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Abstract. Stainless steel 316L is one of the metal biomaterials used in implant applications due it it's so
strong. For improved biocompatibility and mental activity, metal surfaces must be coated. Consequently,
this study tries to increase the osseointegration of the alloy while retaining its good mechanical
characteristics. Firstly, by dipping the substrate material, stainless steel 316L, into the acidic electroless
bath solution, silver nanopowder coating is produced. The stainless-steel sample was prepared with a
catalyst solution. Then deposit the composite layer by the EDS method. X-ray diffraction was used to
characterize the crystallinity and crystal structures of the coating layers. The scanning electron microscopy
(FESEM) and energy dispersive spectroscopy (EDS) results demonstrated that the composite coating,
which is thick with homogeneous absorbents and continuous with a very homogeneous mixture inside the
coating, had a significantly enhanced microhardness and adhesion strength. Furthermore, the biological
behavior of materials was investigated by examining the roughness and wetting characteristics of the
coated samples. The results showed that the average coating thickness for the nanocoated silver sample is
59.1 um, and the average composite thickness of the multilayer coating is 86.6 um for 4% NiO, 88.5 um
for 8% NiO, and 89.6 for 8% NiO. Moreover, those layers were created to be consistent, homogenous, and
crack-free, and the surface was extremely wettable.

Keywords: Scanning electron microscopy, stainless steel 316L, Electroless deposition technique, X-ray
diffraction, Silver nanopowder, electrostatic spray method.

1 INTRODUCTION

Implantation of new bone is being studied and used in
biomedical fields to improve the quality of life for
patients. With time, the bone loses its physical
properties, necessitating revision operations as demand
increases. Biomedical implants meet the necessities of
the body [1]. Implants must have both biomechanical
(strength, stiffness, wear resistance, fracturing
toughness, fatigue life, corrosion protection) and
biological  (toxicity,  osseointegration,  surface
characteristics) features. Biomechanical characteristics
must match those of native human tissues without
causing injury [2, 3]. The bioactivity of
osseointegration and the bonding of living bone to an
artificial surface of the implant are important for
reducing the need for more surgery and making sure
that the implants will last for a long time [4]. Metal-
based biomaterials possess characteristics that are
equivalent to those of human bones. Common
similarities include corrosion resistance,
biocompatibility inside the human body, preservation
of mechanical properties, and nontoxicity [5]. Stainless
steel (316 L) has received considerable interest in both
implanted and non-implantable medical devices due to
their biocompatibility. However, bacterial adhesion to
its surface and corrosion when in contact with bodily

fluids compromise the suitability of stainless steel
316L as a bioimplant. Therefore, stainless steel 316L
has to have better antibacterial and anti-corrosion
characteristics. One of the best methods for this is to
cover the surface of the stainless steel 316L with a
protective coating based on metal nanoparticles [6].
Corrosion is one of the main processes that cause
problems when metals and alloys are applied as
implants in the body. Electrochemical processes lead to
the corrosion of implants in the aqueous medium of
body fluids. The bodily fluid environment will reduce
the metal implant's fatigue resistance and increase the
release of chromium, iron, titanium, and nickel ions,
which are known to be carcinogens and strong
allergens when over 2 grams [7, 8, 9].

Austenitic stainless steel seems to be the biggest family
of stainless steel in terms of the variety of alloys and
uses. These steels are often used at high temperatures,
such as in sulfuric acid at temperatures above 540 C
[10, 11]. Metal typically has a strong mechanical
strength to support large bodily parts, but it has poor
contact with bones and, if utilized for an extended
length of time, produces toxic ions into body fluids
[12,13].

Metals coated with nanosilver are not only designed to
reduce close communication between the substrate and
bodily fluids but also to boost bioactivity and
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biocompatibility for the production of new bone. Silver
(Ag) has a wide range of antibacterial agents and could
kill hundreds of harmful bacteria and viruses.
Additionally, Ag has corrosion resistance, anti-oxidant
properties, low cell toxicity, high thermal stability, and
other characteristics [10, 14, 15].

Electroless nanosilver coatings have lately become
widely used in tribology, corrosion, biomedical, and
aerospace applications due to their ability to produce
hard, wear-resistant, and corrosion-resistant surfaces
[16]. But recently, interest in electrostatic spray deposit
(ESD) as a "solventless dry-powder coating process"
for implants has increased, ESD has grown in
popularity over competing powder deposition methods
because it has a quick deposition time, uses less
energy, and has lower operational expenses [17, 18].
The increased focus on PMMA-based coated
applications to improve the implant's resistance to
corrosion is due to the polymer's excellent chemical
stability [19].

In 2015, Zhao G. L. et al. used the electroless
deposition method to prepare multiple Ni-P/Cu/Ni-P
coatings. The findings demonstrated that the corrosion
behavior and the substantial reduction in porosity
contributed to the improvement in corrosion. The
system's three-layer covering's resistance [20].

In 2020, Hiba M. Algailani et al. prepared a composite
coating of ZrO2 nanoparticles at various percentages of
Ni-based nanocomposite coating onto a stainless steel
(316L) substrate by an electroless deposition
method. X-ray, scanning electron microscopy (SEM),
and energy dispersive spectroscopy (EDS) were used
to look at the structure and chemicals of
nanocomposite coatings. The Ni-ZrO2 nanocomposite
coating has much higher microhardness and much
better corrosion resistance [21].

In 2020, Yanfang Xu et al. used the electroless deposit
method (EDM) of silver nanoparticles (AgNPs) on
polydopamine-functionalized cellulose nanofibrils to
create very effective electromagnetic interference
(EMI) shielding films (CNFs). The CNFs, PDAs, and
AgNPs films showed excellent electrical conductivity
and outstanding EMI shielding effectiveness of 93.8
dB at 8.2 GHz with weight ratios of CNFs: AgNO3 =
1:24. The goal is to make the EMI shielding films
much more electrically conductive overall [22].

In 2021, Ghofran Dhafer et al. employed the
electrostatic deposition process to cover 316L stainless
steel with a biocomposite made of a PMMA-based
composite  and  varying  concentrations  of
hydroxyapatite. The surface shape and phases of the
coatings were looked at using osteoconductivity, FTIR

analysis, and FESEM/EDS. To understand the
biological activity of the coated samples, it was also
important to look at how wet and stiff they were. The
results showed that the alloy stuck well to the 316L
stainless steel substrate and that the coating layer made
the alloy more biologically active and biocompatibility
[23]. This paper aims comparison between the two
coating materials (Ag and PMMA @NiO) to enhance
frictional resistance and osseointegration while
maintaining the good mechanical performance of
stainless steel alloys by using a protective coating.

2 EXPERIMENTAL PART

2.1 Preparation of the silver coating bath and
electroless silver coating

Experimental installation intended for Ag nanopowder
coating. It has a magnet stirrer and heating, and the
temperature varies from 0 to 100 °C. A stable stand is
included for holding and supporting the substrate
sample and thermometer. A glass beaker with a
capacity of 150 ml is set on a heating plate. With the
aid of the speed setting, the stirrer rate and bath
temperature are set. The purpose of the magnetic
agitator is to maintain the suspension of nano-
composite particles in the glass beaker's bottom,
preventing agglomeration [24]. After several attempts,
the stirrer speed was determined to prevent the
electroless bath from becoming unstable due to particle
agglomeration.

This study uses stainless steel 316L specimens with the
dimensions (20x20x2) mm as a substrate for Ag
nanocomposite coatings. All surface specimens are
ground with 400, 500, and 600-grit emery paper.
Materials and consumables that were unclear were
removed carefully. Following that, any corrosion and
rust products are removed from the stainless steel
surface, and then it is washed with distilled water.
Sheets were first washed with an alkaline solution at 60
to 80 °C for 10 to 20 minutes, and then they were
rinsed with water. The composition of the alkaline
solution was Na3PO4: 30 g/, Na2SiO3: 8 g/,
Na2CO3: 25 g/1, and NaOH: 25 g/l. They were then
dipped in a weak HCI solvent for 30 seconds before
being washed with cold and deionized water,
respectively. The silver deposition is completed by
dipping the stimulated surface of the substrate into a
chemical bath maintained at a temperature of 45-50 °C
for 35—45 min. Then it is immersed in distilled water
for 3 seconds and dried with an air dryer.

Table 1 Composition of the electroless bath and operation parameters.

The Compositions Solution (A) Solution (B)
AgNO; 3 g/l
NH40H 60 ml
Na>S203 2.1 g/l
C4HeOs 0.2¢g/1
CeH1206 2.25g/1
C2HSOH 5ml
HxO 450 ml 450 ml
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The Compositions Solution (A) Solution (B)
Ph 12
Temperature 45-50 CO
Coating time 35-45min

The silver ion and reducing agent solutions are shown
in Table 1 as Solutions A and B, respectively. These
solutions were presented discreetly. These solutions
have been mixed before plating. Distilled water is used
to clean the samples. XRD and microhardness, as well
as contact angle, were used to characterize the
deposited coatings. Microhardness is measured through
Vickers hardness.

2.2 Composite  coating preparation by
electrostatic spray deposition (ESD)

The coating is made of a composite layer with
polymethyl methacrylate (PMMA) as the matrix
material and different amounts of NiO as the
reinforcement  element.  Different  ratios  of
PMMA:NIO, such as (96:4, 94:6, and 92:8, wt%), have
been used to make composite coating powder mixes.
The powders were then mixed in a pellet mill for 30-40
minutes combining NiO with PMMA powder to create
a uniform, homogenous coatings that are ready for use.
Electrostatic Spray Deposition (ESD) was used to
deposit the powder combinations for the composite
coatings on the substrate. The components of the ESD
system are a metal collector for substrate deposition
and a stainless steel nozzle connected to a voltage-
switching power supply with positive polarity,
"COLOCL 668W/30 kV/PN." The voltage was
adjusted to 25 KV, the diameter of the capillary nozzle
was "0.8 mm" the distance between the spray gun and
the substrate's surface was kept at 20 cm, the spraying
period was set to 35 seconds, and the spraying angle
was set at 45° to regulate the thickness of the deposited
layer. The coating specimens were dried in an electric
furnace at 160°C for one hour to create the film, and
after cooling to room temperature, the coating
characteristics were determined.

3 RESULTS AND DISCUSSION

3.1 Morphological analysis (FESEM and EDS)

Field emission scanning electron microscopy (FESEM)
was used to figure out the shape and structure of the
surface. FESEM creates comprehensive images,
including crucial information about the surface's
structure. Before the FESEM examination, the
specimens were coated with gold. Figure (1) (a)
showed the SEM examinations for the Ag electroless
deposition coating on a metal substrate, (b) PMMA
composite layer with 4%NiO over the bond layer, and
(c) PMMA composite layer with 6%NiO over the bond
layer (Ag nanocoating layer) by the electroless
deposition technique.

The composite layer was shown to be fully dispersed
over the bond layer to have a dense, uniform, and
highly adhesive surface and to be continuous with a

well-homogenous mixture of NiO: PMMA without
forming any agglomerates. PMMA particles stayed
around after being deposited and cured because they
didn't melt during the heating phase of making the film.
The results showed that the average coating thickness
for the nanocoated silver sample is 59.1 pum, and the
average composite thickness of the multilayer coating
is 86.6 um for 4% NiO, 88.5 um for 8% NiO, and 89.6
for 8% NiO. Moreover, Figure (1) depicted the surface
morphology of the coated layer, which revealed that
NiO particles are lodged inside the PMMA matrix and
particle clusters are scattered throughout the film
surface.

Fig. 1. SEM images of (a) electroless deposition Ag nano-
coating, (b) PMMA composite layer with 4%NiO over the
bond layer, and (c) PMMA composite layer with 6%NiO
over the bond layer.
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The energy dispersive spectroscopy (EDS) analysis
shown in Figure 2 revealed that the Ni and Ag content
increased gradually at (3.3 and 3.5) wt% and (11.6 and
60.5) for Ag content, with decreasing C content (55.3
and 21.0) wt% through the different concentrations of
NiO (6% and 8%) wt%, respectively.

Fig. 2. EDS analysis of PMMA/NiO multilayer coatings at
(a) 6%NiO, and (b) 8%NiO.

3.2 X-Ray diffraction

Figure 3 displays the X-ray diffraction pattern of
electroless Ag film over stainless steel 316L. Five
diffraction peaks can be seen in the X-ray diffraction
(XRD) pattern of the Ag layer, which corresponds to
the face-centered planes at 2 thetas of 38.2°, 43.6°,
44.6°, 64.61°, and 77.54° for plans (111), (200), (220),
(311), and (222) [25]. The X-ray diffraction diagrams
of the NiIO/PMMA composite coated with a bond layer
over 316L SS were presented as shown in (Fig. 3). The
PMMA matrices have broad maximum peaks at at 2
thetas of 37.94°, 45.6°, and 64.29°, respectively [26].
The PMMA matrices have broad maximum peaks at
33.94° and 43.2°, indicating that they are amorphous,

and they have wide humps, suggesting the existence of
a PMMA crystal lattice with small diameters.
Incorporation of nickel oxide into the polymer
composite coating on 316L results in a reduced peak
intensity and a slight peak offset, which may be a
consequence of the high tensile stress of the substrate
[27-30]. When NiO ratios are compared, it is
discovered that 6% NiO results in an increase in peak
height. The models show similar hydroxyapatite
diffraction peaks, indicating a similar crystallographic
nature in all NiIO/PMMA composites [31]. The results
indicate that the Ag concentration strongly influences
the NiO/PMMA coated stainless steel 316L implant's
crystal phase and shape. Moreover, all samples show
that the implant has appropriate, crack-free adhesive
coatings. The coated films' combined morphology may
improve protection against corrosion and antibacterial
effectiveness [32, 33]. The microscopic holes present
in the coatings, which are apparent from the Ag
replacement, suggest that may have enabled improved
cell adhesion. Yet, it's probable that the PMMA -based
composite's peak height decline was influenced by the
x-ray absorption effect. The amorphousness of
electrostatic coatings can be seen in XRD drawings,
proving that Ag and NiO had no impact on the
structural characteristics of PMMA [34, 35]. This is
due to the physical combination of ceramic particles
with PMMA without any chemical reactions taking
place [36, 37].
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Fig. 3. XRD pattern of (a) Electroless Ag NPs on 316L SS, (' b) Composite 4% NiO: 96%PMMA, (c) Composite 6% NiO:

94%PMMA, and (d) Composite 8% NiO: 92%PMMA.

3.3 Contact Angle

By measuring the contact angle between the surface of
the test sample and the deionized water, this same
wettability of a biologically active coated surface was
assessed [27]. A hydrophilic (water-accepting) surface
must have a contact angle of about 90 degrees.
Aureuslt is a pathogen in bone infections, this explains
why most bacteria prefer to adhere to hydrophobic
surfaces and why bacterial adhesion is reduced, and
this unless the surface is altered can greatly enhance
the hydrophobicity of the surface [28].

Figures 4 and 5 show the contact angle measurements
recorded for all the specimens after coating when a
drop of water was put on the specimen's surface for 60
seconds. We observed that the contact angle for coated
surfaces is frequently less than 90° when compared to
the clear specimen and that the droplet has been
absorbed and dispersed by the surface coating over the
whole sample. However, in the composite coatings that
included nickel oxide and PMMA [38-45], absorption
was greater than that of coatings that included Ag and
stainless steel (316L), and absorption was improved,
allowing the droplet to be dispersed more efficiently,
and the specimens of 6% NiO with 94% PMMA and
8% NiO with 92% PMMA with a contact angle of
58.948° and 60.948° in arrangement had the best
absorption in the composite coatings [46-50].

Fig. 4. Specimens of water drop contact angles.

316L
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Fig. 5. Exhibits the contact angle measurement taken for
specimens.

3.4 Roughness Test

Roughness was measured using the TR200 surface
roughness tester. The magnitude of the surface
roughness of the composite layer (6% NiO, 94%
PMMA) with Ag nano-coated layers is higher
compared with pure stainless steel 316L, and another
ratio of the composite coating layer is shown in Figure
6 [51-55].
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Sample Plating

Fig. 6. Exhibits the surface roughness of pure stainless steel
316L, Ag nanocoating, and composite coating layers by the
mixture of Nio and PMMA.

3.5 Vickers microhardness test

The Vickers microhardness test of the non-electrolytic
Ag coating was done at three different places on a
commercially clean stainless steel 316L substrate by
applying a force of 9.8 N and holding it for 30 s. The
average of the presented data for all samples (345, 377,
480, 498, 477) HV is shown in Fig. 7. Compared the
coating samples with the stainless steel 316L sample
(345 HV), there was an improvement in hardness [56-
60]. It has been discovered that the addition of ceramic
particles enhances the hardness of composite coatings
while providing improved mechanical capabilities [61,
62]. Moreover, it has better contact between the
individual layers and a lower growth content (cavities,
pores, and voids) than pure stainless steel 316L. The
greater the number of components in the sample, the
higher the hardness [63]. Figure 8 shows the Vickers
microhardness results of a composite coating (PMMA-
NiO) made by ESD at different ratios (96:4, 94:6, 92:8,
wt%) over the bond coating [64]. The coated
composite (PMMA-NiO) (94:6) is discovered to have a
maximum hardness of 498 HV [65]. The samples
showed a significant improvement in hardness
compared to the Ag electroless sample. Therefore, the
composite coating (PMMA and NiO) greatly enhanced
the toughness of the sample [66-68].

Table 2. Vickers microhardness results of the samples, an electroless, and the composite coating (PMMA-NiO) produced by ESD.
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Fig. 7. The Vickers microhardness results of an electroless,
and composite coating (PMMA-NiO) produced by ESD.

4 Conclusion

The following conclusions can be drawn from this

research:

e After successfully applying multiple layers on the
surface of 316L stainless steel, the electrostatic
spray approach is a quick, trustworthy, and cost-
effective solution to cover the metallic surface
with a bio-composite layer.

e The FESEM and EDS micrograph analysis
showed that the deposited multilayer coating is
fully dispersed in the PMMA base coating to form
a dense, uniform, and highly adhesive surface that
is continuous without forming any agglomerations.

e The XRD and FTIR analysis verified that there
had been no chemical interaction between the
composite materials.

e The Vickers microhardness of the sample's surface
has shown high hardness as more layers are
formed. Thus, improving osseointegration while
maintaining its good mechanical properties.

e The hydrophilic characteristic of PMMA mixed
with Ag nanoparticles and NiO made the coating
layers very wettable, as seen by the composite
surface's contact angle measurements. It is an
important indicator of how the human body works
biologically and increases its biocompatibility.
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