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Abstract

Hydroxyapatite coatings (HACs) are synthesized on Ti-6A1-4V substrates using the plasma spraying process followed by autoclaving hydrothermal
treatment at 125 and 150 °C. The quantitative analysis of X-ray diffraction indicates that the hydrothermal treatment is available to promote HA
crystallization and further eliminate the amorphous and impurity phases of the HACs. The microstructural self-healing effect of hydrothermally
treated HA coatings (HT-HACs) can be recognized as a nucleation and grain growth of nano-crystalline HA which tends to diminish the spraying
defects through the hydrothermal crystallization. The significant hydroxy ion (OH™) peak in XPS spectra detected from HT-HAC specimens
represents that the hydroxyl-deficient state of plasma-sprayed HACs is significantly improved with the abundant replenished OH™ groups during
the hydrothermal treatment. XPS analysis also demonstrates that the hydrothermal crystallization helps to promote the interfacial Ti-OH chemical
reaction. The bonding strength of HA coatings is significantly improved from 32.4 MPa for the as-sprayed HACs to 38.9 MPa after 150°C
hydrothermal treatment. Through the statistical analysis of Weibull distribution function, the strengthening HT-HACs are generally reliable materials
with a wear-out failure model. The failure morphologies of HT-HACs represent homogeneity with a larger area fraction of cohesive failure and a
decreased adhesive failure area. The phenomena were resulted from the microstructural self-healing effect and the enhanced interfacial adhesion
of HT-HAC:s to Ti—-6A1-4V substrate.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction cium phosphate are generally identified in the sprayed HACs.

These impurity and amorphous calcium phosphate have higher

Hydroxyapatite (Cajo(PO4)6(OH),2, HA) is widely preferred
as the biomaterial of choice in both dentistry and orthopaedics
due to its favorable osteoconductive and bioactive properties.!
In vivo, HA can bond physicochemically with bone and promote
bone growth onto its surface.** Compared with other depo-
sition methods, HA coatings (HACs) deposited using plasma
spraying on metallic substrate exhibits enhanced interfacial
strength and represents propensity of avoiding the inherent
mechanical property limitations of HA without significant
loss in biocompatibility.>® However, during the high enthalpy
of plasma spraying process, impurity phases (Caz(POa)2,
CayP>09, CaO, oxyhydroxyapatite, etc.) and amorphous cal-
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dissolution rate than crystalline HA in aqueous solutions, and it
has a problem with decreasing the structural homogeneity, and
the mechanical properties’ for long-term clinical applications of
HAC:.

In order to improve the dissolution behavior, the microstruc-
ture and bonding degradation resulted from the undesirable
amorphous and impurity calcium phosphate, some previous
studies pointed out that the coating quality can be acquired by
controlling the feedstock HA and the spraying parameters.®~10
Furthermore, appropriate post-heat treatment was also an effec-
tive method to promote HA crystallization and improve the
coating strength. Past reports have studied the changes of phase
composition, crystallinity and microstructural feature of plasma-
sprayed HACs after post-heat treatments.! =13 It was recognized
that an enhanced bonding strength could be achieved with the
crystallization of HACs as a result of performing 500-600 °C
post vacuum or atmospheric heat treatments.'%~'8 However, the
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lack of heating temperatures over 600 °C for further improving
the bonding strength was attributable to the formation of detri-
mental crystallization-induced cracks with high-temperature
heat treatments.!”>'8 It was difficult to simultaneously acquire
high crystallinity and bonding strength without microstructural
deterioration of HACs.

In our recent work, the hydrothermal treatment was more
favorable for improving the HACs with a dense microstructure,
a high crystallinity and low contents of impurity and amorphous
calcium phosphate than the other heating method.'® Thus, the
aim of this present study is further to clarify the improved bond-
ing strength correlated with the microstructural homogeneity
through the self-healing effect of the hydrothermal crystalliza-
tion. Furthermore, the reliability and the failure mechanism of
as-sprayed and hydrothermally treated HACs will be examined
by the statistical analysis of the Weibull model with the obser-
vation of failure morphologies.

2. Materials and methods

2.1. Atmospheric plasma spraying and hydrothermal
treatment

Commercial high purity HA powder (XPT-D-701, Sulzer
Metco) with particle size ranging from 15 to 40 pm was used in
the coating process, and Ti—-6A1-4V alloy (ASTM F-136 ELI)
was selected as a substrate. Prior to spraying, substrates were
grit-blasted with SiC grit, and the surface roughness (Ra) of
substrates was controlled at about 6.0 £0.5 pm (n=10). The
HA powder was carried by high purity argon gas to the plasma
torch with a power of 40.2 kW following the spraying parameters
listed in Table 1, and the thickness of the HACs was controlled
at arange of 120 & 10 pm.

The hydrothermal treatment (HT) of plasma-sprayed HACs
was performed at 125°C, held for 6 and 12h (HT125-6h,
HT125-12h), and 150 °C, held for 6 h (HT150-6h) in an auto-
clave (Parr 4621, Pressure Vessel). The temperature deviation
of hydrothermal treatment is about 45 °C. Deionized water was
used as the source of steam atmosphere in the autoclave during
hydrothermal treatment, and the saturated steam pressures were
0.23 and 0.48 MPa at 125 and 150 °C, respectively.

2.2. Microstructural characterization of the HACs

The phase composition of the as-sprayed and hydrothermally
treated HACs was identified by X-ray diffractometry (Rigaku

Table 1

Plasma spraying parameters employed for preparing HACs?*
Spraying parameter Measurements
Primary gas (Ar), flow rate (L/min) 41
Secondary gas (H), flow rate (L/min) 8

Power (kW) 40.2
Powder feed rate (g/min) 20

Surface speed (cm/min) 8000
Stand-off distance (cm) 7.5

2 Plasma-spraying was performed with Plasma-Technik system.

D/MAX 1II. V), using Cu Ka radiation at 30kV, 20 mA with
a scan speed of 1° (260)/min. To evaluate the crystallinity, we
adopted a commonly used index of crystallinity (IOC) defined
from the ratio of three strongest HA peaks ((211), (112),
and (300)) intensity of the HACs (Ic) and the HA powder
(Ip) according to the relationship I0C = (Ic/Ip) x 100%.° This
method assumes that the IOC of the as-received HA powder is
100%.

The surface morphologies of the as-sprayed and heat-treated
HACs were examined by a scanning electron microscope
(FE-SEM, Philips XL-40 FEG). For observation of the cross-
sectional microstructure, the mounted specimens were carefully
ground and polished to avoid inducing extra pores and cracks.
The polished specimens were coated with carbon, and then
examined by a backscattering electron image (BEI) of a SEM.
Spraying defects content (in volume %), including microc-
racks and pores within the entire cross-sectional area of HACs,
were defined and quantitatively calculated by an image analyzer
(OPTIMAS 6.0).

2.3. X-ray photoelectron spectroscopy (XPS)

The XPS analysis was performed in a VG Scientific
ESCALAB 210 XPS system, using a standard Al Ko radia-
tion source (hv=1486.6eV) at 15kV with a power of 300 W.
The base pressure of the XPS operating system was about
5 x 1079 Torr. As required, the measured binding energy (BE)
scale was referenced to the adventitious C 1s at the BE of
284.8 eV. For each specimen, survey spectra (from 0 to 1100 eV)
and high-resolution spectra of the C 1s, Ca 2p, P 2p, O 1s and
Ti 2p regions were obtained. The Gaussian peak-fitting routine
was used in the analysis of high-resolution spectra for separating
species in different chemical states.

2.4. Young’s modulus and bonding strength measurements

According to the previous study,?’ we adopted a standard
three-point bending test to evaluate the Young’s modulus of
plasma-sprayed HACs by Eq. (1).

PL3 .
 4wrds M
E (GPa) is the Young’s modulus, P (Newton, N) is the load,

L (mm) is the span between supports, w (mm) is the speci-
men width, ¢+ (mm) is the specimen thickness, and § (mm) is
the specimen deflection at mid-span. For the Young’s modu-
lus measurements, the coating layer about 1.2-mm thick was
coated on the substrate. After coating, the HAC test pieces with
dimensions of 50 (/) mm x 5 (w) mmx 1 () mm were carefully
cut from the substrates by a low-speed diamond saw along
the coating/substrate interface, and then the substrate-removed
HACSs were hydrothermally treated at the above-mentioned con-
ditions. Each as-sprayed and hydrothermally treated HAC test
piece with an average surface roughness (Ra) of 2.6 0.5 pm
(n=10) was given for the bending test. The bending crosshead
speed was 0.01 mm/s, and the loading direction was perpendic-
ular to the spraying deposition surface.
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The bonding strength of the HACs was measured using a
tensile adhesion test according to ASTM C633-01. Ti-6Al-4V
cylindrical rods with dimensions of 25.4 mm (¢) and 50 mm (/)
were used as substrates for the tests. Each test specimen was an
assembly composed of a substrate fixture, to which the HACs
of 120 &+ 10 wm were applied, and a loading fixture. The load-
ing fixtures were also grit-blasted and attached to the surface
of the HACs using adhesive glue with an adhesive strength of
about 60 MPa. After curing, the assemblies were subjected to
tensile tests at a crosshead speed of 1 mm/min until failure. For
the statistical significance of following Weibull analysis, twenty
test specimens (n=20) were performed for bonding strength
measurements.

3. Results

3.1. Microstructural feature of hydrothermally crystallized
HACs

Fig. 1 shows the X-ray diffraction patterns of the hydrother-
mally treated HAC:s. It is worth noting that the impurity phases,
including Ca3(POy4), (TCP), CasP>0O9 (TP) and CaO, are signif-
icantly eliminated after hydrothermal treatment. The sharpening
of three strongest HA main peaks (260=31.8°, 32.2°, 32.9°,
JCPDS 9-432) represents that the plasma-sprayed HACs fur-
ther crystallized by autoclaving hydrothermal treatment at low
heating temperatures. The quantitative results of the coating
crystallinity (IOC, %) are listed in Table 2. Since the hydroxyl
groups (OH ™) promote the reconstitution of amorphous calcium
phosphate into crystalline hydroxyapatite,?! therefore, the sat-
urated steam pressure atmosphere of autoclaving hydrothermal
treatment can effectively improve HA crystallization and elim-
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Fig. 1. The X-ray diffraction pattern of as-sprayed and hydrothermally treated
HAC:s with various heating conditions. It reveals that the crystallinity and phase
purity of HACs increase with hydrothermal treatment.

Table 2
Characteristics of as-sprayed and hydrothermally treated HACs

Crystallinity Spraying defects Young’s modulus
(I0C, %) (volume %)? (GPa)®
HACs 20.3 39+ 04 233 +£0.8
HT125-6h 40.5 33+03 309+ 1.2
HT125-12h 59.6 27403 326 £ 1.1
HT150-6h 66.1 26 +£0.2 332 +0.38

# Values were given as mean =+ S.D., and each value was the average of ten
tests (n=10).
b Each value was the average of five tests (n=>5).

inate the amorphous component of plasma-sprayed HACs with
the replenishment of hydroxyl groups.

Fig. 2(a) shows the typical surface morphology of the plasma-
sprayed HACs. It displays an accumulated molten splats feature
with a fair amount of pores and thermal-induced microcracks
during the rapid cooling stage. As indicated by arrows in
Fig. 2(b) and (c), it is worth noting that evident nano-scale crys-
talline, which can be recognized as crystalline HA, is observed
on the coating surface and in the vicinity of microcracks by
125 °C hydrothermal treatment. The surface crystalline further
grain growth with increasing hydrothermal heating time, and
the microcracks at the coating HT125-12h tend to be dimin-
ished as shown in Fig. 2(c). Considering the heat-treated HACs
at a higher temperature 150 °C, the new-growth crystalline with
a larger crystal size can also be found within microcracks as
indicated by the arrow in Fig. 2(d).

The cross-sectional feature of the as-sprayed and hydrother-
mally treated HACs is shown in Fig. 3. Although the
plasma-sprayed coatings possess inevitable spraying defects,
including pores and thermal-induced microcracks, but they
can be subjected to high densification due to the unappar-
ent lamellar structure. Table 2 lists the quantitative analysis
of the defects content. Generally, the hydrothermally treated
HAC s possess significant lower defects content (about 2.6%)
and display a dense microstructure than the as-sprayed speci-
mens (about 3.9%) as shown in Fig. 3(b)—(d). Considering the
above microstructural observation by SEM, the grain growth
phenomenon of heat-treated HACs induces the reduction of coat-
ing defects can be recognized as the self-healing effect by the
hydrothermal treatment.

3.2. Young’s modulus and bonding strength of the HACs

The Young’s modulus of coatings obtained from the three-
point bending test for the as-sprayed and hydrothermally
treated HACs are shown in Table 2. The Young’s modulus
increased with increasing the HA crystallinity and decreasing
the coating defect content. Table 3 shows the average bond-
ing strength, measured by the tensile adhesion test, of the
as-sprayed and various hydrothermally treated HACs. From the
results of mechanical properties tests, it should be worth not-
ing that both of the Young’s modulus and the bonding strength
of the plasma-sprayed HACs are significantly improved after
the hydrothermal treatment. Considering the SEM observation
shown in Figs. 2 and 3, it can be recognized that the improve-
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Fig. 2. Surface morphologies of (a) as-sprayed HACs, (b) HT125-6h, (c) HT125-12h, and (d) HT150-6h hydrothermally treated HACs.

ment of the HACs is resulted from the self-healing effect of
hydrothermal crystallization.

3.3. Statistical evaluation of failure probability by the
Weibull model

The Weibull distribution function,”? which is a widely used
statistical analysis method, was applied to evaluate the bonding
strength fluctuation and failures of the HACs. Eq. (2) shows the

general form of the Weibull distribution function.

o=oi oi — oo \"
Flop) = / fo)do =1 — exp HT) ] @)

In Eq. (2), o represents the bonding strength in this study,
the parameter m represents the Weibull modulus (or called the
shape parameter), 1 is the characteristics strength (or called the
scale parameter) and o, is the minimum strength. Fitting the
bonding strength data into the Weibull distribution function, the

Fig. 3. Cross-sectional feature of (a) as-sprayed HACs, (b) HT125-6h, (c) HT125-12h, and (d) HT150-6h hydrothermally treated HACs.
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Table 3

Results of the bonding strength measurements and the Weibull parameters of as-sprayed and hydrothermally treated HACs

Bonding strength (MPa), o*

Minimum strength (MPa), o,°

Characteristics strength (MPa), nb Weibull modulus, mP°

As-sprayed HACs 324 £ 1.5 26.8
HT125-6h 357 £ 0.9 31.7
HT125-12h 38.1+1.2 32.6
HT150-6h 389 £ 1.0 333

33.1 3.8
36.1 4.9
38.7 5.0
39.4 6.4

# Each value was the average of twenty tests (n=20).

b Data were calculated from Inln(1/1 — F(c;)) vs. In(o; — o) plots (Fig. 4) using Eq. (4).

failure probability density function f{o) curves of the as-sprayed
HAC: for various hydrothermally treated samples are plotted in
Fig. 4(a). The cumulative failure probability F(o;) is estimated
using the Benard’s median rank (Eq. (3)),> which is a very
close approximated solution of a statistical function,?>** and
the reliability function R(o;) with a relation of R(o;) =1 — F(o;)
is defined as the survival probability?> of the specimens herein.
i—03

Flo = n+0.4 )

Fig. 4(b) shows the natural logarithmic (In) graphs for the
cumulative failure probability at each corresponding bonding
strength o; (i = 1-20) of the HACs, so as to graphically evaluate
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Fig. 4. (a) The failure probability density function f{o) curves, and (b) the
Weibull distribution plots of the as-sprayed and hydrothermally treated HACs.
F(o;) is the cumulative failure probability at the corresponding bonding strength
(0;) and the slope represents the Weibull modulus (m), which calculated by the
least squares fitting method of Eq. (4) at a maximum coefficient of determination
(R?).

the Weibull modulus (m) from the slope of a least squares fitting
method of Eq. (4), and the results of Weibull statistical analysis
are listed in Table 3.

1
Inln (1_1;@) =m ln(ai - OU) —m In n (4)

According to the definition of Eq. (2), the failure behavior of
materials is determined by three parameters m, n and o,. The
Weibull modulus, which controls the shape of function curves,
is a measure of the variability of the data. The characteristics
strength 7 corresponds to the strength at which the cumulative
failure is 63.2%. The minimum strength o, means that the failure
probability of HACs lower than this strength is zero. The detail
of Weibull statistical analysis on the failures and the effect of
hydrothermal crystallization on the mechanical properties of the
HAC:s will be discussed in the next chapter.

Ti-OH

528 532 536
Binding energy (eV)

Fig. 5. XPS O Is spectra curve-fitting results of (a) as-sprayed HACs, (b)
hydrothermally treated (HT) HACs, and (c) the surface close to the HT-
HAC/Ti—substrate interface.
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4. Discussion
4.1. Self-healing effect of the hydrothermal crystallization

From the band observation of PO43~ and OH~ by FT-
IR,!%26.27 it provided the information concerning structural
features such as the hydroxylation of HACs. In addition, the
XPS analysis can further clarify the replenishment of hydroxyl
groups (OH™) and the reduction of the dehydroxylation state of
hydroxyl-deficient HACs during the hydrothermal treatment in
this study. Fig. 5 shows the high-resolution XPS O 1s spectra
of the HACs, and the BE results after curve-fitting are listed
in Table 4. The O 1s spectra presented in Fig. 5(a) and (b) con-
sists two components at about BE=531.4eV and BE=533.1¢V,
which correspond to the P-O (PO43~) and P-OH bonds of
HA.2830 The relatively large integration area of the OH™
peak at hydrothermally treated (HT) HAC specimens with high
degree of crystallinity shown in Fig. 5(b) can be recognized that
the hydroxyl-deficient microstructure of plasma-sprayed HACs
is significantly improved with the abundant replenished OH™
groups by hydrothermal treatment.

In Fig. 5(c), the O 1s spectra obtained from the HT-HAC/
Ti—substrate interface are fitted with four peaks: the above-
mentioned P-O, P-OH peaks of HA, the Ti—O peak at 529.6 eV
and the Ti-OH peak at 532.5eV. The Ti-O peak can be
attributed to the surface oxide ion of Ti—substrate, and the peak
at ABE about 3.0eV from Ti—O peak can be assigned to the
chemisorbed hydroxyl groups of Ti-OH.?*3! Considering the
rapid solidification of molten HA droplets during plasma spray-
ing induces the formation of amorphous calcium phosphate at
the HAC/Ti—substrate interface, the analysis results represent
that the hydrothermal treatment promotes the interfacial crys-
tallization through the chemical bonding of hydroxyl groups.
The in vitro biocompatibility tests demonstrated that crystalline
HA has a considerably lower dissolution rate and the presence of
Ti—OH bonding can further enhance the bioactive properties of
the HA coating by promoting the osteointegration process.>%-32
In our resent study, the HT-HACs showed a statistically higher
extent of new bone apposition than the as-sprayed HACs,>? and
it could further achieve the initial fixation of implants in clinical
use.

Fig. 6 shows a linear relationship between the Young’s mod-
ulus and the crystallinity (IOC) of HACs. Since the Young’s
modulus is a measure of the inter-atomic binding forces, it is rea-
sonable to suggest that the Young’s modulus of HACs depends
on the extent of crystadlization.18 Besides, the microstructural
features such as porosity, lamellar structure and the contact

Table 4
Binding energy values of XPS O 1s spectra for the HACs

Samples Binding energy of O Is spectra (BE, eV)
Ti-O P-O Ti—-OH P-OH
As-sprayed HAC - 531.2 - 533.4
HT-HAC? - 531.4 - 533.1
HT-HAC/Ti interface 529.6 531.2 5325 5332

2 HT-HAC: hydrothermally treated HA coating.

O as-sprayed HAC
O crystallized HAC in ref. [18] =
3 " @ HT-HAC [this study] W
£ e
< »
Lg 30 |
3
=]
=
oo L -
2 o--9
S -
-
24 L O
1 1 1 1
0 20 40 60 80 100

Index of crystallinity (IOC, %)

Fig. 6. A linear correlation between the Young’s modulus and the crystallinity
(I0C) of the HACs.

between splats boundaries should be also considered as other
influencing factors on the Young’s modulus of a coating.’*3
Therefore, the obvious improvement of the Young’s modulus for
HT-HAC specimens compared with the crystallized coatings in
our previous study'® can be recognized due to the self-healing
effect of hydrothermal crystallization, and it will further enhance
the fracture toughness of a coating.’

The evidences can be observed from the fracture specimens
of HT-HAC test pieces after three-point bending tests. Fig. 7(a)
represents a significant reduction of pores and cracks within

Fig. 7. The self-healing effect of hydrothermal crystallization (as indicated by
arrows) on plasma-sprayed HACs observed at (a) the coating fracture surface
after three-point bending test, and (b) the lamellar boundaries of the coatings.
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coatings, and the lamellar boundaries are healed with the crys-
talline as indicated by arrows in Fig. 7(b). The microstructural
homogeneity and the contact between splats boundaries are sig-
nificantly improved after hydrothermal treatment. Thus, besides
the nano-scale HA crystalline observed on the coating surface
(Fig. 2), the hydrothermal crystallization with a self-healing
effect occurred throughout the whole HA coating layers under
an abundant saturated steam environment.

4.2. Bonding strength and failure mechanism

Plasma-sprayed coatings possess inevitable spraying defects
which are susceptible to failure, and early failures are often
attributed to interfacial failures between the coating and the
substrate. For the present study, therefore, the microstructural
homogeneity and the bonding strength of a coating to the
substrate are concerned in determining the performance and
reliability of HACs.

Since the Weibull distribution function can be used to model
the reliability and the failure behavior of materials, 18,25.36 4 fail-
ure rate function A(o;) shown in Eq. (5) at each corresponding
bonding strength is further defined for evaluating the failure
mechanism of HACs.

f(oi)

m
Moi) = =—

L m—1
Ry = @1 = ) ®)

Fig. 8 shows the failure rate function (A(c0)) and reliability
function (R(o)) curves of the as-sprayed and hydrothermally
treated HACs. These curves start from the minimum strength
(0,), which implies the failure probability of HACs less than
this strength is zero and the reliability of HACs is 1.0. The min-
imum strength can be recognized as the safety strength for the
HACSs herein. Meanwhile, knowledge of Weibull modulus (2)
can provide further explanation for the self-healing effect of
hydrothermal crystallization on the bonding strength of HACs,
and it can be used to determine which coating has higher uni-
formity and reliability. The examination of the Weibull modulus
listed in Table 3 represents that HACs are reliable materials
with a wear-out failure model (m > 1) of increasing failure rate
(IFR),%3-36 and HT-HACs in generally show a larger m value
compared with the as-sprayed HACs. The Weibull modulus is
also a measure of the variability of the data, which being larger
as the degree of bonding strength fluctuation decreases. Evi-
dent benefits of the cumulative failure probability (Fig. 4(a)) and
failure rate (Fig. 8(a)) curves shift to a higher bonding strength
with a concentrated data distribution are achieved for HT-HAC
specimens. The hydrothermal treatment not only effectively
enhances the bonding strength of plasma-sprayed HACs, but
helps to acquire more stable HACs with less reliability decrease
(Fig. 8(b)) while the loading exceeds the minimum strength.

The representative failure morphologies of these coatings are
shown in Fig. 9. According to the criterion of ASTM C633-01,
it is recognized that the variation of bonding strength in situ is
suggested to be governed by the cohesive strength of coatings
and the adhesive strength of a coating to a metal substrate. The
cohesive failure (co) is dominated by the microstructural feature
such as crystallinity, defects, lamellar texture, and a large area

1.0
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08 ® as-spraved HAC
O HTI125-6h
® HTI25-12h
B @ HTI150-6h
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&
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2 04t
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=)
.8
g
® as-sprayed HAC
O HTI125-6h
® HT125-12h
@ HT150-6h
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28 32 36 40

Bonding strength (MPa)

Fig. 8. (a) The failure rate function A(o) curves, and (b) the reliability function
R(0o) curves of the as-sprayed and various hydrothermally treated HACs. These
curves start from the minimum strength (o, ), which is the safety strength for the
biological application of the HACs.

fraction of cohesive failure can be commonly observed at high
strength coatings.”'® Compared with the failures of as-sprayed
HAC s shown in Fig. 9(a), since strengthening coatings resulted
from the self-healing effect of hydrothermal crystallization, the
failure morphologies of HT-HACs represent crystallized, homo-
geneity and display a larger area fraction of cohesive failure
as shown in Fig. 9(b) and (c). In contrast, the decreased area
fraction of adhesive failure (ad) represents that the adhesion of
HT-HAC: to the Ti-6Al-4V substrate is further improved, espe-
cially for the HT125-12h specimens. Referring to the evidences
demonstrated from the XPS analysis as shown in Fig. 5, the
hydrothermal treatment helps to promote the interfacial crys-
tallization through the replenished and the chemisorbed OH™
groups, which results in a significant chemical bonding of the
HA coating to Ti—substrate interface.

In our previous study, the better biological responses and
lower dissolution rate of HT-HACs with respect to the as-sprayed
HACs after 12 weeks of implantation could be attributed to
the low contents of amorphous and impurity calcium phos-
phate phases.'>33 Furthermore, the improved bonding strength
of HT-HACs which resulted from its dense microstructure and
enhanced HAC/substrate adhesion is possible to provide better
mechanical fixation of the implants without some dissociation
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Fig. 9. Failure morphologies of (a) the as-sprayed HACs, (b) HT150-6h, and
(c) HT125-12h specimens after tensile adhesion tests. The bonding strength of
the coatings measured was a manifestation of cohesive (co) and adhesive (ad)
strength (L: loading fixture, S: substrate fixture).

problems. Based on the above-mentioned observations, it can
be recognized that the hydrothermal treatment is an available
method to improve the mechanical strength, crystallinity, and
phase composition of HACs for long-term stable biological and
mechanical fixation of implants.

5. Conclusions

The effect of hydrothermal crystallization on the evolution
of microstructural features, bonding strength and failure mech-
anism has been characterized. The results can be summarized as
follows:

(1) Hydrothermal crystallization obviously promotes the
microstructural homogeneity of plasma-sprayed HACs
through the self-healing effect with the grain growth of
crystalline HA.

(2) Besides the crystallization effect, the microstructural self-
healing significantly further improves the Young’s modulus
of plasma-sprayed HACs.

(3) XPS analysis results demonstrate that the hydrother-
mal crystallization modifies the hydroxyl-deficient state
of plasma-sprayed HACs with the abundant replenished
hydroxyl groups.

(4) The enhanced bonding strength is resulted from the
increased cohesive strength of dense coatings and the
increased adhesive strength with a significant chemical
interlocking between the hydrothermally treated HACs and
Ti—substrate interface.

(5) Through the analysis of Weibull distribution function, a
wear-out model with an increased Weibull modulus ()
represents that the cohesion, adhesion and the reliability of
plasma-sprayed HACs are improved by the hydrothermal
crystallization.
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