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One of the metals used for bone implants is 316L Stainless Steel, which is succesfully coated with hydrox-
yapatite 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 temperature (A) 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 tem-
perature, time and acetone concentration (ABC), 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 BCE – 0.00933 ABC with an R2 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 bond strength value. The highest hydrox-
yapatite bond strength was produced at a sonication temperature, time, acetone concentration volume
and bond strength of 45 �C, 15 min, 99%, and 91.35 Mpa, respectively.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Fractures are the most common injuries caused as a result of
accidents, and this tends to lead to osteoporosis in some circum-
stances. 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 (Yuan et al., 2009, Kannan., 2004, Gray & Strong., 2009, Park
et al., 2017). In addition, stainless steel is an iron compound that
contains at least 10.5% Cr to prevent corrosive processes
(Rasheed et al., 2016, Finsgar et al., 2016). 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 osteo-
conductive biomaterials to ensure the clinical durability of metal
implants. Hydroxyapatite is one of the materials used for bioactive
coating (Nguyen et al., 2020, Weiner & Wagner, 1998\). 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
chemical link between the surface of the biomedical implant and
the natural bone. This aids to stimulate its growth, thereby enhanc-
ing the osseointegration of human bone tissues (Chozhanathmisra
et al., 2019).

Several methods of coating HA onto these implants have been
previously described. These included dip-coating (Fadli et al.,
2018) plasma spraying (Yan et al., 2003, Ratha et al., 2021), sput-
tering process (Vladescu et al., 2016, Trujillo et al., 2012, Yang
et al., 2005), electrochemical deposition (Asri et al., 2016, Wang
et al., 2011, Parcharoen et al., 2014), and sol–gel [Asri et al.,
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Fig. 1. Stainless Steel dimension before and after coated with hydroxyapatite.

A. Fadli, A. Prabowo, S. Reni Yenti et al. Journal of King Saud University – Science 35 (2023) 102681
2016, Wang et al., 2008). 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 316L Stainless
Steel substrate. Meanwhile, in biomedical applications, it is essen-
tial to consider coating bonding on the surface of metal compo-
nents. Before the emergence of a hydroxyapatite layer, surface
treatment was carried out to strengthen its adhesion to the sub-
strate (Gunawarman et al., 2020, Yusoff et al., 2014). Surface acti-
vation and roughness were improved by using ultrasonic
treatments. According to Tsybry and Vyalikov (2017), plastic defor-
mation 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 research on the
ultrasonic cavitation-induced damage’s properties and a descrip-
tion of the material’s surface. When the trial period reaches
4 min, the inflection point for surface roughness will become visi-
ble. 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 car-
ried out on hydroxyapatite coating on metal substrates. For exam-
ple, Fadli et al. (2021) applied the dip coating method on
hydroxyapatite slurry with variation grams. In the study, a con-
stituent composition of hydroxyapatite in distilled water was used
to coat 316L Stainless Steel. This material was cleaned by immers-
ing the substrate in acetone and coated in accordance with dipping
time variations. Moreover, the best layer thickness obtained is
154 lm. Fadli et al. (2022) also applied this method on 316L Stain-
less Steel with hydroxyapatite (HA) consisting of various hydrox-
yapatite additions of 8, 10, and 12 g and dipping time variations
of 2, 6, and 10 s. 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 lm for a 12 gr hydroxyapatite addi-
tion and a dipping time of 10 s. Its shear strength increases with
hydroxyapatite addition and dipping time. Du et al. (2014) per-
formed 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 tita-
nate on the surface of the substrate. It turned into a Ti-OH group
during the deposition process, which tends to support hydroxyap-
atite formation. At the same time, this group also strengthened the
chemical bond between the Ti6Al4V substrate and the hydroxyap-
atite 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 pre-
treatment 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 electrochemi-
cally 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,
2

where the surface treatment was carried out before the formation
of the layer on the substrate. Previous studies focused on the alka-
line 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 ultra-
sonic 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 use-
ful 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 fac-
torial 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 vari-
ables. 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 k factorial design comprises k fac-
tors 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 � 2 cm � 0.1 cm (Jindal Stainless, India) as shown as
Fig. 1and abraded in series with 1200 SiC paper. The sanded stain-
less 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 h (Ding et al., 2015). The substrates were gently
washed with distilled water and dried at 40 �C for 24 h 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 con-
stant temperature for 1 h and cooled at room temperature.

2.2. Hydroxyapatite coating process

The coating slurry was prepared by mixing 12 gr of hydroxyap-
atite powder (Lianyungan Kede Chemical Industry co.Ltd, China)
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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 h. 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 s. Finally, hydroxyapatite-coated
substrates is heated to 110 �C in an oven for 10 min and sintered at
a temperatures of 750 �C for 1 h at a heating rate of 2 �C/min (Fadli
et al., 2021).

2.3. Coating characterisation

1. X-ray diffraction (XRD)
XRDwas used to characterize the phase composition of an oxide

layer and hydroxyapatite coating using Panalytical XRD XPERT
POWDER operating from 10 to 90� 2h at a step size of 0.026 2hwith
CuKa radiation (Ka = 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.

2.4. Statistical analysis

Fractional design 2 k 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), son-
ication 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 con-
firm 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, Mohseni et al., 2014).

Fig. 2 shows the enhanced bond strength between hydroxyap-
atite 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 30⁰C to 45⁰C. 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.
Table 1
Coating Parameters Used In 23 Factorial Design.

Parameter Satuan L

Sonication Temperature (A) �C 3
Sonication Time (B) Minute 1
Acetone Concentration (C) %Volume 7
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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 min in this present study. In the bond strength of the acquired
layer reduces as the sonication time increases. At 15 min, the
layer’s bond strength was measured to be 50.81 MPa, while at
30 min, 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 min of sonication because
the surface has undergone a geometric shift caused by the produc-
tion 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 dimin-
ishes,. 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, Mason., 2016).

Due to the interaction effect of the three sonication parameters,
it can be said that the ideal conditions in this study were at a son-
ication temperature of 45 ⁰C, a sonication period of 15 min, 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 concentra-
tion, but at 30 min of continuous sonication, the cavitation inten-
sity 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

Fig. 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 h and heated from
60 �C to 600 �C. When viewed on a diffractogram, sodium chro-
mium oxide (Na4CrO4) compounds had patterns similar to the nor-
mal Na4CrO4 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 Na4CrO4, namely
the sodium chromate (Na2CrO4). This compound was formed due
to the chemical reaction between chromite or iron chromium oxide
evel (uncoded) Level (coded)

0 45 �1 + 1
5 30 �1 + 1
0 99 �1 + 1



Fig. 2. The relationship between the bond strength of the Hydroxyapatite layer and the sonication temperature.

Fig. 3. Stainless steel 316L substrate after alkali treatment and heat treatment ICDD No. 01–078- 1507.
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(FeCr2O4) and oxygen (Parirenyatwa et al., 2016). Fig. 4 shows the
hydroxyapatite-coated substrates’ XRD pattern. The primary
diffraction peaks were detected at 2h values of 25.6�, 31.4�, 32.5�,
and 49.2�. These generally match the typical ICDD pattern of regu-
lar 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 and 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 dis-
cern the effect of sonication temperature, time, and acetone con-
centration on the thickness of the hydroxyapatite layer produced
on the surface of the 316L Stainless Steel. The variations of sonica-
tion temperature and time, as well as acetone concentration of the
4

four samples are (a) 45⁰C, 30 min, 99%; (b) 45⁰C, 15 min, 99%; (c)
45⁰C, 15 min, 70%; and (d) 30⁰C, 15 min, 99%. The average thick-
ness of hydroxyapatite for the four samples was calculated as
shown in Fig. 5. At a sonication temperature and time of 30 �C,
and 15 min as well as an acetone concentration of 99% by volume,
the average thickness of hydroxyapatite obtained was 44.49 lm.
However, it was increased to 96.76 lm 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 (Na2CrO4) com-
pounds 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 mor-
phology of the metal surface is shown in Fig. 6, where the apatite
formed is covered in small crystals.

The hydroxyapatite layer’s standard thickness is 50 to 200 lm
(Heiman, 2002). Samples b and c with a thickness of 96.76 lm
met these requirements at sonication temperature, time and con-



Fig. 4. Stainless steel 316L Substrate Diffractogram After Coating Hydroxyapatite ICDD No. 01–072-1243.

Fig. 5. Results of SEM Analysis of Hydroxyapatite Layer Thickness on 316L Stainless Steel with sonication temperature, sonication time, and acetone concentration variables,
respectively (a) 45⁰ C, 30 min, 99%; (b) 45⁰ C, 15 min, 99%; (c) 45⁰ C, 15 min, 70%; (d) 30⁰ C, 15 min, 99%.
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Fig. 6. Surface morphology of 316L stainless steel that has been coated with hydroxyapatite with sonication temperature, sonication time, and acetone concentration
variables, respectively (a) 45⁰ C, 30 min, 99%; (b) 45⁰ C, 15 min, 99%; (c) 45⁰ C, 15 min, 70%; (d) 30⁰ C, 15 min, 99%.
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centration of 45 �C, 15 min, and 99% volume. Meanwhile at
66.64 m, the sonication temperature, time and acetone concentra-
tion by volume were 45 �C, 15 min, and 70%, respectively.
3.4. 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 signifi-
cant 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,
Table 2
Statistical Analysis Results Using Minitab 2019.

Term Effect Coef P-Value

Constant 55.62 0.133
A 27.39 13.70 0.078
B �19.071 �9.535 0.111
C �18.840 �9.420 0.112
AB �15.464 �7.732 0.128
BC �16.522 �8.261 0.136
ABC �15.212 �7.606 0.139

R2 = 99,49%; * The significance level is more than 0,05.
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the higher the bond strength of the layer obtained. The negative
sign on the effective coefficient of sonication time (B), acetone con-
centration (C), bidirectional interaction of sonication temperature
and time (AB), bidirectional interaction of sonication time and ace-
tone concentration (BC), bidirectional interaction of sonication
temperature and acetone concentration (AC) and the three-way
interaction of sonication temperature, time and acetone concentra-
tion (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 coefficient of
determination (R2). It is the variability in the data obtained or cal-
culated based on the regression model. The value of R2 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 R2 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 23 factorial design model-
ing, the R2 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’ signifi-
cance 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 sonica-
tion 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



Fig. 7. Pareto Diagram in Modeling Bonding Strength of HA Layers.
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concentration (ABC), two-way interaction of sonication tempera-
ture 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 ¼ 426:1�� 11:50A��19:25B�� 6:229C þ 0:6505AB

þ 0:1944AC þ 0:2737BCE�� 0:00933ABC

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 experi-
ments 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 tempera-
ture and time, including acetone concentration, on the hydroxyap-
atite layer bond strength response variables. The empirical model
obtained significantly predicts the bond strength of the hydroxya-
patite layer and can be analyzed by regression. This is evidenced by
the predicted R2 value obtained from the analysis of variance
(ANOVA).
Table 3
Comparison of HA Layer Bonding Strength Values Based on Experimental Results and
Model Predictions.

Trial Hydroxyapatite Bonding Strength (Mpa)
Experiment Model

1 79.017 79.068
2 31.725 31.6894
3 81.818 81.999
4 48.510 48.492
5 50.807 50.901
6 25.079 25.1251
7 91.348 91.55305
8 36.641 36.7432

7

4. Conclusion

316L Stainless Steel was successfully coated with hydroxyap-
atite by performing sonication, alkali, and heating treatment on
the substrate surface. The bond strength of the highest hydroxya-
patite layer on the 316L Stainless Steel surface was 91.348 Mpa.
The maximum hydroxyapatite layer thickness of 96.76 lm was
obtained at a sonication temperature, time and acetone concentra-
tion of 45 �C, 15 min, and 99%. In addition, the empirical model
used to control the bond strength of the hydroxyapatite layer dur-
ing the coating process on the 316L Stainless Steel surface is
y = 426.1 – 11.50A– 19.25B – 6.229C + 0.6505AB + 0.1944AC +
0.2737 BCE – 0.00933 ABC, where the R2 obtained for this model
is 99.49%.
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