
OR I G I N A L AR T I C L E

Determination of optimum Al content in HA-Al2O3

nanocomposites coatings prepared by electrophoretic deposition
on titanium substrate

Nayereh Askari1 | Mardali Yousefpour1 | Masoud Rajabi2

1Faculty of Materials and Metallurgical
Engineering, Semnan University,
Semnan, Iran
2Materials Engineering Department,
Imam Khomeini International University
(IKIU), Qazvin, Iran

Correspondence
Mardali Yousefpour
Email: myousefpor@semnan.ac.ir

Funding information
Semnan University, Iran

Abstract
In this research work, Hydroxyapatite (HA)-Al2O3 bio nanocomposite coatings

were coated on titanium substrate by electrophoretic deposition (EPD) and reac-

tion bonding process. The reaction bonding process densifies the coating and cre-

ates small uniform porosities. HA-Al2O3 bio nanocomposite coatings were

analyzed by X-ray diffraction (XRD) and field emission scanning electron micro-

scopy (FE-SEM). For the coatings sintered for 2 hours at 850°C, XRD results

demonstrated no significant HA decomposition. The adhesion strength increased

from 10.2 MPa to 25 MPa. It was determined that 50 wt.% of Al is the optimum

content for producing free-of-crack composite coatings on the titanium surface as

shown by SEM examination.
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1 | INTRODUCTION

The functions of diseased and broken calcified tissues, such
as bone and teeth, can be restored by applying orthopedic
and dental implants. The good fixation of these implants in
the body depends on the presence of a stable and powerful
interface between the bone and the implant.1,2 Bio inert
metallic implants are used as high load bearing bones
because of their superior strength, biocompatibility, and
corrosion resistance.3,4 Metal implants have been applied in
orthopedics due to their excellent toughness and mechani-
cal strength against bioactive ceramics.5-8 The implants
made by titanium and its alloys have better biocompatibil-
ity, corrosion resistance, and mechanical properties than
other metallic implants.9,10 Hydroxyapatite (HA)-coated
titanium implants are a favored option for biomedical
applications due to its preferential biocompatibility and
osteoconduction.11-16 Among different methods utilized for
HA-coated implants, electrophoretic deposition (EPD)17-25

is a cost-effective method for generating a uniform HA
coating on a metal substrate even with complex geometric

shapes.22,26 However, the HA coatings still have some dis-
advantages such as the release of toxic elements from metal
substrate, thermal expansion mismatch between metal sub-
strate and HA coating, and decomposition of the HA coat-
ing at high temperature which is an inherent, inevitable
part of production process.27,28 To solve these problems,
several studies have been conducted, such as micro arc
TiO2 and anodic Al2O3 between bioactive HA coating and
metal substrate, which led to some helpful results.29-31 The
problems caused by the shrinkage of ceramics during sin-
tering can be solved by a reaction bonding process. When
sintering process performs in an oxidizing air atmosphere,
the metal phase changes to the metal oxide phase which is
sintered and bonded to the substrate. Volume expansion
created by the Al?Al2O3 reaction compensate the sintering
shrinkage between coating and substrate. Therefore, low-
shrinkage Al2O3 ceramics are produced.32,33 In this
research project, the suspensions containing 20 g/L of HA
nanoparticles and Al nanoparticles were prepared by differ-
ent compositions. Isopropanol and acetone with the ratio of
50/50 and iodine (0.6 g/L) were used as a medium
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suspension and dispersant, respectively. HA-Al2O3 bio
nanocomposite was coated on the titanium surface by EPD
and reaction bonding process. Increasing the Al content in

nanocomposite coatings decreased the cracks on the surface
of coatings, as in HA-50 wt.% Al coatings, free-of-crack
surface was obtained.

2 | EXPERIMENTAL

2.1 | Materials

For this study, HA nanopowder containing Ca(NO3)2
4H2O and (NH4)2 HPO4 was produced by the chemical
precipitation method.34 Figure 1 shows the detail of experi-
mental procedure and the conditions of HA nanopowder
produced by this technique. Then, the resulting powder
was characterized after calcination by X-ray diffraction

Ca2+ Solution HPO2- Solution

Mixed solution

Precipitation
Stirring 1h

Non-crystalline HA powder

Crystalline HA powder

Calcination

Ageing 24h, washing and filtering

Dissolution
in deionized

 water

Ca (NO3)2.4H2O (NH4)2HPO4

FIGURE 1 Modified chemical
precipitation route for HA powder
preparation

TABLE 1 Suspensions used for the preparation of HA-Al2O3

coatings

Suspension HA powder (Wt. %) Al powder (Wt. %)

S1 100 0

S2 90 10

S3 80 20

S4 70 30

S5 50 50

FIGURE 2 The X-ray diffraction
pattern of nano-HA particles
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(XRD) (Cu Ka radiation [Ka = 1.5406 �A]) and FE-SEM.
Al nanopowder prepared by a satellite mill (Tajhiz Ceram
of Iran) for 10 hours from Al powder with a purity of more
than 99.5% (PMC, Iran, D < 60 lm).

2.2 | Suspension preparation and the
deposition

The suspensions containing 20 g/L of HA nanoparticles and
Al nanoparticles were prepared by different compositions
(listed in Table 1) in isopropanol (99.9%; Merck, Darmstadt,
Germany) and acetone (99%; Merck) with the ratio of 50/50.
PEG (0.2 g/L; Merck, reagent grade) and iodine (0.6 g/L;
Merck) were used as dispersant and binder, respectively. Then,
the mixture was magnetically stirred for 24 hours. Finally, the

suspensions were dispersed by an ultrasonic device (Bandelin
Sonorex Digitec, Berlin, Germany) for 30 minutes. Titanium
plates (grade 2, ASTM B265 pure Ti) were cut with a size of
30 9 10 9 0.8 mm and used as substrate materials. The tita-
nium plates were sandblasted and cleaned by acetone, using
an ultrasonic device. They were used as cathode for EPD and
the anode was a stainless steel plate. The distance between the
electrodes was 2 cm. EPD process was carried out at a con-
stant voltage of 30 V for 40 seconds. Then, coated specimens
were dried at room temperature. Then specimens were placed
in a furnace in air and heated to 660°C with a rate of 2°C/min
and kept at this temperature for 2 hours for the oxidation of Al
to Al2O3. Thereafter, the specimens were placed in a tube fur-
nace and the temperature increased with the same rate up to
850°C and held for 2 hours in an argon atmosphere for sinter-
ing. Finally, the specimens were cooled to room temperature
in the furnace with a rate of 1°C/min.

2.3 | Characterization

Surface and cross-section morphologies of coatings were
examined by Mira3Tescan FESEM (Cheek Republic).
Chemical composition was analyzed by EDX (Oxford,
UK) connected to the FESEM. Phase composition of the
coatings was analyzed by XRD (APD 2000 GNR, Italy)
using a Cu Ka radiation, with a scan step size of 0.02. The
bonding strength of the coated specimens was tested in
accordance with ASTM-C633.25,35,36 The value of bond
strength was measured using a Universal Testing Machine
(Zwick/Roell Z010, Ulm, Germany) with a crosshead rate
of 1 mm/min.The failure force (F) was determined when
the coating was isolated. The bonding strength (rf) was
calculated by Equation 1:

FIGURE 3 FE-SEM of hydroxyapatite nano powder

FIGURE 4 XRD patterns of the
composite coatings result than HA/Al
suspensions before heating
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rf ¼ F
S

(1)

where F is the failure force and S is the surface of isolated
coating.

MG-63 osteoblast cells (NCBI C555 Pasteur Institute of
Iran) were used for cell culture test. To determine the toxicity
of samples and their effects on cell growth and proliferation,
the direct contact method was used. The specimens were
sterilized in an autoclave. For MTT (3-(4, 5-dimethylthiazol-
2-yl)-2, 5-diphenyl tetrazolium bromide) test, 2 9 104 cells
were placed in a volume of 100 mL culture medium on each
of the sterilized samples in 12-well plates. Then, the samples
were placed in an incubator at 37°C for 4 hours until the
cells attached to the surface of specimens. After ensuring cell

adherence, 2 ml of culture medium was added to each well.
The culture medium on cells was discharged as much as pos-
sible after 2 and 4 days, and 400 lL MTT (Sigma, St. Louis,
MO) with a concentration of 5.0 mg/ml was poured in each
well in the incubator for 4 hours. After 4 hours, the solution
on the cells was removed and isopropanol was added to them
to dissolve the created purple crystals. The plates were
placed on a shaker device for 15 minutes to dissolve the pre-
cipitated MTT completely. Then, 100 lL of purple solution
from each well was transferred to a 96-well plate. Thereafter,
the amount of material dissolved in isopropanol was mea-
sured, using a micro plate reader (STAT FAX 2100, USA)
with a wavelength of 570 nm. The wells with a large number
of cells showed optical density (OD) higher than the wells

FIGURE 5 XRD pattern comparison
of composite coating result than HA-50%
AL suspension before and after heating at
650°C

FIGURE 6 XRD patterns of the HA/
Al2O3 composite coating after sintering at
850°C

4 | ASKARI ET AL.



with a lower number of cells. Therefore, wells with higher
cells were determined by the following equation (Equation 3)
and compared with the control sample (blank). It should be
noted that each sample was repeated 3 times.

Toxicity% ¼ 1�mean OD of sample
mean OD of control

� �
� 100 (2)

Viability% ¼ 100� Toxicity%

3 | RESULTS AND DISCUSSION

Figure 2 shows the XRD result of HA nanopowders syn-
thesized by the precipitation method. It shows that there

are no other phases except HA that has hexagonal crystal-
lographic structure with a space group P63/m. The mean
crystallite size (d) of the synthesized particles was calcu-
lated by Scherrer Equation:37,38

d ¼ 0:94k
bcosh

(3)

where k is the wavelength (Cu Ka), b is the full width
at half maximum of the HA lines, and h is the diffrac-
tion angle. The size of crystallites is about 50 nm. Fig-
ure 3 shows the FE-SEM images of HA nanopowders
synthesized by the precipitation method. The particles
have nearly spherical morphology with a size of

FIGURE 7 FE-SEM images of HA
coating and HA-Al2O3 composite coatings
after sintering at 850°C: A, 0 wt. % Al; B,
10 wt. % Al; C, 20 wt. % Al; D, 30 wt. %
Al; and E, 50 wt. % Al
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approximately 60 nm. X-ray diffraction results of the
coatings, before and after heating at 650°C, and after sin-
tering at 850°C in argon, are presented in Figures 4-6.
As can be seen, before sintering, in addition to the
hydroxyapatite peaks (2h = 31.717, 32.155, 32.8, 39.72,
46.62), aluminum (2h = 38.488°, 44.74°, 65.12° and
78.26°) alumina and titanium peaks are also observed. It
shows that a small amount of aluminum powder changes
alumina during milling, and titanium peaks are related to
the Ti-substrate. In the spectra, as can be seen, the
amount of hydroxyapatite decreases, and the amount of
Al increases, which is logical. Moreover, as can be seen
in Figure 5, after heating at 650°C, the aluminum peak
at 2h = 38.2 is invisible, which could be related to the
changing of Al phase to Al2O3. Furthermore, the pres-
ence of a peak at 2h = 37.9 in the XRD pattern of the
heated sample at 650°C is due to the presence of

alumina phase, showing that Al2O3 has been produced
when Al particles arec converted into Al2O3. The appear-
ance of peaks of cubic-Al2O3 in the patterns confirm the
occurrence of oxidation of Al?Al2O3 during sintering
and that most of the Al particles were oxidized into
Al2O3 In order to work of E. Karimi and J.-C.
Huang.25,33 In addition, Ti atoms in the substrate have
been oxidized and converted into TiO2 during sintering
at 850°C. As shown in Figure 6, after sintering of the
green HA/Al coating at 850°C, no tri-calcium phosphate
(TCP) phase is observed. Figure 7 shows the FESEM
images of HA coating and HA-Al2O3 composite coatings
after sintering at 850°C. The HA grains are brighter and
the alumina grains are the dark ones. As it can be
observed for HA-50 wt.% Al nanocomposite coating, a
uniform microstructure without any cracks and agglomer-
ation formations has been produced. As can be seen,

FIGURE 8 Thermal expansion
coefficients of HA matrix composite
coating with Al2O3

FIGURE 9 Surface morphologies of
A, HA coating and B, HA/Al2O3 composite
coating, after sintering at 850°C
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cracks are observed on the surface of other HA coatings.
The results confirmed that HA coating has a tendency to
crack, which is due to the mismatch shrinkage during
the sintering process between the coat and substrate.39,40

Increasing the Al content in coatings decreased the
cracks on the surface of coatings, as in HA-50%Al coat-
ings, no cracks were observed. Thermal expansion

coefficients (CTE) of HA- Al2O3 decreased as the
amount of Al2O3 increased. The CTE of the metal and
the ceramic coatings are presented in Figure 8. The CTE
of Ti is close to that of the composite containing
40 wt.% Al2O3. With increasing Al2O3 to 50 wt.%, CTE
of HA decreases from 9.36 9 10�6 1/°C to 8.17 9 10�6

1/°C, which is less than that of Ti substrate (CTE of Ti
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FIGURE 10 Cross-sectional microstructure and the corresponding local EDS of HA-20 wt. % Al coating

TABLE 2 Bonding strength test results for HA and HA-Al coatings after sintering at 850°C

Coatings HA HA-10 wt.% Al HA-20 wt.% Al HA-30 wt.% Al HA-50 wt.% Al

Bonding strength (MPa) 10.2 12.5 13.2 14 25
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is 8.4 9 10�6 1/°C) in order to Zafer Evis et al.41 Fig-
ure 9 shows the surface morphologies of sintered HA
and HA-50 wt.% Al composite coatings. As can be seen
in Figure 9A, large pores remained in the HA coating
which indicates relatively low densification. Moreover, in
Figure 9B, the pores within the HA/Al2O3 nanocomposite
coating are lower and smaller than that of the HA coat-
ing. It can be concluded that the HA/Al2O3 nanocompos-
ite coating was better sintered with a higher densification
than other HA coatings. Figure 10 shows the cross-sec-
tional microstructure and the corresponding local EDS of
HA-20 wt.% Al coating sintered at 850°C after the bond-
ing strength test. Section A is the part of the coating that
includes Al2O3, HA and TiO2, and section B is the tita-
nium substrate. The bonding strength values of different
coatings based on the Al wt.% in suspensions are pre-
sented in Table 2. As can be observed, the bonding
strength of the HA 50 Wt. % Al is much higher than
that of the pure HA coating. The relatively poor adhe-
sion of HA coating mainly arises from the presence of
cracks and residual stress after the heat treatment. It is
higher than the reported value 23.54 MPa for HA/Al
functionally gradient coating by Huang et al.33 Wu Zhen-
ju et al42 reported the adhesive strength of the HA/A1203
bio composite coating on titanium prepared by the multi-
step technique, including physical vapor deposition(PVD),
anodization, electro deposition, and hydrothermal treat-
ment is 21.3 MPa. Figure 11 shows the cell viability
expressed by MTT assay 2 and 4 days in the incubator.
Titanium plate was used as the control process (blank).
As can be seen, most cell proliferation has occurred on
the HA-Al2O3 coating. The work of Sarama Bhattachar-
jee et al43, cytotoxicity data of TiO2/HAp bi-layer, and
HAp- coated Ti, TiO2-coated Ti measured after 48 hours
did not show any significant differences compared to the
control sample and Ti foil. The results thus testify the
high biocompatibility of the implants.

4 | CONCLUSION

HA-Al2O3 composite was coated on Ti plates by EPD
and the reaction bonding process. The reaction bonding
process increases the coating densification. Matching the
thermal expansion coefficient of the ceramic coating with
the metal substrate compensates the bonding and
decreases the number of cracks created on the surface of
the coating. Increasing the Al content in nanocomposite
coatings decreased the cracks on the surface of coatings,
as in HA-50 wt.% Al coatings, free-of-crack surface was
fabricated, which also had the highest bonding strength
than other coatings. Therefore, the optimum amount of Al
to fabricate free-of-crack composite coatings is 50 weight
percent.
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