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ABSTRACT: The in-vitro behavi or of hydroxyapatite (HAp) coatings
depends on the thermal history of the coating after thermal spraying.

As- sprayed anor phous coati ngs degrade i n Ringer's sol uti on. Heat
treatment at 800 ©c for 2 hours produces a crystalline coating which
upon i mersi on in physiol ogi cal solution displays a greater stability.
Coati ngs are characterized for surface norphol ogy, conposition,
crystallinity, roughness, and wei ght |oss. The as-sprayed coating shows
changes in the coating rmorphology with imrersion tine. |ndividual

| anel | ae crack and separate fromthe coating. Those |l anellae still

i ntact show evi dence of dissolution. After a period of 8 weeks small HAp
spheres cover the surface of the as-sprayed and heat treated coatings.
These nor phol ogi cal changes are expected to influence the rate of bone
bondi ng. Therefore post-treatment of HAp coatings is seen as a techni que
to alter or control inplant-tissue interactions.

KEYWCORDS: hydr oxyapati te, amorphous, crystalline, Ringer's sol ution,
degr adati on mechani sns, mcrostructure, structure.

In-vitrotesting is one means of determining the suitability of a
material for inplantation. Sanples are i mmersed in a physi ol ogi cal
nedi umwhich is usually a cell culture or solution mmckingthe
conposition of blood. Changes in the coating, the solution or the
cellular activities surrounding the inplant can then be examned. A
brief description of the various techniques wll be given.
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The type of physiological nedia used determ nes the type of
information that can be collected. Wen cell cultures are enployed, the
response of various cell types is analyzed which gives sone infornation
as to howthe inplant will behave within the body. Each cell type can be
used separately or in conmbination, but the use of nore than one cel
culture nakes it difficult to distinguish the changes which take place
on the cells by the material or fromthe interaction between the two
cell types. Dissolution of the material affects the norphol ogy and
nature of these cells and the response can be reported.

Anot her approach which is nore sinple and does not require the use
of an incubator is the neasurenment of dissolution products in the
physi ol ogi cal nedium Sanples are inmmersed in a chemically prepared
medi um and the solution is analyzed to determine the ions that have gone
into solution fromthe biomaterial. This test gives general information
about the dissolution or degradation of the inplant but is not
sufficient to determi ne the nechanisnms by which these ions pass into the
solution. The nechanismis vitally inmportant in determ ning howthe
crystallinity, conposition, mcrostructure, porosity, and other
properties of the bioceram c coating influence the deterioration of the
coating.

The third techni que which can be used to assess the suitability of
an inplant also entails soaking the samples in a physiological solution
which is nostly referred to as a saline solution. This solution can be
one with many conponents or just the few essential salts which can be
found in blood. The sanples are imersed and then renoved t o determ ne
t he changes i n weight, surface norphol ogy, phase conposition, purity,
roughness, and other characteristics which may determine the material's
suitability as a biomateri al

METHCDS

Powder Preparation

Hydr oxyapatite (HARp) powder was manufactured by the wet method
usi ng orthophosphoric acid and cal ci um hydroxi de as the reactants [1].
The acid was added to the al kaline solution of calcium hydroxide at a
determined rate to control the kinetics of reaction. The obtained ge
was then dried in an oven.'andt he dried cake crushed and sieved to a
particle size distribution of 55-85 pm. This powder was then cal ci ned at
800 ©c to obtain a crystalline powder for plasnma spraying

Coat i na_Product i on

A Metco 3MP powder feeder was used to deliver the prepared powder
with an argon feed gas to the 3MP Plasmadyne plasma sprayi ng gun
operating at 34 kWw with argon and helium Stainless steel substrates
(316 grade) with a surface area of 281 mm? were prepared by grit
bl asting before coating with HAp. The torch was set to about 20 cm from
the substrate and a robot was enployed to apply an even coating to a
t hi ckness of 200 * 10 um. To avoi d excessive heating of the substrate,
conpressed air was used for cooling.



Structure Contro

The crystallinity of the coating can be decreased by using
di fferent plasnma spraying paraneters. It has been shown that a greater
torch to substrate distance but a smaller particle size and power |eve
lead to a lower crystallinity [(2). Cystallinity in the present
experiment was controlled not by altering the sprayi ng paraneters but by
heat treating an anorphous coating at 800 ©c to yield a crystalline
coating. This process of crystallization of the as-received coating was
chosen so that the structures would be identical and thus changes in the
performance of the coating could be related solely to the difference in
crystallinity.

In-vitro Testing

Ri nger's sol ution was prepared according to the nethod provided
el sewhere [3]. carbogen gas was added and the flow rate regulated to
achieve a pH of 7.35 The purpose of carbogen (a nedical grade gas
consi sting of 95% oxygen and 5% carbon di oxi de) was not only to control
the pH but also to replicate the dissolved gases found in the body. A pH
nmeter imersed in the solution constantly nonitored the pH Finally, an
i mersion heater was included in the arrangenent to raise the
tenmperature to 36.6 ©c and to constantly circulate the solution. The
physi ol ogi cal solution was closely matched to the environment of the
human body.

Sanpl e Examinati on

The reference coupons, as-sprayed coatings and heat treated HAp
coatings were all weighed before imersion in Rnger's solution. After
periods of 1 day, 2 days, 4 days, 1 week, 2 weeks, 4 weeks, 8 weeks, and
12 weeks the coatings and reference sanples were renoved, treated in an
ultrasonic bath to renove any | oose debris fromthe coating surface and
then dried in an oven at 180 ©c. The coating surface was inspected by
scanni ng el ectron mcroscopy, conposition and anorphicity were
determined by X-ray diffraction, and roughness was neasured with a
Surtroni c 3P roughness tester. Wight changes were neasured to within
0.2 ng. A Qu Ko source radiation was used for X-ray diffraction

RESULTS

Weight Measurenents

The heat treated and as-received stainless steel sanples (with no
coatings) showed a maxi numvariation of 0.02% after imrersion in
Ri nger's solution. The heat treated stainless steel sanples showed
slight traces of corrosion after a period of 4 weeks. Coatings wth
different thermal histories also displayed a variation in behavior in
t he physiol ogi cal solution. The as-sprayed coating showed a |1 o0ss in
weight with tinme (Fig. 1) which was nost apparent in the first 4 weeks
A maxi mum decr ease of 30% of the coating weight was recorded after 12
weeks i mmersion. The heat treated coatings showed a wei ght increase



which amounted to 9% of the coating weight. Most of the weight increase
occurred in the first 8 weeks.
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FIG 1--(a)Weight change and the (b) rate of weight change for as-
received and heat treated samples aged in Ringer's solution.
The degradation of the coating is also assessed in terms of
thickness and number of lamellae.



Rouahness Measurenents

The r.m.s. roughness of the grit blasted substrates varied between
3 and 4 um. After heat treatnent of the as-sprayed coating, the
roughness did not change but remained at a value of 9.1 um. No roughness
changes were detected after immersion for the heat treated coating
however the as-sprayed hydroxyapatite coating displayed a maxi mum
variation of 1.9 um (Fig. 2).
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FI G 2--Roughness of as-sprayed and heat treated sanples aged in
Ri nger's sol ution.

Structure and Compogition Measurements

The as-sprayed coatings were anorphous whereas the heat-treatnment
gave rise to crystalline coatings (Fig. 3). This increase in
crystallinity was determined by the use of X-ray diffraction and is
observed by a higher peak height. The heat-treated coati ng showed no
structural change after immersion and this was ascertained from an
identical HAp diffraction spectrum As-sprayed HAp coatings showed an
apparent increase in crystallinity over a period of 12 weeks (Table 1).
This was measured by the change in peak height.

Table 1 Increase in crystallinity with aging time (indicated by
hi gher peak height).

Time (days) 0 1 2 4 7 14 28 42 56 84
Main HAp peak | 274 | 274 | 285 | 285 | 260 | 331 | 361 | 546 | 625 | 1056
hei ght (cps)




The amorphous coating contained traces of tricalcium phosphate and
tetracalcium phosphate (Fig. 3). Initially the main peaks of HAp and
tricalcium phosphate (TCP) were identical in height but with time, peaks
other than HAp became smaller in comparison.
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FIG. 3-- Crystallinity and composition for as-sprayed and heat
treated coatings. Presence of calcium oxide (®), tricalcium
phosphate (¥) and tetracalium phosphate (®)are indicated.

Surface Morpholoav Examination

Amorphous coatings -- The coating morphology changed after immersion in
Ringer's solution. Initially, the microstructure exhibited a surface
with well molten splats, fine cracks and small 1 wm unmolten particles
on the surface (Fig. 4a). Little spheres about 5 pm or less can also be
found and they are remnants from the impact event of molten particles on
a substrate. The surface morphology underwent a change after 1 day in
Ringer's solution. Cracking is more intensive and the size of the cracks
are twice as large compared to the as-sprayed coating. Some particles,
as a result of this cracking, have rough edges and can be identified as
splat fragments which are slightly removed from the splats (Fig. 4b).
Small pores were also identified in the splats.

Cracking was observed to take place on a greater scale as the
aging time increased. This imparted a rougher appearance to the surface
and large regions of material were sometimes removed from many locations
within the coating. Fractured splats could be found both on low and high
points on the coating. A side elevation can be seen where many splats
had deposited on one another and these splats are all fractured (Fig.
4c). The fractured aides of splats that were originally rough in
appearance, now exhibited smooth sides and gave a more rounded
appearance to the whole splat.



After a period of 4 weeks, small spheres containing cal ci umand
phosphorous are present and |ocated at |ow points or valleys in the
coating (Fig. 4d). The crack frequency is observed to be significantly
lower and the fragments seemto be nore rounded. The coating surface has
conmpl etely different characteristics after 6 weeks. The popul ati on of
small (2-5 um) cal ci umand phosphorous cont ai ni ng spheres i ncreases
(Fig. 4e). These small spheres cover the coating in the formof a dense
bl anket after 8 weeks, rendering the typical coati ng norphol ogy barely
recogni zabl e (Fig. 4f).

FIG 4.--surface norphol ogy of as-sprayed hydroxyapatite coatings
after aging for (a) o days, (b) 1 day, (c) 1 week,
(d) 4 weeks, (e) 8 weeks and (f) 12 weeks in R nger's
sol uti on.



Crystalline coatinus--Heat-treated coatings displayed a relatively
clean surface with small residue particles which gives evidence of the
splat process in thermal spraying. Conpared with the as-sprayed sanpl es,
the crack width is twice as large, about 0.8 um (Fig. 5a). Upon
i nmersion these cracks open up further (Fig. Sb). The cracks eventually
lead to delam nation of sonme particles and evidence of this is shown in
Figure 5c. Half a lanella is observed which is still intact with the
underlying substrate. Sections of lamellae that had de- adhered fromthe
coating were not present on the surface. Not many de-adhered regions

20 ym

FIG b5--Surface norphol ogy of heat treated hydroxyapatite coatings
after being aged for (a) O days, (b) 1 day, (c) 1 week,
(d) 4 weeks, (e) 8 weeks and (f) 12 weeks in Ringer's
sol ution.



were found on the coating surface. Small square bl ocks were revealed in
| ocations where rust spots were observed and these were identified as
bei ng conprised of mainly calcium phosphorus and a trace of iron.

After 4 weeks, no changes were observed with well nolten splats
(Fig. 5d). Small 1 pm sized spheres were found on sone |ocations of the
surface. Both the calciumto phosphorous nolar ratio and the size of
t hese spheres increased after 8 weeks. The m crospheres increased to
5-10 um in size and were already a domnating feature after 8 weeks.
Just like with the anorphous coatings, the spheres began grow ng on
splats and at cracks but after 12 weeks they were found everywhere.
Calciumrich planar crystallites have been detected, about 80 um in size
at several sites on the surface. This phenonena was only observed after
12 weeks.

DI SCUSSI ON

It is known that the thermal history of the powder during plasm
spraying and the post heat treatment of the coating influence, anobng
ot her properties, the conposition and the crystallinity of the coating
[4]). As-sprayed coatings which were anorphous in structure behaved
differently than the heat-treated coatings which were crystalline and
this finding has been confirnmed by Wol ke et al. [5]). Each will be
di scussed in turn, starting with the crystalline coatings, which
di spl ayed a nore stable behavior in ternms of |ow degradation

Crystalline Coat ings

A 53 wt.% increase in coating weight was observed. This weight
increase is the sumof various contributing conponents, for exanple,
upt ake of moisture by absorption into the cracks and cavities of the
coating (&, 2] or the probable reaction of cao with water to form
Ca(OH),. These nechani sns are assuned to take place fairly rapidly and
could explain the initial weight gain imediately after inmersion. Using
the nethod of Salsbury (8], the anount of cal ci um oxi de was cal cul ated
by dividing the area of the calciumoxide peak by the sum of the
anmor phous peak, centered at 30 degrees, and the crystalline HAp peaks,
bet ween 20 of 27° and 35°. The conposition of the crystalline coating is
5 wt.% cal cium oxide and 95 wt.% crystalline HAp. The increase in weight
due to the ca0 changing to Ca(OH), would be L6 ng or 538 ug/mm2. This
is a significant increase and can be assumed to take place if the cao is
on the surface of the coating where it can be accessed by water to
undergo the indicated reaction.. Calciumoxide is active and hydration
therefore takes place inmmediately upon inmersion

Anot her contributing factor to the weight gain could arise from
the small |ocalized areas of corrosion that appeared as small square
bl ocks after a period of 1 week. This can be treated as a negligible
effect since there is no weight increase (Fig. 1). The last nechani sm of
wei ght gain occurs at a later tinme (after 4 weeks) and is identified as
the precipitation of hydroxyapatite spheres, 5-10 pum in size. If this
correl ation can be nade then the weight of the spheres, determ ned from
Figure 1, is 10 ug/mm2 and the rate of formation is 13 ug/(nn?.week).



By referring to the mcrographs of the surface features after
different aging times, one can observe that there is no evidence of
coating degradation that would lead to a wei ght decrease. Sone |oose
| amel | ae might de-adhere but this is not a general feature to be
observed over the entire coating surface. The renaining coating segnment
remai ns sharp edged which infers that no dissolution takes place on
cracked | anellae. Dissolution neasurenents on crystalline coatings
however have been conducted showi ng the increase in cal cium and
phosphorous ion concentration in physiological solution [9]. The
magni tude of dissolution is less for crystalline coatings and occurs on
the surface of the lanellae. This inplies that the interlanellar
interface is nore resistant to dissolution than the exterior surface of
the lamellae directly in contact with the solution. Just like with
sintered apatite, the porosity does not appear to play a large role with
respect to the degradation kinetics [10]. Surface reactions are thus the
rate deternining steps

Cracking is probably due to the rel ease of residual stress that
forms during the cooling stage of plasma spraying [11, 12). This is also
detected as the shift of the main hydroxyapatite peak in the X-ray
diffraction pattern and the opening of the crack width fromO0.5 umto
1.5 um after heat treatment. The opening of cracks infers that the
cracks pass through nunerous splats. The precise depth of these cracks
(orthogonal to the substrate surface) is presently unknown but is
expected to be in increnents of |anellae. This release of residua
stress by cracking of the splat leads to the eventual dislodgnent of the
occasional particle in the Ringer's solution

A nodel can be proposed to describe the behavior of the coatings
upon in-vitro testing. Heat treatnent |leads to w der cracks which is
i ndicated by thicker lines (Fig. 6B). The number of cracks increase with
inmrersion time to a | esser extent than with as-sprayed coatings. Sone
coating fragments are renoved and the geonmetry of the cracked spl at
remai ns jagged. Crystalline hydroxyapatite spheres then formon the
surface with no preferred growth initiation sites. These HAp spheres can
be found in cracks, on interlanellar boundaries and on splats and
increase in nunmber with tine.

Amorphous Coatings

Hastings et al. [13] and Harris [14] have reported that anorphous
coatings are undesirable for inplantation since they are believed to be
resorbed by bone tissue. The resorbability and effectiveness of
anor phous coati ngs has been investigated by a nunber of workers. In-
vitro tests perforned by de Bruijn et al. [=] showthat there is no
difference in calciumion release if sanples of various degrees of
crystallinity are immersed in a solution containing osteoblast-1ike
cells. Maxian et al. [16] shows that the concentration of dissolved
calciumis slightly |ess for anmorphous HAp conpared to crystalline HAp
froman in-vitro experinent, but the surface in contact with cancell ous
bone does not depend on the crystallinity of the coating. These findings
of bone contact to the HAp differ fromthe work by Gabbi et al. ([17] who
show t hat hi gher bond strengths were attained by using a nore
crystalline coating. A this stage, nore information needs to be



gathered to understand the behavior of coatings with varying degrees of
crystallinity for different implantation sites within the body. The
importance of each type of coating is now very actively being
investigated and the preferred structure is under dispute.
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FIG. 6.--Proposed model showing the changes in the microstructure of
as-sprayed and heat treated specimens after in-vitro aging.
Profile and planar views are presented of;
(A) as-sprayed coatings, and
(B) heat treated coatings.

Dearadation mechanisms --The model (Fig. 6) will help in
explaining the changes in microstructure with time. Reference will be
made to the figures showing the variation of weight and roughness with
time to better understand the phenomenon taking place. The initial
coating has cracks, both interlamellar (i.e., between) and intralamellar
(i.e., within), and debris on the surface from the thermal spraying



process. Upon inmersion the crack density increases (Fig. 4) and | oose
debris is renoved fromthe surface. In conparison to heat treated
coatings, the anorphous coatings do not show any crack opening. The
cracks typically appear to formrandomy and do not pass through nany

| anel | ae t o produce a deeper crack. A weight decrease of 10 pg/mm? is
recorded (Fig. 1) and no change in roughness is reported. A shift in the
peak positions of the X-ray traces gives evidence to the rel ease of

resi dual stresses.

The second stage of weight |oss occurs when small coating
fragments, separated fromthe coating by cracking, are carried away by
solution. This suggests that the interlamellar boundaries are weaker
than the lanellae. The remaining splats on the coating possess sharp
jagged edges. The presence of other cal ci um phosphate phases which are
nore resorbable could aid in the fragnmentation of |amellae since the
ot her phases such as trical ci um phosphate, tetracal ci um phosphate and
cal cium oxi de are known to have a higher resorbability. Fragnentation of
| amel l ae is observed up to an imersion period of 4 weeks. The
solubility of the anorphous coatings is greater than the crystalline
coatings and this occurs by dissolution which is observed by the
rounding of the fractured splats on the surface. Splats becone smaller
in size. The roughness begins to decrease after 1.5 weeks, which is
interpreted as the onset of dissolution which, in effect, creates a |ess
rough surface. This trend continues for a period of 6 weeks.

Hydroxyapatite precipitation == Crystalline hydroxyapatite
m crospheres appear on the surface of the coating. Their crystalline
nature is supported by the increase in hydroxyapatite peak height
evidenced on X-ray diffraction patterns. This was al so found by Klein et
al. [i8]1. It nay appear that anorphous hydroxyapatite transforms to a
crystalline state but the findings of this work support the view that
the crystallinity arises froma thin layer of crystalline spheres which
covers the anorphous coating. Nucleation of these spheres is thought to
take place between the first and second week whi ch corresponds to the
ti me when changes in peak height are registered for the first tinme,
Table 1 Hyakuna et al.[19] have found that a cal ci um phosphate | ayer
consisting of 1 pm sized balls forms on the surface of sintered
hydr oxyapatite and Adamet al. [20] who aged trical ci um phosphate in
water at 80 ©c¢, found that the outer layer also transfornms to
hydroxyapatite. Ducheyne and coworkers [21] have shown that the
formati on of a cal ci um phosphate occurs on tetracal ci um phosphat e,
trical cium phosphate and various fornms of hydroxyapatite. The induction
ti me before deposition of the cal cium phosphate is apparently dependent
on the presence of certain ionic species in solution (22]), material
purity, conposition, and the dissolution time necessary to create a
sufficiently high calcium and phosphorous concentration within the
solution. The spheres appear two weeks earlier for the as-sprayed
coating which inplies that the bonding to bone will occur nore rapidly
(139].

A quantitative analysis == The wei ght change has three main
regines: (i) an initial weight loss on imrersion, (ii) splat de-adhesion
and dissolution of the fractured and other splats, and (iii) the
nucl eati on and growth of hydroxyapatite spheres. The first two




mechani sms bring about a weight loss but the latter |eads to a weight
gain. The inflection point is at the 4 week period. Klein et al.[18]
confirms the position of this inflection point and the general shape of
the curve by neasuring an increase of cal cium and phosphorous ion
concentration in a physiological solution. By neasuring the gradient of
t he second regi me one can neasure the degradation rate up to 4 weeks.
Thi s degradation rate is 9.5 ug/(nn?.meek). Once spheres start appearing
it is assumed that they blanket the underlying coating and prevent
further degradation. The duration of the experinment was insufficient to
have spheres covering the entire surface, so it can be assumed that
degradati on of the coating continues, for purposes of the follow ng
calculation. The rate of HAp microsphere precipitation can be cal cul ated
by subtracting the gradient of the third regine (2.7 ug/(nn?.meek))
fromthe degradation rate of the second regime, 9.5 ng/ (mm?2.week). Thus,
HAp m crospheres format a rate of less than 6.8 pg/(mmz.meek). Thi s
value is significantly higher than the value calculated for crystalline
coatings (1.3 ug/(nn?.meek). In fact, the degradation rate shoul d
decrease during the formation of HAp spheres due to the bl anketing
effect and so the calculated rate of Hap formation should be | ower than
t hat which has been calculated. If an accurate value of the degradation
rate could be determined at any time, then the growth rate of HAp
spheres could be calculated and furthernore, the effect of surface
structure could also be evaluated. It nay be likely that HAp prefers to
nucl eate on an anor phous structure as opposed to a well defined
crystalline material. At the beginning of the HAp precipitation the
roughness increases and decreases again. There is insufficient
information to deternine the preci se nechanismtaking place during this
peri od. For every decrease of 10ug/mm?, it can be assuned that one splat
is removed which should be about 5 pm thick [(23]. The weight |oss can
then be thought of in terms of the nunber of splats which are renoved
fromthe coating and an appropriate curve may be plotted (Fig. 1).

M crostructural considerations -- It has been shown that coating
degradati on can take place not only by particle renoval (coating
deterioration) but also by dissolution. The nicrostructure of the
hydroxyapatite coating is believed to play a large role in the rate of
di ssol ution. Features such as cracks, pores, unnolten or respheroidized
HAp drops are sites where dissolution is able to dislodge pieces of the
coating into the solution. The initial particle size and hence the
resulting splat size also plays an inportant role. It is anticipated
that small splats, inparting a |larger boundary area (i.e., nore
interfaces between splats) to the bulk of the coating would be |ess
resistant to degradation than a coating with [arge splats. This assunes
t hat the boundary dissolves faster than the individual |ayers due to the
hi gher stress at the boundary. Indeed, there is sone correlation for
anmor phous coatings where there is a decrease in splat dianeter with
little change in coating thickness.

Design Aspects

By considering the behavior of crystalline and anmorphous HAp coati ngs,
the coating can be designed for the required performance or application
in the human body. A conbination of anmorphous and crystalline phases can
be chosen for special applications. For exanple, by grading the coating



an anor phous phase can be deposited on the surface of a crystalline HAp
coating, which mght be preferred for nmineralization to take place at a
shorter induction time. The nechani sm by which nmineralization takes

pl ace however, should be investigated nore thoroughly to deternmine the
conditions necessary for earlier bone formation. If it is solely
dependent on the concentration of ionic species, then by careful contro
of the thermal spraying process, the coating can be designed to have a
nore resorbabl e external [ayer.

CONCLUSI ON

The in-vitro behavior of hydroxyapatite coatings depends upon the phase
and |amellae structures. Crystalline coatings are nore stable and seem
to increase slightly in weight. They do not show signs of degradation
except cracking which is attributable to the release of residua
stresses. It is believed that surface reactions are responsible for the
di ssol ution al so observed by other workers. Anorphous coatings undergo a
wei ght 1 oss and this has been shown to occur by de-adhesion of cracked

| amel | ae and dissolution of the remaining lanellae on the coating
surface. Crystalline hydroxyapatite nucleates and grows in the form of
spheres on both structural forns of HAp. The formation of HAp spheres
appears first for the amorphous structure. The different mechani sms of
degradati on operating on anorphous and crystalline HAp coatings are

i nportant in recognizing which is nore favorable for the successfu
osteoi ntegrati on with bone.
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