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ABSTRACT
Stainless steel (316L) is widely used in biomedical applications, but concerns persist regarding its long‐term surface properties,

particularly in varying patient environments over time. This study aims to enhance the surface properties of 316L stainless steel

through a 1.504 μm tantalum (Ta) coating applied via DC magnetron sputtering. The corrosion and wear behaviours were

evaluated in different mediums, including human blood (HB), artificial saliva (AS), Ringer's solution (RS), and simulated body

fluid (SBF). The Ta‐coated 316L SS exhibited a shift toward nobler corrosion behaviour, with a corrosion rate of

0.146 × 10−2 mm/year in human blood, compared to the uncoated 316L SS, which showed corrosion rates of 0.325, 0.556, 0.779,

and 1.425 × 10−2 mm/year in HB, RS, AS, and SBF, respectively. Electrochemical impedance spectroscopy (EIS) results indi-

cated higher corrosion resistance of Ta‐coated 316L SS in human blood than in other fluids. Potentiodynamic polarisation (PDP)

results reveal that corrosion rate and current increased as the fluid environment shifted from human blood to simulated body

fluid. Wear tests further demonstrated the superior wear resistance of the Ta‐coated 316L SS, with a minimum wear rate of

0.086 × 10−5 mm³/Nm, compared to the uncoated 316L SS, which exhibited a maximum wear rate of 0.25 × 10−5 mm³/Nm. The

microstructural analysis confirmed significant improvements in the surface properties of Ta‐coated 316L SS, particularly in the

human blood environment.

1 | Introduction

316L Stainless steel is a modified series of low‐carbon
Cr–Mo–Ni austenitic stainless steel. Its main components
include molybdenum (Mo) (2%–3%), chromium (between 16%
and 18%), nickel (Ni) (10%–12%), silicon (< 1%), sulphur,
phosphorus, and iron (Fe) are also present. Grade 316L is often
employed in process streams containing chlorides or halides [1].
Adding Mo provides resilience to corrosion concerning the local
attack of chloride corrosion and corrosion by reducing acids.

Grade 316L stainless steel contains less carbon than grade 316
stainless steel. When freezing, the 316L stainless steel can
produce high yields and strong power, like Duplex's flawless
markings. Grade 316L also offers a high‐rise, low‐to‐crack, and
strong strength at high temperatures [2]. In addition to ex-
cellent resilience to corrosion and power structures, 316L
Cr–Mo–Ni grade alloys also perform better [3]. In recent years,
it has been noticed that the list of applications for 316L SS is
endless. It is commonly employed in the petrochemical,
chemical, food processing, pharmaceutical, and medical
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equipment industries [4]. In medicine, Austenitic stainless steel
is the most often employed stainless steel (AISI 316L) because it
has acceptable biological compatibility, excellent performance
properties, and the proper density for load‐bearing functions,
thus making this an appealing surgical implant [5]. Implant
materials are subjected to complex environments that can sig-
nificantly impact their corrosion and wear resistance, which are
crucial factors in implant longevity and biocompatibility.
Corrosion resistance directly affects metal ion release, influencing
the body's inflammatory response and compromising implant sta-
bility over time. Wear behaviour, particularly in load‐bearing ap-
plications, can lead to mechanical degradation and the formation of
wear particles, further exacerbating corrosion. To assess these be-
haviours comprehensively, various body fluids such as artificial
saliva (AS), Ringer's solution (RS), and simulated body fluid (SBF)
are commonly used as test media [4–6].

Metallic biomaterials have a higher strength, fatigue, and frac-
ture strength than polymeric and ceramic materials [6]. An
essential requirement for selecting any implant material is that
it must possess good biocompatibility. Alloys and metals are
widely employed in various ways, such as fittings, which give
the necessary mechanical endurance, corrosion resilience, and
high biocompatibility [7]. Several metallic biomaterials are
employed as bone grafts. In contrast, stainless steel is widely
used for its main advantages of low cost, good mechanical
characteristics, simple processing, good corrosion resilience,
and widespread availability [8].

Stainless steel (316L) is the most prevalent material for biomedical
applications, per the literature review. However, it has been pointed
out that Ni in stainless steel causes several allergic reactions in the
human body. Because of the toxicity of Ni in the human body,
efforts are being made to develop austenitic stainless steels without
Ni or low Ni for biomedical use [9–16]. Corrosion pit is a different
sort of anodic reaction, and It's a self‐catalytic reaction [17].

The most often utilised materials for bone and dental implants
are austenitic stainless steel, particularly AISI316L stainless
steel. This is due to its superior biomechanical qualities, low
cost, ease of production, and welding compared to other metals
like Co–Cr and Ti and their alloys. However, if employed for a
long time, AISI 316L SS has some problems, including cyto-
toxicity from the release of poisonous ions, local corrosion, and
ageing, which make it unsuitable for use in biological en-
vironments. The literature shows increased Fe+2, Cr+3, and Ni+

ion concentrations in the human body can substantially impair
muscular function, leading to allergies and inflammation [18].
The immune system might also divide and reject the outer body
as an alternative. Biocompatibility is thus heavily dependent on
the object's surface area and resilience to metallic biomaterial
corrosion. The tantalum (Ta)‐based films are considered good
choices because of their strong molecular strength and resil-
ience to high electrochemical stability. Transformation is an
appealing solution for increasing biocompatibility and resil-
ience to metallic biomaterial corrosion. Ta‐based films are
attractive alternatives because of their high molecular
performance and electrochemical stability [19].

Ta film can significantly enhance the radiopacity of the NiTi‐
based alloy if ta‐based films are used to treat metallic

biomaterials and improve their biological adhesion. Further-
more, when 96% Ni2+ was reduced from Ta‐coated NiTi alloy,
the sample was less than the amount of unbleached NiTi alloy,
and they discovered that Ta films successfully reduced Ni2+

extraction [20]. Considering the benefits of Ta and Ta‐based
films integrated into 316L SS, a plasma‐assisted chemical
vapour deposition pulsed‐DC plasma process improves vapour
permeability, corrosion resilience, and biocompatibility [21].

Studies [22] on 21 days of immersion in abiotic saliva, high‐
nitrogen stainless steel (HNS) alloys with nitrogen contents of
0.88 wt.% and 1.08 wt.% exhibited significantly reduced hole
depth compared to 316L stainless steel, indicating better
resistance to pitting corrosion. When exposed to Streptococcus
mutans biofilms, 316L stainless steel showed a higher corrosion
rate (CR) than HNS alloys. Cytotoxicity testing with MC3T3‐E1
pre‐osteoblast cells demonstrated that HNS alloys were
nontoxic, supporting better sessile cell development than
316L stainless steel. This suggests that HNS alloys provide
a favourable environment for cell growth, enhancing their
potential for biomedical applications [22–25]. As per the [26],
Hydroxyapatite Ca10(PO4)6(OH)2 is a bioactive ceramic and
biocompatible that is widely used for coating implant surfaces
to improve their biocompatibility and osseointegration. How-
ever, HA is brittle and has low mechanical strength, which
makes it unsuitable for direct use in implant devices. Therefore,
the development of HA coatings (HAC) and composites is an
active area of research. According to the [27], The concentration
of chromium (Cr) and Mo in the passive film decreases with
increasing pH and sputtering depth while the concentration of
Fe increases. This is due to Cr oxides' higher thermodynamic
stability than iron oxides. However, at elevated pH levels, a
decrease in Cr and Mo concentration contributes to the degra-
dation of the passive oxide film, reducing corrosion resistance.
In this study, SBF was used to evaluate the corrosion resistance
of titanium‐reinforced 316L stainless steel. While extensive
research is on the biocompatibility of stainless‐steel alloys,
advanced methodologies are required to gain deeper insights
into the biocompatibility of metals alloyed with additional ele-
ments. Such insights are crucial for optimising anticorrosion
properties and promoting osteointegration in biomedical
applications [28–30].

Although numerous studies have focused on metallic coatings
for enhancing the corrosion resistance of 316L stainless steel,
there is a notable lack of research specifically addressing pure
Ta coatings on 316L SS in biological environments, particularly
in human blood. Furthermore, studies that employ human
blood as a testing medium for these coatings have not been
studied yet, leaving a gap in understanding the behaviour of
Ta‐coated 316L SS under physiologically relevant conditions.
This study is the first to evaluate the electrochemical corrosion
and wear behaviour of a pure Ta coating (1.504 μm thickness)
on 316L stainless steel in human blood (B‐positive), alongside
AS, RS and SBF. Using the DC magnetron sputtering technique
to deposit the Ta coating, we characterised the coated and
uncoated 316L SS samples using advanced techniques such as
optical microscopy, scanning electron microscopy (SEM),
energy‐dispersive X‐ray spectroscopy (EDS), and X‐ray diffrac-
tion (XRD) both before and after corrosion testing. This
research aims to establish Ta‐coated 316L SS as a candidate
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biomaterial with enhanced durability, corrosion resistance, and
suitability for human implant applications by providing critical
insights into its performance in human blood and simulated
bodily environments.

2 | Experimental Details

2.1 | Materials and Sample Preparation

Austenitic stainless steel 316L with dimensions of
472 × 775 × 20 mm was supplied by Mishra Dhatu Nigam
Limited (MIDHANI) in Hyderabad, India. The received chemical
composition is typically shown in Table 1. Using the 316L SS as
received, a table‐moving CNC wire‐cut EDM machine formed the
necessary samples, sized 20 × 20× 2mm. Silicon carbide waterproof
paper was employed to polish all the samples up to 1600 grit. The
final polishing was done with a 3‐micron diamond paste to achieve
a polished surface. Cleaning was done in acetone for 10min before
being rinsed and dried in deionised water. The microstructure of SS
316L (except Ta‐coated) is reveal by using Aqua regia, a solution
made by mixing nitric acid and hydrochloric acid in a 1:3 molar
ratio, as an etchant.

2.2 | Ta Coating

To deposit the thin film onto stainless steel 316L, a high‐purity
sputter Ta target of 99.95% Ta with a diameter of 55.8 mm and a
thickness of 3.175mm was utilised. The Ta target was acquired
from M/S Indo French High Tech Equipments in Mumbai
(India) and used with a DC magnetron Sputtering system
(Vacuum Industries Ltd., Peenya Bengaluru, India). Before
coating, the substrates were cleaned using an ultrasonic cleaner,
acetone and distilled water. Compressed air was then used to
dry the surfaces. The description of the physical vapour depo-
sition (PVD) coating process was adopted [31]. Table 2 displays
the DC magnetron sputtering operational parameters for the
coating process. Before the deposition process, an ultrasonic
cleaner was used to clean the sample. Acetone was used in the
cleaning process, and then pure Argon (Ag) gas flow was used
for drying. The sample was exposed to a deposition time of
15 min. During the DC magnetron sputtering, 316L SS sub-
strates were placed directly underneath the target's tracks.
Before beginning each layer deposition process, the targets'
surfaces were thoroughly cleansed of all contaminants and
impurities for 15 min. The gas flow was controlled by a mass
flow controller (MFC). The chamber was evacuated to a
5 × 10−4 Pa base pressure before deposition.

2.3 | Microstructure

Initially, all the samples of 316L SS surface were analysed for
their experimental morphology by an optical microscope

(LeicaZ6 APO on OM) and SEM (ZEISS MA 15/18 and UK).
Subsequently, the sample was coated with Ta for 15 min. by a
DC sputtering machine on 316L SS. A sample was investigated
to capture morphological features on the surface using SEM,
and the chemical analysis of the sample was done using EDS.
They were analysed with a PANalytical X‐Pert Pro MPD dif-
fractometer (Rigaku Smart Lab 9 kW Powder type without
χ cradle, RIGAKU Corporation), with a voltage of 45 kV, a
current of 30 mA, and a step of 0.01 02°/s the materials were
investigated by XRD using Cu K radiation. A PANalytical
X‐Pert MRD‐ θ‐2θ at 45 kV and 20mA with an offset angle of 7°
and penetration depth of an estimated 250 nm was also used to
conduct grazing incidence XRD measurements.

2.4 | Electrochemical Corrosion

Open circuit potential (OCP), potentiodynamic polarisation (PDP),
and electrochemical impedance spectroscopy (EIS) tests were em-
ployed to characterise electrochemical measurements. The human
blood of approximately 300mL packed blood red cells (PRBC
human blood, B+) was collected from the Blood Centre, Institute of
Medical Sciences, Banaras Hindu University, Varanasi, India. This
was left over until the expiration date. The blood was preserved in
citrate‐phosphate‐dextrose‐adenine (CPDA), quite cognisant with
saline, adenine, glucose, and manitol (SAGM) additive to increase
the cell life, and the remaining blood after the test was discarded as
per protocol. The high purity of chemicals (Alpha Assar‐AR grade)
for AS, RS, and SBF are given in Tables 3a–d. In the typical three‐
electrode system, the working electrode is 316L stainless steel, the
reference electrode is Ag/AgCl, and the counter electrode is plati-
num wire, employed in electrochemical corrosion measurement.
Supporting Information: Figure S1 Schematic pictorial view of
Electrochemical corrosion test setup in human blood depicts elec-
trochemical corrosion test setup and human blood used in this
study. The EIS measurements were performed for all coated and
uncoated samples by varying the frequency from 100KHz to 0. The
sampling frequency was set at 1Hz with an amplitude of 10mV
logarithmic for the excitation signal. Electrochemical tests, includ-
ing PDP, were conducted at a scan rate of 0.2mV/s. The human
blood had a pH of 7.2, and the AS, ringer, and Simulated body fluid
pH were (7.39, 7.19, and 7.26, respectively) with ±0.11 at 37°C. The
working electrode was exposed to 1 cm2 using the CS2350 corrtest
potentiodynamic apparatus.

2.5 | Wear Studies

To conduct wear studies, a 20 × 20 × 2mm 316L stainless steel
sample was prepared by grinding and subsequently polished
using emery paper with grades of up to 1600. This polishing
and 30‐min ultrasonication treatment resulted in a smooth,
scratch‐free mirror surface. Following this preparation, a Ta
coating was applied to the stainless steel using a DC Magnetron
Sputtering (DCMS) system.

TABLE 1 | The chemical composition of received 316L stainless steel (wt.%).

Material Ni Mn Cr Mo C P S Si Fe

316L SS 13.6 1.39 17.5 2.27 0.03 0.003 0.005 0.015 Balanced
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To assess the wear characteristics, a Multi‐Function Tribometer
(MFT‐RTECH INSTRUMENTS) was employed under two dif-
ferent applied loads (5 N and 50 N) with a sliding distance of
10 mm in the human blood environment. Additionally, the
topography of the worn surfaces on both the untreated and
Ta‐coated 316L stainless steel samples was examined using
2D/3D profilometry after the wear tests.

2.6 | Contact Angle Measurement

Contact angle measurements were conducted using the Drop Shape
Analyzer‐DSA 25 (Kruss) measuring apparatus to determine the
wettability of the coatings' surface. The sessile drop technique
injects a liquid drop from a syringe into the test material's surface.
After the reduction is applied to the material, the advancing CA can

TABLE 2 | DC magnetron sputtering operational parameters for the coating procedure.

Parameters Details Reason

Target material Tantalum Tantalum films can exist in two different crystalline phases: α‐phase
and β‐phase. The α‐phase is the more stable and has a body‐centred
cubic crystal structure, while the β‐phase has a hexagonal close‐

packed crystal structure toughness and good corrosion
resistance [16].

Magnetron source 02 Nos.
(50.8 mm each)

A source shutter pre‐ionises the material to be deposited and shields
the cathode from cross‐contamination.

Special magnetics — To provide uniform sputtering.

Gas Argon (Ar) It can play a significant role in the PVD process and can be used to
optimise the coating's nucleation density and surface roughness.

Working temperature 180°C The capability of producing thin compounds with controlled
stoichiometry, composition, and high deposition rate.

Voltage 270–276 V Required to operate the system

Subtract the holder's distance
from the target

70mm For optimal results

Speed 7–9 rpm As required

Working pressure 5 × 10−1 Pa As required

Base pressure 5 × 10−4 Pa As required

Chiller temperature 20°C Below 15°C, plasma will not generate.

Abbreviation: PVD, physical vapour deposition.

TABLE 3a | Chemical composition of normal human blood plasma at 7.4 ± 0.1 pH.

Ion Na+ Cl− Ca+2 Mg+2 K+ HCO−3 HPO4−2 SO4−2

Conc. (mmol−1) 142.0 103.0 2.5 1.5 5.0 27.0 1.0 0.5

TABLE 3b | Typical composition of artificial saliva 7.4 ± 0.15 pH.

Constituents KCl (g) NaCl (g) CaCl2·2H2O (g) NaH2PO4·2H2O (g) Na2S·2H2O (g) Urea (L)

Amount in 1000mL 0.400 0.400 0.795 0.780 0.005 1.00

TABLE 3c | Composition of Ringer's solution at 7.4 ± 0.1 pH.

Constituents NaCl (g) KCl (g) CaCl2 (g) NaHCO3

Amount in 1000mL 8.64 0.30 0.48 0.200

TABLE 3d | Typical composition of simulated body fluid at 7.4 ± 0.1 pH.

Constituents
NaCl
(g)

NaHCO3

(g) KCl (g)
(CH2OH)3·C-

NH3 (g)
MgCl2·6-
H2O (g)

1.0
HCl (mL)

Na2SO4

(g)
CaCl2
(g)

Amount in
1000mL

8.035 0.355 0.225 6.118 0.10 39 0.072 0.292
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be calculated, often using a goniometer. The progressing angle at
the liquid‐solid interface is calculated via data analysis after a
goniometer records the drop on the specimens.

3 | Results and Discussion

3.1 | Optical Microscopy

The bare and Ta‐coated 316L SS microstructure was analysed
using an optical microscope. The sample with dimensions
20 × 20 × 2mm was taken for analysis. Figure 1 shows the optical
microscope results of Ta‐coated and bare surfaces of 316L Stainless
steel. Figure 1b demonstrates a uniform Ta coating, whereas
Figure 1a reveals austenitic grains on the bare surface. When
examining 316L stainless steel using an optical microscope, the
austenitic grains may appear as small, closely packed grains that
are difficult to distinguish from one another. The exact appearance
and size of the austenitic grains can depend on factors such as the
processing history and any subsequent treatments that the mate-
rial has undergone. The uniformity of the Ta coating over the
surface indicates that the coating process effectively produced a
consistent and even layer of Ta. Austenitic grains are visible due to
their distinct boundaries and shapes, with grain sizes and struc-
tures consistent with austenitic stainless steel known for its face‐
centred cubic (FCC) structure. This structure contributes to the
material's excellent toughness and corrosion resistance, making it
suitable for biomedical applications. The Ta coating covers the
austenitic grains, creating a more uniform surface that masks the
original grain structure of the underlying 316L SS. This smooth
appearance suggests a dense and possibly amorphous or nano-
crystalline Ta layer, which is beneficial for enhancing corrosion
resistance and surface hardness.

3.2 | Energy Dispersive Spectroscopy

The energy‐dispersive X‐ray spectra of 316L stainless steel
reveal various peaks related to the components that make up
the sample, including Ta, Cr, Mo, manganese (Mn), Ni, and Fe
meaning that the passive surface layer is made up of a combi-
nation of oxides that represent the elements depicted in
Figure 2. The presence of Ta led to give more uniformly
homogeneous in Ta‐coated surface observed maximum
(91.52 wt.%) with other elements like Fe, Cr, Mo, Mn, and Ni

(least) after electrochemical corrosion test performed in human
blood presented in Figure 2a. It also found the expected peaks of
different elements (Cr, Mo, Mn, Ni, and Fe) in different solu-
tions like AS, ringer, and simulated body fluid.

The high‐weight presence of Cr and Ni in human blood tested on
bare 316L SS indicates that stable oxide layers will be formed in
these percentages, where it is known that oxygen causes metal
oxides to form in layers. The distribution of primary elements in the
substrate is evident for stainless steel‐type 316L surfaces. When Cr‐
oxide formed on the bare surface, the overall amount of Cr was
abundantly enriched compared to the bulk concentration
(Figure 2b–e). The overall concentration of Fe was substantially
lower than in bulk and was the passive layer's second most signif-
icant constituent when oxidised elements were considered. Mo‐
oxide concentration was about the same as it was in bulk.

On the other hand, the Ni element was severely reduced at the
topmost layers, and its content rose due to sputtering. The
passive layer contained a minimal amount of Mn species
compared to the bulk. Therefore, a thorough understanding of
the behaviour of oxide films in an in vitro environment is es-
sential to understanding the corrosion phenomenon better
because the oxide film that prevents the dissolution of metal
ions is not always stable in the human body.

The interactions between the material and the physiological media
significantly impact how quickly the oxide layer reforms and how
long it takes to do so. Re‐passivating, also known as regeneration,
requires variable amounts of time depending on the material used.
The regeneration period mentioned earlier affects both the rate of
corrosion that occurs after a disruption and the amount of metal
ions released. Literature survey data conclude that the regeneration
time in Ti–6Al–4V is shorter and longer in stainless steel. Compared
to traditional alloys like Co–Cr and Ti–6Al–4V, the surface oxide
layer stability of 316L stainless steel and Ni–Ti is not exceptionally
high, and there is a higher probability that metal ions will be
released. Because it will slow down corrosion, a coating provided to
the implants is highly preferable [31, 32].

3.3 | SEM

Figure 3 presents SEM images that reveal no observable changes on
the Ta‐coated 316L stainless steel surface after undergoing

FIGURE 1 | Optical microscopy images of 316L stainless steel (a) Bare surface. (b) Ta‐coated surface. [Color figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 2 | Elemental diffraction X‐ray spectroscopy images 316L SS in different solutions at 100 μm (a) Ta‐coated in human blood, (b) bare in

human blood, (c) bare in artificial saliva, (d) bare in ringer, and (e) bare in simulated body fluid (SBF). [Color figure can be viewed at

wileyonlinelibrary.com]
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electrochemical corrosion testing in a simulated human blood en-
vironment. The absence of pits and any disruptions in the surface
morphology, as shown in Figure 3a, indicates the material's resist-
ance to corrosion in such conditions. Therefore, this modified
stainless steel (316L) can be employed as an implant in biomedical
applications where a fluid medium is human blood. Figure 3b also
has nearly the same observations, that there are no changes on
the sample's surface, which means this sample is of 316L SS. In
Figure 3c, it is visible that there are many scratches on the surface of
the sample, which means this sample of 316L SS is eroded in the
Ringer solution. Therefore, this steel sample cannot be employed as
an implant in biomedical applications where a fluid medium is a
Ringer solution. In Figure 3d, it is visible that there are no changes
on the surface of the sample, which means this sample of 316L SS is
not corroded in SBF. Therefore, this steel sample can be employed
as an implant in biomedical applications where a fluid medium is
SBF. As seen in Figure 3d, the specimens were covered with brittle,
dense, lumpy deposits of black corrosion products, ultimately
allowing the surface cracks to be seen. The SEM micrographs of
corrosion pits for stainless steel surfaces reveal nearly no localised
corrosion on the metal surface after exposure to the ringer solution.
Referring to the previous studies [29, 30], This is where the

microstructure of the Ta film that was deposited on Ta on SS can be
observed; the size of the Ta layer formed on the surface of the steel
is around 50 nm.

The paragraph describes the cross‐sectional SEM morphology and
element distribution in depth of Ta coatings. The coatings were
deposited for 15min, and the resulting cross‐sections were dense
with no visible cracks or holes at the coating or coating/substrate
interfaces. The major element in the coating was found to be Ta, as
observed from EDS images. A diffusion layer was observed at all
coating/substrate interfaces, and its thickness in the Ta coatings
deposited for 15min was found to be in the range of 2–2.5 μm. This
thickness was higher than that observed in Ta coatings deposited by
the CVD method, which was found to be 1μm [33]. The accu-
mulation of target atoms on the substrate surface and the inter‐
diffusion of elements at the coating/substrate interface were also
recognised as the main processes involved in the coating.

The surface topography of materials can play a significant role in
their biological performance. In the case of Ta coatings, the surface
topography can influence the coating's ability to integrate with bone
tissue, which is critical for its long‐term stability in the body.

FIGURE 3 | Scanning electron microscopy images 316L SS in different solutions (a) tantalum (Ta)‐coated in human blood, (b) bare in human

blood, (c) bare in artificial saliva, (d) bare in ringer, and (e) bare in simulated body fluid (SBF). [Color figure can be viewed at wileyonlinelibrary.com]
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Research has shown that micro and nanostructured surfaces can
enhance the biological properties of biomaterials [34]. The micro
and nano‐sized features can mimic the morphology of natural bone,
which can promote cellular adhesion, proliferation, and differenti-
ation. Moreover, the micro and nanostructured surfaces can
increase the surface area, facilitating better protein adsorption and
subsequent cell adhesion. Therefore, by modifying the surface
topography of Ta coatings to include micro and nanostructures or
micro/nano‐textured structures, we can improve their physical
performance, leading to better integration with bone tissue and
long‐term stability in the body [35–37].

3.4 | XRD

The Ta coating deposited at 15 min. times is depicted in
Figure 4 as XRD patterns. The peaks (03) corresponding to
face‐centred cubic (FCC) austenitic stainless steel, β‐Ta, Ni2‐
Ta, and Fe2‐Ta phase peaks can also be seen in the Ta coating
pattern deposited for 15 min. Whereas the Ta2C, Fe Ta, and
Fe2Ta phases are supposed to be residues of the interfacial
diffusion reaction between the Ta coatings and 316L SS, the
phase β‐Ta mainly originated from the sputter‐deposited Ta
coatings in Figure 4b. The variations in Ta intensity show that
Ta coatings deposited for short periods (15 min) primarily
constitute β‐Ta. In comparison, those deposited for extended
periods exceeding 30 min are mainly made of α‐Ta [12]. Also,
the interfacial phases should have more content with longer
diffusion‐reaction times, but instead, they gradually disappear,
most likely because the higher Ta coating thickness lowers
their peak intensities [26].

The diffractogram of the Ta‐coated 316L stainless steel substrate is
represented in Figure 4b, which displays a mixture of Ni and tan-
talum (Ni2‐Ta) at 31.914°, 33.4822°, and 37.6234° [ICSD‐98‐010‐
2816], Cr–Ni at 41.2355 (ICSD‐98‐010‐2819), pure Ta (ICSD‐98‐065‐
2900) and β‐Ta phase pick positions at 33.4822° and 37.6234°
(ICSD‐98‐005‐4207). The grazing angle XRD of the Ta layer was
created on a single layer of Ta/SS. The (002), (211), and (213)

reflections of Ta, as well as those corresponding to the nanocrys-
talline β‐Ta phase and Ta, as well as the austenitic phase of the steel
substrate, are shown in the diffractogram. The Ta reflections were
obtained with lower‐intensity Ta deposition on steel, offering a
substantial coating. The Cr–Ni and Cr–Fe compounds were found
in bare 316L stainless steel, shown in Figure 4a.

3.5 | Contact Angle Measurement

The bare and Ta‐coated 316L SS contact angle was examined using
a goniometer at a relative humidity and temperature of 35% and
32°C±1, respectively. Deionised drop mode at a rate of 2.66 L/s,
Volume 2, was used for the investigations. Images of the droplet
shape on the machined workpiece were taken at intervals of 5 s
using a super‐speed digital camera (U4 series, 520 frames per sec-
ond) and ellipse (Tangent‐1) fitting method. A pipette was used to
ensure that each time a drop of deionised distilled water (about 2 L)
was applied to the sample, it was performed according to the
method illustrated in Figure 5. Four measurements were taken for
each surface treatment. The average static contact angle was cal-
culated. The Ta films' wettability and surface energy were evaluated
using sessile contact angle techniques. Both the coated and
non‐coated surfaces were observed as hydrophilic, as depicted in
Figure 5. The Ta‐coated 316L stainless steel was found to be more
hydrophilic than the bare, indicating the cell adhesion proximity
will be more in the coated surface.

4 | Electrochemical Corrosion Analysis

4.1 | OCP

Based on the OCP's results, the samples pretend to be stable.
The primary objective of OCP's results is to offer information on
the status of the material's surface; with the help of the results
obtained, it can be determined whether the material is active or
passive. The OCP monitoring of 316L stainless steel immersion

FIGURE 4 | X‐ray diffraction results of 316L stainless steel (a) bare (b) tantalum (Ta)‐coated. [Color figure can be viewed at wileyonlinelibrary.com]
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in human blood, saliva solution, simulated body fluid, and
Ringer solution was performed for 30min each at room
temperature.

Figure 6 shows that OCP runs from high potential to low
potential, which means that the immersed sample of 316L
stainless steel is in a passive state, further suggesting that this
sample is corrosion‐resistant (Figure 6a). Therefore, this steel
sample can be additionally employed as an implant in bio-
medical applications where a fluid medium is human blood. In
Figure 6b, it is visible that OCP runs from low potential to high
potential, which means that the immersed sample of 316L
stainless steel is in an active state, which further suggests that
this sample is not much corrosion‐resistant. In Figure 6c, it is
visible that OCP runs from high potential to low potential,
which means that the immersed sample of 316L stainless steel
is in a passive state, which further means that this sample is
corrosion‐resistant. In Figure 6d,e, it is visible that OCP runs
from low potential to high potential, which means that the
immersed sample of 316L stainless steel is in an active state,
which reveals the stability with respect to time. And, bare 316L
stainless steel sample observed less stability in SBF compared
to HB.

4.2 | EIS

The study investigated the corrosion behaviour of a porous
oxide layer and the effect of adding a Ta layer on its corrosion
resistance. The addition of a Ta layer may result in the pro-
duction of a much more protective corrosion product. However,
increasing Ta content may lead to the corrosion product's pro-
tection capacity degradation, indicated by the slight decrease in
the R1 value. To quantitatively analyse the corrosion resistance,
the total resistance (Rt) of bare and coated 316L SS is calculated
as 0.0029 and 0.003, respectively. The highest Rt is for Ta‐coated
316L stainless steel. The Rt is calculated as the sum of the
Warburg impedance (Rw), the charge transfer resistance (R2),
and (R1), with the solution resistance (Rs) omitted because it is
essentially constant. The comparative analysis of the Rt value
suggests that the modification in 316L SS can improve its

corrosion resistance. The polarisation and EIS test results
support this conclusion. In summary, adding a Ta layer en-
hances the corrosion resistance of 316L SS, and the Rt is used to
analyze its corrosion resistance quantitatively.

A summary of the associated electrochemical parameters with
the corresponding electric circuit for evaluating EIS spectra is
shown in Figure 7. Also, the high Epit values of all the Ta
coatings nearly two orders of magnitude greater than those of
the original 316L SS—indicate improved resistance to pitting
corrosion. Table 4 shows that Ta coatings deposited during
15min have a more significant Ecorr than those of the 316L SS
substrate and a lower passive current. Still, the 316L SS for SBF
has a lower Ecorr. This shows that 316L stainless steel without a
coating is more susceptible to corrosion.

In contrast, Ta coating can increase the corrosion resistance of 316L
SS in human blood and strengthen electrochemical activity. Elec-
trochemical tests were carried out to investigate the corrosion
resistance of Ta‐coated 316L SS in different solutions. Figure 8
demonstrates the Nyquist plots of 316L in various mediums.

The EIS test was carried out at room temperature by sweeping the
range from 0 to 1.2 × 105Hz at a 10mV/min scan rate in different
fluid media. To determine the relative stability of the protective film
generated on the surface of 316L stainless steel, impedance spectra
were acquired at passive potential during the creation of the passive
film. Rs, constant phase element (CPE), resistance of porous prod-
uct layer of corrosion (R1), resistance of alloy interface and product
of corrosion (R2), and Rw are the components of the equivalent
electric circuit demonstrated in Figure 7. The fitting parameter
acquired from EIS data that is well‐fitting in the EEC model is
shown in Table 4. The data obtained after fitting are evaluated using
a standard deviation (x2) and a magnitude of around 104. As a
result, we may presume that the EEC models offered are suitable
for evaluating the electrochemical interface's behaviour experi-
mentally. The electrochemical impedance parameters were calcu-
lated using the pitting approach.

EIS characterisation is essential for the analysis of materials.
Data about the interface, design, and responses can be found in

FIGURE 5 | Contact angle measurement result of 316L SS (a) bare (b) tantalum (Ta)‐coated. [Color figure can be viewed at wileyonlinelibrary.com]
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(a) (b)

(c) (d)

(e)

FIGURE 6 | Open circuit potential plot of 316L SS in different solutions (a) Ta‐coated in human blood, (b) bare in human blood, (c) bare in

artificial saliva, (d) bare in Ringer, and (e) bare in simulated body fluid (SBF). [Color figure can be viewed at wileyonlinelibrary.com]
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the system response analysis. The data obtained is in the form
of the base diagrams showing the modulus of impedance |Z (m)|
and the phase angle against the logarithm of the frequency [38]
as well as the Nyquist graphs, which display the imaginary part
of the impedance (Z″) against the real part (Z′) [39]. The
capacitive behaviour of the various substrates is shown by the
slopes determined from the Nyquist diagrams in the following
order: It includes etched stainless steel (etched SS), Ta‐coated
stainless steel (Ta/SS), and Ta layer‐coated stainless steel. High
frequencies result in a drop‐in log Z, which exhibits a distinctive
and capacitive behaviour in the low to medium frequency
range [39].

Additionally, compared to the coated material, this substrate
exhibits a greater Log Z versus frequency in the linear range and
phase angle plateau. The coating's isolating effect is attributed
to this result [40]. Due to the observed delamination, the Ta film
on SS would not function as a reliable protective coating. A‐Ta
film placed on SS316LVM exhibits delamination because of the
extremely high strain at the interface [31, 32].

It is observed from Table 4 that when SS 316L was immersed in
Human Blood, the total resistance was 138,573.2Ωcm2. Then SS
316L was immersed in SBF, and the total resistance was
decreased from 138,573.2Ωcm2 to 1862.862Ωcm2. When SS
316L was immersed in Ringer solution, total resistance was
reduced from 1862.862Ωcm2 to 1749.33Ωcm2. When SS 316L
was immersed in Saliva, total resistance was decreased from
1749.33Ωcm2 to −3746.5287Ωcm2. From these data, it can be
concluded that SS 316L was more corrosion‐resistant in human
blood than SBF, Ringer, and saliva.

Figure 8a represents the Nyquist plot of 316L SS in human
blood in which real impedance (Zre) is taken as 95,000 kΩcm2,

and imaginary impedance (Zim) is taken as 7 × 104 kΩcm2.
Figure 8b represents the Nyquist plot of 316L SS in Ringer
solution in which Zre is taken as 2.25 × 105 kΩcm2 and Zim is
taken as 5.8 × 104 kΩcm2. Figure 8c represents a Nyquist plot of
316L SS in Saliva in which Zre is taken as 1,180,000 kΩcm2, and
Zim is taken as 1.6 × 105 kΩcm2. Figure 8d represents the
Nyquist plot of 316L SS in SBF in which Zre is taken as
225,000 kΩcm2 and Zim is taken as 4.9 × 105 kΩcm2.

4.3 | Potentiodynamic Polarisation (PDP)

The PDP curves of 316L stainless steel in human blood,
Ringer solution, saliva, and SBF are shown in Figure 9. Table 5
lists the corrosion parameters, which include Ecorr, Tafel slopes
(βc = cathodic, βa = anodic), CR, and corrosion current (Icorr).
The experiment involved measuring each sample's Icorr density
by extrapolating the cathodic and anodic branches of the po-
larisation curves. The results showed that the Ecorr of the coated
samples was nobler than that of the bare 316L SS substrates.
This is because the metallic nature of the Ta‐coated surface
protected the substrate surface from corrosion.

It is observed from Table 5 that the 316L SS (Ta‐coated) was
immersed in human blood, the Icorr was 1.2445E‐07 A/cm2, and
the CR was 0.146 × 10−2mm/a, and the 316L SS (bare) was
immersed in human blood the Icorr was 2.7410E‐09 A/cm2, and
the CR was 0.325 × 10−2mm/a. Then SS 316L was immersed in
Saliva, the Icorr was 4.7452E‐07 A/cm2, and the CR was
0.556 × 10−2 mm/a. When SS 316L was immersed in Ringer
solution, the Icorr was 6.6486E‐07 A/cm2, and the CR was
0.779 × 10−2mm/a. When SS 316L was immersed in SBF, the
Icorr was 1.2148E‐06, and the CR was increased by 1.425mm/a.
These data concluded SS 316L was more corrosion‐resistant in
human blood than saliva, ringer, and SBF.

Based on the PDP results, the study compared the electro-
chemical behaviour of coated and uncoated 316L SS in different
solutions. The study measured the potential polarisation curve
and monitored the formation of the passive layer and corrosion
products during the experiment. The Icorr density was deter-
mined by extrapolating the cathodic Tafel area, a method used
to analyse the corrosion kinetics of the alloy. Icorr is the alloy
CR at the Ecorr depicted in Figure 9. The Ecorr was found to shift
from negative 1.2148E‐06 mV to a more negative value, indi-
cating a negative shift trend. A nobler value of Ecorr suggests
that the alloy is harder against corrosion, and thus, the Ta

TABLE 4 | Parameters of the equivalent electrical circuit (EEC) model 316L SS samples in different mediums.

Solutions
(Ta‐coated and
bare 316L)

CPE1 CPE2

Rs

Ωcm2
R1

Ωcm2
Y1 × 10−6

Ωcm−2sn n1

R2

Ωcm2
Y2 × 10−9

Ωcm−2sn n2

Rw

Ωcm2 χ2× 10−4

Human blood 240.1 96880 0.000105 0.8897 0.10081 0.00011 0.983 41453 0.0029

Saliva 544.3 1.45 3.71 0.277 0.0213 9.3249 1.167 1695 0.003

Ringer 53.11 1.26 3.31 0.8350 0.0213 9.3249 1.167 1695 0.003

SBF 53.16 1.10 7.49 0.6996 1060 1.0097 1.000 748.6 0.003

Abbreviations: CPE, constant phase element; R1, resistance of porous product layer of corrosion; R2, resistance of alloy interface and product of corrosion; Rs, solution
resistance; Rw, Warburg impedance; Ta, tantalum.

FIGURE 7 | Equivalent electric circuit for analysis of electro-

chemical impedance spectroscopy (EIS) spectra. CPE, constant phase

element; R1, resistance of porous product layer of corrosion; R2,

resistance of alloy interface and product of corrosion; Rs, solution

resistance; W, Warburg impedance.
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coating is quickly found to improve its corrosion resistance. In
summary, the study found that the Ta coating improved the
corrosion resistance in the human blood environment of 316L
SS, and Icorr was used as a metric to analyse the corrosion
kinetics of the substance.

316L SS exhibits the highest corrosion resistance in human blood,
followed by saliva, Ringer solution, and SBF. Notably, these con-
clusions were drawn based on polarisation studies commonly used
to investigate the corrosion behaviour of metallic materials. How-
ever, other factors such as temperature, flow rate, and solution
composition can also affect the corrosion behaviour of SS 316L in
different environments. Therefore, further studies (in vivo) may be
needed to validate and understand the corrosion behaviour of
Ta‐coated 316L stainless steel before clinical trials. The CR and Icorr
are increasing from Human Blood to SBF.

Based on the results of the polarisation studies, it can be con-
cluded that the corrosion behaviour of SS 316L varies depend-
ing on the environment it is exposed to. The values of the CR
and Icorr increase from human blood to SBF, indicating a higher
tendency for corrosion in the latter. Furthermore, the order of

FIGURE 8 | Nyquist plots of 316L in different mediums, (a) human blood, (b) Ringer, (c) saliva, (d) simulated body fluid (SBF). [Color figure can

be viewed at wileyonlinelibrary.com]

FIGURE 9 | Potentiodynamic polarisation curve of Ta‐coated and

bare 316L SS in different solutions. SBF, simulated body fluid;

Ta, tantalum. [Color figure can be viewed at wileyonlinelibrary.com]
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corrosion resistance of SS 316L in different environments can be
listed as follows:

Human blood > Artificial saliva > Ringer solution > Simulated
body fluid.

5 | Wear Behaviour of Ta‐Coated 316L SS in
Human Blood

The samples' wear characteristics were evaluated using a mul-
tifunctional tribometer in an environment similar to human
blood under specific stresses and a constant temperature of
37°C. The sample's weight was measured on a digital balance
(Model No. K‐BA 200) both before and after testing to assess the
amount of weight loss. For both bare and Ta‐coated 316L
Stainless Steel samples, the weight loss and coefficient of fric-
tion (COF) were noted. Archard's equations are used to deter-
mine volume loss and wear rates. These equations consider
several aspects, including material hardness, sliding distance,
applied stress, and measured weight loss. The volume loss and
wear rates of both bare and Ta‐coated 316L SS samples were
calculated using these formulas and information derived from
weight loss measurements and COF values.

During the investigation into the wear behaviour of the sam-
ples, it also analysed the COF changes over time, which pro-
vides insights into the evolving wear patterns on the samples as
a function of time, enabling us to conclude surface roughness or
smoothness based on our findings. As such, Figure 10 depicts
the relationship between the friction coefficient and time for
two applied loads, 5 N and 50 N.

A coating's vulnerability to failure from elastic strain is com-
monly assessed through the H/E ratio. Likewise, the resistance
of a coating to fracture resulting from plastic deformation,
including elastoplastic deformation, is associated with its frac-
ture toughness, expressed as the ratio H3/E2 [17]. Conse-
quently, a higher H/E ratio indicates superior wear resistance
for a specific coating. Notably, the H/E ratio for stainless steel is
approximately 0.015, whereas the coating has an H/E ratio of
about 0.026 [41].

Table 6 provides data on the wear characteristics of the samples
(316L Stainless Steel and Ta‐coated 316L Stainless Steel) under
varying loads of 5 N and 50 N. The wear test result shows the
wear rate found to be maximum (0.25 [mm3/Nm] × 10−5) for
the bare 316L stainless steel, while the minimum wear rate

(0.086 [mm3/Nm] × 10−5) found in Ta‐coated 316L Stainless
steel.

The COF is a valuable indicator of a specimen's wear resistance
during the wear process. Typically, a lower COF signifies more
excellent wear resistance. To assess the wear performance of
Ta‐coated 316L SS under typical operating conditions, wear
resistance tests were conducted at normal speeds, with 316L SS
serving as a comparative reference. During low‐speed wear, the
COF of the 316 substrates steadily increased over time, whereas
the COF of the coated surface gradually reached a stable level.
In particular, the Ta‐coated 316L SS displayed a progressive
improvement in wear resistance along the build direction at
low‐speed friction, characterised by the lowest average COF and
wear track depth on the surface. This enhancement in wear
resistance was especially evident in scenarios involving oxida-
tion wear and adhesive wear at high‐speed friction, distin-
guishing it from the performance of 316L [42]. A 1.08 μm thick
coating of ZrCxN1−x was applied to AISI 316L, and the impact
of deposition temperature on phase composition, mechanical
characteristics, corrosion resistance, and blood compatibility
results show the mechanical testing obtained that the nano‐
hardness and elasticity modulus of the ZrCxN1−x coatings
achieved their highest values, coinciding with the formation of
nanocrystalline Zr2CN. Electrochemical assessments indicated
a significant enhancement in the corrosion resistance of AISI
316L due to the presence of the ZrCxN1−x coating, with the one
deposited at 400°C exhibiting the best performance [43].

Figure 11 shows that the wear surface is notably more pro-
nounced than other topographical images Figure 11a, indicating
that bare 316L is susceptible to more significant wear when
subjected to higher loads. Conversely, in Figure 11b, we observe
a more consistent wear pattern on the sample's surface after
applying a Ta coating. In Figure 11c, irregularities are evident
on the wear surface, which is nonuniform. The wear surface in
all images is less prominent than in Figure 11a. Similarly, in
Figure 11d, the wear surface is less pronounced but somewhat
broader compared to bare 316L SS due to the presence of the Ta
coating.

In each instance of surface modification, Ra and Rp values were
consistently elevated compared to untreated steel. The study
examined surface characteristics, encompassing roughness (Ra
and Rp) and wettability (CA), for bare steel and various polymer
and polymer‐peptide coatings. The findings demonstrated an
evident interdependence among surface chemistry, roughness,
and wettability, collectively influencing cell adhesion. Notably,

TABLE 5 | Potential polarisation results of bare and Ta‐coated 316L in different solutions.

Solutions Ecorr (Volts) βa (mV) βc (mV) Icorr (A/cm
2) CR× 10−2 (mm/a)

Human blood (Ta‐coated 316L) 0.0631 224.11 105.41 1.2445E‐07 0.146

Human blood
(316L SS)

0.0147 112.36 90.795 2.741E‐09 0.325

Saliva 0.5494 2282.90 65.268 4.7452E‐07 0.556

Ringer 0.1557 1315.74 162.92 6.6486E‐07 0.779

SBF 0.3002 3767.65 331.50 1.2148E‐06 1.425

Abbreviations: βa, Tafel slopes anodic; βc, Tafel slopes cathodic; CR, corrosion rate; Ecorr, corrosion potential; Icorr, corrosion current; Ta, tantalum.
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FIGURE 10 | Coefficient of Friction versus time images of bare and tantalum (Ta)‐coated 316L SS (a) at 5 N (b) at 50 N. [Color figure can be

viewed at wileyonlinelibrary.com]

TABLE 6 | Wear test results of bare and tantalum (Ta)‐coated 316L stainless steel.

Material
(316L SS)

Load
(N)

Mass
before
test (g)

Mass
after

test (g)
Mass

loss (g)
Density
(g/cm3)

Volume
loss (mm3)

Sliding
distance
(mm)

Wear rate
(mm3/

Nm) × 10−5

Bare 5 6.0945 6.0943 0.0002 8 0.00014 10 0.28

50 6.0943 6.0934 0.0009 8 0.0001125 10 0.224

Ta coated 5 7.0714 7.0712 0.0002 16 0.0000562 10 0.112

50 7.0712 7.0705 0.0007 16 0.0000438 10 0.086

FIGURE 11 | Three‐dimensional topographical images of 316L SS (a, b) Bare surface at 5 N and 50 N, (c, d) tantalum (Ta)‐coated surface at 5 N

and 50 N. [Color figure can be viewed at wileyonlinelibrary.com]
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wettability emerged as the predominant factor influencing this
synergy [44].

6 | Conclusions

OCP measurements indicated that the Ta‐coated 316L SS
maintained a passive state across the various testing fluids, with
OCP shifting from higher to lower potential values within this
stable passive range. EIS exhibits the highest corrosion resist-
ance in human blood compared to other fluids. It suggests that
while blood is corrosive, it still allows Ta‐coated 316L SS to
perform more reliably than in other fluids due to the coating's
stabilising effect. PDP results showed a progressive increase in
CR and Icorr from human blood to ringer, saliva and simulated
body fluid (0.146–14.25 × 10−2 mm/a), respectively. The Ta
coating enhances the material's electrochemical stability and
prevents surface degradation, making it an excellent candidate
for biomedical implants exposed to blood. The promising per-
formance in corrosion tests suggests that Ta‐coated 316L SS
could minimise risks associated with implant corrosion, thus
potentially extending implant lifespan and improving per-
formance in high‐chloride, protein‐rich environments common
in the human body. The wear test results show that the wear
rate for bare 316L stainless steel is maximum (0.25 [mm3/Nm]
10−5), while Ta‐coated 316L stainless steel has a minimum wear
rate of (0.086 [mm3/Nm] 10−5). The study found that Ta‐coated
316L stainless steel performed better in human blood than bare
316L stainless steel, making it a potentially useful material for
orthopaedic implant applications.
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