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Abstract

Background: Hydroxyapatite (HA) has been widely used in hard-tissue repair applications, such as implant coatings and bone
substitutes, because of its stability under in vivo conditions and its osteoconductivity.

Objectives: The aim of this study was to investigate the effects of HA coating applied on two different metallic materials that are
used as implants, with regard to the substrate and electrochemical parameters of their microstructure.

Materials and Methods: HA coating was applied on AZ31 magnesium alloy and stainless steel 304, metallic materials used as im-
plants, and the effects of the substrate and electrochemical parameters on their microstructure were investigated.

Results: It was observed that at 2 V potential and 85°C for AZ31 and steel 304, the coatings did not have proper coverage and the
grains were coarse. By hindering the grain growth, complete coverage with a uniform and fine structure will be achieved. There
was a difference in morphology that was probably due to the different open circuit potentials of these two alloys. Magnesium alloys
have more negative potential, in which H, formation can hinder growth of HA flakes, but in Ti base alloys, the formation of H, gas
does not easily form in the working potential, so the HA coating can grow easily.

Conclusions: Nanosized HA coating can be obtained on stainless steel 304, AZ31 magnesium alloy, and Ti-6Al-4V by cathodic depo-
sition using pulse and direct cathodic electrodeposition from a proper electrolyte solution, regardless of the substrate material.
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1. Background

Hydroxyapatite (HA) has been widely used in hard-
tissue repair applications, such as implant coatings (1) and
bone substitutes (2), because of its stability under in vivo
conditions and its osteoconductivity. The apatite crys-
tallites in human bone, enamel, dentin, and cementum
are all extremely small in size (2) and can be considered
nanostructure materials. HA [Ca;o(PO,4)s(OH),] is a bio-
compatible and bioactive ceramic, capable of interacting
and chemically bonding with surrounding bone. However,
it cannot be directly used for implant devices because of
its brittleness and strength limitations, and hence a great
deal of research is concentrated on the development of HA
coatings and composites (3, 4).

Growing research for biodegradable materials for re-
pair applications has led to the introduction of some
biodegradable polymers, but they did not have the re-
quired mechanical strength. Magnesium and its alloys
have mechanical strength and are biocompatible, and
most importantly, they are biodegradable (5). Application
of HA onto magnesium and its alloys not only improves

bone compatibility but can control the corrosion rate.

In this respect, biodegradable magnesium-based al-
loys can be a potential solution. Many clinical cases, as
well asinvivo and in vitro assessments, have demonstrated
that magnesium alloys possess good biocompatibility (6-
9). Among the many techniques investigated for the coat-
ing of HA on metallic surfaces (10), electrodeposition of HA
has attracted interest due to its simplicity, low cost, and
ability to control microstructures. This can be done by con-
trolling the deposition process, which makes it possible to
control the size and structure of the coating (11, 12).

2. Objectives

In this study, the effects of substrate, electrolyte
temperature, and electrodeposition method on the mi-
crostructure of HA coatings were investigated.

3. Materials and Methods

The substrate materials were AZ31 magnesium alloy,
with a size of 10 x 10 mm, and Ti-6Al-4V, with a size of 30
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X 20 X 3 mm. The sample surfaces of the AZ31 magnesium
alloy were ground with 1200-grit SiC paper to ensure the
same surface roughness, while for Ti-6Al-4V, abrasive paper
number 180 was used. The electrolyte solution contained
0.042 M of Ca(NO;), and 0.025 M of NH,H,PO, at pH of
4.2. Electrodeposition was carried out at stable cathodic
potentials of 2, 2.5,and 3 V for 30 minutes at room temper-
ature, and at 85°C for the AZ31 samples. The pulsed poten-
tial technique was used at different on/off periods for the
Ti-6Al-4V samples. The surface morphology of the coatings
was observed using a scanning electron microscope (SEM,
model CamScan MV2300). The coating crystal structures
were identified by X-ray diffraction using Philips PW1700
XRD.

4. Results and Discussion

Figure 1 shows the morphology of HA coating on AZ31
magnesium alloy (Figure 1A) and stainless steel 304 (Figure
1B) at room temperature.

As can be seen from the illustrations, at this temper-
ature, the coatings do not have the proper coverage and
the grains are coarse. By hindering the grain growth, com-
plete coverage with a uniform and fine structure will re-
sult. When the production of atoms is fast and the diffu-
sion rate of adatoms to kink sites in the network structure
is low, the structure will be fine. In this case, by increasing
the temperature, the rate of nucleation and diffusion is in-
creased, but the chance of atoms reaching the right loca-
tion is decreased. Hence, the growth is mainly in a longi-
tudinal direction and the structure will become narrower.
However, at 85°C, grains with a nano-width size are pro-
duced. Figure 2 shows the morphology of the HA coating
on the Ti-6AL-4V alloy (Figure 2A) and the AZ31 magnesium
alloy (Figure 2B). It can be seen that a fibrous structure is
formed on the magnesium alloy, and the macrostructure is
a honeycomb-like structure, while a flake-like morphology
is observed on the Ti alloy. With the same surface prepa-
ration and surface roughness, this difference in morphol-
ogy is probably due to the difference in the open circuit po-
tential of these two alloys. Magnesium alloys have more
negative potential, in which H, formation can hinder the
growth of HA flakes, but in Ti base alloys, the formation of
H, gas does not easily form in the working potential, so the
HA coating can grow easily. The same fibrous-like morphol-
ogy is obtained when using stainless steel 304 as the sub-
strate, with a cathodic potential of 3 V (Figure 3).

In electrolytic deposition, the formation of a deposit
layer begins with the nucleation and growth of a colloidal
mass. The possibility of nucleation in unit-time is in-
creased by increasing the potential, and the chance for
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Figure 1. Surface Morphology of HA Coating With Applied Potentials of 2 V Formed
on AZ31 Magnesium Alloy, Seen With Optical Microscopy (A), and Stainless Steel 304,
Seen With SEM (B) at Room Temperature

growing these nuclei is reduced. Thus, the growth mech-
anism is retarded and the structure becomes finer. In
contrast, it is observed that by increasing the potential, a
coarse coating layer is formed on the samples. This phe-
nomenon can be explained by the DLVO theory. At the
beginning of the coating process with high applied volt-
age, the electrochemical reactions can occur so quickly
that the ion concentration around the electrode decreases.
Therefore, a critical concentration on the electrode sur-
face is needed to overcome the repulsion forces. The elec-
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Figure 2. Surface Morphology of HA Coating With Applied Potentials of 3 V Formed
on Ti-6AL-4V (A) and AZ31 Magnesium Alloys (B)

trochemical reactions are almost stopped because of this
reduction in concentration, and the motivating applied
force is used for grain growth under a diffusion-control
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Figure 3. Surface Morphology of HA Coating With Applied Potentials of 3 V Formed
on Stainless Steel 304

situation. It was observed that with magnesium alloys,
high applied potential produced more and more hydrogen
gas, which prevented deposition in spite of the higher hy-
droxyl ion generation. The applied potential of 2 V is the
optimum potential at which the coating is uniform with a
fine structure (Figure 4). Pulse electrodeposition is a use-
ful method that can modify the deposition process, lead-
ing to controlled size and structure. With the use of the
pulse electrodeposition method, the flake-like structure of
HA is changed to a cluster type of nanosized particles. The
off-time was very important because a high number of nu-
clei produced at the high potential during the on-time had
no chance to grow, and consequently, nanosized particles
were produced.

An energy dispersive X-ray (EDX) analysis of the coat-
ing with conventional and pulse electrodeposition meth-
ods showed that by changing the particle size to nano, the
Ca/P ratio changed from 1.08 to 1.38, which is closer to the
ideal ratio of 1.67 for HA crystals.

5. Conclusions

Nanosized HA coating can be obtained on stainless
steel 304, AZ31 magnesium alloy, and Ti-6Al-4V by ca-
thodic deposition using pulse and direct cathodic elec-
trodeposition from a proper electrolyte solution (0.042 M
of Ca(NO3), and 0.025 M of NH,H,PO, at pH 4.2), regard-
less of the substrate material. However, the deposition pa-
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Figure 4. Surface Morphology of HA Coating With Applied Potentials of 2 V Formed
on AZ31 Magnesium Alloy at Two Different Magnifications

rameters have a noticeable effect on the morphology of the
coating. The morphology of the coating can be controlled
by maintaining applied potential and electrolyte temper-
ature, namely at 2 V and 85°C, respectively. The structure

of the coating can be finer when the cathodic potential is
decreasedto2 V.
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