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Preparation and characterization of bioactive
monolayer and functionally graded coatings
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Hydroxyapatite powders were made by reacting orthophosphoric acid with calcium
hydroxide and dense bioactive coatings were subsequently produced by the plasma spray
technique. Three types of hydroxyapatite (¯ame spheroidized) monolayer coatings and three
types of functionally graded coatings were manufactured. It was found that average
microhardness values of monolayer coatings decreased as the indentation load increased.
The relationship between indentation load and indent diagonal length observed Meyer's law.
Microhardness and fracture toughness of coatings were affected by characteristics of
feedstock powders for plasma spraying. The indentation fracture toughness of coatings
could be signi®cantly increased by incorporating a toughening phase.
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1. Introduction
Hydroxyapatite (HA) has been used in various forms in

the medical ®eld due to its similarity to bone apatite.

Being osteoconductive, one of its applications is to form

a coating on metallic implants to serve as an interfacial

bioactive phase between the implant and surrounding

tissue after implantation [1±4]. In addition to bioactivity,

a satisfactory HA coating must be dense, hard, adherent

and tough for clinical uses. However, HA is a brittle and

relatively weak ceramic. Therefore, some tough but

bioinert ceramics such as TiO2, Al2O3 and ZrO2 were

used to form bioactive ceramic composites for improved

mechanical performances [5±7]. Other calcium phos-

phates such as tricalcium phosphate (a-TCP) can also be

considered for toughening HA [8]. Additionally, due to

its resorbability, TCP in the HA-based composites can

gradually dissolve after implantation so as to promote

enhanced osseointegration [9].

One method to improve properties of coatings and the

bonding strength between the coating and the substrate is

to employ a coating with a novel structure. A

functionally graded material, which has a compositional

gradient from the surface to the interior of the material,

can be used for such purposes. To strike a balance

between mechanical properties and biocompatibility, a

three-layer functionally graded coating (FGC) structure

was designed [10]. The sub-layer which bonds with the

substrates should be a mechanical support for the whole

coating system. In the mean time, the sub-layer on the

surface of the FGC should be bioactive (or bioresorbable)

in order to obtain excellent biocompatibility with osseous

tissues. The sub-layer which is located between the

aforementioned layers may have a compromised

mechanical/biological performance.

In the current investigation, monolayer HA coatings

and bioactive FGCs were produced by the plasma spray

technique according to the adhesive strength and

bioactivity (or bioresorbability) of various components

in the coatings. This paper presents some preliminary

results on microstructure and mechanical properties of

these coatings.

2. Materials and methods
HA powders for plasma spraying were produced using

the precipitation method [11, 12]. Two solutions,

orthophosphoric acid �H3PO4� and calcium hydroxide

�Ca�OH�2�with a concentration of 1 M, were used for the

reaction

10Ca(OH)2 � 6H3PO4 ÿ?Ca10�PO4�6�OH�2 � 18H2O

�1�
The reaction temperature was carefully controlled at

40
�
C. The precipitated HA powder was spray dried at

200
�
C. The spray dried powder was then spheroidized by

combustion ¯ame spraying it into distilled water. It was

®nally oven dried for plasma spraying. A vibratory

sieving system was used to separate the ¯ame sprayed

HA powders into three particle size ranges �Rp�:
20* 45 mm, 45* 75 mm and 75* 125 mm.

The ¯ame spheroidized HA (SHA) powders were

sprayed onto Ti±6Al±4V plates to form bioactive

coatings by using a 40 kW plasma spray system (SG-

100, Miller Thermal Inc., Wisconsin, USA). Argon was

used as the main plasma forming gas and helium the

auxiliary gas with a pressure of 0.28 MPa for each gas.

The feed rate of powders was about 20 g minÿ 1 and the
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spraying distance was 8* 10 cm. The current and

voltage of the plasma spraying arc were 800 A and

30 V, respectively. Three types of FGCs were obtained by

using (a) SHA powders with different Rp, (b) mixtures of

SHA and spherical a-TCP powders, and (c) mixtures of

SHA and TiO2 powders (Table I). The thickness was

around 400 mm for each monolayer SHA coating and

approximately 130 mm for each sub-layer in FGCs.

Phases of powders and bioactive coatings were

analyzed by using a Philips MPD 1880 X-ray diffract-

ometer (XRD), while chemical components were

detected by using energy dispersive X-ray spectroscopy

(EDX). Cross-sections of coatings were prepared

following an established procedure [12]. Microhardness

tests were then performed on these cross-sections using

Shimadzu HMV-2000 and HSV-20 hardness testers.

Pyramid-shaped diamond indenters were used and

Vicker's hardness values (VHN) obtained. Indentation

loads were 0.1, 0.2, 1.0, 2.0 and 2.5 kgf and the holding

time remained 15 s for all tests. At least ®ve indents were

made for each monolayer SHA coating and every sub-

layer of FGCs. In the case of investigating hardness

variations across the thickness of coatings, an indentation

load of 0.1 kgf was used so as to obtain small indents. A

repeat run was conducted to verify the trend of hardness

changes. A Cambridge Stereoscan 360 scanning electron

microscope (SEM) was used to examine the powder

morphology, the microstructure of bioactive coatings and

the shape of Vicker's indents. If indentation cracks had

been induced, the crack lengths were also measured

under SEM for the calculation of fracture toughness of

various coatings.

3. Results and discussion
An EDX spectrum of spray dried HA powder is shown in

Fig. 1. It can be seen that the main elements of the

powder were calcium and phosphorus. The molar ratio of

calcium to phosphorus was approximately 10 : 6, which

is the stoichiometric value for pure hydroxyapatite. Fig. 2

shows morphologies of spray dried and ¯ame spher-

oidized HA powders. The mean particle size of spray-

dried HA powder was within 50 mm and the particle size

distribution was narrower than the Ca�OH�2 powder used

for the reaction. Some pores could be found on the

surface of spray-dried particles, indicating that the

density of these particles was lower than that of bulk

HA. After ¯ame spheroidization, the shape of HA

particles became spherical and the mean particle size

decreased. XRD patterns of spray-dried and ¯ame

spheroidized powders are shown in Fig. 3. Comparing

these patterns with the standard pattern for HA, it is

demonstrated that the powders were composed of pure

HA and the amorphous phase. Because the peak/

background ratio was low while the width of peaks was

wide, the amount of amorphous phase in the spray-dried

powders was thought to be high. It was noted that the

relative crystallinity of HA increased and that no

decomposition of HA was encountered through ¯ame

spheroidization.

It was found that SHA signi®cantly improved

processability during plasma spraying and hence good

T A B L E I Composition of functionally graded coatings

Designation First layer* Second layer Third layer

FGC1 SHA �Rp: 20* 45 mm� SHA �Rp: 45* 75 mm� SHA �Rp: 75* 125mm�
FGC2 SHA �Rp: 20* 45 mm� 50 wt % SHA, 50 wt % a-TCP a-TCP

FGC3 TiO2 50 wt % TiO2, 50 wt % SHA SHA �Rp: 75* 125mm�

*The ®rst layer refers to the layer next to the Ti±6Al±4V substrate.

Figure 1 An EDX spectrum of spray dried hydroxyapatite powder.

Figure 2 Morphology of hydroxyapatite powder: (a) spray-dried;

(b) ¯ame spheroidized.
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quality monolayer coatings and FGCs could be routinely

produced. Fig. 4 is an SEM micrograph of the cross-

section of an as-sprayed SHA coating. The as-sprayed

coatings were dense and the microstructure was

composed of several randomly stacked lamellae. Some

micropores and microcracks could be seen at the

intersections of these lamellae. The cracks induced by

micro-indentation may therefore propagate along the

inter-lamellae defects. XRD patterns of plasma-sprayed

SHA coatings (Fig. 5) showed that, apart from HA, the

coatings also contained some other phases such as a-

TCP, CaO and tetracalcium phosphate (TTCP). The

appearance of these new phases was due to the

decomposition of HA caused by the high temperature

within the plasma ¯ame. Peak heights of the HA phase

decreased and its width became broad due to the

formation of the amorphous phase during the plasma

spray process.

Fig. 6 exhibits a Vicker's indent in an SHA coating. It

was found that indentation cracks could not be produced

in SHA coatings when the indentation load was below

1.0 kgf, but the four edges of Vickers indents were

distinct under such loads. When the indentation load was

above 1.0 kgf, the length of induced microcracks became

longer as the indentation load increased. The initiation

site of microcracks induced was not the exact tip of the

indent diagonal but near inter-lamellae defects. The

propagation of induced microcracks parallel to HA

lamellae demonstrated anisotropy of the coatings

produced by plasma spraying. Such phenomena were

observed in all three types of monolayer SHA coatings.

The microhardness test results of SHA coatings are

tabulated in Table II. It was evident that microhardness of

as-sprayed SHA coatings was affected by characteristics

of feedstock powders. With a relatively small particle

size, a much denser HA coating could be obtained and

mechanical properties of the coating would be conse-

quently better. The microhardness value decreased with

an increase in indentation load. It was found that

indentation load �L� and indent diagonal length �d�
observed Meyer's law [13] for SHA coatings

L � a6dn �2�
where a is a material-related constant and n the Meyer

parameter. Fig. 7 shows Meyer's plots for monolayer

Figure 4 A cross-section of monolayer SHA coating.

Figure 5 XRD pattern of a plasma-sprayed SHA coating; A:a-TCP;

C:CaO, H:HA, T:TTCP.

(a)

(b)

Figure 3 XRD pattern of hydroxyapatite powder: (a) spray-dried;

(b) ¯ame spheroidized.

Figure 6 AVicker's indent and induced microcracks in an SHA coating

�Rp: 45* 75 mm�.
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SHA coatings. The Meyer parameter n was 1.84,

1.85 and 1.85 for coatings with Rp in the range of

20* 45 mm, 45* 75 mm and 75* 125 mm, respec-

tively. Microhardness �H� is expressed by the

following equation

H � A6L6dÿ2 �3�
where A is a constant. Therefore, H and L can be

correlated as

H � B6L1ÿ�2=n� �4�
where B is a constant. Because n is lower than 2 in the

case of SHA coatings, the microhardness value decreases

as the indentation load increases. Results obtained from

other ceramic materials show a similar trend [14].

Fig. 8 depicts the variation of microhardness in FGC 1.

The sub-layer with a large particle size possessed low

microhardness and the average microhardness value of

each sub-layer was similar to the monolayer SHA

coating with the same Rp. Results obtained from

microhardness tests demonstrated that properties of

plasma sprayed coatings could be affected signi®cantly

by characteristics of feedstock powders. Fig. 9 shows the

variation of microhardness in FGC 3. The ®rst sub-layer

which was composed of TiO2 exhibited a high

microhardness value (around 940 VHN). Microhardness

decreased dramatically to about 400 VHN in the second

layer which had 50 wt % of SHA. The microhardness

value of the third layer (i.e. the SHA layer) was

comparable to the value obtained for the monolayer

SHA coating as shown in Table II. It was noticed that

microhardness in the transitional area between adjacent

layers was relatively low. These low values may be

attributed to the relatively high (tensile) residential stress

at these locations. The repeat tests veri®ed these trends.

The indentation fracture toughness �KIC� can be

calculated using the following equation [15]

KIC � 0:016�E=H�1=2�L=C3=2� �5�

where E is Young's modulus of the coating and C the

crack length. Assuming Young's modulus of HA was

100 GPa [16], fracture toughness values of SHA coatings

and sub-layers of FGC 1 were obtained (Table III). It was

noted that KIC decreased as the feedstock particle size

increased. KIC was around 1 MPa mÿ 1/2 when the

particle size was below 45 mm. It decreased to less than

0.6 MPa mÿ 1/2 when the particle size was above 45 mm.

Results for the three sub-layers of FGC 1 were similar to

those of respective monolayer SHA coatings with the

same Rp. The fracture toughness of SHA coatings

T A B L E I I Microhardness of monolayer SHA coatings

Indentation load Microhardness (VHN)*

(kgf ) Rp: 20* 45mm Rp: 45* 75 mm Rp: 75* 125mm

0.1 330 + 20 302 + 18 270 + 15

0.2 291 + 17 274 + 15 242 + 14

1.0 267 + 15 251 + 14 221 + 14

2.0 256 + 14 234 + 13 209 + 13

2.5 247 + 14 228 + 12 199 + 12

*mean + SD.

Figure 7 Meyer's plots for monolayer SHA coatings.

Figure 8 Variation of microhardness in FGC 1. Figure 9 Variation of microhardness in FGC 3.
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obtained in this study was in broad agreement with other

investigations [8]. Fracture toughness of each sub-layer

of FGC 2 and FGC 3 is shown in Table IV. KIC of a-TCP

in FGC 2 was about 1.41 MPa mÿ 1/2, which is higher

than that of SHA coatings. Furthermore, KIC of the

second layer of FGC 2 remained at 1.28 MPa mÿ 1/2,

while KIC of the ®rst layer of FGC 2 (i.e. the SHA layer)

decreased to 1.05 MPa mÿ 1/2. For the ®rst sub-layer of

FGC 3 (i.e. the TiO2 layer), microcracks could not be

induced under the indentation load of 2 kgf. Therefore, it

could be inferred that fracture toughness of TiO2 in the

FGC was far higher than that of SHA coating. KIC of the

second sub-layer of FGC 3 which contained 50 wt % of

TiO2 was 1.76 MPa mÿ 1/2, which was still much higher

than 0.47 MPa mÿ 1/2 that was obtained from the third

sub-layer of FGC 3 (i.e. the SHA layer). These results

indicated that both a-TCP and TiO2 were effective in

increasing microhardness and fracture toughness of pure

hydroxyapatite coatings, with TiO2 offering a greater

toughening ef®ciency.

The current investigation has demonstrated that the

addition of tougher ceramics (either a-TCP or TiO2) can

improve the fracture toughness of pure HA coatings

signi®cantly. Therefore, methods such as post-spray

treatment [17] or introducing a toughening phase

should be considered for enhancing the performance of

HA coatings.

4. Conclusions
Dense HA coatings and bioactive FGCs can be produced

by using ¯ame spheroidized HA powders, spherical a-

TCP powder and TiO2 powder. Microhardness and

fracture toughness of coatings are affected by character-

istics of feedstock powders. The average microhardness

value of SHA coatings decreases as the indentation load

increases. The relationship between indentation load and

indent diagonal length observed Meyer's law, with the

Meyer parameter being lower than 2. The propagation of

induced microcracks demonstrates anisotropy of the

coatings, which is related to the lamellar structure

produced by the plasma spray technique. Fracture

toughness of SHA coatings decreases as the feedstock

particle size increases. Methods such as introducing a

toughening phase need to be used to improve the fracture

toughness of HA coatings.
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T A B L E I I I Fracture toughness of monolayer SHA coatings and sub-layers of FGC 1

Designation SHA SHA SHA FGC1 FGC1 FGC1

of coatings �Rp: 20* 45 mm� �Rp: 45* 75 mm� �Rp: 75* 125mm� (1st layer) (2nd layer) (3rd layer)

KIC �MPa mÿ 1/2�* 0.95 + 0.02 0.55 + 0.01 0.46 + 0.01 1.05 + 0.03 0.57 + 0.01 0.47 + 0.01

*mean + SD.

T A B L E I V Fracture toughness of sub-layers of FGC 2 and FGC 3

Designation FGC2 FGC2 FGC2 FGC3 FGC3 FGC3

of coatings (1st layer) (2nd layer) (3rd layer) (1st layer) (2nd layer) (3rd layer)

KIC �MPa mÿ 1/2�* 1.05 + 0.02 1.28 + 0.02 1.41 + 0.03 ±{ 1.76 + 0.03 0.47 + 0.01

*mean + SD.
{Microcracks could not be induced under the indentation load of 2.0 kgf.
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