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Abstract Bioactive hydroxyapatite (HA) coating on tita-

nium (Ti) implant can be used as a drug delivery device.

A controlled release of drug around the implant requires the

incorporation of drug into the coating material during the

coating process. HA coating was prepared using a two-step

procedure in conditions suitable for simultaneous incorpo-

ration of the protein-based drug into the coating material.

Monetite coating was deposited on Ti substrate in acidic

condition followed by the transformation of the monetite

coating to HA. X-ray diffraction (XRD) confirmed the

formation of the monetite phase at the first step of the

coating preparation, which was transformed into HA at

the second step. Fourier transform infrared spectroscopy

demonstrated typical bands of a crystallized carbonated HA

with A- and B-type substitution, which was confirmed by

the XRD refinement of the structural parameters. Scanning

electron microscope was used to observe the morphology of

monetite and HA coatings. Adhesion of the coatings was

measured using a scratch tester. The critical shearing stress

was found to be 84.20 ± 1.27 MPa for the monetite coat-

ing, and 44.40 ± 2.39 MPa for the HA coating.

1 Introduction

Symptomatic osteoarthritis of the hip or knee is the major

contributor to a functional impairment and social isolation

in older adults [1]. In advanced stages of osteoarthritis of

hips or knees, medications and physical therapy are of a

limited value [2, 3]. Joint replacement can effectively

alleviate pain and restore function [4, 5].

Pure titanium is one of the metallic biomaterials widely

used today in replacing hard tissue due to its excellent spe-

cific strength, corrosion resistance, no inflammatory or

immunogenic reactions and superior biocompatibility

among other metallic biomaterials [6, 7]. However, titanium

and its alloys fall into a group of bioinert materials and their

biocompatibility is inferior to that of calcium phosphates,

such as hydroxyapatite (HA). Thus, a modification of the

surface of a Ti implant, which will promote a higher osteo-

integration of such implant is essential. Such systems com-

bine the mechanical advantage of the metallic substrate and

the biological affinity of the HA surface to bone. It is critical,

however, that such system does not lose the interfacial

integrity during the lifetime of the orthopedic implant.

Plasma spraying method [8–10] has been widely used for this

purpose and received commercial success. Interfacial

bonding strength for plasma sprayed HA on Ti alloys is

sufficient, 20–30 MPa [11], due to development of a chem-

ical bonding between HA and Ti through calcium titanate

phase or Ti–P compounds. However, the percentage of

revision operations is still very high [12]. Plasma spray-

ing operates under extremely high temperatures,

6,000–10,000�C, and thus can easily destabilise crystal
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structure of the HA, causing its decomposition into a mixture

of HA, calcium oxide, tricalcium phosphate, tetracalcium

phosphate and considerable amount of amorphous phases.

Cracking of the coated layer is often observed, primarily due

to rapid temperature fluctuations and solidification of the

coating. Additionally, transformation of the amorphous

phase to crystalline oxide, while the plasma-sprayed coating

is subject to annealing, gives rise to cracking as a result of

volume change (shrinkage). These cracks may also cause

loss of adhesion of the coating, leading to coating delami-

nation, premature wear and, finally, implant failure.

The advances in synthesis of HA coatings include RF

magnetron sputter [13–15], ion-beam dynamic mixing [16–

18], pulse laser deposition [19–21], sol–gel [22–24], elec-

trochemical deposition [14, 25, 26] and recently, chemical

deposition [27–29]. The chemical deposition method

receives high attention not only because of its ease pro-

cessing and forming but most importantly because of its

low temperature nature, below 100�C, which may allow the

incorporation, and therefore controlled release, of an

osteoinductive drug, such as bone morphogenetic proteins

into the coating during the HA coating deposition process.

Such a drug delivery system may reduce the healing time

after the operation and the risk of a revision surgery.

In this work we investigate the chemical deposition of a

monetite coating, followed by the hydrothermal conversion

of the monetite coating into HA coating in alkali solution at

the temperature below 100�C. This method could be useful

for potential protein-based drug incorporation into the

coating materials, such as BMP-2, at the monetite-to-apatite

conversion stage of the coating preparation. The incorpo-

ration of the drug during the process of the coating forma-

tion will ensure a sustained release of the drug into the

surrounding tissue after the joint replacement surgery. The

other important advantage of this method in comparison

with the plasma spraying is the possibility to deposit an

homogenous HA coating on dental and orthopedic implants

with complex geometry (internal cavity) or macroporosi-

ties. This coating method is simple and low cost—advan-

tages for use in the biomaterials industry. Therefore the goal

of this work was to prepare and characterize a homogenous

HA coating on Ti substrate suitable for hip and knee

replacement applications in the conditions, which allow the

simultaneous incorporation of the protein-based drugs, such

as BMP-2, into the HA coating material.

2 Materials and methods

2.1 Coating preparation

HA coating on Ti discs (15 mm in diameter and 1 mm

thick) was prepared using chemical deposition method.

The coating solution was prepared using calcium carbon-

ate, CaCO3 (MP Biomedicals, USA) and sodium phosphate

dibasic anhydrous, NaH2PO4 (MP Biomedicals, USA) as

raw materials. These reagents were mixed in deionized

ultrapure water (mol. ratio CaCO3: NaH2PO4 = 1:1, con-

centration 0.2 M). Phosphoric acid was added until the

reagents were completely dissolved and the final pH was

2.77. Ti coupons were polished to 600 grit and then

ultrasonically cleaned in the following sequence of baths:

deionized ultrapure water, acetone, deionized ultrapure

water, ethanol, deionized ultrapure water (10 min in each

bath). Air-dried Ti coupons were immersed into the coating

solution for 24 h at 75�C. Coated Ti coupons were rinsed in

deionized ultrapure water, air dried and then immersed into

0.2 M sodium hydroxide solution for 24 h at 75�C for the

hydrothermal treatment. Ti coupons were then rinsed in

deionized ultrapure water and air dried.

2.2 Coating characterization

The phase composition of the coating was analysed using

X-ray diffraction (XRD, S6000, Schimadzu, Japan) with a

step size of 0.02� at a scanning rate of 1� min-1. The

structural analysis of X-ray diffraction patterns was

undertaken using the Le Bail [30] method as implemented

in the Rietica software package [31]. Infrared (IR) spectra

were measured using Fourier transform infrared (FTIR)

spectrometer (FT-IR Varian 610-IR, Varian Inc., USA)

with the resolution 4 cm-1. The accuracy of measurements

was ±0.5 cm-1 and the number of scans was 32. Surface

morphology and the composition of the coated Ti coupons

were analyzed using scanning electron microscope (SEM,

Ultra plus, Zeiss, Germany) coupled with energy-disper-

sive spectrometer (EDS, Zeiss, Germany). The profile and

the roughness of the coatings were measured using atomic

force microscope (AFM, Nanoscope IIIa controller, Veeco

Inc., USA) with a tapping mode.

For evaluation of the coating thickness, three Ti discs

coated with monetite and three Ti discs coated with HA

were fixed in poly-methylmethacrylate (PMMA) and two

sections from each disc were cut using a diamond saw

(Isomet Low Speed, Buehler, Germany). The sections were

subsequently grounded and polished with a micro grinding

system (Allied High Tech, USA) before the analyses under

SEM.

Scratch tests were used to estimate the adhesion strength

of the coatings to the Ti substrate according to procedures

outlined in ASTM C1624–05 [32]. Normal load applied to

a diamond tip (Rockwell C, 200 lm radius) was increased

from 1 to 6 N, a loading rate of 10 N/min and sliding speed

of 10 mm/min over a 5 mm scratch line to find the critical

strength for coating failure. SEM was used to identify

mechanical events occurred along the scratch lines and the
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critical load was defined at the onset of coating detachment

from the substrate. Altogether, four Ti discs coated with

monetite and four Ti discs coated with HA were tested; five

scratch tests were performed on each disc. Hardness and

elastic modulus of the Ti substrate and the coating were

measured according to the Oliver and Pharr method [33],

using a UMIS-2000 ultra-micro indentation system equip-

ped with a Berkovich indenter. For the evaluation of

hardness and elastic modulus of the Ti substrate, ten

measurements were performed at maximum load of 50 mN

and, for the evaluation of hardness and elastic modulus of

the HA coatings, ten measurements were performed at a

maximum load of 1 mN in order to maintain the indenta-

tion depth below 10% of the coating thickness.

3 Results

Chemical analysis of the coatings deposited on a Ti surface

using chemical deposition method confirmed that the

coatings consisted of calcium phosphates (Fig. 1a). The

structural analysis of the coatings revealed that the mea-

sured XRD profiles (Fig. 1b) are in good agreement with

the reference data JCPDS 70-0360 (CaHPO4, monetite).

SEM observations of the morphology of the deposited

coatings revealed that the thickness of the coating was

20 lm. The coating consisted of smooth, plate-like

monetite crystals (Fig. 1c and d), which agglomerated

together and formed a dense structure. Monetite crystals

had dimensions of 20 9 10 9 5 lm.

After the 24 h hydrothermal treatment in sodium

hydroxide alkaline solution of the Ti discs, coated with

monetite crystals, the chemical composition of the coatings

was examined using the EDS. The coating consisted of Ca, P,

O elements (Fig. 2a), the traces of Na and Si were also

detected.

The structural analysis of the coating (Fig. 2b) demon-

strated that only HA characteristic peaks were present in

the XRD pattern, which were indexed according to the

reference data JCPDS 09-0432. The peaks broadening in

the XRD patterns could be attributed to the relatively

small, nanometer size of the HA crystals, which was con-

firmed by the SEM observations (Fig. 3a). The results of

the refinement analysis of the HA coating are presented in

Fig. 2b and Table 1.

The FTIR analysis of the coating (Fig. 2c) revealed bands,

which are characteristic to HA. The IR spectrum was dom-

inated by the PO4 bands typical to the apatite phase, i.e. triply

degenerated m3PO4 asymmetric mode at 1,086 (shoulder) and

1,018 cm-1, non-degenerated symmetric stretching mode of

m1PO4 at 962 cm-1 and the components of the triplet of

m4PO4 bending mode at 625 cm-1 and 600 cm-1. Overlap-

ping carbonate bands were observed at 1,550–1,350 cm-1

(m3), 875 cm-1 (m2) and 710 cm-1 (m4). The broad band of

low intensity in the high energy region (3,600–3,000 cm-1)

together with the weak band around 1,640 cm-1 of the

Fig. 1 EDS analysis of

chemical composition of the

monetite coating (a) and the

XRD profile of the coating (b).

SEM morphology of the

monetite coating crystals (c, d)
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H–O–H bending mode was assigned to the traces of water

incorporated into the crystal lattice of the structure [34, 35].

The band, which corresponds to the stretching vibration of

the OH- group at 3,570 cm-1 was observed.

The SEM observations of the HA coating revealed that

the thickness of the coating remained 20 lm and it con-

sisted of nano-sized bundles of needle-like HA crystals

(Fig. 3a), which were agglomerated together following the

Fig. 2 a EDS analysis of

chemical composition of the HA

coating. b XRD profile of the

coating. The calculated plot is

presented as a continuous line

through the data points. The

residues plot and the position of

the peaks of the HA phase are

presented below the XRD

profile. c FTIR spectrum of the

HA coating

Fig. 3 SEM image of the HA

coating morphology (a, b and

c) and the AFM topographical

image of the HA coating (c)
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geometry of the large plate-like shape of the precursor

monetite crystals (Fig. 3b and c). Profile (Fig. 3d) and the

average roughness of the HA coating, Ra = 362 nm, was

measured using AFM.

The scratch experiments showed that the monetite

coating starts to deform plastically at the initial load of 1 N

followed a continuous smooth-based scratch formation

(Fig. 4a). Monetite coatings typically exhibited their first

catastrophic failure (i.e. exposure of the substrate; Fig. 4a,

arrow 1) at normal loads of 5.2–5.6 N with a correspond-

ing friction force of approximately 1.4 N. The critical

normal force was determined from the analysis of the

scratch tracks in the SEM to locate the position of a failure.

The corresponding normal and tangential forces were then

identified from the curves measured by the scratch tester.

Scratch experiments on the HA coatings showed the first

catastrophic failure typically at normal loads 1.3–1.7 N

(Fig. 4b, arrow 1), corresponding to a friction force of

approximately 0.5 N.

4 Discussion

4.1 Deposition of monetite

In the presented study HA coating was prepared on a Ti

substrate in mild conditions using chemical deposition

method, which may allow the incorporation of a protein

based drug into the coating. HA coating was prepared in

two stages. At the first stage a calcium phosphate coating

was produced in the acidic conditions at pH = 2.77. The

calcium phosphate nature of the coating was confirmed by

EDS (Fig. 1a). According to the solubility diagrams of

calcium phosphates [36], monetite is the most stable phase

of calcium phosphates in acidic conditions with pH \ 5.

The XRD analysis of the coating confirmed, that the only

phase of the coating was monetite (Fig. 2a). Stoichiometric

molar calcium phosphate ratio of monetite is 1, while EDS

analysis revealed that the calcium phosphate ratio of the

coating was approximately 0.84. This result suggests a

defective structure of the monetite crystals with a high

concentration of Ca vacancies in the lattice structure.

The pH of the solution was 2.77, which was below the

point of zero charge (PZC) of TiO2, pH 5.9 [37], therefore

the surface of the Ti was positively charged (Fig. 5) [38]:

TiIV � O þ Hþ ! TiIV � O� Hþ ð1Þ
Using X-ray photoelectron spectroscopy (XPS), it has

been demonstrated that this positively charged layer

attracts negatively charged PO4
3– ionic species from the

Table 1 Refined structural parameters of the coating. Space group

P63/m (hexagonal), a = b = 90�, c = 120�. Cell parameters (a, c),

profile residues (Rp) and weighted profile residues (Rwp) are

presented

a (Å) c (Å) Rp (%) Rwp (%)

9.436(3) 6.867(2) 3.53 4.75

Fig. 4 a SEM image of the end of the scratch line (arrow 1) through

the monetite coating. Arrow (1) shows the first failure of the coating.

b SEM image of the scratch line through the HA coating. Arrow (1)
shows the buckling failure of the coating

Fig. 5 Schematic representation of the surface reaction of the

monetite formation on the Ti substrate
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bulk of the electrolyte solution (Fig. 5), followed by the

Ca2? ionic species to compensate the formation of the

negative charge [39]. In this region, there is an excess of

the ion concentration of the opposite charge in respect

to the equilibrium concentration, which in turn results in

the greater long range Coulomb interactions between the

pairs of ions, giving raise of the structural order in

the neighborhood of the ions and, consequently, the

nucleation and growth of crystals. The Debye-Hückel

approximation of the mean-field Poisson-Boltzmann

equation introduces the Debye length parameter [40],

which indicates the distance from the charged surface of

the substrate into the bulk of the electrolyte solution,

where the electrical charge and the thermal energy are

balanced (Fig. 6a):

k2
D ¼

ee0kBT
P

k nkqk
ð2Þ

Here, e is the dielectric permittivity of the solvent, e0 is

the permittivity of vacuum, kB is the Boltzmann’s constant,

T is the absolute temperature, nk is the number density of

ion species k, qk is the charge of the ion of species

k. Substitution of the ionic strength of the electrolyte

solution I ¼ 1
2

P
k ckzk, where ck is the molar concentration

of the ion species k and zk is the valence of the ion species

k, into the Eq. 2, gives:

k2
D ¼

ee0kBT

2NAe2I
ð3Þ

Where NA is the Avogadro number and e is the

elementary charge (Fig. 6b).

From the Eq. 3 it follows that the Debye length is much

less dependent on the temperature of the system (Fig. 6b)

than on the ionic strength (Fig. 6b and c). Hence, to match

the values of the monetite lattice parameters (a = 6.910 Å,

b = 6.627 Å, and c = 6.998 Å [JCPDS 70-0360]) with kD

and in the same time to ensure the stability of protein based

drugs in drug delivery applications, the temperature of the

system was fixed at 75C� and the ionic strength of the

solution was carefully selected at 0.2 M (Fig. 6c).

4.2 Monetite-to-apatite conversion

At the pH values above 9, the most stable calcium phos-

phate phase in aqueous solutions is HA [41]. At such pH

values, monetite phase is unstable and monetite crystals are

dissolved, making the solution at the vicinity of the

monetite crystals supersaturated in respect with Ca2? and

PO4
3– ions, followed by the precipitation of a stable HA

phase at the precursor surface of monetite crystals. The

transformation of monetite to HA in alkali solution has

been previously described in terms of dissolution and

Fig. 6 a Schematic

representation of the

Ti—Electrolyte interface.

b Dependency of the Debye

length from the ionic strength of

the electrolyte and temperature.

c Dependency of the Debye

length of the ionic strength at

75�C
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re-precipitation processes and the proposed mechanism

was described using the following equations [42]:

CaHPO4 ! Ca2þ þ HPO2�
4 ð4Þ

10 � xð ÞCa2þ þ 6CaHPO2�
4 þ 2OH�

! Ca10�x PO4ð Þ6 OHð Þ2; 0\x\1 ð5Þ

Taking into account results of the EDS analysis

(Fig. 2a), Ca/P ratio of the deposited HA coatings was

estimated and was found to be approximately 1.20. This

Ca/P ratio is much lower than the molar Ca/P ratio of the

stoichiometric HA, which is 1.67. Also EDS detected an

appreciable quantity of sodium (Fig. 2a). This result

suggests that the deposited coating is calcium deficient

defect structure with high density of vacancies and with

Na? ions partially replacing calcium. Traces of silicon

were also detected by EDS (Fig. 2a). These traces of

silicon was probably due to the leaching of ions of silicate

from the glass walls of the beaker in a highly alkali

conditions, pH = 12.84, during the conversion of monetite

to HA. These EDS results suggest a possible substitution of

phosphate ions by silicate (SiO4)4– ions, which also yield

the loss of OH– ions [43, 44].

The FTIR results showed the position of carbonate

bands at 1,550, 1,450 and around 1,412 cm-1, indicating

the formation of a carbonated apatite with B-type sub-

stitution, while the peaks at 1,574 and 879 cm-1 were

assigned to the m3b modes of the A-type CO3
2– ions

(Fig. 2c). These findings suggested that the prepared

apatite coating is calcium deficient with CO3
2– ions

substituting both OH– and PO4
3– sites. These observations

were in the agreement with the AB carbonate substitution

mechanism proposed by Barralet et al. [45]. The refine-

ment of the XRD data (Table 1) revealed an increase in a

axis in comparison with the stoichiometric HA

(a = 9.418 Å, c = 6.884, JCPDS 09-0432) and the con-

traction of the c axis, which confirmed that the substitu-

tion ions are indeed incorporated into the HA crystal

lattice structure.

Taking into the account the EDS, XRD and FTIR results

the general formula of the prepared HA coating can be

written as follows:

Ca
10�a

2
�b

2
Naa PO4ð Þ6�b�c CO3ð Þb SiO4ð Þc OHð Þ2�c�2d CO3ð Þd

ð6Þ

The nanometer size of the HA crystals, which was

observed in the SEM (Fig. 3a), is comparable with the size

of HA crystals, which form the mineral phase of human

bone. Such compatibility may be beneficial in terms of the

formation of tight implant-to-bone interface due to partial

resorbtion of the upper layers of the coating by osteoclasts,

followed by the formation of bone by osteoblasts.

4.3 Coating mechanical properties

SEM observations of the scratch tracks of the monetite

coatings (Fig. 4) revealed that, as the load was increased in

the scratch test, the monetite coating was progressively

plastically deformed, thus increasing the strain at the

interface, until the critical load was reached causing

delamination with the substrate. Such failure mode is

typical to soft coatings on harder substrates [46]. In this

case, the equation of Benjamin and Weaver [47] can be

used to calculate the critical shearing stress for coating

removal:

sc ¼
kAH
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � A2
p ð7Þ

where A ¼
ffiffiffiffiffi
Lc

pH

q
is the radius of contact, Lc is the critical

load, H = 4.04 GPa is hardness of the substrate material,

R is the radius of the diamond tip and k = 0.2 [48]. The

failure stress induced by the indenter was calculated for

monetite and the HA coatings, and the results are given in

Table 2.

In general, the adhesive strength of coatings is the result

of chemical bonding and mechanical interlocking between

the coating and the underlying substrate. There is no direct

evidence supporting the chemical bonding contribution to

adhesion in HA/Ti interface in the presented system.

However, the interlocking component of adhesion can be

improved through surface roughening, similarly as it is

done for plasma spraying. Further improvements of the

interfacial bonding between ceramic coating and metallic

substrate may be achieved by preparing porous titania

layers using anodic oxidation of the Ti surface or oxidation

of the Ti surface in hydrogen peroxide solution [27]. These

layers are mainly consisted of the rutile phase and it was

reported that due to the close match between the O–O

distance in the (110) plane of rutile and the Ca–Ca distance

in the (100) plane of the carbonate incorporated apatite,

this method was found to be effective in depositing of

highly adhesive apatite coatings [49]. Another promising

pre-treatment method was the acid treatment of the Ti

surface, followed by heat treatment. It was reported that

using this method the positive charge of the Ti oxide

substrate was increased and induced the formation of HA

coating in the simulated body fluid (SBF) [39]. Alternative

method, which achieved a high bonding strength between

Table 2 Critical load measured during scratch tests and the

calculated mean failure stress

Coating Critical load Pc, N Failure stress, MPa

Monetite 5.45 ± 0.16 84.20 ± 1.27

HA 1.53 ± 0.16 44.40 ± 2.39
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HA and Ti substrate, was the alkali treatment of the Ti

substrate, followed by the heat treatment [50].

5 Conclusions

Well-crystallized and dense HA coatings were prepared on

a flat Ti substrate using the two-stage process. Firstly,

monetite coating was deposited using the chemical depo-

sition technique, which was followed by the transformation

of the monetite coating to the HA coating using hydro-

thermal process at a moderately low temperature (75�C).

The prepared HA coatings were carbon-rich calcium-

deficient apatite. The critical shearing stress of the HA

coating was 44.40 ± 2.39 MPa, which can be used as a

measure of adhesion strength of the coating under scratch.

The conditions of the coatings preparation may allow the

incorporation of the bone morphogenic proteins into coat-

ing materials.
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