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Hydroxyapatite (HAp Ca10(PO4)6(OH)2) is known to be a biomaterial and an adsorbent for chroma-
tography. In this study, HAp was agglomerated with anatase TiO2 to manufacture thermal-spray pow-
ders to improve the adsorption activity of TiO2, and then to improve its photocatalytic activity. The
microstructures, compositions and photocatalytic activity of plasma-sprayed TiO2, TiO2-10%HAp, TiO2-
30%HAp, and HAp coatings were investigated. Due to the low thermal conductivity of HAp compound,
not all HAp particles fully melted even under the arc current of 800 A. The addition of HAp inhibited
the phase transformation of anatase TiO2 to rutile. Under the arc current of 600 A, the anatase content
in the TiO2, TiO2-10%HAp and TiO2-30%HAp coatings was 11, 20 and 42%, respectively. With the
increasing of the spraying distance from 70 to 110 mm, the anatase content in the TiO2-30%HAp
coatings decreased from 34 to 17% under arc current of 700 A. Furthermore, a slight decomposition of
HAp to a-Ca3(PO4)2 was found in the TiO2-30%HAp coatings, it did not decompose to CaO and P2O5

according to the XRD and EDAX analysis. The addition of the secondary gas of helium had no sig-
nificant influence on the melting state of the TiO2-HAp feedstock powders. Moreover, the HAp in the
TiO2-10%HAp and TiO2-30%HAp coatings had adsorption characteristic to acetaldehyde. The pho-
tocatalytic activity of TiO2-10%HAp coating was highest among TiO2, TiO2-10%HAp, and TiO2-
30%HAp coatings sprayed under the arc current of 600 A for the optimum adsorption property and
anatase content.
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1. Introduction

In order to purify the polluted environment and avoid
further pollution, photocatalysis has been attracting great
attention since the discovery of Fujishima and Honda
phenomenon in 1972 (Ref 1). When the photocatalyst is
illuminated with photons, whose energy is equal to or
greater than its band-gap energy, hydroxyl radical will

generate in common. The hydroxyl radical energy is
501 kJ/mol, which is higher than the general bonding
energy, such as C-C, N-H, C-O, etc. Therefore, most or-
ganic substances and bacteria can be oxidized by photo-
catalyst to simple species, such as CO2, H2O, etc. Over the
past 30 years of research from 1972, TiO2 has proved to be
the promising one due to its strong oxidizing power under
UV illumination and its chemical stability. TiO2 crystal-
lizes in three major different structures: rutile (tetragonal),
anatase (tetragonal), and brookite (rhombohedrical). As a
photocatalyst, anatase TiO2 shows higher photocatalytic
activity (Ref 2-11). However, TiO2 tends to photochemi-
cally decompose other materials, such as organic paint,
textile, and plastics, when they exist together with it.
Furthermore, it can only decompose substances that have
come into contact, and this decomposition will not work in
the dark.

In contrast, hydroxyapatite (HAp Ca10(PO4)6(OH)2) is
generally chemically inert, and very known to be a prac-
tical biomaterial and an adsorbent for chromatography or
pollutant collection. It also exhibits thermal catalytic
activities in many chemical reactions (Ref 12-17).

Therefore, a multifunctional ceramic composite mate-
rial of TiO2 and HAp was developed by plasma-spraying
technique in this study. The following characteristics are
expected. (1) the HAp adsorbs contaminants even without
irradiation to light; (2) material adsorbed by the HAp is
decomposed by the TiO2 photocatalyst on exposure to
light; (3) the HAp is used as an inert spacer, allowing
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blending the material with resins, organic coatings, and
other organic materials; (4) though the photocatalyst
requires some time to fully decompose organic materials,
adsorption of contaminants by the HAp ensures complete
decomposition (Ref 12).

In order to elucidate the influence of HAp on the
microstructures, compositions and photocatalytic activity
of plasma-sprayed TiO2-HAp coatings, anatase TiO2,
TiO2-10%HAp, TiO2-30%HAp, and HAp powders were
designed. The microstructures, compositions, and photo-
catalytic activity of the sprayed HAp and TiO2-HAp
coatings were discussed in details.

2. Materials and Experimental Procedures

2.1 Feedstock Powders and Substrate

HAp particles with average primary size of 5 lm
were agglomerated to HAp feedstock powder with aver-
age size of 33 lm. Anatase TiO2 particles with an average
primary size of 200 nm were agglomerated to anatase
TiO2 feedstock powder with an average size of 33 lm. In
order to manufacture TiO2-10%HAp and TiO2-30%HAp
feedstock powders, TiO2 particle with average size of
200 nm was mechanically and uniformly mixed with 5 lm
HAp particles with corresponding weight ratio. The
average size of TiO2-10%HAp, and TiO2-30%HAp
feedstock powders was approximated to 33 lm. The X-ray
diffraction patterns of the TiO2, TiO2-10%HAp, TiO2-
30%HAp and HAp feedstock powders are shown in
Fig. 1. The morphology of TiO2-30%HAp powder is given
in Fig. 2, which was very similar to the other powders used
in this study. The substrate was stainless steel (JIS
SUS304).

2.2 Plasma Spraying Equipment

The thermal-spraying equipment was a plasma-spray-
ing system (Plasmadyne-Mach1, Miller Thermal, USA).
Argon was applied as primary gas, and helium was applied
as secondary gas. The thermal spraying parameters are
given in Table 1. If the spraying distance and helium gas
pressure are not specially given in the spraying parameters
in this article, they were 70 mm and 0.21 MPa, respec-
tively.

2.3 Characterization of Powders and Sprayed
Coatings

Electron-probe surface roughness analyzer (ERA-
8800FE, Elionix Co. Ltd., Japan) and energy dispersive
analysis of x-ray (EDAX) were used to examine the
structure characteristics of the feedstock powders and the
sprayed coatings. The phase composition of the feedstock
powders and the sprayed coatings was investigated by
X-ray diffraction using Cu-Ka radiation (k = 1.5406 Å)
and graphite crystal monochromator (M03XHF, MAC
Science Co. Ltd.). The content of anatase phase in the
sprayed coatings was calculated using the most common
equation given by Spurr and Myers (Ref 18).

A ¼ 1

1þ 1:265 ðIR=IAÞ
� 100% ðEq 1Þ

where IA is the highest peak intensity of anatase phase
(101 peak), IR the highest peak intensity of rutile phase
(110 peak) and A the content of anatase phase in the
sprayed coatings.

Fig. 1 X-ray diffraction patterns of the TiO2 (a), TiO2-
10%HAp (b), TiO2-30%HAp (c) and HAp (d) feedstock
powders

Fig. 2 Typical morphology of TiO2-30%HAp feedstock powder

Table 1 Plasma-spray parameters for a Plasma Dyne
spray system

Argon gas pressure, MPa 0.42
Argon gas flow, slpm 58
Helium gas pressure, MPa 0, 0.21, 0.42
Helium gas flow, slpm 0, 9, 18
Arc current, A 600, 700, 800
Arc voltage, V 28-30
Spraying distance, mm 70, 90, 110
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It is known that surface roughness will affect the pho-
tocatalytic performance, the surface roughness of TiO2,
TiO2-10%HAp, TiO2-30%HAp, and HAp coatings was
investigated by a surface roughness analyzer (DEKTAK,
ULVAC, Japan).

The concentration of acetaldehyde gas under dark or
irradiation condition was measured by a Kitakawa gas
detector at a certain time interval to evaluate the
adsorption and decomposition characteristics of the
sprayed TiO2 and TiO2-HAp coatings. The experimental
set up and procedure were elsewhere given in details (Ref
10, 19).

2.4 Definition of Relative Deposition Rate
of Feedstock Powder

In thermal-spray technology, there have many param-
eters to evaluate the properties of sprayed coatings, such
as cohesion strength, hardness, wear resistance, powder
deposition efficiency, and so on. The mechanical proper-
ties of sprayed coatings are very important in mechanical
applications. However, great attention should be paid on
not only the functional performance but also the powder
deposition rate in the developments of functional coatings.
Therefore, to evaluate the fabrication characteristics of
the feedstock powder at various plasma-spraying condi-
tions, the powder deposition rate was defined as Eq 2. The
calculated result was applied to compare the powder
deposition efficiency in this study.

RDRP ¼ TThicknessVTraverseWStep

nVRotation
ðEq 2Þ

where RDRP is Relative Deposition Rate of Powder,
VRotation relative rotation speed of powder feeder,
VTraverse relative traverse speed of plasma gun, WStep rel-
ative step width of up-down moving equipment, TThickness

thickness of sprayed coating, n spray pass of the coating.

3. Results and Discussion

3.1 Typical Microstructure of HAp and
TiO2-30%HAp Coatings

Figure 3 shows the surface morphologies and cross
sections of HAp coatings sprayed under the arc current of
600, 700, and 800 A. It indicates that the unmelted parti-
cles decreased and the coating became denser with the
increasing of arc current. Although the ceramic powder
with high melting point might be totally melted under the
plasma power of 24 kW (800 A, 30 V), there still existed
unmelted particles for HAp powder. The melting state of
the particles in the plasma jet is influenced by the particle
size, the thermal conductivity, the flight time of the pow-
der, and the temperature of plasma jet and so on. The
thermal conductivity of HAp is 1.4 Wm)1K)1, while 10.4
and 180.0 Wm)1K)1 for rutile and anatase TiO2, respec-
tively (Ref 20-22). It is concluded the much low thermal
conductivity of HAp was the main reason to affect HAp
particles� melting state.

The arithmetical mean deviation of the surface profile
(Ra) of the TiO2, TiO2-10%HAp, TiO2-30%HAp, and
HAp coatings sprayed under the arc current of 600 A was
6.3, 6.9, 7.3 and 7.8 lm, respectively. For the lower ther-
mal conductivity and larger primary particle size of HAp
than that of TiO2, the surface roughness of the sprayed
TiO2 coating increased slightly with the addition of HAp.

Figure 4 shows the relative deposition rate of the HAp
feedstock powders (RDRP). It increased with the
increasing of arc current for the higher energy of plasma
jet. Under the arc current of 600 A, the RDRP of HAp
powder was 11 lm/pass, which was very low. As shown in
Fig. 5, the RDRP of TiO2 powder under the arc current of
600 A was approximated to 60 lm/pass. Although the
thermal conductivity of HAp is lower than that of TiO2,
the addition of 10%HAp to TiO2 improved powder
deposition efficiency slightly for the large primary size of
HAp. With more HAp addition, the thermal conductivity
became more important factor to affect RDRP, and then
the RDRP of TiO2-30%HAp powder decreased.

The Ca/P ratio is an important quantity for calcium
phosphate ceramics, and this may change during the
plasma spraying process (Ref 17). The typical EDAX
pattern of TiO2-30%HAp coatings plasma sprayed under
the highest power input in this study (arc current: 800 A,
helium gas pressure: 0.42 MPa) is shown in Fig. 6. The
weight intensity of Ca/P for the coating was 2.19, which
was in good agreement with that of powder. This means
that the HAp did not decomposed completely to CaO and
P2O5 and P did not evaporate, or else the value would
increase. However, intermediate products such as a-
tricalcium phosphate appeared even under the relative
low power input (arc current: 600 A, helium gas pressure:
0.21 MPa) as discussed in the next section.

3.2 Compositions of Plasma Sprayed Coatings

Tricalcium phosphate (TCP: Ca3PO4) has three poly-
morphs: Low temperature b-TCP, which is stable below
1350 K, while a-TCP is stable between 1350 and 1673 K,
and a¢-TCP is observed above 1740 K (Ref 17, 22). The
hkl of the highest peak of b-TCP is 217 and the 2h is
31.0321� for Cu-Ka radiation. They are 170 and 30.7558�
while for a-TCP.

Figure 7 illustrates XRD patterns of plasma sprayed
HAp coatings under the arc current of 600, 700, and
800 A. A new peak appeared at 31.0321�, which means
b-TCP existed in the coatings. It is reported that the
Ca-deficient HAp transforms to the low temperature
polymorph of b-TCP with loss of water upon heating to
973–1073 K (Ref 23, 24). a-TCP was not detected even
under the arc current of 800 A.

Figure 8 illustrates XRD patterns of plasma sprayed
TiO2-30%HAp coatings under the arc current of 600 A. A
new peak appeared at 30.7558�, which means a-TCP ex-
isted in the coatings. Since a-TCP was detected even un-
der the arc current of 600 A, it implied that the
temperature of the particle was over 1350 K for good
thermal conductivity of TiO2, and the heat was transferred
to HAp from TiO2.
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3.3 Content of Anatase Phase and Photocatalytic
Activity of the Sprayed TiO2-HAp Coatings

The anatase content in the TiO2-30%HAp coating was
calculated by Eq 1. Under the arc current of 600 A, the
anatase content in the TiO2, TiO2-10%HAp and TiO2-
30%HAp coatings was 11, 20 and 42%, respectively.
Under the arc current of 700 A, it decreased from 34 to
17% for the TiO2-30%HAp coatings with the increasing
of spraying distance from 70 to 110 mm for the longer

in-flight time in plasma jet as shown in Fig. 9. The higher
anatase content will tend to improve the photocatalytic
activity of the coatings. In order to inhibit the anatase
TiO2 transformation to rutile and to keep high anatase
content in the coatings, the spraying distance of 70 mm
was better than that of 90 and 110 mm.

Generally, the addition of the secondary gas of helium
to argon will increase the enthalpy of plasma and then
improve the RDRP. The influence of anatase content in
the sprayed TiO2-30%HAp coatings with the helium

Fig. 3 Morphologies and cross sections of HAp coatings plasma sprayed under the arc current of 600 A (a, b), 700 A (c, d)
and 800 A (e, f)
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pressure is shown in Fig. 10. Although significant change
was not observed, it decreased gradually with the addition
of helium gas.

Figure 11 illustrates the adsorption and decomposition
characteristics of TiO2, TiO2-10%HAp, and TiO2-
30%HAp coatings. When the light was turn off (Exper-
imental time from 0 to 1.5 h), the concentration of
acetaldehyde with TiO2 coating had a little change.
While the concentration of acetaldehyde with TiO2-
10%HAp, TiO2-30%HAp coatings decreased 8 and 13%
in 0.5 h, respectively, and then shifted to a constant. This
decrease mainly resulted from the adsorption character-
istic of HAp in the TiO2-10%HAp and TiO2-30%HAp

coatings. When the light was turn on, concentration of
acetaldehyde decreased with irradiation time and the
photocatalytic activity of TiO2-10%HAp coating was
highest for the optimum adsorption property and anatase
content.

4. Conclusions

The microstructures, compositions and photocata-
lytic activity of plasma sprayed TiO2, TiO2-10%HAp,

Fig. 4 Relative deposition rate of HAp powder (RDRP) under
the spraying distance of 70 mm and helium gas pressure of
0.21 MPa

Fig. 5 Relative deposition rate of TiO2, TiO2-10%HAp, TiO2-
30%HAp and HAp feedstock powders under the arc current of
600 A, spraying distance of 70 mm and helium gas pressure of
0.21 MPa

Fig. 6 EDAX pattern of TiO2-30%HAp coating plasma
sprayed under the arc current of 800 A, spraying distance of
70 mm and helium gas pressure of 0.42 MPa

Fig. 7 XRD patterns of HAp powder (a), and HAp coatings
plasma sprayed under the arc current of 600 A (b), 700 A (c) and
800 A (d) (Spraying distance: 70 mm, Helium gas pressure:
0.21 MPa)
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TiO2-30%HAp and HAp coatings were investigated. Due
to the low thermal conductivity of the HAp compound,
not all HAp particles fully melted even under the arc
current of plasma power input of 24 kW. The addition of
HAp inhibited the phase transformation of anatase TiO2

to rutile. With the increasing of the spraying distance from
70 to 110 mm, the anatase content in the TiO2-30%HAp
coatings decreased from 34 to 17% under arc current of
700 A. Furthermore, low temperature stable b-Ca3(PO4)2

was detected in the sprayed HAp coatings. Although
slightly decomposition of HAp to a-Ca3(PO4)2 was

observed in the TiO2-30%HAp coatings sprayed under
high-plasma power input, it did not decompose to CaO
and P2O5 according to the XRD and EDAX analysis.
The addition of the secondary gas of helium had no sig-
nificant influence on the melting state of the TiO2-HAp
feedstock powders. Moreover, the HAp in the TiO2-
10%HAp and TiO2-30%HAp coatings had adsorption
characteristic to acetaldehyde. The photocatalytic activity
of TiO2-10%HAp coating was highest among TiO2, TiO2-
10%HAp and TiO2-30%HAp coatings sprayed under the
arc current of 600 A for the optimum adsorption property
and anatase content.

Fig. 8 X-ray diffraction patterns of the TiO2-30%HAp powder
(a) and coatings (b) plasma sprayed under the arc current of
600 A

Fig. 9 The anatase content in the TiO2-30%HAp coatings un-
der the arc current of 700 A, helium gas pressure of 0.21 MPa
and different spraying distance

Fig. 10 The anatase content in the TiO2-30%HAp coatings
sprayed under the arc current of 700 A, spraying distance of
70 mm and different helium gas pressure

Fig. 11 The adsorption and decomposition characteristics of
TiO2, TiO2-10%HAp, TiO2-30%HAp coatings plasma sprayed
under the arc current of 600 A
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