WC.

The coating/substrate adhesion strength is one of the
important factors in determining the performance and
reliability of any coated devices in dental or orthopedic
applications. Hydroxylapatite is the widely used material

in biomedicine for its good bioactivity and biocompati-
bility. Unfortunately, the bonding strength with metal
substrates is low because of the large difference in thermal
expansion coefficients between the hydroxylapatite and
substrate. In addition, as mentioned earlier (Ref 2, 3), the
hydroxylapatite is degradable in the biological environ-
ment and the bonding strength between the coating and
substrate largely declines with the extending of the
implanting duration. For an ideal coating material in
dental or orthopedic applications, not only good biocom-
patibility but also high bonding strength with substrate
and low degradation rate in biological environment are
needed. According to the dissolution results appraised in
Tris-HCl buffer, smallest dissolution percent was found
for CZS coating in the three kinds of material and a long
life span could be expected after implanted.

The bonding strength of the CZS coating with Ti-6Al-
4V substrate is 31.8 ± 4.7 MPa, which is much higher than
that of the HC (Ref 22, 23). The high bonding strength of

Fig. 2 SEM morphologies of (A) the sintered CZS powder and (B) higher magnification of (A), (C) as-sprayed CZS coating and (D)
higher magnification of (C), (E) EDS of a, c points and (F) EDS of b, d points
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CZS coating was explained by the large content of zirco-
nia in the CZS. Since the similar thermal expansion
coefficient with titanium alloy substrate and high strength,
good toughness (Ref 25), the bond strength of the plasma
sprayed ZrO2 coating is as high as 60.5 ± 2.6 MPa when
the thickness of the coating is 200 lm (Ref 26).

It is known that bioactive materials bond to living bone
via formation of a biologically active bone-like apatite
layer (Ref 27) on their surfaces. The formation of apatite

is an essential requirement to chemically bond to bone to
some extent (Ref 28-30). For CZS coating, because of the
existence of silicate salts and gradual release of calcium
ions, apatite was formed on the surface after immersion in
SBF. It implies that the coating possesses the potential to
chemically bond to bone tissue when it is implanted. The
well adhesion and proliferation behavior of the canine
MSCs cultured on the coating also demonstrated the good
in vitro cytocompatibility of the CZS.

Fig. 2 continued
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5. Conclusions

CaO-ZrO2-SiO2 powder was chemically synthesized by
employing the decalcification reaction between calcia
partially stabilized zirconia and silica. The obtained pow-
der was coated onto a Ti-6Al-4V substrate by air plasma
spraying for potential application in biomedicine. The
coating showed not only good bonding strength with
titanium alloy substrate (31.8 ± 4.7 MPa) but also high
stability in Tris-HCl buffer. In vitro bioactivity results
showed that apatite was formed on the coating surface
after 14 days immersion in SBF, implying that the coating
possesses the potential to chemically bond to bone tissue.
The canine marrow stem cells adhered, spread well on the

coating surface and displayed very close proliferation
behavior with those on HC. All these results suggest that
the CZS coating possesses good cytocompatibility and
potential application in biomedicine.

Fig. 3 Cross-sectional morphology of the as-sprayed CZS
coating Fig. 5 Dissolution percent after immersion in Tris-HCl buffer

for different immersion duration

Fig. 4 Surface morphology of the CZS coating after immersion
in Tris-HCl buffer for 30 days

Fig. 6 Surface morphologies of (a) the CZS coating after
immersion in SBF for 14 days and (b) EDS of the deposited layer
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