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Abstract Hydroxyapatite (HA) powders are ultrasoni-

cally dispersed in the precursor of fluoridated hydroxyap-

atite (FHA) or fluorapatite (FA) to form a ‘‘colloidal sol’’.

HA/FA biphasic coatings are prepared on Ti6Al4V sub-

strate via dip coating, 150 �C drying and 600 �C firing. The

coatings show homogenous distribution of HA particles in

the FA matrix. The relative phase proportion can be tai-

lored by the amount of HA in the colloidal sol. The sur-

faces of the coatings consist of two kinds of distinct

domains: HA and FA, resulting in a compositionally het-

erogeneous surface. The biphasic coating surface becomes

increasingly rougher with HA powders, from around

200 nm of pure FA to 400–600 nm in Ra of biphasic

coatings. The rougher biphasic HA/FA surfaces with

chemically controllable domains will favor cell attachment,

apatite layer deposition and necessary dissolution in clini-

cal applications.

Introduction

Hydroxyapatite (HA) coated metallic implants have been

widely investigated due to their fast integration with bone

comparing with pure metal [1, 2]. In order to improve their

holistic performance in vivo, researches have focused on

the following respects: (i) Inducing active interaction be-

tween the coating and tissue through promotion of osteo-

blast cell attachment, proliferation and differentiation,

resulting in fast new bone formation and osteointegration

[3, 4]; (ii) Making coatings more dissolution-resistant

through reduction of intrinsic solubility of the coating

materials, so that better long-term effectiveness of the

implants could be obtained [5, 6].

Fluorine substitution in HA structure results in fluori-

dated hydroxyapatite (FHA), a solid solution between HA

and fluorapatite (FA) [7]. FHA coatings have the ability to

modify physicochemical properties and thus are able to

meet the above-mentioned long term stability target [8–

11]. However, from cell proliferation point of view, pure

HA is preferred because large dissolution of HA leads to

increases of Ca and P ion concentrations that favor cell

activities [12, 13]. Although long term stability (dissolution

resistance) and enhanced cell attachment are achieved on

FHA coatings, cell proliferation is compromised because

release of Ca and P ions is impaired [14]. To strike a

balance between these two polarities, FHA coatings with

moderate F content are tested and they do demonstrate

good performances both in vitro and in vivo [14, 15].

Based on these findings, conceptually, a ‘‘two-in-one’’

HA/FA biphasic coating could provide an even better

alternative: while the FA phase provides a favorable sur-

face for cell attachment and the HA phase provides nec-

essary dissolution to favor cell activities. In realization of

this ‘‘two-in-one’’ concept, the structure of the coating

must be carefully controlled: (1) both FA and HA phases

are exposed to provide a platform for cell attachment and

ion release; (2) the HA phase only exists in the surface

layer of the coatings, i.e., a pure FA bottom layer should

exist between the surface layer and the substrate to ensure
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the long-term dissolution resistance. Since the bottom FA

layer could be easily prepared based on previous work [14],

the distribution of HA in FA matrix is of special interest.

Moreover, whether the existence of HA particles in the

coating will affect the roughness or not is also important,

since it has reported rough surface are favorable for cell

attachment [16, 17].

In our recent work [18], an effective colloidal-sol gel

method was developed to prepare biphasic calcium phos-

phate coatings. In this work, HA/FA biphasic coatings are

prepared in a similar way, and we look into the surface

characteristics and HA distribution of these coatings.

Materials and methods

Calcium nitrate tetrahydrate (Ca(NO3)2�4H2O, GR, Merck)

and phosphor pentoxide (P2O5, GR, Merck) were dissolved

in ethanol (GR, Merck) respectively to form the 2mol/L

‘‘Ca-solution’’ and ‘‘P-solution’’. After the ‘‘P-solution’’

was refluxed for 24 h, designed amount of hexafluoro-

phosphoric acid (HPF6, GR, Merck) was added drop-wise

in a rate of 5mL/min. Then, the ‘‘Ca-solution’’ was added

to form the FHA precursors with Ca:P:F ratio of 5:3:1 and

15:9:2. Commercial HA powders (GR, Merck) were added

into the FHA precursor in Capowder/Caprecursor ratio of 1/4,

1/2, 3/4 and 1/1. After 20 min ultrasonic dispersing, the

colloidal sols were obtained.

Titanium alloy (Ti-6Al-4V) substrates were polished

down to #1200 grade SiC paper. The substrates were rinsed

in double distilled water and ultrasonically washed in

acetone for ten minutes and dried before coating. The

substrates were dipped in the colloidal sols and withdrawn

at a speed of 15 cm/min. After 15 min drying in oven at

150 �C and 15 min firing at 600 �C, a single layer of the

coatings was obtained. Such dipping and heat treatment

process were repeated once to increase the thickness of the

coating. As a comparison, FHA and FA coatings were also

prepared using the precursors with Ca:P:F ratio of 15:9:2

and 5:3:1 respectively.

X-ray Diffractometry (XRD, RIGAKU, D-Max, RA,

with a 2�/min scanning speed and step of 0.02�, scanning

range from 20o to 40o) was used to characterize the crys-

talline phase of the coatings. The chemical composition of

the surface was characterized through X-ray Photoelectron

Spectroscopy (XPS, AXIS Kratos Ultra, Aluminum mono,

1 eV per step for survey scan, 0.1 eV per step for narrow

scan), and Fourier Transformed Infrared Spectroscopy

(FTIR, Bio-rad, with 2 cm–1 resolution). The surface

morphology of the coatings was observed with the Scan-

ning Electron Microscopy (SEM, JEOL, JSM5600LV)

after a gold layer was sputtered on coatings’ surface. The

roughness of the coating was characterized in an optical

profiler imaging system (WYKO, NT2000, Veecco

Instruments Inc, USA), a 736 lm · 480 lm area was

analyzed. The coating sample was embedded in resin and

polished from cross-sectional direction down to #2000

grade SiC paper, then observed at SEM for the thickness.

Typically, the thickness of the coatings was around 1–4 lm

[18].

Results

Figure 1 provides evidence that all the coatings obtained

are of apatite phase where diffraction peaks belonging to

(211), (112), (300), (002) and (202) are clearly seen. In

FHA coatings, these peaks are located at rather high dif-

fraction angles, (JCPDS 15–876). These peaks are signifi-

cantly widened in the coatings derived from the colloidal

sols. The FWHM (Full Width at Half Maximum) of the

(300) peaks are tabulated in Table 1 for easy comparison.

The FHA coatings obtained from as-refluxed sols have

obvious smaller FWHM (0.278o for FHA and 0.279o for

FA) than those from the colloidal sols (0.365o, 0.579o,

0.389o and 0.603o for the other coatings respectively).

Figure 2 is typical XPS survey scan results of both the

conventional FHA coating and the biphasic coating. It is

quite clear that all the surfaces contain Ca, P, O and F. The

exact F contents of the coatings in term of F/Ca ratios are

also tabulated in Table 1: the F/Ca ratio of the FHA coating

is 0.148. In pure FA, the F/Ca ratio is 2.00. In the biphasic

coatings, the F/Ca ratio decreases with increasing Capowder/

Caprecursor ratio, or: 0.171, 0.168, 0.152 and 0.140.

Figure 3 shows surface morphologies of the coatings:

the FHA and FA coatings are smooth and homogeneous

(Figure 3a) but the biphasic coatings become rougher

(Figure 3b, c) with increasing amount of HA powders in

the colloidal sols. On the biphasic coating surface, more

particles are observed with increasing degree of HA pow-
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Fig. 1 XRD patterns of the coatings (R: Capowder/Caprecursor)
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der incorporation. Meanwhile, the surface crack density

becomes increasingly higher as well.

Discussion

The crystalline phase of the coatings

The HA and FA coatings obtained have almost the same

XRD patterns due to their similar crystallographic struc-

tures, except for minor differences in lattice parameters,

especially a, (HA: a = 0.942 nm, JCPDS 9–432, FA:

a = 0.937 nm, JCPDS 15–876). As solid solutions between

HA and FA, FHA has a lattice parameter between HA and

FA. As a result, the diffraction peaks (especially those

lattices perpendicular to c axis) of FHA and FA will locate

at relative higher angle depending on the F content. In

Figure 1, in contrast to the standard pattern of HA, the

diffraction peaks of FHA coatings shift to higher angles

with increasing F, indicating a good correlation between

the F content and lattice parameter of the coating [19].

If the coatings are biphasic, the structure of both phases

are not changed, thus there should be no change in lattice

parameters. Since the XRD spot size is too big to distin-

guish the phases, the pattern is a mixture of the two,

showing as significantly widened peaks. In Table 1, the

width of (300) peaks are compared, those colloidal-sol

coatings show significantly larger values: 0.365o, 0.579o,

0.389o and 0.603o, comparing with 0.278 and 0.279 of

FHA coatings. Therefore, the widening of the (300) peaks

actually demonstrates the HA particle was not fluoridated

during the preparation, HA/FA biphasic coatings have been

obtained as expected.

Table 1 The FWHM of (300) peak as well as the F content of the coatings (R: Capowder/Caprecursor)

Sample Annotation FHA FA R = 1/4 R = 1/2 R = 3/4 R = 1/1

FWHM of (300) peak (o) 0.278 0.279 0.365 0.579 0.389 0.605

F/Ca ratio (mol/mol) 0.148 0.200 0.171 0.168 0.152 0.140
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Fig. 2 Typical XPS spectra of the conventional FHA coating and the

colloidal-sol derived biphasic coating of R = 1 (R: Capowder/Caprecur-

sor)

Fig. 3 SEM micrographs of (a) conventional FHA coating and the

colloidal-sol derived biphasic coatings of (b) R = 1/2 and (c) R = 1/1

(R: Capowder/Caprecursor)
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The surface chemical composition

As HA is expected to provide rather dissolved Ca2+ and

PO4
3– during the early stage of implantation in real cases, it

is of special interest to know if they are exposed on the

very surface of the coating. In Figure 2, the XPS results

show all the FHA coatings and HA/FA coatings show the

existence of Ca, P, O and F. However, due to the similar

structure of FA, FHA and HA, their chemical environments

of the elements are quite similar, the binding energy of the

elements only shift a little [20], which makes it difficult to

distinguish FHA and HA/FA coatings through peak de-

convolution.

However, the F content obtained by XPS in term of F/Ca

ratios could give some clue on the relative phase content.

That is because the XPS results actually collects signal

from only about 10 nm deep in the surface of selected areas

(in this work, the effective area is around

300 lm · 700 lm). The F/Ca ratio was obtained by

comparing the total counts of F and Ca throughout the

effective area. For the biphasic coatings, since all of their

FHA precursors have the same HPF6 content, the F/Ca

ratio variations actually result from HA content variations.

Therefore, in Table 1, the decreasing F content of the

coating actually means the increases of HA amount.

The reflection spectra of FTIR in Figure 4 give more

information on surface chemical groups: all the FHA

coatings and HA/FA coatings show the existence of PO4
3–,

OH– and CO3
2–. Among them, the OH stretching band show

significant difference: a very weak bands located at

3537cm–1 is observed on FHA coatings, which is reported

to be from the sporadic OH groups in the F chain [21]; no

such band is observed on FA coating. While for the bi-

phasic coatings, the intensity of this band becomes

increasingly higher with increasing amount of HA in the

coating. These results prove that the amount of OH groups

on coating surface is proportional to the HA amount in the

coatings, i.e., more HA powders expose on the surface.

It is noteworthy that the position of these stretching

bands is different from that in pure HA (3573cm–1, [21]).

This happens in FHA, too (3537cm–1, [21]). Since such

shift is the effect of hydrogen bonding between F and OH

[22, 23], the difference could be possibly come from minor

F adsorption on the powder or hydrogen bonding between

OH in the HA powders and F in the peripheral FA matrix.

Both XPS and FTIR reflection spectra demonstrate that

the existence of HA powders renders the HA/FA biphasic

coatings unique surface characteristics in contrast to FHA:

although the F content could be similar, the chemical

groups on the surface are quite different, FHA coating

provides homogeneous surface with evenly distributed F,

while the biphasic coating shows heterogeneous surface

consist of distinguished FA domains and HA regions, with

majority of the F existing in the FA domains. Such surface

structure could be an optimized one for F containing

coatings from composition point of view: The FA domain

can act as cell attachment platform with long-term stability,

while the HA domain could provide necessary Ca2+ and

PO4
3- ions releasing, thus the characteristic of both mate-

rials are better utilized.

The surface morphology and roughness

As observed in the SEM micrograph in Figure 3, the

conventional FHA coatings and the biphasic HA/FA

coatings have different surface morphology. In Figure 5,

the roughness of the coatings is further compared. The

conventional FHA and FA coatings show similar rough-

ness. In HA/FA coatings, however, the roughness increases

due to presence of HA powders, which is reasonable since

the HA powders will partially protruded from the coating

surface. However, as schematically shown in Figure 6, the

effect on roughness is not linear: when the amount of the

powders is rather small, the powders tend to exist as sep-

arated particle, which gives rise to increase of the rough-
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Fig. 4 FTIR spectra of the biphasic coatings (R: Capowder/Caprecursor)
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Fig. 5 Surface roughness of the biphasic coatings in comparison with

the conventional FHA (R: Capowder/Caprecursor)
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ness due to the protrusion of the particles from the refer-

ence line in roughness measurement; with the increasing

the powders amount, the reference line itself elevated due

to the thickening effect of the powders [18], which will

result in a slightly decrease of the roughness; with even

more powders, the powders began to directly contact each

other and even agglomerated, that will lead to even larger

protrusion of the powders or agglomerates, which makes

the roughness goes up again. Nevertheless, as shown in

Figure 5, all these biphasic HA/FA coatings show much

higher roughness (Ra = 450–650nm), comparing with

FHA coating and FA coating (Ra = 150–200nm).

With the existence and increase of HA phase in the

coatings, cracks are observed in the coatings and the number

become increasingly large with the increasing amount of

powders. That was also attributed to the thickening effect of

the particles on coatings [18], which could be further im-

proved by using HA particles with smaller size. Moreover, in

the real application, a pure FA layer, which is shown to be

dense and crack free in Figure 3a, could be prepared between

the HA/FA coating and the substrate, thus prevent the for-

mation of harmful ‘‘through-thickness cracks’’, which is

harmful to coating-substrate interface. In this situation, these

cracks in the top HA/FA top layer, as well as the roughened

surface of the coating, could further act as anchorage site for

the cells, thus promoting cell attachment.

Conclusion

1. The colloidal-sol-gel route is an effective way in

deposition of biphasic HA/FA coatings. The relative

phase content in the resulted coating can be tailored

through variation of the amount of HA powder dis-

persed in the sol.

2. The biphasic HA/FA coating has unique surface

characteristics in comparison with the mono phase

FHA coating: HA and FA exist in distinguished do-

mains leading to heterogeneous coating surface.

3. The existence of HA powders leads to rougher sur-

faces. Roughness of the surface can be tailored to

certain extent by varying the amount of HA powders.
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