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Abstract

Hydroxyapatite (HA) coatings and splats deposited by high velocity oxy-fuel (HVOF) spray technique was investigated in vitro.
HA coatings prepared from two different HA powder size range (30+5 and 50+ 5 pm) were immersed in a simulated body fluid
with various incubation periods of maximum 6 weeks. The dissolution/precipitation behavior was studied and the degradation of
HA coatings caused by in vitro ageing was demonstrated by measuring the changes in flexural modulus through a 3-point bend test.
It was found that the dissolution and precipitation behavior of the coatings was significantly dependent upon the incipient coating
phase composition and the precipitation of bone-like hydroxyapatite on the coating’s surface was found to be directly related to the
dissolution process. Higher dissolution rates of tricalcium phosphate, tetracalcium phosphate and amorphous calcium phosphate
relative to HA, resulted in accelerated precipitation. Furthermore, analysis of coatings’ surface morphology demonstrated that
advanced precipitation invariably occurred at regions where dissolution took place. Results showed that the changes in flexural
modulus of investigated HA coatings accompanying different incubation duration was not systematic but was found to be
dependent upon changes of coating structure and other factors brought about by in vitro ageing. In vitro investigation of individual
HA splats collected from different HA particle sizes revealed, after 3 days ageing, that the rate ratio of precipitation to dissolution
was directly determined by the local phase composition, and this phenomenon could be effectively used to explain the behavior of
thermally sprayed HA coatings in vitro. It implied that the precipitation was strongly dependent on the first molecule attachment.
To achieve rapid precipitation in vitro, partial molten state of HA particles during HVOF coating deposition was recommended.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Hydroxyapatite (HA) coatings deposited by thermal
spray techniques onto titanium alloy substrates have
been extensively investigated as implants in clinical
applications. Among the coating properties relating to
extensive duration and functional performance in
service, the bioactivity of as sprayed HA coating,
especially that demonstrated by the coating surface,
and mechanical properties conduct an important role.
Available studies showed that the bonding mechanism
of bone with HA seemed to involve dissolution/
reprecipitation phenomena [1]. And the remodeling
process is fundamental for successful implant fixation
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and stability in the long term [2]. It has been claimed
that the behavior of the HA family upon immersion in a
simulated body fluid (SBF) was structure- and composi-
tion-dependent [3]. And the coating’s dissolution rate is
dependent largely on the crystallinity level [4,5], phase
composition, microstructure, and surface area and
density [6]. Munting [7] showed that implant fixation
must depend on a mechanical interlock with bone and
was not related to the duration of implantation.
Therefore, early dissolution/precipitation of HA coating
is severely critical and the changes of mechanical
properties of the HA coating need to be considered.
High velocity oxy-fuel (HVOF) spray technique has
showed its capability in producing HA coatings with
promising mechanical properties [8,9]. In a previous
report [8], it was pointed out that the starting HA
powder size played an important role in determining
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coating properties including adhesive strength and phase
composition. Partially melted HA powder could result
in an almost fully crystallized structure. It was generally
believed that the existence of an amorphous phase had a
beneficial effect in accelerating dissolution and hence,
improved bone apposition [10,11]. But its existence in
the coating triggered inferior mechanical properties in
HVOF deposited HA coatings [8], which was believed to
be the most important factor determining its durability.
For adequate long-term usage, HA coating must not
only have either surface characteristics that allow bone
to grow into the surface and become mechanically
locked or have surface chemical properties that promote
the chemical attachment of bone to it. Instead, the
mechanical properties of materials used in the construc-
tion of the prosthesis must also be appropriate. Once the
bioactivity of HA implants is ascertained the mechanical
property is the most important variable, which ulti-
mately determines its duration. To date, interfacial
mechanical strength between bone and HA coating has
been extensively investigated in vivo in terms of
adhesive/shear strength [12-15]. HA coating degrada-
tion was generally disclosed. The degree of HA
degradation determines the ultramorphological appear-
ance and ultrastructure of the bone/HA bond [1].
Therefore, it is a prerequisite to reveal the in vitro
response of HVOF sprayed HA coatings when con-
sidering future application, especially to clarify the
degradation of coating mechanical properties on the
basis there are so far no publications on in vitro study of
HVOF sprayed HA coatings.

In the present study, the in vitro behavior of HVOF
HA coatings was involved to clarify the ageing effect on
coating structure and phase composition as well as
flexural modulus. The HA coatings were incubated in
SBF with comparative composition to human blood
plasma and the changes of surface phase composition
and dissolution/precipitation behavior were investi-
gated. The degradation in flexural modulus of HA
coatings attributed to immersion in the SBF was studied
using a 3-point bending test.

2. Materials and experimental procedures

A previous paper [8], details how coating samples
were prepared by HVOF onto Ti-6Al-4V substrates
with spray-dried HA powder made by a wet chemical
method as feedstock. The starting HA powder was heat-
treated in furnace at 900°C air for 1.5h and fully
crystalline HA structure was ascertained before coating
deposition. A fully computerized HV2000 HVOF
(Praxair, USA) system with a nozzle diameter of
19 mm was used for the coating preparation. Hydrogen
was utilized as the fuel gas with a flow rate of 566 1/min.
The flow rate of oxygen was 283 1/min. Powder carrier

Table 1
Composition of the SBF with the comparison to human blood plasma

Ton Ion concentration (mm) Ion concentration (mm)
(SBF) (Blood plasma)

Na*t 142.0 142.0

K* 5.0 5.0

Mgt 1.5 1.5

Ca®* 2.5 2.5

Cl™ 147.8 103.0

HCO3 4.2 27.0

HPO;~ 1.0 1.0

Norm 0.5 0.5

gas was argon with a flow rate of 19 1/min and the
powder feed rate is 6 g/min. The spray distance was set
at 250 mm. Two types of HA coatings, coating A
(starting powder size: 30+ 5 um) and coating B (starting
powder size: 50+ 5 um), were investigated. The phase
compositions of these two coatings are shown in
Figs. 4(a) and 5(a), respectively. The small coating
samples used for in vitro test were of the dimension
12 mm x 12 mm in width and length, respectively. And
the coating thickness was around 100 pum.

The ion concentrations of the SBF (pH = 7.40) is
tabulated in Table 1 with comparison made to
corresponding human blood plasma. The in vitro test
was conducted in a continuously stirred bath containing
distilled water with a stable temperature of 37°C. Each
coating sample was incubated in 70 ml of SBF contained
in a polyethylene bottle. For each test group, three
samples were used. Once the sample was taken out from
the solution, it was washed in distilled water and
subsequently dried at ambient temperature. The coating
samples were weighed before and after immersion in the
solution.

Coating surface morphology was observed by scan-
ning electron microscope (SEM, JEOL JSM-5600LV).
X-ray diffraction (XRD) analysis (MPD 1880, Philips,
Netherlands) was conducted to reveal the phase changes
on the coating surface after different incubation dura-
tion. The operating conditions were 40 kV and 30 mA
by using Cu Ko radiation. The goniometer was set at a
scan rate of 0.015°20/s over a 26 range of 20-60°. The
concentration of Ca’" in the SBF was measured by
inductively coupled plasma (ICP, Perkin-Elmer, Emis-
sion Spectrometer Plasma 400, USA) spectroscopic
analysis. Four sets of data were obtained for an average
value for each type of SBF sample.

The 3-point bend test [16] was conducted on a
universal testing machine for the determination of
flexural modulus of HA coating after immersion in the
SBF for 7, 14, 21, 28, 35 and 42 days. The coating
sample was of the dimension of 180 um x 20 mm x
100 mm in thickness, width and length, respectively. The
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Fig. 1. Schematic three-dimensional depiction of the Jig for Young’s
modulus determination by using 3-point bending test.

substrate, Ti-6Al-4V plate was 2 mm thick. The loading
rate was 0.2 mm/min and in the elastic deformation
stage, a set of load-deflection data was chosen for the
determination of flexural modulus. The SBF was
renewed once a week. As a matter of fact, during the
testing, coating samples should not be separated from
the SBF, thus an experimental jig for 3-point bend test
in vitro was designed and manufactured in AISI 316L
stainless steel, which is schematically shown in Fig. 1 for
the present study.

3. Results

The surface morphology changes with immersion
duration in coating A and coating B are demonstrated in
Figs. 2 and 3, respectively. Fig. 3(h) shows the fine
surface microstructure of the precipitated layer. Sig-
nificant difference exists between these two coatings in
terms of surface morphology modifications to immer-
sion duration. For coating A, it is found that after 6 h
immersion in the SBF, notable changes occur on coating
surface as shown in Fig. 2(b). Also from the SEM image
(Fig. 2(b)), a trace of oriented dissolution on HA

coating surface is evident. Augmented phenomenon is
demonstrated after 24 h immersion in SBF (shown in
Fig. 2(c)). Precipitation is gradually demonstrated. The
coating surface is completely covered by the precipitates
3 days later. However, for coating B, which is made
from larger powder than coating A, 6 h of immersion
brings about no obvious changes and apparent dissolu-
tion is only confirmed after 3 days as shown in Fig. 3(d).
After 7 days of immersion, distinct phase precipitation
on coating B surface is demonstrated. Moreover, in this
period of time, the coating surface is still not fully
covered by the precipitated layer. From the view of
topographical morphology of coatings, it is found that
the surface morphology changes of HA coatings are
very dependent on immersion duration and the growth
of attached materials show the growth mechanism of
net-shape connection with honeycomb-like surface
structure, as shown in Fig. 3(h).

XRD patterns of the coatings after immersion at
different duration are depicted in Figs.4 and 5. In
coating A, the most obvious change occurs after an
incubation of 7 days. It is found that the o-TCP and B-
TCP in the coating gradually diminished and eventually
disappear completely. Compared to coating A, except
for the quick disappearance of tetracalcium phosphate
(TTCP), coating B shows delayed phase changes. TCP
dissolves completely after 14 days of incubation. In
coating A, the amorphous phase is replaced by a
crystalline structure after 3 days of in vitro ageing.
The final phase formed upon the coating surface is bone-
like hydroxyapatite with some amorphous phases, which
has been revealed by many researchers with nearly the
same structure as natural bone [17]. The XRD analysis
results correspond well to the surface morphology
shown in Figs. 2 and 3.

Fig. 6 shows the influence of immersion duration on
weight changes in the coatings. Distinct changes are
revealed for coatings A and B with incubation time of
less than 24 h. Coating A shows weight decrease while
coating B demonstrates a slight weight increase. After
approximately 3 days of immersion, the coatings
demonstrate weight-increasing characteristics and the
rate is nearly the same. It is found that prior to the 14th
day, the precipitation of bone-like apatite on the surface
of coating A, which has more amorphous phase,
proceeded faster than coating B.

The changes of Ca>" concentration in the SBF after
different immersion duration are shown in Fig. 7. At the
beginning of the incubation, both coatings revealed
increase in Ca’" concentration. After the 3rd day, it
starts to decrease. Coating A shows more significant
change than coating B. It should be noted that coating
A demonstrated a significant drop prior to the slow
descend.

The effect of in vitro incubation on the flexural elastic
modulus of HA coatings is shown in Fig. 8. It should be
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Fig. 2. Surface morphology changes of coating A ageing in the SBF with the immersion time of: (a) 0 h; (b) 6 h; (c) 1 day; (d) 3 days; (e) 7 days; and
(f) 14 days, showing that after 3 days incubation coating surface has been fully covered by precipitated layer.

noted that prior to each flexural modulus determination
from the load-deflection curve obtained from the
3-point bend test, the coating thickness was accurately
re-measured by using micrometry. This is because the
determination of flexural modulus is related to the
actual coating thickness [16]. For coating A, the
modulus shows an increase from 20.55 (£1.55) to
30.01 (£2.10) GPa after 7 days and decreases progres-
sively as the immersion duration. However, for coating
B, following similar decreases in flexural modulus after
the 7th day, no further alternation can be seen as the
immersion time prolongs. After 21 days ageing, both the
coatings show approximately the same trend.

4. Discussion

HA coatings with a reasonable content of amorphous
phase show that the dissolution—reprecipitation equili-
brium with the solution appeared to be reached within
48 h [3]. Present results correspond well to those
findings. Figs.2 and 3 reveal that coatings A and B
demonstrate different dissolution/precipitation rates.
Predominantly due to different phase compositions that
resulted from having different melt fraction of HA [8]. It
reveals that phase composition significantly determines
the dissolution and precipitation behavior. The gradual
disappearance of TCP and amorphous calcium



K. A. Khor et al. | Biomaterials 24 (2003) 723-735 727

© (h)

Fig. 3. Surface morphology changes of coating B ageing in the SBF with the immersion time of: (a) 0 h; (b) 6 h; (c) 24 h; (d) 3 days; (e) 7 days; (f) 14
days; (g) 21 days; and (h) shows the structure of attached layer.

phosphate (ACP) shows the dissolvability of the phases [4,5]. And the quick disappearance of TTCP shown in
in HA coating, that is, TCP and ACP have higher Fig. 5 confirms the reported findings that TTCP has the
dissolvability than HA, as claimed by previous work highest dissolvability among the calcium phosphate
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Fig. 4. XRD patterns of coating A showing the changes of surface phase composition with the immersion periods of time in the SBF (O—HA).
O—0a-TCP and A—B-TCP gradually diminished till disappeared, with the immersion time of (a) 0 h, (b) 6 h, (c) 24 h, (d) 3 days, (e) 7 days, (f) 14

days, (g) 21 days and (h) 28 days.

compounds. The dissolution rate is, in ascending order,
as follows [4]:

B-TCP <a-TCP <amorphous calcium phosphate
<TTCP.

It should be noted that CaO is likely formed in the
coatings, as a result of HA’s thermal decomposition
during coating deposition. Its existence could contribute
to the overall dissolution behavior of the coatings at the
initial stage. However, due to its apparent limited
quantity in the coatings, it could not be evidently
detected by the present XRD technique where the
detection limit is ~1 wt%. Dissolution behavior of
HVOF sprayed coatings in the present study reflects
their phase composition. In coating A, the rapid
dissolution indicated by the surface morphology in
Fig. 2(a, b) is responsible for the decrease in coating
weight after 6 h of immersion and further decrease after

24 h of ageing. In coating B, the continuous weight
increase indicates that the dissolution of the calcium
phosphate coating is limited. And once the dissolution/
precipitation equilibrium is achieved, the dissolution is
decidedly minimized. Actually, the coatings with a high
dissolution rate support the growth of bony tissue owing
to the dissolved calcium and phosphorus ions [18].
Several studies have defined the importance of an early
dissolution of HA coatings during apposition of bony
tissues onto the implants [2,19].

The favorable effect on bone apposition on the HA
implant gives evidence that this is due to early adhesion
of osteoblasts and direct deposition of bone matrix on
the HA substrate [2]. Thus, advanced precipitation on
the HA coating surface can be beneficial. According to
this viewpoint, the existence of certain content of
amorphous phase is thus favorable. However, the
incubation duration when dissolution/precipitation
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Fig. 5. XRD patterns of coating B showing the changes of surface phase composition with the immersion periods of time in the SBF (O—HA).
O—0a-TCP and +—TTCP gradually diminished till disappeared, with the immersion time of (a) 0 h, (b) 6 h, (c) 24 h, (d) 3 days, (e) 7 days, (f) 14

days, (g) 21 days and (h) 28 days.

reaches equilibrium appears to be important. And
concerning comparative dissolution rates of TCP
indicated by the XRD patterns, shown in Figs. 4 and
5; it seems that the existence of ACP has some influence
in accelerating the dissolution of TCP. It was reported
that most of the resorbed Ca®* had reprecipitated onto
the coating as an amorphous phase [20]. The present
study confirms this. At the beginning of the incubation
of HA coatings in the SBF, the increase of Ca’"
concentration comes predominantly from the release of
Ca®* from the HA coating. The quick dissolution for
the coatings suggests that the initial high rate of ion
uptake rate decrease after 24 h.

For coating A, the sharp decrease after 3 days of
ageing shown in Fig. 8 indicates the rapid precipitation
of the bone-like apatite from the SBF, which was
confirmed by the corresponding significant weight
increase as seen in Fig. 6. After 7 days, both coatings
exhibit decreasing trend in Ca>" concentration indicat-

ing that precipitation has gradually taken place. How-
ever, even after prolonged incubation periods in the
SBF, the HA coatings do not demonstrate a near-linear
weight increase pattern. This may be attributed to the
continuous dissolution accompanying precipitation dur-
ing the entire in vitro test. And the gradual decrease in
Ca’* concentration in the SBF is also responsible for the
laggard alterations. The cracks shown in Fig. 9 could
more or less contribute to the further dissolution of
Ca’*" in that the ions could be released through the
cross-thickness cracks. It should be noted that, com-
pared to as-sprayed coating, the coating surface exhibits
identified connected cracks after some immersion time
ageing in the SBF, which can be observed from
Fig. 2(c)—(f) and Fig. 3(d)~(g). The comparison of the
coating surface morphology during the early stages of
immersion (Figs. 2(b) and 3(b), (c)) reveals that the
cracks existing on the coating surface come mostly from
the original crack in as-sprayed coating. It is also found
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Fig. 7. Ca®* concentration in the SBF via immersion duration of
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Fig. 8. Influence of in vitro ageing on the flexural modulus of HVOF
sprayed HA coatings.

Fig. 9. Typical crack morphology located on HA coating surface after
the ageing time of 21 days.

that the crack density decreases with elongation of
immersion duration. Even though the precipitated layer
can fill some microcracks, the relatively large cracks
prevailed. It is possible that dissolution of the phases
located around the crack edges also contributes to the
widened crack.

Extensive studies revealed that the coating’s dissolu-
tion rate was dependent on crystallinity, composition,
structure, surface area, and density [6]. It should be
pointed out that the dissolution and precipitation have
oriented characteristics, which is revealed in Fig. 10. It
was believed that the dissolution of the a-TCP could
favor the precipitation of the poorly crystallized apatite
phase in the coating while for the HA coating the
absence of dissolution would delay this precipitation
[21]. The precipitation always takes place at the
locations where dissolution occurred. It was believed
that accumulation of precipitated hydroxyapatite in-
volves the first attachment of molecule on coating
surface. The oriented dissolution and precipitation are
likely to be triggered by concrete phase composition of
HA coating, and this can be elucidated by analysis of
single splats. Fig. 11 shows the in vitro behavior HA
splats with 3 days incubation. The splat was deposited
on a polished Ti—-6A1-4V plate by using the same HVOF
spray process as coating A and coating B. A shield plate
was placed between the substrate and HVOF flame to
collect single HA splats and several holes of 1 mm in
diameter were drilled on the shield plate for this
purpose. Sieving procedure was carried out for the
preparation of different starting HA powder in terms of
small particle size range.

The well-flattened splat morphology suggests that HA
particles attained fully melted state during the HVOF
spray. It is found that the original particle size
determines its dissolution rate realized through its melt
state. For small HA particles that fully melt in the
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(b)

Fig. 10. SEM image of coating A surface in high magnification
showing: (a) the oriented dissolution with 6 h ageing; and (b) the
oriented precipitation with the ageing time of 24 h in the SBF.

HVOF flame, the resultant splat virtually disappeared
indicating complete dissolution before any precipitation
can commence, as shown in Fig. 11(a-2). With the
augmentation of particle diameter, the images clearly
demonstrate that the surrounding parts of the splats
disappear while the core remained and some precipita-
tion can be validated. As the particle diameter reached
~70 um as shown in Fig. 11(e), no obvious dissolution
is discernible. It has been discussed that TCP and
amorphous phase in the as sprayed HA coatings came
mainly from melted particle [8]. During in vitro ageing,
TCP and amorphous calcium phosphate dissolve pre-
ferentially in the SBF. It is believed that the unmelted
part contains mostly crystalline structure that remained
from the starting particle during coating formation.
Considering the phase-oriented dissolution in SBF
(Fig. 10), the outer layer of single HA splats should
contain more dissolvable phases, such as TCP, amor-
phous calcium phosphate, etc., than the sub-terrain
layer. The phases coming from HA phase transforma-
tion exist mostly around the core based on the

consideration that at elevated temperatures, phase
transformation occurs [22,23]. The resultant phases
should be responsible for the dissolution during immer-
sion in SBF. The whole procedure of single HA splat
behavior in the SBF is schematically portrayed in
Fig. 12. And the oriented dissolution/precipitation is
the reason why the attached layer is found to have
altered thickness, and confirms that further dissolution
is one reason triggering the enlargement of cross-
thickness cracks. In this viewpoint, fully melted state
of HA particles is not suitable and partially melted state
is preferred. It is thus obvious that, compared to
conventional plasma spray process, which result in
significant HA phase decomposition and hence higher
relative content of TCP, ACP, etc., in the resultant
coatings, the present HVOF is competitive in depositing
the calcium phosphate coatings with the capability of
quick precipitation.

As mentioned, it is an interesting phenomenon that
precipitation originally occurs at the region where
dissolution took place. As a matter of fact, bulk bone-
like apatite layer formation should originally come from
first attachment of single molecule. For simplicity, a
molecule, P, is considered to be spherical as it
approaches a solid surface in liquid. Suppose that
it stick or adhere to the surface. The work of adhesion
is then expressed as (for adhesion of phase A to B) [24]

WaB = 7A + 7B — VaB> (1

where y, and yp are free surface tensions, yap 1S
interfacial surface tension. For this situation, it can be
written as

Wsp = ysL + 7p — Vps- (2

The value of Wsp must be negative for adhesion to take
place (S represents solid, L represents liquid, and P is the
molecule). Kinetic rate law has been used for the
explanation of dissolution behavior in the SBF [4].
The precipitation mechanism involves the determination
of free surface tensions of TCP and HA, as well as the
bone-like apatite. It has been reported that apatite is the
most thermodynamically favored phase to precipitate (it
has the highest negative Gibbs free energy value) [21].
Further investigation is needed. It is obvious that the
surface dissolution is one of the steps leading to calcium
phosphate precipitation and subsequent tissue bonding.
The precipitation rate depends extensively on how much
fresh surface is supplied. And once the coating surface is
completely covered by the attached spheres, further
dissolution is decidedly minimized.

Besides the consideration of Wsp, the concentration
difference of Ca*" should be simultaneously considered.
The large concentration difference brought mainly by
dissolution is the reason why at early incubation stage
precipitation rate is high, as indicated by Figs. 6 and 7.
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Fig. 11. SEM images of HA splats before (—1) and after (—2) immersed in the SBF with 3 days showing the effect of particle size on the dissolution/
precipitation behavior, the particle size is increased from around 25 pm to nearly 70 um corresponding to image (a)—(e).

It is believed that the calcium phosphate ceramics
undergo dissolution, re-precipitation, and/or ion ex-
change reactions leading to a bone-like apatite surface
as one of the steps leading to enhanced bone tissue
formation and bone bonding. And the degree of HA

degradation determines the ultramorphological appear-
ance and ultrastructure of the bone/HA bond [25] thus
determines the bonding strength of the implants to
bone. So the dissolution rate must be considered once
the coating is implanted into the body. It was pointed
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Fig. 12. Schematic illustration of HA splats behavior in vitro with 3 days ageing showing that surrounding melted part nearly totally dissolved and
only the unmelted core is remained: (—1) is the original splat; and (—2) is the corresponding aged morphology. The decrease of HA particle size,

(b) compared to (a), causes further phase dissolution.

out that the amount of Ca dissolved from Ca/P-coated
implants was strongly dependent on the chemistry of the
coating and less dependent on pH or time of incubation
[20]. However, concerning the inhomogeneous layered
structure of HA coatings, the incubation duration
should play a role on the amount of dissolved Ca
through the transverse cracks.

It is believed that the release of internal residual
stresses within the coatings is responsible for the change
in interlamellar and/or intralamellar cracks. The
changes of residual stress can be confirmed by the shift
of XRD peaks shown in Figs. 4 and 5, which could be
used for the determination of residual stress in thermal
sprayed coatings [26]. The dissolution at the coating
surface is capable of releasing the constraint and thus is
responsible for the changes in residual stresses. Gen-
erally, after HA coating deposition, residual tensile
stress exists within HA coating and it can alter the
concentration of supernatant species in solution, tensile
stresses enhancing dissolution and compressive stresses
impeding dissolution of the coating [27]. This phenom-
enon can be the partial reason why the dissolution is fast
at the initial stage of immersion.

It is well known that Young’s modulus (E) of
materials depends on the bonding strength among
atoms. Coating structure significantly influences the
Young’s modulus of thermally sprayed coating [28,29].
In addition, the residual stress existing in materials also
plays an important role in determining the £ value [30].
In the present study, the 3-point bend test simulates a
macro-testing method and thus the E values obtained
reflects the whole characteristic of the HA coatings. The
E values demonstrate a complicated trend, which may
be attributed to the overall influence of coating

Fig. 13. Typical cross-sectional morphology of precipitated hydro-
xyapatite showing very dense structure. The SEM images were
obtained from coating A after immersion time of 21 days.

structure, including phase composition, and residual
stress. The initial dissolution at the coating’s surface,
which results in the releasing of residual stress, is likely
to be responsible for the decrease in E values of coating
B. It has been found that E values of HA is lower than
that of TCP [30] and HA should have different E values
from amorphous calcium phosphate. The dissolution of
TCP and amorphous phase also contribute to the
decreased E. From the cross-sectional investigation of
the precipitated layer shown in Fig. 13, it is obvious that
the attached layer has a dense structure and bonds with
HA coating firmly. The dense structure is the reason for
the enhancement of E value in coating A after 7 days
incubation considering that the pores existing in the



734 K. A. Khor et al. | Biomaterials 24 (2003) 723-735

coating are detrimental for the E [28]. The low E values
demonstrated after 21 days immersion may be resulted
from further release of residual stresses. Once the
precipitated layer fully covers the coating surface, the
changes of E value diminish, as shown in Fig. 8 at 35
and 42 days, and, as could be predicted, remained
stable. It is known that the E value of cortical bone is
around 7-30 GPa [31], the present HVOF HA coatings
show comparative values.

5. Conclusions

The dissolution/precipitation rate of HVOF sprayed
HA coatings is found to be significantly dependent upon
coating phase composition, which can be altered
through adjusting the starting HA powder size. It is
revealed that dissolution is a necessary step leading to
the precipitation of bone-like hydroxyapatite on the HA
coatings. During in vitro ageing, the release of residual
stress and subsequent changes in the microstructure and
surface phases result in the changes of HA coatings in
terms of Young’s modulus and no obvious degradation
can be observed. Incubation of HA splats in the SBF
shows that the dissolution occurs mostly around the
outermost perimeter of the splats where the majority of
the amorphous phases reside. And before the occurrence
of initial precipitation, the dissolution cannot be
minimized. To achieve rapid precipitation, partial
molten state of HA particle during coating deposition
was suggested.
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