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,\ijm?cr:ioaﬁng Technique (MCT), SEM results show that due to the presence of more hydroxyapatite particles on the top layer of the graded coating,
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1. INTRODUCTION Since in the MCT process, the coating is formed at the
ambient temperature, the problems caused by higher
temperatures such as crystal phase alteration, coating
dissolution, and reduced service life of the implants,
coating brittleness , less crystallinity, and formation of
cracks in the coatings become attenuated (Savrai &
Morozova, 2021).

The elastic modulus of implants is one of their most
important properties, and a large difference between the
elastic modulus of an implant and the host bone in
contact with it causes a phenomenon called stress
shielding and reduces the service life of the implant. The
nanoindentation test is one of the methods widely
employed by researchers in recent years to measure the
mechanical properties. This method is primarily used to
measure the hardness and elastic modulus in materials,
especially thin layers and coatings (Dey et al., 2009). Up
to now, there has been no report on the application of
nanoindentation method for measuring the mechanical
properties of the MCT produced hydroxyapatite
coatings. The main objective of this research is to
measure and compare the elastic modulus and hardness
of HA/Ti composite and graded coatings deposited by
MCT.

Due to their desirable properties, titanium alloys have
been widely used as the bone substitutes. Efforts have
been made to improve their surface properties by coating
their surface with appropriate biocompatible materials
such as hydroxyapatite (HA) and enhance their bonding
with bone and the host tissue (McEntire, Bal, Rahaman,
Chevalier, & Pezzotti, 2015). Additionally, the
development and creation of Functionally Graded
Coatings (FGCs) containing hydroxyapatite has
received notable attention in recent years. In the graded
coating, the gradual change of the composition or
structure across the coating prevents rapid changes in
the properties of the coating compared to the substrate
(Kreller et al., 2021).

One of the methods for hydroxyapatite deposition is
Mechanical Coating Technique (MCT), which is based
on the mechanical alloying process that can be used to
coat many types of materials on the metal substrates. In
this method, balls, coating material (in the form of
powder), and metal substrate are placed in a vibrating
chamber, and the repeating impacts between the balls
and surface of the substrate create a coating of powders
on it. Upon optimizing the process variables such as
frequency and amplitude of vibration, time, ball-to-
powder-weight ratio, and size of balls inside the
chamber, suitable coatings are expected to be obtained.
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Figure 1. SEM image of cross-section of compoaite coating

2. MATERIALS AND METHODS

Circular sheets of Ti-6Al-4V alloy of 20 and 2 mm in
diameter and thickness, respectively, were used as the
substrate. The surface of these sheets was mechanically
polished with 200, 400, and 600 sandpapers and washed
with ethanol and distilled water before being coated. The
coating materials include hydroxyapatite and titanium
powders with an average particle size of 10-50 microns.
The deposition equipment used in this research was
designed and built by the authors, inspired by previous
research projects (Zadorozhnyy et al., 2015). The
microstructure of the cross-section and thickness of the
coatings were examined using a Scanning Electron
Microscope (SEM) model MIRA3 (TE-SCAN). The
nanoindentation test was carried out to determine the
hardness and elastic modulus of the coatings. Hysitron
Inc. Triboscope nanohardness testing device equipped
with Berkovich indenter along with Triboscope 3.5 PL
software was used for this purpose.

3. RESULTS AND DISCUSSION

The SEM image of the cross-section of the composite
coating obtained from the 50% HA / 50% Ti powder
mixture in Figure 1 shows a thickness of about 8 pm and
suitable connection points at its interface with the
substrate, which is mainly due to the presence of
titanium particles. Figure 2 also illustrates the SEM
image of the cross-section of the graded coating
containing titanium and hydroxyapatite, which consists
of two layers (the first and second layers are HA%25 /
Ti%75 and HA%75 / Ti%25 powder mixtures,
respectively). On the cross-sections, titanium particles
(white color) with different sizes have a good dispersion
and hydroxyapatite particles created favorable
connections with them.

A comparison of Figures 2 and 3 shows that the top
surface of the graded coating is much smoother with less
roughness and more compression, while the composite
coating has more porosity and roughness which is due to
the presence of more titanium particles in its ingredients.

To measure the hardness and reduced elastic modulus
(Er) of the coatings, the nanoindentation test was done
based on the ISO 14577 standard on two composite and
graded coatings. The test was repeated five times on
each sample. The values of the reduced elastic modulus
in the composite coating had a very high dispersion

Figure 2. SEM image of cross-section of graded coating

(13.3 + 8.5 Gpa), and its hardness was also quite low
(0.26 GPa). However, the elastic modulus in the graded
coating had a much lower dispersion (36.6 + 4.7 GPa)
with the hardness of approximately 0.94 GPa. These
results can be justified based on the SEM images of the
cross-sectional surfaces of the coatings. In Figure 1, the
surface of the composite coating has less smoothness,
more non-uniformity, and more porosity due to the
powder composition and higher percentage of titanium
particles. Due to the lower brittleness, titanium particles
are less likely to crush during the deposition process, and
their larger dimensions create more empty spaces in the
coating. On the contrary, in the graded coating of Figure
2, the top layer is much smoother, denser, and less rough
than that in the composite coating. More crushing of
hydroxyapatite particles causes more compression and
less porosity, especially on the coating surface.
Therefore, more appropriate results have been obtained
in the nanoindentation test. The large difference
between the elastic modulus of titanium (100 GPa) and
bone (10-30 GPa), which led to some problems in the
application of implants, was taken into consideration,
and the average size of the modulus of 36.6 GPa, which
was quite close to the elastic modulus of bone, could
provide mechanical compatibility between the coating
and host tissue.

4. CONCLUSION

Composite and graded HA/Ti coatings were applied
through mechanical coating technique on the Ti-6Al-4V
substrate, and their mechanical properties were
determined using nanoindentation method. SEM images
of the cross-sectional surface of the coatings showed
more roughness and porosity in the composite coating
and yet, a smoother surface with less roughness and
more compression in the graded coating. The results of
the nanoindentation test indicated that the elastic
modulus was 36.6 and 13.3 Gpa, and the hardness was
0.94 and 0.26 Gpa in the composite and graded coatings,
respectively, due to the difference in the porosity,
compactness, and roughness of these two coatings
according to the SEM images of the cross sections of the
above coatings.
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