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Abstract

Dicalcium silicate (C2S)/yttria stabilized zirconia (YSZ) composite coatings possessing better durability and more superior mechanical

properties than pure C2S coatings were produced by atmospheric plasma spraying. The microstructure and phase composition of the

composite coatings were determined by scanning electron microscopy and X-ray diffraction. The bioconductivity of the coatings was

evaluated in vitro by incubating in simulated body fluids (SBF). Apatite was observed to precipitate even on coatings comprising more than

70% YSZ after immersion in SBF for 7 days. The changes of the mechanical properties of the composite coatings due to immersion in SBF

were also investigated. The durability was found to increase with a larger YSZ content in the coatings. Deterioration of the mechanical

properties can be attributed to the degraded interlamellar or cohesive bonding due to fast dissolution of C2S. This study reveals factors

affecting the durability of the C2S/YSZ composite coatings in simulated physiological environment and suggests means for improvement to

address clinical needs.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Plasma-sprayed dicalcium silicate (C2S) coatings exhibit

excellent bioconductivity and are promising medical mate-

rials in artificial bones and dental roots [1]. A general

mechanism on the bioconductivity of CaO–SiO2 based

biomaterials involves the dissolution of calcium ions from

the coatings [2] to increase the calcium concentration

between the bone and implant. The higher calcium concen-

tration bodes well for the precipitation of apatite on the

surface of the implant as well as rapid integration of the

implant into the existing bone, giving rise to significant

improvements in the healing time as well as quality of life of

the patients. However, dissolution may also result in the

deterioration of the mechanical properties of the coating.

Yang et al. [3] have reported worse mechanical properties of
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hydroxyapatite (HA) coatings after immersion in simulated

body fluids (SBF) due to degradation of the interlamellar or

cohesive bonding in the coating. The problem stems from

the increased porosity after immersion thereby weakening

the bonding between the coating and substrate. Fractures

have thus been reported to occur in the coating and at the

coating/substrate interface in implanted prostheses [4]. The

stability and adherence of the substrate/coating and coating/

bone interfaces strongly affect the performance of the

implant, with the former one largely mechanical and the

latter one mainly physiochemical in nature [5]. The long-

term stability of the coating is more important when the

influence of a physiological medium is considered. There is

some indication that rapid dissolution of C2S in a

physiological medium may work against the implant and a

possible remedy is to form a composite coating with added

particles as a second phase.

Yttria stabilized zirconia (YSZ) is often used as

reinforcement in many types of ceramics because it has
ing C 25 (2005) 509 – 515
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high strength and enhanced toughening characteristics

during crack–particles interactions [6–9]. Kasuga et al.

revealed that the strength and fracture toughness of bulk

bioglass consisting of zirconia powders as a second phase

could be enhanced with a larger amount of zirconia [10]. It

was found in subsequent in vivo experiments that strength

degradation on the bioglass incorporated with zirconia

powders could be mitigated [11]. A sintered composite of

HA/zirconia has also been reported to have a positive effect

on the enhancement of the mechanical properties of HA

[12–14].

The biocompatibility of YSZ is another crucial issue

[15]. The effects of ceramic powders such as Al2O3 or ZrO2/

Y2O3 on permanent cell lives or human differentiated cells

have been investigated and cell culturing results show that

the materials do not induce any cytotoxicity [16,17].

Osteoblasts are found to proliferate and dense cell layers

form in close contact with the zirconia ceramics. SEM

observations reveal good spreading and attachment of

osteoblasts onto the material surfaces. Such adhesive

properties are regarded to be important to cell proliferation

and differentiation into bone forming cells [18].

In this study, YSZ (with 8 wt.% Y2O3) was used to

reinforce C2S coatings. The influence of the addition of

zirconia on the composite coatings including the effects on

the bioconductivity, mechanical properties and durability of

the composite coatings were investigated. The YSZ particles

were found to reduce the dissolution of the composite

coatings and enhance the mechanical properties in terms of

the microhardness, Young’s modulus, and so on.
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Fig. 1. XRD spectra of the as-sprayed coatings.
2. Experimental

2.1. Materials preparation and plasma spraying

C2S particles with dimensions of less than 20 Am
synthesized in our laboratory and commercially available

YSZ powders (typical size ranging from 50 to 106 Am) were

used in our experiments. The ceramic slurry method [19]

was used to prepare the 50 wt.% C2S/50 wt.% YSZ

(denoted as CZ5), 30 wt.% C2S/70 wt.% YSZ (denoted as

CZ7) and 10 wt.% C2S/90 wt.% YSZ (denoted as CZ9)

composite powders. An atmospheric plasma spraying (APS)

system (Sulzer Metco, Switzerland) was employed to

fabricate the coatings.

The samples tested for the bioconductivity, microstruc-

ture, microhardness and phase composition were fabricated

on Ti–6Al–4V plates with dimensions of 10 mm�12

mm�2 mm. For the measurements of the bending strength

and Young’s modulus, a 1.5-mm-thick coating was depos-

ited on steel substrate (150 mm�100 mm�2 mm). After

plasma spraying, the substrates were removed and the

coatings were ground carefully and cut into 25 mm

(length)�4 mm (width)�1 mm (height) pieces for the

standard three-point bending test (ASTM E-855) [20].
2.2. Coating characterization

The structure and phase composition of the coatings were

determined by X-ray diffraction (D/max 2550 v, JAPAN)

using an angle resolution of 0.02- and the Cu-Ká X-ray line.

The surface morphology was evaluated by scanning electron

microscopy (SEM) using a JEOL JSM-6700F. The cross-

sections of the composite coatings before and after

immersion in SBF were polished using Al2O3 abrasive

powders and diamond grinding paste prior to the analysis of

the microstructure and Vickers microhardness. The cross-

sectional microstructure of the coatings was studied using

scanning electron microscopy and electron probe micro-

analysis (EPMA-8705QH2).

The mechanical properties of the specimens before and

after immersion in SBF for different durations of time were

measured to evaluate the effects of the SBF on the coating

properties. A Model HX-1000 microhardness tester made in

Shanghai, China was employed to measure the Vickers

microhardness. A load of 1.961 N (200 g) was applied for

15 s during indentation and the average values of 20 tests

are reported here. The three-point bend strength of the

specimens with dimensions of 25 mm (length)�4 mm

(width)�1 mm (height) was measured using a material

testing instrument (Instron-5566, UK). The Young’s mod-

ulus was obtained by the relationship: E =PL / 4bh3d, where
E is the Young’s modulus, P is the load, L is the span length

between support, b is the specimen width, h is the specimen

thickness, and d is the deflection at mid-span. Each

measured value of Young’s modulus represents an average

of three tests.

2.3. Bioconductivity evaluation

The bioconductivity of the composite coatings was

appraised in vitro by immersion in SBF. The SBF solution
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was replenished every other day and the samples were

incubated in SBF at 36.5 -C for a total of 7 days.

Afterwards, the specimens were taken out from the bottles

and ultrasonically washed in acetone and deionized water.

SEM and energy dispersive X-ray (EDS) analysis (INCA

ENERGY, UK) were performed to monitor the formation of

apatite.
3. Results and discussion

3.1. Coating characterization

Fig. 1 displays the XRD results acquired from the as-

sprayed composite coatings with various ZrO2 contents and

indicates that the coatings are primarily composed of h-
Ca2SiO4 and t-ZrO2. A minor amorphous phase is also
Fig. 2. SEM micrographs of the composite coatings: (a) CZ5, (b) CZ7 and

(c) CZ9.

Fig. 3. Cross-sectional view of the as-sprayed composite coatings: (a) CZ5,

(b) CZ7 and (c) CZ9.
observed in the composite coatings. No new phases such as

CaZrO3 are found in the as-sprayed composite coatings,

suggesting that there is no chemical reaction between C2S

and ZrO2 during the plasma-spraying process. The C2S

peaks can hardly be observed in the XRD spectra because



Y. Xie et al. / Materials Science and Engineering C 25 (2005) 509–515512
the peak intensity of ZrO2 is much higher than that of C2S.

Monoclinic ZrO2 that exists in the original powder

disappears from the as-sprayed coatings and the crystalline

g-Ca2SiO4 peaks indicative of the starting powder were

substituted by the metastable h-Ca2SiO4 phase in the

composite coatings. It is believed to be due to rapid

solidification in the plasma-spraying process. Tetragonal

ZrO2 remains after plasma spraying and is beneficial to the

mechanical properties improvement via stress-induced

martensitic transformation to monoclinic phase [21].

Fig. 2 shows the surface morphologies of the composite

coatings observed by SEM. There is very little difference

among the coatings with different ZrO2 contents. From the

cross-sectional views as shown in Fig. 3, typical lamellar

structure of alternating ZrO2 and C2S with few pores can be

seen. The darker and lighter regions correspond to the C2S

and ZrO2 phases, respectively. It can be deduced that the
Fig. 4. Surface views of the composite coatings after immersion in SBF for 7 days

(b), and (f) EDS spectrum of (c).
ZrO2 and C2S particles are distributed uniformly in the

coatings without clustering.

3.2. Evaluation of bioconductivity

The surface morphologies of the coatings after immer-

sion in SBF for 7 days are depicted in Fig. 4. New dense

layers are found on CZ5 and CZ7. The corresponding EDS

spectra indicate that the new layers formed on the surfaces

of CZ5 and CZ7 are mainly composed of calcium and

phosphorus (Figs. 4d and e). Scattered particles can also be

seen on the CZ9 coating surface (Fig. 4c). A higher

magnification of the particles is shown at the right corner

of CZ9 picture. The scattered particles on the CZ9 surface

are also mainly composed of calcium and phosphorus (Fig.

4f). The results show that coating remains bioconductive

even with 90 wt.% ZrO2.
: (a) CZ5, (b) CZ7, (c) CZ9, (d) EDS spectrum of (a), (e) EDS spectrum of
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Fig. 5 depicts the SEM cross-sectional micrographs of

CZ5 and CZ7 after immersion in SBF for 28 days. Dense

gray layers can be observed on the coating surfaces and the

latter analysis confirms that the new layers are apatite.

3.3. Mechanical properties of composite coatings

Fig. 6 shows the microhardness changes of the composite

coatings after immersion in SBF for various periods. The

higher microhardness of ZrO2 contributes to the overall

microhardness which increases with a higher ZrO2 content,

for instance, from 4.48T0.42 GPa for CZ5 to 6.49T0.27
GPa for CZ9. Dissolution of the C2S from the composite

coatings results in decreased microhardness. The higher the

C2S content in the composite coating, the larger is the

decrease in the microhardness after immersion. The micro-

hardness of CZ5 decreases by 37.1% after immersion in

SBF for 21 days but that of CZ9 diminishes by only 10.0%

after the same incubating period.

The bend strength values of the as-sprayed coatings with

different ZrO2 contents show very little difference (Fig. 7).

Although they diminish with longer immersion time, the

rate of decrease is smaller than that of other mechanical

attributes such as microhardness and Young’s modulus.

After 21 days of immersion in SBF, the largest decrease of
Fig. 5. Cross-sectional views of CZ5 and CZ7 after immersion in SBF for

28 days.
the bend strength of 26% is measured from the CZ5 coating

corresponding to a decrease from 117.0T5.4 MPa to

86.7T4.9 MPa.

The changes in Young’s modulus of the composite

coatings are illustrated in Fig. 8. Immersion in SBF solution

has the largest effects on the Young’s modulus of the

composite coatings. The modulus of the CZ5 coatings

decreases from 107.7T6.8 GPa for the as-sprayed sample to

41.8T3.7 GPa after immersion in SBF for 21 days. The

modulus of the CZ7 coatings also goes down from

120.2T9.6 GPa to 56.9T5.8 GPa. The degradation is more

than 50% after 3 weeks of immersion. In comparison, CZ9

shows the smallest decrease from 158.4T8.7 GPa (as-

sprayed) to 134.7T6.9 GPa (21 days of immersion).

Direct measurement of the Young’s modulus of the free

coatings detached from the plasma-sprayed coatings by

three-point bending testing (ASTE E-855) [20] was attemp-

ted by Yang et al. [3]. The effects of SBF on the mechanical

properties of the plasma-sprayed hydroxyapatite coatings

were studied. Worse Young’s modulus results were obtained
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from the hydroxyapatite coatings. The value degraded from

24.1T1.7 GPa for the as-sprayed coatings to 15.6T1.7 GPa

after immersion in SBF for 28 days. Khor et al. [19]

evaluated the microhardness of the as-sprayed hydroxyapa-

tite coating reinforced with YSZ and Ti–6Al–4V and a

value of 400 kg/mm2 was reported. A Knoop indenter was

used to evaluate the Young’s modulus of the composite

coating and the estimated maximum was about 65 GPa after

post-spraying heat treatment. It was also reported that the

mechanical properties of the coating increased significantly

with the addition of YSZ.

It is demonstrated in this work that the mechanical

properties of the C2S/YSZ composite coatings are improved

significantly with the addition of YSZ. The favorable

mechanical properties may be ascribed to the existence of

YSZ particles as a secondary phase in the coatings. The

mechanism is believed to be dispersion strengthening due to

homogeneous distribution of YSZ particles in the matrix

with a good particle–matrix interface [17]. The ZrO2

particles used in this work are effectively above the critical

size for spontaneous transformation of t-ZrO2 to m-ZrO2,

although the ZrO2 typically exists as the tetragonal phase in

the composite coatings.

The Young’s modulus is a function of structural

characteristics such as porosity, crystallinity, and phase

composition and that of thermally sprayed coatings is

different from that of the bulk materials due to the

inhomogeneous microstructure. The phase composition,

microcracks and pores in the coatings contribute to the

difference in the Young’s modulus. The less abundant the

ZrO2 phase (Young’s modulus=210 GPa [22], which is

much higher than that of C2S [23]) in the CZ5 coatings, the

smaller is the Young’s modulus.

C2S has been found to dissolve rapidly in SBF and so the

degradation in the mechanical properties after SBF immer-

sion is primarily caused by dissolution. The dissolution

process weakens the interlamellar microstructure in the

coating and the interfacial bonding between the coating and

substrate. In addition, crack growth may be accelerated by
the presence of the physiological environment via processes

such as stress-corrosion cracking. Dissolution and crack

growth result in weakened interlamellar or cohesive bond-

ing, thereby the poorer mechanical properties. The addition

of ZrO2 results in a slower dissolution rate of the composite

coatings and consequently improves the durability and

mechanical properties. Our results in fact demonstrate that

the higher the ZrO2 content in the composite coatings, the

more stable are the mechanical properties in a simulated

physiological environment.
4. Conclusion

Mechanically blended C2S/YSZ powders were used as

feedstock to produce composite coatings by atmospheric

plasma spraying. The m-ZrO2 phase of the original powder

disappears and only the t-ZrO2 can be found in the composite

coatings. The crystalline g-Ca2SiO4 phase in the original

powder is also replaced by metastable h-Ca2SiO4 in the

composite coatings. It is because of rapid solidification

during the plasma-spraying process. In our SBF incubating

tests, coatings composed of as high as 70% of ZrO2 exhibit

very good bioconductivity, and a dense apatite layer can be

found on the surface after 7 days of immersion in SBF.

The composite coatings possess enhanced mechanical

properties due to the addition of YSZ. The Young’s moduli

of the as-sprayed composite coating are 107.7T6.8 GPa

(CZ5), 120.2T9.6 GPa (CZ7) and 158.4T8.7 GPa (CZ9),

respectively. With large amount of YSZ addition, the

microhardness and bend strength of the coatings are also

improved markedly. The improved mechanical properties of

the composite coatings are believed to stem from the

homogeneous distribution of ZrO2 in the coatings. Compo-

site coatings with a higher ZrO2 content show smaller

dissolution, and so the degree of degradation in the

mechanical properties is reduced. The durability of the

coatings is also enhanced.
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