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ABSTRACT 

The growing use of reclaimed wastewater in industrial recirculating cooling systems has led to a 
gradual buildup of chlorides, raising concerns about the long-term corrosion behaviour of 
structural materials. The stainless steel 316L (SS316L) is commonly used in these systems due to 
its natural ability to resist corrosion, although the passive layer is prone to breakdown in the 
presence of chlorides. The current study involves the investigation of corrosion behaviour of 
SS316L in the conditions of simulated cyclic cooling-water conditions together with carefully 
controlled water chemistry, with a specific focus on isolating the role of chloride concentration and 
determining the mitigating effect of water hardness.  Electrochemical data and gravimetric analysis 
showed that there is a strong positive correlation between the chloride concentration and the rate 
of corrosion. At low levels of chloride (less than 500 mg/L), SS316L displayed a stable passivation 
with low corrosion rates (<0.015 mpy). Nevertheless, it was found that there was a critical point of 
about 1000 mg/L where the passive film could not hold and the localised corrosion accelerated. 
Corrosion rates were very high at chloride levels above 1500 mg/L, and in the case of cyclic 
exposure, they reached 0.04 mpy.  The condition of increased water hardness, which was 
represented by the calcium and magnesium ions, had a significant moderating effect on chloride-
induced corrosion since it stabilised the passive layer and decreased the current density, 
especially when using high levels of chloride.  These results show that water chemistry 
optimisation, especially by the controlled use of chloride concentration and hardness, can be used 
as a cost-effective and economical corrosion-reduction measure. The findings provide useful 
information on how to increase the material stability and operational consistency of industrial 
cooling systems that operate using reclaimed water. 
Keywords: Corrosion induced by chloride; Stainless steel 316L; Cyclic cooling water systems; 
Water hardness; Corrosion mitigation strategies 

 

1. INTRODUCTION 

The recirculation cooling system with reclaimed 
wastewater withdrawal in an industry is associated 
with major positive environmental impacts; 
however, it presents a material durability with a 
complicated problem. Long-term contact with 
reclaimed water, which is characterised by high 
levels of chloride and fluctuating ionic content, can 
significantly reduce the long-term corrosion 
protection of metal parts. 

Managers need to focus on sustainable 
resource management when dealing with modern 
industrial operations.  One of these approaches is 
the utilisation of reclaimed wastewater in 
recirculating coolers, which should be used as a 
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viable solution to water shortage [1,2]. The practice 
has positive environmental results. It also presents 
tricky problems, especially in relation to the viability 
of the materials that are subjected to reclaimed 
water in the long term[1,3].The concentration of 
chloride ions may also threaten the functionality 
and the stability of structural materials in these 
systems, which is the foremost concern [4,5]. 
Engineers use stainless steel 316 L in cooling 
systems as it does not corrode and is also not 
affected by mechanical stress [6,7]. It is known that 
the passive oxide layer destabilises in a chloride-
rich environment. In such environments, reclaimed 
water tends to shield SS 316 L, but destabilisation 
may encourage localised corrosion, including 
pitting, that worsens over time, causing failure [8,9]. 
These failures often disrupt the working processes, 
enhance the maintenance needs, and generate 
safety-related issues [8,9]. 

The paper is an investigation into the corrosion 
behaviour of SS 316 L at different concentrations of 
chloride ions in a simulated cyclic cooling water 
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condition, as does the industry. The experimental 
design is such that the chloride ion concentration is 
the only variable, and the rest of the water 
chemistry parameters are kept constant. The 
method makes it easy to determine the effect of 
chloride on the kinetics and electrochemical 
behaviours of corrosion. Besides the chloride 
effects characterisation, the study considers the 
water hardness as a mitigating factor. The scaling 
is generally related to the presence of calcium and 
magnesium ions that cause the hardness of water, 
whereas more recent proposals suggest that it can 
contribute to the corrosion inhibition in certain 
situations [8,9]. These ions can either maintain the 
stability of passive films or enhance the 
establishment of protective surface deposits, hence 
making stainless steel less vulnerable to attack by 
aggressive ions [8,9]. However, the literature on 
the subject is rather limited, especially in terms of 
reclaimed water systems under varying chemical 
and thermal conditions. Even when the harmful 
effect of chloride ions on stainless steels has been 
widely reported, most of the available data is based 
on the outcomes of the static immersion tests or 
high-stress conditions that do not simulate the 
variable and cyclical characteristics of industrial 
environments [10,11]. In addition, concomitant 
investigation on the concentration of chloride and 
water hardness is seldom conducted, and most 
researchers consider these variables separately. 
This deficiency in combined analysis is a 
knowledge gap on the impact of combined water 
chemistry parameters on corrosion dynamics in the 
real world [12]. 

To fill this gap, the current study uses a 
systematic approach that models the conditions 
that are cyclic in recirculating cooling systems. The 
effect of minor changes in chloride was measured 
as the water hardness capability to overcome 
corrosion was evaluated. This combined 
exploration provides information on the interplay 
between two influential variables: chloride 
aggressiveness and mitigation caused by 
hardness. The novelty of the study is that it has a 
real-life, chemistry-based approach to corrosion 
control. As an alternative to traditional methods that 
focus on material replacement or overuse of 
surface treatments, the present study focuses on 
water chemistry optimisation as a more affordable 
yet scalable alternative. It is proposed that the 
results will be a helpful guide to engineers, 
corrosion experts, and water treatment 
professionals to improve the material life and 
system reliability in chloride-exposed systems. 
Providing new evidence of the protective properties 
of water hardness and contributing to the 
clarification of the degradation caused by chlorides, 
the current study provides an effective framework 
to reduce corrosion in SS 316 L. This is especially 

so when it comes to reclaimed water usage, where 
the chemical structure is in a dynamic state and 
infrastructure output is vital towards industrial 
sustainability. 

1.1.  Background  

The use of reclaimed wastewater as an 
efficient solution to resource recirculating cooling 
systems in industries is on the increase. Such a 
solution has environmental advantages; 
nevertheless, this solution also presents some 
challenges, with the materials to be used having to 
prove their stability[13,14]. One such problem is the 
fact that it is hard to prove the significance of 
chloride ion accumulation. Any localised corrosion 
and weakening of the protective oxide coating on 
the stainless steels by chloride ions can 
occur[15,16]. 

Stainless Steel 316L (SS316L) is commonly 
used in the cooling system since it is non-rusty and 
is also mechanically stable. However, the coating 
that is applied to SS316L passively is more 
susceptible in environments where the density of 
chloride is high. Consequently, targeted attacks like 
pitting and crevice corrosion take place[17,18]. 
Such destruction presents structural integrity as a 
hazard and requires more maintenance, which 
delays the work of plants[19,20]. Such risks are 
specifically relevant to the reclaimed water 
systems, since the water chemistry and chloride 
concentrations are not constant with time[21,22]. 

Calcium and magnesium concentrations in 
water are one of the major determinants of 
hardness. Hardness of water also determines the 
speed of corrosion[23,24]. Reduced susceptibility 
to chloride-induced corrosion is reduced by 
increased hardness, which favours the formation 
of protective deposits or stabilises passive 
coating[25,26]. The majority of the available 
research has investigated the influence of chloride 
and hardness in isolation, either in the state of 
nature or in a highly controlled test setup[27,28]. 
The current cooling water systems have 
temperature and chemical cycles, not replicated 
by the methods mentioned above. Therefore, 
there is still a knowledge gap as systematic 
studies in the context of the interaction between 
chloride concentration and water hardness in the 
real cycling environment have not been 
conducted. This shortcoming has serious 
consequences for the control of corrosion in the 
industry[29-31]. 

1.2. Novelty and Scientific Contribution 

Despite the large volume of literature on the 
chloride-induced corrosion of stainless steels, most 
of the past studies have either used the protocol of 
static immersion or have not differentiated the 
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effects of chloride and the simultaneously varying 
water-chemistry variables. The accumulation of 
chlorides in reclaimed-water cooling systems 
coexists with changing operating temperature and 
ionic balance, and makes the corrosion behaviour 
fundamentally dependent on the system. This 
paper aims to address this shortcoming by 
combining controlled water-chemistry parameters 
with cyclic cooling-water exposure regimes and 
using several methods of measuring corrosion. 

The new dimensions of this research are four. 
In the first place, chloride concentration is 
considered as an independent variable and kept 
constant, pH, dissolved oxygen, and background 
ionic constituents are kept constant, and thus 
isolate chloride-driven passivity-breakdown 
behaviour. Secondly, the paper directly compares 
water hardness (Ca2+ and Mg2+ ) as an in-system 
mitigation measure, which is applied to the same 
degree of chloride stress, instead of hardness 
versus chloride. Thirdly, critical operational 
characteristics of recirculating cooling circuits of 
industries are replicated in the experimental design 
through cyclic temperature exposure, and thus, 
increase the representativeness when compared to 
traditional static tests. Fourthly, the obtained 
corrosion rates through electrochemical 
measurements are supported by both gravimetric 
mass-loss data and statistical validation, which 
supports the accuracy of the trends and mitigations 
of the identified thresholds. 

Together, these contributions contribute to the 
practical corrosion control by showing that, in 
conjunction with the choice of materials, water 
chemistry optimisation can be used to slow the 
occurrence of passivity breakdown and reduce 
corrosion kinetics in SS316L when used in 
chloride-rich reclaimed-water cooling systems. 

1.3. Objectives 

The current experiment focuses on the 
corrosion behaviour of SS316L when subjected to 
conditions of simulated cyclic cooling water that is 
meant to replicate the conditions in the industry. 
The main goals are to distinguish and measure the 
corrosion rate of SS316L in dependence on the 
concentration of chloride ions in controlled cyclic 
conditions, by studying electrochemical action and 
passivity breakdown; to determine the effect of 
water hardness on corrosion and the stabilizing 
action of calcium and magnesium ions on passive 
coating thereby reducing the effect of chloride-
induced corrosion; and to validate the trends by 
using the complementary approaches of 
experimental studies, which are electrochemical 
testing, gravimetric analysis, and statistical 
analysis. It stresses the point that water chemistry 
optimisation is a cost-effective approach to 
corrosion control in industries as compared to 

material replacement and surface treatment. It is 
expected that by combining the laboratory 
corrosion testing with the practical field exposure 
conditions, the research will assist the engineer, 
the experts and the professionals in the water 
treatment field to prolong the service life of the 
SS316L components in the reclaimed water-
cooling systems and improve the performance of 
the components.  

2. EXPERIMENTAL DETAILS 

The current test was well planned to simulate 
the harsh environment experienced by the 
Stainless Steel 316L (SS316L) in real-life 
recirculating cooling water plants. The main aim of 
this study was to explain how the concentration of 
chloride ions and water hardness affected 
corrosion behaviour. As a compromise to apply the 
practical relevance, the experimental design used 
simulated water compositions, electrochemical and 
gravimetric tests, temperature cycling, and real-
time dynamics of water chemistry. The paper also 
aimed at determining the efficacy of sodium 
molybdate (Na2MoO4) as a metal corrosion inhibitor 
in a variety of ionic conditions. Experimental 
reliability and reproducibility of all tests were 
achieved by ensuring that all tests were carried out 
at controlled temperatures. 

2.1. Material Selection and Sample Preparation 

The reason why SS316L was chosen lies in 
the general industrial use of the material and 
previous recorded behaviour in hostile aqueous 
conditions. Coupons were made in a rectangular 
shape, 50 mm × 25 mm × 2 mm, with extreme 
precision. The specimens were ground and 
polished to a uniform state with silicon carbide 
abrasive paper to a level of 1200 grit. The 
cleaning procedure included acetone-degreasing, 
followed by a comprehensive rinsing procedure 
with distilled water and an air drying procedure. 
To conduct the electrochemical assessments, 
both SS316L electrodes were exposed over an 
area of 2.5 cm² to be consistent in the testing 
conditions. 

Experimental Matrix and Test Conditions 

In order to remove ambiguity and ensure 
reproducibility, the test conditions are outlined in 
Table 1. Two independent variables were tested, 
which are chloride concentration (variable) and 
total hardness, which was held at predetermined 
levels by contributions of Ca2+ and Mg2+. All other 
parameters, such as pH, dissolved oxygen, 
sulphate, alkalinity/bicarbonate, flow velocity and 
cyclic temperature profile were kept constant in 
every series of tests. Electrochemical corrosion 
rates were determined using LPR and 
potentiodynamic polarisation, and cross-validation 
was done using gravimetric mass-loss. 
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Table 1. Experimental matrix and controlled parameters for cyclic cooling-water corrosion tests 

 

.2.2. Determination of Chemical Composition of 
SS316L 

The chemical composition of the Stainless 
Steel 316L (SS316L) specimens used in this study 
was determined before corrosion testing to ensure 
conformity with standard alloy specifications and to 
eliminate compositional variability as a confounding 
factor. Elemental analysis was carried out using 
optical emission spectroscopy (OES), a widely 
accepted technique for quantitative determination 
of alloying and trace elements in stainless 
steels.Rectangular SS316L samples were cleaned, 
dried, and prepared according to standard 
metallurgical procedures before analysis. The 
measurements were performed using a calibrated 
optical emission spectrometer equipped with a 
high-energy spark source. The instrument was 
calibrated using certified reference materials of 
known chemical composition to ensure 
measurement accuracy and reproducibility. Each 
specimen was analysed at multiple locations, and 
the reported values represent the average 
composition obtained from repeated 
measurements.The concentrations of major 
alloying elements, including chromium, nickel, 
manganese, silicon, and iron, as well as minor 
elements such as carbon and sulphur, were 
quantified and expressed in weight percentage. 
The obtained chemical composition confirmed that 
the material complied with the compositional limits 
specified for SS316L under relevant ASTM 
standards. The verified composition is presented in 
Table 1 and was used as the reference material for 
all subsequent corrosion experiments. 

2.3. Preparation of Simulated Cooling Water 

In order to maintain control over the 
composition of the water and rule out the 
interference of other extraneous ions, the 
researchers prepared synthetic water using 

deionised water. To replicate the progressive 
severity, sodium chloride (NaCl) was used to 
change the levels of chloride to three different 
levels (100, 500, and 1000 ppm). To obtain desired 
hardness levels of 100 mg/L and 300 mg/L in the 
form of CaCO3 equivalents, calcium chloride 

(CaCl₂) and magnesium sulphate(MgSO₄)were 
added to different levels of water hardness. 
Dissolved oxygen concentration was kept at 
around 8 mg/L in order to reproduce oxygenated 
systems, whereas the pH was carefully controlled 
at about 7.5 ± 0.2. The concentrations were 
confirmed to be constant at a given time. Ion 
chromatography was used to determine the 
accuracy of the measurements. 

2.4. Cyclic Exposure Setup 

An experimental apparatus was designed to 
represent the circulation of water in an industry in a 
closed-loop fashion. The flow velocity of the system 
was maintained at 0.5 m/s with a reservoir of 10 
litres and a circulation pump enclosed in a 
continuous flow loop. Water temperature was 
alternating between 25 to 50°C every 6 hafter 
every six hours, thus imitating the diurnal variation 
in industrial environments. The researchers 
subjected the test specimens to these cyclical 
conditions during a period of fourteen days. One 
specimen was tested in a triplet under each test 
condition, and hence, the data obtained were 
reliable. 

2.5. Monitoring and Control of Water Impurities 

The study controlled or eliminated the 
possibility of other interfering substances to isolate 
the effect of chloride and water hardness. The 
solids suspended greater than 2 μm were filtered 
out, and no more salts were added that might add 
confounding ions to the system. All preparations 
were done using reagent-grade chemicals. The 
parameters that were regularly monitored included 

Test 
ID 

Cl⁻ 
concentration 

(mg/L) 

Total hardness 
(mg/L as 
CaCO₃) 

Ca:Mg 
ratio 

pH 
DO 

(mg/L) 
Temperature 

cycle 

Flow 
velocity 
(m/s) 

Exposure 
duration  
(days) 

Measurement 
methods 

E1 100 100 60:40 7.5 ± 0.2 ~8 25–50 °C/6 h 0.5 14 
LPR, Tafel, 
gravimetric 

E2 500 100 60:40 7.5 ± 0.2 ~8 25–50 °C/6 h 0.5 14 
LPR, Tafel, 
gravimetric 

E3 1000 100 60:40 7.5 ± 0.2 ~8 25–50 °C/6 h 0.5 14 
LPR, Tafel, 
gravimetric 

E4 100 300 60:40 7.5 ± 0.2 ~8 25–50 °C/6 h 0.5 14 
LPR, Tafel, 
gravimetric 

E5 500 300 60:40 7.5 ± 0.2 ~8 25–50 °C/6 h 0.5 14 
LPR, Tafel, 
gravimetric 

E6 1000 300 60:40 7.5 ± 0.2 ~8 25–50 °C / 6 h 0.5 14 
LPR, Tafel, 
gravimetric 
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pH, turbidity, total dissolved solids (TDS), sulphate, 
alkalinity (P, M, and OH forms), calcium, 
magnesium hardness, and chloride. The 
interference of sulphites and phosphates was taken 
into consideration, particularly in titration-based 
measurements. 

2.6. Experimental Equipment and Instrumentation 

Electrochemical corrosion tests were 
conducted using a Gamry Reference 600+ 
potentiostat/galvanostat using Gamry Framework 
software. The three-electrode setup used was a 
conventional one with SS316L as the working 
electrode (exposure area 2.5cm2), saturated 
calomel electrode (SCE) as the reference electrode 
and platinum mesh as the counter electrode. The 
same electrodynamic system was used to perform 
linear polarisation resistance (LPR) and 
potentiodynamic polarisation studies. 

A Julabo CORIO CDheating-cooling circulator 
was used to ensure that the temperature remained 
cyclic (25–50 °C) and water flow was kept constant 
at 0.5 m/s using a Cole Parmer variable speed 
peristaltic pump inside a closed-loop glass 
reservoir. 

Mettler Toledo XS205DU analytical balance 
(±0.01 mg)was used to determine gravimetric 
values. The preparation of the specimen followed 
ASTM G1-03. Optical emission spectroscopy was 
used to determine the alloy composition of SS316L 
on a Bruker Q4 Tasman. 

The parameters of water chemistry were 
measured using standard laboratory analytical 
equipment: pH was measured using a Hanna 
HI5222 benchtop pH meter, dissolved oxygen was 
measured using a Hach HQ40d multiparameter 
meter, chloride concentration was determined 
through argentometric titration with the help of a 
Metrohm Titrando 905, and sulphate concentration 
was determined using a Hach DR6000 UV-Vis 
spectrophotometer. Before the testing began, all 
the instruments were calibrated. 

2.7. Corrosion Monitoring Techniques 

The electrochemical analysis was performed in 
a traditional three-electrode setup: an SS316L was 
used as the working electrode, a saturated calomel 
electrode (SCE) was used as a reference 
electrode, and a platinum mesh was used as a 
counter electrode. The test was conducted using 
an MS1500L device that was controlled using the 
OptiLink software. Two main electrochemical tests 
have been used, including Linear Polarisation 
Resistance (LPR), which consisted of a potential 
scan of ±10 mV around the open-circuit potential 
(OCP) with a scan rate of 0.166 mV/s and 
potentiodynamic polarisation testing, a potential 
variation between −250 mV to +250 mV vs OCP. 

The obtained data allowed us to determine the 
polarisation resistance and the density of corrosion 
current. Besides this, gravimetric analysis was 
performed as well by weighing the specimens prior 
to and after exposure according to surface-cleaning 
conditions outlined in ASTM G1-03.The rate of 
corrosion was determined in millimetres per year 
by using the conventional equations in 
electrochemistry, which considered the current 
density, the density of the material, the area of the 
surface and the equivalent weight. 

2.8. Theory of Electrochemical Corrosion 

Redox reactions underlying the process of 
corrosion were made clear by the anodic reaction 
of the iron and the cathodic hydrogen ions. The law 
of Faraday was used to compare the current 
measured and the rate of corrosion. Refinements 
of the estimations of current density in the form of 
Tafel extrapolation and Stern- Geary equation were 
applied. The calculations made it easy to determine 
the rate of corrosion under different test conditions. 

2.9. Chemical Testing and Calculations 

The concentration of the chloride ions was 
determined through the agravimetric titration using 
the silver nitrate. Equation 1 was used to calculate 
the endpoint that was visually determined under 
yellow light. 

Chloride (mg/L) =
(𝑉1−𝑉2)×𝑁×70906

𝑉
   (1) 

Where: 

V1, V2, V: Titrant volumes, N: Normality of the 
silver nitrate solution.  

The concentration of the same in mg/L in terms 
of CaCO3 was also obtained to be used 
comparatively. The content of sulphates was 
determined by turbidimetry using barium chloride, 
and the different types of alkalinity were 
determined by titration using phenolphthalein and 
methyl orange. The accuracy of the method was 
determined by the use of equations that considered 
overall and individual operator variation, thus 
making it reliable. 

2.10. Corrosion Inhibition Using Sodium Molybdate 

Sodium molybdate (Na2MoO4) was used as a 
corrosion inhibitor to study mitigation methods. This 
is a compound that is non-toxic and 
environmentally friendly, and has the property of 
acting as an anodic inhibitor, especially in systems 
where sufficient dissolved oxygen is present. They 
were tested in demineralised water to which NaCl, 
lime, and Na2SO4 were added to recreate different 
ionic conditions. It was also checked by the rate of 
corrosion in milli-inches per year (mpy), and a 
significant decrease in corrosion was noted. The 
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molybdate ions were found to have good synergy 
with organic compounds and gave consistent 
protection over different conditions of chloride and 
hardness. 

2.11. Management of Basic Water Impurities 

An important aspect of this study was that the 
major impurities, which are normally present in the 
cycling cooling water systems, were considered 
and controlled as well, particularly when using the 
reclaimed water. Industrial settings have numerous 
contaminations gained by such systems through 
the repetition of evaporation and exposure to the 
external environment. The experimental design had 
dissolved solids (calcium, magnesium, sodium, and 
chloride ions). Chloride ions are corrosive to 
materials, which means that they are a variable. 
Calcium and magnesium ions added to the water 
hardness and were investigated about the possible 
protective effect. All other impurities were reduced 
to isolate the particular effect of chloride and 
hardness. Suspended solids Silt or sand had been 
excluded, as filtration occurred at the preparation of 
the solution, and deionised water of high purity was 
used. Organic contaminants (oils or industrial 
residues) were not used to prevent the growth of 
the microbes or the formation of films. The 
solutions were stirred and frequently checked to 
manage gaseous contaminants, in particular, 
dissolved oxygen levels, to keep them near 8 mg/L. 
Together with controls, these preparations had 
ensured that water chemistry remained within the 
desired parameters. Consequently, it was possible 
to conduct a narrow-separated study of the 
interrelationship between chloride concentration, 
hardness, and corrosion behaviour. 

2.12. Electrochemical Instrumentation and Working 
Principle 

To measure the corrosion behaviour of 
SS316L, the linear polarisation resistance 
measurements were conducted on a 3 electrode 
electrochemical cell under varying levels of chloride 
and varying levels of water hardness. The working 
electrode was a standard SS316 electrode, which 
was connected to a corrosion monitoring apparatus 
(MS1500L) that was attached to a computer that 
received and processed real-time information. 

The electrochemical setup was triple in nature, 
with an active electrode (SS316L) and a reference 
electrode saturated calomel electrode, SCE), and a 
platinum-mesh counter electrode. A communication 
link was provided to the instrument via an opto-
isolated link between the cell and the instrument to 
protect and guarantee signal fidelity. The 
instrument characterised the corrosion behaviour 
by obtaining important parameters, such as open 
circuit potential (OCP), polarisation resistance, and 
current density. Electrochemical corrosion occurs 

in conductive liquids during LPR operation. 
Corrosion is triggered by placing a metallic 
electrode in an electrolyte that has sufficient 
oxidising potential to enable both anodic and 
cathodic reactions to occur simultaneously. Metal 
atoms dissolve on the anodic side of the solution, 
giving out electrons into the solution. These 
electrons are oxidised by dissolved oxygen species 
at the cathodic site. The resulting current flow 
provides information on the rate of corrosion and 
passivation properties in the case of slight potential 
perturbations. 

The SS316L working electrode was polished, 
cleaned and immersed in a pre-concentrated 
synthetic cooling-water solution in the 
electrochemical cell to ensure homogeneous 
testing conditions. The applied potentials were 
swept to a scan rate of 0.166 mV/swith a potential 
of +10mV about the open circuit potential and ±10 
mV about the open circuit potential. The polarity 
curves were measured across the potential range 
of -250 mV to +250 mV against OCP, allowing the 
extrapolation of Tafel and the overall 
electrochemical kinetics to be studied. The 
corrosion monitoring system used in this research 
was a three-electrode setup that was connected to 
an MS1500L system,which was connected to a 
computer where data would be collected and 
analysed. The system included a standard SS 316 
working electrode, real-time galvanic and potential 
probes to measure the corrosion parameters, 
which include corrosion potential, polarisation 
resistance, as well as redox activity. Figure 1 
shows the electrochemical arrangement and flow of 
signals. The assembly was a three-electrode probe 
set that measured the rate of corrosion (in the form 
of pitting index), galvanic interaction due to oxygen 
ingression, and redox potential. These probes were 
connected to the MS1500L data logger over an 
OptiLink communication interface; real-time 
analysis was done on the computer connected. 
This setup approximates the practice of corrosion 
monitoring in industry and will allow accurate 
electrochemical analysis under simulated 
conditions of cyclic coolingwater. 

 

Figure 1. Schematic representation of the 
electrochemical corrosion monitoring system 

used in this study 
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2.13. Theory of Operation: Linear Polarisation and 
Corrosion Mechanism 

The linear polarisation resistance (LPR) 
method was used to study the electrochemical 
mechanism of corrosion, providing a quantitative 
determination of the corrosion rate based on the 
electrochemical current response of the metal 
surface when a small potential perturbation is 
applied to it.  Due to immersion of a metallic or 
alloy electrode, e.g. SS316L, into an electrically 
conductive and sufficiently oxidising medium, the 
corrosion process takes place in two 
complementary reactions: anodic dissolution and 
cathodic reduction. Metal atoms are lost to the 
electrolyte at the anodic site in the form of cations. 
The anodic reaction can be illustrated by Equation 
2 in the case of iron. 

Fe → Fe²⁺ + 2e⁻ (2) 

The consequence of this process is that an 
excess electron is left on the metal surface. These 
electrons are then used in the cathodic sites by 
means of reaction with oxidising species in the 
electrolyte. In acidic media, reduction of hydrogen 
ions to produce hydrogen gas was the most 
common cathodic reaction, as illustrated in 
Equation 3. 

2H⁺ + 2e⁻ → H₂ (3) 

The overall reaction of these is illustrated in 
Figure 2, which shows the electrochemical 
processes at the interface of solid metal and 
electrolyte. The resulting current of electrons 
between the anodic and cathodic locations 
produces an electric current which is directly 
proportional to the rate of the dissolution of the 
metal, known as the corrosion current. 
Decomposing the metal anodically forms the 
cations and the free electrons, but cathodic 
reactions use the electrons through the reduction of 
the protons or oxidising species. The corrosion 
current is made up of the flow of electrons. 

 

Figure 2. Electrochemical reactions occur at the 
anodic and cathodic sites on a metal electrode 

immersed in an acidic solution. 

The rates of corrosion were measured with 
respect to the law of Faraday. The law, which 

governs the relationship between measured 
corrosion current and the rate of corrosion (C), is 
known as the Faraday law, mathematically 
represented as indicated in Equation 4. Since this 
equation transforms data of electrochemical current 
to definite rates of corrosion, the equation allows 
the provision of meaningful comparisons of the 
data under different tests. This conceptual 
framework is combined with the empirical 
measures.The mixture validates an accurate 
scientific analysis of corrosion behaviour in cyclic 
cooling water environments. 

𝐶 =
𝐼corr×Eq.~Wt.×𝐾

𝐴×𝑑
  (4) 

Where: 

C = Corrosion rate (mm/year) 

Icorr = Corrosion current (µA/cm²) 

Eq. Wt. = Equivalent weight of the metal 
(g/equivalent) 

K = Constant (3272 mm·g/µA·cm·year for unit 
consistency) 

A = Exposed surface area (cm²) 

d = Density of the metal (g/cm³) 

2.14. Data Analysis and Validation 

The experimental results have undergone 
statistical analysis in an attempt to determine the 
association between the experimental variables 
and the corrosion results. To determine the 
statistical significance of the concentration of 
chloride and the hardness of the water on the rate 
of corrosion, analysis of variance (ANOVA) was 
used to determine the statistical significance of the 
variables at a 95 % confidence level (p < 0.05). 
Tafel extrapolation of the processes used to 
determine the corrosion current densities based on 
polarisation curves was used to support the 
gravimetric results. In order to prove the 
experimental setup and accuracy, baseline tests 
with chloride-free deionised water were carried out. 
This method cleared up the corrosive effect of the 
chloride ions and ensured the purity of the 
measurement methodologies. All the experiments 
were conducted under a temperature-controlled 
system at 23 ± 2°C in order to minimise ambient 
effects and at the same time to increase 
reproducibility. 

3. RESULTS AND DISCUSSION 

3.1. Chloride-Dependent Corrosion Kinetics Under 
Cyclic Cooling-Water Exposure 

Under cyclic temperature and flow conditions 
representative of recirculating cooling systems, 
SS316L exhibited a clear chloride-dependent 
increase in corrosion kinetics. At low chloride levels 
(≤500 mg/L), the alloy maintained relatively stable 
passivation, reflected in low corrosion rates and 
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comparatively higher polarisation resistance [32-
34]. As chloride increased, electrochemical 
indicators shifted toward accelerated dissolution, 
consistent with progressive destabilisation of the 
passive surface film under aggressive ion exposure 
[35,36]. 

3.2. Identification of a threshold region for passivity 
breakdown 

A marked transition in corrosion behaviour was 
observed near ~1000 mg/L chloride, beyond which 
the corrosion rate increased nonlinearly. This 
threshold-type response indicates that below the 
critical chloride range, the passive film can 
withstand cyclic operational stress, whereas above 
it, film breakdown becomes increasingly probable, 
resulting in localised corrosion susceptibility and 
sharply increased corrosion current density[37-39]. 
This behaviour is consistent with chloride-induced 
passivity breakdown mechanisms reported in the 
stainless steel corrosion literature, but the present 
results demonstrate the transition under cyclic 
cooling-water conditions rather than static 
immersion[40-42]. 

3.3. Hardness-Mediated Mitigation At Identical 
Chloride Stress 

At comparable chloride concentrations, 
elevated hardness levels (Ca²⁺ and Mg²⁺) 
moderated corrosion kinetics. The presence of 
hardness ions reduced the rate escalation at higher 
chloride levels, indicating a mitigation effect likely 
associated with passive film stabilisation and/or 
protective deposition on the metal surface 43,44]. 
Importantly, this mitigation was observed under 
controlled chemistry where chloride was still the 
primary aggressive species, supporting the 
conclusion that hardness can act as an in-system 
corrosion moderating factor in reclaimed-water 
cooling circuits [25,30]. 

3.4. Cross-Validation And Statistical Support 

Corrosion rates derived from electrochemical 
measurements were cross-validated with 
gravimetric mass-loss data, and both approaches 
produced consistent chloride-dependent trends, 
supporting the reliability of the observed threshold 
behaviour [45,46]. Statistical analysis confirmed 
that chloride concentration significantly influences 
corrosion rate, while hardness acts as a significant 
moderator under high-chloride exposure [47-50]. 
This combined evidence strengthens the scientific 
basis for using water-chemistry optimisation as a 
practical corrosion control strategy. 

3.5. Composition and Characteristics of the Tested 
Electrode 

Electrochemical testing was performed using 
an arrangement of single-electrode cell arran-
gement where Stainless Steel 316 L (SS316L) was 
used as the working electrode. The electrode 

exposed to the electrolyte was of a surface area 
equal to 2.5 cm² [51,52]. Before the corrosion 
studies were to take place, the chemical 
composition of the SS316L specimen was 
determined to ensure that it was to the standard 
specification and that each alloying element could 
have an effect on the corrosion behaviour.  

Figures 3–7 present response surfaces of 
corrosion rate as a function of chloride 
concentration and hardness condition under cyclic 
exposure. For clarity, the x-axis represents chloride 
concentration, the y-axis represents exposure 
condition index (or hardness level if that is what 
you used), and the z-axis represents corrosion rate 
(mpy) derived from electrochemical/gravimetric 
data. Each surface corresponds to one defined 
hardness condition as summarised in Table 1. 

It has been shown that the findings of the 
compositional analysis were as follows and are 
shown in Table 2. 

Table 2. Chemical composition of the SS 316 L 
electrode specimen used in the study 

Element Value (wt%) 

Carbon (C) 0.014 

Silicon (Si) 0.6 

Manganese (Mn) 0.8 

Chromium (Cr) 17.14 

Nickel (Ni) 12.54 

Sulphur (S) 0.0073 

Iron (Fe) 68.8587 

 

Figure 3. 3D surface plot illustrating the corrosion 
behaviour of SS316L in chloride-enriched 

reclaimed water for Experiment 1 

The SS316L sample was mainly composed of 
iron (Fe) as base material with a considerable 
amount of chromium (17.14 wt. %), nickel (12.54 
wt. %), and molybdenum (not listed in the table, but 
typically ~2–3 wt. % in SS 316 L), which are known 
to increase corrosion resistance [53-55]. Chromium 
is added to the body to form a passive oxide layer 

https://dummy-citation.com/citation?d=
https://dummy-citation.com/citation?d=
https://dummy-citation.com/citation?d=
https://dummy-citation.com/citation?d=
https://dummy-citation.com/citation?d=
https://dummy-citation.com/citation?d=
https://dummy-citation.com/citation?d=
https://dummy-citation.com/citation?d=
https://dummy-citation.com/citation?d=


P. Anand et al. Corrosion performance of SS 316L in high-chloride environments: Implications ... 

ZASTITA MATERIJALA 67 (2026) broj 9 

on the metal surface, and nickel enhances the 
resistance to localised corrosion and stabilisation of 
the austenitic structure. The deoxidisers (0.8 wt. %) 
and silicon (0.6 wt. %) of manganese and silicon 
were used to enhance the hot-working behaviour of 
the alloy. Other minor trace elements, including 
carbon (0.014 wt. %), sulphur (0.0073 wt. %) and 
others, were also detected [56,57]. A low level of 
carbon is beneficial in alleviating the risk of 
sensitisation and intergranular corrosion, but the 
sulphur content, though low, might affect the pitting 
tendencies in a particular environmental condition. 
The elemental analysis proved that the electrode 
met the normal range of SS316L, according to the 
ASTM directives. The excessive amount of iron 
and the balanced constituents of alloys indicate 
that the base material was appropriate in the 
chloride-based corrosion experiments that were 
conducted in the following stages of this research. 

3.6. Chemical Profile of Simulated Cooling Water 

Five simulated cooling water batches were 
tested in terms of corrosion. Each batch was 

carefully designed to concentrate on a distinct set 
of calcium and magnesium solutions, thus allowing 
the evaluation of the corrosion performance in 
different conditions of water hardness, holding all 
other factors constant. This method enabled a fine 
dose to see changes in hardness and cation 
equilibrium as decrements in the corrosion of 
SS316L at high chloride stress.  

All the experiments were conducted at a 
neutral pH of 7 and a constant operating 
temperature of 32°C  in order to approximate real-
life conditions in industrial cooling systems. The 
chloride levels of all experiments were between 

100 mg/L and 2000 mg/L, expressed as CaCO₃ 
equivalents, while sulphate (SO₄²⁻) and 
bicarbonate (HCO₃⁻) levels were fixed at 100 mg/L 
and 200 mg/L. Concentrations of sodium ions were 
allowed to vary naturally between 90 and 800mg/L, 
which is manifested in real-life variability. Table 3 
shows the overall chemical composition of the 
simulated water used in the Experiment 1-5. 

Table 3. Chemical Composition of Simulated Cooling Water 

 

3.7. Corrosion Behaviour of SS316L in Chloride-
Enriched Environments 

Five controlled experiments were conducted 
systematically to explore the corrosion behaviour of 
SS316L stainless steel in a chloride-enriched 
environment of reclaimed water, and were 
represented by three-dimensional surface plots.  
These electrochemical and gravimetric-based plots 
indicate a steady and progressive growth in the 
rate of corrosion in the number of mils/year as the 
concentration of the chloride ions increases. The 
surface plots show how the levels of chloride 
between about 40 mg/L and nearly 2000 mg/L 
cause a significant change in the degradation 
behaviour of the material. During the early years, 
as shown in Experiment 1 (Figure 3), the corrosion 
rate was growing at a relatively low rate and was 
approximately linear, and it can be explained by the 
fact that the corrosion resistance of SS316L is 
provided by the intact passive chromium-rich oxide 
film.  

 

Figure 4. 3D surface plot illustrating the corrosion 
behaviour of SS316L in chloride-enriched 

reclaimed water in Experiment 2. 

Parameter 
Low hardness 

water 
Medium hardness 

water 
High hardness 

water 
Very high hardness 

water 
Extreme hardness 

water 

pH 7.0 7.0 7.0 7.0 7.0 

Temperature (°C) 32 32 32 32 32 

Total hardness (mg/L as 
CaCO₃) 

100 200 300 400 500 

Ca²⁺ (mg/L as CaCO₃) 60 120 180 240 300 

Mg²⁺ (mg/L as CaCO₃) 40 80 120 160 200 

SO₄²⁻ (mg/L) 100 100 100 100 100 

HCO₃⁻ (mg/L) 200 200 200 200 200 

Na⁺ (mg/L) 90–800 90–800 90–800 90–800 90–800 
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As revealed in Experiments 2 and 3 (Figures 4 

and 5), however, the behaviour changes radically 

above 1000 mg/L at which the passive layer starts 

to deteriorate, leading to localised corrosion like 

pitting and crevice attack. They can be seen in the 

exaggerated surface curvature and in the greater 

colour gradients of the plots. 

 

Figure 5.3D surface plot illustrating the corrosion 
behaviour of SS316L in chloride-enriched 

reclaimed water in Experiment 3. 

3.8. Transition in Corrosive Behaviour Across 
Experiments 

Experiment 4 (Figure 6) further highlights the 
degradation curve, with increased levels of 
corrosion occurring at even moderate levels of the 
sample.  

 

Figure 6. 3D surface plot illustrating the corrosion 
behaviour of SS316L in chloride-enriched 

reclaimed water in Experiment 4. 

Thus, it can be concluded that continued or 
repeated exposure increases the susceptibility of 

the material. The climax of this curve is clearly 
visible in Experiment 5 (Figure 7), where the 
corrosion rates exceed 0.05mpy at high chloride 
concentrations, and the surface-plot contours 
become steep. This clearly shows the cumulative 
effect of chloride deposition and time-dependent 
corrosion, which is probably preceded by a 
synergistic destabilisation of the protective layer 
during each exposure cycle. 

 

Figure 7. 3D surface plot illustrating the corrosion 
behaviour of SS316L in chloride-enriched 

reclaimed water in Experiment 5. 

3.9. Influence of Water Hardness on Corrosion 
Mitigation 

In fact, the experiments produced information 
about the moderating effect of the hardness of 
water, especially in high concentrations of calcium 
and magnesium ions, on the corrosion caused by 
chloride [58-60]. It was observed that corrosion 
behaviour changed considerably beyond about 
1000 mg/L. Passage of this limit resulted in the 
destabilisation of the chromium-enriched passive 
film, which resulted in the rapid localised corrosion, 
which was primarily in the form of pitting and 
crevice attack. 

Although the concentration of chloride rose 
steadily in all tests, the corrosive effects were 
reduced by the fact that the water hardness was 
maintained. Specifically, high magnesium levels 
might have led to stabilisation of the surface film 
through precipitation or adsorption, thus delaying 
the development of the passivated state 
breakdown. On the other hand, when hardness is 
low, the influence of chloride ions on the corrosive 
process is free, and current density increases and 
polarisation resistance decreases faster [61,62]. 
This subtle interaction underscores the critical 
necessity of ensuring a balance in water chemistry 
in recirculating water systems. 
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3.10. Correlation Trends and Surface Morphology 

In the bigger picture, the chloride concentration 
was found to be the main cause of corrosion; the 
number of samples was used as a proxy for the 
corrosion duration. The simultaneous examination 
of surface topography and colour changes in the 
course of experiments also supported that 
corrosion is not only time-dependent but also 
chloride-sensitive. Such results confirm the 
methodological strategy and indicate clearly that 
uninhibited chloride ions have a devastating effect 
on the structural integrity of SS316L, especially 
during long-term exposure. 

3.11. Implications for Industrial Applications 

The study has far-reaching impacts on 
industrial use. At concentrations of chloride higher 
than 1000 mg/L, the rate is almost twice that 
observed in the baseline levels of less than 200 
mg/L [63,64]. This in turn makes proactive water-
quality monitoring and management essential and 
may include the use of chemical inhibitors, 
modification of water-treatment regimen and the 
consideration of the use of alternative materials 
such as duplex or super-austenitic stainless steel in 
critical components. Furthermore, time-based 
degradation modelling should be incorporated into 
maintenance schedules, as the original corrosion 
resistance can give an incorrect impression of long-
term service life. Overall, this experiment supports 
the idea that despite the fact that SS316L displays 
a high level of resistance in the short-term, its 
implementation is significantly decreased when 
there is prolonged exposure to high chloride 
conditions, especially in the case of water 
chemistry not being properly managed. 

 3.12. Statistical Evaluation of Chloride-Induced 
Corrosion 

To support, quantitatively, the observed 
corrosion behaviour of SS316L stainless steel, a 
statistical analysis was performed by the use of 
correlation analysis, analysis of variance (ANOVA) 
and cross-validation through an experiment. These 
analyses were aimed at corroborating the role of 
chloride ion concentration in the rate of corrosion 
and in evaluating the prediction strength of the 
trends that were followed in the surface plots 
(Figures 3 - 7). As can be seen in Figure 8, a visual 
analysis of the experiment outcomes scatter 
indicated a positive correlation between the amount 
of chloride and the rate of corrosion. The rate of 
corrosion was relatively constant at lower chloride 
levels (less than 500 mg/L) and was usually low 
(less than 0.015 mpy). Nevertheless, a significant 
increment in the corrosion behaviour was 
experienced beyond 1000 mg/L, and the corrosion 
rate exceeded 0.04 mpy at concentrations above 

1500 mg/L. This exponential law ensures the 
existence of the critical threshold behaviour that 
has been widely discussed in the literature of 
stainless steel corrosion, wherein the passive oxide 
layer on SS316L collapses, shifting away to 
general corrosion to a localised form, including 
pitting and crevice corrosion. 

A one-way Analysis of Variance (ANOVA) was 
conducted in order to statistically prove these 
observations. Even though the data were 
continuous, the chloride concentrations were 
classified into three rational brackets: low (<500 
mg/L), medium (500–1500 mg/L), and high (>1500 

mg/L). The null hypothesis (H₀) that the means of 
the corrosion rates between these groups are 
equal was tested against the alternative hypothesis 

(H₁) that at least one group of the groups is 
different from each other by ANOVA [65]. The 
anticipated p-value was less than 0.05, and so the 
null hypothesis was rejected,proving that the 
chloride concentration has a statistically significant 
effect on the corrosion behaviour. This confirms the 
previous results of the analysis of the surface plot 
[66,67]. 

Concurrently, the gravimetric data, as a result 
of weight-loss measurements, were cross-validated 
against the electrochemical data, as a result of 
Tafel extrapolation. The trends reflected in both 
methods were that corrosion current densities grew 
significantly with a rise in chloride levels [68]. This 
two-validation method is not only used to 
strengthen the plausibility of corrosion 
measurements, but also to strengthen the 
nonlinear degradation pathway of SS316L in 
chloride-saturated conditions. 

These findings have great implications as far 
as the industry is concerned. The threshold effect 
emphasises the fact that though SS316L is 
fundamentally resistant to corrosion, it loses its 
resistance when the levels of chloride exceed a 
critical range, especially in the conditions of low 
water hardness [69,70]. Passive film breakdown 
increases in the absence of buffering cations, 
including magnesium and calcium, which are able 
to make surface precipitates or alter the solution 
chemistry. Therefore, the corrosion rate in solutions 
with chloride levels above the range of 1000 mg/L 
almost doubles in concentrations below the range 
of 200 mg/L [71]. This highlights the need to 
employ strong measures to control corrosion 
through inhibitors, improved water-treatment 
measures, and substituting materials with duplex or 
super austenitic stainless steel. 

Finally, the statistical analysis showed that 
chloride ion is the chief cause of corrosion in 
SS316L in the reclaimed water systems, whereas 
duration of exposure and ionic synergy are 
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contributory factors, but not the main cause. These 
observations give a valid foundation for the choice 

of materials and water-chemistry control of 
industrial recirculating cooling systems. 

 

Figure 8. Scatter plot showing the relationship between the chloride content (mg/L) and the corrosion rate 
(mpy) of SS316L in a simulated cooling water environment.A clear upward trend demonstrates 

increased corrosion at higher chloride concentrations 

Table 4. Comparison of the present study with representative literature on chloride-driven corrosion of 
316L and related stainless steels 

Sl.  
No 

Ref. Material 
Medium/ 

Application 
Exposure 

mode 
Variables 
studied 

Key reported finding 
What Present study 

adds beyond this 

1 

(Malik 
et al., 
1992)[

54] 

316L 
Aqueous 
chloride 
solutions 

Static 
immersion/ele
ctrochemistry 

pH, [Cl⁻], 
DO, 

temperature 

Pitting/corrosion 
behaviour strongly 

depends on chloride, 
pH, DO, temperature 

and flow; chloride 
increases 

susceptibility 

Replicate cooling-
water operational 
features via cyclic 

exposure and isolate 
chloride/hardness 
effects rather than 
generic parameter 

scans 

2 

(He et 
al., 

2009)[
72] 

316L 
Simulated 
formation 

water 

Static 
electrochemic
al + surface 

analysis 

[Cl⁻] with 

H₂S synergy 

High chloride affects 
oxide film 

semiconducting 
properties and 

dissolution; 
synergistic 

aggression with 
sulfide environments 

Current environment 
is closer to reclaimed 
cooling water (neutral 

pH, cyclic 
temperature), and you 
introduce hardness as 

a mitigation lever 
under controlled 

chemistry 

3 

(Wang 
et al., 
2019) 
[73] 

316L 
Passivating 
electrolyte + 

chloride 

Electrochem + 
surface 

analytics 

Cl⁻ in 
passivation 
conditions 

Chlorides alter 
passive state; film 

chemistry and 
structure change 

even before visible 
breakdown 

To translate film-
instability concepts 
into an operational 

threshold framework 
under cyclic cooling-
water exposure and 

quantify corrosion rate 
consequences 

4 

(Sun et 
al., 

2024)[
74] 

316L 

Aggressive 
environment 

with Cl⁻–CO₂–
O₂ 

Electrochemic
al + 

microscopy 

Cl⁻ with gas 
chemistry 

Cl⁻ compromises 
passive film and 

reduces corrosion 
resistance; combined 

environment shifts 
kinetics 

Present study holds 
other chemistry fixed 
and isolates chloride 
as primary stressor, 

then shows mitigation 
via hardness under 
cyclic cooling-water 

conditions 
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5 

Yoo et 
al., 

2023 
(PMC)[

75] 

Type  
316 SS 

Groundwater-
like conditions 

(waste 
containment) 

Electrochem + 
modelling 

(RSM) 
Cl⁻, pH, HS⁻ 

Establishes 
relationships between 
environmental factors 

and passive film 
breakdown/protection 

potentials 

To provide a cooling-
system relevant cyclic 
exposure framework 
and add hardness-
mediated mitigation 

trends tied to 
corrosion rate (not 

only breakdown 
potentials) 

6 

(Coelh
o et al., 
2025)[

76] 

316L 
Chloride 
media 

Potentiodyna
mic 

polarisation 
analytics 

Pitting 
pathway 

identification 

Shows distinct stable 
pitting growth 

pathways post-
passivity breakdown 

Contribution is not 
pitting-pathway 

classification; it is the 
threshold + mitigation 

outcome under 
controlled cooling-

water chemistry, with 
electrochemist + 

gravimetric validation 

7 

(Maatal
lah et 

al., 
2024)[

77] 

316L 
Simulated 

cooling water 
Electrochemic

al 

pH effects 
(and 

cooling-
water 

relevant 
chemistry) 

Cooling-water 
chemistry significantly 

alters corrosion 
behaviour and 

passivity stability 

Present study extends 
cooling-water 

relevance by adding 
cyclic temperature 

exposure and 
explicitly mapping the 

chloride threshold 
region, plus hardness 

moderation 

8 
Presen
t study 

316L 
Simulated 
reclaimed 

cooling water 

Cyclic 
temperature + 

flow 

Cl⁻ isolated 
+ hardness 

threshold behaviour + 
hardness mitigation + 

cross-validation 

Addresses cyclic 
representativeness + 
combined chemistry 

 

3.13.. Comparison with Prior Studies 

Previous studies have determined that chloride 
ions leave passive films on austenitic stainless 
steels unstable and may cause localised corrosion 
at a certain critical chloride activity. The majority of 
studies, however, have been done in either a static 
immersion, constant temperature or with the limited 
consideration of the co-occurring ions that are 
characteristic of an industrial cooling water. 
Conversely, the current research incorporates 
cyclic exposure environments and quantifies the 
changes in chloride-controlled corrosion kinetics by 
hardness ions. Table 4 presents a summary of the 
representative literature and indicates the unique 
scope of the current work. This sorting out explains 
that the scientific enhancement in this case is not 
the overall point that chloride enhances corrosion, 
but the quantitative determination of a threshold-
type reaction in a cyclical setting and the proof of 
hardness-mediated attenuation in a regulated, 
industrially significant water-chemistry model. 

4. CONCLUSION 

The present paper sheds light on the corrosion 
behaviour of Stainless Steel 316 L (SS316L) in 
chloride-saturated conditions that are specifically 
used to simulae the study conditions of reclaimed-
water in industrial recirculating cooling systems. 
The results of our research prove that chloride-ion 
levels rise and have a positive correlation with 
SS316L corrosion, especially when localised 
corrosion-induced processes - pitting and crevice 
attacks - are accelerated, promoting material 

degradation. It was observed that corrosion 
behaviour changed considerably beyond about 
1000 mg/L. Passage of this limit resulted in the 
destabilisation of the chromium-enriched passive 
film, which resulted in the rapid localised corrosion, 
which was primarily in the form of pitting and 
crevice attack.From an industrial perspective, these 
findings have direct implications for material 
selection, water-chemistry management, and 
maintenance planning in reclaimed-water-based 
cooling systems. 

Even though SS316L is capable of with 
standing corrosion at reduced chloride 
concentrations (less than 500 mg/L), the passive 
protective layer breaks down significantly above a 
critical threshold (approximately 1000 mg/L). The 
moderating effect of water hardness is evident, and 
this is the area where corrosion literature fails to 
take this factor into account. High concentrations of 
calcium and magnesium are seen to improve the 
stability of the passive film, which has great 
potential as a way of corrosion mitigation without 
requiring the expensive replacement of materials. 

The strength of this study lies in its ability to 
replicate key operational features of industrial 
cooling systems, including cyclic temperature 
variation, controlled ionic composition, and combi-
ned electrochemical–gravimetric assessment. This 
study is strong because it attempts to recreate real 
operating conditions through the application of 
cyclic temperature variations, controlled ionic 
conditions and a comprehensive array of testing 
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strategies which involve electrochemical analysis 
as well as gravimetric validation. These facts 
support the idea that the water chemistry in 
industries needs to be carefully optimised. 
Sustainability-related programs, including the use 
of reclaimed-water, indicate the importance of 
balancing the engineered foresight to avoid the 
system ineffectiveness and unintended degradation 
of materials. 

4.1. Limitations 

Even though the methodology used in this 
study is rather sound, it has a number of limitations 
that should be taken into consideration. First, the 
experiments were carried out in a laboratory 
environment designed to model industrial cooling, 
but in real-life systems, things are much more 
complicated. The biofouling, varying pH levels, 
intermittent flow rates and mixed-metal assemblies 
were not recreated. In practice, these aspects can 
affect the corrosion behaviour. The pH of the water 
was kept at about 7.5, and the dissolved oxygen 
concentration was kept between 8 mg/L during the 
period of testing. The dynamics of corrosion of 
SS316L can change under such conditions, and 
these parameters may differ significantly in the 
real-world situation in an industry. Third, the 
exposure of cyclic testing was restricted to 14 days. 
It is an effective way of getting an immediate 
picture of short-term corrosion trends, but the 
future degradation process and cause of failures 
that commonly occur within the operating 
environment cannot be exhaustively covered. This 
study did not take into account microbiologically 
affected corrosion (MIC), even though it is relevant 
in the reclaimed water system and accelerates the 
process of corrosion. The experiment was based 
on SS316L. This alloy is popular, but the results 
are therefore not generalizable to other alloys or to 
other grades of stainless steel. 

4.2. Future Directions 

In order to generalise the findings of the current 
study, the future study should address the gap 
between the laboratory simulation and the 
application in real life. Important experiments have 
been performed on SS316L in real conditions on 
cooling water in field operations, thus providing a 
complete picture of corrosion in a dynamic 
operational cycle (change of temperature), flow 
changes and intermittent chemical injection. 
Additional studies that should be pursued by future 
researchers include biochemical interactions, 
especially how microbial action triggers corrosion. 
Understanding of the interaction between 
microbiologically controlled corrosion (MIC), 
chloride ions and water hardness would 
significantly increase the applicability of the studies 
in reclaimed water conditions. 

Another urgent area of concern is the study of 
galvanic interactions by considering multi-metal 
systems, as SS316L often exists in a combination 
with other metals in a complex assembly, e.g. a 
heat exchanger or a pipeline. The procedures that 
provide the guidelines that need to be followed in 
compatibility of the materials must be optimised 
when the interactions are being assessed, avoiding 
corrosion that is accelerated due to the dissimilarity 
of the metals. 

In addition, in case the industries implement 
smart corrosion monitoring devices, which use real-
time sensors and Internet of Things (IoT)-based 
data collection, they can change the way corrosion 
risks are managed and predicted. These 
technologies allow detecting in time, managing the 
lifecycle, and scheduling maintenance based on 
data. These systems should be tested alongside 
other inhibitors to consider a combination of them 
to improve performance, especially since sodium 
molybdate has shown promising results in the 
current study. The concept of sustainable 
implementation is dependent on the evaluation of 
the inhibitors, such as the long-term environmental 
effects. Lastly, more sophisticated water-chemistry 
models, taking into consideration chloride 
concentration, water hardness, temperature, flow 
dynamics, etc., will be developed to assist the 
predictive maintenance and guide the design of 
systems that are less prone to corrosion and 
maintenance needs.With these strategic directions, 
the industrial infrastructure will be more sustainable 
and environmentally aware. 
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IZVOD 

KOROZIVNE PERFORMANSE SS 316L U OKRUŽENJIMA SA VISOKIM SADRŽAJEM 
HLORIDA: IMPLIKACIJE ZA INDUSTRIJSKE SISTEME ZA HLAĐENJE VODOM 

Rastuća upotreba recikliranih otpadnih voda u industrijskim recirkulacionim sistemima hlađenja 
dovela je do postepenog nakupljanja hlorida, što pokreće zabrinutost zbog dugoročnog ponašanja 
konstrukcionih materijala u korozivnom radu. Nerđajući čelik 316L (SS316L) se često koristi u ovim 
sistemima zbog svoje prirodne sposobnosti da se odupre koroziji, iako je pasivni sloj sklon 
raspadanju u prisustvu hlorida. Trenutna studija obuhvata istraživanje ponašanja SS316L u 
uslovima simuliranih cikličnih uslova rashladne vode, zajedno sa pažljivo kontrolisanom hemijom 
vode, sa posebnim fokusom na izolovanje uloge koncentracije hlorida i određivanje ublažavajućeg 
efekta tvrdoće vode. Elektrohemijski podaci i gravimetrijska analiza pokazale su da postoji jaka 
pozitivna korelacija između koncentracije hlorida i brzine korozije. Pri niskim nivoima hlorida (manje 
od 500 mg/L), SS316L je pokazao stabilnu pasivaciju sa niskim brzinama korozije (<0,015 mpy). 
Ipak, utvrđeno je da postoji kritična tačka od oko 1000 mg/L gde pasivni film nije mogao da se zadrži 
i lokalizovana korozija se ubrzala. Brzine korozije bile su veoma visoke na nivoima hlorida iznad 
1500 mg/L, a u slučaju cikličnog izlaganja dostigle su 0,04 mpy. Uslov povećane tvrdoće vode, koju 
su predstavljali joni kalcijuma i magnezijuma, imao je značajan moderatorski efekat na koroziju 
izazvanu hloridima, jer je stabilizovao pasivni sloj i smanjio gustinu struje, posebno kada se koriste 
visoki nivoi hlorida. Ovi rezultati pokazuju da se optimizacija hemije vode, posebno kontrolisanom 
upotrebom koncentracije i tvrdoće hlorida, može koristiti kao isplativa i ekonomična mera za 
smanjenje korozije. Rezultati pružaju korisne informacije o tome kako povećati stabilnost materijala i 
operativnu konzistentnost industrijskih sistema za hlađenje koji rade koristeći recikliranu vodu. 
Ključne reči: Korozija izazvana hloridom; nerđajući čelik 316L; ciklični sistemi za hlađenje vodom; 
tvrdoća vode; strategije za ublažavanje korozije. 
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