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bstract

ydroxyapatite coatings (HACs) are synthesized on Ti–6Al–4V substrates using the plasma spraying process followed by autoclaving hydrothermal
reatment at 125 and 150 ◦C. The quantitative analysis of X-ray diffraction indicates that the hydrothermal treatment is available to promote HA
rystallization and further eliminate the amorphous and impurity phases of the HACs. The microstructural self-healing effect of hydrothermally
reated HA coatings (HT-HACs) can be recognized as a nucleation and grain growth of nano-crystalline HA which tends to diminish the spraying
efects through the hydrothermal crystallization. The significant hydroxy ion (OH−) peak in XPS spectra detected from HT-HAC specimens
epresents that the hydroxyl-deficient state of plasma-sprayed HACs is significantly improved with the abundant replenished OH− groups during
he hydrothermal treatment. XPS analysis also demonstrates that the hydrothermal crystallization helps to promote the interfacial Ti–OH chemical
eaction. 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

ydrothermal treatment. Through the statistical analysis of Weibull distribution function, the strengthening HT-HACs are generally reliable materials
ith a wear-out failure model. The failure morphologies of HT-HACs represent homogeneity with a larger area fraction of cohesive failure and a
ecreased adhesive failure area. The phenomena were resulted from the microstructural self-healing effect and the enhanced interfacial adhesion
f HT-HACs to Ti–6Al–4V substrate.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Hydroxyapatite (Ca10(PO4)6(OH)2, HA) is widely preferred
s the biomaterial of choice in both dentistry and orthopaedics
ue to its favorable osteoconductive and bioactive properties.1,2

n vivo, HA can bond physicochemically with bone and promote
one growth onto its surface.3,4 Compared with other depo-
ition methods, HA coatings (HACs) deposited using plasma
praying on metallic substrate exhibits enhanced interfacial
trength and represents propensity of avoiding the inherent
echanical property limitations of HA without significant
oss in biocompatibility.5,6 However, during the high enthalpy
f plasma spraying process, impurity phases (Ca3(PO4)2,
a4P2O9, CaO, oxyhydroxyapatite, etc.) and amorphous cal-
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ium phosphate are generally identified in the sprayed HACs.
hese impurity and amorphous calcium phosphate have higher
issolution rate than crystalline HA in aqueous solutions, and it
as a problem with decreasing the structural homogeneity, and
he mechanical properties7 for long-term clinical applications of
ACs.
In order to improve the dissolution behavior, the microstruc-

ure and bonding degradation resulted from the undesirable
morphous and impurity calcium phosphate, some previous
tudies pointed out that the coating quality can be acquired by
ontrolling the feedstock HA and the spraying parameters.8–10

urthermore, appropriate post-heat treatment was also an effec-
ive method to promote HA crystallization and improve the
oating strength. Past reports have studied the changes of phase
omposition, crystallinity and microstructural feature of plasma-

prayed HACs after post-heat treatments.11–15 It was recognized
hat an enhanced bonding strength could be achieved with the
rystallization of HACs as a result of performing 500–600 ◦C
ost vacuum or atmospheric heat treatments.16–18 However, the
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ack of heating temperatures over 600 ◦C for further improving
he bonding strength was attributable to the formation of detri-

ental crystallization-induced cracks with high-temperature
eat treatments.17,18 It was difficult to simultaneously acquire
igh crystallinity and bonding strength without microstructural
eterioration of HACs.

In our recent work, the hydrothermal treatment was more
avorable for improving the HACs with a dense microstructure,
high crystallinity and low contents of impurity and amorphous
alcium phosphate than the other heating method.19 Thus, the
im of this present study is further to clarify the improved bond-
ng strength correlated with the microstructural homogeneity
hrough the self-healing effect of the hydrothermal crystalliza-
ion. Furthermore, the reliability and the failure mechanism of
s-sprayed and hydrothermally treated HACs will be examined
y the statistical analysis of the Weibull model with the obser-
ation of failure morphologies.

. Materials and methods

.1. Atmospheric plasma spraying and hydrothermal
reatment

Commercial high purity HA powder (XPT-D-701, Sulzer
etco) with particle size ranging from 15 to 40 �m was used in

he coating process, and Ti–6Al–4V alloy (ASTM F-136 ELI)
as selected as a substrate. Prior to spraying, substrates were
rit-blasted with SiC grit, and the surface roughness (Ra) of
ubstrates was controlled at about 6.0 ± 0.5 �m (n = 10). The
A powder was carried by high purity argon gas to the plasma

orch with a power of 40.2 kW following the spraying parameters
isted in Table 1, and the thickness of the HACs was controlled
t a range of 120 ± 10 �m.

The hydrothermal treatment (HT) of plasma-sprayed HACs
as performed at 125 ◦C, held for 6 and 12 h (HT125-6h,
T125-12h), and 150 ◦C, held for 6 h (HT150-6h) in an auto-

lave (Parr 4621, Pressure Vessel). The temperature deviation
f hydrothermal treatment is about ±5 ◦C. Deionized water was
sed as the source of steam atmosphere in the autoclave during
ydrothermal treatment, and the saturated steam pressures were
.23 and 0.48 MPa at 125 and 150 ◦C, respectively.
.2. Microstructural characterization of the HACs

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

able 1
lasma spraying parameters employed for preparing HACsa

praying parameter Measurements

rimary gas (Ar), flow rate (L/min) 41
econdary gas (H2), flow rate (L/min) 8
ower (kW) 40.2
owder feed rate (g/min) 20
urface speed (cm/min) 8000
tand-off distance (cm) 7.5

a Plasma-spraying was performed with Plasma-Technik system.
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/MAX III. V), using Cu K� radiation at 30 kV, 20 mA with
scan speed of 1◦ (2θ)/min. To evaluate the crystallinity, we

dopted a commonly used index of crystallinity (IOC) defined
rom the ratio of three strongest HA peaks ((2 1 1), (1 1 2),
nd (3 0 0)) intensity of the HACs (Ic) and the HA powder
Ip) according to the relationship IOC = (Ic/Ip) × 100%.9 This
ethod assumes that the IOC of the as-received HA powder is

00%.
The surface morphologies of the as-sprayed and heat-treated

ACs were examined by a scanning electron microscope
FE-SEM, Philips XL-40 FEG). For observation of the cross-
ectional microstructure, the mounted specimens were carefully
round and polished to avoid inducing extra pores and cracks.
he polished specimens were coated with carbon, and then
xamined by a backscattering electron image (BEI) of a SEM.
praying defects content (in volume %), including microc-
acks and pores within the entire cross-sectional area of HACs,
ere defined and quantitatively calculated by an image analyzer

OPTIMAS 6.0).

.3. X-ray photoelectron spectroscopy (XPS)

The XPS analysis was performed in a VG Scientific
SCALAB 210 XPS system, using a standard Al K� radia-

ion source (hν = 1486.6 eV) at 15 kV with a power of 300 W.
he base pressure of the XPS operating system was about
× 10−9 Torr. As required, the measured binding energy (BE)

cale was referenced to the adventitious C 1s at the BE of
84.8 eV. For each specimen, survey spectra (from 0 to 1100 eV)
nd high-resolution spectra of the C 1s, Ca 2p, P 2p, O 1s and
i 2p regions were obtained. The Gaussian peak-fitting routine
as used in the analysis of high-resolution spectra for separating

pecies in different chemical states.

.4. Young’s modulus and bonding strength measurements

According to the previous study,20 we adopted a standard
hree-point bending test to evaluate the Young’s modulus of
lasma-sprayed HACs by Eq. (1).

= PL3

4wt3δ
(1)

E (GPa) is the Young’s modulus, P (Newton, N) is the load,
(mm) is the span between supports, w (mm) is the speci-
en width, t (mm) is the specimen thickness, and δ (mm) is

he specimen deflection at mid-span. For the Young’s modu-
us measurements, the coating layer about 1.2-mm thick was
oated on the substrate. After coating, the HAC test pieces with
imensions of 50 (l) mm × 5 (w) mm× 1 (t) mm were carefully
ut from the substrates by a low-speed diamond saw along
he coating/substrate interface, and then the substrate-removed
ACs were hydrothermally treated at the above-mentioned con-
itions. Each as-sprayed and hydrothermally treated HAC test

iece with an average surface roughness (Ra) of 2.6 ± 0.5 �m
n = 10) was given for the bending test. The bending crosshead
peed was 0.01 mm/s, and the loading direction was perpendic-
lar to the spraying deposition surface.
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Table 2
Characteristics of as-sprayed and hydrothermally treated HACs

Crystallinity
(IOC, %)

Spraying defects
(volume %)a

Young’s modulus
(GPa)b

HACs 20.3 3.9 ± 0.4 23.3 ± 0.8
HT125-6h 40.5 3.3 ± 0.3 30.9 ± 1.2
HT125-12h 59.6 2.7 ± 0.3 32.6 ± 1.1
HT150-6h 66.1 2.6 ± 0.2 33.2 ± 0.8
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The bonding strength of the HACs was measured using a
ensile adhesion test according to ASTM C633-01. Ti–6Al–4V
ylindrical rods with dimensions of 25.4 mm (φ) and 50 mm (l)
ere used as substrates for the tests. Each test specimen was an

ssembly composed of a substrate fixture, to which the HACs
f 120 ± 10 �m were applied, and a loading fixture. The load-
ng fixtures were also grit-blasted and attached to the surface
f the HACs using adhesive glue with an adhesive strength of
bout 60 MPa. After curing, the assemblies were subjected to
ensile tests at a crosshead speed of 1 mm/min until failure. For
he statistical significance of following Weibull analysis, twenty
est specimens (n = 20) were performed for bonding strength

easurements.

. Results

.1. Microstructural feature of hydrothermally crystallized
ACs

Fig. 1 shows the X-ray diffraction patterns of the hydrother-
ally treated HACs. It is worth noting that the impurity phases,

ncluding Ca3(PO4)2 (TCP), Ca4P2O9 (TP) and CaO, are signif-
cantly eliminated after hydrothermal treatment. The sharpening
f three strongest HA main peaks (2θ = 31.8◦, 32.2◦, 32.9◦,
CPDS 9-432) represents that the plasma-sprayed HACs fur-
her crystallized by autoclaving hydrothermal treatment at low
eating temperatures. The quantitative results of the coating
rystallinity (IOC, %) are listed in Table 2. Since the hydroxyl

−
roups (OH ) promote the reconstitution of amorphous calcium
hosphate into crystalline hydroxyapatite,21 therefore, the sat-
rated steam pressure atmosphere of autoclaving hydrothermal
reatment can effectively improve HA crystallization and elim-

ig. 1. The X-ray diffraction pattern of as-sprayed and hydrothermally treated
ACs with various heating conditions. It reveals that the crystallinity and phase
urity of HACs increase with hydrothermal treatment.
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a Values were given as mean ± S.D., and each value was the average of ten
ests (n = 10).

b Each value was the average of five tests (n = 5).

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

Fig. 2(a) shows the typical surface morphology of the plasma-
prayed HACs. It displays an accumulated molten splats feature
ith a fair amount of pores and thermal-induced microcracks
uring the rapid cooling stage. As indicated by arrows in
ig. 2(b) and (c), it is worth noting that evident nano-scale crys-

alline, which can be recognized as crystalline HA, is observed
n the coating surface and in the vicinity of microcracks by
25 ◦C hydrothermal treatment. The surface crystalline further
rain growth with increasing hydrothermal heating time, and
he microcracks at the coating HT125-12h tend to be dimin-
shed as shown in Fig. 2(c). Considering the heat-treated HACs
t a higher temperature 150 ◦C, the new-growth crystalline with
larger crystal size can also be found within microcracks as

ndicated by the arrow in Fig. 2(d).
The cross-sectional feature of the as-sprayed and hydrother-

ally treated HACs is shown in Fig. 3. Although the
lasma-sprayed coatings possess inevitable spraying defects,
ncluding pores and thermal-induced microcracks, but they
an be subjected to high densification due to the unappar-
nt lamellar structure. Table 2 lists the quantitative analysis
f the defects content. Generally, the hydrothermally treated
ACs possess significant lower defects content (about 2.6%)

nd display a dense microstructure than the as-sprayed speci-
ens (about 3.9%) as shown in Fig. 3(b)–(d). Considering the

bove microstructural observation by SEM, the grain growth
henomenon of heat-treated HACs induces the reduction of coat-
ng defects can be recognized as the self-healing effect by the
ydrothermal treatment.

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

The Young’s modulus of coatings obtained from the three-
oint bending test for the as-sprayed and hydrothermally
reated HACs are shown in Table 2. The Young’s modulus
ncreased with increasing the HA crystallinity and decreasing
he coating defect content. Table 3 shows the average bond-
ng strength, measured by the tensile adhesion test, of the
s-sprayed and various hydrothermally treated HACs. From the
esults of mechanical properties tests, it should be worth not-

ng that both of the Young’s modulus and the bonding strength
f the plasma-sprayed HACs are significantly improved after
he hydrothermal treatment. Considering the SEM observation
hown 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

ent of the HACs is resulted from the self-healing effect of
ydrothermal crystallization.

.3. Statistical evaluation of failure probability by the
eibull model
The Weibull distribution function,22 which is a widely used
tatistical analysis method, was applied to evaluate the bonding
trength fluctuation and failures of the HACs. Eq. (2) shows the

t
s
s
b

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

eneral form of the Weibull distribution function.

(σi) =
∫ σ=σi

σ=0
f (σ) dσ = 1 − exp

[
−

(
σi − σo

η

)m]
(2)

In Eq. (2), σ represents the bonding strength in this study,

he parameter m represents the Weibull modulus (or called the
hape parameter), η is the characteristics strength (or called the
cale parameter) and σo is the minimum strength. Fitting the
onding strength data into the Weibull distribution function, the

(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), σa Minimum strength (MPa), σo
b Characteristics strength (MPa), ηb Weibull modulus, mb

As-sprayed HACs 32.4 ± 1.5 26.8 33.1 3.8
HT125-6h 35.7 ± 0.9 31.7 36.1 4.9
HT125-12h 38.1 ± 1.2 32.6 38.7 5.0
HT150-6h 38.9 ± 1.0 33.3 39.4 6.4
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a Each value was the average of twenty tests (n = 20).
b Data were calculated from lnln(1/1 − F(σi)) vs. ln(σi − σo) plots (Fig. 4) us

ailure probability density function f(σ) curves of the as-sprayed
ACs for various hydrothermally treated samples are plotted in
ig. 4(a). The cumulative failure probability F(σi) is estimated
sing the Benard’s median rank (Eq. (3)),23 which is a very
lose approximated solution of a statistical function,23,24 and
he reliability function R(σi) with a relation of R(σi) = 1 − F(σi)
s defined as the survival probability25 of the specimens herein.

(σi) = i − 0.3
(3)
n + 0.4

Fig. 4(b) shows the natural logarithmic (ln) graphs for the
umulative failure probability at each corresponding bonding
trength σi (i = 1–20) of the HACs, so as to graphically evaluate

ig. 4. (a) The failure probability density function f(σ) curves, and (b) the
eibull distribution plots of the as-sprayed and hydrothermally treated HACs.

(σi) is the cumulative failure probability at the corresponding bonding strength
σi) and the slope represents the Weibull modulus (m), which calculated by the
east squares fitting method of Eq. (4) at a maximum coefficient of determination
R2).

W
i
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h
H

F
h
H

q. (4).

he Weibull modulus (m) from the slope of a least squares fitting
ethod of Eq. (4), and the results of Weibull statistical analysis

re listed in Table 3.

n ln

(
1

1 − F (σi)

)
= m ln(σi − σo) − m ln η (4)

According to the definition of Eq. (2), the failure behavior of
aterials is determined by three parameters m, η and σo. The
eibull modulus, which controls the shape of function curves,

s a measure of the variability of the data. The characteristics
trength η corresponds to the strength at which the cumulative
ailure is 63.2%. The minimum strength σo means that the failure
robability of HACs lower than this strength is zero. The detail

f Weibull statistical analysis on the failures and the effect of
ydrothermal crystallization on the mechanical properties of the
ACs will be discussed in the next chapter.

ig. 5. XPS O 1s spectra curve-fitting results of (a) as-sprayed HACs, (b)
ydrothermally treated (HT) HACs, and (c) the surface close to the HT-
AC/Ti–substrate interface.
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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
156 C.-W. Yang, T.-S. Lui / Journal of the Eur

. Discussion

.1. Self-healing effect of the hydrothermal crystallization

From the band observation of PO4
3− and OH− by FT-

R,19,26,27 it provided the information concerning structural
eatures such as the hydroxylation of HACs. In addition, the
PS analysis can further clarify the replenishment of hydroxyl
roups (OH−) and the reduction of the dehydroxylation state of
ydroxyl-deficient HACs during the hydrothermal treatment in
his study. Fig. 5 shows the high-resolution XPS O 1s spectra
f the HACs, and the BE results after curve-fitting are listed
n Table 4. The O 1s spectra presented in Fig. 5(a) and (b) con-
ists two components at about BE = 531.4 eV and BE = 533.1 eV,
hich correspond to the P–O (PO4

3−) and P–OH bonds of
A.28–30 The relatively large integration area of the OH−
eak at hydrothermally treated (HT) HAC specimens with high
egree of crystallinity shown in Fig. 5(b) can be recognized that
he hydroxyl-deficient microstructure of plasma-sprayed HACs
s significantly improved with the abundant replenished OH−
roups by hydrothermal treatment.

In Fig. 5(c), the O 1s spectra obtained from the HT-HAC/
i–substrate interface are fitted with four peaks: the above-
entioned P–O, P–OH peaks of HA, the Ti–O peak at 529.6 eV

nd the Ti–OH peak at 532.5 eV. The Ti–O peak can be
ttributed to the surface oxide ion of Ti–substrate, and the peak
t �BE about 3.0 eV from Ti–O peak can be assigned to the
hemisorbed hydroxyl groups of Ti–OH.29–31 Considering the
apid solidification of molten HA droplets during plasma spray-
ng induces the formation of amorphous calcium phosphate at
he HAC/Ti–substrate interface, the analysis results represent
hat the hydrothermal treatment promotes the interfacial crys-
allization through the chemical bonding of hydroxyl groups.
he in vitro biocompatibility tests demonstrated that crystalline
A has a considerably lower dissolution rate and the presence of
i–OH bonding can further enhance the bioactive properties of

he HA coating by promoting the osteointegration process.30,32

n our resent study, the HT-HACs showed a statistically higher
xtent of new bone apposition than the as-sprayed HACs,33 and
t could further achieve the initial fixation of implants in clinical
se.

Fig. 6 shows a linear relationship between the Young’s mod-
lus and the crystallinity (IOC) of HACs. Since the Young’s

odulus is a measure of the inter-atomic binding forces, it is rea-

onable to suggest that the Young’s modulus of HACs depends
n the extent of crystallization.18 Besides, the microstructural
eatures such as porosity, lamellar structure and the contact

able 4
inding energy values of XPS O 1s spectra for the HACs

amples Binding energy of O 1s spectra (BE, eV)

Ti–O P–O Ti–OH P–OH
s-sprayed HAC – 531.2 – 533.4
T-HACa – 531.4 – 533.1
T-HAC/Ti interface 529.6 531.2 532.5 533.2

a HT-HAC: hydrothermally treated HA coating.

F
a
a

ig. 6. A linear correlation between the Young’s modulus and the crystallinity
IOC) of the HACs.

etween splats boundaries should be also considered as other
nfluencing factors on the Young’s modulus of a coating.34,35

herefore, the obvious improvement of the Young’s modulus for
T-HAC specimens compared with the crystallized coatings in
ur previous study18 can be recognized due to the self-healing
ffect of hydrothermal crystallization, and it will further enhance
he fracture toughness of a coating.9
ig. 7. The self-healing effect of hydrothermal crystallization (as indicated by
rrows) on plasma-sprayed HACs observed at (a) the coating fracture surface
fter three-point bending test, and (b) the lamellar boundaries of the coatings.
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Fig. 8. (a) The failure rate function λ(σ) curves, and (b) the reliability function
R(σ) curves of the as-sprayed and various hydrothermally treated HACs. These
c
b

f
s
H
f
f
g
a
f
H
c
d
h
t
g
H

l
H
t

C.-W. Yang, T.-S. Lui / Journal of the Eur

oatings, and the lamellar boundaries are healed with the crys-
alline as indicated by arrows in Fig. 7(b). The microstructural
omogeneity and the contact between splats boundaries are sig-
ificantly improved after hydrothermal treatment. Thus, besides
he nano-scale HA crystalline observed on the coating surface
Fig. 2), the hydrothermal crystallization with a self-healing
ffect occurred throughout the whole HA coating layers under
n abundant saturated steam environment.

.2. Bonding strength and failure mechanism

Plasma-sprayed coatings possess inevitable spraying defects
hich are susceptible to failure, and early failures are often

ttributed to interfacial failures between the coating and the
ubstrate. For the present study, therefore, the microstructural
omogeneity and the bonding strength of a coating to the
ubstrate are concerned in determining the performance and
eliability of HACs.

Since the Weibull distribution function can be used to model
he reliability and the failure behavior of materials,18,25,36 a fail-
re rate function λ(σi) shown in Eq. (5) at each corresponding
onding strength is further defined for evaluating the failure
echanism of HACs.

(σi) = f (σi)

R(σi)
= m

ηm
(σi − σo)m−1 (5)

Fig. 8 shows the failure rate function (λ(σ)) and reliability
unction (R(σ)) curves of the as-sprayed and hydrothermally
reated HACs. These curves start from the minimum strength
σo), which implies the failure probability of HACs less than
his strength is zero and the reliability of HACs is 1.0. The min-
mum strength can be recognized as the safety strength for the
ACs herein. Meanwhile, knowledge of Weibull modulus (m)

an provide further explanation for the self-healing effect of
ydrothermal crystallization on the bonding strength of HACs,
nd it can be used to determine which coating has higher uni-
ormity and reliability. The examination of the Weibull modulus
isted in Table 3 represents that HACs are reliable materials
ith a wear-out failure model (m > 1) of increasing failure rate

IFR),23,36 and HT-HACs in generally show a larger m value
ompared with the as-sprayed HACs. The Weibull modulus is
lso a measure of the variability of the data, which being larger
s the degree of bonding strength fluctuation decreases. Evi-
ent benefits of the cumulative failure probability (Fig. 4(a)) and
ailure rate (Fig. 8(a)) curves shift to a higher bonding strength
ith a concentrated data distribution are achieved for HT-HAC

pecimens. The hydrothermal treatment not only effectively
nhances the bonding strength of plasma-sprayed HACs, but
elps 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
hown in Fig. 9. According to the criterion of ASTM C633-01,
t is recognized that the variation of bonding strength in situ is

uggested to be governed by the cohesive strength of coatings
nd the adhesive strength of a coating to a metal substrate. The
ohesive failure (co) is dominated by the microstructural feature
uch as crystallinity, defects, lamellar texture, and a large area

p
o
e
m

urves start from the minimum strength (σo), which is the safety strength for the
iological application of the HACs.

raction of cohesive failure can be commonly observed at high
trength coatings.9,18 Compared with the failures of as-sprayed
ACs shown in Fig. 9(a), since strengthening coatings resulted

rom the self-healing effect of hydrothermal crystallization, the
ailure morphologies of HT-HACs represent crystallized, homo-
eneity and display a larger area fraction of cohesive failure
s shown in Fig. 9(b) and (c). In contrast, the decreased area
raction of adhesive failure (ad) represents that the adhesion of
T-HACs to the Ti–6Al–4V substrate is further improved, espe-

ially for the HT125-12h specimens. Referring to the evidences
emonstrated from the XPS analysis as shown in Fig. 5, the
ydrothermal treatment helps to promote the interfacial crys-
allization through the replenished and the chemisorbed OH−
roups, which results in a significant chemical bonding of the
A coating to Ti–substrate interface.
In our previous study, the better biological responses and

ower dissolution rate of HT-HACs with respect to the as-sprayed
ACs after 12 weeks of implantation could be attributed to

he low contents of amorphous and impurity calcium phos-
19,33
hate phases. Furthermore, the improved bonding strength

f HT-HACs which resulted from its dense microstructure and
nhanced HAC/substrate adhesion is possible to provide better
echanical 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
t
s

p
b
m
p
m

5

o
a
f

(

(

(

(

(

A

o
R
C
M

R

he coatings measured was a manifestation of cohesive (co) and adhesive (ad)
trength (L: loading fixture, S: substrate fixture).

roblems. Based on the above-mentioned observations, it can
e recognized that the hydrothermal treatment is an available
ethod to improve the mechanical strength, crystallinity, and

hase composition of HACs for long-term stable biological and
echanical fixation of implants.

. Conclusions

The effect of hydrothermal crystallization on the evolution
f microstructural features, bonding strength and failure mech-
nism has been characterized. The results can be summarized as
ollows:
1) Hydrothermal crystallization obviously promotes the
microstructural homogeneity of plasma-sprayed HACs
through the self-healing effect with the grain growth of
crystalline HA.

1

1

Ceramic Society 28 (2008) 2151–2159

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 (m)
represents that the cohesion, adhesion and the reliability of
plasma-sprayed HACs are improved by the hydrothermal
crystallization.
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