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Abstract

In this work, zinc-hydroxyapatite (Zn-HA) and zinc-hydroxyapatite-titania (Zn-HA-
Ti0O2) nanocomposite coatings were electrodeposited onto a NiTi shape memory alloy, using
a chloride zinc plating bath. The structure of the composite coatings was characterized by X-
ray diffraction, scanning electron microscopy, and high-resolution transmission electron
microscopy. According to the results, the Zn-HA-TiO; coating exhibited a plate—like surface
morphology, where the addition of the nanoparticles caused to an increase in roughness. It
was also found that due to applying a proper stirring procedure during co-deposition, a
homogenous dispersion of the nanoparticles in the coatings was achieved. Also, the addition
of the TiO2 nanoparticles to the Zn-HA-TiO: coating enhanced the microhardness and wear
resistance.
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1. Introduction

During the recent decades, the development of protective coatings has attracted great
attention, in order to enhance the life span of materials which face limitations during
operation. These limitations strongly relate to interactions between external factors and
operating environment. Zinc (Zn) is widely used as an engineering material in coatings. Zn
coatings act both as a physical barrier from the surrounding corrosive environment and as an
anodically protective layer. Nevertheless, if there is an enormous difference in the
electronegativity of Zn and substrate, a rapid dissolution of Zn occurs under corrosive
conditions, which reduces the pure Zn coating lifetime [1].

Recently, some researchers have focused on the improvement of Zn coating properties
by adding ceramic nanoparticles to the coating. It has been reported that the incorporation of
nanoparticles, such as TiO», Al2O3 and ZrO; can improve properties, particularly hardness,
wear and corrosion resistance [2-4]. For instance, Venkatesha et al. [5] successfully produced
Zn/Ti02 nanocomposite coatings and showed that the microhardness and wear resistance of
the Zn/TiO> composite coatings are improved by adding TiO2 nanoparticles into the coatings.

Zn and TiO2 nanoparticles are widely used in biomedical coatings [6,7]. Zn is an
important component in the human bone and plays a varied role in biological functions, such
as DNA synthesis, enzyme activity, nucleic acid metabolism, biomineralization, and
hormonal activity [8, 9]. In addition, TiO2 has a good biocompatibility and the existence of
TiO; nanoparticles in coatings can ensure that the implant coating displays a good corrosion
resistance in corrosive bio-fluid environment [10-12]. In addition to TiO2, hydroxyapatite
(HA) as a ceramic material is widely used in biocoatings [13-15]. HA, as a main inorganic
part of natural bone, induces the highest osteoblast cell attachment and leads to a better

integration of the implant [16, 17]. However, it has been recognized that HA is a brittle
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structure and its mechanical strength is low to be used in load-bearing applications [18]. Also,
interfacial adhesion between the substrate and HA coating is relatively weak, so that it cannot
be directly employed as a coating material on implants [19, 20]. Based on the increased
adhesion between the substrate and coating, the foreword of layers seem to be constructive
for establishing composite biocoatings on medical metals [21]. Wen et al. [8] have reported
that TiO2/HA composite coatings caused to an increased corrosion resistance. Also,
Mangalaraj et al. [22] reported that the addition of TiO2 to HA improved mechanical
properties.

There are several techniques to produce composite coatings, such as physical vapor
deposition, chemical vapor deposition, laser beam deposition, ion implantation, plasma jet,
and electrodeposition [23-29]. Among these techniques, electrodeposition has proved itself as
an efficient method through producing smoother surfaces and strong bonding between
particles and metal, having the potential for a straightforward control of the coating thickness
and for depositing different alloys and composite coatings, and suitability for automation
[30]. The aim of this work is the synthesis of Zn-HA and Zn-HA-TiO> nanocomposite
coatings on a NiTi shape memory alloy (SMA) by the electrodeposition method, as a
candidate for biocoatings. The effects of various TiO2 and HA nanoparticle contents on the
morphology, microhardness, and wear behavior of the nanocomposite coatings were also

examined.

2. Experimental procedures

2.1. Electrode pre-treatment
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A graphite plate was used as the anode. The cathode was a Ni-49.2 at.% Ti plate with
the size of 20 mm x 16 mm x 1.5 mm. Before each electrodeposition process, the substrates
were mechanically polished with emery papers to 2000, then sonicated in acetone for about
10 min, and then activated in an acid solution (15 ml HNO3 + 5 ml HF + 80 ml H>O) for
about 1 min at room temperature. The electrodeposition process was carried out in a two-

electrode equipped cell.

2.2. Electrolyte preparation and optimization

A large number of attempts were made to determine the optimum bath composition and
conditions for electrodeposition of Zn-HA and Zn-HA-TiO; layers. The composition of the
electrolyte bath was based on a modified acid chloride zinc plating bath, as listed in Table 1.
The solution was prepared from analytic grade chemicals and double distilled water. The
average size of TiO: (purity >99.9%) and HA particles was estimated to be about 40 and 80
nm, respectively. The HA and TiO; particles in different concentrations (0-25 gl'') were
added to the bath with the same ratio. A surfactant was added in order to uniformly distribute
the deposited zinc. Before electrodeposition, the electrolyte bath was stirred for about 24 h by
using a magnetic stirrer at 1200 rpm for the better de-agglomeration of the HA and TiO»
nanoparticles. Magnetic stirring was also employed to keep the particles in suspension during
the composite deposition process. Both of the electrodes were dipped in 500 ml of the test

electrolyte.

2.3. Microstructural and mechanical characterization
A scanning electron microscope (SEM, Vega-XMU) was employed to investigate the

surface morphology of the electrodeposited Zn-HA and Zn-HA-TiO2 coatings. The
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composition of the coatings was also evaluated by an energy dispersive X-ray (EDX)
apparatus attached to the SEM. The EDX analysis was performed on the Zn-HA and Zn-HA-
TiO2 samples over three uniform regions. The crystal structures of the composite coatings
were examined using X-ray diffraction (XRD) by a D8 Bruker diffractometer with Cu Ka,
radiation (A = 0.15406 nm) in the range of 26 = 20-100° using a step size of 0.05° and a
counting time of 3s per step. Finally, the microstructure and texture of the coatings were
determined by a high resolution transmission electron microscope (HRTEM, FEI, Tecnai G2
F30).

The microhardness of the nanocomposite coatings was measured by a microhardness
tester (Wolpert Wilson) at a load of 100 g for 15s. Five measurements were conducted on the
coating cross sections and the average of the results was expressed. Wear tests were also
performed at room temperature by a ball-on-disc type tribometer with a constant rotation
speed of 200 rpm at a constant radius of 2.5 mm and a load of 1 N, under non-lubricated
conditions. The weight loss of the samples, with an accuracy of 0.1 mg, was determined to

evaluate the wear resistance.

3. Results and discussion
3.1. XRD analyses

Fig. 1 shows the XRD patterns of the Zn-HA and Zn-HA-TiO> nanocomposite coatings
deposited on the NiTi SMA at a current density of 1 Adm™.The XRD pattern indicates that
the majority of diffraction lines are related to Zn. As can be seen, both of the Zn-HA and Zn-
HA-TiO> composite coatings exhibit the eight reflections of the Zn matrix with a hexagonal
crystal structure. The deposition of Zn from the electrolyte bath results in crystallite growth

predominantly in the direction of the (101) plane in the Zn-HA and Zn-HA-TiO2 coatings.
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The relative intensity of the diffraction peak of the Zn (101) plane is higher than that of the
other crystal planes of Zn in both of the compositions. This result suggests that the [101] axis
of Zn crystals was oriented perpendicular to the specimen surface and/or that Zn crystals
grew along the [101] direction. A study published on electrodeposition of zinc-based
composite coatings report that during the process, some unexpected compositions could be
generated [6]. This phenomenon is due to simultaneous reactions that occur, particularly
hydrogen evolution. The pH value locally changes by means of the production of hydrogen;
consequently, the precipitation of Zn(OH) and/or ZnO takes place [31].

The co-deposition of TiO2 obviously affects the relative intensity corresponding to
different crystal planes. The presence of TiO in the Zn-HA coating decreases the relative
intensity corresponding to the (1 0 1) crystal plane. The low intensity of the TiO2 and HA
phases, in comparison to the Zn peaks, could be attributed to the high amount of Zn in
comparison to the TiO2 and HA particles. Also, Zn with a strong ability to be detected in
XRD, essentially exhibits considerable peak intensities. The NiTi peak appearing at 38.8°
regards to its (110) plane which overlaps with the (100) plane of zinc. The crystallite size of
the composite coatings was calculated by the Scherrer equation using the Full width at half
maximum (FWHM) of the prominent (101) reflection. In the case of Zn-HA, the crystalline
size is 53.3 nm, whereas it is 36.7 nm for the Zn-HA-TiO: coating. The addition of the TiO2
nanoparticles results in the increase of sites for nucleation of Zn crystallites, so that a
reduction of the crystallite size takes place [23]. It has been recognized that the structure and
grain size of an electrodeposited film are determined by the rate of nucleation and crystal
growth. The presence of nanoparticles provides more nucleation sites by increasing the
surface area of the cathode and thus prohibits Zn growth [23,24]. The restriction of

continuous growth of Zn grains have been attributed to several factors, such as: (i) the
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increase of the numbers of nucleation sites, (ii) the retardation of the growth of Zn grains, and

(iii) changes in preferred growth orientations of grains [28].

3.2. SEM studies

Fig. 2 shows the surface morphology of the Zn-HA nanocomposite coating in two
different magnifications. The SEM images reveal that the Zn-HA coating consists of a porous
structure having clusters in various dimensions (Fig. 2b). As can be seen from this figure, the
morphology of the Zn-HA composite coating is fine and the coating has a protruding surface.
The surface morphology of the Zn-HA-TiO2 nanocomposite coatings with two different
particle contents (10 and 25 g 1) and two magnifications is shown in Fig. 3. As it can be
seen, the morphology of the Zn-HA coating significantly changes after the addition of the
TiO2 nanoparticles. The morphology of the Zn-HA-TiO2 nanocomposite coatings is more
uniform and characterized by a refined surface structure at both 10 and 25 g 1"'. As it can be
seen from Fig. 3, the addition of the TiO2 nanoparticles improves the uniformity of the
coating, which is more specified at the low magnification photo. As it is shown in the SEM
surface micrographs, the porosities which are found in the Zn-HA deposited layer has
remained in the Zn-HA-TiO; nanocomposite coatings. The adjacent lump part is adjoined
together on one joint and subsequently creates a microporous structure, where the porosities
are estimated to be 10 um in diameter. Other studies conducted on electrodeposition of
composite coatings with NiTi substrates, report that porous surface morphologies are
promoted by the use of porous substrates [32]. According to Fig. 3d, the Zn-HA-TiO> coating
morphology at 25 g 1! consists of two distinguished parts. One part of morphology consists
of plate-like regions which grow outward. The size of these plates was measured to be

approximately 2 um, developed perpendicularly to the substrate, which is in good agreement
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with the report of Guan et al. [7]. This plate-like structure may be favorable for bone growth,
whereas apatite in bone has a plate-shaped morphology with a thickness of 2-3 nm and tens
of nanometers in length and width [7]. The second part is the compact portion of the coating
that comprises packed crystals (Fig. 3d).

Fig. 4 shows the side view morphology of the Zn-HA-TiO, coatings at 10 and 25 g 1!,
As it can be seen, the coatings are rough in the surface layer and porosities are seen in the
inner layer, as shown by arrows. As expected, the increase of the nanoparticle contents in the
coating enhances the surface roughness. The Zn-HA-TiO> composite coating with 25 g 1!
indicates a more uneven surface in comparison to the Zn-HA-TiO2 composite coating with 10
g I'!, which is related to haphazard growing path.

The typical EDX analysis related to the Zn-HA and Zn-HA-TiOznanocomposite
coatings at 25 g I'! is depicted in Fig. 5. The peaks located at 0.21, 3.7, and 4.8 keV are
attributed to O, Ca and Ti, respectively. The existence of Ca and P in the form of
hydroxyapatite was confirmed by the presence of HA peaks in the XRD pattern.

The HA and TiO; contents deposited in the coatings were measured by the EDX
analysis, as depicted in Fig. 6. Each point of the figure has been extracted from the average
value of five measurements at different locations on each coated sample. According to Fig. 6,
the total HA andTiO; contents in the co-deposited Zn-HA-TiO2 coating were more than the
HA content in the Zn-HA coating at the same particle content in the electrolyte. The particle
content for the Zn-HA nanocomposite coating was found to be 12.4 wt%, whereas it was 20.6
wt% for the Zn-HA-TiOzcoating. The way that the dispersed HA and TiOzparticles with zinc
ions were adsorbed to the NiTi substrate is that the particles carried a net positive charge
which accelerates their migration towards the negatively charged NiTi substrate surface.

Also, it should be noted that if the saturation of the HA and TiO: particles in the composite
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coating happens, the screening effect of the composite coating may occur, which is related to
the weakening of the electrostatic attraction between the substrate and suspended particles in
the bath. In the case of the Zn-HA-TiO: coating, owing to the presence of the two types of
ceramic particles, the saturation of the Zn matrix is postponed [29].

The elemental distribution maps of the Zn-HA and Zn-HA-TiO> nanocomposite
coatings at 25 g I'! nanoparticles made by EDX on the surface of the coatings and the
corresponded micrographs are shown in Fig. 7. The surface image of the Zn-HA coating (Fig.
7a) indicates a homogenous dispersion of the particles. As it can be seen, the Zn matrix
almost covers the surface and the HA particles are randomly scattered in the matrix, as is
significantly visible in Fig.7a. Comparing the secondary electron (SE) image and elemental
map analysis, it can be possible to locate HA particles, as shown by arrows. Fig. 7b indicates
the SE image and X-ray mapping of the individual elements of the plate-like section of the
Zn-HA-TiO; coating, showing a uniform distribution of the elements in the coating. The
plate-like portion mainly consists of HA. The individual elements of Ca and P show that HA
is completely dispersed over the section, like the Zn matrix, but with a less intensity.
Furthermore, the TiO; nanoparticles are seen and no agglomeration of the nanoparticles is
observed.

The line scan profile across the Zn-HA-TiO2 nanocomposite coating at 25 g 1! is shown
in Fig. 8. It indicates that the coating layer consists of Zn, Ca, P and Ti. As it can be seen, the
content of the elements changes from the interface to the coating surface. The intensity of the
Zn K, line possesses its maximum value at the beginning of co-deposition, and by
progression of the electrodeposition process it decreases, while the intensity of the Ca, P and
Ti K¢ lines increases with increasing the coating thickness, so that their maximum values are

attained at the end ofthe process. The high amount of Ti peaks at the initiation of scan is
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related to the substrate. The increase of the particles peaks by progression of the process
could be explained in terms of electrostatic interactions between the electrode and ceramic
particles. At the beginning of the electrodeposition, the main reaction at the surface of the
cathode is the deposition of zinc [18], due to the high reduction capacity of Zn [8], whereas a
few contents of the HA and TiO» particles are placed on the deposit, due to the poor
electrostatic attraction between the particles and cathode surface. By increasing the coating
thickness, the content of Zn decreased, due to the significant hydrogen evolution, which
results in Zn hydration at the metal-solution interface and the decrease of the Zn deposition
efficiency [9]. Moreover, the electrophoretic migration of the HA and TiO> particles which is
related to electrostatic forces between the particles and cathode remains almost constant [22].

Therefore, the deposition of the HA and TiO; particles is nearly not influenced.

3.3. TEM observation

Fig. 9 indicates the HRTEM image and the corresponding EDX pattern of two different
typical spots in the nanocrystalline Zn-HA-TiO, specimen produced at 25 g I'! nanoparticles.
As shown, the EDX analyses fairly confirm the chemical composition of the Zn matrix and
an HA particle of approximately 60 nm in size. Good adhesion between the matrix and

reinforcement in the coating is also noticeable, as observed in the micrograph.

3.4. Effect of the particle concentration on microhardness

The microhardness of the Zn—HA-Ti0O2 nanocomposite coating at different particle
contents in the electrolyte is shown in Fig. 10. As it can be seen, the microhardness of the Zn
deposit is about 95 HV. However, with the addition of the nanoparticles, the microhardness

of the Zn—HA-TiO2 nanocomposite is significantly increased. The microhardness of the Zn—

10
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HA-Ti0O2 nanocomposite coatings increases with increasing the nanoparticle content and
reach 420 HV at 25 g I'!. The increase of hardness can be explained by a decrease of the zinc
crystallite size, due to the embedding of the nanoparticles in the coating, which is represented
by the Hall-Petch equation:

HV = Ho + kd " (1)

where HV is the measured hardness, Hy and k are constants, and d is the average crystallite
size. According to the equation, grain boundaries behave as barriers against the motion of
dislocations by forming dislocation pile-ups at grain boundaries, resulting in hard deposits.
Also, the enhancement in hardness might be caused by strength hardening of incorporated

nanoparticles in the Zn matrix, which inhibits the plastic flow of the metal [34].

3.5. Effect of the particle concentration on wear properties

Fig. 11 shows the dependence of the wear weight loss as a function of distance for 5
and 25 g I'! in the electrolyte bath. As it is evident from this figure, the wear of the deposits
increases with increasing the distance, while the wear resistance of the composite coating at
25 g 1" is higher than that of 5 g I'". This behavior is due to the more incorporation of the hard
TiO2 nanoparticles in the coating, which carries loads applied on the matrix; as a result, it not
only prevents thermal plastic deformation, but also reduces scuffing wear at high
temperatures caused by the heat generation during friction. From the initial stage of the wear
test, a difference in the wear rate of both of the composite coatings is observed, so that this
difference increases at the last 50 m distance. It is suggested that in this particular case, the
detachment of wear debris occurs as a result of the past wear process. This wear debris acts as
abrasive particles trapped between the ball and coating surface, and intensifies the weight loss

of the coating [35]. Hence, the 5 g I'! nanocomposite coating is unable to bear this condition,

11
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so that an increase in the weight loss of the coating is observed. However, the 25 g 1!

nanocomposite coating efficiently resists under these specific testing conditions.

4. Conclusions

In the present study, Zn-HA and Zn-HA-Ti0O; nanocomposite coatings were prepared
by co-electrodeposition on a NiTi substrate. The structural and mechanical properties of the
nanocomposite coatings were evaluated. The following conclusions were obtained:

1) The addition of 25 g I'! of the HA and TiO> nanoparticles to the Zn matrix affected
the microstructure of the coating and changed the morphology to a plate—like crystallite
feature.

2) The weight percent of the particles deposited in the Zn-HA-TiO2 composite coating
was more than that of the Zn-HA composite coating at the same particle content in the
electrolyte bath.

3) The elemental mapping on the Zn-HA-TiO> surface showed that the HA and TiO-
nanoparticles were homogeneously distributed in the Zn matrix.

4) By progression of the electrodeposition process, the amount of the particles across
the coating section was increased.

5) The coatings reinforced with the nanoparticles yielded the microhardness values as
high as 420 HV at 25 g I'' because of the unique dispersion effect, whereas the microhardness
of the unreinforced Zn matrix was 95 HV.

6) The Zn-HA-TiO, nanocomposite coating at 25 g I"!exhibited a better wear resistance

compared to the same composite coating at 5 g 1.
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Fig. 1. XRD patterns of the Zn-HA and Zn-HA-TiO: coatings deposited at a current density

of 1 Adm™.

Fig. 2. SEM micrograph of the Zn-HA coating in two magnifications (a and b).
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Fig. 3. SEM micrograph of the Zn-HA-TiO, coatings with the particle contents of 10 g 1! (a

and b) and 25 g 1I'' (c and d) in two magnifications.

Fig. 4. Side-view SEM micrograph of the Zn-HA-TiO, coatings deposited at 10 g I"! (a) and

25 g1t (b).
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Fig. 5. EDX analyses related to the Zn-HA (a) and Zn-HA-TiO: (b) coatings deposited at 25

gl
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Fig. 6. Particle contents deposited in the coatings, measured by the EDX analysis.
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Fig. 7. Micrographs and elemental distribution maps of the Zn-HA (a) and Zn-HA-TiO: (b)

coatings deposited at 25 g 1" nanoparticles.
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Fig. 8. Line scan profile across the Zn-HA-TiO, nanocomposite coating deposited at 25 g 17\,
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Fig. 9. HRTEM and corresponding EDX pattern of two different typical spots for the Zn—

HA-TiO> specimen produced at 25 g 1!,
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Fig. 10. Microhardness of the Zn—HA-TiO: coating at the different particle contents in the

electrolyte.
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Fig. 11. Wear weight loss as a function of distance for 5 and 25 g 17! in the electrolyte bath.
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Table:

Table 1. Chemical composition of the bath and conditions of electrodeposition.

Bath composition Concentration ( gl™!) Parameters

ZnCl> 15 Current density: 1 A dm™
NH4C1 120 Temperature: 25+1 °C
Saccharin 5 pH: 3.7£0.2
C12H25NaOs4S (SDS) 0.4 Stirring rate: 150 rpm
HA particle 0-25

TiOz particle 0-12.5
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