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Abstract: One of the metals used for bone implants is 316L Stainless Steel, which is succesfully
coated with hydroxyapatite to increase its low biocompatibility. Therefore, this study aims to carry
out sonication, alkali, and heating treatment on 316L Stainless Steel substrates, determine the effect of
sonication temperature, sonication time, a suitable empirical model for the coating process, and
concentration of cleaning solution on the bond strength of the hydroxyapatite layer. The empirical
model of the bond strength of the hydroxyapatite layer used was y = 426.1 — 11.50A — 19.25B -
6.229C + 0.6505AB + 0.1944AC + 0.2737 BC — 000933 ABC with an R? value of 99.49%. The
result showed that the layer's bond strength increases with the sonication temperature. It also showed
that the longer the sonication time and the acetone concentration, the lower the bondstrength value.
The highest hydroxyapatite bond strength was produced at a sonication temperature, time, acetone

concentration volume and bond strength of 45°C, 15 minutes, 99% , and 91.35 Mpa, respectively.
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1. Introduction

Fractures are the most common injuries caused as a result of accidents, and this tends to lead to
osteoporosis in some circumstances. Its rate of occurrence is a global health issue, particularly in
Indonesia. However, a creative way of handling this issue is through the availability of bone implants
(Fadli et al., 2018). 316L Stainless Steel is one of the most frequently used materials. It consists of Cr
(chromium), Ni (Nickel), Mo (Molybdenum), and low C (Carbon) content, making this material more
robust than steel. In addition, stainless steel is an iron compound that contains at least 10.5% Cr to
prevent corrosive processes. This composition forms a protective layer due to the spontaneous
oxidation of oxygen to chrome (Maver et al., 2020).

Osteoconductive biomaterials are frequently coated with osteoconductive biomaterials to ensure
the clinical durability of metal implants. Hydroxyapatite is one of the materials used for bioactive
coating (Nguyen et al., 2020). Its benefits as a coating material include excellent bioactivity and
prolonged osteoconductivity. Due to its chemical structure, crystallographic composition, and
mineralogy similarity, hydroxyapatite forms a chemicallink between the surface of the biomedical
implant and the natural bone. This aids to stimulate its growth, thereby enhancing the osseointegration

of human bone tissues (Chozhanathmisra et al.,2019).

Dip coating or dipping methods are often adopted for metal plating processes using hydroxyapatite
because the process is easy and inexpensive. In the present study, this approach was used to apply
hydroxyapatite on a 3161 Stainless Steel substrate. Meanwhile, in biomedical applications, it is
essential to consider coating bonding on the surface of metal components. Before the emergence of a
hydroxyapatite layer, surface treatment was carried out to strengthen its adhesion to the substrate
(Gunawarman et al., 2020). Surface activation and roughness were improved by using ultrasonic
treatments. According to Tsybry and Vyalikov (2017), plastic deformation occurs on a metallic
surface under the impact of ultrasonic cavitation in fluids. Cavitation is the occurrence wherein
bubbles develop in a liquid as a result of a drop in the liquid's pressure. Due to the bubble wall's tight
confinement, a pressure gradient forms when the bubble wall pulses radially close to the wall. As a
result, during the compression step, micro-jets are created and the bubbles close to the walls are easily

distorted (Lee et al., 2020). Ye et al (2020) research on the ultrasonic cavitation-induced damage's
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properties and a description of the material's surface. When the trial period reaches 4 minutes, the
inflection point for surface roughness will become visible. Due to the impact of micro-jets and shock
waves produced by the collapse of bubbles close to the wall, cavitation holes develop in the early
phases of cavitation erosion, increasing the surface roughness. Surface preparation before developing
a hydroxyapatite layer in NaOH provides active sites and facilitates the precipitation of this element
(Coelho et al., 2020).Several studies have been carried out on hydroxyapatite coating on metal
substrates. For example. Fadli et al. (2021) applied the dip coating method on hydroxyapatite slurry
with variation grams. In the study, a constituent composition of hydroxyapatite in distilled water was
used to coat 316L Stainless Steel. This material was cleaned by immersing the substrate in acetone
and coated in accordance with dipping time variations. Moreover, the best layer thickness obtained is
154 um. Fadli et al. (2022) also applied this method on 316L Stainless Steel with hydroxyapatite (HA)
consisting of various hydroxyapatite additions of 8, 10, and 12 grams and dipping time variations of
2, 6, and 10 seconds. This tends to affect the thickness of the HAp layer deposited on the metallic
surface of the 316L Stainless Steel. The rise in dipping time increases the hydroxyapatite layer on
stainless steel. The thickest layer is 65 pm for a 12 gr hydroxyapatite addition and a dipping timeof
10 seconds. Its shear strength increases with hydroxyapatite addition and dipping time. Du et al.
(2014) performed ultrasonic cleaning and alkaline treatments on Ti6Al4V substrates prior to surface
activation carried out before HA coating. These treatments led to forming a hydrogel layer of sodium
titanate on the surface of the substrate. It turned into a Ti-OH group during the deposition process,
which tends to support hydroxyapatite formation. At the same time, this group also strengthened the
chemical bond between the Ti6Al4V substrate and the hydroxyapatite layer, resulting in higher
crystallinity of HA as the treatment time increases. Ding et al. (2015) applied hydroxyapatite coating
on a zinc-substituted titanium substrate (ZnHAp) with sonication in an ultrasonic cleaner. It was
further followed by an alkaline pretreatment before the HA formation was realized by immersing the
titanium plate in NaOH solution. A titanium oxide gel layer with Na+ ions was formed on its surface,
which increased the bond strength between HA and ZnHAp substrate. The NaOH treatment
significantly increased the osseointegration of the electrochemically prepared HA on the

substrate.Several previous studies on hydroxyapatite coating (Fadli et al.,2021, Fadli et al.,2022, Du




et al., 2014, Ding et al.,2015) provided opportunities for future analysis. This aimed to develop a
coating method to realize a better result in the bonding strength between hydroxyapatite and the
substrate used for the bone implant. In this study, hydroxyapatite was coated on the 316L Stainless
Steel using the dip approach, where the surface treatment was carried out before the formation of the
layer on the substrate. Previous studies focused on the alkaline treatment, HA slurry composition, and
the coating method. However, this study focused on ultrasonic treatment, which resulted in
uniform roughness and improved surface activation. It also investigated the appropriate temperature
and time for ultrasonic cleaning to yield the best result. This was followed by the alkaline treatment,
which increases the adhesion of the coating to the substrate. This present study combined both
ultrasonic and alkaline pretreatments to determine the bonding strength between HA and metal
substrates. The results provided can be useful for future reference. The adhesive strength produced by
the hydroxyapatite layer was compiled based on the regression model of the statistical analysis to
identify the most influential variables.

However, by limiting the number of possible treatments, a factorial design is used to identify
the factors that impact the response (Montgomery et al., 2013). The two-factor experiment, known as
the simplest factorial design, only utilizes two independent variables. According to Borkowskiet al.
(2015), it is an experimental design in which data are collected for all possible combinations of the
two factors desired. The 2* factorial design comprises k factors with low (-1) and high (+1) levels for
each. The number of components (k) and multiplicity of levels (2) are written as a square and base

number, respectively.

2. Experimental Material and Method
2.1 Substrate Preparation

The 316L Stainless Steel was cut into the following sizes 3 cm x 2 e¢m x 0.1 cm (Jindal
Stainless, India) as shown as Figure land abraded in series with #1200 SiC paper. The sanded
stainless steel was then ultrasonically washed with acetone. This is based on the predetermined
sonication temperature, time, and concentration of acetone solution (Fuchs.,, 2015 and Skorb et al.,
2010). Subsequently, alkali treatment was performed by soaking these substrates in 100 ml of 5 M

NaOH aqueous solution at 60°C for 24 hours (Ding et al., 2015). The substrates were gently washed
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with distilled water and dried at 40°C for 24 hours in an oven. The alkali-treated substrates were then
heated to 600°C at a rate of 2°C/min in a furnace (Lin et al, 2002). Finally, it was kept at a constant
temperature for 1 hour and cooled at room temperature.
22 Hydroxyapatite Coating Process

The coating slurry was prepared by mixing 12 gr of hydroxyapatite powder (Lianyungan Kede
Chemical Industry co.Ltd, China) into 24 ml of distilled water and 1 gr of polyethylene glycol. The
suspension was then stirred with a magnetic stirrer at a speed of 400 rpm for 20 hours. The dip coating
apparatus is connected to the sterile stainless steel. The beaker containing the suspension is put
underneath the apparatus. The substrate is further submerged into the suspension to start the
immersion process, after which the device is turned off and left for 50 seconds. Finally,
hydroxyapatite-coated substrates is heated to 110°C in an oven for 10 minutes and sintered at a
temperatures of 750°C for 1 hour at a heating rate of 2°C/min (Fadli et al., 2021).
23  Coating Characterisation

1. X-ray diffraction (XRD)
XRD was used to characterize the phase composition of an oxide layer and hydroxyapatite coating
using Panalytical XRD XPERT POWDER operating from 10 to 90° 20 at a step size of 0.026 20 with
CuKa radiation (Ko = 0.15406 nm) at 30 mA and 40 kV.

2. Scanning Electron Microscope (SEM).

The surface morphology of the formed hydroxyapatite coating and its thickness on the
substrates was examined using a scanning electron microscope (SEM) Hitachi-SU 3500 and equipped
with an energy dispersive X-ray spectrometer attachment.. . Bond strength analysis aims to determine
the adhesiveness of the hydroxyapatite layer to the stainless steel metal.

24 Statistical Analysis

Fractional design 2¥ was used to select factors that influenced the mechanical properties of
hydroxyapatite layers. This DOE design was carried out using Minitab 19 (Minitab Inc. USA). The
three numerical variables include sonication temperature (A), sonication time (B), and acetone
concentration (C). Table 1 shows the range of independent variables and experimental design levels

used.




3. Result and Discussion
3.1 Layer Bond Strength Analysis

One of the requirements for the coating process is that the 316L Stainless Steel substrate and
hydroxyapatite must form a strong layer bond. A shear test was carried out on this material coated
with hydroxyapatite of the same metal size. The aim was to confirm the bond strength of the
hydroxyapatite layer. This analysis was driven by the load required to remove the coating layer from
the substrate (Moloodi et al., 2021).

Figure 2 shows the enhanced bond strength between hydroxyapatite layers and the substrates.
This was due to the variations in sonication temperature at each stage of the cleaning cycle and the
acetone concentration. The bond strength increased from 36.64 MPa to 91.35 MPa when the
sonication temperature was raised from 30°C to 45°C. This was due to a change in viscosity caused
by a higher temperature. The low viscosity of the fluid due to the heating effect leads to the easy
occurrence of cavitation. This is because the saturated vapor pressure of the fluid is higher, thereby
causing its formation phase to be faster. Additionally, the increased sonication temperature lowers the
cleaning solution's surface tension, making it easier for the fluid to break apart and enhancing
cavitation intensity (Fuchs, 2015).

The maximum bond strength obtained without ultrasonication process in previous studied by
Fadli et al, (2022) is 244 kPa. The binding strength of the hydroxyapatite layer is influenced by the
sonication time. Incidentally, sonication was carried out for 15 to 30 minutes in this present study. In
the bond strength of the acquired layer reduces as the sonication time increases. At 15 minutes, the
layer's bond strength was measured to be 50.81 MPa, while at 30 minutes, it was 48.51 MPa. The
ultrasonic treatment time tends to affect the coating strength value based on the roughness of the
metal. The intensity of the plastic deformation, which occurs on the metal surface as the sonication
period increases, is influenced by the material's structure. This increases the metal's roughness,
although, it is reduced by sonication that goes on for very long (Tsybry & Vyalikov, 2017). According
to Skorb et al., (2010), the roughness tends to decrease after 30 minutes of sonication because the
surface has undergone a geometric shift caused by the production of erosive holes, accompanied by

an increase in mass loss.




As the acetone concentration in the cleaning solution increases, the bond strength of the
resultant hydroxyapatite layer diminishes.. Meanwhile, at a concentration of 70% by volume, the bond
strength of the hydroxyapatite layer is 48.51 MPa, where at 99%, it is 31.73 MPa. At an acetone
concentration of 99% by volume, the viscosity is lower than 70%. This causes cavitation since its
vapor formation phase is accelerating. In addition, low viscosity promotes smaller surface tension
which causes the fluid to break more easily and encourages greater cavitation intensity (Fuchs., 2015).

Due to the interaction effect of the three sonication parameters, it can be said that the ideal
conditions in this study were at a sonication temperature of 45 °C, a sonication period of 15 minutes,
and an acetone concentration of 99%. This is evident from the bond strength results at the same
temperature and concentration, where the cavitation intensity is high at 45 °C and 99% acetone
concentration, but at 30 minutes of continuous sonication, the cavitation intensity results in a change
in surface geometry due to the formation of erosion pits and is accompanied by an increase in mass
loss.

3.2 Diffractometry X-ray Analysis

Figure 3 shows the XRD surface pattern of a 316L Stainless Steel substrate after it had been
subjected to alkali treatment by being submerged in a 10 M NaOH solution for 24 hours and heated
from 60°C to 600°C. When viewed on a diffractogram, sodium chromium oxide (NasCrO.)
compounds had patterns similar to the normal NasCrOy4 based on ICDD (International Centre of
Diffraction Data). This is in accordance with Lin et al. (2002) that alkaline treatment and heating
produce a layer of chromium oxide referred to as an inter-compound. usually formed alongside a
covalent bond between 316L Stainless Steel metal and hydroxyapatite.

However, another phase was formed besides NasCrOs4, namely the sodium chromate
(Na,CrQs). This compound was formed due to the chemical reaction between chromite or iron
chromium oxide (FeCr:0s) and oxygen (Parirenyatwa et al., 2016). Figure 4 shows the
hydroxyapatite-coated substrates' XRD pattern. The primary diffraction peaks were detected at 20
values of 25.6°, 31.4°, 325°, and 49.2°. These generally match the typical ICDD pattern of regular
hydroxyapatite. The majority of its particles crystallize on the surface of the substrate, as proven by

the high intensity of the diffractogram and the narrow breadth of the apex. The degree of kristanility




obtained was 84.25%, therefore, it met the standard value, usually between 60 to 90%. A high
degree of kristanility increases the adhesion of the hydroxyapatite layer (Hikmawati & Yasin..

2017).

3.3 SEM Analysis

SEM analysis consists of four samples, which were used to discern the effect of sonication
temperature, time, and acetone concentration on the thickness of the hydroxyapatite layer produced on
the surface of the 316L Stainless Steel. The variations of sonication temperature and time, as well as
acetone concentration of the four samples are (a) 45°C, 30 minutes, 99%; (b) 45°C, 15 minutes, 99%;
(c) 45°C, 15 minutes, 70%; and (d) 30°C, 15 minutes, 99%. The average thickness of hydroxyapatite
for the four samples was calculated as shown in Figure 5. At a sonication temperature and time of
30°C, and 15 minutes as well as an acetone concentration of 99% by volume,the average thickness of
hydroxyapatite obtained was 44.49 ym. However, it was increased to 96.76 ym at a sonication
temperature of 45°C with the same time and acetone concentration.

The gluing of the hydroxyapatite layer on a stainless steel metal is also affected by alkaline
pretreatment (NaOH) and heat. This forms a metallic-OH layer, and sodium chromate (Na:CrQ.)
compounds after the metal is sintered or treated. It functions as an inter-compound that increases the
adhesion of hydroxyapatite to the substrate (Ding et al., 2015). The SEM result depicting the
morphology of the metal surface is shown in Figure 6, where the apatite formed is covered in small
crystals.

The hydroxyapatite layer's standard thickness is 50 to 200 m (Heiman, 2002). Samples b and ¢
with a thickness of 96.76 m met these requirements at sonication temperature, time and
concentration of 45°C, 15 minutes, and 99% volume. Meanwhile at 66.64 m, the sonication
temperature, time and acetone concentration by volume were 45°C, 15 minutes, and 70%.

respectively.

34 Bonding Strength Model of HA Coating on 316L Stainless Steel Surface
The bond strength of the hydroxyapatite layer on the surface of 316L stainless steel was
determined to obtain an empirical model using the dip coating method. The parameters and levels

used in this study are summarized in Table 1.




Table 2 shows that the P-Value for all treatments was significant at 0.05, and when it is
below 0.05. the parameter becomes less significant 0.05. Conversely. when it exceeds the
significant degree, the factor or parameter affects the response (Montgomery., 2012).

The positive sign on the coefficient of sonication temperature effect (A) in the model indicates
that the greater the parameter, the higher the bond strength of the layer obtained. The negative sign on
the effective coefficient of sonication time (B), acetone concentration (C), bidirectional interaction of
sonication temperature and time (AB). bidirectional interaction of sonication time and acetone
concentration (BC), bidirectional interaction of sonication temperature and acetone concentration
(AC) and the three-way interaction of sonication temperature, time and acetone concentration (ABC)
in the model show that the increase in each parameter results in a decrease in the bond strength of the
layer obtained.

The model's suitability can be evaluated using the coefficientof determination (R?). It is the
variability in the data obtained or calculated based on the regression model. The value of R? provides
a correlation between the experimental and predicted responses. According to Hasniyati et al. (2015),
it is an evaluation of criteria where the value evaluates the correctness of the model. This must be high
to enable the model to become significant. In other words, the R* value that is approximately 100%
indicates a high degree of correlation between the observations made and the resulting model
(Hasniyati et al., 2015). From the 2° factorial design modeling, the R? value obtained is 99.49%. It
indicates that the model has a good fit and 99.49% of the parameters are explainable.

Figure 7 is a Pareto graph that states the parameters' significance on the hydroxyapatite layer's
bond strength. Based on the diagram, it is evident that the variables that give the greatest to the
smallest influence are sonication temperature (A), sonication time (B), acetone concentration (C),
two-way interaction of sonication time and acetone concentration (BC), two-way interaction of
sonication temperature and sonication time (AB), three-way interaction of sonication temperature,
sonication time and acetone concentration (ABC), two-way interaction of sonication temperature and
acetone concentration (AC). Empirically, the bond strength of the hydroxyapatite layer based on the

regression model from the results of statistical analysis is shown in the following equation.

y=426.1 — 11.50A —19.25B — 6.229C + 0.6505AB + 0.1944AC + 0.2737 BC —0.00933 ABC
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The predicted value of the bond strength of the hydroxyapatite layer can be calculated using the
equation. The value of the bond strength based on predictions is shown in Table 3. The bond strength
of the hydroxyapatite layer between the experimental results and the model has a small difference.
Therefore, the bond strength of the predicted hydroxyapatite layer based on experiments can be
plotted to determine the compatibility of the two values.

From the analysis of the statistical tests carried out, the model obtained is suitable for studying
the effect of sonication temperature and time, including acetone concentration, on the hydroxyapatite
layer bond strength response variables. The empirical model obtained significantly predicts the bond
strength of the hydroxyapatite layer and can be analyzed by regression. This is evidenced by the

predicted R? value obtained from the analysis of variance (ANOVA).

4. Conclusion

316L Stainless Steel was successfully coated with hydroxyapatite by performing sonication,
alkali, and heating treatment on the substrate surface. The bondstrength of the highest hydroxyapatite
layer on the 316L Stainless Steel surface was 91.348 Mpa. The maximum hydroxyapatite layer
thickness of 96.76 um was obtained at a sonication temperature, time and acetone concentration of
45°C, 15 minutes, and 99%. In addition, the empirical model used to control the bond strength of the
hydroxyapatite layer during the coating process on the 316L Stainless Steel surface is y = 426.1 —
11.50A— 19.25B — 6.220C + 0.6505AB + 0.1944AC + 0.2737 BC — 0.00933 ABC, where the R*

obtained for this model is 99.49%.
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