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Titanium/dicalcium silicate composite coatings with different ratios (weight ratios as Ca2SiO4: Ti = 3:7,
5:5, 7:3) were prepared by plasma spraying. Effects of titanium addition on coating properties, such as
bonding strength, flexural modulus, and dissolution in simulated physiological environment, were stud-
ied. Results showed that the bonding strength between coating and Ti-6Al-4V substrate increased with
increase of titanium content in the composite coatings. It was explained by the narrowed dissimilarity of
thermal expansion coefficients between the coatings and substrates. Degradation of mechanical prop-
erties after immersion in simulated body fluid was also studied. The dissolution of dicalcium silicate in
the composite coatings resulted in the decrease of flexural strength and flexural modulus of the coatings
in the simulated physiological environment. The higher titanium content in the composite coatings, the
stabler are the composite coatings in the physiological environment.
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1. Introduction

Silicon is a kind of very important trace element in the
animal metabolism process and takes very important
function in the early stage of bone and ligamenta tissue
formation (Ref 1). Modern genetic engineering techniques
demonstrate that more than 60 genes are silicon sensitive
(Ref 2). Wollastonite is a raw material mainly used for
traditional ceramics (Ref 3) and dicalcium silicate (Ca2

SiO4) has been well studied because of its consider-
able importance in the cement and refractory industries
(Ref 4, 5). These two kinds of materials are silicon-con-
tained and composed of CaO-SiO2 components. In our
previous work, wollastonite and dicalcium silicate were
plasma sprayed on titanium alloys substrates for improv-
ing the bioactivity of the implant and their good bioac-
tivity and biocompatibility have been demonstrated (Ref
6-13). The good improved bioactivity and biocompatibility
of the implants were endowed by the dissolution products
of these silicate ceramics. The dissolution rate of these
silicate ceramics in an aqueous solution is related to the
number of the bridging oxygens. Orthosilicates hydrolyze
more rapidly than other silicate species (e.g., disilicate,
chain silicate) because the bridging oxygen is much more
resistant to attack than nonbridging oxygen (Ref 14).
Dicalcium silicate is an isolated silicate without bridging
oxygen atoms and its high dissolution rate may result in

the deterioration of the mechanical properties of the
coatings and affect the long-term durability.

Lots of methods have been developed for improving the
durability of the hydroxylapatite coatings, such as steam
treatment (Ref 15), fabricating composite coatings (Ref
16), etc. For the excellent mechanical properties and cor-
rosion resistance, good biocompatibility, titanium and its
alloys are widely used in orthopedics and dentistry (Ref 17,
18). The addition of titanium in ceramic coatings is also
beneficial for the preventing of cracks propagation,
improvement of bonding strength and expanding coating
life (Ref 19). In this article, composite coatings with added
titanium particles as a second phase were fabricated for
expanding the dicalcium silicate coating life. Durability of
the titanium/dicalcium silicate composite coatings were
evaluated in vitro by immersion in simulated body fluid
(SBF) and the mechanical properties changes of the coat-
ings were monitored.

2. Experimental

2.1 Preparation of Coatings

The dicalcium silicate (Ca2SiO4) powder was mechan-
ical mixed with commercially available titanium powder as
the following compositions: 30 wt.% Ca2SiO4 + 70 wt.%
Ti (denoted by CT7), 50 wt.% Ca2SiO4 + 50 wt.% Ti
(denoted by CT5) and 70 wt.% Ca2SiO4 + 30 wt.% Ti
(denoted by CT3). Coatings were prepared by an atmo-
sphere plasma spraying system (Sulzer Metco, Switzer-
land) with Ti-6Al-4V coupons as substrates.

2.2 Mechanical Properties Measurement

Two identical cylindrical Ti-6Al-4V rods ð/25:4mm�
25:4mmÞ; one with coating (with the coating thickness
about 400 lm as required by ASTM C 633 (Ref 20)) and
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another was grit blast-roughened, were bonded together
by a thin layer of glue with the tensile fracture strength
over 70 MPa. Material tester (Instron-5592, SATEC,
USA) was applied to measure the bonding strength be-
tween the coating and substrate at a crosshead speed of
1 mm/min. The average of five test data was given to
represent the bonding strength.

Each free coating sample with dimension 25 mm
(length) · 4 mm (width) · 1 mm (height) was incubated in
50 mL SBF solution at 36.5 �C. The SBF solution was
refreshed every other day. The as-sprayed samples and the
samples after 2, 4 weeks incubation, respectively, were
applied to mechanical measurement for study of the
coating durability. The SBF solution is composed with
2.5 mM of Ca2+, 1.5 mM of Mg2+, 142.0 mM of Na2+,
5.0 mM of K+, 148.5 mM of Cl), 4.2 mM of HCO3

),
1.0 mM of HPO4

2), 0.5 mM of SO4
2) and buffered at a pH

of 7.40 with 50 mM tri (hydroxymethyl) aminomethane
(CH2OH)3CNH2) and approximately 45 mM hydrochloric
acid (HCl) at 37 �C. The Tris-HCl buffer solution is
composed of 50 mM tri (hydroxymethyl) aminomethane
(CH2OH)3CNH2) and buffered the pH value to be 7.40
with 45 mM hydrochloric acid (HCl)

Flexural strength of the samples was measured using a
material testing instrument (Instron-5566, UK) as
requirement of ASTM E-855 (Ref 21). The flexural
modulus was obtained by the relationship: E = PL3/4bh3d,
where E is the flexural 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 midspan.
Each measured value of flexural modulus represents an
average of three tests. Same size of as-sprayed samples
were applied for measurement of thermal expansion
coefficient, which was measured by a dilatometer (402ES-
3, Germany) in the temperature range of 20-600 �C.

3. Results and Discussion

3.1 Coating Characteristics and Bonding Strength

The main phases of the as-sprayed composite coatings
were b-Ca2SiO4 and titanium (Ref 8). The coatings were
built up from melted particles and had a rough surface.
The cross-sectional views of these composite coatings
were shown in Fig. 1. Typical lamellar structure with few
pores can be seen from Fig. 1. Small cracks existed in the
interface between the as-sprayed CT3 coating and sub-
strate while no obvious cracks were found in the interface
of the as-sprayed CT5 and CT7 coatings. The cracks in the
interface decrease with increasing Ti content in the coat-
ings.

Bonding strength test results of the composite coatings
(about 400 lm in thickness) are shown in Fig. 2. Those of
Ca2SiO4 and Ti coatings measured in this experiment are
also illustrated. The addition of titanium to the coatings
improved the bonding strength from 30.5 MPa (Ca2SiO4)
to 49.0 MPa (CT7).

As reported by Yang et al. (Ref 22), the value of
bonding strength of the coatings reflects a combination of
adhesive (coating to substrate) and cohesive (within the
coating layers themselves) strengths of a coating. Cohesive
strength was dominated by the coating structure, i.e.,
crystallinity, porosity, crack formation, and lamellar tex-
ture, etc. In contrast, the adhesive strength might be
affected by the coating structure, residual stress, and sur-
face roughness of the substrate. The residual stress is
closely related to the thermal expansion coefficient
matching condition of the coatings and substrates. The
dissimilarity of the thermal expansion coefficient between
the coating and substrate induces the residual stress and
therefore affects the bonding strength. Figure 3 compared

Fig. 1 Cross-sectional morphologies of the as-sprayed coatings: (a) CT3, (b) CT5, (c) CT7
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the thermal expansion coefficients of the dicalcium silicate
composite coatings, hydroxylapatite (HA) coating, and
titanium alloy substrates. The thermal expansion coeffi-
cient of HA coating is 15.2 · 10)6/�C (20-600 �C) (Ref 23),
which is much higher than that of titanium alloy substrate
(9.40 · 10)6/�C) (Ref 24). The higher dissimilarity between
the coating and substrate causes higher residual stresses
during plasma spraying process and lower bonding
strength (<20 MPa (Ref 25, 26)). The addition of titanium
component in the composite coatings can effectively nar-
row down the thermal expansion coefficient dissimilarity
of the coatings and substrates. With increase of the tita-
nium contents from 30 wt.% to 70 wt.%, the thermal
expansion coefficients of the composite coatings decreased
from 13.8 · 10)6/�C to 10.8 · 10)6/�C (20-600 �C). Better

adhesive condition at the coating/substrate interface can
be obtained with more than 50 wt.% titanium content in
the composite coatings. Apparently flaws and defects can
be observed at the CT3 coating/substrate interface (as
shown in Fig. 1) and therefore lower bonding strength
with the substrate.

3.2 Mechanical Properties Degradation in SBF

The measured flexural strengths and flexural moduli of
the composite coatings before and after immersion in SBF
are shown in Fig. 4 and 5. It can be observed that with the
increase of titanium components, the flexural strengths of
the as-sprayed coatings increased, while the flexural mod-
uli decreased. It may be explained by the higher flexural
strength and lower flexural modulus of the titanium. Xu
et al. (Ref 27) reported that the flexural modulus of

Fig. 2 Bonding strength of the composite coatings (P < 0.05) Fig. 4 Flexural strength variations of the composite coatings
with immersion time in SBF (P < 0.05)

Fig. 5 Flexural modulus variations of the composite coatings
with immersion time in SBF (P < 0.05)Fig. 3 Thermal expansion coefficients of the titanium/dicalcium

silicate composite coatings compared with those of Ti-6Al-4V
alloy (Ref 22) and HA (Ref 23)
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titanium is about 126.5 GPa and flexural strength is ranged
from 872.2 to 891.8 MPa. While the flexural strength of the
block dicalcium silicate ceramics is reported to be
97.1 ± 6.7 MPa (Ref 28) and the flexural modulus is
130 GPa (Ref 29).

With the immersion in SBF, the dissolution of dicalcium
silicate component, the porosities of the coating increased
and all of the flexural strengths and flexural moduli de-
creased. Higher dicalcium silicate content the coating
contained, longer immersion time in SBF, more the flex-
ural strengths and flexural moduli decreased. The com-
posite coating with 70 wt.% titanium content possesses
higher flexural strength, lower flexural modulus, which is
much mechanical compatible with bone tissue than other
coatings (Ref 30). And more, the durability of the coating
with 70 wt.% titanium content is also much better than the
other two composite coatings. After 4 weeks immersion in
SBF, the flexural modulus only decreased 10.7%, from
91.4 ± 4.7 GPa to 80.4 ± 5.1 GPa. It indicates that the
addition of titanium is beneficial to the long-term stability
of the coating in the simulated physiological environment.

The degradation in the mechanical properties after
SBF immersion is believed to mainly result from the dis-
solution of dicalcium silicate and the increased porosities

in the coatings. Sergo et al. (Ref 31) reported that the
mechanical properties of the coating are a function of
porosity but no data were provided. Yang et al. (Ref 32)
reported that there were excellent correlation between the
porosity and flexural modulus of the hydroxylapatite
coating. The flexural modulus decreased with the increase
of porosity in the coating. We immersed a polished CT5
coating in a Tris-HCl buffer solution for 2 days, and the
surface SEM morphologies were shown in Fig. 6. After
immersion in the buffer solution and the dissolution of
dicalcium silicate, the porosities of the coating increased
obviously. In the composite coatings, the undissolved
titanium component is beneficial to the maintenance of
the interlamellar and interfacial bonding of the coating
and consequently the durability and mechanical properties
of the coatings. In fact, the results show that the higher the
titanium content in the composite coatings, the more sta-
ble are the mechanical properties in a simulated physio-
logical environment.

4. Conclusions

Titanium/dicalcium silicate composite coatings with
titanium components ranging from 30 to 70 wt.% were
prepared by atmospheric plasma spraying. With large
amount of titanium addition, the dissimilarity of the ther-
mal expansion coefficient between the coating and
substrate was reduced. The bonding strengths of the
composite coatings increase with increase of titanium
content. Composite coatings with higher titanium 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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