
www.elsevier.com/locate/ceramint

Ceramics International 33 (2007) 605–614
Electrochemical and structural characterisation of

zirconia reinforced hydroxyapatite bioceramic sol–gel coatings

on surgical grade 316L SS for biomedical applications

A. Balamurugan a,*, G. Balossier a, S. Kannan b, J. Michel a, J. Faure a, S. Rajeswari b

a INSERM ERM 0203, Laboratoire de Microscopie Electronique Analytique, Université de Reims, 21, Rue Clément Ader, 51685 Reims, France
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Abstract
Yttria-stabilized zirconia (YSZ)/hydroxyapatite (HAP) composite coatings on surgical grade 316L stainless steel was carried out using sol–gel

dip coating and calcination process. Various molar ratios of HAP and YSZ was developed, each YSZ/HAP gel coating showed an average particle

size of�30 nm and the coatings were dried and calcined for crystallization. The functional group and crystallization characteristics of the coatings

were analyzed using (FT-IR), X-ray diffraction (XRD) and energy dispersion X-ray analysis (EDXA). The formation of b-tricalcium phosphate (b-

TCP) was controlled changing the Ca/P ratio in HAP phase and also YSZ content in the composite coatings. It was revealed that TCP content

showed a very minimum value at Ca/P ratio of �1.67 and at YSZ content of 30 vol.%, respectively. The mechanism of increased b-TCP content

with Ca/P ratio lower than 1.67 and increased YSZ content was explained as Ca-deficiency due to the Ca-diffusion into t-ZrO2 crystals to form a

solid solution. The resultant coatings were analysed for its corrosion resistance through polarisation, impedance and ICP-AES analysis in simulated

body fluid. The viability of the reinforced coatings were analysed by in vitro cell culture studies.

# 2006 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Calcium phosphate compounds have been studied for

biomedical applications due to their analogy to the inorganic

component of natural bones and teeth [1]. With Ca/P ratio

calcium phosphate ceramics form different stable phases

including hydroxyapatite (Ca10(PO4)6(OH)2:HAP) and other

phases such as tricalcium phosphate (Ca3(PO4)2:TCP) and

tetracalcium phosphate (Ca4(PO4)2O:TTCP) [2]. It has been

well known that HAP is bioactive and biocompatible with

human tissues, while the others are highly bioresorbable [3].

However, bioceramic coatings containing HAP alone is not

suitable for most of artificial hard tissue applications due to

their high brittleness and low wear resistance. Thus, to improve

the mechanical properties of HAP materials the reinforcement

of ZrO2 has been attempted. The reinforcing phase in the form
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of ZrO2 particles was selected due to the satisfactory

biocompatibility of ZrO2 and also because of its exceptional

mechanical properties. However, the addition of ZrO2 causes an

increase in the content of b-TCP which is a bioresorbable

phase. Some amount of b-TCP in HAP would be helpful for the

rapid bonding of artificial bones to natural ones via rapid

dissolution [4,5]. However, too a high content of b-TCP

seriously deteriorates the mechanical properties and chemical

stability of artificial bones. Thus, the precise control of b-TCP

content in HAP is a critical issue in biomedical applications. In

this study, yttria-stabilized (Y2O3) tetragonal zirconia was used

to form YSZ/HAP composite and a sol–gel route was employed

for the development of coatings. The Ca/P ratio and YSZ

content in the YSZ/HAP composite were changed to control b-

TCP phase formation. The b-TCP content variation was

identified using X-ray diffraction (XRD) analysis. The obtained

coatings were subjected to the electrochemical, structural and

mechanical analysis to study their stability. Furthermore, in

order to evaluate the cell viability, the osteoblastic cellular

responses to the reinforced composite coatings were assessed.
d.
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2. Materials and methods

2.1. Sample preparation

Zirconium isopropoxide Zr(OC3H7)4 diluted in isopropanol

was used as the source of zirconia. Yttrium acetate and glacial

acetic acid were used as stabilizing agents. The source solution

was homogenized with stabilizing agents under ultra sound

irradiation condition at 20 kHz. To obtain monophasic HAP,

triethyl phosphite and calcium nitrate precursors were prepared

by dissolving in anhydrous ethanol. Both calcium and

phosphorus precursors were mixed together to obtain a

stoichiometric Ca/P ratio and this solution was finally added

to the sol of ZrO2. The reinforcements were prepared by

varying ZrO2 sol concentration from 10 to 50 vol.% and the

concentration of calcium and phosphorus solution was kept

constant to keep the stoichiometry of HAP(�1.67). The

reinforcement solutions were constantly stirred for 17 h

followed by 36 h of ageing. After ageing the solutions were

moved into the coating bath for dip coating of the stainless steel

specimens. The obtained coatings were dried at 40 8C and

calcined at various temperatures to get adherent crystalline

coating. The schematics for the development of coatings is

shown in Fig. 1.

2.2. Characterisation of the coatings

The functional characteristics of reinforced coatings (ZrO2/

HAP) were analysed with FT-IR (Perkin-Elmer FT-IR Paragan

series instrument). The spectra were recorded from 4000 to

400 cm�1 wave number with a resolution of 4 cm�1. The

thermal behavior of the coatings were performed through
Fig. 1. Schematic representation of
thermo gravimetric analysis (TGA) and differential thermal

analysis (DTA) using a (Seiko Instruments Inc, Japan). Twenty

to twenty-five milligrams of the sample was taken in platinum

crucible in the temperature range from 20 to 1500 8C at a

heating rate of 10 8C/min in air atmosphere. DTA was

performed along with TGA, which enables the change in

weight to be correlated with the reactions observed from the

exothermic peak. The thickness of the coatings were measured

by using the sensing probe of ELCA-D meter (Germany). The

specimens obtained at the optimum coating conditions were

subjected to heat treatment at various temperatures in an

Indotherm 401 air furnace at a heating rate of 10 8C/min for an

hour. The samples were removed after cooling in the furnace

and were stored in vacuum desicator and analysed by XRD for

phase morphology. All the ceramic-coated 316L SS were

subjected to SEM-EDXA analysis for the chemical constituent

changes that have occurred on the surface and the observation

of microstructure. The instrument Philips 501 scanning

electron microscope (SEM) equipped for X-ray microanalysis

was used for the microstructural and microanalysis. The

samples were coated with a thin layer of gold using an Edwards

sputter coater S150B instrument. The shear bond strength

analysis of all the reinforced coated 316L SS were performed as

per ASTM international standard D 4501 and F1044. 316L SS

steel strips (10 mm � 50 mm � 2 mm size) were used for the

analysis. For specimen preparation, the strips were polished and

dip coated with ceramics (ZrO2/HAP). The coupling strip was

also polished, glued (epoxy resin) with thermoplastic and then

joined under pressure in a fixture to the strip with ceramic

coatings. The couples, cured at 98 8C for 1 h were subjected to

the shear test. A universal testing machine (Model 5569,

Instron, Canton, MA) was used to determine the shear bond
ZrO2 reinforced HAP coating.
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Table 2

Chemical composition of Ringer’s solution

Solution Chemical reagent Weight (g/l)

Ringer’s solution NaCl 8.60

CaCl2�2H20 0.66

KCl 0.60
strength of the coatings. The maximum speed at full load was

250 mm/min for each testing material and five samples were

tested for every coating and the data are reported as the average

value.

2.3. In vitro cell culture analysis

Osteoblasts were isolated by sequential trypsin–collagenase

digestion on calvaria of neonatal (<2 days old) Sprague–

Dawley rats as described elsewhere [6]. In this study, only the

cells at the 2nd to 5th passage were employed. For evaluation of

osteoblasts adhesion, the cells were seeded on each disc at a

density of 8000 cells/cm2. After culturing for 6 and 24 h, the

discs were dyed with Giemsa solution, and observed by optical

microscopy (Leica S6D, Germany). For SEM observation, the

discs were dehydrated in a grade ethanol series (30, 50, 70, 90

and 96% (v/v)) for 10 min, respectively, with final dehydration

in absolute ethanol twice followed by drying in hexamethyldi-

silizane (HMDS) ethanol solution series [7]. For evaluation of

osteoblasts proliferation, the cells were seeded at a density of

3500 cells/cm2. After culturing for 1, 3 and 5 days, the discs

were dyed with Giemsa solution, and counted under optical

microscopy. Cell density (cells/cm2) was determined by

averaging the number of adherent cells in six randomly

selected fields per substrate.

2.4. In vitro electrochemical analysis

In this study, the open circuit potential (OCP)–time

measurements, cyclic polarization experiments, impedance

measurements and ICP-AES were used as the criterion for the

evaluation of sol–gel reinforced coatings on surgical grade

316L SS (Table 1). The localized corrosion behaviors of the

samples were studied in simulated body fluid Ringer’s solution

(Table 2). The cell assembly and the electrode preparation for in

vitro electrochemical studies are as detailed else where in Ref.

[8]. The temperature of the polarization cell was maintained at

37 � 1 8C by means of a thermostat water bath to simulate the

human body temperature. Before immersing the specimen into

the electrolyte, purging of solution was done by using purified

nitrogen in order to remove dissolved gases such as oxygen,

CO2, etc., and purging was maintained throughout the

experiment. The corrosion measurements were carried out as

per ASTM standards. The electrochemical impedance tests

were carried out in BAS system (Germany) and the data were

plotted and analyzed using Z view software version 1.5b, (C)

1996, Scribner Associates Inc. The leaching of the metal ions

can be accelerated under in vitro conditions by impressing a

suitable potential for a specified duration of time. This method

is a simulation of long-term contact of metallic implants with
Table 1

Composition of surgical grade 316L SS

Alloy

C Mn Cr Ni Si Mo P S Fe

316L SS 0.029 1.8 17.3 12.4 0.7 2.25 0.031 0.012 Bal
biological system, which can be achieved, in short duration of

time. In this leaching method, the coated materials are kept at a

constant potential in the passive region. In the present study,

impressed potentials of (200, 300, 400, and Eb) were applied on

the pristine and ceramic-coated specimens for 60 min in 200 ml

of Ringer’s solution. At the end of each experiment the leaching

of metal ions in the test solution was analysed by Inductively

Coupled Plasma Atomic Emission Spectroscopy (Thermo

Jerral Ash-Atom Scan, USA).

3. Results and discussions

3.1. Characterisation of the coatings

It is always desirable that HAP coating stays on the surface

of an implant in a biological environment as long as possible.

However, the bond strength of HAP coating/metal substrate

interface has been the point of potential weakness in prosthesis

because it is limited by the strength of hydroxyapatite, porosity,

and inclusion in the lamellar structure of the coating. Recent

research has shown that the mechanical properties of HAP

coatings can be improved by the reinforcement of yttria-

stabilised zirconia [9]. In vitro test results indicate that the

dissolution rate of HAP/zirconia composite coatings is slower

than that of HAP coatings; bond strength and the corrosion

resistance of HAP/zirconia coatings are superior to that of HAP

coatings. In the present investigation 10, 30 and 50 vol.% of

zirconia, respectively, have been added to the HAP sol to

improve the properties of the coatings (nomenclature given as

HAP + Z10, HAP + Z30 and HAP + Z50). The effects of

zirconia on the phase composition, microstructure, bond

strength and corrosion resistance of the HAP/zirconia

reinforced coatings have been evaluated.

3.1.1. Effect of sintering

High-temperature sintering processes have been used to

produce reinforced ZrO2/HAP composite coatings. In the

earlier reports, the temperature used during the sintering

process often was as high as 1400 8C [10]. This processing

temperature is considered insufficient regarding the sintering

and densification of zirconia, but very high while considering

the decomposition of hydroxyapatite. The initial phase

composition in the ZrO2/HAP reinforced material was reported

to be changed during the sintering, according to the following

reaction:

Ca10ðPO4Þ6ðOHÞ2 ! 3Ca3ðPO4Þ2þCaO þ H2O (1)

After decomposition, the CaO was dissolved into the

zirconia matrix. The additional amount of CaO produced a
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Fig. 2. FT-IR spectra of ZrO2 reinforced HAP coatings on 316L SS (a)

HAP + Z50; (b) HAP + Z30.
phase change from tetragonal to cubic, and in some cases,

calcium zirconate also formed. In samples where severe

decomposition of the HAP occurred, tricalcium phosphate was

the only decomposed product found. Therefore, it was proposed

that the decomposition of HAP was related to the transfer of

CaO to the zirconia matrix. As a result of this loss of CaO, the

decomposition of HAP resulted in the formation of tricalcium

phosphate [11,12]. The reaction that occurs between zirconia

and HAP may influence both strength and the biological

properties of sintered materials [13]. To a large extent, the

mechanical strength of zirconia depends on the phase

transformation from the tetragonal phase to the monoclinic

phase. A complex problem observed in the ZrO2/HAP system is

related to the phase changes and decomposition reactions.

Hence, the optimization of the annealing temperature is

necessitated.

With increasing temperature, the loss of water from the HAP

is initiated at �600 8C and an oxyhydroxyapatite is formed. At

a temperature range of 1000 8C, a sufficient fraction of OH�

ions are lost from the oxyhydroxyapatite. The reaction course

may continue with decomposition of the apatite phase, when

the zirconia reacts with oxyhydroxyapatite instead of HAP.

Based on the XRD results of the sol–gel reinforced coatings

with 30 vol.% of zirconia reinforced HAP, stoichiometry of the

HAP was found stable up to the annealing temperature of

950 8C. Sintering above this particular temperature caused the

decomposition of HAP to tricalcium phosphate at the range of

1050 8C. The amount of TCP formed increased with increasing

sintering temperature, and HAP was decomposed completely at

a temperature of 1400 8C, according to the XRD patterns. The

decomposition reaction is divided into two steps:

Ca10ðPO4Þ6ðOHÞ2 ! Ca10ðPO4Þ6ðOHÞ2�2xOxþ xH2O (2)

3Ca10ðPO4Þ6ðOHÞ2�2xOxþ yZrO2ðtÞ
! 3Ca3ðPO4Þ2þCaO½ZrO2ðcÞ�yþð1�xÞH2O (3)

However, if the water loss is maintained at a low level, the

equilibrium in the first reaction is shifted to the left and the

second reaction may not occur. Thus based on the results, the

sintering temperature for ZrO2/HAP reinforced coating was

chosen as 950 8C.

3.1.2. IR spectroscopy

Fig. 2a and b are representatives of the FT-IR spectra of the

HAP reinforced zirconia coatings (HAP + Z50, HAP + Z30),

respectively. The spectra recorded low intensity absorption

bands of P–O due to PO4
3� groups in the 1080–1020 cm�1

region, which are characteristic of HAP as well as of the O–H–

O bands of absorbed water. A small shoulder associated with

the O–H vibrational mode around 600–610 cm�1 is seen in the

HAP + Z50 coating but is absent in the HAP + Z30 coating.

Bands or shoulders of O–H stretching at 3600–3580 cm�1 and

of the ZrO2 phase were not identified for these coatings,

although CaO absorption bands at 250–200 cm�1 were found in

their spectra. The effect of ZrO2 on the OH� ions associated

with the stretching mode at 3600–3580 cm�1 tends to intensify

this absorption band in the IR spectra. The IR spectra for both
the samples studied do not show absorption bands correspond-

ing to ZrO2. This is due to the disappearance or masking of the

O–H stretching mode, caused by the coexistence of CaO–Zr–O

and ZrO2, as reported in the XRD patterns. Thus, the

simultaneous analysis of XRD and FT-IR spectra indicates

that the content of zirconia phase in HAP + Z30 reinforcement

have shown a great impact on the structural features of HAP

phase [14].

Based on the spectral data, which indicates Zr4+ ion

substitutions in the apatite crystal structure, a hypothetical

substitution mechanism is proposed. This involves the

replacement of two calcium ions of HAP phase by one

zirconium ion (2Ca2+ = Zr4+). The substitution reaction

2Ca2+ = Zr4+ may be represented as:

Ca10ðPO4Þ6ðOHÞ2þ nZr4þ½HAP�
¼ ZrnCað10�2nÞðPO4Þ6ðOHÞ2þ 2nCa2þ

The probable incorporation of Zr4+ ion into the HAP phase

lattice, resulting in a Zr-for-Ca substitution, may be a

consequence of its smaller ionic radius in comparison to that

of Ca2+ ion.

3.1.3. X-ray diffraction analysis

The experimental results showed that the addition of ZrO2

induces the formation of TCP. The coatings with Z30 formed a

small amount of TCP Fig. 3. The coatings with the addition of

10, 50 vol.% ZrO2 consisted of a considerable amount of CaO,

i.e., at the same experimental conditions, the more ZrO2 added

the higher the amount of CaO formed [15]. Fig. 4 indicates that

the addition of ZrO2 increases the formation of TTCP and TCP

significantly. X-ray patterns showed that CaZrO3 formed with

the addition of Z50, whereas there was a trace of CaZrO3 in the

reinforced coating containing Z30. This indicates that the
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Fig. 3. XRD patterns of (a) HAP-50 vol.% of ZrO2; (b) HAP-30 vol.% of ZrO2

reinforced coatings after sintering at 1100 8C. ( ) HAP, ( ) ZrO2, ( ) CaZrO3

( ) TCP.
increasing content of zirconia results in the increased formation

of CaZrO3 in the coatings. Investigating the bulk ZrO2/HAP

reinforced composite at 1050 8C, found that the CaO in the

HAP diffuses into ZrO2 to cause the tetragonal ZrO2

transformation into cubic ZrO2 [11,16]. The loss of CaO will

then accelerate the decomposition of HAP into b-TCP at

>900 8C. The reaction of the study is as follows.

Y-ZrO2ðtÞ þ Ca10ðPO4Þ6ðOHÞ2
! CaO Y-ZrO2 ðcÞ þ 3b-Ca3ðPO4Þ2þH2O (4)

It is also found the transformation of tetragonal ZrO2 into

cubic ZrO2 phase after sintering; however a-TCP was the
Fig. 4. XRD patterns of HAP + ZrO2 coatings on 316L SS (a) HAP + Z10; (b)

HAP + Z30; (c) HAP + Z50. H, HAP; TCP, tricalcium phosphate; T, tetragonal

zirconia; M, monoclinic zirconia.
decomposition product rather than b-TCP [17]. The following

reaction occurred simultaneously;

Ca10ðPO4Þ6ðOHÞ2 ! 3a-Ca3ðPO4Þ2þCaO þ H2O (5)

ZrO2ðtÞ þ CaO ! CaO-ZrO2 ðcÞ (6)

Direct reaction between HAP and ZrO2 was also assumed as:

Ca10ðPO4Þ6ðOHÞ2þZrO2 ! a-Ca3ðPO4Þ2þCaZrO3þH2O

(7)

XRD patterns of the dip coated HAP/YSZ obtained at the

sintering temperature of 950 8C is shown in Fig. 4a pattern with

Z10 addition, (b) pattern with Z30, (c) Z50 addition. Referring

to the XRD patterns, the coating with Z50 consists of ZrO2,

crystalline HAP, amorphous HAP and a trace of TCP. At Z30,

the main phases were ZrO2, crystalline HAP, amorphous HAP

phase with a small amount of Ca3(PO4)2 (TCP), Ca4P2O9 and

(TTCP) with a small amount of CaZrO3. Tetragonal zirconia

remained stable during sintering and no other zirconia phases

appeared after sintering.

Accordingly, more crystalline HAP was transformed to

amorphous calcium phosphate. CaZrO3 formation came from

the reaction between CaO and ZrO2 instead of the direct

reaction between HAP and ZrO2. This can be inferred from the

XRD results of the coatings with different amounts of zirconia

in Fig. 4. If CaZrO3 came from the direct reaction between

HAP, ZrO2, CaZrO3 should be formed more at Z50 and the

amount of CaZrO3 in Z50 should be higher than that of Z10. In

fact, no CaZrO3 formed with the addition of Z30 and more

CaZrO3 appeared in the coatings containing Z10 along with the

excess CaO.

3.1.4. Thermal analysis

The TGA and DTA curves of the reinforced coatings are

shown in Fig. 5a and b. There are no significant differences in

the composite coatings of HAPZ30 and HAPZ50. Weight

losses were about 3.5 and 4.5% for HAPZ30 and HAPZ50,

respectively, for temperatures from 25 to 1400 8C. A relatively

pronounced mass loss occurs between 25 and 100 8C, with the

associated endothermic peak attributed to adsorbed water.

From 100 8C, a slight decrease in TGA curves corresponding to

a loss of about 2.5% is verified up to 900 8C. Another

endothermic peak (at 1100 8C) can be attributed to the

decomposition of HAP into oxyapatite, which in turn, converts

to tricalcium phosphate (TCP) and tetra calcium phosphate

(TTCP). After this peak, no other thermal change is observed

up to 1400 8C. In other words, thermal stability was achieved

for both the reinforced coatings.

3.1.5. EDXA analysis

The energy dispersion X-ray analysis shows the surface

chemical composition of ZrO2/HAP reinforcement coating in

Fig. 6.The analysis revealed that calcium and phosphorus is in

the desired ratio and no alteration was noticed in the

stoichiometric HAP. The spectrum revealed the presence of

prominent HAP and Zr crystal phases. Peaks corresponding to
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Fig. 5. TGA and DTA curves for (a) HAPZ30 and (b) HAPZ50 coatings on

316L SS.

Fig. 7. Micrograph shows the crystalline grain structure of the ZrO2/HAP on

surgical grade 316L SS.
Fe, Cr and Ni present in the candidate material were also

obtained. The studies confirm that the sol–gel ZrO2/HAP

coating and further annealing treatment did not alter the

stoichiometry of the hydroxyapatite.
Fig. 6. EDXA spectrum of the reinforcement coating of ZrO2/HAP on 316L SS.
3.1.6. Morphological studies

Fig. 7 shows an SEM image of a zirconia reinforced

hydroxyapatite sol–gel coating. The image corresponds to a

single layer sintered at 900 8C for 2 h. As can be seen, a very

homogeneous crystalline grain structure of about 30 nm has

developed, in good agreement with X-ray results. A close

inspection of the Fig. 7 reveals additional information about the

microstructure of reinforcements. The grains are intercon-

nected, forming groups (usually four-five grains), and

apparently, the main porosity seems to be associated with

the intergroup regions. However, this intergranular porosity is

much less than the measured value (63%), suggesting the

existence of internal porosity within the grains, probably at the

nanometer scale.

Fig. 8a showed the homogeneous microstructure of the

coating with an average grain size of 30 nm for zirconia and

20 nm for HAP. Thus, under the applied sintering conditions the

grain growth in zirconia reinforcement ceramics. Fig. 8b

progresses more rapidly to form a microstructure of sub-micron

size with nearly equiaxed grains and further develops an

interlocking elongated fine particles within few minutes. The

grain growth rate strongly depends on the nature of the

precursor and the applied heating rate. It is thus possible to

adjust the microstructures of the produced HAP/ZrO2 ceramics

by manipulating the grain growth kinetics and accordingly to

tailor their mechanical properties.

3.1.7. Mechanical properties

At the molecular level, the high adhesion strength values is

possible with alkoxide-based sol–gel film systems bonding at

the interface between the alkoxide molecules and the free

hydroxyl groups at the metal oxide surface. This is essentially a

condensation reaction similar to that occurring in alkoxide

molecule. However, despite inferences of substrate surface

oxide to film oxide bridging, no direct evidence of such bonding

was demonstrated and this adhesion mechanism remains

speculative (Fig. 9).

Still, an important consideration in this model is the

existence of a surface metal oxide, most of which are known to

be hydroxylated in the presence of water or water vapour. The

reinforced ZrO2/HAP film deposited with 23 mm thickness was
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Fig. 8. SEM micrographs depicting the microstructure of ZrO2/HAP reinforced

coating on surgical grade 316L SS.

Table 3

Shear strength of HAP/YSZ reinforced coatings

ZrO2 content (vol.%) Shear strength (MPa)

0 17.36 � 1.48

10 22.47 � 2.31

30 27.32 � 1.73

50 32.15 � 2.54
found with extensive cracking, with the resulting ‘‘Craze’’

(random) patterns indicative of an isotropic biaxial tensile

stress state in the coating [18]. This observation is consistent

with full in plane relief of shrinkage (capillary) stresses during

sol–gel film drying and annealing as expected for the case of a

film that is not rigidly attached to the underlying substrate.

Implied in this situation is a relatively higher final film

thickness compared to a well adhering film because shrinkage is

not strictly confined to the thickness.

The effects of the additions of zirconia on the mechanical

properties of HAP/YSZ coatings such as shear strength is given
Fig. 9. A proposed adhesion mechanism for sol–gel oxide films on metal substrates

groups associated with the passivated oxide layer.
in Table 3. HAP coatings showed the lowest bond strength, and

zirconia reinforced coating shows highest bond strength. The

bond strength of the reinforced coatings has been improved by

the addition of zirconia.

3.2. Osteoblasts adhesion and proliferation on reinforced

ceramic coatings

Fig. 10 shows the light micrographs of the zirconia

reinforced HAP coatings on 316L SS substrates seeded with

osteoblasts. The cells adhered on the coatings after 6 h of

culture, and showed round morphology (Fig. 10a). After 24 h of

culture, the cells exhibited an elongated and flattened

appearance (Fig. 10b). The high magnification SEM micro-

graph shows that osteoblasts attached on the ceramics and

minor filopodia could be observed (Fig. 11). Fig. 12 shows the

results of osteoblasts proliferation on the reinforced ceramics.

The mean cell number increased significantly ( p < 0.05) with

the increase of culture time and reached a density of 5500 cells/

cm2 after 5 days of culture. The results showed that osteoblasts

adhered and spread well on the reinforced ceramic-coated

substrates. In addition, the numbers of osteoblasts adhered on

the ceramics proliferated with the increase of culture time,

indicating good in vitro biocompatibility of the reinforced

ceramic coatings.

3.3. In vitro electrochemical studies

3.3.1. OCP–time measurement

The OCP–time plots for the pristine, HAP and various

composition of zirconia reinforcement with HAP dip coated on
showing condensation reactions between alkoxide molecules and free hydroxyl
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Fig. 10. Light micrographs of zirconia reinforced HAP coatings seeded with osteoblasts and cultured for different time periods: (a) 6 h, (b) 24 h.
316L SS with varied coating thickness in Ringer’s solution are

shown in Fig. 13. A noble shift was observed for all the

coatings, with reinforcements showing better behavior than the

OCP value of individual HAP coating. The OCP was found to

increase with an increase in zirconia concentration and a

maximum shift was observed for HAPZ3O reinforcement

coating with a coating thickness of 20 mm. The enhanced

values of the OCP and the attainment of stable potential can be

attributed to the bifunctional nature of HAP and zirconia

coatings on the metal surface.

3.3.2. Cyclic polarization studies

The cyclic polarization data were obtained for HAP with

various combination of zirconia reinforced HAP (HAP + Z10,

HAP + Z30 and HAP + Z50) on comparison with pristine 316L

SS in Ringers solution. The Eb and Ep values for all the coated

samples (625, 765 and 735 mV) are in positive direction. The

HAP + Z30 reinforcement coating showed better performance

among the three reinforcements. Hence, HAP + Z30 was taken

for the detailed study. Table 4 shows the polarization data for

HAP + Z30 with varied coating thickness. The breakdown

potential for samples coated with a thickness of 20 mm was

found to be around +765 mV. The breakdown potential of all

the coated samples were found to be nobler than uncoated 316L

SS. The kinetic parameters Eb and Ep for pristine 316L SS were

+320, �35 mV, respectively, the breakdown potential and

repassivation potential of HAP individual coating remains at

+568 and +60 mV. It means that HAP and reinforced coatings

are more corrosion resistant than uncoated 316L SS. Therefore,
Fig. 11. SEM morphology of the reinforced HAP bioceramic coatings seeded

with osteoblasts and cultured for 24 h.
reinforced HAP coating on metallic substrate caused significant

changes on the corrosion behavior of the metal substrate.

The individual coating of HAP could increase the Eb value of

316L SS substrate in physiological solutions but this effect was

not adequately complete due to the structure and surface

morphology of individual HAP coating. In the case of zirconia

reinforcements, the coatings act as a barrier for the metal ion

release from the metallic substrates. This is attributed to the

substantial role on the formation of strong intact pore free

nature of the ZrO2/HAP coating. No detachment of the coated

surface was observed after polarization. The polarization

results are in good agreement with the mechanical property of

the zirconia reinforced coatings.

3.3.3. Impedance analysis

The Rp values were found to be increased up to the thickness

of 20 mm of zirconia reinforced HAP coating on surgical grade

316L SS and then the value decreases gradually. All diagrams

showed a typical spectrum of a passivated surface, i.e., almost a

capacitive behavior. Significant changes in the Rp values form

3.7588 � 106 to 6.5766 � 106 V for zirconia reinforced HAP

coated and 2.226 � 105 to 4.8078 � 105 V for uncoated 316L

SS were observed. The capacitance (C) were obtained at

their respective breakdown potentials (Rp and values of

1.0901 � 106 V and 5.2210 � 10�5 for reinforced HAP coated

sample). This indicates that the materials are still in the passive

state. The most significant feature of the impedance curves for

uncoated 316L SS is that the diameter of the semicircle

decreases with the increase in applied potential, thus implying
Fig. 12. Osteoblasts proliferation after 1, 3 and 5 days of culture on reinforced

HAP.
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Fig. 13. OCP–time measurements in Ringer’s solution of uncoated and zirconia

reinforced HAP coated 316L SS obtained with varied coating thickness.

Table 4

Corrosion kinetic parameters for ZrO2/HAP reinforced coatings on 316L SS

S. No. Description Kinetic parameter

Eb (mV) Ep (mV)

1 Pristine 316L SS +320 �35

2 HAP +568 +60

3 ZrO2/HAP with 16 mm thickness +613 +214

4 ZrO2/HAP with 18 mm thickness +637 +240

5 ZrO2/HAP with 20 mm thickness +765 +389

6 ZrO2/HAP with 22 mm thickness +656 +248

7 ZrO2/HAP with 24 mm thickness +648 +227
an increase in corrosion rate, which corresponds to higher

dissolution within the pit [19]. This is due to the area effect

resulting from enhanced degradation of the 316L SS, which is

associated with high capacitance. High capacitance values were

observed for pristine 316L SS whereas for the zirconia

reinforced HAP coated samples only a gradual increase was
Fig. 14. Concentration of (a) calcium and zirconium (b) phosphorous (c) iron (d)

accelerated leaching of pristine and zirconia reinforced HAP coated surgical grade
observed. This could be due to the presence of coating, which

prevents the pit growth. The zirconia reinforced coating shows

higher polarization resistance than that of the individual

coatings of HAP and zirconia. The values obtained by EIS

analysis are in good agreement with the polarization data. The

reinforced coating serves better than that of the individual

coatings.

3.3.4. Accelerated leaching study

In accelerated leaching study the concentration of the metal

ions, namely Fe, Cr, Ni, Mo and the concentration of Ca, P and

Zr present in the test solution are illustrated in Fig. 14. It is seen

that significant amounts of metal ions were released into the

solution even in the passive region for 316L SS. HAP and ZrO2

individual coating showed little tendency for the leaching of

metal ions compared to uncoated 316L SS at impressed

potentials of +200, +300, +400 and Eb The release of metal ions
chromium (e) nickel and (f) molybdenum present in Ringer’s solution after

316L SS at various applied potentials.
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from the zirconia reinforced HAP (20 mm thickness) is very

low towards other coating conditions. This may be due to the

grain size and distribution of the HAP and zirconia particles.

The reduced leach out of metal ions and the coating elements

are mainly due to the extremely regular surface topography of

the coating on 316L SS. The reduced rate of the metal ion leach

out is directly supported by the polarization results and

impedance analysis. All the three techniques are illustrating

higher stability of the zirconia reinforced HAP coating.

4. Conclusion

Several factors have taken into account when designing the

bioceramics for allowing bone ingrowth. Zirconia, irrespective

of its morphology and phase composition, does not alter the

hydroxyapatite matrix in ZrO2/HAP reinforced coating

produced by sol–gel dip coating method. Osteoblasts adhered

and spread well on the surface of the reinforced bioceramic

coatings, and osteoblasts proliferation was obvious with the

increase of the culture time. The results indicate that the

reinforced ceramics possess good in vitro bioactivity and

biocompatibility, and may be used as bioactive bone repair

materials. However, further in vivo studies need to be

conducted to explore the applicability of these ceramics as

implant materials. Based on the structural, morphological,

electrochemical and viability results, zirconia reinforced

hydroxyapatite sol–gel coatings on 316L stainless steel

material will serve as a potential reinforced bioceramic coating

for biomedical applications.
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