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Abstract Morphology, phase and chemical compositions

of atmospheric plasma-sprayed (APS) hydroxyapatite

(HAp) coatings were investigated by scanning electron

microscopy (SEM), X-ray powder diffraction (XRD),

proton-induced X-ray emission (PIXE) and Rutherford

backscattering spectrometry (RBS). The study involved as-

sprayed coatings and coatings incubated in simulated body

fluid (rSBF) for up to 56 days. The results obtained using

combined contributions from three complementary ana-

lytical techniques confirm that secondary Ca-deficient

defect hydroxyapatite precipitated by a biomimetic process

from the simulated body fluid onto the HAp coating surface

after a prolonged induction time. Owing to its sensitivity

proton-induced X-ray emission (PIXE) provides informa-

tion on in vitro resorption of calcium phosphate ceramics

and dynamic dissolution/precipitation events occurring

during the incubation process.

1 Introduction

Thermal spraying of hydroxyapatite (Ca10(PO4)6(OH)2,

HAp) is widely used to produce various coatings in

orthopedics and dentistry [1], applied in particular to the

stems of hip endoprostheses to enhance their biological

fixation as HAp is osseoconductive and hence capable of

rapidly forming a chemical bond with living bone tissue.

The techniques generally involve introducing powder par-

ticles into a plasma jet, which are being melted and

accelerated towards a metal substrate under either low

pressure (LPPS) or atmospheric plasma spraying (APS)

conditions [2]. However, since there exist several unre-

solved issues pertaining to quality and reliability of these

bioconductive coatings many studies were conducted dur-

ing the last several decades centred around applying

alternate spraying techniques, and improving microstruc-

tural and mechanical properties such as coating porosity,

adhesion to the metallic implant body and other essential

properties [3–10].

To improve the reliability of these coatings for human

implants application it is vital to understand the changes

that morphology, and chemical and phase compositions of

the hydroxyapatite coatings undergo when brought in

contact with living tissue. In this study, hydroxyapatite

(HAp) coatings were deposited onto Ti6Al4V substrates by

APS followed by incubation in revised simulated body

fluid (rSBF) [11] to assess their possible biofunctional

performance. The compositional changes of the coatings

caused by the incubation process were investigated after 1,

7, 28 and 56 days. It is believed that dynamic reactions at

the HAp coating/bone interface result from a sequence of

events involving, among others, complex processes

including the formation of carbonate hydroxyapatite by a

dissolution–precipitation process [12].
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1.1 Complementarities of analytical techniques

Both conventional and novel analytical techniques have

been applied to understand the physico-chemical processes

that take place during every single step from HAp coating

deposition to in vitro incubation process in simulated body

fluid to essential physiological processes governing the

in vivo performance. The aim of this study is directed

towards the characterisation of bioconductive hydroxyap-

atite coatings using different complementary techniques:

X-ray powder diffraction (XRD), scanning electron

microscopy (SEM), proton-induced X-ray emission (PIXE)

and Rutherford backscattering spectroscopy (RBS). While

the two former techniques are being routinely used to

determine coating phase composition and microstructure,

the application of PIXE and RBS is relatively new to the

field of biomedical engineering. PIXE can detect elements,

and map minor and trace elements in the coatings and

tissue surrounding the implants at concentration levels as

low as 500 lg g-1 and below [13]. In this study, the

changes in concentration and the 2-D distribution of Ca, P

and trace elements were recorded using PIXE technique.

Furthermore, since PIXE is a non-destructive technique it

is a very useful tool for monitoring the changes in con-

centration of elements contained in bioceramics since their

concentrations are in constant evolution with time after

implantation [12, 34]. PIXE with its good sensitivity for

transition elements with medium atomic mass provides a

novel approach towards studying bioconductive coatings

and their in vivo alteration products. Rutherford back-

scattering spectroscopy uses backscattered alpha particles

within the surface of the material to obtain quantitative

information on the major/minor components that cannot be

detected with PIXE. Compared to PIXE and conventional

XRD that provide analytical information down to several

micrometers into the bulk coating, RBS probes only the

immediate surface area.

2 Materials and methods

The materials used in this study were commercially available

medical-grade HAp powder (Plasma Biotal Ltd., Tideswell,

North Derbyshire, UK) and a mill-annealed Ti6Al4V alloy

(6.12 at% Al, 4.20 at% V, 0.17 at% Fe, 0.01 at% C,

0.105 at% O, 0.005 at% N, 0.003 at% H, Ti bal.) as substrate

material. The HAp powder (CAPTAL 90; particle size range

120 ± 20 lm) consisted of 97.6 ± 0.8 mass% hydroxyap-

atite, HAp, 0.30 ± 0.55 mass% tricalcium phosphate, TCP

and 2.1 ± 0.8 mass% tetracalcium phosphate, TTCP.

The powder was atmospherically plasma sprayed onto

machined ‘‘dog bone’’ samples (130 9 22.5 9 2 mm) and

‘‘square coupons’’ (20 9 20 9 2 mm) to a thickness of

about 200 lm using a PT M1000 (Plasmatechnik Wohlen,

Switzerland) APS-system equipped with a Sulzer Metco F4

MB plasmatron using the spraying parameters listed in

Table 1 [14]. To improve bonding between HAp and the

metal substrate, prior to coating the samples of either type

were grit-blasted for 90 s with corundum (grain size

between 0.5 and 1.0 mm) using an air pressure of 4 bars at

an angle of 90� to produce a surface roughness of 2.0 lm.

Subsequently the specimens were ultrasonically cleaned in

a solution of 10% TickopurTM in deionised water at 40�C

for 10 min. The Ti6Al4V substrates were preheated to

400�C prior to spray coating. A spray pattern was produced

by six partially overlapping horizontal passes of the plasma

jet, each one followed by an intercycle cooling period

before the next cycle started. To avoid undue heating

during spraying the substrates were cooled from the back

with an argon stream.

After coating the samples were rinsed with methanol to

remove residual loose powder particles and dried in a dust-

free air environment. Subsequently eight coupons and eight

‘‘dog-bone’’ samples were incubated between 1 and 56 days

in rSBF (Table 2) under physiological conditions (at 37 ±

0.5�C) to simulate the effect of the biological environment.

After incubation, the samples were rinsed with deionised

water and dried at 100�C for 24 h. To stabilise the rSBF, i.e.

to prevent precipitation of calcium carbonate 15 ml of a

buffer solution (11.93 g/l HEPES + 40 g/l NaOH) were

added per litre of rSBF.

Small blocks (typically 10 9 10 mm) of HAp coatings

peeled off from ‘‘dog bone’’ tensile samples were used for

Table 1 Plasma spray parameters [14]

Parameter Unit Value

Primary plasma gas (argon) slpm 45

Secondary plasma gas (hydrogen) slpm 6.5

Powder carrier gas (argon) slpm 5.0

Relative powder feed rate % 20

Relative hopper stirrer rate % 40

Spray distance mm 90

Plasma power kW 30–32

Traverse speed m/s 6

Number of traverses 6

Table 2 Composition of rSBF in mmol/l [11]

Na+ Ca2+ K+ Cl- Mg2+ HPO2�
4 SO2�

4 HCO�3

142.0 2.5 5.0 103.0 1.5 1.0 0.5 27.0

HEPES: [2-(4-(2-hydroxyethyl)-1-piperazinyl) ethan] sulfonic

acid + 1 M NaOH
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coating characterisation by scanning electron microscopy,

micro-PIXE mapping and Rutherford Backscattering

Spectrometry (RBS), while the coated square coupons were

used for phase analysis by conventional X-ray diffraction.

Scanning electron microscopy (Cambridge Stereoscan

2009) was used to investigate the effects of incubation

time on HAp coating morphology. The study included both

the coupons and HAp blocks (top-side coating), which

were carbon coated to prevent charging.

Crystalline phase contents of the coatings deposited onto

the square coupons were determined by X-ray diffraction

(URD 6, Freiberger Präzisionsmechanik). Measurements

were performed using CoKa radiation generated by an X-

ray tube operated at 40 kV and 35 mA with 2h angle

ranging from 25� to 55� and at a scan step size of 0.03�. For

quantitative data, Rietveld refinement was carried out using

structural models of different calcium phosphate phases

obtained from the ICSD (Inorganic Crystal Structure

Database).

Pieces of hydroxyapatite coating (top of coatings facing

the solution) were irradiated using the Nuclear Microprobe

(NMP) facility at iThemba LABS [15–17]. Proton beams

with energies of 1.5 MeV were selected for bombardment

of particular micro-regions of the HAp coatings. Beam

currents of 200–400 pA were used to ensure that no

evaporation of constituents occurred due to a possible rise

in temperature generated in the sample volume. Microre-

gions were scanned with a proton probe beam of 2 and

4 lm diameter. A scan size of 128 9 128 pixels was used

to ensure sufficient resolution for mapping visualisation.

Areas of approximately 250 9 250 lm2 were selected on

the HAp coatings for analysis. True overlap-resolved ele-

mental maps as well as total micro-PIXE data were

obtained using the Dynamic Analysis (DA) method. Off-

line analyses of experimental data recorded as event-by-

event computer files were obtained with the software

package Geo-PIXE II [18].

To quantify the Ca/P stoichiometric ratio in the

hydroxyapatite layers, RBS with 2.0 MeV alpha particle

beam was used. The software package RUMP [19] was

used for the evaluation of the backscattered spectra.

3 Results and discussion

3.1 Scanning electron microscopy

SEM micrographs show that the HAp coating surface

morphology changed dramatically after prolonged incuba-

tion time in rSBF (Fig. 1a, b). It was found that coating

morphology remained almost unaffected throughout a short

incubation time of a few days while after 7 days of incu-

bation precipitation was noted of secondary calcium

phosphate from the simulated body fluid [5]. Since rSBF is

supersaturated with respect to both hydroxyapatite and

octacalcium phosphate (OCP) at the experimental pH of

7.4 these phases are thermodynamically favoured and

should precipitate spontaneously. However, it has fre-

quently been observed [20–22] that metastable precursor

phases with high solubilities appear first according to

Ostwald’s principle since the energies required to nucleate

these metastable products are much lower than those of the

thermodynamically stable target phases. For example, the

nucleation rate of OCP is higher by 10 orders of magnitude

than that of HAp under physiological conditions

(pH = 7.4). In addition HAp has a lower rate of growth

compared to OCP when normalized for surface area [23,

24]. Kinetically, therefore, OCP may form exclusively on

surfaces in the presence of suitable growth sites. These

growth sites, however, may be blocked by adsorption of

ions such as Mg and Sr. Indeed, Mg ions were found to

hinder kinetically the nucleation and subsequent growth of

OCP and HAp by competing for lattice sites with the

chemically similar but larger calcium ions [25, 26]. On the

other hand, incorporation of Sr into the structure of

hydroxyapatite appears to increases the solubility [27].

Also, complex organic molecules were found to absorb

easily at HAp and other calcium phosphate surfaces

blocking selectively preferential growth sites either com-

pletely [28, 29] or else lend support to the hypothesis that

hierarchical structures in nature result from cooperative

interaction between organic assembly and crystal growth

[30]. Experimental evidence exists [31] obtained by in situ

synchrotron small-angle X-ray scattering (SAXS) that

Fig. 1 Scanning electron

micrographs of secondary

hydroxyapatite coatings (top

side coating) after incubation

for (a) 28 and (b) 56 days in

rSBF
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carboxylate ligands such as citrate and oxalate delay the

onset of HAp nucleation. However, not only the kinetics

but also the morphology of precipitated HAp nanocrystals

will be modified by structure-mediated (epitaxial) adsorp-

tion of organic constituents such as poly(amino acids) at

prominent lattice planes of HAp [32]. Hence it is con-

ceivable that the organic buffer [2-(4-(2-hydroxyethyl)-1-

piperazinyl)ethan] sulfonic acid (HEPES) added to the

simulated body fluid (rSBF) to suppress precipitation of

calcium carbonate may play a role as an agent to delay the

onset of nucleation of hydroxyapatite by a process akin to

sterical hindering by the large bulky molecule similar to

that suggested by Onuma et al. [33] for nucleation of cal-

cium phosphate on a 11-mercaptoundecanoic acid self-

assembled monolayer (SAM).

It is well known that such inhibitory effects in biological

environments can usually be overcome by increasing the

supersaturation of the solution [34, 35]. Hence in the present

experiments an induction time was required to build up a

high enough concentration level of Ca2+ and HPO2�
4 ions to

substantially increase the supersaturation and to induce

precipitation. This process is being mediated by dissolution

of phases with higher solubilities, in particular amorphous

calcium phosphate (ACP).The observed time lag is well in

accord with earlier findings by Goetze et al. [36], Carayon

and Lacout [37], Heimann et al. [38] and Tran [39]. Con-

sequently, during longer incubation beyond 7 days a

significant increase in the volume of the precipitate occurred

as well as formation of larger structures (Fig. 1a). After

56 days, the surface of the as-sprayed coating was com-

pletely covered by a newly formed layer consisting of small

spherical ‘cauliflower-like’ structures (Fig. 1b). This is in

accord with findings by Jallot et al. [13] who also suggested

that the largest precipitates grow and the smallest dissolve as

a consequence of higher surface energy of smaller particles.

3.2 XRD phase analysis

Since the build-up of the coating by plasma spraying

involves a rapid solidification process a significant

percentage of metastable i.e. glassy phases will be formed

that will commonly revert to more ordered, i.e. crystalline

structures, during annealing at elevated temperatures or

recrystallisation in contact with a solvent. On the other

hand, it is expected that during precipitation of calcium

phosphate from the simulated body fluid under physio-

logical conditions predominately short-range ordered, i.e.

more or less amorphous structures will be formed [40]. The

results of phase determination using a Rietveld refinement

routine are shown in Table 3 as a function of incubation

time. It should be noted that by this technique only the

crystalline components can be determined. Consequently

ACP formed by rapid quenching of the molten droplets

during plasma spraying and subsequently removed partially

by dissolution in rSBF is excluded from Table 3.

Comparison with the chemical composition of the ori-

ginal spray powder revealed that the plasma spraying

process changed considerably the phase composition of the

initial HAp powder similar to work reported previously [1,

37, 38, 41]. Likewise, samples incubated for 28 days and

beyond had lost their CaO content completely and CaCO3

was formed instead, either by reaction with carbon dioxide

from the surrounding air or, more likely by precipitation

from the HCO�3 containing rSBF. The high reactivity of

CaO, its existence in the coating after incubation beyond

7 days, and the assumption that the X-ray penetration depth

is less than 30 lm showed that the SBF initially influenced

only the surfaces of the coatings and then gradually

affected deeper regions by a rather slow inward diffusion

process of water molecules [39, 42].

The crystalline content of as-sprayed coatings consisted

of 72% HAp and approximately 28% of thermal decompo-

sition products such as TTCP, TCP and CaO (Table 3).

There is an understanding that an ACP phase is also present

[41]. While its quantitative contribution was not determined

in this study coatings using identical HAp powder and

sprayed under virtually identical plasma conditions showed

around 30 mass% of ACP in the as-sprayed coatings [39,

42]. Samples incubated for a period up to 28 days showed

only small changes in their phase content, while the amount

Table 3 Crystalline phase content of the plasma sprayed HAp coatings in mass% [5, 14]

HAp TTCP TCP CaO CaCO3

Phase (mass%)

Powder 97.6 ± 0.8 2.1 ± 0.55 0.3 ± 0.55 – –

As-sprayed 71.8 ± 1.7 23.6 ± 1.6 3.3 ± 1.1 1.3 ± 0.3 –

Incubation time

1 day 72.5 ± 1.5 23.5 ± 1.4 3.2 ± 1.0 0.7 ± 0.2 –

7 days 70.9 ± 2.3 21.8 ± 2.1 4.5 ± 1.3 0.4 ± 0.3 2.5 ± 0.8

28 days 70.6 ± 1.9 22.0 ± 2.0 6.2 ± 1.4 – 1.2 ± 0.9

56 days 82.8 ± 2.3 9.1 ± 1.9 6.2 ± 1.6 – 1.9 ± 0.7
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of HAp phase present changed significantly after longer

periods of incubation, increasing from approximately 71%

after 28 days of incubation to approximately 83% after

56 days. In contrast to this, the amount of TTCP phase

decreased strongly from 22% to 9%. This finding can be

explained by the slow hydration kinetics of TTCP and the

associated nucleation of HAp according to

3Ca4OðPO4Þ2 þ 3H2O$ Ca10ðPO4Þ6ðOHÞ2 þ 2Ca2þ

þ 4OH�

ð1Þ

Reaction (1) provides Ca2+ ions that continuously

change the composition of the near-surface layer of the

‘bone-like’ Ca-deficient defect apatite coating with the

general composition (Ca10-z(HPO4)z(PO4)6-z(OH)2-

z � nH2O, 0 B z B 1) towards precipitation of a highly

porous but well-adhering stoichiometric HAp [43, 44].

The amount of tricalcium phosphate, TCP showed little

changes. This is in contrast to the findings by Fazan and

Marquis [45] who identified TCP as the calcium phosphate

phase that forms hydroxyapatite in plasma-sprayed coat-

ings by hydration according to [40, 41]

4Ca3ðPO4Þ2 þ H2O$ Ca10ðPO4Þ6ðOHÞ2 þ 2Ca2þ

þ 2HPO2�
4 ð2Þ

An explanation for this discrepancy may be found in the

fact that in the present experiments the plasma power (30–

32 kW) was essentially higher than that applied in Ref.

[45] (25 kW). In addition, using hydrogen as a secondary

plasma gas instead of nitrogen used in Refs. [46, 47]

increased the temperature of the plasma jet considerably so

that formation of CaO occurred. Hence in the as-sprayed

somewhat overheated coatings TCP was largely

transformed to TTCP and CaO, respectively by

evaporation of P2O5 according to

4Ca3ðPO4Þ2 ! 3Ca4OðPO4Þ2 þ P2O5 " ð3Þ

and

Ca3ðPO4Þ2 ! 3CaOþ P2O5 " ð4Þ

The presence of substantial amounts of decomposition

phases of hydroxyapatite such as TTCP and TPC in the

incubated coatings even after 56 days testify to the

sluggish dissolution/precipitation kinetics in the strongly

buffered rSBF that follows the order of solubilities

established by Ducheyne et al. [48]. The composition

of the initially precipitated Ca-deficient defect apatite

Ca10-z(HPO4)z(PO4)6-z(OH)2-z � nH2O (0 B z B 1) varies

between that of amorphous calcium phosphate (ACP)

(z = 1) and hydroxyapatite (z = 0). In neutral and slightly

alkaline solutions the first product to appear is amorphous

calcium phosphate (ACP) that serves as a template for

heterogeneous nucleation of OCP that in turn leads to

epitaxial growth of HAp [47]. In contrast, at higher pH of

10–11 the first phase to precipitate from an aqueous

solution is OCP with z = 2 (Ca8H2(PO4)6 � 5H2O, OCP)

that transforms very quickly to ACP, and then more slowly

to Ca-deficient defect apatite that in turn gradually changes

to HAp by uptake of Ca2+ and HPO2�
4 ions [40, 49–51].

This transformation has been described by a second-order

kinetic law as a surface-reaction controlled process with

surprisingly large activation energy of 95 kJ/mol [49]. It

should be mentioned in passing that this high activation

energy barrier will considerably be lowered in the presence

of bone growth-mediating proteins such as osteocalcin that

shows a high affinity for apatite and may play a role in cell

signalling for bone formation [52]. Also, metabolic

products such as citric acid and its salts appear to assist

in bone-like bioapatite nucleation through their carboxylate

terminal groups [31, 53]. Ab initio calculations provided

evidence that Posner’s cluster [Ca3(PO4)2]3 [54] is the

energetically most stable configuration and that

hydroxyapatite crystals may grow via such hexagonally

close-packed left- and right-handed chiral clusters of

0.8 nm size [33, 55].

3.3 PIXE mapping

To study the temporal evolution of the composition of

secondary HAp precipitated onto the coating surface dur-

ing incubation in rSBF elemental maps of Ca, P and trace

elements were obtained by irradiating the HAp coatings

with protons. Figure 2 shows typical Ca maps of HAp

coatings for incubation periods of 28 and 56 days,

respectively obtained by irradiation with 1.5 MeV protons

at a current of 300 pA. The elemental mapping was per-

formed in the same locations where the SEM images

(Fig. 1a, b) were taken. Table 4 shows the concentrations

of elements together with their analytical uncertainties.

The distribution of Ca, P and trace elements was highly

inhomogeneous over the probed area. However, the overall

concentration levels for each incubation period could be

clearly identified on these fully quantitative elemental

maps. Not only the levels of concentration could be iden-

tified for every pixel but also a general overall measure of

the concentrations could be inferred from the maps. From

the elemental maps in Fig. 2, it can be observed that the

average Ca concentration increased with increasing incu-

bation time from 18 ± 5%, after 28 days to 30 ± 10%,

after 56 days. The total content as obtained from the X-ray

spectrum over the 250 lm2 area (see Table 4) shows

19.1 ± 0.2% and 29.5 ± 0.3%, respectively. This signals

an evolutionary trend towards fully stoichiometric HAp

with a theoretical composition of 39.8% Ca. Similarly, the

concentration of P increased with incubation time from
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6.59 ± 0.07% after 28 days to 10.5 ± 0.1% after 56 days,

and will presumably reach the value of 18.5% of stoichi-

ometric HAp after much longer time.

Figure 3 shows the comparison of PIXE spectra

obtained by irradiation of HAp coatings using beam energy

of 1.5 MeV. Although only Ca and P are the elements of

interest, the presence of minor elements such as Mg, S, K,

Fe, Sr was noted and their positions are indicated in the

figure. The elemental maps of hydroxyapatite powder show

that the Sr originated from the spraying powder used in this

study. The presence of these impurity ions may affect the

precipitation kinetics as suggested above. It also appears

that with increasing incubation time the precipitated Ca-

deficient defect apatite incorporates Mg2+ and K+ (Table 4)

as well as CO2�
3 ions thus shifting its composition towards

that of biological apatite. Presumably Na+ ions will also be

incorporated into the structure of HAp. However, for the

applied experimental conditions it was not possible to

detect Na with sufficient accuracy.

In addition, considerable amounts of Ti were detected in

coatings incubated for 56 days. A tentative explanations

can be based on a change in coating morphology during

prolonged incubation in rSBF [44], in particular the

occurrence of cracks propagating along the surface of the

coating [5] that would enable the proton beam to penetrate

to the substrate level. However, the titanium alloy may also

Fig. 2 Elemental maps of Ca

obtained with 1.5 MeV protons,

over micro-regions (approx.

250 9 250 lm2) of selected

areas of HAp coatings incubated

for 28 (left) and 56 days (right).

The beam probe diameter was

approximately *5 lm. Beam

current intensity was *200 to

400 pA; total accumulated

charge was 0.162 and 0.504 lC,

respectively

Table 4 Concentration levels of elements of HAp coatings incubated

in rSBF as detected by PIXE

Species Incubation time

28 days 56 days

Ca (%) 19.1 ± 0.2 29.5 ± 0.3

P (%) 6.6 ± 0.07 10.5 ± 0.1

Mg (%) 0.23 ± 0.04 0.48 ± 0.04

Ti (%) n.d. 0.78 ± 0.013

S (lg/g) 184 ± 27 207 ± 27

K (lg/g) n.d. 1,400 ± 127

Fe (lg/g) 89 ± 21 465 ± 31

Co (lg/g) 92 ± 19 113 ± 19

Sr (lg/g) 339 ± 92 346 ± 57

n.d.—Not determined

Ca

P

Mg

Ca

Sr

S

sp

sp

sp

sp

sp

sp
sp

Fe

Co

Mg

P

S

K Ca

Ca

Ti

Ti sp
sp

sp

sp

sp

sp
sp SrFe

Co

Fig. 3 Comparison of PIXE spectra of HAp coatings incubated for

28 (top) and 56 (bottom) days in rSBF. Major elements are Ca and P

while an essential minor metabolic element is Mg. Sum peaks (sp) are

due to high count rate of P and Ca X-ray lines arriving simultaneously

at the Si(Li) detector
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release ions to the solution, as pointed out by Mu et al. [55]

and linked to localised micro-detachments, indicating a

very low capability of titanium to diffuse at a distance.

3.4 Rutherford backscattering spectrometry

Results of Rutherford backscattering spectrometry revealed a

Ca/P ratio of approximately 1.25 after a short incubation time

of 7 days as shown in Fig. 4. It was found previously that the

first precipitate detectable after an incubation time of 7 days is

a highly Ca-deficient defect apatite with a Ca/P ratio around

1.0 or below [38]. Longer contact with the simulated body

fluid prompts the secondary hydroxyapatite to take up more of

the Ca2+ ions released from the original as-sprayed coating by

conversion of plasma-spray generated TTCP according to

Eqs.1 and 2, respectively [38, 44]. Consequently the Ca/P ratio

of the secondary defect HAp increases towards that of stoi-

chiometric HAp of 1.67. The PIXE data confirm this trend

rather well. However, as evident from Fig. 4 the Ca/P ratio

keeps increasing beyond an incubation time of 28 days to

reach a value around 2.0 at 56 days. This ratio corresponds to

tetracalcium phosphate, Ca4O(PO4)2. Since it is difficult to

reconcile this result with current wisdom additional work will

be required to arrive at a reasonable explanation.

4 Conclusion

The changes of morphology and phase composition of

plasma-sprayed hydroxyapatite coatings during in vitro

incubation in rSBF were determined by quantitative anal-

ysis and elemental mapping using SEM, XRD, PIXE and

RBS techniques.

The complementary information obtained by these

analytical methods confirmed the formation of secondary

hydroxyapatite by biomimetic processes, i.e. a dissolution–

precipitation mechanism thought to be governing the

mechanisms of osseoconductive integration of coated

implants into living bone tissue. The application of PIXE

provides a new tool to study bioconductive coatings and

their in vitro alteration products, and therefore may con-

tribute to the understanding of the nature of chemical

bonding between bone and the HAp layer applied to

metallic implant surfaces.

An induction time was required to build up a high

enough concentration level of Ca2+ and HPO2�
4 ions to

substantially increase the supersaturation and to induce

precipitation even though the simulated body fluid used is

highly supersaturated with respect to hydroxyapatite and

OCP. In particular, SEM showed that a highly porous

apatite layer formed at the surface of the coating after

incubation for up to 28 days. Its morphology changed on

further incubation for 56 days to a layer of ‘cauliflower-

like’ spherulites composed of very fine crystallites, sug-

gesting a high nucleation rate of calcium phosphate.

XRD phase analyses obtained by Rietveld refinement

showed that the amount of HAp increased during incuba-

tion from 72 mass% in as-sprayed HAp coatings to 83%

mass% after 56 days of incubation in rSBF suggesting both

precipitation of secondary non-stoichiometric ‘bone-like’

hydroxyapatite from rSBF onto the coating surface and

rehydration/recrystallisation of TTCP towards formation of

HAp.

Spatially resolved PIXE elemental maps as well as RBS

further confirmed that the concentration levels of Ca and P

in the precipitated HAp layer increased with increasing

incubation time confirming the notion of a gradual uptake

of Ca2+ ions from the rSBF into the lattice of the Ca-

deficient defect HAp thus changing its composition

towards that of fully stoichiometric HAp.
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