KMR

Kashf Journal of Multidisciplinary Research
Vol:03 - Issue02(2026)
P-ISSN: 3007-1992 E-ISSN: 3007-200X
https://kjmr.com.pk

EXPERIMENTAL INVESTIGATION OF TITANIUM COATING FOR

CORROSION RESISTANCE ON STAINLESS STEEL GRADE ASTM

304L AND 316L FOR MEDICAL APPLICATION

*Syed Nasir Mehdi Gardezit, Asad Raza Gardezi?, *Ali Nawaz Sanjrani®, Muhammad Punhal Sahto*,
Muhammad Hassan®, Arfa®, Ali Raza’

1,456, 7NFC Institute of Engineering and Technology, Multan, Pakistan.
2Bahauddin Zakariya University, Multan, Pakistan.
3Mehran University of Engineering and Technology, SZAB Campus Khairpur Mir’s, Pakistan.

*Corresponding Author:(nawaz.sanjrani2019@gmail.com; nasirgardezi@nfciet.edu.pk )

DOI:(https://doi.org/10.71146/kjmr831)

Article Info

This article is an open
access article distributed

under the terms and
conditions of the
Creative Commons
Attribution (CC BY)
license

https://creativecommons.
org/licenses/by/4.0

Abstract

This research study investigates the surface enhancement of austenitic
stainless steels ASTM 304L and 316L for biomedical implant applications
through a titanium dioxide (TiO:) thin film deposited by physical vapor
deposition (PVD). This study aims to determine whether a TiO: coating can
improve corrosion resistance in physiologically relevant environments while
maintaining or enhancing key mechanical characteristics required for load-
bearing medical components. Uncoated and coated specimens of both grades
were evaluated using electrochemical corrosion testing, mechanical testing
(hardness and compressive strength), and microstructural/chemical
characterization by scanning electron microscopy (SEM) coupled with
energy-dispersive X-ray spectroscopy (EDS). The TiO.-coated samples
exhibited a clear improvement in corrosion behavior compared with the
uncoated substrates, indicating a more protective surface and reduced
susceptibility to degradation. Mechanical results showed a modest increase
in surface hardness and a slight improvement in compressive performance
after coating, suggesting that the deposited layer contributed to better surface
integrity without compromising bulk response. Among the investigated
materials, TiO.-coated 316L demonstrated superior overall performance
relative to TiO.-coated 304L, consistent with the higher intrinsic corrosion
resistance of 316L and the effectiveness of the coating—substrate
combination. SEM examination revealed a uniform, dense coating
morphology with no visible cracking or delamination, while EDS confirmed
the presence and continuity of the TiO- layer. These findings support PVVD-
deposited TiO: as a practical route to improve the corrosion resistance and
surface performance of stainless-steel alloys intended for biomedical implant
service.

Keywords: Titanium dioxide (TiO:); Physical Vapor Deposition (PVD),
Stainless Steel Grade 304l and 3161; Biomedical.
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1 Introduction

Corrosion resistance and biocompatibility are critical factors in the design and fabrication of biomedical implants
and high-performance materials. Stainless steels, particularly AISI 316L, and titanium-based alloys are widely
used due to their favorable mechanical properties, chemical stability, and biocompatibility. However, these
materials are susceptible to corrosion and wear in physiological environments, requiring surface modification
through coatings and thin films. Nano coatings of Alumina, Titania, and multilayer combinations have been
deposited on stainless steel via Atomic Layer Deposition (ALD) at 250°C, with morphology and elemental
composition characterized using SEM and EDX [1,16]. Corrosion studies in simulated body fluid (SBF) at 37°C,
including open-circuit potential, Tafel extrapolation, and cyclic polarization, demonstrated that multilayer
coatings provide superior corrosion resistance compared to single-layer films, with Alumina exhibiting higher
resistance than Titania [1,5,19]. Biocompatibility and bioactivity tests using non- pathogenic E. coli confirmed
the non-toxic nature of these coatings, indicating their suitability for biomedical applications [1,16,19].

Titanium and its alloys, including Ti6AlI4V and NiTi shape memory alloys, have also been extensively studied
due to their excellent mechanical strength, corrosion resistance, and biocompatibility [8-10,17,21,30,31].
Coatings such as Ti, TiOz, TiN, N-TiO2, and TiN/ZrN have been fabricated via plasma surface alloying, PVD,
anodization, and atmospheric plasma spraying, enhancing polarization resistance, reducing corrosion current
density, and improving wear and tribological corrosion behavior [2— 7,10,12,28]. Incorporating elements such as
Zr, as well as bio-ceramic coatings like hydroxyapatite (HA) composites with TiO: or ZrO., further improves
electrochemical stability, surface hardness, and corrosion resistance in simulated body fluids and chloride-
containing solutions [5,11,15,16,19,22,27,30]. Advanced hybrid coatings, including Ti/TiO2-N, TiN/ZrN, and
Ag/Co04/Ti02 nanocomposites, exhibit enhanced charge transfer resistance, reduced corrosion rates, and better
structural integrity due to dense columnar microstructures and synergistic effects between coating materials
[7,16,19,28]. Microstructural evolution and mechanical properties of substrate materials, including as-cast and
wrought stainless steel 316L and 304L, significantly affect coating performance. Factors such as recrystallization
behavior, grain orientation, and delta ferrite content influence coating adhesion, hardness, and corrosion resistance
[4]. Additionally, deposition techniques, coating thickness, surface morphology, and post-treatment processes
such as heat treatment, anodization, or vacuum sintering play a critical role in electrochemical and tribological
performance [5,15,30]. Functionally graded materials (FGMs) and nanocomposite coatings have demonstrated
that optimizing composition, microstructure, and deposition parameters substantially improves corrosion
resistance, mechanical strength, and biocompatibility, making these surfaces suitable for long-term implant
applications and demanding industrial uses [6,19,22,28,31]. Overall, literature shows that the choice of coating
material, deposition method, and post-processing treatment are essential for achieving durable, corrosion-
resistant, and biocompatible stainless steel and titanium- based implants.

This study aims at exploiting experimental evidence on corrosion resistance and biocompatibility improvement
of stainless-steel grade 304L and 316L in medical applications due to titanium-based coating. The work is
concentrated in depositing Ti, TiO2, TiN, hybrid and characterization of the surface morphology, microstructure
and elemental composition using SEM, EDX, XRD, and AFM respectively. The corrosion performance of the
coated and uncoated substrates will also be determined in simulated body fluids, as well as in chloride-containing
aqueous solutions using open-circuit potential, Tafel extrapolation, cyclic polarization and electrochemical
impedance spectroscopy (EIS). Besides, the effects of coating composition, thickness, and multilayers as well as
substrate microstructure on adhesion, mechanical properties and electrochemical performance will be evaluated.
The biocompatibility and biological performance/-bioactivity of the coating will also be investigated in terms of
bacteria culture efficiency, and through in vitro test immersion SBF, with the final aim to determine the most
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appropriate titanium coating configuration to achieve better resistance toward corrosion and to perform in
biological applications in the long-term.

2  Experimental methods
2.1 Theoretical Considerations

The corrosion behavior of stainless steels in chloride-containing and physiological environments is primarily
governed by the stability of the native passive film, which may locally break down in the presence of chloride
ions and initiate pitting. To systematically quantify the effect of a PVD-deposited TiO- barrier on this behavior,
the study followed the methodological framework shown in Figure 1, beginning with substrate selection (SS304L
and SS316L), coupon preparation (cutting and hole drilling for consistent fixturing), and controlled surface
finishing, cleaning, and nitrogen drying to establish a reproducible baseline condition.

Research Framework

Selection of substrates Coupon prep (cutting & Surface finish,
(SS304L, SS316L) hole drilling) cleaning & N: drying

PARALLEL
PROCESSING (TWO
TRACKS)

\ 4

TRACK A: COATING & TRACK B: UNCOATED
CHARACTERIZATION CONTROL PATH
/
TiO: deposition by PVD Baseline reference
2 g
(HL-500 multi-arc syystem) condition (uncoated) same
surface finish & cleaning
Post-coating characterization Baseline characterization
(SEM/EDS, XRD, AFM; (optional) (SEM/EDS, AFM or
thickness confirmation) surface roughness if used)

[ |
MERGE TO COMMON EVALUATION STREAM
Simulated physiological exposure (SBF + PBS

at 37°C; defined immersion times)

Electrochemical Mechanical integrity
corrosion testing testing

| |
v

( Comparison & interpretation ’

(coated vs uncoated; SS304L vs
S$85316L)

Performance Ranking of Coating
Configuration

Figure 1 Methodological flowchart for TiO: coating fabrication and performance assessment on SS304L and SS316L.
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The workflow then bifurcated into two parallel tracks to isolate the coating contribution: Track A involved TiO:
deposition using the HL-500 multi-arc PVD system followed by post-coating characterization (SEM/EDS, XRD,
and AFM with thickness confirmation), whereas Track B retained uncoated specimens prepared under identical
surface conditions as reference controls. Both tracks subsequently converged into a common evaluation stream
comprising exposure in simulated physiological media (SBF and PBS at 37 °C for defined immersion durations),
electrochemical corrosion testing, and mechanical integrity assessment, after which results were compared
between coated and uncoated states and between SS304L and SS316L to establish performance ranking. TiO: is
expected to enhance corrosion resistance by providing a chemically stable, adherent barrier that limits aggressive
ion transport and suppresses interfacial charge transfer; correspondingly, improved protection is anticipated to
manifest in electrochemical impedance spectroscopy as increased polarization/charge-transfer resistance and
reduced interfacial capacitance due to decreased electrochemically active area and improved film integrity

2.2 Stainless Steel Substrates

Two austenitic stainless-steel grades, SS316L and SS304L, were selected as substrates to represent widely used
biomedical stainless steels with different alloying characteristics. SS316L was chosen due to its established use
in biomedical devices and implants, where its mechanical strength and corrosion resistance are enhanced by
molybdenum addition and its low-carbon composition supports improved resistance to sensitization. SS304L was
used as a comparative substrate because its low carbon content supports corrosion resistance relative to standard
304, while its different alloy chemistry provides a meaningful basis to examine how TiO: coating modifies
corrosion response and interfacial electrochemical behavior under chloride and physiological conditions.

2.3 Materials and Sample Preparation
2.3.1 Substrate Preparation Cutting and Fixturing

Stainless-steel plates were first sectioned into coupons using a precision cutting approach to ensure dimensional
consistency and to minimize thermal distortion of the substrate. The initial stock material was cut into 10 x 10
cm sections and subsequently machined into test coupons, after which a mounting hole was introduced using a
drilling machine to facilitate safe handling and repeatable fixturing during PVD coating and subsequent
experimental measurements. Following machining, all specimens were subjected to a standardized surface
preparation protocol to obtain a reproducible surface condition prior to deposition. Specifically, the coupon
surfaces were progressively ground using silicon carbide (SiC) abrasive papers up to 1200 grit to remove cutting-
induced irregularities and to achieve a uniform surface finish. Final polishing was then carried out using alumina
slurry to obtain a mirror-like surface, which is critical for reducing surface defects that may serve as preferential
sites for coating discontinuities and localized corrosion initiation. After polishing, the specimens were
ultrasonically cleaned in ethanol and acetone for 15 min to remove residual polishing media, oils, and other
surface contaminants, and then dried under nitrogen to limit oxidation prior to coating. As shown in Figure 2, the
SS304L coupons produced by the wire-cutting/precision cutting process exhibit well-defined geometry and
smooth, burr-free edges, which are essential for repeatable coating deposition and electrochemical testing. The
controlled coupon geometry and carefully prepared surface condition not only support uniform TiO: film growth
during PVD but also enhance the reliability of corrosion measurements by minimizing variability associated with
edge effects and surface roughness differences among specimens.
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Figure 2 SS304L Samples cut by wire cutting method

Similarly, as shown in Figure 3, representative SS316L coupons were fabricated using a wire-cutting/precision
cutting route to obtain specimens with consistent dimensions and controlled edge quality for subsequent coating
and testing. The figure presents two conditions of the SS316L specimen: the coupon on the left shows the
immediate post-cut state, where machining marks and localized surface irregularities can still be observed, while
the coupon on the right illustrates the final prepared surface after grinding and polishing, exhibiting a more
uniform, mirror-like finish. Establishing this reproducible surface condition is essential for achieving
homogeneous TiO: film deposition by PVD and for minimizing variability in electrochemical measurements,
since surface defects and roughness can promote localized corrosion initiation and affect impedance response.

Figure 3 SS316L Samples wire cutting method
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A drilling operation was performed to introduce a standardized mounting hole in each stainless-steel coupon to
enable safe handling and reliable fixturing during the PVD coating process and subsequent testing. As shown in
Figure 4, the specimens were securely clamped on the drilling table and machined under controlled conditions to
ensure a consistent hole geometry across all samples.

Figure 4 Drilling process on samples for coating
This mounting feature facilitated repeatable positioning of the coupons within the PVD chamber, thereby

maintaining stable orientation during deposition and supporting uniform coating exposure. In addition, the use of
a uniform mounting approach reduced specimen-to-specimen variability during later characterization and
electrochemical corrosion measurements by ensuring consistent handling and minimizing the risk of surface
damage.

2.4 Titanium Dioxide Coating via PVD

Titanium dioxide (TiO2) coatings were deposited on the mirror-polished SS304L and SS316L coupons using a
Physical Vapor Deposition (PVD) process performed with an HL-500 multi-arc vacuum coating system. As
shown in Figure 5, the deposition was carried out using titanium as the cathodic target material in a reactive,
oxygen-rich atmosphere to promote in situ formation of TiO2 during arc evaporation. The substrate temperature
was controlled within the range of 250-320 °C to enhance coating adhesion and support stable film growth, while
the coating thickness was regulated to approximately 1.2 um through deposition time and process settings. These
operating conditions were selected to achieve a dense and continuous ceramic barrier layer with minimal
macroscopic defects, since discontinuities, pinholes, or thickness non-uniformity can significantly affect localized
corrosion initiation in chloride- and body-fluid environments. Following deposition, all specimens were handled
using the mounting arrangement described earlier to maintain consistent positioning during coating and to reduce
variability associated with fixturing and edge effects

Under the controlled environment as shown in Figure 5, the HL-500 multi-arc vacuum coating machine comprises
a sealed deposition chamber coupled with dedicated power and control cabinets that regulate key process variables
such as arc current, chamber pressure, gas flow, and substrate heating. The vacuum chamber (left) provides a
controlled low-pressure environment that minimizes contamination and enables stable plasma generation, while
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the control units (right) allow real-time monitoring and repeatable adjustment of deposition conditions. This level
of control is particularly important for biomedical-grade coatings because the corrosion performance of TiO2
films is highly sensitive to process stability; fluctuations in oxygen partial pressure, substrate temperature, or arc
behavior can alter coating density and defect population, which in turn influences barrier integrity and
electrochemical response in simulated physiological media.

Figure 5 HL-500 multi arc vacuum coating machine
For coating material first cleaned by mirror polishing by alumina slurry polish. After that Titanium dioxide

coating applied by physical vapor deposition method on these samples. The results for Titanium dioxide coating
on SS304I1 and SS316L are given in Figure 6.

Figure 6 Titanium dioxide coating on SS3041
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After deposition, the coated specimens were examined visually as an initial quality-control step prior to detailed
microstructural and electrochemical characterization. Representative coated samples are presented in Figure 6,
where the uniform surface appearance and consistent coloration across the coupons provide qualitative
confirmation of continuous coating coverage and stable deposition conditions. Such visual uniformity is
practically important because patchy deposition, shadowing, or surface discoloration gradients often indicate
thickness variations or localized defects that can later serve as preferential sites for coating breakdown under
electrochemical exposure. The coated specimens shown in Figure 6 were subsequently advanced to post-coating
characterization (SEM/EDS, XRD, and AFM) and corrosion testing in simulated physiological media, enabling
direct correlation between coating formation quality, microstructural features, and the measured electrochemical
performance.

2.5 Simulated Physiological Environment

The coated and un-coated samples were submerged in the following to replicate them in vivo environment:
e SBF (Simulated Body Fluid)
e PBS (Phosphate Buffered Saline)

As per design procedure and to reproduce relevant physiological conditions, coated and uncoated specimens were
exposed to simulated body fluids using SBF and phosphate-buffered saline (PBS). Both solutions were prepared
according to standard formulations and maintained at 37 °C to represent human-body temperature. The immersion
duration was varied to evaluate both short-term and longer-term electrochemical stability, with the intention of
observing whether the coating maintains barrier performance and whether the surface condition changes over
time in physiologically relevant electrolytes.

2.6 Corrosion Testing

The corrosion resistance of coated and uncoated stainless- steel samples was investigated using electrochemical
impedance spectroscopy. Potentiostat Reference - 3000 was used for Potentiodynamic characterization with three
electrode systems (Figure 6).

The following were part of the experimental setup:

e Electrochemical cell: arrangement of three electrodes
e Stainless steel sample as the working electrode

e Ag/AgCI is the reference electrode.

e Platinum is the counter electrode
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Figure 7 Potentiostat Reference-3000 setup for Potentiodynamic characterization of as -synthesized electrodes

Electrochemical corrosion performance was evaluated using a three-electrode configuration connected to a
potentiostat as mentioned above in section 2.6. In this arrangement, the stainless-steel specimen served as the
working electrode, an Ag/AgCl electrode was used as the reference electrode, and platinum was employed as
the counter electrode. Prior to impedance testing, the working electrode was stabilized at open-circuit conditions
to allow the interface to reach a steady electrochemical state in the test solution. Electrochemical impedance
spectroscopy measurements were then performed over a frequency range of 10° to 102 Hz. The resulting
impedance spectra were interpreted using equivalent circuit modeling to extract interfacial parameters,
including charge transfer resistance and double-layer capacitance (or constant phase element parameters), which
were used as quantitative indicators of coating integrity and corrosion resistance. The corrosion behavior of
coated specimens was compared directly against uncoated SS304L and SS316L under the same electrolyte and
temperature conditions to isolate the effect of TiO: coating.

2.7 Mechanical Integrity Testing

Mechanical integrity was evaluated to determine whether TiO2 deposition affects the near-surface mechanical
response of the substrate coating system and to ensure that corrosion improvement is not achieved at the expense
of mechanical reliability. Microhardness measurements were carried out using a Vickers hardness tester under
a fixed load and dwell time to enable consistent comparison between coated and uncoated conditions. In
addition, compressive testing was performed using a universal testing machine at a controlled strain rate to
verify that the coating process (including the thermal exposure during deposition) does not adversely influence
the bulk mechanical behavior of SS304L and SS316L. Given that the TiO: film thickness is on the order of
micrometers, hardness is expected to be more sensitive to surface modification than compressive strength;
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therefore, the compressive response is interpreted primarily as a substrate/process verification metric, while
hardness trends are used to reflect coating-associated surface strengthening or changes in near-surface
deformation behavior. The mechanical results were then discussed alongside electrochemical outcomes to
establish whether enhanced corrosion resistance is achieved without compromising overall mechanical
performance.

2.8 Microstructural Investigation

Microstructural characterization was conducted to verify the formation quality of the TiO: coatings and to
establish structure property relationships between surface condition, coating integrity, and the measured
electrochemical performance in simulated physiological media. In this study, scanning electron microscopy
(SEM), complemented by energy-dispersive X-ray spectroscopy (EDS), was employed as the primary technique
to evaluate both the morphological features and elemental distribution of coated and uncoated SS304L and
SS316L specimens. The SEM platform used for this work is shown in Figure 8, which illustrates the
instrumentation employed for high-resolution imaging and integrated compositional analysis.

Figure 8 Pictorial view of scanning electron microscope

SEM examination was performed on the as-prepared substrates and on the TiO.-coated surfaces to assess surface
topography and coating continuity at multiple magnifications. Particular attention was given to identifying
coating-related features such as microcracks, discontinuities, porosity, and droplet-like defects that may arise in
arc-based PVD coatings, as these features can serve as preferential pathways for electrolyte ingress and localized
corrosion initiation. The comparison between coated and uncoated specimens enabled evaluation of how the
coating process altered the surface morphology relative to the baseline polished condition, including any changes
in surface texture and the appearance of microstructural contrast. In addition, SEM imaging was used to judge
the homogeneity of coating coverage across the coupon surface, including regions near edges and mounting
features, where thickness gradients or shadowing effects may occur during deposition. These morphological
observations were subsequently used to support interpretation of electrochemical trends, since a more continuous
and defect-minimized surface is expected to yield higher barrier performance and improved impedance response.
EDS was employed to confirm the elemental composition of the surfaces and to verify successful TiO: formation
on both stainless-steel grades. Using the SEM/EDS system shown in Figure 8, EDS spectra and elemental maps
were acquired to detect the presence and spatial distribution of titanium and oxygen on coated specimens and to
compare these results with uncoated controls. This step was essential to ensure that differences in corrosion
behavior were attributable to TiO: coating formation rather than to surface contamination or incomplete film
coverage. For coated samples, the expected outcome was surface enrichment in Ti and O accompanied by a
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reduced apparent contribution from substrate elements such as Fe, Cr, and Ni (and Mo in SS316L), which would
indicate a continuous coating layer. Conversely, strong substrate signals together with weak Ti/O response would
suggest partial coverage or coating discontinuity, conditions that typically correlate with reduced protective
performance. EDS mapping further provided insight into localized compositional variations that may be
associated with deposition non-uniformity, coating defects, or regions susceptible to accelerated degradation.
Overall, SEM/EDS characterization which was performed using the instrument shown in Figure 8 also provided
direct evidence of coating integrity and elemental composition, thereby forming a microstructural basis for
interpreting the corrosion and mechanical results. The integration of surface morphology assessment with
elemental verification enabled a consistent evaluation of how TiO: deposition quality influences electrochemical
parameters and long-term stability in simulated physiological environments.

3 Result and Discussion
3.1 Corrosion Resistance Analysis

Electrochemical Impedance Spectroscopy (EIS) results reveal significant improvement in the corrosion resistance
of TiO:-coated stainless-steel samples as compared to their uncoated counterparts. Titanium dioxide coatings
have been shown to be useful in improving the corrosion resistance of metallic implants using electrochemical
impedance spectroscopy experiments. lon-beam-assisted sputtering of TiO- films onto stainless-Steel substrates
resulted in lower passive current density and higher electrical resistance than naturally occurring oxide coatings.
Long-term stability of titanium's passive oxide coating is demonstrated in phosphate-buffered solutions; however,
the addition of H20: can thicken the porous outer layer and reduce corrosion resistance. Nyquist plots Figure 9
showed larger semicircle diameters for coated samples, indicating higher charge transfer resistance (Rct). Among
the samples, SS-316L with TiO: coating exhibited the highest Rct, followed by coated SS-304L. Uncoated
samples displayed smaller arcs, suggesting lower corrosion resistance.
Table 1: Charge Transfer Resistance (Ryfrom EIS) and current densities

Sample Rct (kQ-cm?) icorr (WA/cm?) Literature Range
SS-304L (Uncoated) 2.5 20.8 5-50 pA/cm?
SS-304L (Coated) 8.3 6.27 1-10 pA/cm?
SS-316L (Uncoated) 4.1 12.68 5-30 yA/cm?
SS-316L (Coated) 12.7 4.09 1-5 pA/cm?

This enhancement is attributed to the passive barrier layer of TiO2, which prevents the diffusion of aggressive ions in
simulated body fluid. This finding aligns with previous reports on titanium oxide's ability to form a chemically stable
and biocompatible barrier [32]. The electrochemical impedance spectroscopy (EIS) results demonstrated a significant
enhancement in the corrosion resistance of the TiO.-coated samples compared to the uncoated ones. The charge
transfer resistance (Rct) values were considerably higher for the coated samples. Specifically, the Rctof SS-304L
increased from 2.5 kQ-cm? (uncoated) to 8.3 kQ-cm? (coated), while SS-316L showed an increase from 4.1 kQ-cm?
to 12.7 kQ-cm? (Table 1).

Nyquist Plot of EIS for SS Samples (Uncoated vs Coated TiOz)

SS-304L (Uncoated)
—e— SS5-304L (Coated)
1000 | —«— S5-316L (Uncoated)
*— SS-316L (Coated)

800

600

Zim (kQ)

400

200} =

o 200 400 600 800

Zreakn}
Figure 9 EIS Nyquist Plot for SS 304L and 316L samples (Uncoated & Coated TiO2)
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This improvement is attributed to the formation of a stable and adherent TiO: film that acts as a physical barrier,
hindering the transport of corrosive species from the simulated body fluid (SBF) to the metal substrate [33]. These
findings are consistent with the results reported by Ganesan and Rajeswari [34], who noted improved passivation
behavior and decreased corrosion rates with TiO: coatings in biomedical environments.

The ranking of corrosion resistance based on semicircle diameters is as follows and illustrated in Figure 9:
SS-316L (Coated) > SS-304L (Coated) > SS-316L
(Uncoated) > SS-304L (Uncoated)

This trend underscores the dual benefits of selecting high- performance base alloys (like SS-316L) and applying
functional coatings (like TiO:). These findings are aligned with previous studies that confirm the ability of TiO2
coatings to significantly reduce corrosion currents and increase charge transfer resistance [35-36].

The TiO: layer deposited through PVD offers a dense, uniform, and adherent film that prevents the ingress of
chloride ions a primary cause of corrosion in biological environments. The enhanced impedance also reflects the
minimized electrochemical activity at the metal— electrolyte interface, which is crucial for long-term implant
safety [37]. Furthermore, TiO2. has been shown to support bio integration and tissue compatibility, further
justifying its use in biomedical device applications [38].

3.2 Mechanical Properties

The mechanical testing results indicate a slight increase in surface hardness due to TiO2 coating. Vickers hardness
values increased by approximately 8-12% for coated samples. SS-316L demonstrated higher hardness than SS-
304L in both coated and uncoated states, consistent with its alloy composition.

The Vickers hardness values also showed (Table 2) a noticeable increase after coating. SS-304L had a hardness
of 185 HV, which increased to 202 HV after TiO: deposition. Similarly, SS-316L increased from 210 HV to 228
HV. The enhancement in surface hardness can be linked to the intrinsic hardness of TiO: and its uniform
deposition across the substrate [39].

This slight improvement in surface hardness without compromising ductility or bulk mechanical properties
indicates that the coating does not adversely affect the load-bearing capacity of the implants, which is a crucial
requirement for biomedical applications [40].

Table 2: Vickers’ Hardness Values

Sample Hardness (HV)

SS-304L (Uncoated) | 185

SS-304L (Coated) | 202

SS-316L (Uncoated) | 210

SS-316L (Coated) | 228
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Table 3: Compressive strength value with relative increase due to coating

Sample Compressive Relative increase due
strength to coating (%)

SS-304L 410 -

(Uncoated)

SS-304L 436 +6.3%

(TiO2-Coated)

SS-316 445 -

(Uncoated)

SS-316L 475 +6.7%

(TiO2-Coated)

Compressive strength testing (Table 3) showed negligible variation in ultimate compressive strength between
coated and uncoated samples, suggesting that the TiO- layer does not compromise the structural integrity. The
mechanical behavior remained stable even under elevated temperature testing (up to 100 °C), indicating good
thermal stability, which is crucial for in-vivo conditions [41]. TiO.-coated samples exhibited a modest
improvement in compressive strength compared to their uncoated counterparts. The increase 7% can be attributed
to the confinement effect of the coating, which reduces micro crack initiation at the surface and distributes applied
load more evenly [35]. SS-316L consistently showed superior compressive strength over SS-304L, owing to its
enhanced alloying with molybdenum and higher austenitic stability. These findings suggest that TiO2 coatings do
not compromise mechanical performance and may even enhance it, reinforcing their suitability for load-bearing
biomedical implants [38].

3.3 Microstructural Analysis

SEM micrographs showed uniform deposition of TiO2 on the stainless-steel surfaces 304L and 316L with no
visible cracks or delamination (Figure 9 and 10). The coated surface exhibited a fine grain structure with evenly
distributed particles, enhancing surface area and providing better protection against corrosion. The micrograph
clearly depicts that the coated film is free from defects and microcracks and has excellent homogeneity and large
surface area.
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Figure 10 Uncoated SS3041 SEM results

SEM MAG: 4.35 kx | WD: 21.00 mm I I VEGA3 TESCAN

Det: SE BE 7.00 10 pm
Date(m/dly): 02/23/24 | Time(h:m:s): 19:50:21 Performance in nanospace

Figure 11 Uncoated SS3161 SEM results
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Figure 12: SEM results of thin TiO2 film deposited on SS-304L
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Figure 13: SEM and EDS results of thin TiO2 film deposited on SS-316L
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Figure 14: SEM and EDS results of thin TiO2 film deposited on SS-304L (a & b) and SS-316 L (c & d) respectively after corrosion.
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EDS analysis confirmed the presence of titanium and oxygen, verifying successful coating. No significant
impurities were observed. Grain boundary regions were more pronounced in SS-316L than SS-304L due to
its molybdenum content, contributing to higher corrosion resistance. The microstructural refinement
correlates with improved mechanical and corrosion properties [42].

3.4 Discussion on Observed Results

The electrochemical trends observed in the EIS response are strongly supported by the microstructural
evidence obtained from SEM and EDS. The uncoated SS304L and SS316L surfaces Figures 10 and 11
exhibit polishing-induced grooves and localized surface heterogeneities, including micro-pits and dispersed
contrast features. Such surface irregularities are well known to promote non-uniform passivation and
facilitate preferential adsorption of chloride ions, thereby increasing the likelihood of localized breakdown
and pitting in simulated physiological media. In practical terms, these microstructural discontinuities create
micro-galvanic sites and local chemistry gradients under exposure, which is consistent with the smaller
Nyquist semicircles and comparatively lower charge transfer resistance measured for the uncoated
conditions. The uncoated SS304L, in particular, presents more pronounced micro-defect contrast and
surface irregularity in the observed regions Figure 10, which provides a microstructural basis for its lowest
corrosion resistance among the tested conditions and aligns with the ranking derived from the Nyquist
response Figure 9.

In contrast, the TiO:-coated specimens Figures 12 and 13 show a substantially more uniform surface
appearance, indicating that the PVD process produced a continuous film that effectively masks or bridges
the fine-scale surface features of the substrates. The coated SS304L surface Figure 12 displays a compact
morphology with reduced prominence of discontinuities, while the coated SS316L surface Figure 13 appears
highly homogeneous over a larger field of view, suggesting superior macroscopic uniformity and consistent
coverage. This comparative uniformity provides a direct morphological explanation for the higher
impedance response of coated samples, as a continuous ceramic layer reduces the -effective
electrochemically active area and suppresses direct charge transfer between the electrolyte and the
underlying metal. Consequently, the measured increase in Rct from 2.5 to 8.3 kQ-cm? for SS304L and from
4.1 to 12.7 kQ-cm? for SS316L Table 1 is consistent with the formation of a dense barrier film that limits
ionic transport and delays passive film breakdown. The superior corrosion performance of TiO.-coated
SS316L compared with TiO»-coated SS304L is further supported by the apparent uniformity of the coated
surface in Figure 13, which implies fewer defects or weak points that could serve as penetration pathways
for chloride ions during prolonged exposure.

The post-corrosion SEM/EDS results Figure 14 provide additional evidence for coating stability and the
mechanistic basis of corrosion protection in simulated physiological environments. The SEM micrographs
in Figure 14(a) and 14(c) indicate that the coated surfaces maintain a coherent film-like morphology
following electrochemical exposure, without signs of extensive delamination or catastrophic coating failure
within the observed regions. Importantly, the associated EDS spectra in Figure 14(b) and 14(d) confirm the
persistence of Ti and O as dominant surface constituents after corrosion testing, indicating that the TiO-
layer remains present and chemically stable during exposure. This post-corrosion compositional
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confirmation directly supports the claim that TiO- functions as a protective passive barrier and validates that
the improved Nyquist semicircle diameter originates from coating-mediated interfacial resistance rather
than short-term transient behavior. In the context of implant-related service conditions, retention of Ti-O
surface chemistry after corrosion is a critical indicator of durable protection, as it suggests that the coating
continues to isolate the metallic substrate and mitigate metal-ion release over time.

The mechanical property trends also remain consistent with the microstructural observations. The increase
in Vickers hardness after coating Table 2 can be reasonably attributed to the presence of a hard ceramic
TiO: film and to the improved surface integrity suggested by the coated micrographs Figures 12 and 13. A
continuous and well-adherent thin film can increase resistance to near-surface deformation under
indentation by constraining plastic flow and distributing the applied load more uniformly across the surface,
thereby producing the observed 8-12% hardness increase. Meanwhile, the modest changes reported in
compressive strength Table 3 are expected to be smaller than hardness changes because compressive
strength is dominated by the bulk substrate; however, the post-deposition surface condition may still
contribute indirectly by reducing the influence of surface micro-defects that can serve as crack initiation
sites under compressive loading. In this respect, the smoother and more uniform coated surfaces observed
in Figures 12-13, together with the absence of major coating failure after corrosion exposure Figure 14,
support the conclusion that TiO2 deposition improves surface-related mechanical response while preserving
overall structural integrity.

Overall, the combined microstructural (SEM/EDS) and electrochemical evidence provides a coherent,
mechanistic justification for the study’s novelty: TiO: films deposited by PVD on SS304L and SS316L form
stable and continuous barrier layers that persist after electrochemical exposure, resulting in a substantial
increase in charge transfer resistance and a measurable enhancement in surface hardness without detrimental
effects on bulk mechanical performance. This integrated correlation between morphology, chemistry,
corrosion resistance, and mechanical response strengthens the claim that TiO.-coated stainless steels offer
improved long-term suitability for biomedical applications, particularly where chloride-rich physiological
environments are expected.

4 Conclusion

This study focused and evaluated the effect of a thin titanium dioxide (Ti102) coating deposited by physical
vapor deposition (PVD) on SS304L and SS316L stainless-steel substrates to enhance their suitability for
biomedical applications. The electrochemical results confirmed a substantial improvement in corrosion
resistance for the coated specimens compared with the uncoated controls, evidenced by increased charge-
transfer resistance and larger Nyquist semicircle diameters, with TiO.-coated SS316L exhibiting the highest
corrosion protection among all conditions. Mechanical testing further indicated that the coating process did
not compromise structural integrity; instead, the coated samples showed an increase in surface hardness
12%, consistent with the presence of a hard ceramic surface layer, while compressive strength changed only
modestly 7%, indicating preservation of bulk load-bearing behavior. Microstructural characterization
supported these outcomes, as SEM observations revealed a continuous and homogeneous TiO: film without
visible cracking or delamination, and EDS verified Ti and O enrichment on the coated surfaces, confirming
successful coating formation and coverage. Overall, the combined electrochemical, mechanical, and
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microstructural evidence demonstrates that PVVD-deposited TiO: is an effective surface modification for
improving the performance of stainless steels in simulated physiological environments, with TiO.-coated
SS316L emerging as the most promising candidate for long-term biomedical implant applications.
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