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Structural characterisation of apatite coatings
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The current, most frequently employed, commercial route to produce hydroxyapatite
prosthetic coatings is plasma spraying. However, this has several important limitations
especially for textured surfaces. Low temperature methods of coating fabrication such as
cathodic electrodeposition are attractive alternatives. However, quantitative
characterisation of the phase composition of thin electrodeposited coatings can be
problematic. An X-ray diffraction method, which provides quantitative compositional
information without reference to external or internal standards, is introduced and validated.
The method can also be applied when Bragg peaks from the supporting substrate are
apparent within the data and preferred orientation can be tolerated. This method has been
used to examine in detail the microstructure of electrodeposited coatings which are
compared directly with those formed by a commercial plasma spraying process.

We show that, unlike the plasma sprayed coatings, the electrodeposited material consists
of a single crystalline phase (hydroxyapatite) and a significantly reduced amorphous phase.
The electrodeposited coatings also possess significantly more microstrain and a smaller
crystallite size than the corresponding plasma sprayed material. © 2004 Kluwer Academic

Publishers

1. Introduction

In recent years, coating metal orthopaedic implants
with bioactive layers to promote fixation has become
increasingly common [1]. Fabrication routes that pro-
vide control over features such as biocompatibility and
bioreactivity through management of coating chem-
istry and structure are still being developed. Calcium
hydroxyapatite (HAP) is thought to be a particularly
attractive coating material as it has been shown to in-
duce physiochemical bonding at HAP-bone interfaces
and promote bone growth with high growing in rates
[2]. The ultimate behavior of the implant i.e., clinical
outcome, has been shown to be affected by features
such as coating thickness, surface texture, phase purity,
bond/mechanical strength, and dissolution properties,
although the optimum properties of a coating have yet
to be identified.

Current coating fabrication routes include plasma
spraying (PS), rf sputtering, CVD, laser ablation and
recently sol-gel, although plasma spraying is used to
produce most commercially available bioceramic coat-
ings for orthopaedic and dental implants. Advantages
of PS include a short cycle time to coat a component
and minimal heating of the substrate. However, it is
a line-of-sight method that has several disadvantages,
including difficulties in achieving a uniform coating
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thickness on an uneven surface and an inability to coat
the inner surface of porous implants. Delamination of
the coating caused by internal stresses and mis-match
in modulus between the alloy substrate and the coating
can occur with thicker coatings. Further, plasma spray-
ing is a relatively expensive and inefficient process to
set up and maintain. Coatings are built up from partially
melted powder particles, and are thus a heterogeneous
mixture of unmelted crystallites of the original stock
powder, other crystalline phases (e.g., CaO) and amor-
phous material [3]. The amorphous material and other
phases are significantly more soluble than the hydrox-
yapatite, and hence these are preferentially dissolved
in vivo. This can lead to fragmentation of the coating,
releasing particles into the surrounding tissues. Poros-
ity can accelerate this process. These particles can po-
tentially contribute to cell-mediated osteolysis. There
have also been reports [4] of HAP particles becoming
embedded within bearing surfaces of polyethylene ac-
etabular cups, scratching the femoral heads and leading
to accelerated wear. Alternatives to plasma spraying are
therefore worth investigating.

There is no doubt that producing an adherent, HAP
coating using a low temperature process with control
over the film microstructure is an attractive goal. Al-
though biomimetic methods have shown some initial
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promise [5], a more immediate, commercially scaleable
process is required. Electrodeposition (ED) has the po-
tential to provide dense, macroscopically homogenous
coatings, with good internal cohesion and adhesion to
the implant surface. Particular advantages of electrode-
position for production of bioprosthetic coatings are
relatively low costs and energy, low temperatures, abil-
ity to coat textured surfaces, and control of thickness
& microporosity. It may also enable incorporation of
biomolecules forming a sustained release, drug deliv-
ery system e.g., it has been shown [6] that lysine at-
tachment may be controlled through the number of OH
polar groups (H bonding with protein molecules).

Successful electrodeposition of HAP has been
demonstrated previously by groups in China [7],
Canada [8] and recently in the U.K. [9]. Initial attempts
usually involved the electrodeposition of a non-HAP
phase (e.g., brushite, CaHPO,4-2H,0O) which was sub-
sequently converted to HAP with alkaline solutions or
calcinating at ~400°C. Indeed there may be advantages
to such a ‘2 stage’ approach for control of film proper-
ties such as crystallite morphology through this second
step, and thus, work continues in this field [10, 11]. Sin-
gle stage electrodeposition of HAP was first reported
by Shirkhanzadeh [12] and a recent similar process has
been developed here. The ED mechanism of HAP depo-
sition is complex and involves combined electrochemi-
cal, acid—base and precipitation reactions. Some control
of the crystallographic phase formed is afforded by the
cathodic current density and interfacial pH which has
been previously investigated [13]. The structural char-
acterisation of coatings formed in this manner is critical
to optimization of performance.

This work concerns a direct, structural comparison
of coatings produced by PS and ED methods examined,
in detail, principally by X-ray diffraction. It also intro-
duces a new methodology for reliably determining the
quantitative phase composition of coatings in situ and
thus the crystalline/amorphous ratio (“crystallinity”).
This has been shown to be particularily influential in
coating fixation and resorption [14].

2. Method

2.1. Coating fabrication

The coatings examined were supported upon titanium
test coupons (~1 cm x 3 cm x 0.5 cm) for the ED, and
Ti disks (diameter ~2 cm) for the PS. Before coating,
each substrate was cleaned in ethanol within an ultra-
sonic bath, rinsed off with deionized water, and dried
by means of a stream of air.

The PS coatings were formed by conventional PS
methods. In brief, this consisted of spaying a stock
(>98% hydroxyapatite) powder in air with a Plasma-
Technic Type F4-MB plasma gun. This used argon as
the primary gas, and nitrogen as the secondary gas.
The resultant coatings were typically 50-80 pm thick.
Characteristics complied with BS ISO 13779-2:2000
(“Impants for surgery.Hydroxyapatite. Coatings of hy-
droxyapatite”).

The ED coatings were formed by cathodic electrode-
position within a purpose built chemical bath. The elec-
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trolyte liquid (Ca/P ratio of 1.67) was prepared from
CaCl,-2H,O and NH4H,PO, dissolved in deionised
water. The temperature of the electrolyte was controlled
by means of a thermostat and fixed to 37°C. The pH was
adjusted to 6.45 using an NH4OH solution. The Ti sub-
strate was polarised as the cathode and platinum gauze
electrodes employed as the anode.

Coating consisted of repeated cycles of cathodic po-
larisation and drying. The resultant coatings were typ-
ically 3 um thick. Further details are provided within
the Bonemaster® Patent, EP1264606.

2.2. Diffraction analysis

The samples were all analysed with the coatings in situ
by conventional powder X-ray diffractometry. Diffrac-
tion data was collected using a Philips PW 1830 diffrac-
tometer fitted with a diffracted beam monochromator
to produce diffractograms from Cu K, wavelengths.

Phase identification was performed with reference to
the database supplied by the International Centre for
Diffraction Data using the software, ‘CSM’ (Oxford
Cryosystems).

Typically, quantitative phase analysis (including
amorphous content) has been undertaken with X-ray
diffraction but traditionally the methodology has re-
quired ‘spiking’ the sample with a known amount of
a highly crystalline phase [15]. This is clearly not
appropriate for coatings measured in situ. Further, pre-
vious methods have usually depended upon measure-
ment of Bragg intensities and assume no preferred ori-
entation and fixed stoichiometry of the HAP relative
to the material used as a calibrant [16—-18]. We have
undertaken quantitative analysis using a whole pattern
fitting (‘Rietveld’) approach [19]. Recently, analyses
from studies of glass-ceramic crystallisation processes
have indicated how ‘standardless’ Rietveld analysis can
be performed that includes a non-crystalline phase. The
theoretical justification for this has been described else-
where [20] and some examination of PS coatings in-
vestigated [21]. We have adopted a similar approach
here and also validated the method with reference to
known mixtures of crystalline and amorphous CaP
phases. Rietveld analysis was undertaken using TOPAS
(Bruker—XAS) and the atomic structural models ac-
quired from the Inorganic Crystal Structural Database
[22]. In these analyses, the amorphous component was
described using an atomic model fixed to that of sto-
ichiometric HAP but with a crystallite size similar in
magnitude to that of the lattice parameters. This pro-
duced a diffraction pattern with the appearance of that
from an amorphous material, i.e., significantly broad-
ened and overlapped diffraction maxima. To provide
appropriate and precise values of lattice parameter and
apparent crystallite size, these parameter values were
refined against diffraction data from an amorphous CaP
phase. This is in contrast to previous similar work where
only a poor fit could be obtained as the lattice param-
eters were fixed [23] to stoichiometric HAP. For all
subsequent analyses of mixed phases, all the param-
eters (except for the scale factor) of the amorphous
phase were fixed to these values. This may simplify the



precise shape of scattering from the amorphous compo-
nent [24], but can provide an approximate value for the
density of the non-crystalline phase. An influential pa-
rameter in this analysis for accurate quantification is ap-
propriate choice of background. The background shape
was determined empirically using data from substrates
with their coatings removed and this was represented
by a Ist order Chebychev polynomial.

The fitting methodology was assessed for accuracy
and reliability by repeated, independent determinations
of know mixtures of amorphous and crystalline phases.
In all refinements, the atomic model parameters (i.e.,
atomic positions, thermal parameters & occupancies)
were fixed throughout. This effectively fixed the ab-
sorption coefficients of each phase. Scale factors, lat-
tice parameters, and peak shapes were refined for all
crystalline phases. An advantage of this approach is
that preferred orientation could also be included and
accounted for (in this case using spherical harmonics)
in the fitting process. For the ED coatings, the dominant
substrate maxima were included as independent analyt-
ical peaks without reference to any structural model but
were refined simultaneously with the structural phases.
Using TOPAS, this effectively excluded the substrate
from estimates of coating phase composition.

For microstructural analyses (crystallite size/
microstrain), a pseudo-Voigt analytical profile (Ko
& Kap) was fitted to each of the observed diffrac-
tion maxima. Fitting quality was assessed using a chi-
squared parameter and those of low quality excluded
from further analyses, as were adjacent, overlapping
peaks. Only the Ko; component was subsequently em-
ployed in further analyses. This fitting procedure pro-
vided independent estimates of peak position and full
width at half maximum (fwhm). Peak broadening at-
tributable to the specimen microstructure was estimated
using,

fwhm¢ = (fwhm% — fwhmé)l/ g

where the subscripts f, h & g refer to the structural,
observed and instrumental profiles. The instrumental
broadening contribution was determined from diffrac-
tion data produced from a NIST silicon standard refer-
ence material, NBS640b. These structural widths were
exploited in a Williamson-Hall analysis [25], which of-
fers assessments of crystallite size and microstrain con-
tributions to the peak widths. The analysis performed
here assumed that the microstrain and crystallite do-
main size was uniform in all crystallographic direc-
tions. A similar type of analysis has been performed
previously [26] on PS coatings of HAP.

3. Results

In all, we have examined >40 ED coatings and >500
PS coatings by X-ray diffraction. The diffraction data
from each group has been consistent. Typical diffrac-
tion data is presented in Figs 1 and 2 representing that
from PS and ED respectively. The PS data derives from
a 60 um coating (Fig. 1a) and from a significantly thin-
ner coating (~10 pum) produced using identical pro-

cessing conditions but interrupted early on in the coat-
ing cycle (Fig. 1b). Thus we are able to examine the
typical PS surface material (95% penetration depth of
CuKo X-rays ~16 um) and material close to the sub-
strate interface. Fig. 2b presents data from the ED sam-
ple that is expanded in Fig. 2a in order to show the HAP
peaks more clearly. In both the PS and ED coatings, the
dominant crystalline phase of the coating is HAP (al-
though, due to the significantly thinner coating the ED
data is dominated by the Ti substrate peaks). Data cor-
responding to the PS coating shows a clear amorphous
phase, the relative magnitude of which is significantly
greater for the interrupted coating which also shows
a greater amount of extraneous (non-HAP) crystalline
phases. These extraneous phases have been identified
to include CaO and Caz(POy). It is also apparent that
although the S/N is poorer for the ED coating data there
is no evidence of crystalline phases other than HAP.

In order to assess the accuracy of the standardless
quantitative analysis, diffraction data from a systematic
series of powder samples of known composition were
collected and analysed as described above. Fig. 3 shows
an example of the data from one such sample and also
indicates the components of the fitting process. The
fit is of good quality (as indicated by the Ry, value
— 9.8%) although the data contains small extraneous
peaks not accounted for by the models used. Table I
contains data for a range of composition standards. In
all cases, the ACP values agree within 3%. It should
be appreciated that all phases were initially included in
all of the analytical refinements. Where a 0 is recorded,
the wt% refined to <0.2%.

Reliability was assessed by repeated measurement
and analysis of a single sample with a measured com-
position of 75%HA and 25% ACP. Mean values of
HAP wt% content, and lattice parameters of the HAP
were found to be 75.8% (£0.7%) and 9.400 (£+0.001)
& 6.899 (£0.001) respectively as a result of 4 inde-
pendent analyses. Numbers in parentheses are standard
errors and the maximum Ry, value was 8.3%.

A summary of the principal structural characteris-
tics of the PS and ED coatings is provided in Table II.
This provides data from a randomly selected, full thick-
ness PS coating, the limited thickness PS coating and
average values from 40 ED coatings. The HAP/ACP
ratio of the PS coatings was observed to show peri-
odic fluctuations with time (period of ~weeks), which
corresponded to aging and replacement of the spray
nozzle. For the PS material, significantly more ACP
is measured near the Ti interface than at the initially
exposed surface. The HAP (002) peak width (an indi-
cation of crystal size/strain along (00l)) is similar for
both PS coatings but data from the ED indicates a sig-
nificantly greater (002) width. The lattice parameters
all show small, and mostly insignificant differences be-
tween samples with the greatest difference between the
upper surface PS and ED coatings.

A pragmatic approach to quantifying preferred ori-
entation has been adopted for simplicity, and a “PO
index” derived. This was based upon the ratio of the
integrated areas of the (002) and (222) reflections nor-
malised to their random values. Thus if PO = 1, then
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TABLE I Comparison of measured compositions with those determined by Rietveld analysis

Weighed amounts Wt% from XRD analysis

HAP ACP a-Caz(PO4)2 B-Caz(PO4)2 HAP ACP a-Caz(PO4)2 B-Caz(PO4)2

100 0
80 20
60 40
40 60
92.5
975
92.5
97.5

97.8 22
80.5 19.5
59.8 40.2
423 57.7
92.1 0

96.4
90.1
96.9

W
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TABLE II Structural characteristics of typical PS and ED coatings. (PO: preferred orientation index.)

Composition fwhm /°
Source (wWt%) (002) a/nm o(a) ¢/nm o(c) PO

PS full coating 70%HAP 0.156 0.94106 3x 1079 0.68902 3x 1079 0.72
28%ACP
2% B-Caz(POs)

PS partial coating 32%HAP 0.156 0.94093 5% 1075 0.68914 4x1073 0.71
61% ACP
2% CaO
2% B-Caz(PO4)2
2% 0{—C8.3(PO4)2

ED 70%HAP 0.247 0.93946 2% 1074 0.68935 2x 1074 2.11
30%ACP

26000 ]
25000 ]
24000
23000 |
22000 |
21000 |
20000 ]
19000 ]
18000 ]
17000 ]
16000 ]
15000 ]
14000 ]
13000 ]
12000 ] (a)
11000 ]
10000
9000
8000
7000
6000
5000
4000
3000
2000
1000

Intensity

(b)

0 IHI‘\III|I\I\|IIII|II\\|\I\I‘IH\‘III\‘HII|I\I\|\IH‘II\I

11 20 30 40 50 60 70
20/°

Figure 1 Diffraction data from PS coatings (a) full thickness (~60 pm) and (b) limited thickness (~10 pm).
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Figure 2 Diffraction data from typical ED coating. Plot (a) is an intensity scaled diffractogram of that presented in (b) to show the HAP diffraction

maxima.

this would indicate no preferred orientation. Of note is
the increased degree of preferred orientation associated
with the ED coatings.

The results of the microstructural characterisations
are shown in Fig. 4, which is a Williamson-Hall plot of
the peak widths for the PS and ED coatings. Here the
magnitude of any microstrain, and crystallite size are
indicated by the gradient and intercept of the curves re-
spectively. Anintercept of zero suggests that the diffrac-
tion data is not broadened by finite crystallite size and
this would occur if the crystallites were greater than
approximately 0.2 pum.

The limited quality and overlapping substrate peaks
of the ED dataresulted in significantly fewer peaks from
the ED coating being exploited in this analysis. Both
PS coatings produced indistinguishable results. Within
experimental errors, the data corresponding to the PS
coatings indicate that only microstrain effects broaden
the peak widths i.e., the crystallite size is in excess of
0.5 um (the upper limit of size determination). It is

difficult to provide definitive, quantitative conclusions
regarding the ED coating data due to the limited number
of peaks analysed.

4. Discussion and conclusions
These studies have enabled a direct structural compari-
son of HAP coatings formed by PS and ED techniques.
The analytical methodology employed has been shown
capable of reliably providing accurate and quantitative
compositional information without reference to exter-
nal or internal standards. It is anticipated that this tech-
nique could be applied to a wide range of materials,
although mixtures containing phases with very differ-
ent absorption coefficients may be more challenging.
However, in contrast to alternatives, and in the presence
of preferred orientation as in the case of ED coatings,
this methodology is apparently robust.

The nature of the ED coating material is signifi-
cantly different to that of the PS. The PS material is
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Figure 3 Observed and calculated diffraction data (overlaid) corresponding to known mixture of HAP & ACP (60% HAP). Each component con-

tributing to the calculated data is also shown separately and marked.
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Figure 4 A Williamson-Hall plot representing peak broadening data
from (#) full thickness PS coating, (A) limited thickness PS coating
and (M) ED coating.

typical of that previously described [26], comprising
predominantly of a highly crystalline HAP and ACP
mix. Interestingly although the microstrain appears to
remain constant through the coating thickness, it is ap-
parent that the amount of ACP and extraneous crys-
talline phases are significantly greater closer to the Ti
interface. We have evidence from an alternative study
that any compositional gradient is confined to a region
close to the Ti [27]. Such a chemical gradient has been
recently observed using micro-Raman methods [28].
However, as there are no significant differences in ei-
ther lattice parameter for the PS coatings examined,
any chemical gradient is most likely associated with
phase changes rather than changes to the chemistry of
the HAP. This is consistent with the enhanced ther-
mal ‘shock’ experienced by the particles at the initial
stages of coating. A further observation from PS diffrac-
tion data was a positive correlation between the (002)
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d-spacing and (002) peak width. No correlation was
found between the HAP/ACP ratio and (002) peak
width.

In contrast to the PS material, no extraneous crys-
talline phases were detected within the ED coatings.
In particular, the diffraction data was interrogated for
the presence of monetite (CaHPO,4) and, in the 26
region 3-6°, the presence of octacalcium phosphate
(CagH,(PO4)¢ SH,0). This is a similar finding to that
of Manso et al. [29] who produced ED coatings on
thin films of Ti. The crystal quality of the HAP is also
poorer than that of the PS with respect to it possessing
a smaller crystallite size and greater microstrain. This
microstrain is probably the result of mechanical stress
associated with direct growth on the substrate and het-
erogeneous lattice substitutions and vacancies. The ED
coating has approximately 3 times the dislocation den-
sity as the PS coating and this will undoubtedly result
in enhanced dissolution and reactivity of the ED ma-
terial [30]. However, this will be offset by the reduced
dissolution as a result of the smaller amount of ACP
in the coating which may also result in a coating with
greater integrity.

Previously a & ¢ have been used to determine the de-
gree of dehydroxyation in PS coatings [21]. However,
the lattice parameter differences between the coatings
are small, but a is significantly smaller for the ED ma-
terial compared to the PS. This may be due to a par-
ticular heteroionic lattice substitution but, because ¢ is
not significantly different, it is more likely due to a
combination of substitutions.

The very much greater degree of preferred orienta-
tion of the ED material is expected due to the slower
growth process compared to PS. This has been ob-
served previously for direct cathodic formation of HAP
[31]. However, the change in degree of texture through
the PS coatings observed previously [32] was not
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Figure 5 Diffractogram of ED material coating on a prosthetic stem. The principal Ti peaks are indicated and all the other peaks can be assigned to
HAP. Note that the angular resolution and 26 range are less than that of data measured by the conventional powder diffractometer.

demonstrated here although the relatively low degree
of preferred orientation was consistent with previous
studies.

Limitations of the methodology employed here for
rapid quantitative composition determination include
assuming constant absorption coefficients and no mi-
croabsorption. Further, the smooth function [33] used
to model the increase in diffraction peak width with
scattering angle, was deficient for the ED material. The
basal reflections were not adequately modeled, as they
had significantly smaller widths than predicted. This is
a similar effect to that found in bone mineral and is due
to the crystallites non-equiaxial morphology.

In order to confirm that material grown upon the test
coupons within the ED bath could also be formed di-
rectly onto prosthetic substrates, we have also briefly
examined coatings in situ on hip stems. These were ex-
amined by XRD using a Bruker D8 system with parallel
optics and an X-ray area detector. The subsequent data
were radially integrated and the resultant presented in
Fig. 5. The Bragg maxima positions are a good match
to HAP and the general form of the diffraction data very
similar to that from the test coupon material. Therefore,
we are confident that the material formed on the pros-

thetic surfaces is the same as that being examined on
the test pieces.
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