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Abstract

316L stainless steel (316L SS) is an excellent implant material because of its durability, low modulus, superior corrosion
resistance, and biocompatibility. However, 316L SS was bioinert and cannot be combined with living tissue. To cover this
weakness, 316L SS needs to be coated with a material that has high bioactivity, such as hydroxyapatite (HA) bioceramic. Flame
spray deposition (FSD) is a promising method for applying hydroxyapatite to 316L SS, but the deposition product's low
interfacial adhesion makes it brittle. This study recommends preheating the substrate (300, 600, and 900) C to improve the
adhesive bond before coating it with hydroxyapatite. The coated 316L SS product was then subjected to mechanical testing
and analytical techniques (XRD and SEM/EDX) to evaluate its osseointegration, microstructures, and adhesive strength. After
preheating to 900°C, the resulting coated steel showed a significant increase in adhesion strength. The crystallinity index also
increased to 99.35%. However, the porosity and layer thickness decreased. The current work can shed light on the coating
procedure for stainless steel, which is a promising material for implants, and it can also guide future investigations into the

potential uses of HA made from mussel wastes.
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1. Introduction

Metal implants are preferred as internal fixation to help
the bone healing process. [1]. Metal alloys such as 316L
(SS) stainless steel [2], titanium [3], and titanium alloys [4]
are frequently utilized for orthopedic implants [5]. In
particular, the 316L SS alloy is well-suited for replacing
damaged bone due to its high strength, non-toxicity,
biological compatibility, low density, and fatigue resistance
[6, 7]. However, 316L SS implanted in the body can cause
biocorrosion and release toxic ions such as Fe, Cr, and Ni
into human tissue [8], resulting in pain and a longer healing
time. Additionally, the bioinert nature of 316L SS, which
inhibits osteogenesis, is a concern for its application [9].
Applying a bioceramic coating to a metal surface improves
osteoconductivity and increases its clinical durability. The
biomaterial design of the interface makes it appealing to
incorporate a biocompatible coating into orthopedic
prostheses [10]. One of the materials used in bioactive
coatings is hydroxyapatite (HA) [Caio(POa)s(OH)2].
Coating metal alloys with hydroxyapatite can enhance
implant fixation and stability. As a result, the HA coating
can react to its physiochemical environment and adapt as

needed, resulting in high bioactivity and prolonged
osteoconduction. Hydroxyapatite forms a chemical bond
with the surfaces of metal implants and natural bone due to
its similar mineral composition, crystalline structure, and
chemical makeup[11].

Further, coating 316L SS with HA can help improve its
biocompatibility and osseointegration. This condition
makes the chemical elements of the coated sample have
high biocompatibility [12]. Most biomaterials in biomedical
applications composed of Ca/P material closely resemble
the natural bone mineral phases. In tooth enamel (~90%)
and bone (~60%), calcium/phosphorus are the main
inorganic components [13]. In particular, flame-sprayed
biomaterial coatings using hydroxyapatite show potential as
drug delivery systems due to their large surface area and
pore volume. [14]. It also enhanced bone growth. Although
HA powder coating improved the biological response and
corrosion resistance of 316L SS, it also resulted in low bond
strength and surface cracking [15]. The adhesion strength
and surface properties of 316L SS substrates coated with
HA can be enhanced using various methods [16-19].As a
result, the current study has focused on developing novel
approaches for the deposition of HA coatings to reduce
microcrack problems and optimize coating properties. Out
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of all the deposition techniques, the US Food and Drug
Administration (FDA) has only approved FSD (flame spray
deposition) as a HA coating technique for biomedical
implants [20]. The FSDmethod has an excellent deposition
rate, inexpensive investment costs, economical operating
costs, and a relatively simple repair process [21]. The FSD
on metallic titanium raises the specific surface area on the
substrate coated with HA, leading to increased cell
proliferation. Experimental FSD for HA coating onto metal
implants revealed that in vitro specimens had increased cell
attachment and alkaline phosphatase (ALP) activity [20].
This HA spraying technique, known as wet coating, can
result in biologically active bone regeneration implants
[20].

Recent scientific advances and clinical case reports have
shed more light on the mechanisms that underpin HA
coatings. A critical component missing from this
foundational study is the relationship between the
processing parameters used to form biomaterial coatings
and the performance achieved[22 - 24]. The following
are the main questions that need to be answered: (1) how the
so-formed phase structure relates to the thermal spray
devices and manufacturing parameters; (2) how thermal
spray methods can be limited to create an appropriate HA
coating that might display specific functionalities; (3) how
thermal spray methods can create specific phases and what
the importance of positioning these phases at specific
locations within the coating is; and (4) how the number of
pores can be controlled during the manufacturing process.

In practice, solid, semi-molten, or molten bioceramic
particles are sprayed onto a metallic substrate using thermal
spraying. The particles must move quickly enough to cause
plastic deformation when they come into contact with the
substrate to form successful coatings. Moreover, a carrier
gas stream serves to heat and accelerate the particles. By
mixing gaseous fuel with oxygen, flame spraying is a type
of thermal spraying that creates a flame. The range of flame
temperatures is 3000-3350 K [21]. The deposition of zinc-
doped HA onto a Ti-6Al-4V alloy substrate has been
demonstrated through flame spraying. According to
Mehrvarz et al.[23], the deposit was antibacterial and
biocompatible with E. coli. AISI 316L stainless steel and
Ti6Al4V alloy substrates were coated with bioactive glass
coatings by Monsalve et al. [25] via flame spraying. This
condition makes the coated sample have high
biocompatibility. Even though the coating surfaces develop
an apatite layer in a simulated biological fluid, the coatings
may exhibit numerous cracks caused by residual stresses
from the coatings' rapid cooling. Preheating before the
coating process should reduce the differences in thermal
expansion coefficients between the coatings and substrates
[13]. In this case, slower cooling rates following thermal
spraying can relieve residual stresses and prevent cracking.

In this study, the application of HA flame spray coating
to 316L SS implant material was examined through the use
of optical analysis, X-ray diffractometry (XRD), and
scanning electron microscopy (SEM-EDX). The study
concentrated on the preheating temperature response to
enhance the HA-coated 316L substrate's adhesion strength,
microstructure, Ca/P, crystallinity index, and layer
thickness. This study may improve our understanding of
using the FSD method to deposit hydroxyapatite on
stainless steel for implant bone materials.

2. Materials and methods
2.1. Preparation of powder HA

Green mussel shell (GMS) powder feedstock
hydrothermally produced 90-97 wt.% hydroxyapatite
powder at 160°C for 18 hours, with crystal sizes ranging
from 3 to 10 pm, as previously reported[26].Before
applying this powder as a coating on 316L stainless steel, it
was dehydrated in an oven for 20 minutes at 150°C and
ground in a kaolin mortar to ensure size consistency after
sifting the powder between 200-325 mesh.

2.2. HA layer deposition

The SS 316L alloy substrate was cut to 35 mm x 35 mm
x 2 mm using wire EDM[27-29], followed by finishing with
SiC grid 2000 sandpaper. The substrate was washed in 5
vol.% NaOH [10] as a final step to remove dust, oil, and
other contaminants. To increase coating adhesion on the
dried surface sandblasted using a NEIKO 30068A Air Sand
Blaster Gun with Gravity Feed [30]. The sandblasting
process at 100 mm of safe distance used 60 mesh silica
granules at a 90-degree angle and an 8-bar pressure for 1.5
minutes for 24 specimens with side dimensions (1.5 x 1.5)
cm. The blown samples were cleaned with alkali at a 5%
volume percent NaOH and dried. Before coating, the
cleaned surface was heated initially by a flame spray gun to
ensure proper spreading formation and reduce any
remaining stresses.

Further, dry HA powder was sprayed onto a sandblasted
316L SS alloy base using the Flame Spray Paint System
(QHT-7/h Oxygen Propane, China). Several experiments
have improved the adhesion and quality of the coating by
adjusting its conditions (Figure 1). Table 1 describes the
optimal process parameters for spraying. LPG gas [31,
32)(PERTAMINA weighing 11 kg propane (PR) with
design pressure of 18.6 bar) was used as an oxygen-
containing combustion gas to transport powder material
from the powder feeder to the spray flame. Gas pressure has
the greatest effect followed by the interaction between gas
pressure and stand off distance in thermal spray coating
processes [33,34]. The spraying process involved five
passes by each with the HA powder delivery head open at a
45-degree angle. The varying preheating temperatures
present are in Table 2.The raw powder and coating samples
were  designated GMS.P  and GMS.WP,  GMS.300,
GMS.600, and GMS.900, respectively. Three samples were
prepared for each treatment.

2.3. XRD analysis

The study's coating samples, measuring 5 x 5 mm? and
having a thickness of 2 mm, were prepared for XRD
analysis. XRD measurements on the starting powders and
the final coating materials are in compliance with 1SO
Standard 13779-3:2008 [35]. The X-ray diffraction pattern
recorded used the diffractometer (Bruker Corporation,
Massachusetts, USA) with monochromatic Cu-Ko radiation
(A= 0.15406 nm) in the Bragg Brentano mode (10-80° 20;
0.0220/step and 30-second/step) at 40kV and 30 mA.
Moreover, QualX-PC-search-match software helped to
identify XRD phases in the coating product associated with
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the  COD#  (Crystallography  Open Database)
crystallographic model [36]. Afterward, using Program
X'Pert plus version 1.0 (Philip Analytical, BV) and the
COD#data, the Rietveld refinement method confirmed the
crystalline phases found by the search match method.
Instead, the deconvolution of the X-ray diffractogram using
the software Match and Origin Lab 9.0 determined
amorphous and crystalline phases and calculated the
percentage of the crystallinity of the HA layer. The
crystallite index of the sprayed coating product was
calculated based on equation (1), as previously reported
[37].

X, = ALme% Q)

crt Aam
2.4. Morphological and elemental chemical analysis

The flame-sprayed samples were examined
microstructurally by standard metallographic procedures.
An optical microscope (METKON-IMM 902) was
employed to evaluate the microstructure of the surface
samples, as well as analysis using a scanning electron
microscope (SEM) equipped with an energy-dispersive X-
ray (EDX) device (JSM-1T700HR InTouchScopeTM) in the
scattered electron mode at 15 kV. Furthermore, EDX
analysis determined the Ca/P ratio in the layered sample.
Instead, image analysis techniques selected SEM images of
the coating surface to measure its porosity. The area
fractions of multiple pores in the coating were employed to
calculate the average percentage of porosity. The average
porosity calculation used images captured at various
locations.

2.5. Tensile adhesion strength analysis

The ASTM D4541 standard is used to determine the
tensile adhesive strength of specimens using a PosiTest AT-

Powder Feed Stock
Feeder Power
Spray Gun

Coated
Substrat

Powder

Spray Direction

Thermocouple

A Automatic test equipment. HA from GMS was applied to
square-shaped samples (gauge length 35 mm, width 35 mm,
and nominal thickness 2 mm) at different pre-heating
temperatures. Blue Araldite was used to attach a dolly with
a diameter of 25.4 mm to the HA coating layer. After
thoroughly cleaning the substrate containing the HA layer
and the dolly surface, the sample was allowed to dry at room
temperature for at least 24 h before being glued with a 1:1
volume ratio of hardener and epoxy and agitated for 5
minutes at 54 rpm. After that, use a pile drill to remove any
excess glue accumulating on the outside dolly surface. The
sample's adhesive strength was tested by detaching the dolly
from the substrate at room temperature and 0.5 mm of strain
per minute.

Table 1. FSD process parameters for layer deposition

Flame spray parameters Values
Acetylene pressure (Bar) 2
Oxygen pressure (Bar) 0.5
Distance of spray gun (mm) 100

Preheat temperature (°C) 300, 600, and 900

Nozzle size of spray gun (mm) 2

Number of passes 5

Table 2. Preheat temperature settings used in this work

Abbreviation | Description Range of operating
temperature (°C)
GMS.P Powder -
GMS.WP Without preheat 100-200
GMS.300 Preheat 300°C 300-350
GMS.600 Preheat 600°C 600-650
GMS.900 Preheat 900°C 900-950
Flow
Meter 1
(R
Flow
Meter 2

&

OXYGEN
FUEL GAS

Figure 1. HA coating process on 316L SS
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3. Result and discussion
3.1. XRD analysis

Figure 2 depicts the XRD spectra of the powder
feedstock and the GMS coating samples. The findings show
that the starting powder samples contain the main crystal of
hydroxyapatite structures (COD#number data_9010050).
The hump background reflection indicates that the
hydroxyapatite powder sprayed on the substrate may
produce amorphous calcium phosphates (ACP). Whether
the metallic substrate was heated previously or not, the
coating results still revealed the presence of the HA pattern,
as seen in all GMS-coating samples with reducing
diffraction peaks, confirming an ACP present, which
resulted in a broad reflection cantered at approximately 30-
400 20. The HA product undergoes thermal breakdown
during the flame spraying processes, becoming molten and
creating an amorphous phase. As a result, the coating
products have multiple phase compositions, including an
amorphous phase, as shown by XRD patterns of GMS.P and
GMS.WP, GMS.300, GMS.600, and GMS.900 specimens.
In contrast, samples GMS.900 confirm 316L SS phase
diffraction peaks in addition to the weak peaks seen in other
coating specimens, indicating that the all-surface coating
does not cover the hydroxyapatite or the presence of porous
specimens.

3.2. Macro-and microstructure characterization

The macro description of the surface morphology of the
HA layer scale (Fig. 3) supports a rough and porous
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macrostructure of the coated HA layer, consisting of
multiple agglomerated micro-sized particles of different
sizes and spherical fragments. The fully-melted HA
particles associated with the smoother surfaces are also
supported.

Figure 4 shows SEM images of the HA layer's surface
morphology after spray coating. Observable surface
characteristics include spherical particles and tiny nodules
connected to completely melted stains. Spherical particles
on the surface may be un-melted or partially melted
particles. With a porosity of 1 to 5 pm, the spherical
particles for all coating specimens have a size range of 0.2
to 2 pm. In particular, the HA coating specimen of
GMS.600 exhibited micro-surface cracks (Fig. 4c). In this
case, at a higher preheat temperature (600°C), metal
elements such as Fe, Cr, and Ni appear in the HA layer,
resulting in a single phase (Fig. 4c). The strength of this
single phase increases as the preheat temperature rises.
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Figure 2.XRD patterns of GMS-coated samples
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18 Sep 2023

Figure 3. HA surface morphology of GMS layers at various preheat temperatures (a) Without preheat; (b) Preheat at 300°C; (c) Preheat at
600°C; (d) Preheat at 900°C
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Microcracks on the surface may be caused by the rapid
cooling process used in flame spraying and thermal
expansion of metals [38,39]. However, at a preheat
temperature of 900° C, the visible cracks on the layer's
surface decreased. The solidification process of the HA
layer at low preheating temperatures entails cooling two
different materials (316L SS and HA) with different thermal
coefficient expansion. At a preheat temperature of 900°C,
the incompletely coated HA on the surface substrate made
the concentration of Fe, Cr, and Ni elements emerge on its
surface (Fig. 4c). This means that the HA layer along with
preheat at 900° C have 316L SS metal elements. As a result,
a thermal gradient between the HA and 316L SS boundaries
can produce a more uniform temperature decrease.
Microcracks in the surface HA coating may appear as a
result of rapid cooling. To avoid cracking on the surface
coating after thermal spraying is required by slower cooling
rate to reduce residual stresses while minimizing the
difference in coefficient of thermal expansion between the
coating and the substrate [20]. Microstructural flaws in the
coating, such as microcracks, can cause the substrate to
come into direct contact with body fluids, causing damage
to the coating. This condition results in layer damage via
delamination and fragmentation [40].

Furthermore, EDX analysis at a specific location in each
sample (Figs. 4a-d) reveals chemical elements such as Ca,
P, O, and C correspond to calcium phosphate mineral

(@)
Ca Element Mass %
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compositions. The elements O, Ca, and P, which are the
dominant elements of human bones, increased along with
the increase in preheat temperature from 35.34%, 14.28,
6.80% to 51.9%, 22.79%, 12.87% respectively. Carbon
seems to relate to the carbonic gas created when calcium
carbonate, known as CAP (calcium carbonate-apatite), is
sprayed with a flame. Additionally, EDX spectra for Cr, Fe,
Ni, Al, and Mg appear in the surface layers of SS-316 L,
indicating that the HA layer was porous. Table 3 also shows
the average Ca/P ratios of hydrothermal products from three
different locations, with statistical errors ranging from 1.77
to 6.10, indicating that flame spray processes produced
more mineral phases than hydroxyapatite, which had a
stoichiometrically Ca/P ratio of 1.67 [41].

The Ca/P ratio determined by EDX analysis is not a
reliable indicator of the precise crystalline structure formed.
This EDX analysis's variations in the Ca/P molar ratios are
most likely the result of a microcrack and the presence of an
amorphous crystal. Upon closer inspection, the micro-meter
sized irregularly agglomerated particles showed
morphology similar to that of natural HA powder (Figs. 3a-
b), suggesting the presence of un-melted HA particles in the
coating. In contrast, the HA layer had a porous surface with
spherical ~ fragments and  macroscopic  particle
agglomeration (Figs. 4c, d), with partially melted particles
deformed.

Element Mass %
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Figure 4. Mapping of HA deposition elements from GSM on substrates at various preheating temperatures (a) Without preheat; (b) Preheat
at 300°C; (c) Preheat at 600°C; (d) Preheat at 900°C.

Table 3. Elemental analysis of products using EDX

Atomic concentration (%) Sample

GMS.WP GMS.300 GMS.600 GMS.900
C 10.44 9.97 6.67 5.76
0 35.34 55.09 31.06 25.40
P 6.80 12.87 0.36 0.56
Ca 14.28 22.79 131 3.42
Ratio Ca/P 2.1 1.77 3.63 6.10
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3.3. Characterization of the sprayed coating

Observing the macro structure with Image J software can
identify phases based on the resolution of all parts of the
image. The difference in image resolution in one specimen
image is used as a reference for calculating the specimen
porosity. Figure 3 shows the porosity specimens which
support the SEM observations. The specimen's porosity
decreases with increasing preheating temperature. The
coating's porosity and thickness are determined by the
substrate's preheat temperature and the HA powder used
(Fig. 5).
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Figure 5. Thickness of HA coated GMS.WP; GMS.300;
GMS.600; GMS.900 specimens

The preheat temperature has a significant effect on the
porosity of the HA layer. Increasing the preheat temperature
gradually reduces the porosity of the HA layer. Similarly,
the thickness of the HA layer decreases with increasing
preheat temperature [41], with an average layer thickness of
56.77 pum. The thickness of the HA coating on 316L
stainless steel for implants varies depending on the coating
method and the study. A HA layer typically has a thickness
of 50-200 pum [10]. Another study reported that thinner
coatings had better bonding between HA powders than
thicker coated samples (approximately 72 pum) [42], with
the maximum HA layer thickness being 96.76 pum [10]. The
thickness of the HA layer can affect the implant's corrosion
resistance [42]. However, it is important to note that implant
performance is influenced by more than just the thickness
of the HA coating. Other factors, such as substrate type and
coating method, can also affect the implant's mechanical
properties [43]. The degree of crystalline phase formed in
the final layer is related to a surface coating layer's
crystallinity, which has been considered a significant factor.
In the initial stages of bone healing, the HA coating on metal
implants can promote strong bone union and enhance
osseointegration [44]. The crystallinity of the coating has
increased by more than 50% for all coatings. This
cristalinity index increases as the preheating temperature
increases Fig. 6). As such, the flame spray coating process
has prioritized the crystallinity phase of the HA layer. By
making the HA coating on metal implants more
crystallinity, adhesive bond strength and osteogenic
qualities can be improved [45].
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Figure 6. Crystallinity index of HA coated GMS.WP; GMS.300;
GMS.600; GMS.900 specimens

3.4. Coating adhesion strength

Figure 7 shows the adhesive strength data obtained
through a pull-off test by ASTM D4541. The adhesive
strength of the coated HA layer on the substrate decreases
with increasing pre-heat temperature. The difference in
Young's Modulus between the coating material and the
substrate could account for this value. About this issue,
HA's use in bone implants remains limited due to its
brittleness and low toughness [46]. This condition also
applies to implant materials such as 316L SS. The Young's
modulus of 316L SS is ~193 GPa, compared to
approximately 6 GPa for HA, making the HA layer
susceptible to failure due to stress shielding (Young's
modulus mismatch between HA and substrate, as reported
in [47]. These findings confirmed that higher preheating
was associated with an increase in the levels of Fe and Cr
elements, resulting in increased adhesion strength.
However, because the GMS.600 sample (Fig. 3c) contains
many macro-sized cracks, its tensile adhesion strength is
lower than that of the GMS.300 sample. Sample GMS.900
(preheat 900°C) had the highest tensile adhesion strength of
3.84 MPa.
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Figure 7. Adhesion strength of HA coated GMS.WP; GMS.300;
GMS.600; GMS.900 specimens

According to searches in indexed international journals,
the standard adhesion strength of HA coatings on
orthopaedics implants depends upon several factors,
including the type of coating and substrate material. The
adhesion strength of HA coatings on orthopaedics implants
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can range from 3.15 MPa to 19.02 MPa, depending on the
conditions and materials used [48-49]. Higher adhesive
strength indicates increased adhesion between the
prosthesis, the new periprosthetic tissue, the substrate, and
the coating [30]. However, obtaining a high adhesion
strength of HA coating is not ideal because the interface
adhesion strength of HA-coated implants increases to 7.27
MPa after ten weeks of implantation [49]. In this study, the
adesion strength coating is still less than 15 MPa, so further
research is needed. A good HA coating must have adequate
adhesion strength, few cracks, high hardness, good
osteoconduction, no inclusions, and  consistent
osseointegration [50].

4. Conclusion

The preheating temperature parameters of the FSD
process influence the morphology of the HA layer and its
adhesion strength, porosity, coating thickness, and
crystallinity index. Adhesion strength and crystallinity
index increase with initial heating, but porosity and layer
thickness are the opposite.The porosity of the HA coating
and the coating thickness decreased with increasing
preheating temperature from 19.87% to 3.73% and 64.5 um
to 46.8 um respectively. The adhesion strength and
crystallinity index of the coatingvary. They increase with
increasing preheating temperature from 3.6 MPa to 3.83
MPa and 60.93% to 99.35% respectively.

The findings of this study show that the HA layer
material meets the porosity, thickness, and crystallinity
index requirements for implant coating materials.
Meanwhile, the reduced adhesion strength of the HA layer
could be related to the appearance of cracks caused by
elastic modulus differences between HA and the substrate
during the preheating process.
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