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In vitro testing of plasma-sprayed
hydroxyapatite coatings
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Hydroxyapatite-coated coupons were tested in various physiological media. Immersion in
Ringer's solution showed that heat-treated coatings displayed a weight gain but the as-
sprayed coatings underwent a weight loss. Dissolution of the coating was measured by
weighing the specimen before and after ageing. Immersion of hydroxyapatite coatings showed
the appearance of small spheres that were identified by X-ray diffraction as hydroxyapatite.
Changes in coating morphology were detected and the coating degradation mechanisms are
discussed. This paper thus looks at the morphology, composition, crystallinity and dissolution

of hydroxyapatite coatings aged in Ringer's solution.

1. Introduction
In vitro tests can be performed in a cultured cdl
medium or a salt-containing solution. Thefirst type of
test assesseshiocompatibility by observingthe behavi-
our o cdlsin the presenceof the material. The typesd
response that indicate toxicity are cdl death, reduced
cdl adhesion, atered cel morphology, reduced cell
proliferation and reduced biosynthetic activity [17.
Salt solutions which attempt to duplicate body condi-
tions are used to observe the behaviour of biomater-
ials after certain immersion periods. The second type
o test is solely used to study material changes.
Biological implants require a surface that is com-
patible with the body environment. Thermal spraying
is a well-known technique that has been chosen to
produce coatings varying from 50 to 400 um thick for
biological applications. The process is clean and the
high rates of deposition allow coatingsto be produced
fairly rapidly. Since thermal spraying is a direct line-
of-sight process, isolated areas on an implant can be
coated or theentire surfacedf acomplex geometry can
be coated by rotating the object. Any substrate can be
used but for reasonsdf practicality, ceramics or metals
are chosen. The process enables control over proper-
ties, such as porosity, surface morphology, roughness,
composition and crystallinity which in turn influence
chemical, physica and mechanical properties.
Hydroxyapatite is well known as a biocompatible
material. It has the ability to bond to osseous and
epithelia tissue and is accepted by muscle tissue. The
reason for its acceptability liesin a composition sim-
ilar to the mineral phase of bone. Bone consists of
collagen and hydroxyapatite. Synthetically produced
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hydroxyapatite is very similar to that found in the
body. except that it does not contain the small addi-
tions of sodium, magnesium, fluorine and potassium.
Hydroxyapatite ceramics becomeintegrally incorpor-
ated into the body upon implantation.

Most biocompatibility studies havefocused upon in
vivo performance of the material. Hydroxyapatite has
been implanted into guinea pigs, rats, cats, dogs, goats
and people. Little in vitro research has been reported
where biocompatibility is tested with cultures, and
even lessisdocumented about the effect on the proper-
ties of hydroxyapatite after immersion for different
time periods.

Coatings have been produced with different mor-
phologies and one o the common characteristics is
the presence of cracks and pores. These features are
generally interpreted as being detrimental to the
mechanical properties of the coating but their pres-
ence is sometimes favourable. Cracks may form to
relieve residual stresseswhich otherwisewould lead to
premature failure, and pores may be important by
arresting propagating cracks. These two character-
istics are important in high-stress applications since
they determinethelife of the component, but they may
be accepted in low-stress applications.

2. Experimental procedure

Twenty-four hydroxyapatite coatingsof about 200 um
thickness were produced by plasma-spraying
55-85 um hydroxyapatite powder on to 316 stainless
stedl substrates (surface area about 281 mm?). The
plasma gas consisted of argon and helium. Powder
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was transported from a Metco 3 M P powder feeder at
afeed rate of 3gmin~! with argon as a carrier gas set
to a flow rate of 301min”!. A power level of 34 kW
and a stand-off distance of 22.5cm were chosen.

A 201 Perspex tank held the Ringer's solution
(Tablel). After preparation of the Ringer's solution it
was immediately heated to 37.5°C and carbogen gas
added to adjust the pH to 7.35, thus preventing the
formation of any precipitate. The liquid composition
was continually adjusted by the automatic addition of
distilled water.

The hydroxyapatite coatings were either left in the
as-sprayed condition or heat-treated at 800°C for 2 h.
Hydroxyapatite-coated and uncoated 316 stainless
steel coupons were weighed before immersion in the
Ringer's solution. The 316 stainless steel reference
coupons accounted for weight changes which were not
associated with the ceramic coating. The coupons
were removed and placed in an ultrasonic bath to
remove any loose debris after periodsaf 1 day, 2 days,
4 days, 1 week, 2 weeks, 4 weeks, 8 weeks and 12
weeks. The coupons were dried at 180°C for 2h and
the following tests conducted. The weight change of
the coating was determined. The roughness of the
coating was measured using a Surtronic 3P roughness
tester. The composition and amorphicity were
determined from X-ray diffraction patterns between
20 angles of 20 and 60°. Finally the ceramic surface
was sputter-coated with gold and examined by scan-
ning electron microscopy. An acceleration voltage
of 10kV was used to minimize any surface charging
phenomenon.

3. Results

3.1. Dissolution measurements

The reference 316 stainless steel coupons showed a
maximum variation of 0.01 and 0.02% in weight
change for the as-received and heat-treated coupons,
respectively, after immersion for up to 16 weeks. As-
sprayed and heat-treated coatings behaved differently.
The as-sprayed coating showed a weight loss which
increased with time (Fig. 1). Theinitial weight loss was
rapid, followed by dissolution at a lower rate. A
maximum decrease of 30% of the coating weight was
recorded. The heat-treated coatings showed a weight
increase with ageing time (Fig. 1). After a period of
8 weeks the maximum weight gain was achieved. This
corresponded to a value of 9% of the coating weight.

TABLE | Saltsused to makeup 201 of Ringer's solution

Salt Mass (g) moll~1!
NaCl 80.00 13x 1072
KCl 7.40 4.96 x
MgCl, - 6H,0 4.00 9.84 x
NaH,PO,-2H,0 3.20 1.14x 103
CaCl, 5.80 2.61 x
NaHCO, 40.00 2.38x 1073

220

3.2. Roughness measurements

The r.m.s. roughness of all coatings was 10 + 1 um.
The roughness was not influenced by ageingin physio-
logical media.

3.3. Composition and crystallinity
measurements

X-ray diffraction (XRD) determined that the as-
sprayed coatings were amorphous. The XRD traces
exhibited low peaks that were spread over a large
range of d spacings. Heat-treated coatings, however,
displayed well-defined peaks that represented crystal-
line material (Fig. 2). An increase in peak height was
detected (Fig. 3) after ageing the as-sprayed coatings.
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An increase in crystallinity had occurred at 12 weeks
and the pattern looked identical to a heat-treated
coating. X-ray diffraction on the heat-treated coatings
did not show any difference after ageing in Ringer's
solution for 12 weeks.

3.4. Morphological examination
3.4.1. As-sprayed coatings
There were noticeable changes in the coating morpho-
logy after ageing in Ringer's solution. The as-sprayed
coating exhibited a surface with well-molten splats,
fine cracks and small 1 pm unmolten particles present
on the surface (Fig. 4a). This morphology changed
after ageing in Ringer's solution for 1 day. Individual
splats exhibited cracking (Fig. 4b) which caused rough
edges to be formed. Sometimes splat fragments could
be found in the close proximity of the cracked splats.
Any cracks in the coating did not show a change in
size. Small pores could also be identified in the splats.
After 2 days the number of fractured splats had
increased considerably. The surface appeared more
rough with increased ageing time, although this
change could not be measured by surface profilo-
metry. Large regions of material were removed from
many locations within the coating. Fractured splats
were found in the valleys of the general topography
and these features are typical of those seen in Fig. 4c.
The side-elevation view of a region where many splats
had deposited on one another showed that al the
splats were fractured. Three to six micron pores were
found in individual splats. These pores always exhib-
ited rounded edges and were sometimes circular.
After 4 days of ageing many splat layers could
be observed as the holes increased in size; this
phenomenon is similar to pin-hole corrosion. The
fractured sides of splats that were originally rough in

appearance now exhibited smooth sides and gave a
rounded appearance to the whole splat. One week of
ageing (Fig. 4c) did not bring about much change
except that small 2 um spheres agglomerated on the
smooth surface of splats. These small spheres con-
tained calcium and phosphorus and were only found
in localized regions on the coating.

The same surface morphology was observed for up
to 4 weeks at which point the cracked and rounded
splats appeared much smaller. These rounded splats
were found over all the coating (Fig. 4d). There wasa
significant change in the appearance of the surface
after 6 weeks. Small (2-5um) calcium- and phos-
phorus-containing spheres were more numerous on
the surface and after another two weeks(i.e. total of 8
weeks) a dense blanket of these small spheres formed
(Fig. 4€). The original splats were not visible at 12
weeks since the small spheres covered the whole sur-
face of the coating (Fig. 4f).

3.4.2. Heat-treated coatings

Initially the heat-treated coating appeared relatively
clean with spheres or small particles present (Fig. Sa).
These features are quite typical of thermally sprayed
coatings and represent the residue of particles which
have undergone a severe splat process. The surface
cracks were about 0.8 pm wide and were larger than
for the as-sprayed coating (0.4um wide). The cracks
opened up to twicethissizeafter ageing for 1 day (Fig.
5b). One additional day did not bring about any other
changes. Four days of ageing, however, showed that
cracks within individual splats were causing delam-
ination of the coating. Features of half-lamellae were
observed. These were still intact with the underlying

Figure 4 Surface morphology of as-sprayed hydroxyapatite coat-
ings after being aged for (a)0 days, (b) 1 day, (c) 1 week, (d)4 weeks,
(e) 8 weeks and (f) 12 weeks in Ringer's solution.

Figure 5 Surface morphology of heat-treated hydroxyapatite coat-
ings after being aged for (a)0 days, (b) 1 day, (c) 1 week, (d)4 weeks,
(e) 8 weeks and (f) 12 weeks in Ringer's solution.
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coating (Fig. 5b). Occasionally a rough surface was
observed where part o a lamella had been removed
from the surface. Sections of lamella that had de-
adhered from the coating were not present on the
surface. After 1 week, the lamellar cracking frequency
increased and sections within the coating showed
cracking that divided the surface into approximately
10 um sized fragments. This phenomenon was only
observed over part of the coating surface. Somecracks
were 2 pm wide and did not propagateinto the under-
lying coating (Fig. 5¢).

Small square blocks were reveded in those loca
tions where rust-like spots were observed in the coat-
ing that had been aged for 1 week. These blocks were
identified as being composed of mainly calcium, phos-
phorus and a trace df iron. Some smooth well-molten
surfaces were still cracked with no evidence o further
changes (Fig. 5d) after 4 weeks. Some locations, how-
ever, were covered with 1 um sized spherical artifacts.
These calcium-containing spheres were not uniformly
distributed over the coupon surface. The calcium to
phosphorus ratio of the spheres increased after 8
weeks and their sizeincreased to 5-10 um (Fig. Se), so
that they dominated the surface features. Microana-
lysisdetected only tracesdof potassium and chlorineon
the surface. Small calcium-containing spheres were
detected on the flat surface and at cracks. Growth of
some cacium-rich crystals was observed after 12
weeks. These 80 um sized crystals(Fig. 5f) were detec-
ted at several sites. The remaining surface was densely
populated with the 5-10 um spheres. Few cracks
could be observed after ageing for 12 weeksdue to the
obliteration o surface features by the dense popula
tion of spheres.

4. Discussion

Hydroxyapatite coatings behave differently depending
on the post-treatment after plasma spraying. Amorph-
ous (as-received) coatings show a weight loss which
levels out after about 8 weeks to 30wt %. Coatings
that are heat-treated at 800°C for 2h, on the other
hand, show a weight gain of 9wt % after 8 weeks of
ageing in Ringer's solution.

Hastings et al. [2] and Harris [3] have reported
that amorphous coatings are undesirable for im-
plantation since they are believed to be resorbed by
bone tissue. In the present study, the X-ray diffraction
resultsfrom the amorphous coatings show an increase
in hydroxyapatite peak heights after in vitro ageing
and this suggestsan increasein crystallinity. Klein et
al.[4] have also established that the amorphicity of
plasma-sprayed hydroxyapatite coatings is replaced
by a more crystalline structure after 6 weeks in vivo
and 3 monthsin vitro ageing. The amorphous and the
heat-treated coatings will be discussed in turn.

4.1. Amorphous (as-received) coatings

Kleinet al. [4] show that thereisaloss o calcium for
hydroxyapatite, tetracalcium phosphate and trical-
cium phosphate coatings. This loss decreases with
time and after about 4 weeks there is minimal dissolu-
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tion. Dissolution measurements, (Fig. 1) taken over a
period of 12 weeks show that the rate of dissolution
decreases after 4 weeks but then increases dightly at
the 6-week mark. The amount of dissolution corres-
ponds to 28.4% of the coating weight for the sampleat
12 weeks. The lossin thicknesscorresponds to 47 ym
if adensity of 317 gem ™3 is assumed. This compares
well with the dissolution value of 50 um provided by
DeGroot [5] who performed in vivo studies. Whether
there is il any dissolution o the coating after 12
weeks is not known, but the blanketing effect o the
small spheres developed on the coating seems to
suggest that further dissolution is minimized. On the
basis d inspecting the coating at 12 weeks, it appears
that the coating would be covered with more spheres
after longer immersiontimes until the surfaceistotally
covered. No further dissolution would be expected
after this stage. According to Osborn [6] the bone
grows up to hydroxyapatite in 12 weeks and so the
dissolution phenomenon shown (Fig. 1) is a reason-
able estimate of coating behaviour in the body, dis-
regarding the effect of other constituents in the
physiological system (such as enzymes and proteins)
on the coating.

The model proposed (Fig. 6a) shows the develop-
ment of different stages in the microstructure. The
initial coating has somecracksand theseareindicated
by dark lines. Cracks are both interlamellar and
intralamellar. Upon immersion the number of cracks
increases and a shift in peak positionsin X-ray diffrac-
tion tracesisevidencefor internal (or residual) stresses
being released. These small coating fragments can be
carried away by the solution when cracks sufficiently
separate the individual splats. The third stage also
shows that weight loss may occur when surfacesplats
become rounded and smaller in sze. The fina phase
observedin the ageing of as-received specimensis the

[ | substrate [E |

(@) (b)

Figure 6 Proposed model showing the changesin the microstruc-
ture of (a)as-sprayed and (b) heat-treated specimens after in vitro
ageing. Profile and planar views are presented of (a) as-received
coatings and (b) heat-treated .coatings.



appearance d smal calcium- and phosphorus-rich
spheres.

The appearance o these micro-ballscoincides with
an increase in the height of the hydroxyapatite peak
(XRD)and a decreasein thedissolution of the coating.
This implies that the micro-balls are hydroxyapatite
nucleating and growing on the surface after about
6 weeks. Hyakuna et a.[7] havefound that acalcium
phosphate layer consisting of 1 pm sized balls forms
on thesurface df sintered hydroxyapatite and Adam et
a. [8], who aged tricalcium phosphate in water at
80°C, found that the outer layer transforms to hy-
droxyapatite. A coating that contains tricalcium
phosphate could thus have hydroxyapatite forming
through reaction 1 below. The mechanism by which
crystalline hydroxyapatite forms on amorphous hy-
droxyapatite is not known.

4Ca,(PO,), + 3H,0 — Ca,(PO,)s(OH),
+ 2Ca’* + 4OH- (1)

4.2. Heat-treated (crystalline) coatings
Heat-treated coatings exhibited an increase in speci-
men weight with ageing timein Ringer's solution. For
the specimen aged for 12 weeks there was an increase
o 5.3wt % which corresponds to a thicknessincrease
of 16 um (if the density is taken as 3.17 gem™~3) and
porosity is ignored. There is no change in terms of
roughnessand phase compoasition after in vitro ageing
for 12 weeks.

I'n vitro ageing of heat-treated coatings differsfrom
that of as-received coatings. Upon heat treatmeht the
cracks increase in size and this is indicated with
thicker lines, in Fig. 6b. The number o cracks in-
creases upon immersion in Ringer's solution but not
as much as with the as-received coatings. Some seg-
ments of coating become dislodged and are removed
while other cracked splats remain. The geometry of a
cracked splat remainsjagged at the previouslocation
o thecrack. Thelast stage observed is the presence of
hydroxyapatite spheres on the surface of the coating.
Thereis no preferential location for these spheresand
they arefound on al thefeatures o the coating, such as
cracks, interlamellar boundaries and on splats.

The surface morphological changes are not con-
clusive with regard to understanding the weight gain
after immersion. Two mechanisms are suggested for
thisincreasein coating weight. A weight gain of 2mg
after an ageing time of 1 day suggeststhat some df the
weight gain could be attributed to moisture absorp-
tion. All of the moisture could not be removed in the
drying stage of the coating assemblies after removal
from the Ringer's solution because a higher tem-
perature is necessary [9, 10]. The hydroxyapatite
spheres are believed to contribute to the increase in
weight at later stages. The spheres appear 2 weeks
earlier for the as-sprayed coating and have a semi-
amorphous structure. This has a direct implication in
the rate of bonding of bone to the coating. The
bonding to bone occurs more rapidly when the surface
film isformed at a faster rate [7].

The cracking of the individual splats is probably
dueto the release of residual stressesthat form during
the coating processand upon cooling [11,121. The X-
ray diffraction patterns show that after ageing there is
adecreasein the hydroxyapatite main peak d spacing,
and this change may result from the presence o
residual stresses prior to ageing. The heat treatment
givesriseto a different mode of residual stress release.
Heat-treated hydroxyapatite coatings show that the
cracks, which areinitially about 0.5 um wide, increase
to about 15 pm in size after ageing, whereas the as-
sprayed coatings do not show any indication of crack
opening.

5. Conclusion

The in vitro behaviour of hydroxyapatite coatings
depends on the thermal history of the coating after
thermal spraying. As-sprayed amorphous hydroxy-
apatite coatings begin to dissolvein Ringer's solution
and this loss decreases with time. Hydroxyapatite
coatings heat-treated at 800°C for 2 h display a weight
gain. The as-sprayed coating shows changes in the
coating morphology with coating time. Individua
lamellae crack and separate from the coating. Those
lamellae <till intact show evidence of dissolution. After
a period of 8 weeks small hydroxyapatite spheres
cover the surface of the as-sprayed and heat-treated
coatings. These morphological changes are expected
to influencethe rate of bone bonding. Therefore post-
treatment o hydroxyapatite coatings is seen as a
technique to alter or control implant-tissue inter-
actions.
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