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Abstract

Biocompatibility and tribological issues with 316L stainless steel (SS) biomaterials reduce their service life. A metallic
substrate made of stainless steel 316L (SS) was employed. After being subjected to a surface anodization process using sulfuric
and nitric acids, it was coated with silver using a DC sputtering plasma method. The coating's crystallinity, morphology, and
microstructure have been investigated using structural characterization methods such as XRD, FESEM, and EDS. To assess
the coatings' qualitative adherence to the steel substrates, the coated substrates underwent the Rockwell - C indentation tests.
An optical profilometer was used to measure the coatings' surface properties. The corrosion resistance of coated and uncoated
SS substrates was evaluated using potentio-dynamic polarization experiments. The results show that the silver coating and
anodized surface increase SS's resistance to corrosion behavior. The silver-coated SS and surfaces treated for corrosion both
see a reduction in the current density of corrosion. These further demonstrate the potential for using surface-treated and silver-

coated stainless steel as a surgical instrument to increase biocompatibility and resistance to corrosion.
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1. Introduction

Only a select few biocompatible metals and alloys can
function as durable orthopedic medical implants over an
extended period. Stainless steel 316L, cobalt-chromium
alloy, titanium, and Ti-6AIl-4 V alloy are frequently utilized
as bone fixators in hip prostheses and knee, external
fixators, dental implants, and orthodontic wires [1]-[4].
Stainless steel (316L) is often used in orthopedic procedures
because of its strong mechanical properties, flexibility, high
resistance to breaking, and cost-effectiveness [5]-[10].
SS316L implants experience pitting corrosion in the bodily
fluid environment, leading to the need for device removal in
some instances [11]. Stainless steel is prone to corrosion in
low-oxygen environments and gaps where the protective
passive coating is compromised. These implants, like the
femoral components, might fail owing to fractures. Another
limitation of SS-316L in biomedical uses is its poor tissue
integration and low blood compatibility due to allergic
reactions caused by its nickel presence. Various bioactive
coatings, including nHA-PLA composite, 45S5 bioglass-
silica, polysiloxane/bioactive glass composite, phosphate-
free bioactive glass [12], Mg-substituted fluorapatite, Ce
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integrated Nb205 composite, and organosilicon thin films,
have been applied. Utilizing Fe-based alloy on SS316L may
help achieve prompt biological attachment, reduce
corrosion, and address small placement problems in
metallic prostheses after surgery [13]-[19].

DC Sputtering is a PVD Coating method in which a
target material is attacked with ionized gas molecules,
causing atoms to be ejected into the plasma. The vaporized
atoms are deposited as a thin layer on the substrate when
they condense. DC Sputtering is a fundamental and cost-
effective method used for Physical Vapor Deposition
(PVD) of metal for covering electrically conductive target
materials [18], [20], [21]. DC is advantageous as a power
source for this process due to its controllability and cost-
effectiveness, especially for metal deposition in coating
applications. DC Sputtering is frequently utilized in the
semiconductor industry to produce microchip circuits at the
molecular scale. It is used for gold sputter coatings on
jewelry, watches, ornamental finishes, non-reflective glass,
optical components, and metalized packaging plastics.

There are many types of sputtering, including DC
Sputtering and RF. Magnetron sputtering, etching plasma
sputtering, and lon beam sputtering [22]. Direct current
sputtering (DC sputtering) is the simplest of these systems.
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That was used in this research. The Sputtering system
consists of two plates, a vacuum chamber, and a pair of
planar electrodes; the material to be deposited in the
cathode, the anode is where the substrates are located. The
sputtering chamber contains Ar and 0, discharge gas [23].
Anodization has been used to improve corrosion resistance
in several research [24].

Silver may be added into or coated on polymers or
metals using techniques such as lyophilization [25], [26],
dip coating [27], electrospinning [28], [29], layer-by-layer
deposition [30], and additive manufacturing [31]. These
approaches show significant possibilities for using silver to
improve the antibacterial properties of biomaterials [32]-
[35]. The metal surface of the anode is coated with a passive
layer by an electrolytic process known as anodization. In an
oxygen-rich environment, anodized metals may form a thin
oxide coating. A thick and uniform layer of anodized oxide
limits ionic conductivity. Therefore, these oxides can be
considered barriers that keep the metal from corroding
anymore [36].

The novelty of current research was focused on using a
multi-coating layer; two coating processes were adopted
sequentially (chemical process first and then physical
process) presented by anodization (precipitated layer of
Cr,05) and DC sputtered plasma (Nano-Ag), respectively.
The main objective of using Nano-Ag was to minimize the
porous generated during the creation of Cr,05. Using a
multi-coating layer by hybrid process (chemical and
physical processes) improved the corrosion resistance in
Tyrode's solution at 37+1 degree centigrade. This study
aimed to improve surgical tools' biocompatibility, adhesion,
and corrosion behavior by using the anodization and DC
sputtered plasma of silver coating on 316L SS, depending

on international standards after exposure to the
physiological Tyrode solution.

2. EXPERIMENTAL WORK

The chemical composition of the stainless steel (316L),
which was cut into samples measuring 15 mm in diameter
and 3 mm in height for the tests, is illustrated in Table 1.
The test sample was cleaned by immersing it in an
ultrasonic cleaner for ten minutes in each of ethanol and
acetone, followed by drying. The negative electrode for the
anodization procedure was made of silver (2 1 0.03) cm,
while the positive electrode was made of stainless steel.
During the anodization process, a 4 cm gap existed between
the two electrodes. The electrolyte was a solution
comprising 1M H2SO4 and 1M HNO3 that was kept at a
constant temperature of 25° C.

The test specimen had been subjected to anodization
voltage increases of 6, 8, and 10 volts for durations of 5 and
10 minutes, respectively. Following anodization, the test
piece was cleaned with distillate and dried.

The most valuable specimen was then covered with
silver utilizing a DC sputtering plasma, and the specimen
was inserted into the PVD system's deposition chamber as
shown in Figure 1. The temp was then set when the chamber
was evacuated to a base pressure of less than 1x107 torr.
Ensuring an equal O2/Ar oxygen flow and an operational
pressure of 6 x 102 torr (0:10). The working voltage and
electrical current in this work are 1400V and 20 mA,
respectively. Two hours were spent on the deposit. The test
sample's surface was then heat-treated for a total of 60
minutes at a temp of 400 ° C following the coating
procedure.

1. Plasma chamber

2. Chiller.

3. Vacuum pumps
system.

4. Gases regulator.
5.4 kV, power supply
6. Multimeters.

7. Argon gas cylinder.
8. Oxygen gas
cylinder.

9. Anode electrode.
10. Cathode electrode.

Figure 1. DC Sputtering plasma system set-up
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3. Tests

The structural analysis and observation of the structural
form of the oxide film on the surface of the stainless steel
applied throughout the anodization process and sputtered
specimen were conducted using field-emission scan
electrons microscopy (FE-SEM) and EDS [37]. The
samples have been ground on edge while holding the
specimen vertically to examine the cross-sectional
photographs. Atomic force microscopy (AFM) was used to
measure the extended surface topography. Using an X-ray
diffractometer (XRD), the phase and crystallographic
structure of the thin film has been determined and
investigated. The corrosion behavior was then evaluated
using a potentiodynamic polarization (PDP) test. The test
sample was immersed in a Tyrode solution and then
measured. Three electrodes were utilized in the test: the test
sample served as the working electrode, platinum (Pt)
served as the counter electrode, and the saturated calomel
electrode (SCE) served as the reference electrode. A
conventional Rockwell hardness tester equipped with a
Rockwell (such as the kind - C) diamond cone weighing
(150 kg) at 2 seconds was utilized for the Rockwell-C
adhesion test. The indented classes ("HF1" and "HF2")
indicate adequate adherence. The inhibition zone approach
is used to investigate antibacterial activity. An antibacterial
kinetic test using gram-negative "E. coli" strains
(Escherichia coli, American kind culture, "ATCC 5922").

4. RESULTS AND DISCUSSIONS

The XRD spectra for the anodized specimen at improved
voltage 8V for 5 minutes are shown in Figure 2.
Unmistakably, the anodized sample displayed the usual
austenite (y) phase reflection peaks. On the anodized
specimen, nevertheless, it was discovered that the reflection
peaks for chromium oxide Cr,05 were present.

Figure 3 shows the XRD pattern of the substrate 316L
stainless steel and as-sputtered Ag thin scale of the anodized
sample. An index of the diffraction rings can be determined
from the d-spacing calculation (111), (002), (022), (113),
and (222) for Ag.

4.1. Film Composition and Coating Morphology

Figure 4 shows an optical microscope of surface
microstructure of 316l stainless steel and Figure 5 shows an
optical microscope of surface microstructure anodized 316l
at different voltage and time. The surface is made up of
porous that appear at higher magnification of 400X. A
considerable increase in the mechanical characteristics,
including microhardness, is shown in the optical
micrograph of the specimens that have been anodized at a
thickness of 4 cm. It is clear from the optical microscopy of
this set of specimens that the anodizing processes were
successful given the high porosity, appropriate pore
geometry, and suitable anodizing procedure.

Table 1. Chemical Composition of the Alloy utilized in this research

Material Cr Ni Mo P Mn Cu Al S Si C Fe
% Weight 17 10.36 2.37 0.023 1.36 0.185 0.004 0.029 0.813 0.03 Bal.
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Figure 2. X-ray diffraction pattern of anodized sample at 6v, Smin
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Figure 3. XRD profiles of the 316L stainless steel and sputtered sample at 2hr.
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Figure 4. OM morphology of 316l stainless steel.

Figure 5. OM morphology of an anodize 3161 alloy surface (at 4 cm e: 6 V,5min, f: 6 V,10 min, g: 8 VV,5min, h: 8 \,10min).
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4.2. Corrosion Behavior

4.2.1. Polarization Tests

Figure 6 display the potentiodynamic polarization detour
of base 316L SS and samples that have been anodized in the
Tyrode's solution at a range of temperatures at 37°C for a
different time. The corrosion current (i.,) and (Ecorr) are
obtained from the potentiodynamic curving by employing a
Tafel plot and they are recorded in tables (2). It is evident
from the findings in the tables, the unmodified substrate has
(icorr= 0.44 pA), caused by the dissolution of metallic ions
on the external surface of the unmodified base, it has the
lowest corrosion resistance.

After anodization, corrosion current in anodized samples
is seen to decrease for (A24, A34, A44, and A54), This
means that the anodization process provides a barrier to
corrosion on the substrate's exposed surface. the lowest
corrosion current achieved during anodization at 8 V, 5
minutes (icorr = 0.112 pA) resulted in higher corrosion
resistance than anodization at 10 V. This is because of the
extremely compact structure of this oxide layer. In addition,
the anodization at a higher potential produced turbulence in
the electrolyte, leading to a rough and inadequate surface.

Figure 7 shows the potentiodynamic polarization curves
for base 316L SS alloy, anodized sample A34, and sputtered
sample with Ag in the Tyrode’s solutions at 37 =1 °C. The
current of the corrosion is (ico) and the potentials of
corrosion (Ecorr) are derivative from the potentiodynamic
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curving by employing the Tafel plot (Table 3). Table 3
demonstrates the obtained results, the unmodified sample
has corrosion current (icor= 0.44 pA), the sputtering with
time (2 hrs), this time-treated sample shows better corrosion
resistance than the untreated sample. This indicates that
sputtering with an Ag coating layer would create a passive
layer of protection on the surface that would slow the
percentage of corrosion. After sputtering at 2 hrs, the lowest
(icorr= 0.085 pA) is found and this consequence has the
maximum corrosion resistance.

4.3. Cyclic Polarization

Cyclic polarization is performed to examine the
sample's resistance to localized corrosion. Figure 8
illustrates the cyclic polarization curve for an anodized
sample at 8 volts, 5 min, 4 cm, and sputtered sample at 2
hrs. For anodized sample, has Epit = Eprot little tendency to
pit. The cyclic polarization curves obtained as noted in
Table (4), the extent of the hysteresis loop is highly reduced
and therefore, the corrosion mechanism operating on the
substrate surface is less active when coating with silver. the
AE rate obtained is low and consequently, the pitting
corrosion resistance of this specimen would be higher.
Coating of Ag increases resistance to pitting corrosion of
anodized 316l St-St.
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Figure 6. Potentiodynamic Polarization for 3161 Alloy in Tyrode's solution (Al14: 6 volts, 5min, A24: 6-volt, 10 min, A34: 8volt, 5min, A44: 8volt,
10 min, A54: 10volt, 5min, A64: 10 volts, 10min).
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Figure 7. Potentiodynamic polarization curves of base 316L and sputtered sample with Ag of the anodized sample at (8 \VV, 5min, and 4cm).
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Figure 8. Cyclic polarization curves for anodized and sputtered samples in Tyrode’s solution at 37 +1 °C.

Table 2. Electrochemical parameters of the anodized samples for 316L SS at different parameters at 4cm.

Sample code Conditions icorre PA CR (mpy) Improvement Percentage%
Base Untreated 0.44 0.1033 -
Al4 6V, Smin 0.412 0.0967 6
A24 6V, 10min 0.336 0.0788 24
A34 8V, 5Smin 0.112 0.0262 75
Ad4 8V, 10min 0.130 0.0305 70
A54 10V, 5min 0.681 0.1598 -
A64 10V, 10min 2.28 0.5353 -

Table 3. Electrochemical parameters of the sputtered sample with Ag for anodized 316L SS.

Sample code Conditions icorr: HA EcorrmV CR (mpy) Improvement %
Base Untreated 0.44 -56.7 0.1033 -
A34 8volt, 5min 0.112 -66.8 0.0262 75
Ag DC sputtering 0.085 -72.9 0.0199 81

Table 4. pitting potential values of anodized and sputtered samples with Ag.

Sample code Conditions Ep (mV) Eprot. (mV) AE=(Epit-Eprot.) (mV)
Ag DC sputtering -150 -90 -60
A34 8volt, 5min, 4cm -140 -150 10
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4.4.EDS

Figure 9 shows the morphological features of the 316L
SS surface modified by anodization process at 8 V for 5min
time at 4cm distance. The figure reveals the formation of a
homogeneously distributed oxide scale with a nano porous
structure. The dual porous structure was related to the
anodic voltage. Figure 10 demonstrates the EDS analysis of
the 316L SS surface modified by anodization process at 8 V
,5 min. The results confirm the formation of Cr,05 oxide
scale in the treated sample due to existence of Cr and O
elements as major constituents of Cr,05. Interfaces can be
seen clearly between sputtered scale and substrate. The
element distribution in sputtered silver samples is depicted
in Figure 11 which is O, Cr, and Ag which match with EDS
analysis.

SEM MAG: 5.00 kx WD: 5.00 mm

Dot: SE SEM HV: 15.0 kV.

Date(m/dly): 07/16/22 |

4.5, Atomic Force Microscopy Analysis

The AFM analysis is done for the anodized alloy and the
topography of the anodized sample with 3D performance
images were shown in Figure (12). The topography shows
a compact and regular scale of the anodized 316L, as well
as the surface roughness, which was (11.7) nm. The
illustrated topography indicates that the surface of the
anodized sample is covered by semispherical Cr,0;
particles. The AFM analysis is done for the sputtered
sample and the topography of the surface with 3D
performance images shown in Figure (13) features a
topography that, while not particularly rough, does have
several peaks and valleys which is a characteristic feature
for as-deposited scales. The as-deposited sample has a very
low roughness because of the uniform sputtering.

Figure 9. demonstrates the EDS analysis of the 316L SS surface modified by the anodization process at 8 VV,5 min. The results confirm the
formation of the Cr, 05 oxide scale in the treated sample.
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Figure 10. EDS analysis for anodized samples at 8volt, 5min, and 4cm.

EDS Layered Image 1

Figure 11. EDS analysis for a sputtered sample at 2hr.
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Figure 13. The topography of the sputtered sample with 3D performance images.

4.6. Adhesion Test

Figure (14) shows the optical microscope (OM) images
of Rockwell- C indentations on the anodized 316L. When
an indentation was made in an anodized sample, cracks both
deep and long appeared around the indentation. Not only
that but didn't find any delamination near the indentation
and made it with a Rockwell C scale. These findings
demonstrate the quality and strength of the adhesion of this
sample are correlated to HF1 and HF2 and these failures
represent HF2—HF3 type of adhesion strength quality.

Figure 15 shows the Optical microscope (OM) images
of Rockwell C indentation with three different
magnifications (5X, 10X, 20X) on the sputtered samples
with Ag. At a deposition time of 2 hours, shallow, short
cracks can be seen developing around the deformation point
in Ag sputtering samples. Delamination also does not occur
near the area of the Rockwell - C indentation effect. Each of
these scales only has tiny cracks inside the indentation. The
sample has an HF ranking of 1 that indicates silver scale and
coating done by sputtering in this work show good
adhesion. Miniscule cracking in the coating demonstrated
strong adhesion to the base material.

4.7. Field Emission Scanning Electron Microscopy.

Figure 16 reveals 316L stainless steel's distinctive
structure modified by the anodization method at 8 Volt for
5min at a 4cm distance. In the image, can see the
development of a nano porous oxide scale that has spread
uniformly. The dual porous structure was related to the
anodic voltage. Figure 17 shows a typical FESEM cross
sections morphology of the oxide scales on the anodized
steel for Smin at 8volt and 4cm. The anodized films grew to
a very uniform thickness across the surface. The
morphology and topography of sputtered sample with Ag
were observed by FSEM in Figure (18). The FSEM surface
micrograph shows a smoother surface. The microstructure
is uniformly packed, and the particles are evenly distributed,
which results in uniform coatings. Figure 18 illustrates the
cross-sectional topography of sputtered sample with Ag at
2 hrs. The sputtered scale is regular in its thin-scale
structure, measuring in at a thickness of 89.05 nm, and
demonstrates improved compactness, homogeneity, and full
bond strength between both the substrate and the coating.



© 2024 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 18, Number 2 (ISSN 1995-6665) 347

4.8. Antibacterial Test

The effect of the antibacterial for 316L, anodized
316L SS alloy, and sputtered samples were tested against an
E. coli culture, as can be seen in (Figure 19). The oxide scale
exhibited a strong antibacterial effect. Therefore, the

=

Y scale

. . &
I Substrate
A

SEM MAG: 5.00 kx | WD: 10.72 mm

Det: SE | SEM HV: 15.0 kV
Date(m/d/y): 07/16/22

> APPSR

presence of Cr,0; was effective in inhibiting bacterial
attachment to the surface due to its surface roughness,
which in turn inhibits bacterial growth and enhances
antibacterial properties. For sputtered samples, it has shown
the highest antimicrobial activity, this refers to Ag coating’s
active role in killing bacterial strains.

|

W

MIRA3 TESCAN

Figure 16. FESEM cross sections morphology of the anodized sample.



348 © 2024 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 18, Number 2 (ISSN 1995-6665)

g

r

BEM MAG 19.0 ks WOD! 4,91 mm y
Dat: 24 BEM HVT 150 KV 8 g

D1 = 8905 ron

-

BEM MAG: 135 b WD: 4.91 mm
Dwi. B BEM MV 18,0 KV PO rwn
Date(midy): 07/16/22

Figure 19. Antibacterial Test.

5. CONCLUSIONS

Nanoporous structures of Cr,0; in different
morphologies are obtained by tailoring the major
anodization parameters of applied potential, distance, and
time. The main anodization parameters of applied voltage,
distance and time have a significant effect on the corrosion
resistance of anodized sample is produced throughout
anodization process of 8V, 4Cm and time of 5 min.

o XRD analysis reveals the formation of several sharp and
strong intense peaks attributed to anatase Cr,05 along
with one diffraction peak corresponding to rutile Cr,04

in the anodized 316L substrates at 8V, 4Cm and time of
5 min.

The major anodization parameters of applied voltage,
distance and time have an obvious influence on the
thickness of formed Cr, 05 as it increases with increasing
these parameters. Here, 316L substrates anodized at
voltage of 8V at 4cm for 5 min had the highest thickness
compared to other anodized samples.

The values of the surface roughness of anodized 316L
substrates increase evidently compared to non-anodized
316L sample. The surface roughness increased, when
the applied voltage, distance and time were at values 8
V, 4Cm and 150 min, respectively.
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The electrochemical results displayed that the 316L
samples anodized at 6 and 8 V have an inferior corrosion
behavior compared to that of the non-anodized 316L
sample. The increase of the applied potential from 6 to 8
V had a significant effect on the corrosion behavior. The
results confirmed that the protective anodized Cr,04
layer formed onto 316L surface at 8 V for 5 min is more
stable compared to that formed at 6, resulting in further
preventing from corrosion effect.

The morphology of the sputtered Ag layer is
homogenous and crack-free when sputtered, with the
optimum time at 2 hrs.

The potentiodynamic and cyclic polarization results
demonstrate that the DC sputtering plasma method on
316L SS at 2 hrs. has highest corrosion resistance, and
an improvement in the pitting corrosion resistance when
immersed in the Ringer’s solution.

Adhesion strength results for modified samples
compared with nonmodified samples appear to be good
adhesive for the anodized and sputtered deposited layers
with Ag on 316L substrate.

The results of antibacterial analysis have confirmed that
the DC sputtered coating by Ag reveal good antibacterial
activity against gram negative E. coli. This antibacterial
activity increases when surface treatment time increases.
That makes these coatings safe, and they can be used for
surgical instruments applications.
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