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Abstract The poor mechanical property of hydroxyapatite
was the major problem for load bearing and implant coat-
ing in clinical applications. To overcome this weakness, a
bioactive gradient coating with a special design composition
of hydroxyapatite (HA), ZrO,, Ti, bioglass was developed.
This 120 pum coating with an upper layer of 30-50 pum
porous HA produced by computer controlled plasma spray-
ing which maintained energy level of the plasma which en-
sure proper melting of powder. The crystal size of the coating
was 18.6-26.2 nm.

Transformation of t-ZrO, to m-ZrO, reduced the thermal
stress that weakened the coating and lowered down interfacial
strength of the coating and metal substrate. Thermal stress of
sprayed coating was 16.4 MPa which was much smaller than
the sample without thermal treatment of 67.1 MPa. Interfa-
cial strength between the coating and metal substrate was
53 MPa which is much higher than conventional Hydroxya-
patite coating.
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Based on XRD analysis crystallinity of HA approached
98%. Therefore, high temperature treatment improved long
term stability of the coating through improved crystallinity of
hydroxyapatite and reduced other impure calcium phosphate
phase.

1. Introduction

Hydroxyapatite (HA, Ca;o(PO4)s(OH),) is an osteoconduc-
tive and osteoinductive ceramic. It promotes strong biolog-
ical bonding between implants and bone tissue [1]. How-
ever, poor mechanical properties of HA (fracture toughness
of 1 MPam™?) is the major limiting factor for load bear-
ing application [2-5]. HA coated on a metal substrate is be-
lieved to combine the bioactivity of HA and strength of the
metal [6]. Osteoconductive and bioactive HA coating pro-
vides a reliable interface between bone tissue and implant
[7-9]. In addition, significant metallic ions release reduc-
tion under the physiological environment. Various deposition
techniques have been attempted to achieve an optimal bioac-
tive coating properties including plasma spraying [10, 11],
electrocrystallization [12], pulsed laser deposition [13, 14],
ion beam deposition [15], magnetron sputtering [16], sol-
gel [17] and biomimetic techniques [18]. Among them, the
plasma-spraying technique has been the most popular since it
is efficient and economical. However, the poor bond strength
between the HA coating and the metal substrate introduce
potential weakness point in the prosthesis system [19]. The
bond strength is mainly affected by the physical and chemical
properties difference between the coating and the metal sub-
strate. Thermal coefficient difference between the metal and
HA combined with the rapid cooling down of spray droplets
lead to residual stress in the coating. Surface chemical com-
position and topography also affect the coating stability and
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bonding strength with the bone tissue in a physiological en-
vironment [20-22]. The surface roughness of the HA coating
plays a vital role in its physicochemical reaction with bone.
Different morphological dimensions are important and af-
fect the process of endosseous integration in various ways,
including the activation, adhesion, orientation, morphology,
and movement of the cells. Wennerberg [23, 24] reported
that using an implant with roughness between 0.5 and 1.5 um
resulted in an ideal balance between surface enlargement and
ion leakage.

Various composite coatings on metal have been studied
to improve the bonding strength of a coating under physio-
logical condition, Ding studied a series of HA/BG composite
coatings on titanium alloy substrate. Lei used yttria-stabilized
zirconia to reinforce hydroxyapatite coatings. Compared
with regular HA coating, the bioactive gradient coating with
continuous gradient metal-ceramic composites can improve
interfacial bonding between dissimilar solids, minimize ther-
mal stresses, reduce the effective driving force for fracture,
arrest cracks, and increase the long-term stability in the phys-
iological environment. In this study, we aimed to develop the
bioactive gradient coating (BGC) contain nano HA, ZrO,,
and Al, O3, to deposit on a titanium substrate using the net-
energy plasma-spray technique and to evaluate the surface
characterizations. The morphology and phases of the sur-
face in BGC were investigated using AFM, SEM and XRD.
The profile of the BGC topography was identified with a sur-
face profile apparatus. The hypothesis in the present study
was BGC coating combine with thermal treatment will im-
prove the mechanical strength via reduction of thermal stress,
increasing coating fracture toughness and bonding strength.

2. Materials and methods

Nano-crystalline HA powder was prepared by adding 0.2 M
Ca(NO3); into 0.1 M (NH,4),HPOy4 solution. The resultant
HA precipitate underwent aging, centrifugation, and dry-
ing. It was heated at 850°C for 0.5 h to obtain nano-crystal
integrated hydroxyapatite. Spherical shape nano-crystalline
ZrO, powder was synthesized by hydrothermal process at
90°C by adding 2 M NaOH solution into ZrOCl, - 8H,O so-
lution. Ti and Al,O3; were obtained commercially (Miller
Thermal, USA) with average particles sizes of 30 and 34 um
respectively. Prior to plasma spray, the commercially avail-
able Ti-6Al-4V substrate was sandblasted with 400 um
Al,O3 particles and then ultrasonically cleaned in analytic
reagent acetone solution.

The bioactive gradient coatings (BGC) were deposited by
a robotically controlled plasma-spraying machine (Praxair
4500, Praxair Surface Technologies, USA) equipped with
an advanced computerized closed-loop powder feed system.
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Table1 Plasma spraying parameters for depositing
bioactive gradient coating

Spraying parameters Value of parameters

Argon 90 scth
Hydrogen 12 scth

Primary gas
Auxiliary gas

Carrier gas Argon 25 scfth
Spraying currents 650 A
Spraying volts 35V

Standoff distance 100 mm

The main plasma spraying parameters used in this study were
listed in Table 1.

BGC was fabricated by altering the ratio of HA, Ti, Al O3
and ZrO, with a computer-controlled powder feed system.
The coating had a thickness in the range of 120 um with the
gradient coating contained HA, Ti, Al,03 and ZrO,.

Phases of the BGC surface were analyzed by an X-ray
diffractometer (XRD, D8GADDS, Brucker Corp) with
CuKo radiation at 40 kV and 30 mA, scanning in the standard
6 to 26 geometry from 10° to 80° at step size of 0.01° s,
The crystalline sizes of the initial HA powder and BGC were
obtained from broadening of the (002 diffraction line that re-
lated to c-axis of hydroxyapatite) diffraction peak using the
Scherrer equation. The topography and microchemistry of
the coating were performed with a SEM (Cambridge Stereo
Scan 360) equipped with an energy dispersive spectroscopy
(EDS, OXFORD detector) system. The topography of the
surface of the coating was observed using Atom Force Mi-
croscopy (Nanoscope II, Digital Instruments). The roughness
of the coating’s surface was measured using a surface profile
apparatus (KLA-TENCOR Alpha-Step 500, TRITEK Corp,
USA).

0.94

thkry =
Cos ‘9hk11 /| D? — Dé

The crystal size of HA powder and coating were mea-
sured by XRD peak broadening and calculated based on
the Scherrer equation: where tqy is the crystal size (nm);
A is the wavelength of the monochromatic X-ray beam (nm,
Akecu = 0.15418 nm); D is the full length at half maximum for
peak sample under consideration [rad]; Dy is the full length at
half maximum for peak standard under consideration [rad];
and 6k is the exact diffraction satisfying the Bragg’s law
for the (hkl) Miller’s plane [°]. The peak corresponding to the
(002) Miller’s plane is sharper than other peaks in the XRD
pattern. According to equation (1) the mean sizes of the HA
crystal were calculated. According to XRD analysis, plasma
spraying process reduced the crystalline size.

Mechanical properties of the coating were analyzed by
XRD and MTS 810 (according to ASTM C 633-79 stan-
dard) XRD was used to analyze the residual stress by fol-
lowing parameter. The face of crystal analyzed is 526 on
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the hydroxyapatite and 2® = 141.325° and operating voltage
and current was 40 kV and 100 mA respectively. W angle is
picked at 0, 15, 30 and 45.

Interfacial bonding strength was analyzed with MTS 810.
Each group contained 6 specimens and averaging was taken
to reduce fluctuation between different specimens. The detail
of interfacial bonding testing was shown in Fig. 6.

Thermal stress was analyzed by XRD analysis from hkl
peak shifting analysis from six samples average value was
taken as test results of the residual stress of the gradient
coatings.

In vivo and in vitro analysis was taken on this bioactive
gradient coating. Table 2 showed that the average Ca:P ratio
of the coating 1.72 and some special feature flat was 1.86.
Since the value was higher than 1.67 normal hydroxyapatite
Ca:P ratio due to two main reasons, some unavoidable de-
composition in spraying process and addition of other ZrO,
form other compounds. Immersion in stimulate biological
fluid was taken for 500 h period and weight loss was mea-
sured. For animal study 9 dogs were used with weigh of
12-15 kg. 60 Ti6Al4V rods were used in this animal 40
of them was coated with bioactive gradient coating half of
them were further treated with rhBMP-2. First group was in-
serted with Ti6Al4V as control, second group was inserted
with Ti6Al4V with bioactive gradient coating and third group
was inserted with rhBMP-2 with bioactive gradient coating.
The incision site is on the hip region the whole operation
the animal was disinfected with iodine solution and sedated
with barbiturate salt 30 mg/Kg injection. The metal rod was
implanted in femur of the dog by drilling a hole with saline
washing. To avoid infection after operation, penicillin was
given through intra muscular injection. One animal in each
group was sacrifice after 3, 6 and 16 week after operation for
histomorphology analysis.

For implant-bone interface we analyze the shearing
strength based on push out test. The test was carried out
by SWD-10 machinery. The sample bone membrane was re-
moved exposed the implant surface. The sample was clamped
on the v-shaped holder the rate to push out with specialize
needle at a rate of 1 mm/min to pull out the implant.

The shearing strength = Maximum force divided by bone-
implant interface area.

3. Results
3.1. Phase purity

The schematic drawing of the bioactive gradient coating and
the microstructure were shown in Fig. 1. The XRD pattern
(Fig. 2) indicates that traces of Ca;P,O7 and CaO phase were
detected on the BGC surface. Comparing the XRD pattern
of BGC with that of initial HA powders for spraying (Fig. 2a

(b)
Fig.1 Schematic drawing of (a) cross-sectional view (b) SEM of bioac-
tive gradient coating with continuous variety in microstructure and com-
positions.

and b), apparently large amounts of amorphous phase was
formed during the plasma spraying process.

3.2. Micromorphology observation

Figure 3 presents the surface roughness profile of BGC. The
surface of the BGC was considered very rough (410 to
—20 pm). Figure 4 shows the surface microstructure charac-
teristic of AS-SPRAYED BGC. The Ca/P ratios of different
point/area in the BGC were analyzed using SEM-EDS equip-
ment (Table 2). SEM photographs revealed that the BGC

Table 2 Ratio of Ca/P of
different point/area in the
surface of AS-SPRAYED BGC

Area for EDS Ratio of Ca/P

Whole coating  1.72

Area of flat 1.86
Particle A 1.67
Particle B 1.67
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Fig. 2 XRD patt f (a) HA I
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E The Ca/P ratio of the flat was 1.86, which indicates that P,Os
; 104 may be lost from the powder during spraying with higher
E torch power. The flats with less porosity were tightly bonded
%ﬂ o with the coating. Some solid and partially-melted particles
§ were embedded into the melted splats, appearing as spheres.
£ 104 AFM was used to characterize the topography of the
& bioactive gradient coating (Fig. 5). The AFM images show
-20 that flat surface was rough and consisted of many irregular
nanometer-sized grains. The rough nanometer-sized struc-
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Fig. 3 Surface roughness profile of bioactive gradient coating.

possessed typical features of plasma-sprayed coating. Flats,
pores, particles, and caves with different size and shape were
observed. Many nanometer-sized grains were observed on
the surface of the flats in SEM photographs, in which the
Ca/P ratio of the particles was 1.67, demonstrating the pres-
ence of HA particles.
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capacity for cell adhering and culturing.

Based on the above equation (1), the mean sizes of
the HA crystal were calculated and listed in Table 3. Af-
ter plasma spraying, the crystal sizes became smaller. The
metastable amorphous phase presented as sprayed BGC
tended to recrystallize.

The upper layer of the coating is purely rough and porous
hydroxyapatite with thickness of 30—50 pm. The intermedi-
ate layer was a mixture of hydroxyapatite, bioglass (Al,Os,
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Fig. 4 SEM micrographs of the
AS-SPRAYED bioactive
gradient coatings. (a) Overview
of the coating’s surface with low
magnification (Mag = 1000);
(b) Overview of the coating’s
surface with high magnification
(Mag = 1500); (c) Un-melted
powder embedded into the
melted splat (Mag = 10000);

(d) Un-melted spherical powder
attached on the surface of
melted splat (Mag = 13400);

(e) Melted flat with nano-size
microstructure (Mag = 3290);
(f) Nano-size grain on melt flat
(Mag =13170).

AP

8 mn
Photo No.=14

b
Table3 Crystal size of the HA powder and the surface Interfacial strength was shown on Table 4. It was shown
of AS-SPRAYED BGC that with heat treatment the gradient bioactive hydroxyapatite
Samples Crystal size (nm) coating had highest interfacial strength compare with other
Tnitial HA powders 25.0 ~ 40.0 groups. He.at treatment reduced CaO and pther impure ph?.SC
Surface of BGC 18.6 ~ 26.2 concentration and convert them to crystalline hydroxyapatite.

This process produced nano crystalline hydroxyapatite which
is stronger than amorphous phase.

P,0s) and ZrO,. The gradient change of the coating is uni- Residual stress of the gradient coating was shown on
form and can be verified from the EDX result. Near the metal =~ Table 5. It was shown that gradient coating has lower ther-
substrate, the Young’s modulus rise and was finally close to  mal stress due to lower different in thermal expansion
Ti value. coefficient and elastic modulus. The different in thermal
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Fig. 4 (Continued,).

d
Table 4 Interfacial bond
strength of the coatings (ASTM Sample Strength (MPa)
€633-79) Gradient Hydroxyapatite coating spraying 40
Gradient Hydroxyapatite coating with heat treatment 53
Hydroxyapatite plasma coating 19
Hydroxyapatite plasma coating with heat treatment 22
coefficient lead to stress build up in the cooling of coat-  cooling process in heat treatment allow crystal structure
ing when plasma melted particle hit the cold metal sub-  reorganization.
strate. Heat treatment eliminated some of the thermal stress For animal study the dog did not show any wound in-

by conversion of new phase CaTiO3; and CaZrO; and slow  fection. Feeding of the dogs was good. Dogs had shown
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Fig. 4 (Continued).

f
Table 5 Test results of the . . .
residual stress of the gradient Sample Residual stress of gradient coating (MPa)
coatings Hydroxyapatite gradient coating 67.054
Hydroxyapatite coating 394.348
Hydroxyapatite gradient coating with heat treatment ~ 16.361
Hydroxyapatite coating with heat treatment 305.275
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0.50 pm/div

Fig. 5 3D AFM topography of bioactive gradient coating shows the
nano-size surface structure. (a) 3D nano-size structure in the surface of
a particle (refer to Fig. 4d); (b) 3D nano-size structure in the melted flat
area (refer to Fig. 4f).

Coanng, Specimen 2
— = —
Jo)
"i' @18 —_—
!
/ L
Specimen | Coating \ [Ipoxsrc-sm

Fig. 6 ASTM testing set drawing.

different degree of weight gain. The implant had no loos-
ening and based on radiological analysis there were no sign
of bone resorption near the implant. From histological anal-
ysis based on PMMA embedded implant section there were
no fiber tissue invasion and oseteoblast and new blood vessel
was observed in the section.

The weight loss based on 500 hrs immersion in stimulate
biological fluid only shown 0.2% weight loss it reflected that
coating was stable within biological system.

@ Springer

The bone-coating interfacial strength was shown in Fig. 7
it shown that bioactive gradient coating with thBMP-2 shown
higher interfacial bonding strength at 6 week after that
rhBMP-2 effect fade out. With coating the interfacial bond-
ing strength between bone and coating was much higher than
pure Ti6Al4V.

4. Discussion

Thermal stress is the major failure cause of HA coating. It is
caused by CTE difference (coefficient of thermal expansion)
between HA and metal substrate. Some modification of coat-
ing composition was taken to resolve this problem such as
adding mechanical strength enhancer yttria stabilized ziro-
nia [25]. ZrO, set up compressive stress fields around itself,
which aided crack deflection and improved the interfacial
strength between the secondary particles and matrix. CaO
diffusion enhances the t-ZrO, conversion to c-ZrO,. In the
spraying process, formation of CaZrO3 was the major change
in coating structure and bonding method.

The phase compositions of plasma-sprayed HA coatings
have been well documented [26—28]. The major constituent
of the coating was hydroxyapatite with traces of decomposed
pyrophosphate phase. There was a significant difference in
the results of phase composition, which could be ascribed
to the use of different plasma-sprayed parameters. Generally
higher plasma net energy leads to higher amorphous phase
formation and decomposition of hydroxyapatite to oxyap-
atite [29] and tri-calcium phosphate. The plasma spraying
process involves complex thermal exchanges between the
plasma zone, powder particles, and substrate. Particles in-
jected into the 10,000°C plasma jet underwent an extremely
high heating rate within a few microseconds. Although the
powder did not reach the plasma flame temperature, the par-
ticles may melt or even boil at their surface layer. In terms of
the equilibrium phase diagram for the system Ca-P,05-H,O,
the degradation of HA was unavoidable.

BGC coating after net energy spraying process has two
phases before heat treatment. From the FTIR diagram, some
hydroxyl group was removed in the high temperature spray-
ing process. Most amorphous phase can be converted to
nano crystalline phase with a suitable period of high tem-
perature treatment. Formation of crystalline HA phase is
beneficial to coating bioactivity by reducing more solu-
ble amorphous phase. This reduces coating susceptibility to
dissolution.

During the plasma spraying, the samples remained at a
relatively high temperature for some time after the spraying
process ended. Therefore, it is reasonable to surmise that
the fine nano-sized grains with Ca/P ratio of 1.67 on the
surface of the splat, as shown in the SEM photographs, were
formed from the metastable amorphous phase. Dong ZL et al.
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[30] used TEM techniques to verify that HA nano-particles
were grown from the amorphous phase area, which was in
agreement with our results.

5. Conclusions

In this study bioglass, ZrO, and HA composite gradient coat-
ing with high temperature treatment show great improvement
in long term stability via reduction in thermal stress and coat-
ing solubility. Interfacial strength between coating and metal
substrate was significantly improved from 19 to 53 MPa.
71O, reduces thermal stress by shifting to a different phase
to compensate for the difference in thermal expansion coeffi-
cient while the bioglass intermediate layer provides a choice
of a variable range of thermal coefficient thorough compo-
sition adjustment. The surface of the coating showed typi-
cal features of plasma-sprayed coating with nano-crystalline
grains. High temperature treatment coating has improved me-
chanical performance compared with untreated sample with
thermal stress level drops from 67.1 to 16.4 MPa.
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