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Abstract

The HA coating was prepared by immersing TC4 alloy in different concentrations of
NaOH solutionat 60°C for 24 h and heat treating at 600°C, combined with sol-gel method.
The effects of alkali concentration on the surface of titanium alloy and the physical phase
of HA coating were analysed by X-ray diffractometer, the effects of alkali concentration
on the surface morphology of titanium alloy and the morphology of HA coating were
analysed by scanning electron microscope, the effects of alkali concentration on the
hydrophilicity of HA coating were analysed by contact angle measuring instrument, and
the effects of alkali concentration on the corrosion resistance of HA coating were
analysed by electrochemical workstation. The results of the surface: alkali heat
treatment can generate Na2Ti5011 phase on the surface of TC4 and the surface has
micro-nano porous structure, when the concentration of alkali solution is 7.5 mol /L, the
HA coating has the least cracks on the surface and the highest degree of integrity, and at
the same time, improves its hydrophilicity (the wetting angle is 32 °) and corrosion
resistance (the corrosion currentis 1.870 x 10-7 A/cm2).
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1. Introduction

Titanium and its alloys are often used as implant materials due to their better corrosion resistance[1],
and biocompatibility[2]. However, as a biologically inert material, titanium alloys cannot form a
strong bond with bone tissue and tend to become loose after long-term use, thus losing implant
effectiveness[3]. In order to improve the biological properties of titanium implants and to achieve a
strong bond with bone tissue, hydroxyapatite (HA), a major inorganic component of natural bone
tissue, is often deposited on the titanium surface [4-6].The methods currently used to produce HA
coatings on titanium surfaces include sol-gel, pulse deposition, magnetron sputtering and plasma
spraying[7,8]. The sol-gel method involves turning the coating substance into a sol so that it covers
the titanium surface evenly. The gel method is to make the coating material into a sol so that it is
uniformly covered on the surface of the substrate due to the rapid volatilisation of the solvent and the
subsequent polycondensation reaction and gelation[9-12]., and then after drying and heat treatment,
the coating can be obtained. With simple process, low forming temperature, easy to control the
composition and microstructure, low cost and so on. However, the disadvantage of this method is that
the gel shrinks drastically during the drying process, resulting in a large number of cracks,
unsatisfactory bonding strength between the coating and the substrate, and a thick coating that is easy
to peel off[13]. Therefore, improving the interfacial bond strength between the HA coating and the
Ti substrate is a key factor in ensuring the success of clinical implantation[14]. A strong correlation
was found between the average roughness of the substrate surface and the adhesion strength of the
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coating. Compared to smooth surfaces, HA coatings on highly roughened substrate surfaces exhibited
high bond strengths, mainly due to the fact that roughened surfaces induce mechanical interlocking
between the substrate and the coating[15]. Therefore, appropriate pretreatment of the substrate, such
as chemical etching[16], sand blasting and laser gas nitriding[17], can improve the bond strength
between the coating and the substrate. In addition, the design of a porous structure at the interface
between the coating and the substrate, its larger specific surface area and roughness, is conducive to
inducing HA to grow into the pores and form a higher bond strength.This paper investigates the alkali
pretreatment of TC4 alloy specimens to improve the structural properties of the titanium alloy
surface in preparation for the subsequent preparation of HA coatings by the sol-gel method and to
improve the bond strength between the alloy and the substrate. The effects of varying the alkali
concentration on the surface morphology and physical phase of the titanium alloy and on the
morphology, physical phase, wettability and corrosion resistance of the HA coating was studied in
order to obtain the optimum alkali concentration for alkali pretreatment.

2. Materials and Methods

2.1 Preparation of Samples

The thickness of 3 mm TC4 alloy plate cut into 10mm x 10mm specimens will be cut substrate
cleaning and drying, with metallographic sandpaper (400~1500#) from small to large a grinding and
polishing, remove the surface of the oxide film and contaminants. Substrates were ultrasonically
cleaned in acetone, anhydrous ethanol and deionised water for 30 minutes each, then dried and set
aside.The TC4 substrate was placed in a solution of different NaOH concentrations, respectively, 2.5
mol/L, 5 mol/L, 7.5 mol/L, 10 mol/L, placed in a water bath at 60 °C under the condition of reaction
for 24 h, cleaning and drying for heat treatment, selecting the heating temperature of 600 °C
temperature, the rate of temperature increase are 5 °C / min, holding 1 h after cooling with the furnace.

The HA sol was prepared according to n(Ca(NO3)2.4HO»):n(P205)=10:3. Ca(NO3)2.4HO> and P,0s
were weighed, placed in a beaker and mixed with an appropriate amount of anhydrous ethanol. The
Ca(NOs3)2.4HO: solution was stirred in a constant temperature water bath at 60 °C for 1 h, then the
P>0s solution was slowly added and stirred for 2 h. The solution was filtered, the pH was adjusted to
8.0 and it was aged for 24 h. The HA sol was prepared by mixing the pre-treated and alkaline heat-
treated HA sols. The pre-treated and alkaline heat-treated TC4 substrate was introduced into the
prepared sol at a rate of 1 mm/s, immersed for 2 min, then removed at a rate of 3 mm/s, dried at 60 °C
for 2 h and heat-treated at 550 °C for 2 h. The HA coating was obtained.

2.2 Surface Characterization

Diffractometry (referred to as XRD, D8 ADVANCE) was used for the phase analysis of the surface
of the samples. The scanning angle 20 range was set as 20—60¢, and the speed was set to 5°/min. The
surface morphology of the samples was characterized by scanning electron microscopy (SEM, Quanta
FEG 450).At room temperature, 3.5 mL of simulated body liquid was dropped onto the sample
surface, and the surface wettability was evaluated using the hanging drop method of the contact angle
analyzer (Dataphysics, OCA20, Germany). The contact angle was calculated by a five-point fitting
method. Three different positions were randomly selected for each sample to obtain average values
with standard deviations.

2.3 Electrochemical Testing

The corrosion resistance of the coating was measured by an electrochemical workstation through the
potential polarization method. All corrosion tests were conducted by soaking the samples in simulated
body fluid (SBF) in advance. The conductor was connected to the sample with a conductive adhesive.
The sample had a working area of 1.5 cm? . In electrochemical work, the sample was used as the
working electrode, the saturated calomel electrode (SCE) was used as the reference electrode, and the
platinum electrode was used as the auxiliary electrode. Corrosion resistance was characterized by
measuring the Tafel curve of the tested sample. The self-corrosion current density derived from the
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Tafel curve was used to evaluate the corrosion resistance of the sample. All tests were repeated at
least three times.

3. Results and Discussion

Figl.shows the XRD spectra of TC4 substrate after 2.5, 5, 7.5, 10 mol/L NaOH solution at a constant
temperature of 60 °C immersed in 24h and 600 °C heat treatment, it can be seen that the concentration
of NaOH solution 2.5mol/L XRD diffraction spectrum and the untreated specimen is almost the same,
which may be the titanium sheet in contact with the air after polishing, the rapid formation of a layer
of dense oxidation on the surface, this layer of oxide film has good chemical stability, strong corrosion
resistance, so when the lower concentration of NaOH solution does not react with the titanium or its
oxides, may be obtained at this time the gel layer is still very thin, corrosion resistance is strong. This
may be due to the fact that the titanium sheet contacted with air after polishing, quickly formed a
dense oxide film on the surface, which has good chemical stability and strong corrosion resistance,
so when the concentration of NaOH solution is low and can not react with the titanium or its oxides,
the gel layer obtained at this time may still be very thin, the diffraction peaks are not obvious. When
the NaOH solution concentration of 5 mol / L, in addition to the matrix TC4 peaks, but also the
appearance of sodium titanate (Na,TisO11). This is due to the fact that NaOH solution immersion of
titanium alloy sheet will form a sodium titanate gel layer on the surface, and the gel layer can be
transformed into porous sodium titanate (Na>TisO11) after 600 °C heat treatment. Comparison of
different concentrations of alkali immersion XRD spectra can be concluded. The peaks of
(Na2Ti5011) produced by 2.5 mol/L NaOH immersion are not obvious, and the width of the peaks is
not large and sparse. With the increase of alkali concentration, the peak of (NaxTisO11) is more
obvious, indicating that at the same immersion temperature and time, the larger the alkali
concentration, the easier it is to form the (Na;TisO11) phase on the surface of titanium alloy.
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Fig. 1 XRD pattern of TC4 alloy after heat treatment with different concentrations of NaOH
solution at 60°C for 24 h and after heat treatment at 600°C for 1 h

Intensity (a.u.)

Fig.2 shows SEM images of the surface topography of a titanium alloy after immersion in NaOH
solution at a constant temperature of 60 °C for 24 h.after heat treatment at 600°C for 1 h .From Fig.2,
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it can be seen that the alkali heat-treated titanium sheets successfully formed a network structure.
When the concentration of NaOH solution is 2.5 mol/L, the surface of titanium sheet is corroded by
NaOH solution to form a larger mesh structure; concentration of 5 mol/L when the mesh size becomes
more and more uniform, dense, but when the concentration reaches 7.5 mol/L, the mesh mouth began
to close, the pore size decreased, and the concentration of 10 mol/L, the surface cracks. Cracks on the
surface of titanium alloy may be due to stress, NaOH reacts with titanium to form sodium titanate gel,
as the reaction progresses, more and more sodium titanate gel is deposited on the surface of titanium
alloy, resulting in smaller mesh on the surface, and when the amount of sodium titanate gel deposition
reaches a certain thickness, the water in the subsequent drying process can not escape, resulting in
cracks.

Fig. 2 SEM images of TC4 alloy after heat treatment with (a) 2.5 mol/L, (b) 5 mol/L, (¢) 7.5 mol/L
and (d) 10 mol/L NaOH solution in a water bath at 60°C for 24 h and after heat treatment at 600°C
for1h

Fig.3 shows the XRD patterns of HA coatings on TC4 substrate after alkali heat treatment with
different concentrations of NaOH solution using the sol-gel method of immersion coating, it can be
seen that HA coatings can be successfully prepared on the surface of titanium alloys by using a
combination of alkali heat treatment and sol-gel method, followed by a holding time of 2 h at 550 °C
for the treatment. In addition to the physical HA phase, there is also a NaxTisO1; phase, in which the
NayTisO11 phase acts as an intermediate transition layer. According to the XRD diffraction pattern,
the HA peaks were distributed at 20 = 26.3, 32.2, 32.5 and 40.08° positions. When the concentration
of the NaOH solution was 7.5 mol/L, the diffraction peaks were the sharpest. According to Scherrer's
theory, the sharpening of the characteristic peaks of the crystalline phase in the XRD spectra implies
that the crystallinity of HA is increased, and it is concluded that the obtained HA coatings have high
crystallinity.
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Fig. 3 XRD patterns of dip coated HA coatings of TC4 alloy after alkaline heat treatment with
different concentrations of NaOH solution.

mol/L, (a) 2.5 mol/L, (b) 5 mol/L, (¢) 7.5 mol/L and (d) 10 mol/L NaOH solutions.

Fig. 4 shows the SEM images of TC4 alloy after alkaline heat treatment with (a) 0 mol/L, (b) 2.5
mol/L, (¢) 5 mol/L, (d) 7.5 mol/L and (e) 10 mol/L NaOH solution for dip coating of HA coatings
using the sol-gel method. One of the most critical parameters affecting the adhesion and hardness of
coatings is the micro- and nanocracking on the coating surface. Pure HA coatings have severe
microcracks that do not cover the surface of the substrate, and the low bond strength and nanohardness
of HA coatings are due to the inhomogeneity of this coating and the severe cracks, the cause of which
can be attributed to the inherent brittleness of HA. Therefore, pure HA coatings cannot be used on
human tissue because a large part of the substrate surface is exposed to human body fluids. When the
concentration of NaOH solution was 2.5 mol/L, the sol-gel dip-coated HA coating still had many
cracks, and when the concentration of NaOH solution was increased to 7. 5 mol/L, the coating had
the least number of cracks and the best surface integrity, and the dip-coated HA coating of the titanium
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substrate treated with 10 mol/L NaOH solution was not homogeneous and did not completely cover
the surface, and when the concentration of NaOH solution was increased to 7, As the reaction
progresses, more and more sodium titanate gel is deposited on the surface of the titanium alloy, and
when the amount of deposited sodium titanate gel reaches a certain thickness, water cannot escape
during the subsequent drying process, and thus cracks are formed, resulting in the subsequent
decrease in the bond strength between the HA coating and the substrate.

As shown in Fig.5, the contact angle of untreated titanium alloy dip-coated with HA coating is 51 °,
and the alkali heat treatment angle is significantly reduced, HA coating -OH and PO4*" are hydrophilic
groups, which can form hydrogen bond with water, inducing the expansion of water on the surface
of the material to increase the surface energy and improve the wettability. The size of the contact
angle is related to the surface integrity of the HA coating, as shown in the SEM images, the HA
coating is the most complete after treatment with 7.5 mol/L NaOH solution, and the contact angle of
the HA coating is the smallest after treatment with 10 mol/L NaOH, which may be due to the
incomplete dip coating of the HA coating, and the porous structure of the surface generated by alkali
heat treatment leads to the increase in surface tension of the contact between the water and titanium
flake, and thus the contact angle becomes smaller.
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Fig. 5 Hydrophilicity of dip deposited HA coatings on TC4 alloys after alkaline heat treatment with
(a) 0 mol/L, (a) 2.5 mol/L, (b) 5 mol/L, (c) 7.5 mol/L and (d) 10 mol/L. NaOH solution.

Fig. 6 shows the polarisation curves of different samples, and the parameters obtained by fitting
according to Tafel's linear extrapolation method are shown in Table.As shown in Fig.6 and Table.1,
the corrosion current for (icorr) of TC4 substrate is 1.024 x 10" A/cm?, indicating negligible corrosion
resistance.The corrosion current density of dip-coated HA on TC4 substrate after mechanical
treatment only is 4.910 x 10"® A/cm?, which improved the corrosion resistance of the titanium alloy.
However, this current density was still high due to the presence of severe cracks in the pure HA
coating, and most of the substrate surface was exposed to the SBF solution.The corrosion resistance
of the HA coating was improved by dip-coating the TC4 substrate with HA using the sol-gel method
after alkali heat treatment.The nano-micropore mesh structure generated by the alkali heat treatment
reduces the cracks in the HA coating and eliminates gaps in the interface. The corrosion current
density (1,870 x 10”7 A/cm?) at a NaOH solution concentration of 7.5 mol/L indicated that the coating
had the least porosity and cracks and the best corrosion resistance.The SEM images also showed that
the coating had the best integrity and the least cracks. When the concentration of NaOH solution was
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increased to 10 mol/L, the corrosion current density increased, but it was smaller than the corrosion
current of the substrate.alkaline heat treatment can form a dense oxide film or oxide layer, and this
film can effectively prevent the erosion of titanium alloys by external media, thus improving the
corrosion resistance of titanium alloys.
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Fig. 6 Polarisation curves of different samples

Table 1. Corrosion potentials and corrosion current densities of different specimens obtained by
Tafel curve fitting

Sample Icorr (A/cm?) Ecorr (V) EOCP(V)
TC4 1.024x10°° -0.0127 -0.1294
0.0 mol/L 4.910x10° 0.0037 -0.0650
2.5 mol/L 5.324x107 -0.1628 -0.2390
5.0 mol/L 2.300x107 -0.0534 -0.1080
7.5 mol/L 1.870x107 -0.1940 -0.2380
10.0 mol/L 6.619x10°¢ -0.0223 -0.1310

4. Conclusion

In this paper, the Influence of alkali heat treatment of titanium alloys with different concentrations of
NaOH solution on the preparation of HA coatings by the sol-gel method was investigated. SEM
images showed that the dip-coating of HA coatings on the surfaces of titanium alloys with 7.5 mol/L
NaOH solution was more effective, which could reduce the microcracks in the HA coatings, make
the HA coatings more intact and increase the bonding strength of the coatings. Surface wettability
and electrochemical experiments showed that the hydrophilicity and corrosion resistance of the
coatings were significantly improved by alkaline heat treatment with 7.5 mol/L NaOH solution.
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