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INTRODUCTION

Biomaterials are considered a major thera-
peutic revolution of the late 20th century. Initially 
reserved for critical situations, they are now used 
to meet patients’ needs in rehabilitation, comfort, 
pleasure, and aesthetics. [1] A biomaterial is de-
fined as a non-living material designed to inter-
act with biological arrangements. Biomaterials 
are primarily used in orthopedics (hip, elbow, 
knee, and wrist prostheses, orthoses, artificial 
ligaments, and tendons), dentistry (restoration 
materials, dental and bone fillers, and implants), 
ophthalmology (lenses and implants), as well as 
cardiovascular systems (heart valves, artificial 
hearts, and pacemakers) [2]. Unfortunately, me-
tallic materials used as implants are susceptible to 
corrosion in body fluids, despite their high corro-
sion resistance. The corrosion products released 

by the material diffuse into tissues, causing toxic 
effects and health degradation of the host [3, 4].

“Biomaterials” refer to any material used in 
medical implants, extracorporeal devices as well 
as instruments in medicine, hospital, dentistry, 
and veterinary medicine. The National Institutes 
of Health Consensus Development Conference 
(1991) defined a biomaterial as “any material 
intended to interface with living tissues and/
or biological fluids to evaluate, treat, augment, 
or replace any tissue, organ, or function of the 
body”. They differ from drugs in that they do 
not achieve their primary therapeutic purpose 
through a chemical effect within the body and 
do not need to be metabolized to be active. The 
public denominator in all definitions planned for 
biomaterials is the clear recognition that bio-
materials are distinct from additional classes of 
materials due to the special biocompatibility cri-
teria they must meet [3].
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Biomaterials are considered a major thera-
peutic revolution of the late 20th century. Initially 
reserved for critical situations, they are now used 
to meet patients’ needs in rehabilitation, comfort, 
pleasure, and aesthetics [1]. A biomaterial is de-
fined as a non-living material designed to inter-
act with biological arrangements. Biomaterials 
are primarily used in orthopedics (hip, elbow, 
knee, and wrist prostheses, orthoses, artificial 
ligaments, and tendons), dentistry (restoration 
materials, dental and bone fillers, and implants), 
ophthalmology (lenses and implants), as well as 
cardiovascular systems (heart valves, artificial 
hearts, and pacemakers) [2]. Unfortunately, me-
tallic materials used as implants are susceptible to 
corrosion in body fluids, despite their high corro-
sion resistance. The corrosion products released 
by the material diffuse into tissues, causing toxic 
effects and health degradation of the host [3, 4].

For an implantation to be a success, the bio-
material used must, on the one hand, meet the 
physicochemical characteristics appropriate to 
the installation site and the function to be fulfilled 
and on the other hand, it must be compatible [5].

The biological study of biomaterials consists, 
firstly, in the study of the recipient site on the 
physical, chemical and biological levels in stat-
ic and dynamic situations. This is followed by a 
study of the biocompatibility and bio-functional-
ity of biomaterials, in order to deduce the interac-
tions that may exist between implants and tissues 
and/or organic fluids, under normal or pathologi-
cal conditions [6, 7].

Water represents 45 to 75% of the body weight. 
It is divided into an intracellular sector (69.8%) and 
another extracellular sector which is represented 
by plasma (8.2%) and the ground substance (22%). 
The biological environment is essentially repre-
sented on the ionic level by sodium ions (Na+, 140 
mEq/L) and chlorine (Cl-, 100 mEq/L), i.e. a con-
centration of 9 g/l of NaCl. There are 6 mEq/L of 
organic acids with a pH of 7.4. The partial pressure 
of oxygen is 90 mm of mercury and that of carbon 
dioxide is 40 mm of mercury. It is also necessary 
to be aware of the complexity of cellular enzy-
matic phenomena involving oxidation, reduction, 
hydrolysis processes and the importance of metal 
ions during enzymatic reactions. Inflammation, 
necrosis, or infection will modify or disrupt these 
reaction chains, cause them to take anaerobic paths 
and possibly modify the pH [8]. Similar polariza-
tion resistance trends in simulated physiological 
environments have been demonstrated recently in 

IOP Conference Series: Materials Science and En-
gineering [9].

On a molecular scale, the human body is con-
stantly evolving. The presence of enzymes (pro-
teins) in the body plays a role of catalyst which 
influences the speed of biochemical reactions be-
tween the different constituent elements (water, 
ionic group, organic acids, etc.) [8, 10].

The effect of pH is sensitive. An alkaline so-
lution up to pH 12 protects metals from corrosion. 
An acidic pH acts on the oxide layer covering the 
metal. This action creates a departure of oxides, 
which exposes the underlying metal. The metal 
thus uncovered is in turn subject to oxidation. 
This phenomenon initiates the phenomenon of 
corrosion [10, 11].

According to some authors, the anions and 
cations formed by hydrolysis under the effect of 
corrosion mean that in the tissue (electrolyte), an 
exchange of proton H+ occurs, thus causing the 
change in pH, hence the denaturation of the or-
ganic matter [12, 13].

The physical characterization of the recipient 
site is particularly important for implants with a 
functional substitution role. The components of 
the site concerned must be studied first in statics, 
by analyzing its composition, its spatial, cellular, 
tissue and anatomical organization. The physical 
study must also take into account the evolution-
ary nature of the system considered. It is advanta-
geous to use an implant made of a material the 
mechanical performance of which is not affected 
by pH variations.

It is essential to know certain mechanical 
characteristics, such as: tensile strength, compres-
sion, torsion, bending, modulus of elasticity, elas-
tic limit, fatigue resistance, hardness, coefficient 
of friction, distribution, direction, importance of 
the forces exerted, etc. All these elements are not 
always known with extreme precision and the re-
finement of knowledge in biomechanics should 
generate particularly remarkable advances. How-
ever, wanting to substitute biomaterials in a stable 
way for tissues with remarkable short- and long-
term adaptation capacities will remain a very dif-
ficult challenge for a long time to come [1, 14].

Corrosion resistance, chemical inertness with 
respect to the environment (in particular the sali-
vary environment for dental implants) and bio-
compatibility are the properties that must be con-
trolled to maintain the integrity of the material. 
For dental implants, the conditions are even more 
severe, since the salivary environment contains 
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more sulfur products that make it more corrosive. 
All these points must be respected, otherwise the 
prosthesis will have to be replaced often or the 
reactions that endanger the patient’s health will 
be observed [15, 16].

Metals have been used as biomaterials for 
centuries, a wrought iron dental implant was 
discovered on a young man who lived in Gallo-
Roman times, but it was only with the advent of 
asepsis that they entered surgical practice. Now-
adays, metallic biomaterials are mainly used in 
orthopedics (screws, nails, joints, plates, etc.), in 
stomatology (fillings, prostheses, denture parts, 
etc.) and in surgery (tools). Metals and alloys are 
used as biomaterials in the applications where 
their properties are particularly suited to the re-
quirements of the function to be fulfilled. There 
is a wide variety of metallic materials used as 
biomaterials, some of which are presented in 
Table 1 [17, 18].

Metals are materials that generally crystal-
lize in a hexagonal close-packed (HC) or face-
centered cubic (FCC) structure. Metallic crystals 
have specific properties defined using parameters, 
depending on the strength, ductility, conductivity, 
etc. These properties are related to the number 
and type of imperfections. Meyrueis and Got-
man summarize the characteristics and proper-
ties that metals or their alloys must have in order 
to meet the criteria of biocompatibility, corro-
sion resistance, and sufficient mechanical quali-
ties to replace failing organs. Many pure metals 

have been used by surgeons, but their properties 
were sometimes insufficient: iron is not very re-
sistant to corrosion, lead is toxic, copper is not 
very biocompatible and not very mechanically 
resistant like platinum or gold. As a result, tita-
nium is the most widely used pure metal. Today, 
three major families of alloys emerge and meet 
the criteria mentioned above: SS, cobalt-based al-
loys and titanium-based alloys. Since the human 
body is a corrosive environment, the alloys used 
must have a regenerative passivation layer, the 
combination of two types of alloys to produce a 
prosthetic device must consider galvanic corro-
sion. Rigidity (property to oppose deformation) 
and flexibility (easy deformation of the metal) 
complete the selection criteria. The work hard-
ening of a metal, deformation in its plastic zone 
by forging, by drawing, by cold rolling modifies 
the mechanical properties. Reheating or anneal-
ing in a certain temperature range restores some 
of the desired initial qualities. The fatigue limit, 
also called endurance limit, often corresponds to 
50% of the breaking load. The production of joint 
prostheses requires implants with a high breaking 
load because the stresses they support are con-
siderable. The high rigidity of cobalt-chromium 
alloys and SS does not propagate a large part of 
the stresses exerted by the bone [19, 20]. Table 2 
presents some mechanical and technical charac-
teristics of metals and alloys used for the produc-
tion of surgical implants [19, 21].

Table 1. Main metal alloys used as biomaterials and their uses
Base elements Main alloying elements Generic name Typical applications

Iron C, Cr, Ni, Mn, Mo, V SS (stainless steels) Osteosynthesis materials, surgical instruments

Cobalt Cr, Mn, Mo, Ni, Nb, Ta Chrome-based alloys Articular prosthesis components

Titanium Al, V, Fe, Nb, Zr Titanium-based alloys Osteosynthesis materials, 
articular prosthesis components, surgical instruments

Platinum Ir, Pb Precious alloys Electrodes

Table 2. Mechanical and technical characteristics of metals and alloys used for the production of surgical implants
Material Elemental composition (%) Elastic modulus (GPa) Yield strength (MPa) Elongation (%) Surface

Ti 99 97–116 240–550 > 15 Ti Oxide

Ti-Al-V Ti-6Al-4V 117–130 860–898 > 12 Ti Oxide

Co-Cr-Mo 66Co-27Cr-7Mo 235 655 > 08 Cr Oxide

316L 70Fe-18Cr-12Ni 193 480–1000 > 30 Cr Oxide

Ta 99 150–186 690 11 Ta Oxide

Au 99 97 – > 30 Au

Pt 99 207–310 131 40 Pt
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Of all the types of SS, austenitic ones have 
the best corrosion resistance; they contain both 
Chromium and Nickel as well as have an austen-
itic crystal structure [22]. The specifications for 
surgical austenitic SS, usually called 316L, are 
typically 17–20% Chromium, 12–14% Nickel 
and 1.2–4% Molybdenum with a maximum of 
0.03% Carbon. They have high hardness and 
toughness. Although they contain Chromium, 
their corrosion resistance is not very good, as a 
result a breakdown of the passivation film lead-
ing to significant corrosion is observed. This can 
compromise biocompatibility and also release 
corrosion products that have harmful effects on 
tissues [23, 24]. In order to improve corrosion 
resistance, solid solutions in stable austenite (Ni 
> 12 to 14) are used. A molybdenum concentra-
tion greater than 2% ensures a higher resistance 
to perforating corrosion while a low carbon con-
tent that is less than or equal to 0.03% inhibits the 
formation of carbides and deformation martens-
ite. In addition, for surgical tools such as scalpels, 
needles or scissors, chromium steels are often 
used which support higher stresses [23]. Other 
modifications can be made to the steel to improve 
these mechanical properties: increasing the chro-
mium, molybdenum and nickel content makes the 
material non-magnetic; reducing the manganese, 
sulfur and aluminum content removes inclusions 
(MnS) and thus improves the resistance to fatigue 
and localized corrosion (pitting); reducing the 
carbon content prevents intergranular corrosion. 
One can also intervene on the production method 
(in particular by using vacuum remelting, which 
improves cleanliness with respect to oxides) and 
at the level of the method of transformation by 
hyperquenching of the material (which prevents 
intergranular corrosion and fatigue failure) or by 
homogeneous work hardening and forging (which 
increases the mechanical characteristics, avoiding 
reducing the resistance to corrosion linked to het-
erogeneous work hardening), finally the manu-
facturer can intervene on the surface condition to 
prevent any cracking, pitting, etc. The implants 
made of SS are used as temporary implants to ser-
vice bone healing, as well as fixed implants such 
as artificial links. Typical temporary requests are 
plates, medullary nails, screws and pins [25, 26].

In recent years, advances in materials science 
have illuminated the properties of underlying fac-
tors affecting the corrosion resistance properties 
of SS used in biomedical products. For example, 
low alloy steels have shown that mechanical 

properties are crucial to the overall performance 
of materials with consideration to the efficacy 
and durability of biomedical components [27]. 
Stainless welding has also demonstrated the ef-
fect of surface treatments or sample preparation 
on corrosive behavior and this reinforces that 
controlled, reproducible condition needs to be 
carried out experimentally [28]. The same em-
phasis on degradation of composite materials 
has found strong correlations between degrada-
tion processes on both compositional and surface 
properties with similar degradation / corrosion 
identified in the outcomes of the SEM analysis 
[29]. Different methodological approaches result-
ing from analyses and thermal conditions could 
be beneficial in informing potential experimental 
testing for a well-rounded evaluation of mate-
rial behaviors under physiological and environ-
mental conditions [30]. Newly published works 
on different environments affecting the material 
performance can also serve as pointers for inter-
preting the results of electrochemical and surface 
analyses as it relates to simulating key conditions 
in corrosion studies [31]. Overall, contemporary 
studies will help elucidate the understanding of 
corrosion resistance properties of the AISI 316L 
stainless steel.

The conducted study focused on the corro-
sion of one material used as implants: austenit-
ic SS 316L. [32, 33] This study is based on the 
metallographic observation of the surface state 
after immersion. Initially, physiological media 
(Ringer’s Solution) with a chemical composition 
like body fluids were used. To accelerate the cor-
rosion phenomenon, more aggressive media were 
used, such as nitric acid 2% (HNO3) and sodium-
chloric acid 3% (NaCl). After immersion in each 
medium, the analysis was performed using SEM 
observations to assess the surface state and any 
material degradation [34, 35].

EXPERIMENTAL MATERIALS   
AND TECHNIQUES

The alloy named AISI 316L according to the 
American standard is available in the form of 1 mm 
thick sheet. The samples used are cut into small 
sizes with approximate dimensions of 1×1 cm. Its 
chemical composition is presented in Table 3.

Potentiostatic and potentiodynamic tests are 
performed to evaluate and compare the currents, 
potentials and corrosion rates of the four samples 
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immersed in the prepared electrolytes. The sam-
ples are tested under the conditions similar to 
those used in vivo and in vitro. After the polariza-
tion tests, the variations in the surface morphol-
ogy of each sample are recorded and captured us-
ing an optical microscope at the corrosion labora-
tory. Prior to testing, each sample matured using a 
standardized pretreatment; mechanical polishing 
with a series of silicon carbide abrasive papers 
to grit 1200, followed by ultrasonic cleaning in 
ethanol for ten minutes and rinsed with deion-
ized water. This process was applied in order to 
remove contaminants, minimize residual stresses, 
and provide the same surface finish for all electro-
chemical investigations.

For all tests, a 200 ml electrolyte solution was 
used in electrochemical cells, ensuring the sam-
ple is covered by at least 15 mm. The electrolyte 
consists of Ringer’s solution or saline. The im-
mersion time of the sample in the reconstituted 
media and changes in body temperature were 
also considered. Different cases were analyzed, 
and several tests were conducted to evaluate the 
corrosion behavior of 316L SS. The experimental 
setup for plotting polarization curves is as fol-
lows: a thermostated bath ensuring the stability 
of the electrolyte temperature; a three-electrode 
electrochemical cell with a double wall allowing 
water circulation to maintain the reaction medium 
at a constant temperature of T = 37 °C ± 0.4 °C; 
the electrolyte is renewed for each manipulation. 
After 2 hours of immersion (reaching the steady 
state), polarization curves are plotted for an over-
voltage range of [-400 mV, +400 mV].

For separate potentiodynamic polarization 
tests, the samples were immersed into the test 
electrolyte (i.e. Ringers solution, 3% – NaCl, or, 
2% – HNO₃) for 2 hours to ensure that the sample 
reached a state of steady-state open circuit poten-
tial (OCP). Subsequently, the samples were polar-
ized to produce polarization curves by scanning 
the potential from –400 mV to +400 mV versus 
Ag/AgCl at a scan rate of 1 mV/s. The corrosion 
current density (icorr) and the corrosion potential 
(Ecorr) were obtained from Tafel extrapolation of 
the polarization curves. Polarization resistance 
(Rp) was calculated from the linear region, near 

Ecorr. Moreover, potentiostatic measurements 
were performed that hold the sample at a fixed 
potential (typically at the Ecorr value) were taken, 
and fish the current density recorded over time, to 
examine the passivation behavior and passivation 
stability.

Knowing that icorr is a qualitative indicator 
of the state of corrosion of a metal substrate in 
a known environment. Ecorr is continuously re-
corded using the software which is linked to the 
potentiostat.

The evolution of the abandonment potential 
of the sample studied as a function of time, for an 
immersion period of one hour, makes it possible 
to follow the establishment of the steady state. 
These measurements also make it possible to re-
veal possible transitions from an active state to a 
passive state of the metal and vice versa. How-
ever, these tests do not provide the information 
on the corrosion kinetics. The potential scan starts 
at a voltage of -400 mV relative to the Ecorr value 
and ends at a voltage of +400 mV again relative to 
the Ecorr value obtained during the OCP, the scan 
speed is set to 0.25 mV/s.

The determination of the icorr and the Ecorr is 
performed by extrapolating the anodic and ca-
thodic Tafel lines to the corrosion potential Ecorr. 
The point of intersection gives us directly log 
(icorr) from which icorr and Ecorr.

Thus, the determination of the corrosion rate 
and the polarization resistance from the tafel 
curve is possible, the determination of the two 
parameters are explained in the following para-
graphs. Vcorr expressed in (mm.year−1), and is cal-
culated by applying the following relation:
 Vcorr = icorr · t · M · 10/n · F · d  (1)
where: icorr – the current density (A·cm−2), t – the 

time corresponding to one year, M – the 
average atomic mass of the alloy studied 
(g/mol), n – the valence and d – the den-
sity of the material (g/cm3).

The inverse of the slope of the stationary po-
larization curve is the polarization resistance Rp, 
measured at the corrosion potential. The fastest 
way to obtain Rp is to impose small triangular 
variations ∆V around the corrosion potential, and 
to measure the resulting variations ∆I.

Table 3. Elemental composition of AISI 316L
Element Fe Cr Ni Mo Mn C S P Si

Composition (% wt.) 60–65 17–19 13–15.5 2–3 2 <0.03 0.01 0.025 0.75
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The accuracy of the results is low, because 
the I-E curves rarely obey Tafel’s law, which is 
why most experimental devices are based on the 
determination of the polarization resistance Rp 
[11]. It is expressed as a function of the Tafel 
coefficients and the corrosion current:

 Rp = ba · | bc |/2, 3 · (ba + | bc |) · icorr  (2)

where: Rp – the polarization resistance (W·cm2), 
ba – anodic Tafel slope (V), bc – cathodic 
tafel slope (V), icorr – (A/cm−2).

RESULTS AND DISCUSSION

Figure 1 shows the polarization curve logi = 
f(E) evolution of the current density as a function 
of the potential of a 316L steel in a Ringer’s solu-
tion. The values   of corrosion potential, corrosion 
current and corrosion speed are taken from the 
application of Tafel’s law using the Versa-studio 
software and are grouped in Table 4.

From the results obtained in Ringer’s solu-
tion (simulated in physiological medium), it 
was possible to conclude that the corrosion rate 
for 316L stainless steel in Ringer’s solution is 
3.52.10−3 m·year−1, this rate is acceptable in the 
corrosion domain and shows a better behavior of 
316L steel with respect to corrosion in a Ring-
er’s solution. The passivation domain increases 

proportionally to the immersion time as well as 
to the potential, this can be explained by the con-
struction of a highly resistive passive film on the 
surface of the SS exposed to Ringer’s solution. 
All the results obtained are relative to the mea-
sured electrochemical parameters and they are 
also perfectly correlatable between them.

Figure 2 shows the evolution of the logarithm 
of the current density as a function of the poten-
tial of 316L steel in a 3%NaCl solution. The val-
ues   of corrosion potential, corrosion current and 
corrosion speed derived from the application of 
Tafel’s law are grouped in Table 5.

From the results obtained in the 3% NaCl so-
lution, it was possible to conclude that the shape 
of the curve that the Cl– chlorides found in the 
solution attack the surface of the metal which in-
creases the rate of pitting corrosion, so the poten-
tial becomes less noble and the corrosion current 
increases, which does not allow for good corro-
sion resistance.

Figure 3 shows the polarization curve logi = 
f(E) shows the evolution of the logarithm of the 
current density as a function of the potential of 
the 316L steel in the 2% HNO3 solution. The val-
ues   of corrosion potential, corrosion current and 
corrosion rate are taken from the application of 
Tafel’s law using the Versa-studio software, and 
are grouped in Table 6.

Figure 1. Potentiodynamic curve of type 316L SS in Ringer’s solution

Table 4. Potentiodynamic results for 316L SS in Ringer’s solution
Corrosion parameter Ecorr (mV) icorr (nA/cm²) Vcorr (mm/year)

Values -123.91 44.54 3.52 × 10−3
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Table 5. Potentiodynamic results for 316L stainless steel in 2% (HNO3). Tafel slopes: The slopes of the linear 
regions of the anodic and cathodic branches of the polarization curve used to interpret the electrochemical kinetics. 
Ecorr, Icorr.

Corrosion parameter Ecorr (mV) icorr (nA/cm²) Vcorr (mm/year)

Values -64.75 38.76 3.08

Figure 3. Potentiodynamic curve of type 316L SS in 2%(HNO3) solution

Table 6. Potentiodynamic results for 316L SS in 3%NaCl
Corrosion parameter Ecorr (mV) icorr (nA/cm²) Vcorr (mm/year)

Values -83.43 115.22 9. 12 × 10−3

Figure 2. Potentiodynamic curve of type 316L SS in 3%NaCl solution

From the results obtained in the 2% HNO3 so-
lution, it was possible to conclude that: The litera-
ture data [36, 37] reveal that the SS grades con-
taining molybdenum as a minor element “grade 
316L” are able to spontaneously form a passive 

layer in a non-oxidizing acid. Other researchers 
[38, 39] reported that the existence of molybde-
num in the stable passive film indicates its impor-
tant role in determining the environmental behav-
ior of SS in the HNO3 environment, they found 
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that molybdenum, one of the noble elements of 
austenitic stainless alloy, exhibits improved pas-
sivation performance when exposed to a HNO3 
solution [40, 41].

The Tafel slopes bc and bc were determined 
directly from the Tafel lines, the values   of these 
two relative parameters for each solution are 
grouped in Table 7. The results of the polarization 
resistance calculations are grouped in Table 8. 

According to the results obtained in Table 7, 
Ringer’s solution presents the highest values   of 
polarization resistance followed by that of HNO3. 
The lowest value of the polarization resistance is 
that obtained for the 3%NaCl solution, this is due 
to the presence of chlorides which increase the 
corrosion rate and therefore decrease the polar-
ization resistance.

From comparing the electrochemical param-
eters measured from all the polarization curves 
obtained in the different solutions of this study, it 
was noted that: Ringer’s solution presents the best 
electrochemical quantities. The sample treated in 
an electrochemical cell containing a simulated so-
lution of the physiological medium of the human 
body “Ringer’s solution” presents the lowest

corrosion current density, and therefore it 
presents the lowest corrosion rate, this is due to 
the formation of a passive layer that protects the 
material and decreases the corrosion rate. Also, 
316L SS in Ringer’s solution presents the highest 
polarization resistance comparing with other so-
lutions, and this is due to the formation of a pas-
sive layer that protects the material and decreases 
the corrosion rate.

These results provide some information on 
the interaction between 316L SS and acidic, neu-
tral, chlorinated environments. The variation of 
the potential value with the immersion time can 
be explained by the electrochemical reaction that 
begins to take place between the medium and the 
exposed surface of the metallic substrate, more or 

less adherent, causing a relative stability of the 
abandonment potential.

Stainless steels are passivable materials sen-
sitive to pitting corrosion in the presence of spe-
cific aggressive species. These are most often the 
chloride ions Cl–, which are the most aggressive 
and play an important role in the mechanism of 
initiation and development of pitting. Pitting cor-
rosion is linked to very localized attacks of het-
erogeneities in the film and which result in local 
deterioration of the passive layer, thus exposing 
the metal on a very small surface area “anodic 
zone” compared to the areas remaining protected 
“cathodic zones”. This process of deterioration of 
the material generally leads to a phenomenon of 
generalized corrosion for ordinary steels.

The stabilization of the passive film at higher 
chromium content in the conducted studies finds 
a direct correlate in the more recent findings from 
Archives of Metallurgy and Materials Engineer-
ing on the effect of alloy composition on surface 
passivation [42].

The inhibitive effect of carbonate ions on 
pitting corrosion finds support in recent electro-
chemical investigations published in JAMME 
that have scrutinized ion-specific corrosion be-
haviors [43].

The surface of the samples was further ana-
lyzed using SEM imaging technique. A very 
significant increase in the corrosion rate can be 
observed in the case of 3% NaCl and 2% HNO3 
solutions, which results in an increase in the size 
of the pits and the formation of other pits. The 
case of 316L steel has undergone considerable 
degradation, the pits are of a large size and cov-
er a large surface. In the case of ringer solution, 
small pits appear, very far apart from each other 
(Figure 4a). In the case of immersion in NaCl 
solution, the first signs of larger corrosion were 
observed (Figure 4b). The only form of corrosion 
observed is pitting. The number and size of the 

Table 7. Tafel slope values   for each solution
Tafel slope (mV) Ringer’s solution 3% NaCl 2% HNO3

Cathodic slope (bc) 127.76 195.24 -431

Anodic slope (ba) 83.76 1368 152

Table 8. Calculated values   of polarization resistance for each solution
Solution Ringer’s Solution 3% NaCl 2%HNO3

Rp (Ω.cm²) 49.73 × 107 64.21 × 104 12.65 × 105
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pits increase as HNO3 solution is used. As in the 
case of immersion in 2% nitric acid, the degrada-
tion (size and number of pits) of the 316L steel is 
the most significant at all times compared to the 
other solutions.

Quantitative analysis of the SEM micrographs 
revealed the pit diameters in sodium chloride so-
lution were 2.1–8.7 μm (mean 4.3 ± 1.2 μm) and 
in Ringer’s solution was 0.5–3.2 μm (mean 1.8 
± 0.6 μm), indicating more extensive localized 
corrosion was evident in the more aggressive sa-
line media. Depth profiling through cross-section 
analysis on the SEM permitted the average figure 
of depth of pits compared to the surface width of 
the pits to be calculated, averaged 1:2.3 (surface 
width: subsurface propagation) whilst in chloride 
environments, and was consistent with the mech-
anisms of pitting studies in recent contemporary 
literature in the field of biomaterials research. The 
statistical distribution of pit diameters showed ca. 
72% of pits were recorded below 5 μm diameter 
pits in Ringer’s solution; however, descriptively 
only 38% were reported as 5 μm diameter in the 
sodium chloride solution, thus highlighting the 
inhibitory effect of carbonate ions influencing 
the propagation depth of pits better in a Ringer’s 
solution. Quantifiable metrics provided in this 
paper present reproducible figures for clinicians 

to compare the extent of corrosion for devices in 
different physiological simulations.

The Chromium atoms in steel react with oxy-
gen in the air and form a protective layer of chro-
mium oxide. Passivation or passivity represents a 
state of metals or alloys in which their corrosion 
rate is significantly reduced by the presence of a 
natural or artificial passive film, linked to what it 
would be in the absence of this film. In the case 
of 316L SS, this passive film appears spontane-
ously by oxidation, because the oxide formed 
on the surface is insoluble and constitutes an ob-
stacle that slows down subsequent processes, in 
an aqueous medium, the formation of this film is 
linked to a range of electrochemical potential as 
well as a pH range in which the oxide is stable.

The corrosion processes of AISI 316L SS in 
different simulated physiological solutions are 
governed by the interplay between alloy chemis-
try, the passive film stability, and the specific ion-
ic structure of the solution. In Ringer’s solution, 
the presence of carbonate ions (CO₃²⁻) retards 
pitting corrosion, perhaps due to the capacity of 
the carbonate ions to compete with the aggres-
sive chloride ions (Cl⁻) for adsorption sites on 
the protective film and stabilize the oxide protec-
tive layer. Conversely, in the NaCl solution, the 
heightened concentration of chloride ions causes 

Figure 4. SEM images of Surface of samples after corrosion test in (a) Ringer’s solution, (b) 3% NaCl solution 
and (c) 2%HNO3 solution
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localized degradation of the passive film with re-
sultant increased pitting and raised corrosion cur-
rent densities in our electrochemical studies. The 
low carbon content in the 316L stainless steel fur-
ther reduces the risk of intergranular corrosion by 
minimizing carbide precipitation at grain bound-
aries, hence maintaining the integrity of the pas-
sive film. These findings are consistent with the 
current literature that highlights the critical im-
portance of alloying elements such as chromium 
and molybdenum to enhance passivation and de-
lay localized corrosion in biomedical alloys. Be-
sides, the observed differences in pit morphology 
and distribution between test media highlight the 
importance of both environmental chemistry and 
microstructural homogeneity in governing corro-
sion susceptibility. This general understanding of 
mechanisms of corrosion supports the selection 
and optimization of stainless steel alloys for bio-
medical use, as also emphasized in recent litera-
ture [44–47].

CONCLUSIONS

From this study, it has been found that 316L 
SS samples exhibit better corrosion behavior in 
Ringer’s solution compared to other media stud-
ied. The electrochemical quantities taken from the 
tests confirm that our biomaterial is more resistant 
to corrosion in Ringer’s solution. Moreover, this 
is reflected by a high polarization resistance with 
a low current density in the presence of this solu-
tion. The presence of carbonate ions in Ringer’s 
solution acts as a pitting

The low carbon content in 316L SS prevents 
the formation of carbides in the grain boundaries, 
in particular chromium carbides Cr23C6, which 
are very stable compounds but do not prevent 
iron oxidation and promote intergranular corro-
sion of the biomaterial. Proper use of stainless 
steels therefore requires a metal of very high ho-
mogeneity to avoid local corrosion and a transi-
tion from the active state to the passive state at all 
points of the exposed surface. Several factors can 
influence the transport of ions through the pro-
tective film, such as: natural composition, struc-
ture, film thickness, and the existence of defects. 
Mainly, the nature and stability of a passive film 
of a particular metal or alloy will depend on en-
vironmental conditions, such as electrolyte com-
position, redox conditions, exposure, time and 
temperature. Increasing the chromium content 

decreases the passivation current density and thus 
promotes the passivation of the steel. An increase 
in the pH value leads to a decrease in the passiv-
ation density of current.

These results have key implications for the 
selection and improvement of biomaterials for 
clinical use. The fact that 316L SS demonstrates 
increased corrosion resistance under physiologi-
cally relevant conditions supports its continued 
use in temporary and permanent orthopedic im-
plants, dental tools, and surgical instruments 
where material integrity and biocompatibility are 
critical for longevity. Furthermore, identification 
of the influence of electrolyte composition on 
corrosion mechanisms has the potential to create 
more discriminating selection during the design 
of implantable devices, surface treatment, and 
alloy composition to optimize patient safety and 
clinical performance even further. Subsequent re-
search will have to focus on in vivo testing and 
sophisticated surface engineering methods to 
optimize the corrosion resistance and lifespan of 
metallic biomaterials under complex biological 
conditions.
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