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Abstract

Regarding providing energy, few sectors are as massive as the oil
and gas business. One of the most crucial parts of oil and gas
production is the distribution pipes or pipelines that transport the
production fluids, which include oil and gas, from one distribution
point to another. The corrosion of A316 material, which can lead to
holes or pitting, and the damage it causes in most industrial
operations, particularly in the oil and gas industry, has resulted in
substantial losses at high prices over an extended period of time. In
the study, we will quickly examine what corrosion is, the different
kinds of corrosion, inhibitors, and how to assess the corrosion rate of
A316 stainless steel in salt water. Analysis of the electrochemical
corrosion rate of Inconel 600 nickel alloy and stainless steel 316L
subjected to varying amounts of saltwater (freshwater, seawater,
mixed water). Because chlorine speeds up corrosion, alloys like
Inconel 600 and 316L undergo pitting corrosion. The molybdenum
component gives 316 stainless steel its superior corrosion
resistance. That's why it works well for gas and oil pipelines that go
through saltwater. Nevertheless, materials exposed to maritime
environments must have cathodic protection or coating to prolong
their life and stop the pipe from continuously corroding.
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INTRODUCTION

With deposits located over nearly the whole
country, Indonesia is one of the world's leading oll
and gas producers [1]. One of Indonesia’s primary
sources of revenue, mining has been around since
the country's inception [2]. It is possible to find oil
off the coast of this nation [3]. There are a lot of
operating costs associated with mining, and the
process itself is fairly costly [4]. The placement of
pipes in different conditions, including salt water,
is one method of oil distribution [5]. The pipe is a
crucial component of the oil and gas extraction
process, carrying gas from the well to the
processing plant. The next step is to refine the oil
and gas before selling it [6]. Proper maintenance
of oil and gas pipelines is critical to ensuring their
proper usage and longevity [7].

Because of the harsh conditions found in
salt water, the materials used to construct

petroleum pipelines must be able to withstand the
corrosive and abrasive elements found in the
water [8][9]. Stainless steel 316 or 316L is the
material of choice for pipes in the oil and gas
sector [10][11]. Because it contains molybdenum,
stainless steel 316 is very resistant to corrosion
[12][13].The mechanical characteristics, corrosion
resistance, weldability, and carbon content of
stainless steel 316 and 316L are distinct from one
another [14]-[16].

Corrosion is a major threat to offshore
installations in the maritime environment, and it
may lead to a number of incidents, including pipe
damage [17][18]. The corrosion of A316 stainless
steel can be caused by a variety of circumstances,
such as Sodium chloride (NaCl) can induce pitting
corrosion when present [19][20]. Environments
containing extremely high concentrations of salt
(chloride) are prone to pitting corrosion [21][22].
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Pitting can occur when stainless steel A316 comes
into direct touch with saltwater, which is a common
problem in marine applications [23]. Therefore, to
guarantee the pipe's longevity and safety during
its operational term, it is important to plan and
assess the pipe's strength and appropriateness
[24]. Cathodic protection technologies and other
preventative measures are required to stop pipes
from corroding continuously [25].

The study's overarching goal is to provide a
concise description of corrosion, its many forms,
inhibitors for these forms, and a method for
measuring the corrosion rate of A316 stainless
steel in saltwater environments.

CORROSION STUDIES
Corrosion is the degradation of material
properties due to chemical or electrochemical

reactions with the environment, and in many cases
means electrochemical oxidation of metals.

Table 1 shows corrosion studies, Table 2
description of the types of corrosion in A316
material. Description of the yypes of corrosion in
inconel 600 material, as presented in Table 3,
Table 4 shows corrosion behavior 316l in sea
water and artificial sea water, Table 5 shows
corrosion behavior inconel 600 in sea water and
artificial sea water.

Here we will go over the several elements
that might cause 316 stainless steel to corrode, as
well as how to prevent it from happening. Pitting
corrosion can occur when sodium chloride (NaCl)
is present. In chloride conditions, pitting corrosion
and crevice corrosion can occur [28].

Table 1. Corrosion Studies

No Corrosion Studies

Reference Author Analysis

Electrochemical oxidation of metals is a common example
of corrosion, which is the loss of material characteristics
caused by environmental chemical or electrochemical
interactions.

(26]

The material impacted by corrosion, also known as rust,
can degrade and have its lifespan reduced as a result of
corrosion. One of the biggest issues facing the industrial
world is corrosion.

(27]

Numerous studies have examined the causes of corrosion,
particularly in relation to the oil and gas sector. These
studies have concentrated on the primary methods for
assessing crucial environmental factors and dissolved
oxygen limits, with a particular emphasis on stainless steel.
Among these environmental factors, temperature, chloride,
and oxygen concentrations rank highest, along with the
configuration of the component or assembly in question.

(28]

In order to determine the model used for sizing metal
structures, which is buried in the design stage, it is
necessary to compute the sequence of features
fluctuations that cause corrosion. Practices will increase
the reliability of the developed model based on the data
sets that flow into it. Using a combination of his book,
corrosion tests, and standards, Baboian establishes the
dependability level of corrosion data.

[29]

Equipment, machinery, and building structures can suffer
direct losses as well as indirect damages due to rust.

(30]

Hydrogen concentration, soil resistance, acidity,
temperature, dissolved oxygen, and microbes all have a
role in corrosion. The corrosive quality of the soil is the
primary cause of metal pipe corrosion. Because of the
presence of sulfate, chloride, moisture, and bacterial
activity, the corrosive qualities of land are increased.

(31]

Impurities, air, temperature, and the composition of the
metal, as well as environmental elements like salt, can all
contribute to corrosion. Understanding the processes that
suppress corrosion is crucial for designing, life cycle
managing, and economically viable these systems.

(32]

Depending on the particular
microorganism/material/electrolyte interaction, microalgae,
fungus, bacteria, and archaea can either directly or
indirectly affect corrosion.

(33]

Deterioration of material
qualities, often known as
corrosion or rust, can be
caused by a number of
environmental conditions,
including water content, soil
resistivity, pH, dissolved
oxygen, temperature, and
microbiological activity.
Damage to  equipment,
machinery, and  building
structures can occur both
directly and indirectly as a
result of corrosion.
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Table 2. Description of The Types of Corrosion in A316 Material

No. Type (.)f Description
Corrosion
1 Pitting Among corrosions, pitting corrosion is among the most common and harmful [34].
Corrosion In chloride conditions, structural elements like stainless steel are severely damaged by corrosion.
Small metal surfaces corrode easily and develop holes or cavities as a result of localized corrosion
(pits) [33, 34, 35, 36].
2 Uniform Among the many types of corrosion that can develop on metal surfaces due to atmospheric
Corrosion interaction is uniform corrosion. The has little effect on the substance and disperses evenly
throughout it [39][40]. Uniform corrosion is caused by changes in the mechanics, geometry, and
chemical characteristics of the structural components. It should be noted that corrosion is primarily
caused by the spread of damaged layers, and the rate at which the corrosion proceeds is influenced
by environmental factors [41].

3 Stress Corrosion under stress Cracking occurs when a corrosive environment and tensile stress work
Corrosion together to initiate and propagate cracks in metals that are sensitive to the process [42]. When
Cracking compared to other forms of corrosion, stress corrosion cracking stands out. Stress corrosion is

thought to be caused by a multitude of variables that impact the specific kind of corrosion, including
chemical make-up and soil moisture, climate, temperature fluctuations, vibrations, and substantial
levels of residual stress. diagonal axial fissures. Steel corrosion cracking can start on the surface
and progress deeper into the metal [43][44].

4 Galvanic One kind of corrosion that may happen on the anodic side of a pair is galvanic corrosion, which,

Corrosion according to Faraday's law, is directly linked to galvanic current. A current known as galvanic current
runs from one material to another when two electrically conducting materials in close proximity to
one other are exposed to an electrolyte [45]. Welding several stainless steels together causes
galvanic corrosion [39].

5 Crevice When one metal surface comes into touch with the bulk electrolyte and another surface is exposed

corrosion to the electrolyte that is trapped and stagnant in a "crevice," a specific kind of localized corrosion
called crevice corrosion happens. When depassivation agents, primarily chloride, are present,
passive metal crevice corrosion happens at temperatures and potentials above critical, while non-
passive corrosion, also known as corrosion under deposits, happens in an environment that is not
specific to the metal because the metal is actively corroding [39][46][47]. Corrosion in small spaces
created by metal-on-metal or metal-on-nonmetal contacts was first described as crevice corrosion.
The form of corrosion is particularly significant in very corrosion-resistant materials, such industrial
nickel alloys and stainless steel 316 (or 316L) [48].

6 Erosion Erosion factors, such as particle size, impact angle, and flow velocity, affect the rate of surface
Corrosion erosion of austenitic stainless steel [49]. The oil and gas sector ranks erosion corrosion among the

five most common types of damage processes. Solid particles in the slurry gradually mechanically
remove material from exposed surfaces, while electrochemical corrosion reactions take place on
metal surfaces. The complicated phenomena is known as erosion corrosion. A material's
microstructure affects its mechanical and electrochemical characteristics, which in turn govern its
corrosion-erosion behavior [50][51].

Table 3. Description of The Types of Corrosion in inconel 600 Material

No Type of Corrosion Description

1 Stress Corrosion Cracking Cracks can form and spread in metals that are vulnerable to stress corrosion cracking
when a corrosive environment and tensile stress work together [42]. Concerning the
safety of structures, stress corrosion cracking (SCC) ranks high because it can cause
components to break prematurely and catastrophically with no obvious signs of
impending collapse [50, 51, 52].

2 Uniform Corrosion Mass transport, chemical reactions, interface involution, and electrochemical reactions
at the metal/solution interface are some of the many intricate physical and
electrochemical processes involved in uniform corrosion [55][56].

3 Pitting Corrosion One kind of localized corrosion is pitting corrosion, which occurs when certain areas
have a greater corrosion rate than others. Many alloys, although having a surface coating
that protects them from general corrosion, can nonetheless experience pitting corrosion
damage [57]-[59].

4 Intergranular Corrosion Aggregate corrosion is a kind of corrosion in metal alloys caused by chemical interactions
between individual metal grains [60][61].
5 Crevice Corrosion When one metal surface comes into touch with the bulk electrolyte and another surface

is exposed to the electrolyte that is trapped and stagnant in a “crevice," a specific kind
of localized corrosion called crevice corrosion happens. Corrosion in metal crevices can
be either passive, occurring at temperatures and potentials above critical, or non-
passive, occurring in a non-specific environment due to active corrosion of the metal, or
corrosion under deposits. Depassivation agents, primarily chloride, are used in the
former case [39][46][47]. Oxygen transport into and metal ion diffusion out of are
physically constrained [62]-[64].
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Table 4. Corrosion Behavior 316L in Sea Water and Artificial Sea Water

No

Researcher

Method

Environment

Result

Sabri Alkan,
Mustafa  Sabri
Gok [65]

Scanning
electron
microscopy,
energy-
dispersive X-ray
spectroscopy,
potentiodynamics

Sea water

Pitting corrosion caused material losses of 0.00003 mm3.

Daquan Li et
al.[66]

Imaging
techniques such
as scanning
electron
microscopy,
energy-
dispersive x-ray
spectroscopy,
and immersion in
environments
with
pressure
temperature

high
and

Sea water

Corrosion rates in the material rose from 91% to 135% as a
function of temperature and pressure; the phenomenon is
known as stress corrosion.

W.M.K.M.W.
lhmal et al.[67]

Electrochemical
impedance
spectroscopy,
scanning electron
microscopy,
Kalmegh coating,
and
potentiodynamic
polarization

Sea water

At a concentration of 10% extract, the results demonstrated
an improvement in corrosion resistance; however, the
impact was concentration dependent, and higher increases
reduced its inhibitory effect. Coated steel surfaces exhibited
heterogeneous layers in SEM micrographs.

Haixian Liu et
al.[23]

scanning electron
microscopy,
electrodynamic
polarization,
coating of
extracellular
polymeric
substances
(EPS),

Artificial
water

sea

The density of corrosion pits (>2 um) reaches (5.6 £ 0.5) x
103 pits/cm? when the EPS concentration is 400 mg/L, and
EPS speeds up both uniform and pitting corrosion.

Baoping Cai et
al.[68]

Cyclic
potentiodynamic
polarization,
scanning electron
microscopy

Atrtificial
water

sea

crevice corrosion susceptibility with increasing applied
torque

Table 5. Corrosion Behavior Inconel 600 in Sea Water and Artificial Sea Water

Researcher

Method

Environment

Result

Van Rooyen
D.[69]

Electron
microscopy,
potentiodynamic
polarization

Sea water

The material experiences stress corrosion

B Gregoire et al.
[60]

Hot temperatur
corrosion

Sea water

Molten chlorides cause pitting corrosion, which is a very
destructive corrosion for materials.

John H Heiser,
Peter Soo [70]

Electron
microscopy,
potentiodynamic
polarization

Sea water

The material experiences pitting corrosion

M. prem kumar
etal.[71]

Scanning
electron
microscopy, X-
ray diffraction,
and the hot
immersion
corrosion
mechanism

Artificial water

The mass loss 0.002 g/cm?

Xian-Zong
Wang et al.[72]

Tribocorrosion

Artificial water

Pitting corrosion and material loss can be detected by
morphology detection on the material.
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Direct contact with salt water can cause 316
stainless steel to develop holes if utilized for
maritime purposes (marine enriched). The
application of a specific coating on 316 stainless
steel prevents pitting corrosion (avoiding direct
contact with chlorides) [39].

Because of their particular preferences
surface hardness, adhesive quality, long-term and
high-temperature corrosion resistance, improved
tribological characteristics, and so on coatings are
useful for mitigating the effects of corrosive
environments. Coatings can come in a range of
thicknesses, from very thin to very thick, which
opens up new possibilities for equipment design
flexibility while cutting down on maintenance and
machining expense [73].

A variety of methods exist for preventing
corrosion, including coatings, cathodic protection,
anodic protection, and inhibitors [74].

Coatings primarily serve to protect surfaces
from corrosion, hence there is little emphasis on
aesthetics and length resistance. Corrosive salts
and air can easily penetrate damaged areas, but
the coating must prevent them from penetrating
the metal beneath. Coating thickness is often
dictated by its intended application. Coatings that
are intended to prevent air and corrosive salts
from penetrating must be sufficiently thick to do so
during their intended lifespan. For mechanically
demanding applications, such as underground
infrastructure, a thicker layer will provide better
resistance [75].

One electrochemical method for limiting
metal corrosion is cathodic protection. Metal
buildings and equipment, whether subterranean,
exposed to the elements, ship hulls, or heat
exchangers, are protected against corrosion by
the technique, which finds use in a wide range of
industrial sectors around the globe. Globally and
in a wide range of industries, to prevent the rusting
and corrosion of metal components and parts
used in a variety of applications, such as heat
exchangers, ship hulls, underwater structures,
and open marine constructions [76].

Anodic films with improved barrier layers,
thicker film thickness, bigger pore cells, and
broader pores are often the outcome of rising
potential. Indeed, it has been discovered that the
anodic film's formation voltage correlates with the
layer thickness barrier, suggesting a relationship
between carbon and hydrogen signals, in tartaric
sulfuric acid [77].

Anode and ion refer to the metal that
corrodes in the liquid. If the anode material has a
passive surface in the electrolyte.

It can restrict the dissolution of the metal
and the anode consumption rate, which is
important because the metal enters into solution
through the anodic oxidation reaction of anodic
polarization. The four main components of an
anodic protection system are the cathode,
reference electrode, power supply, and potential
controller. Anodic protection is commonly used to
keep heat exchangers and other machinery that
comes into contact with sulfuric acid from
corroding [78].

To lessen the propensity for metal surfaces
or surfaces exposed to corrosive fluids to corrode,
corrosion inhibitors are tiny quantities of these
compounds put to the surface. Common corrosion
inhibitors, such chromium-based therapies, might
be used with caution due to the fact that they are
based on compounds that are dangerous to
humans [79].

As an alternative, inhibitors can be used to
manage the corrosion rate [80]. Some of the
previous research on 316 stainless steel material
application in corrosive environments with natural
inhibitor are highlighted in the Table 6, for 316
stainless steel material application in corrosive
environments with synthethic inhibitor are
highlighted in the Table 7 and for 316 stainless
steel material application in  corrosive
environments with coating are highlighted in the
Table 8.

Table 9 shows some of the previous
research on inconel 600 material application in
corrosive environments with natural inhibitor, for
inconel 600 material application in corrosive
environments with synthethic inhibitor are
highlighted in the Table 10 and for inconel 600
material application in corrosive environments
with coating are highlighted in the Table 11.

Table 6. Natural Inhibitor in A316 Material

M. Alfattah & I. G. A. Arwati, A review analysis of corrosion rate on stainless steel pipe in ...

No. Natural Inhibitor Corrosive Referenc
Environmen e
t
1 Date palm leaf 2% HCI [81]
extract Solution
2 Waste material (egg 0.5 M H,SO, [82]
shell powder) Solution
3 Quinaldic acid Sea water .[83]
(QDA), betaine
(BET), dopamine
hydrochloride (DOP),
and diazolidinyl urea
(DzU)
4 benzoic acid (C1), HCI0,5M [84]
para- Solution
hydroxybenzoicacid
(C2), and
3,4dihydroxybenzoic
acid (C3)
5 Arabic Gum Acidic [85]
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Table 7. Synthetic Inhibitor in A316 Material

Table 11. Coating in Inconel 600 Material

No. Synthetic Inhibitor Corrosive Referenc No. Coating Corrosive Referenc
Environmen e Environmen e
t t
1 Monoehanolamine, 1,0 M HCI .[86] 1 Aluminide coatings Na,SO, [107]
chloroacetic acid, solution
triethanolamine 2 TiN NaCl [108]
amine and vanillin 3 Slurry Aluminade NacCl [109]
2 PPy-SMF NCs NaCl 3,5% [87] 4 CrsC,-NiCr Salt Spray [110]
3 Swertia Isotonic [88] 5 Ni Supercritical [111]
chirata extract natural body water
fluids
4 PAni—-SNF NCs HCI1,0M [89]
5 Thymus NaCl 3% [90] METHOD . .
satureoides Oil An evaluation of the corrosion rate value of
6 N-benzyl-N-(4- H,SO, [91] material 316 in a saltwater environment will

chlorophenyl)- 1H-
tetrazole-5-amine

Table 8. Coating in A316 Material

No. Coating Corrosive Referenc
Environmen e
t
1 Molybdenum HCI1,0M [92]
Carbide Coating Solution
2 HA/f-MWCNT Stimulated [93]
Coating body fluids
3 Superhydrofobic and NaCl 3,5 % [94]
oil coating
4 Molybdenum NaCl 3,5 % [95]
disulfide
5 Epoxy zinc oxide NaCl 3,5 % [96]
nanocomposite
6 Ti6AI4V NaCl 3,5 % [97]

Table 9. Natural Inhibitor in Inconel 600

Material
No. Natural Inhibitor Corrosive Referenc
Environmen e
t
1 Polyaspartic acid 0.04 M HCI [98]
2 Rosmarinus 0.1 M HCI [99]
officinalis
3 Almond oil 0.01 M HCI [100]
4 Natural clove oil 0.5 M HCI [101]
5 Hydroxymethyl 0.2 M HCI [102]

Aminomethane

Table 10. Synthetic Inhibitor in Inconel 600
Material

No. Synthetic Inhibitor Corrosive Referenc
Environmen e
t
1 Synthetic Fatty Acids Chlorine [103]
2 Molten-Salt Catalytic Ternary [103]
Molten
Chlorides
3 The synthesis of Methane- [104]
diamond hydrogen
chemical
4 Carbon nanotubes 1M H,SO, [105]
5 Silver-zinc Oxide Ringer's [106]
solution

typically be conducted as part of the research's
qualitative technique.

Material

Create a 3-millimeter-thick material with
dimensions of 2.5 by 2.5 centimeters [112].
Sanding and cleaning with abrasive paper 500,
800, and 1500 were among the pretreatment
procedures used prior to the field exposure
studies [113]. After that, it was washed with
alcohol and distilled water [114].

Electrochemical Test

For the purpose of understanding how 316L
corrosions, electrochemical tests were performed
[115]. A potentiodynamic polarization test was
performed using an electrochemical work station
(CS-350) [116]. Electrolyte solutions were used for
all corrosion experiments. The experiments used
a three-electrode setup for electrochemical
analysis [117].

Quicker results are obtained from
electrochemical experiments compared to
conventional laboratory tests. We can show the
cathodic and anodic behavior of a metal in an
environment with a wide range of oxidation and
reduction potential in only a few minutes to a few
hours thanks to our testing speeds that allow us to
represent a complete polarization curve. In the
technique, polarization is accomplished by
controlling the current flowing through a corrosion
cell, an electrical circuit that consists of an
electrolyte and electrodes [118].

To monitor corrosion rates, estimate Tafel
slopes, and observe the behavior of chemical
processes, potentiostats are typically employed to
generate potentiodynamic polarization curves,
also known as Tafel curves. The gadget finds out
how current flows through a metal's surface. There
is now no complete knowledge of how
temperature affects corrosion, but to acquaint the
reader with the electrochemical impedance
approach, it is briefly described. Here it is first
presented. Two electrical ionic layers in the
corrosion system provide a potential-based
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electrical circuit between the test sample and the
auxiliary electrode [119]

A silver/silver chloride (Ag/AgCI) reference
electrode, a platinum (Pt) counter electrode, and
the specimen itself serve as the electrodes for
actual operations [120]. The impact of wear on
corrosion can be better understood by corrosion
wear testing. Prior to, during, and following
corrosion wear, the open circuit potential
fluctuation curves are seen. In order to produce a
steady open circuit potential, potentiodynamic
polarization measurements are performed. These
measurements include taking the polarization
curves of metal specimens under both corrosion-
only and corrosion-wear situations [121].

Experimental settings used electrolytes
made of STS 316L austenitic stainless steel in
both saltwater and freshwater settings, as well as
mixed water (seawater: freshwater = 1:1). In the
aftermath of FR/VCP electro potential polarization
studies, a Tafel analysis is performed. An
electrode made of platinum (Pt) served as the
counter electrode in the polarization experiment,
while a reference electrode made of silver/silver
chloride (Ag/Cl) was utilized. Soak in 30°C
solution for 3,600 seconds before to conducting

electrochemical polarization test. The open circuit
potential after stabilization ranges from -0.25 V to
2.0 V relative to the open circuit potential, at a rate
of 1.67 mV/s. Graph representing electro potential
polarization Use Tafel extrapolation to determine
Epit and Icorr, the corrosion current density. The
potential for corrosion (Ecorr) is determined.
Furthermore, subsequent to investigations using
electrochemical polarization [120].

Table 12 shows some of the previous
research electrochemical test on stainless steel
316 material, and Table 13 shows some of the
previous research electrochemical test on Inconel
600.

Experiments on electrochemical
polarization of STS 316L austenitic stainless steel
in various environments, including fresh water,
sea water, and mixed water, were conducted at a
temperature of 30°C and shown in Figure 2. The
creation of a passivation layer (Cr.03) at the
beginning of immersion causes the rise in current
density to be relatively sluggish in the passivation
part of the anode polarization curve. Unlike
saltwater and mixed water, freshwater with the
lowest Clion content exhibits a broad range of
passivity and a rare pitting potential (Epit).

Table 12. Electrochemical Test 316L

No. Researcher Result Type of Corrosion

1 Dana H Abdeen et al.[122] The corrosion rate 0.0011 mm/yr and a current Pitting corrosion
density of 0.1488 pA/cm?

2 P.  Srisungsitthisunti  and  The corrosion rate 0.0017 mmpy Pitting corrosion

S.Mahathanabodee [123]

3 N. R. Nik Masdek et al. [124]  The corrosion rate 0.0053 mmpy Pitting corrosion
4 P. H. Setyarini et al.[125] The corrosion rate 0.0148 mmpy Pitting corrosion
5 P.  Srisungsitthisunti et The corrosion rate 0.003 mm/yr Pitting corrosion
al.[126]
Table 13. Electrochemical Test Inconel 600
No. Researcher Result Type of Corrosion
1 J. T.Hoand G. P. Yu [127] Both the anodic polarization scan and the open Pitting corrosion
circuit immersion test yielded the same findings.
2 W. Tsai et al.[128] Test specimens made of INCONEL 600 alloy that Pitting corrosion
had been subjected to potentials of -440 and +100
mV showed signs of pitting corrosion (SCE).
3 K. Lyczkowska and J. The presence of heterogeneous dendrites or Pitting corrosion

contaminants in the weld metal structure might be
associated with spots where the corrosion process
happens more quickly in Inconel 600 welds.

is generally stable is
demonstrated by the potentiodynamic polarization
test. The possibility of pitting corrosion exists in

Pitting corrosion

anodic volume and the

Michalska [129]
4 E.-J. Jung and H.-W. Lee A passive film that
[130]
Inconel 600.
5 M. Abdallah et al [131] The change in

corresponding values of the pitting potential are
shifted to a more negative direction as a result of
an increase in CI content.

Pitting corrosion
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Sea water
Mixed water
1.5 + Fresh water

Potential, E/V vs. Ag/AgCl

0.0

0.5 ! s L T !
107 10° 10° 10" 107 107 10" 10" 10" 100 10’

Figure 2. Potentiodynamic polarization curves of
STS 316L in various solutions [120]

The value of Epit is a measure of resistance
to the formula because it is derived from the
potential formula, Epit. Officially, STS 316L has
potentials of 0.139 V in saltwater, 0.271 V in mixed
water, and 0.452 V in freshwater. In addition, the
range of open circuit potential (OCP) to official Epit
potential in saltwater is 0.375 V, in mixed water it
is 0.502 V, and in freshwater it is 0.627 V. In
saltwater, mixed water, and freshwater, the
electromotive polarization experiment triggers the
Clion active dissolving process; the leads to
pitting as the oxide layer is destroyed, and the
current density increases rapidly.

The formula involves substituting Clions
with oxygen and hydroxyl groups in regions of the
film where the passive structure is slightly
unstable, causing damage to the film [132].

Seawater is Clion concentration is
approximately 4.8 times greater than freshwater's,
making the passive layer more susceptible to
destruction. There are three distinct phases of
hole development: nucleation, metastable, and
stable. Additionally, the current density rises
sharply in the presence of metastability holes. The
metastability of STS 316L is shown to rise when
the Clconcentration increases, as seen in the
experimental data above [120].

According to studies, both the peak current
intensity and the frequency of pit incidents are on
the rise [133].

Inconel 600, a nickel alloy, was subjected to
electro potential polarization studies in fresh
water, salt water, and mixed water at 30°C, as
shown in Figure 3. Similar to STS 316L, a
passivation section is seen at the point when the
rise in current density comes to a halt, and a
passive film (Cr203) is generated during the first
immersion stage as a result of chromium [120].

In contrast to saltwater and mixed water,
freshwater with the lowest Clion content exhibits
a broad range of passivity and pitting potential
(Epit).

- Sea water
+— Mixed water
15k «  Fresh water

Potential, E/V vs. Ag/AgC1

0.0 -

107 10°

Current density, mA/cm’
Figure 3. Potentiodynamic polarization curves of
Inconel 600 in various solutions[120]

Inconel 600, in contrast to STS 316L, has a
narrower range of pitting potential and passivity
sections determined by the measured solution
factors. In line with the findings of salt-dependent
corrosion studies conducted on Inconel 600, STS
304, Incoloy, and STS 316 in the nearby area [30].

Compared to the nickel alloy, the change in
pitting potential as a function of the NaCl
concentration between STS 304 and STS 316 was
much larger. In saltwater, mixed water, and
freshwater, the official potential of Inconel 600 was
found to be 0.301 V, 0.335 V, and 0.343 V,
respectively. Additionally, in saltwater, mixed
water, and freshwater, the range of open circuit
potential (OCP) to official Epit potential is 0.563 V,
0.551 V, and 0.515 V, respectively. When the
active dissolving process of Clions became
active, the oxide layer broke down, leading to the
rapid rise in current density seen in the electro
potential polarization tests [120].

Figure 4 displays the outcomes of the Tafel
and polarization curve analyses performed on
STS 316L and Inconel 600 after the
electropotential polarization experiment. For STS
316L, the corrosion current densities are 7.75 x
10-4, 4.13 x 10-4, and 2.85, correspondingly.
According to the order of x 10"-4 mA/cm?, sea
water has the greatest electrical conductivity and
a large concentration of Cl, ions, which
significantly affects the frequency of corrosion,
compared to mixed water and fresh water, which
have lower ion concentrations.

Based on the findings of the electromotive
polarization experiment, it was observed that as
the concentration of Clincreasing, the corrosion
current density rises and the pitting potential and
corrosion potential shift towards the non-
dislocation direction. When examining surface
damage, pitting damage may happen in saltwater.
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Figure 4. Results of polarization curve analysis and Tafel analysis after potentiodynamic experiments
on various solutions. a. Corrosion Current Density b. Corrosion Potential c. Pitting Potential[120]

Meanwhile, in sea water, mixed water, and
fresh water, the corrosion current density of
Inconel 600is 1.11 x 10-4 mA/cm?, 1.10 x 10, and
1.07 x 10* mA/cm?, respectively. The corrosion
current density difference between Inconel 600
and STS 316L, as determined by solution
variables, is much less for Inconel 600. Complete
corrosion rate may be calculated by plugging the
corrosion current density into the Faraday
equation. Table 14 shows the chemical
composition stainless steel 316 material and
inconel 600 material.

SEM (Scanning Electron Microscope)

The following is an image of surface
morphology taken from a microscope. Figure 5 is
the surface shape observed with a scanning
electron microscope after electro potential
polarization experiments. In both specimens, with
increasing CI concentration, size and number of
pitting holes increase. This is in accordance with
the results of surface scanning. From the results
of this experiment, it can be seen that Inconel 600
experiences less corrosion damage in neutral
chloride solutions compared to STS 316L which
has a relatively high PREN index.
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Table 14. Chemical Compositions of 316L and Inconel 600 [120]

C Si Mn P S Cr Ni Mo Cu N Al Fe

316 L 0.023  0.603 1.05 0.034 0.003 16.7 10.19 2.03 0.282 0.012 0.003 Bal

Inconel 0.05 0.24 0.33 0.006 15.7 73.7 0.03 - - 8.8
600

1 STS 316L

Fresh
water

Mixed
water

Sea
water

Figure 5. Surface morpholog>y after potentiodyﬁamic polarizétion experiments of STS 316L and
Inconel 600 in various solutions [120]

In other words, it seems difficult to compare
the pitting resistance of Fe-based alloys and Ni-
based alloys with the same y-austenite phase
structure using simple PREN values [120].

In line with what surface scanning revealed.
The experiment's findings show that, in neutral
chloride solutions, Inconel 600 is less susceptible
to corrosion than STS 316L, a material with a
higher PREN index. Put differently, it seems to be
challenging to use basic PREN values to compare
the pitting resistance of Fe-based alloys with Ni-
based alloys with the same y-austenite phase
structure.

In order for corrosion to take place, an
anodic reaction must take place between iron and
nickel. The electro potential polarization test
revealed that every specimen had substantial
pitting damage. The proves that without cathodic
protection and coating, using STS 316L or Inconel
600 in a maritime setting is rather challenging.

Standards for material selection in maritime
and petrochemical settings, such as NORSOK M-
001 and I1SO 21457, state that cathodic protection
is required for materials with a PREN value below
40 [133].

CONCLUSION

Corrosion studies on 316 pipes in salt water
conditions are reviewed, along with the different
forms of corrosion, inhibitors, and methods for
assessing corrosion rates (electrochemical and
scanning electron microscopy).

Alterations to the concentration of saltwater
allowed the electrochemical process to produce
the nickel alloy Inconel 600 and the austenitic
stainless steel STS 316L. The Tafel analysis
revealed that all specimens contained either salt
water, mixed water, or fresh water.

An elevated value is displayed by the
corrosion current density. Corrosion current
density variations in Inconel 600 with respect to
solution parameters are substantially less than
those in STS 316L.

Although Inconel 600 has a lower pitting
resistance index than STS 316L, the latter is
shown to do more damage in any given solution
when pitting corrosion is a concern. Put simply,
comparing the pitting resistance of stainless steel
based on iron and Inconel based on nickel is not
an easy task.

Because chlorine speeds up the corrosion
process, alloys like Inconel 600 and 316L both
undergo pitting corrosion. According to what was
said earlier, the molybdenum concentration in 316
stainless steel gives it better corrosion resistance.
that's why it works well for gas and oil pipelines
that go through saltwater. Nevertheless, materials
exposed to maritime environments must have
cathodic protection or coating put to them in order
to prolong their life and stop the pipe from
continuously corroding.

In previous research conducted by Senka
Gudic et al. [134][135] using AISI 304L and AlISI
316L materials in seawater with open circuit
potential measurements, linear and
potentiodynamic polarization, and electrochemical
impedance spectroscopy. It was found that
increasing temperature and pollutant
concentrations have a negative impact on the
corrosion stability of stainless steel in open
circuits. The occurrence of pitting corrosion on the
surface of the samples was confirmed by an
optical microscope and a non-contact 3D
profilometer. With increasing temperature and
sulfide ion concentration, the width, depth and
density of pitting in both steel samples increased.
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