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Titanium and its alloys are widely used in dental and orthopedic fields due to their excellent chemical
stability. The micro-arc oxidation (MAO) technique is an effective method for coating strontium, calcium,
and phosphorus onto titanium. In clinical application, the adhesion between the coating and the substrate
is important factor for dental implants and artificial joint prosthesis. The present study investigates
the effects of heat treatment on the properties of MAO coatings. The physicochemical characteristics
are investigated using scanning electron microscopy (SEM) observation, thin film X-ray diffraction (TF-

Ilf/i{ ‘;\g)_;drsc: oxidation (MAO) XRD) analysis, and the scratch test. After heat treatment, the TF-XRD results indicate that the tricalcium
Strontium phosphate phase appears at a temperature of 800°C. SEM results show that the surface morphology
Heat treatment does not change. The scratch test results reveal that the adhesion strength between the coatings and
Coatings the substrate increases with increasing heat treatment temperature. Consequently, all findings in this

Mechanical properties study indicated that MAO coatings with heat treatment have good mechanical properties for clinical

applications.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Titanium and its alloys have excellent mechanical properties
and low cyto-toxicity, and are thus widely used in orthopedic
and dental implant applications. Because titanium and its alloys
are bio-inert, it is difficult to achieve a chemical bonding with
bone tissue. In order to improve the bone-bonding ability of tita-
nium, it is a good method that titanium substrates are coated with
bioactive ceramics. Many modification techniques can be used to
coat bioactive materials onto a titanium surface, such as plasma
spraying [1], radio frequency (RF)-sputtering [2], and electrochem-
ical techniques [3]. For example, titanium-alloy implants with
plasma-sprayed hydroxyapatite (HA) coatings have been shown
the direct physicochemical bone bonding and reliable interface
strength to surrounding bone tissue. However, high-temperature
processing of plasma-spraying has several drawbacks, including
poor adhesion between the coating layer and metal substrate, dif-
ficulties in controlling the composition, and in using for complex
surface geometries, such as dental implants with screw. Some clin-
ical studies indicated that the long-term performance of implants
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with plasma-sprayed coatings is not better than that of uncoated
implants [4].

A calcium phosphate ceramic coating on a titanium implant
surface forms a direct and strong bonding with bone and is
more rapidly integrated than metals during the early stage
after implantation. It is noticed that strontium (Sr), which
increases bone formation and reduces bone resorption, is benefi-
cial for biological applications for bone regeneration [5]. Recently,
the strontium-substituted calcium phosphates have been devel-
oped [6]. Strontium-substituted calcium phosphate coatings can
improve fixation and extend lifetime of the implant. However,
strontium-substituted calcium phosphate ceramics have insuffi-
cient mechanical strength to be used in load-bearing applications.
The excellent biocompatibility and bioactivity of ceramics and the
good mechanical properties of titanium and its alloys can be com-
bined using modification techniques.

A particular electrochemical technique, the micro-arc oxidation
(MAQO, also called as anodic spark oxidation or micro-arc discharge
oxidation) process is an effective technique for forming oxide coat-
ings on metal surfaces such as aluminum, magnesium, zirconium,
and titanium. This method combines the chemical and morpholog-
ical modification of titanium surfaces in a single process step, and
allows coatings properties such as oxide thickness, chemical com-
position, pore size, and roughness to be easily controlled. Besides,
an advantage of MAO method is to form uniformly porous oxide
coatings on implant surfaces with complex geometries. However, it
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Table 1
Composition of MAO electrolyte.

Specimen Solution composition (M)
NaH,P04-H,0 Ca(CH3C00),-H,0 Sr(OH),-8H,0
CP 0.06 0.13 0
CPS1 0.06 0.1287 0.0013
CPS5 0.06 0.1235 0.0065
CPS10 0.06 0.117 0.013

has been recognized that MAO coatings containing strontium have
an amorphous phase [7]. An appropriate thermal treatment could
enhance crystallization because amorphous calcium phosphate is
thermodynamically metastable [8]. It has been suggested that the
mechanical properties of MAO coatings containing strontium could
be improved by heat treatment.

In the present study, MAO was used to modify a titanium surface
in aqueous electrolyte, allowing strontium, calcium, and phospho-
rus to be incorporated into a titanium oxide matrix in a single
anodic oxidation reaction. Heat treatment was used to modify the
microstructure, crystallinity, phase, and mechanical properties of
MAO coatings. The MAO coating microstructure was observed by
scanning electron microscopy (SEM). The crystallinity and phase
of the MAO coatings were identified using thin-film X-ray diffrac-
tion (TF-XRD). The scratch test method was used to evaluate the
mechanical properties.

2. Materials and methods
2.1. Preparation of specimens and post-heat treatment

Medical grade titanium (commercially pure Ti, Grade 2, ASTM F-67) was selected
as the substrate. The dimension of the titanium disk was 12.7 mm in diameter and
2mm in thickness. The substrates were ground using silicon carbide papers from
320-, 400-, 600-, 800-, 1000-, 1200-, 1500-grit, in sequence, and then ultrasonically
cleaned in acetone, ethanol, and de-ionized water prior to micro-arc oxidation. Four
kinds of electrolyte were applied to modify the composition of MAO coatings. The
MADO electrolyte was prepared by dissolving sodium phosphate monobasic monohy-
drate (NaH;PO4-H,0), calcium acetate hydrate (Ca(CH3C0O),-H,0), and strontium
hydroxide 8-hydrate (Sr(OH),-8H,0) in de-ionized water.

For MAO treatment, the specimens were anodizied with a DC power supply
(GPS-60H15S, GW). The specimen was used as the anode, and a stainless steel plate
was used as the cathode in the electrochemical cell. The samples were treated with
an applied voltage of 350V for 1 min. The electrolyte temperature was cooled by
a circulating water system to keep the temperature at 25 °C. After MAO treatment,
the samples were sequentially rinsed with acetone, ethanol, and de-ionized water,
and then dried in an oven. By adjusting the strontium content in the electrolyte,
four kinds of MAO coating were prepared. As shown in Table 1, the MAO specimens
are denoted as CP, CPS1, CPS5, and CPS10 in accordance with the preparation of
experimental materials formed by strontium content in electrolyte, respectively.
The characteristics of the MAO coatings are summarized in Table 2 [7]. For heat
treatment, the specimens were heated at temperatures of 400-800 °C, respectively
with a heating rate of 5°Cmin~' and then held for 2 h.

2.2. Materials characterization

After heat treatment, the MAO coatings phase was identified by TF-XRD (Rigaku
D/max III. V) with a scan speed of 4° min~! between 20 and 60 (20 angle), using
Cu-Ka radiation. The surface morphology of the specimens was observed by SEM
(JEOL JSM-6390LV).

Table 2

Elemental composition and thickness of MAO coatings [7].
Specimen EDX results (wt%) Thickness

Ti 0 Ca P Sr (pm)

CP 45.02 48.36 3.69 2.93 0 3.72
CPS1 45.18 48.13 3.67 2.87 0.15 3.70
CPS5 45.21 48.03 3.40 2.81 0.55 3.79
CPS10 45.47 47.85 3.19 2.55 0.94 3.74

2.3. Mechanical property test

The scratch test was used to evaluate the adhesion between the coating and the
substrate. The mechanical strength of adhesion between the MAO coatings and the
substrate was measured using the scratch test (MFT-4000) with a 200-pm radius
diamond indenter. Three specimens were utilized for the determination of adhesion
strength. The load speed was 10N min~' and the scratch length was 4 mm. The
datasets were processed using proprietary software to produce load-displacement
curves. The adhesion strength was calculated from the slopes of the curves. After
the scratch test, the scratch morphology was observed by SEM.

3. Results
3.1. Morphology of MAO coating surface

Fig. 1(a-f) shows SEM micrographs of the MAO CPS10 coatings
after heat treatment at various temperatures. At low magnifica-
tion, the rough and three-dimensional structures with open pores
were observed in all as-prepared and heated specimens. These
open pores are characteristically produced by the spark discharge
in the MAO process. In comparison with as-prepared MAO CPS10
coatings, all specimens with heat treatment showed the same mor-
phology. High-magnification morphologies of four MAO coatings
after heat treatment at a temperature of 800 °C are shown in Fig. 2.
There are visible microcracks in the MAO coatings and some pre-
cipitates were observed on the surface.

3.2. Phase identification

The phase of MAO coatings with heat treatment was char-
acterized by TF-XRD analysis. Fig. 3 shows the XRD patterns of
MAO CPS10 specimens before and after heat treatment at various
temperatures (400-800 °C). Before heat treatment, three kinds of
phase, namely the anatase (TiO,), rutile (TiO5 ), and titanium phases,
were identified from the diffraction patterns, as shown in Fig. 3(a).
The results indicate that the MAO coatings are mainly composed
of the anatase structure containing rutile. During the MAO pro-
cess, the electrolytes provided strontium, calcium, and phosphorus,
which became incorporated into the TiO, matrix of the coatings.

After heat treatment, the intensity of the anatase and rutile
phases became stronger, as shown in Fig. 3(b-f). The diffraction
peaks of tricalcium phosphate (Ca3(PO4),) were detected on the
surface of MAO coatings after heat treatment at a temperature of
800°C. The results indicate that heat treatment enhances the crys-
tallinity of TiO, (anatase and rutile) and induces the crystallization
of the amorphous CaP. The XRD patterns for four kinds of MAO
coating with heat treatment at various temperatures exhibited the
same trends.

3.3. Scratch tests

The critical load values of MAO coatings with heat treatment
at various temperatures are shown in Fig. 4. The values of critical
load increased with increasing heat treatment temperature. The
critical load of as-prepared CPS10 coatings was 11.3N. The crit-
ical load of CPS10 specimens increased to 13.3, 16.2, 18.2, 19.4,
and 21.4N after heat treatment at temperature of 400, 500, 600,
700, and 800 °C, respectively. The results reveal that heat treatment
improves the adhesion strength between the MAO coating and the
titanium substrate.

Fig. 5 shows the whole track morphology of the scratch test of
the MAO coatings. A typical image of a scratch indicates the location
of penetration through the MAO coatings to the titanium substrate.
The MAO coatings were extruded to both sides at the beginning of
the track. Severe delamination and fractures can be seen in the coat-
ing. At the beginning of the track, the broad scratch width of the
as-prepared MAO coating (Fig. 5(a)) was compared with those of
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Fig. 1. Morphologies of (a) as-prepared MAO CPS10 coatings and MAO coatings heat treated at (b) 400°C, (c) 500°C, (d) 600°C, (e) 700°C, and (f) 800°C.

other specimens. The width of the scratch decreased with increas-
ing heat treatment temperature, indicating that the as-prepared
MAO coating was ductile. At the end of the track, the MAO coat-
ings with heat treatment at a temperature of 800 °C showed large
fractures, which shows the brittleness of MAO coatings after heat
treatment, especial at high temperature.

4. Discussion

There are many modification techniques for improving the bio-
compatibility of titanium implants. They change the structure,
chemical composition, and morphology of the titanium surface. The
MAO technique, which combines chemical composition and mor-
phological modification in a single step, is a simple, controllable,
and cost-effective method compared to other techniques such as

plasma-spraying. The MAO process produces porous and uniform
oxide coatings on implant surfaces with complex geometries, such
as dental root implants. As shown in Fig. 1(a), the microstructure
of the MAO coating has a uniform, porous, and three-dimensional
structure. Table 2 indicates that the MAO electrolyte contain-
ing strontium, calcium, and phosphorus produced coatings with
Sr-Ca-P embedded in the TiO, matrix. Choi et al. [9] investigated
the formation of coatings on screw-shaped implants by applying
various voltages. Their results revealed that the pore size, thickness,
and roughness increased with increasing voltage, and the MAO sur-
face morphology implant could introduce the more endosteal and
periosteal bone formation in rabbit tibia.

As shown in Fig. 3(a), the titanium oxide matrix of as-
prepared MAO CPS10 coatings consists of the anatase and rutile
phases. Although the crystalline phase of strontium, calcium, and
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Fig. 2. High-resolution SEM micrographs of MAO coatings heat treated at 800 °C. (a) CP, (b) CPS1, (c) CPS5, and (d) CPS10.

phosphorus are undetectable in MAO coatings by TF-XRD, it can
be inferred that the titanium oxide composition contained the
Sr—-Ca-P-0 amorphous phase [7]. Similar results were obtained in
other studies [10,11]. Han et al. indicated that the MAO coating
was a mixture of the rutile and anatase phases at high voltage [11].
The MAO coating only consisted of the anatase phase at low voltage.
An appropriate thermal treatment can induce new phase formation
and improve crystallinity. In this study, heat treatment affected the
structural properties, such as phase composition and crystallinity
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Fig. 3. TF-XRD patterns of (a) as-prepared CPS10 specimens and CPS10 specimens
heat treated at (b)400°C, (c) 500°C, (d) 600 °C, (e) 700°C, and (f) 800 °C. (®: anatase;
W rutile; O: titanium; v: Ca3(POy4)2).

of TiO,, of MAO coatings. The morphologies of MAO coatings with
heat treatment at various temperatures are shown in Fig. 1(b-f).
Some precipitates can be observed on the surface of the MAO coat-
ings, as shown in Fig. 1(f). TF-XRD diffraction peaks of tricalcium
phosphate (Ca3(POg4),) appear for the MAO coating surface after
heat treatment at a temperature of 800°C, as shown in Fig. 3(f).
This may be attributed to the heat treatment leading to crystal-
lization and new phase formation in the MAO coating [12]. The
intensities of the anatase and rutile phases increased with increas-
ing heat treatment temperature. Moreover, the MAO electrolyte
provides strontium, calcium, and phosphorus, which become incor-
porated into the TiO, matrix of the coatings. As shown in Fig. 2,
the number of microcracks increases with increasing heat treat-
ment temperature. Due to the thermal expansion of MAO coating,

25+
— 20- b FH
z \
= . <IN
g 157 EINIE
= [o‘E ».45 s 2 as-prepared
= e ;/EXEE N B 400°C
2 10+ NE g;:gg N ==E}e
= CEINE TREN mmeoc
6 :EE é?’; s =J700°C
5 NE ElIN EEEE 800°C
e VkH N
SEINE | REIN
0- gE N Z::‘E >

"CPCPSI CPS5 CPS10

Fig. 4. Critical load in scratch test for MAO coatings with heat treatment at various
temperatures.
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Fig. 5. Whole track morphologies from scratch test of (a) as-prepared CPS10 spec-
imens and CPS10 specimens heat treated at (b) 400°C, (c) 500°C, (d) 600°C, (e)
700°C, and (f) 800°C.

there is a mismatch of the crystallization of composition phases
[13]. Goueffon et al. [14] reported that the thermal cycling of black
anodized aluminum alloy enhances cracks and decreases adhesion
of the coating due to the difference in the coefficient of thermal
expansion between the coating and the substrate.

After heat treatment, the increased rutile phase and trical-
cium phosphate phase were observed, as shown in Fig. 3. The
two kinds of phases could improve the properties of the MAO
coatings. For example, the rutile possesses much better protec-
tive property [15] and more stable than anatase phase [16]. Other
study indicated that the titanium was modified by MAO treat-
ment and sequentially was subjected to heat treatment at 600°C
[17]. Because only the phase of rutile was formed by heat treat-
ment, it could induce precipitations of bone-like apatite in the
stimulated body fluid. Saldafia et al. [18] revealed that the rutile
could improve the in vitro biocompatibility, in terms of initial cell
attachment, alkaline phosphatase (ALP) secretion, and osteoprote-
gerin (OPG) secretion. Furthermore, tricalcium phosphate has been
widely used in dentistry and orthopedics due to their excellent bio-
logical properties such as osteoconduction [19]. Ohgushi et al. [20]
showed that the bone formation ability of tricalcium phosphate
implants was similar to hydroxyapatite implants after implantation
for two months. Moreover, the ALP/DNA ratio of tricalcium phos-
phate substrates was higher compared to other substrates of PLLA,
PC, and glass which indicated that tricalcium phosphate substrates
enhance bone mineralization [21]. The results suggested that the
phase formation of rutile and tricalcium phosphate was benefit to
biological properties.

MAO coatings on titanium implants are used in load-bearing
applications in the clinic. Due to the poor adhesion strength of
the coatings, the coating can become separated from the sub-
strate. Good mechanical performance is very important for dental
implants. It has been reported that the fracture site of plasma-
sprayed HA coating moves from the bone-coating interface to the
coating-substrate interface with increasing time [22]. Therefore,
the adhesion strength between the coating and substrate is a key
mechanical property. In this study, the critical load of as-prepared
and heated MAO coatings ranged from 10.4 N to 21.4 N (Fig. 4). Roh-
anizadehetal.[23] deposited an apatite coating onto titanium using
chemical deposition. The coating adhesion was measured using the
scratch test to be about 13.1 N. The HA coating, which was pre-
pared using electrochemical deposition, was scraped off from the
titanium substrate at a load of 20N [3]. A study [24] synthesized
HA powder via a wet method using Ca(NO3), and (NH4),HPO4
and then used the powder to form a suspension with water and

alcohol. An HA coating was then deposited onto titanium using
plasma spraying technique. The adhesion strength of the HA coat-
ings to the substrate was 10-12 N, as obtained from the scratch
test. Arias et al. [25] reported that a thin film of calcium phos-
phate coated onto titanium by pulsed-laser deposition was partially
removed (revealing the substrate) at 9.6 N. In the present study,
heat treatment improved the adhesion strength between the MAO
coating and the titanium substrate.

The results of the scratch test are a function of the coating thick-
ness, ductility, shape, and brittleness [23]. Some studies reported
that the thickness of coatings significantly influences the mechan-
ical properties [26]. For example, the mean critical load increased
with increasing thickness of a coating prepared by anodization [27].
Chen et al. [28] reported that the 20-pm thick MAO TiO, coatings,
whose critical load in the scratch test was about 36N, showed a
high adhesion strength. As shown in Table 2, the average thick-
ness of four kinds of MAO coating was 3.7 wm. The critical load
in the scratch test was about 11 N. This result indicates that there
was excellent adhesion strength between the MAO coating and the
substrate. Moreover, a crystalline amorphous coating, which was
prepared by pulsed-laser deposition on a substrate maintained at
460°C, deforms plastically without detaching from the substrate
[25]. As shown in Fig. 5, fractures were observed for the scratch
track with high-temperature heat treatment. This reveals that the
MAO coatings became brittle after high-temperature heat treat-
ment. Fig. 4 shows the critical load in the scratch test for the MAO
coatings with heat treatment at various temperatures. The critical
load value for the MAO coatings with heat treatment at a tem-
perature of 800°C is 2-fold that of the as-prepared MAO coatings.
The results show that the MAO coatings with heat treatment had
improved adhesion strength. Ishizawa et al. [29] reported that the
push-out strengths of anodic amorphous calcium phosphate oxide
films on titanium were lower than those for hydrothermally treated
films after 8 weeks of implantation in rabbit femurs.

In this study, strontium, which simulates bone formation and
decreases bone resorption, was incorporated into the MAO coat-
ings. As shown in Fig. 4, the adhesion strength increased with
increasing heat treatment temperature. This suggests that heat
treatment improved the mechanical properties. However, the crit-
ical load value did not differ significantly between the heat-treated
MAO coatings containing different contents of strontium, as shown
in Fig. 4. The whole track morphologies of the four kinds of MAO
coatings with heat treatment at various temperatures show the
same trend. The results reveal that the strontium in the MAO
coatings did not affect the adhesion strength. Therefore, excellent
adhesion strength of the MAO coatings can be attributed to heat
treatment. The increased rutile phase and new phase of tricalcium
phosphate were benefit to biological responses. Further studies will
have to be performed to confirm the effect of heat treatment on the
biological performance of the MAO coatings, such as bioactivity and
biological properties.

5. Conclusions

The coatings containing strontium, calcium, and phosphorus
with a uniform and porous structure were fabricated using the MAO
technique. The effects of heat treatment on the microstructure and
adhesion strength of MAO coatings were characterized using SEM,
TF-XRD, and the scratch test. The following results were obtained:

(1) The surface morphologies of the MAO coatings did not change
after heat treatment. TF-XRD patterns show that the crys-
tallinity of the anatase and rutile phases increased with increas-
ing heat treatment temperature. Moreover, the tricalcium
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phosphate (Ca3(P0O4);) phase was observed after heat treat-
ment at 800°C.

(2) Due to the thermal expansion mismatch between the MAO
coatings and the titanium substrate, large fractures were
observed after heat treatment at 800 °C.

(3) The adhesion strength of the MAO coatings increased with
increasing heat treatment temperature. The existence of stron-
tium in the MAO coatings did not alter the mechanical strength
compared to Sr-free MAO coatings.

All measurements indicate that the mechanical properties and
crystallinity of MAO coatings are improved after heat treatment.
Heat treatment at an optimal temperature can enhance adhesion
performance of MAO coatings for medical applications.
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