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Drinking water distribution system (DWDS) necessitates sustainable,
durable, and nonpolluting materials for enhanced water quality of the end-users.
Stainless steel (SS) is gaining momentum in DWDS, particularly in end-point
distribution facilities such as secondary water storage tanks, pumps, and household
water pipes due to its high chemical stability and robust mechanical strength.
However, SS’s susceptibility to corrosion in given defect areas is of great concern, and
there is a lack of fundamental insight on SS corrosion from an interdisciplinary
perspective of materials science and environmental science. Herein, the SS corrosion in
the DWDS environment is critically assessed, encompassing the basic science of SS
corrosion occurrence, its cascading influence on water quality, and anticorrosion
strategies. Electrochemical corrosion mechanisms of SS corrosion are specifically
differentiated, particularly those initiated at given SS defects, including welding points,
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grain boundaries, and areas with tensile stress. It is shown that SS corrosion influences water quality by destroying the Cr-rich passive
film and releasing Cr, Fe, and other heavy metals from the corrosion scale. The critical factors influencing SS corrosion are
subsequently identified, namely, SS elemental composition, SS manufacturing process (e.g., heat-affected zone, stress concentration),
and water condition in DWDS (e.g, chlorine, oxygen, sulfate, hydraulic shock, pH). Corresponding strategies are elucidated to
facilitate the anticorrosion resistance of SS and improve the water quality, including SS alloying enhancement, SS dispersion
strengthening, SS surface treatment/modification, and tuning water condition in DWDS. Overall, this review highlights the
importance of controlling SS corrosion, which could provide guidance on the rational design and utilization of SS in DWDS to
enhance the ultimate water quality of the end-users and the overall resilience of the DWDS.

stainless steel, corrosion mechanism, water quality, drinking water distribution system, corrosion prevention

Drinking water distribution is a critical part of the urban water
system, determining the ultimate water quality of the end-
users. To meet increasingly stringent water quality standards,
stainless steel (SS) has been progressively adopted in drinking
water distribution system (DWDS) over the past decades due
to its high chemical stability, robust mechanical strength,
strong pressure resistance, and corrosion-resistant proper‘cies.z‘3
In countries such as China, Japan, Germany, and the USA, SS
has been widely applied for drinking water distribution in
urban water systems.”” Specifically, SS is particularly used in
downstream distribution components, including secondary
water tanks, pumps, and residential water pipes® (Figure 1a).

The selection of appropriate materials is crucial for the
effective application of SS in DWDS. SS has been developed
into five major categories based on its phases: ferritic SS,
austenitic SS, martensitic SS, duplex SS, and precipitation-
hardening SS"” (Figure 1b,c). Of these, austenitic SS is most
widely used in DWDS due to the properties of high
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workability, anticorrosion, and relatively low cost."”'" These
properties can be further enhanced through element doping of
Ni, Mn, Mo, etc., resulting in the classification of austenitic SS
into Cr—Ni—Mn and Cr—Ni variants'? (Figure 1d). Among
these, Cr—Ni austenitic SS shows better anticorrosion
performance, in which 304 and 316 Cr—Ni austenitic SS
(see Table S2 for elemental compositions) are most widely
used in DWDS."?

Although SS exhibits corrosion resistance, it is not
completely immune to corrosion. A critical concern with SS
is its susceptibility to corrosion at given defect areas, such as
crevices and dross on the SS surface. These defects are
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Figure 1. SS in the water distribution system. (a) The diagram illustrates the application scenario of SS in DWDS, including drinking water
pipeline, water tank, pump, and residential water pipeline. (b) SEM images of various types of SS."**™'*’ Specifically, austenite (A) has a face-
centered cubic structure, ferrite (F) and martensite (M) have a body-centered cubic structure, and duplex SS (i.e., duplex A + F) is a combination
of austenite and ferrite. The main elements of different types of SS and specific types of SS are listed in Table S1. Reproduced with permission from
ref 186, copyright 2014 Elsevier; ref 187, copyright 2012 Elsevier; ref 188, copyright 2002 Elsevier; and ref 189, copyright 2014 Elsevier. (c) Range
of pitting resistance value (PREN) of various types of SS, of which the average value of austenitic SS is close to that of duplex SS. The concept of
PREN is illustrated in Text S1. (d) Elemental composition range of austenitic SS, which primarily comprises Fe, Cr, and Ni.

typically caused by sequential manufacturing processes of
welding and heat treatment, respectively.'*'* The corrosion in
such places can be further intensified by the water environment
in DWDS, such as the existence of free chlorine (i.e.,, HCIO,
ClO~, CL,), low pH, and frequent hydraulic shock."®™** The
main forms of SS corrosion in DWDS are pitting corrosion and
crevice corrosion,””** while other forms of corrosion including
intergranular corrosion and stress corrosion also exist.”**” SS
corrosion inevitably impacts the quality of the supplied water.
A notable example involves the oxidation of Cr(0) from SS
into Cr(VI), causing the release of toxic Cr(VI) into the
supplied water. Under conditions where free chlorine residuals
are maintained at 0.5—1.0 mg L™', and the residence time
reaches 5 days, with all Cr in the corrosion scale present as
Cr(0) solids, the concentration of Cr(VI) in tap water can
increase to 14 ug L', exceeding the California drinking water
standard of 10 ug L™'.** Other influences include Fe release””
and other heavy metal (e.g, Al, Mn, Ba, Zn, Cu, Ni, V, Pb)
release.”*% ™%

While the SS corrosion and its water impact have been
referred in the past studies, attention has been focused solely
on material corrosion or water quality deterioration
independently.”*™*® There is a lack of fundamental and
systematic insight into SS corrosion in DWDS from an
interdisciplinary perspective of materials science and environ-
mental science. Given the above gap, assessing SS corrosion,
from the basic science of corrosion occurrence to the cascading
influence of corrosion on water quality, along with evaluating
corresponding anticorrosion strategies in DWDS, could lay the
foundation for the rational and niche design of SS in DWDS,
thus improving water quality and system resilience.

In this review, we critically evaluate the basic mechanisms of
SS corrosion, analyze its cascading influence on DWDS water

quality, and further propose the SS corrosion control
techniques. Focusing on the intrinsic property of SS, we first
analyze the essential cause of corrosion and corrosion scale
from a microscopic level, during which the physicochemical
transformations are also discussed. Then based on the SS
corrosion phenomena, the impact of corrosion on water quality
is assessed. From a material perspective, we underscore that
the main forms affecting water quality are the release of Cr, Fe,
and other heavy metals from the SS scale. Further, we evaluate
the influencing factors on SS corrosion and water quality,
emphasizing material, manufacturing process, and water
environment aspects. Finally, based on the analysis of these
influencing factors, a comprehensive strategy for corrosion
control and water quality control is proposed.

2. CORROSION MECHANISMS OF SS IN DWDS

2.1. SS Corrosion Mechanisms. To explore the impact of
SS corrosion on water quality in DWDS, it is essential to
understand the fundamental mechanism of SS corrosion from a
perspective of materials science. For SS, the Cr content is
generally higher than 12 wt %, which forms a passive film on
the SS surface.”” This chromium-enriched film is thin (<5
nm), "’ continuous, pore-free, hardly soluble, and self-repairing
(i.e, forming a new passive film for surface protection after
damage).*" The passive film on SS acts as a protective barrier,
offering anticorrosion properties and extending its lifespan in
DWDS. However, corrosion may still occur under specific
conditions within the DWDS. Because of the existence of free
chlorine in drinking water and given defects in SS introduced
during the manufacturing process, the SS is primarily
weakened by electrochemical corrosion. Arising from electro-
chemical reactions, the corrosion scenarios of SS in DWDS
include pitting corrosion, crevice corrosion, intergranular
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Figure 2. Corrosion scenarios of SS. (a) Pitting corrosion, in which chloride destroys the passive film and leads to corrosion. (b) Crevice corrosion,
in which the gap between weld and SS is susceptible to corrosion in the presence of chloride. (c) Intergranular corrosion, which regularly occurs in
SS with high carbon content (>0.03 wt %). (d) Galvanic corrosion, occurring in the presence of chloride when different metals are joined (e.g,
copper and SS). (e) Stress corrosion, which occurs in the presence of chloride under applied stress caused by the manufacturing process. (f)
Microbial influenced corrosion, where iron-oxidizing bacteria (IOB) consumes oxygen in the medium, establishes a favorable growth environment
for anaerobic sulfate-reducing bacteria (SRB), and subsequently facilitates SS corrosion by SRB. (g) Diagram illustrating possible corrosion sites of

scenarios (a—f) in a piece of the SS pipe.

corrosion, stress corrosion, and galvanic corrosion, with pitting
and crevice corrosion being the predominant forms.”*™*’ In
the above scenarios, corrosion initiating points act as small
anodes, while the surrounding uncorroded areas act as large
cathodes, thereby accelerating electrochemical corrosion.
Additionally, SS is susceptible to microbiological influenced
corrosion,** which will also be addressed.

2.1.1. Pitting Corrosion and Crevice Corrosion. Pitting
corrosion and crevice corrosion are the most common forms of
SS corrosion in DWDS."*™* The chloride concentration in
DWDS is low (<2 mg L"), but corrosion can still occur over
time. Evident pitting corrosion has already been observed in a
secondary water supply tank after two years of service.*’
Although the initiation mechanisms differ between these two
corrosion scenarios, their propagation mechanisms share
similarities. In terms of initiation mechanisms, for pitting
corrosion, the attack of chloride ions in DWDS breaks the
passive film of SS*” and leads to the emergence of Fe(0) and
Cr(0) as microanode regions, which are surrounded by the
passive film as cathodic regions. In chloride containing water,
SS gradually dissolves at these microanode regions, generating
pits at the corrosion initial points on the SS surface’’ (Figure
2a). For crevice corrosion, there are inherent structural defects
for initiating corrosion (Figure 2b), which frequently occur in
the welding locations, corrosion scales, and sludge deposits of
SS pipes and tanks.'®* Further, the propagation of SS
corrosion in DWDS can be intensified by an increase in the
chloride ion concentration, pH decrease, and reduced oxygen
levels within pits and crevices.**** After corrosion occurs, Cr
and Fe from SS will diffuse into water, thus impacting the
water quality.

2.1.2. Intergranular Corrosion. SS is prone to corrode at
locations with manufacturing defects, in which intergranular
corrosion is a typical scenario. Intergranular corrosion in SS
occurs along or near grain boundaries and leads to the
disintegration of the SS surface (Figure 2c), causing metal
particles to detach and enter water by the impact of hydraulic
flow.>® The corrosion is typically found in thermally sensitive
SS (i.e., the material’s composition is significantly affected by

temperature changes) that has been subjected to thermal
processing during material manufacturing and welding without
adequate heat treatment.’’ The manufacturing defects are
formed after exposure to sensitization temperature of 450—850
°C>*7** during which carbon rapidly diffuses toward grain
boundaries in SS. Subsequently, carbon reacts with chromium,
leading to the formation of chromium-rich phases like Cr,C,
and Cry;Cy in the grain boundaries of $$.°*°° Due to
chromium’s slow diffusion rate and its inability to replenish
promptly from the interior part of the grains, chromium-
depleted regions tend to form along the grain boundaries.
When the weight percentage of chromium drops below 11%,
the chromium-depleted regions along the grain boundaries
become anodic sites, while the grains act as cathodic sites.>”
Such SS configuration in DWDS forms a large cathode and
small anode structure, triggering rapid corrosion along the
grain boundaries and forming a surface that is easy to be peeled
off (Figure S1).

2.1.3. Galvanic Corrosion. In DWDS, scenarios like pipe
replacement often lead to the junction of different pipe
materials with different potentials. Under this circumstance,
galvanic corrosion may occur (Figure 2d). As the corrosion
resistance of SS is higher than those of most pipe materials,
galvanic corrosion generally occurs on other metals connected
to SS. For instance, copper- and lead-base pipes can be
corroded when connecting to SS pipe due to their lower
corrosion potentials. Subsequently, such corrosion may
accelerate the release of copper or lead into DWDS.”’ ™’
Under the SS-Cu-Pb pipe connection method, galvanic
corrosion can induce fluent electron transport [SS <«
e (Cu) « e7(Pb)], resulting in the Pb release of 652 ug
L7! after a 90 day experiment with tap water (systems is kept
stagnant for 1 d and replenish with fresh tap water every day),
which significantly exceeds the standards for drinking water
quality in China (10 ug L™").°° The connection of SS with
other carbon steels like SAS08°" or 1020 carbon steels®” (see
Table S2 for elemental compositions) may also lead to the
corrosion of the latter. SAS08 and 1020 carbon steels do not
contain chromium, resulting in a lower corrosion potential and
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Figure 3. Morphology and generation mechanism of corrosion scale formed on SS. (a) Morphology of the corrosion scale.’ Reproduced with
permission from ref S. Copyright 2016 Elsevier. (b) Schematic diagram of the SS corrosion scale formation mechanism. The corrosion scale is
generally formed on pitting sites. (c,d) Transformation processes related to Fe and Cr during the formation of the SS corrosion scale. Green arrows
depict primary reaction processes, gray arrows indicate secondary reaction processes, and brown compounds represent components of the

corrosion scale (Table $3).”' %

a higher susceptibility to corrosion. Moreover, if the micro-
structure of solder for welding is changed after hot processing
(e.g, from austenite to martensite), its corrosion potential will
decrease.””®* When the solder acts as an anode and the rest of
the SS acts as a cathode, the SS will have a tendency to corrode
and lead to rust, leakage, and water pollution (Figure S2).

2.1.4. Stress Corrosion. Stress corrosion occurs under the
synergistic effects of tensile stress and corrosive media (Figure
2e). In the case of SS pipe, tensile stress can originate from the
fabrication and installation processes such as welding, hot or
cold working, and external loads. Further, the risk of stress
corrosion gradually increases with the rising concentration of
halide ions in DWDS.®® For instance, the heat-affected zones
(the region where the base metal remains in the solid state but
undergoes significant microstructural and property changes
due to the welding thermal cycle) formed by welding in 304 SS
and 316 SS have undergone stress-corrosion-induced cracking
in the presence of chloride ions in DWDS.*®” After corrosion
occurs, cracks propagate perpendicularly to the direction of
tensile stress, expanding through transgranular, intergranular,
or mixed modes.”® Although the corrosion products resulting
from stress corrosion are limited, they are often difficult to
observe with the naked eye and can lead to the rupture of
water pipes, making it a hazardous form of pipeline failure.

2.1.5. Microbiologically Influenced Corrosion. Micro-
organisms present in SS pipelines and tanks can actively
contribute to corrosion and exhibit detrimental impacts on the
water quality (Figure 2f). Microbiologically influenced
corrosion is directly triggered by the life activities of
microorganisms or by the substances produced through their
metabolic processes. The microorganisms reported to induce
SS corrosion are primarily through the synergistic interactions
of SRB and IOB. In this process, SRB and IOB collaborate to
form a biofilm on the metal surface. The biofilm typically
consists of extracellular polymeric substances and corrosion
products produced by SRB and I0B.”””® I0B consumes
oxygen in the medium, creating a suitable anaerobic environ-
ment for the SRB. SRB will then use elemental iron as the
electron donor to produce energy for maintenance, sub-
sequently leading to corrosion of SS.

2.2. SS Corrosion Scale. As the corrosion process
progresses and corrosion products gradually form, corrosion
scales can develop on the surface of corroded SS pipes and
tanks. In the operation of DWDS, corrosion scales have been
observed in valves and pipes.””" In terms of the structure of SS
corrosion scale, the typical morphology is the multilayer
hemispherical pod-shape” (Figure 3a). Such SS corrosion scale

generally develops on corrosion pits (Figure 3b), where metal
hydroxides continuously migrate from the pit to the SS surface.
Under hydraulic forces in DWDS, corrosion products
accumulate and adhere to the SS passive film.’>*" Eventually,
as the size of the corrosion pit gradually grows, the amount of
dissolved metal increases, leading to a further expansion of the
corrosion scale. In addition, microscopic crack structures can
be seen in the SS corrosion scale (Figure S3), and the cracks
are likely to accumulate and release heavy metals into DWDS.

In terms of chemical components of the SS corrosion scale,
the primary elements of the corrosion scale are Fe and Cr,
including FeO, a-FeOOH, y-FeOOH, Fe,0;, Fe;0,, CrOOH,
and Cr,03.”'”7? Their generation pathways are shown in
Figure 3c,d (for the specific chemical equations, see Table S3).
Fe and Cr in SS undergo anodic metal dissolution reactions
with chloride ions in water, forming Fe?* and Cr**.”*”> The
formation of Fe" and Cr*" then induces continuous migration
of chloride ions into the pit to maintain electrical neutrality
and thus accelerates the reaction progress. Because of the
presence of free chlorine in DWDS, Fe?* is partly oxidized into
Fe**’® Further, Fe**, Fe**, and Cr** ions undergo hydro-
genation, which leads to the formation of metal hydroxides, i.e.,
Fe(OH),, Fe(OH);, and Cr(OH),.”” For Fe(OH),, part of
Fe(OH), transforms into Fe(OH); in the presence of
dissolved oxygen and further transforms into Fe;O, %"’
while the other part dehydrates and forms FeO and
FeOOH.”® Additionally, FeO can also be oxidized into
Fe;O, under the influence of dissolved oxygen.”"”> The
other hydroxides including Fe(OH), and Cr(OH), change
into FeOOH and CrOOH, respectively, by dehydration.””
FeOOH typically exists as y-FeOOH and a-FeOOH in the SS
corrosion scale. Specifically, y-FeOOH is formed in the early
stage of corrosion, then transforms into a-FeOOH as the
oxidation time increases.”’ As the reaction time prolongs,
FeOOH and CrOOH continue dehydrating and generate
Fe,0; and Cr,0,°" Notably, the continuous buildup of
corrosion products can hinder the diffusion of dissolved
oxygen within the scale. In situations where dissolved oxygen is
less than 0.5 mg L™ or the corrosion potential is over 300 mV
(SHE), FeOOH can transform to Fe;0,.”%””*>® The above
analysis demonstrates that within corrosion scales, coprecipi-
tation occurs among FeO, a-FeOOH, y-FeOOH, Fe,0;,
Fe;0,, CrOOH, and Cr,0;, constituting major components of
the corrosion products. Such components of the SS corrosion
scale could act as a source of metal ions, diffusing metal ions
into water and deteriorating water quality.
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as a function of time.”
Cr(V1) is the primary pathway of Cr(VI) release.”®
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% Reproduced with
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represent higher orders of magnitude in heavy metal concentrations in the corrosion scale.

Table S4.

578% The detailed experimental data can be found in

3. IMPACT OF SS CORROSION ON WATER QUALITY

3.1. Release of Cr and Fe. The release of Cr caused by SS
corrosion constitutes a potential threat to the water quality.
Cr(VI) exposure may lead to lung cancer, liver damage, and
reproductive impairment. Considering its acute toxicity and
carcinogenic properties, the U.S. EPA designates Cr(VI) as a
high-priority contaminant.”® Cr is found in the SS corrosion
scale, and it exhibits a content similar to that of Cr in the SS
itself, typically surpassing 12 wt %>>° (Figure 4a,b). In the SS
corrosion scale, Cr presents as spherlcal single crystals formed
by direct homogeneous deposition.”' Regarding the chemical
states of Cr in the SS corrosion scale, Cr exists in the forms of
Cr(0), Cr,05 and CrOOH. In the presence of free chlorine,
species of Cr(0), Cr,0;, and CrOOH can be further oxidized
to Cr(VI) (i.e., chromate CrO,*”) and release into
DWDS>**** (Figure 3d)

Cry(,) + 3HOCI + H,0 — CrO,*” + sH* + 3CI”

(1)

2Cr(y)(s) + 3HOCI + SH,0 — 2CrO,” + 13H" + 3CI°
2)

The release of Cr(VI) exhibits an initial rapid increase
followed by a subsequent leveling off with prolonged reaction
time in the HOCI solution (chlorine-based disinfectants, such
as NaClO and chloramines, commonly exert their disinfecting
effect by hydrolyzing to form HOCI) (Figure 4c). Throughout
the reaction, while Cr(III) oxides can transform into Cr(VI),
Cr(0) is the determining factor for the release of Cr(VI) in
DWDS. Compared with Cr(III), the accelerated reaction
between HCIO and Cr(0) results in a more rapid release of
Cr(VI) from SS (Figure 4d). This phenomenon occurs when

HCIO reacts with Cr(0) within SS after the destruction of the
Cr(III)-rich passive film on the SS surface.”

The release of Fe from SS is also a potential factor that
influences water quality. Although Fe does not possess toxicity
like Cr, the release of Fe can lead to the occurrence of red
water issue and impart a metallic taste, affecting the aesthetic
properties of water.”> The beginning of corrosion pits in SS in
a chloride-containing solution is attributed to the anodic
dissolution of iron from the SS surface.”” During the oxidation
process, FeO, Fe(OH), Fe(OH),;, a-FeOOH, y-FeOOH,
Fe,0;, and Fe;0, can be formed (Table S2), and present as
crystalline structures like lepidocrocite, goethite, hematite, and
magnetite™*° (Figure 4e). Due to the weak bonding strength of
these crystalline structures with the SS surface, the oxidation
products of Fe will ultimately enter water and affect water
quality as the hydraulic conditions fluctuate in SS tanks or
pipelines.”’

3.2. Release of Other Heavy Metals and Pipe
Leakage. The SS corrosion scale is susceptible to accumulat-
ing other heavy metals (e.g,, Al, Mn, Ba, Zn, Cu, Nj, V, and
Pb) from DWDS and releasing them into water, attributed to
the similar characteristics shared with the cast iron corrosion
scale. To investigate the mechanism of aggregation of heavy
metals, it is necessary to analyze the structure of the corrosion
scale. Similar with cast iron corrosion, the SS corrosion scale is
formed primarily by electrochemical corrosion with Fe”*° and
exhibits loose and porous crystalline microstructures showing a
high propensity to adsorb heavy metals from water (Figure
4e)."” While there is no reported literature regarding the
adsorption of heavy metals by SS corrosion scales, the
adsorption situation of cast iron corrosion scale can be used
to infer the elemental adsorption tendencies of the SS
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corrosion. Pitting corrosion occurs when the free corrosion potential (E,,) surpasses the passivity breakdown potential (Ep4). Higher pH leads to
larger difference between E,, and E,q, further lowering the tendency for pitting corrosion.*”'*” (d) Influence of temperature on SS corrosion,
where the increase of temperature causes the decrease of E,4—E,,,, and subsequent higher corrosion tendency.” (e) Influence of water flow by 6 h
on SS corrosion. The x-axis represents the vertical height between the water source and SS, which indicates the water flow rate. The y-axis denotes
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180 days. As the sulfate concentration increases, the total iron concentration in the solution rises, thereby intensifying water contamination.'>* The

original figure is placed in Figure S6.

corrosion scale. Al and Mn are the most abundantly adsorbed
metals besides Fe in the corrosion scale, attributed to the
influence of groundwater in the pipeline. In addition, trace
amounts of heavy metals such as Ba, Zn, Cu, Nj, Pb, V, As, Co,
and Cd are also detected (Figure 4f indicates the weight
percentages of heavy metals in the corrosion scale).*”** Given
the porous and loose microstructure, SS corrosion scales are
not firmly attached to the pipe or tank and can be easily
removed.”" In addition, the release of heavy metals from the
corrosion scale is easily influenced by the water condition.**
During the operation of DWDS, with factors such as water
flow scouring, fluctuations in pipeline pressure, or changes in
water source,”’ the corrosion scale and the contained heavy
metals will diffuse into water, leading to red water and heavy
metal release.

Induced by SS corrosion, leakage in SS facilities is also a
potential source of water quality pollution in DWDS.”® The
presence of water pressure and external forces (e.g, earth
pressure, residual stress) in DWDS can intensify stress
corrosion on the SS surface, resulting in heightened risk of
pipe cracking.”' After cracking, the pipeline is no longer a
closed system and will directly contact with soil. Pump
operation, pipe replacement, or valve closure/opening can
induce negative pressure, allowing soil particles, bacteria,
viruses, and other pollutants from the surrounding environ-
ment to enter the cracking point, leading to water
contamination in DWDS.

4. CRITICAL FACTORS INFLUENCING SS CORROSION

4.1. SS Elemental Composition. The properties of SS
materials fundamentally determine their corrosion resistance in
DWDS. The impact of materials on SS corrosion is primarily
reflected in the elemental composition of SS. Carbon (C) is
the most prevalent corrosion-inducing element in SS and has a
crucial role in intergranular corrosion. When SS is exposed to
high-temperature sensitization (450—850 °C) during SS
fabrication and SS pipe installation by welding, Cr,C; and
Cr,;C¢ can form in SS. The content of Cr,C; and Cr,;Cq4 tends
to increase as exposure time prolongs, contributing to the risk
of the aforementioned intergranular corrosion. Therefore,
controlling the content of C can be an effective way to mitigate
intergranular corrosion. When the content of C is less than
0.02 wt %, the tendency for intergranular corrosion can be
mitigated.”””* Sulfur (S) and manganese (Mn) are additional
elements that necessitate reduction in SS as they show a
propensity to form MnS during the steel smelting process.
MnS is susceptible to acidic chloride solution and often serves
as a corrosion source, diminishing SS resistance to pitting
corrosion and crevice corrosion.”* Generally, the maximum
contents of Mn and § in austenitic SS should be below 2 and
0.03 wt %.”

4.2. SS Manufacturing Process. The manufacturing
process of SS can affect its material properties, thereby
influencing its corrosion resistance in DWDS. The manufactur-
ing of SS materials and buried installation processes of SS pipes
mostly involve the thermal processing of SS, which is
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commonly implemented through SS welding. During welding,
SS undergoes short-term thermal cycles (rapidly heated and
reverted to the initial state), forming a heat-affected zone
adjacent to the welding position of SS. Short-term thermal
cycles can lead to the precipitation of chromium-rich phases
and detrimental intermetallic compounds (i.e., 6-phase and y-
phase. For specific information, see Table SS). This, in turn,
causes chromium depletion in weld and heat-affected zones in
SS and decreases corrosion resistance.”® Additionally,
chromium-rich phases can induce uneven microstructures at
grain boundaries in heat-affected zones. Electrochemical
analysis indicates that these chromium-rich phases increase
the sensitivity to pitting corrosion and the difficulty of
repairing passive film on the SS surface.””

4.3. Water Condition in DWDS. 4.3.1. Chloride lons and
Free Chlorine. Although SS can form passive film to avoid
further corrosion, the passive film is sensitive to chloride ions,
which are the main cause of pitting corrosion and crevice
corrosion in DWDS. When chloride ions attack the passive
film, they penetrate the film along paths between nanocrystals
and amorphous regions (i.e., the two phases are generated
during passive film formation), finally reaching the interface
between the SS substrate and passive film (Figure Sa). Such
chloride ion attack results in the creation of a microscopically
uneven interface structure and the initiation of corrosion pits.47
On the other hand, free chlorine tends to non-homogeneously
adsorb on the bare metal surface and accept electrons from
either SS substrate or oxidized ferrous ions, leading to the
formation of FeO, a-FeOOH, y-FeOOH, Fe,0; Fe;O,
CrOOH, and Cr,O; in DWDS. This process leads to the
formation of concave sites that facilitate chloride permeation,
thereby amplifying corrosion.”® Compared with the down-
stream SS pipe in DWDS, the area surrounding the dosing
point in the drinking water treatment plant tends to cause
severe SS corrosion due to the release of free chlorine.”
Additionally, as described in Section 3.1, free chlorine can
directly react with Cr(0) and lead to the formation of Cr(VI),
which negatively impacts the water quality in DWDS.

4.3.2. Dissolved Oxygen. The corrosion rate of SS is
significantly impacted by the presence of dissolved oxygen in
DWDS. When the passive film of SS is penetrated, dissolved
oxygen will participate in the electrochemical cell reaction and
facilitate the oxidation of SS. As the dissolved oxygen level
becomes higher, both anodic reaction from the corrosion
initiation points and cathodic process on the SS passive film
will be accelerated.*® Figure Sb illustrates the range of perfect
passivation, which is defined by the difference between
repassivation potential and pitting potential (E,,—
E....)- %79 Within the range of perfect passivation, the pit
initiation and propagation of existing pits are inhibited. As the
dissolved oxygen concentration rises, the range of perfect
passivation gradually diminishes, indicating a decreasing trend
on corrosion resistance. Additionally, the stability of the
passive film is also influenced by the dissolved oxygen.
Dissolved oxygen tends to be adsorbed into oxygen vacancies
(i.e., point defects on the passive film), hindering the
annihilation of oxygen vacancies during passive film formation.
As dissolved oxygen concentration transitions from low to
high, the gradual increase in oxygen vacancies can deteriorate
the passive film.'”*™'% Taken together, it is imperative to
avoid excessive dissolved oxygen in DWDS to inhibit further
SS corrosion.

4.3.3. pH. pH influences the pitting corrosion of SS via
affecting the passivity breakdown potential (Ey4) and corrosion
potential (E,,) of SS. Pitting corrosion occurs when E,, is
higher than E,;,'% and a larger disparity between E_,,, and Ey4
reduces the likelihood of pit initiation. An example of the pH
impact on Epq—E,,,, is presented in Figure Sc under conditions
of a fixed chloride content of 1000 mg L™ and a temperature
of 20 °C. As the pH value rises, E4—E,,,, gradually increases,
subsequently contributing to the gradual improvement in the
corrosion resistance of SS.*'”” Additionally, regarding the
impact of pH on the SS passive film, the film thickness displays
an obvious linear increment with an increasing pH value.
When the passive film thickens, the corrosion resistance of SS
is enhanced.'”® As the pH rises from 6 to 8, Cr(IIl)—Fe(1III)
hydroxides undergo a higher extent of hydroxylation,
indicating lower redox activity with chlorine and releasing
less Cr(VI) into the water.'” Therefore, maintaining a
subalkaline environment in the DWDS is of great importance
for preventing SS corrosion and water contamination.

4.3.4. Temperature. Water temperature exhibits a strong
association with the SS corrosion rate."'’ In the presence of
chloride, higher temperature can expedite the process of pit
initiation by facilitating the transition from a metastable to a
stable condition for pits.'’”'"""* The influence of temper-
ature on the E4—E,, value of SS is presented in Figure Sd.
Rising the temperature renders a decreased Ep4—E,, value,
indicating an increasing tendency for corrosion. It is worth
noting that when the temperature exceeds 40 °C, the slope of
the curve decreases, and the impact of temperature on SS
corrosion tends to stabilize. Additionally, the strength of the SS
passive film diminishes with rising temperature.”” With
increasing temperature, the passive film is observed to exhibit
greater porosity, thereby weakening its protective capabil-
ities.""? Given the operating temperature range of water pumps
(40—60 °C) in DWDS, it is crucial to pay attention to SS
corrosion prevention in high-temperature environment.

4.3.5. Flow Rate. The flow rate in DWDS is a critical factor
for SS corrosion. SS pipes receive both radial and lateral fluid
shocks during the DWDS operation. The critical flow rate for
corrosion-induced damage in 304 SS typically ranges from 9 to
12 m s~ [a commonly used jet impingement equipment was
applied, testing conditions involving a 90° impact angle, a 3
mm jet nozzle, and a S mm standoff distance, using a 3.5%
NaCl solution with 2 wt % silica sand (75—150 mesh)]."**~'*
Exceeding this threshold results in a significant acceleration of
the SS material degradation. Although the passive film may be
damaged at flow rates as low as 0.6—2.8 m s71, it can maintain
its protective function through dynamic self-repair. Therefore,
the threshold for erosion-corrosion can reach as high as 9—12
m s> However, it is worth noting that mechanical fracture
may still occur on SS at lower water flow velocities."'” Under
the influence of SO,*~ and CI, regrowing the passive film to
its initial state within a limited time is challenging, thereby
elevating the risk of corrosion in lower water flow rates. Figure
Se illustrates the influence of water flow intensity on SS
corrosion at various hydraulic heights,"'® which can reflect the
impact of flow rate on SS pipe corrosion, with the liquid
distributor operating at 1 m/s. A higher Ny, signifies increased
oxygen vacancies or cation vacancies in the passive film, which
make SS more susceptible to corrosion. As the vertical
hydraulic height increases, N, increases and renders a greater
potential for SS corrosion.
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Figure 6. Approaches to prevent SS corrosion, including the aspects of material composition, manufacturing technique, and water conditions. (a)
Additional metal elements for anticorrosion reinforcement, in which interstitial or substitutional solid solution is formed in SS. (b) Dispersion
strengthening, i.e., strengthening is performed by introducing nanoparticles in base metal. (c) Surface treatment methods, including acid passivation
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4.3.6. Sulfate. Sulfate demonstrates a crucial influence on SS
corrosion. Its presence in DWDS primarily originates from two
sources: (i) groundwater, which is likely to contain excessive
sulfate or thiosulfate due to rock weathering."'”"*" (i) Water
treatment during which sulfate levels can be elevated by the
dosing of sulfate-containing flocculant (common forms include
CaSO,, MgSO,, Na,SO,, etc.). The impact of sulfate on SS
corrosion is generally manifested in the strong acidic
environment, while sulfate exhibits minimal impact in the
neutral pH level.'”*"*' However, the coexistence of both
sulfate and SRB can trigger microbiologically induced
corrosion of SS."** On the other hand, sulfate is also regarded
as a contributing factor to heavy metal release in DWDS.
Sulfate is not only related to increasing levels of Fe in the bulk
water causing water discoloration but also rapidly triggers the
release of heavy metals including Mn, Ni, Cu, Pb, Cr, and As
from the corrosion scale.”® Figure 5f illustrates the sulfate
impact on Fe release from groundwater pipe with corrosion
scale. The sulfate concentration increased from 75 to 300 mg
L™}, while the dissolved oxygen concentration gradually
decreased from 6.67 to 3.65 mg L™'. During this period, the

concentration of released Fe increased by nearly 3-fold [the
peak value exceeding 1 mg L™', which exceeds the standards
for drinking water quality in China (0.3 mg L™")]. The increase
in the sulfate concentration leads to a relatively anaerobic
environment in DWDS, then previously deposited ferric scale
can act as an electron acceptor in the electrochemical corrosion
and initiate ferrous iron release.'?® In this regard, the sulfate
content in DWDS needs to be strictly controlled.

5. STRATEGIES FOR IMPROVING THE CORROSION
RESISTANCE OF SS IN DWDS

5.1. Anticorrosion Strategies Based on the SS
Material Composition. 5.1.1. Metal Alloying. The corrosion
resistance of SS in DWDS is primarily determined by its
material properties, with alloying elements playing a crucial
role in setting the upper limit of this resistance. While Cr is
pivotal for passivating SS and improving its corrosion
resistance, ** "%’ simply increasing the Cr content is not a
practical solution due to cost and processability. In this regard,
beyond increasing the Cr content, adjusting the elemental
composition through the formation of interstitial or substitu-
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tional solid solutions within the crystal lattice of SS emerges as
an alternative strategy for enhancing SS corrosion resistance
(Figure 6a). In particular, when compared with the molecular
weight of Fe, elements with smaller molecular weights (e.g., N
and C) are incorporated into SS as interstitial solid solutions,
while elements with larger molecular weights (e.g., Cr, Ni, Mo)
exist in the form of substitutional solid solutions.'**~"**

The addition of Ni, Mo, N, Si, W, Ti, Nb, and Cu enhances
SS corrosion resistance through mechanisms, including
strengthening the passive film of SS and tuning its micro-
structure. First, the inclusion of Ni, Mo, N, and Si improves SS
corrosion resistance by fortifying the strength of the SS passive
film. Ni mitigates the electrochemical corrosion via increasing
the low-frequency electrical resistance of the passive film,"**"**
while the solid solution of N within the steel matrix facilitates
the repassivation of the passive film."*>"*® Mo contributes to
the formation of a molybdenum-rich oxide stable film, serving
as an effective barrier preventing the intrusion of detrimental
halogen ions."*”"** Similarly, an increased Si content in SS
improves oxidation resistance and fosters the development of a
uniform passive film."*” Second, W, Ti, and Ni facilitate the SS
corrosion resistance by tuning the microstructure of SS. The
presence of W hinders the pitting corrosion by delaying the
emergence of the detrimental intermetallic compounds during
thermal cycles (ie., o-phase and y-phase, which significantly
lower the SS corrosion resistance. For specific information, see
Table $5)."*%'*! Ti and Nb in SS promote the preferential
formation of TiC and NbC rather than Cr,C; or Cr,;Cy,
preventing intergranular corrosion by avoiding Cr deple-
tion."*>'* Third, the effect of Cu on corrosion is nuanced. Cu
exhibits a tendency to decrease its dissolution rate in an acidic
chloride solution, thus reducing the pitting propagation rate.
Additionally, in sulfur-induced pitting corrosion, the formation
of insoluble CuS can prohibit the initiation of pits. However,
high concentration of Cu (wt % > 1.58) leads to the
emergence of the &-phase in SS (an intermetallic compound
which increases the hardness of SS and is thus detrimental to
the passive film. For specific information, see Table SS),
thereby reducing SS corrosion resistance.'**'** Furthermore,
elements such as C, Mn, and S, which were previously noted
for their detrimental effects on corrosion resistance, should be
minimized.

5.1.2. Dispersion Reinforcement. Dispersion reinforcement
is promising for enhancing SS corrosion resistance by
uniformly incorporating hard particles into SS, which form
ultrafine second phases that are insoluble in the base metal.'*®
Introducing nanosized Y,0; or Y,Ti,O; (<50 nm) into SS
through oxide-dispersed strengthening (ODS) demonstrates
significant enhancement in corrosion resistance (Figure 6b, see
the chemical compositions of ODS 304 SS and ODS 316 SS in
Table S6)."*"~'* In the ODS S8, dispersed Y—Ti—O particles,
formed due to the addition of Ti in SS, serve as nucleation sites
for oxides. This reduces the amount of Cr required to form
Cr,0;, thereby enabling the formation of a passive film in
alloys with lower Cr content.'**"*>">! Additionally, the smaller
grain size of the ODS SS promotes the formation of a Cr-rich
oxide layer in SS. This is because shorter grain boundaries can
function as “short-circuits” for ions to pass through, allowing
for rapid diffusion of Cr in ODS steel during the repassivation
process, thus facilitating the formation of Cr,O; in passive
films.'>?

5.2. Anticorrosion Strategies Based on SS Manufac-
turing. 5.2.1. Surface Treatment and Structural Optimiza-

tion of SS. Surface treatment of SS is crucial for establishing a
uniform and stable passive film as the untreated passive film is
susceptible to damage due to residual rust from raw material
and slag deposited on the SS surface during the welding
process. In this regard, acid pickling serves as an effective
approach to remove surface impurities such as rust, oxidation
scales, and stains on SS. Given the higher reactivity with iron
oxide than chromium oxide, acid pickling aids in eliminating
chromium-depleted regions and thus enhances the corrosion
resistance of SS."°*'°" After acid pickling, which lays the
foundation for a better surface condition, acid passivation can
be conducted to form a uniform passive film. Acid passivation
utilizes a mild oxidant (e.g., nitric acid solution) to eliminate
free iron or other foreiégn materials, facilitating the formation of
the passive film.">>">® Specifically, SS pipes can be grouped
together during acid passivation and submerged in an acidic
tank to form the passive film (Figure 6¢c).

Polishing SS to eliminate surface defects also serves as a
corrosion-resistant measure. After processes such as casting,
forging, and heat treatment, the SS surface will develop an iron
oxide layer. If left untreated, the iron oxide layer may lead to
further expansion of oxidization.”® When the surface of SS is
rough or contains scratches, such defects may also initiate
corrosion.””” To remove such defects, mainstream SS surface
polishing methods include mechanical polishing, electro-
chemical polishing, and laser polishing. Mechanical polishing
uses friction to remove surface metal,">® while electrochemical
polishing immerses SS in a suitable bath (e.g., sulfuric acid and
orthophosphoric acid) for anodic dissolution under external
current.>” Laser polishing applies short laser pulses to melt
and resolidify a very thin surface layer in order to achieve a
smoother surface finish.'®° Among these techniques, the cost-
effective mechanical polishing is widely used for SS pipe
surface polishing, namely, applying the grinding brush at a high
rotation speed inside the pipe for the inner surface polishing
(Figure 6¢). The polished SS surface can thus prevent the
accumulation of deposits and the generation of surface
crevices, thereby facilitating anticorrosion.

Beyond SS surface treatment, preventing the formation of
crevices is an alternative and effective approach to inhibit
crevice corrosion of SS. Crevice corrosion is initiated at
crevices of metal-metal and metal-nonmetal junctions at
ranges from 0.1 to 100 um,'® such as connection points of
flange and welds with flaws (e.§., flaws induced by slag
inclusion and incomplete fusion).'®" Effective prevention of
crevices necessitates precautionary measures implemented
throughout the manufacturing and installation processes of
SS, including grinding and polishing the weld during
manufacturing, employing low sulfur rubber gaskets for
connections during pipe installation, and applying suitable
non-contaminating fillers to cover crevices.

5.2.2. Heat Treatment of SS. Heat treatment achieves grain
refinement and alleviation of residual stress, which are crucial
for preventing SS corrosion triggered by uneven thermal effects
or concentrated stress in SS manufacturing and installation.
Typical heat treatment methods include solution treatment,
stabilization annealing, and stress relief annealing. The main
difference among these methods lies in the heating temper-
ature (i.e., solution treatment > stabilization annealing > stress
relief annealing), while other differences like holding time and
cooling rate mainly depend on the SS size (Figure 6d). First, in
the solution treatment, heating facilitates the fusion of
chromium-rich carbides (Cr,C; and Cr,;Cs) and o phase
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(an intermetallic compound which increases hardness and
decreases toughness and elongation of SS. For specific
information, see Table SS) from SS grain boundary into
grain, preventing chromium depletion in passive film and thus
increasing SS corrosion resistance.**'** Second, stabilization
annealing is specifically applied for treating SS containing Ti
and Nb. To ensure that carbon in the SS predominantly forms
TiC and NbC rather than Cr,C; and Cr,;Cq, the annealing
temperature should be above the melting points of Cr,C; and
Cry;C4 while below the melting points of TiC and NbC, thus
preventing the depletion of Cr in grain boundary.'®*'* Third,
stress relief annealing is conducted by heating the SS
workpiece below the recrystallization temperature to release
residual stresses generated during manufacturing. This process
reduces the cracking tendency of SS without altering its
internal phases.

5.2.3. Surface Modification of SS. Surface modification
improves SS corrosion resistance via enhancing surface
smoothness and decreasing surface corrosion current.'®*
Coating SS surfaces with metal nitrides, metal oxides,
functionalized materials, and surface nitriding are proven
effective in anticorrosion.'®® Metal nitrides, including TiN,
(TiAlN, and CrN, coated by physical vapor deposition, not
only enable wear-resistant and antifriction performance for SS
surface which mitigate water flow impact but also provide
anticorrosion property. These metal nitride coatings are
chemically inert and consequently have a high corrosion
potential, preventing SS from corroding. The corrosion
resistance sequence of TiN, (TiAl)N, and CrN in NaCl
solution is CrN > (TiAl)N > TiN > 304 SS (Figure S7).'*
Metal oxides, such as TiO,, SiO,, and Al,O;, have also been
utilized for SS surface modification via physical vapor
deposition. These ceramic coatings provide effective electrical
insulation, thereby minimizing corrosion current.”’~""" Sur-
face nitriding is another technique used in SS corrosion
control, which forms a nitriding layer as nitrogen atoms
penetrate the surface of the SS surface. Nitrogen atoms tend to
accumulate on the SS surface and thus inhibit the dissolution
of fresh metal.'”"

5.3. Anticorrosion Strategies Based on DWDS Water
Condition. 5.3.1. Upstream Drinking Water Treatment. The
decisive cause of SS corrosion is the residual chloride in
DWDS for maintaining disinfection. Alternative disinfection
technologies are sought for reducing chloride amount and
enhancing SS corrosion resistance, in which ozonation offers a
promising and sustainable approach. As shown in Figure Ge,
steel showcases heightened corrosion resilience in ozonized
water. Ozone fosters the formation of a compact and thin
passive film on the SS surface, which increases charge transfer
resistance and thus reduces the anodic corrosion current in the
presence of chloride. Briefly, by adsorbing on the SS surface,
ozone undergoes transformation into oxygen radical (O*),
which reacts with the released electron from iron corrosion
reaction to yield O®". The generated O®” subsequently
coalesces with Fe, Mg, and Ca cations, leading to the
formation of a compact and thin passive film on the SS
surface. This passive film, comprised components such as
Fe;0, and CaCO;, imparts heightened stability to corrosion
scales, effectively inhibiting corrosion and iron release.'””'”
Considering the inactivation efficiency of E. coli, it is found
that, compared to chlorination alone, pretreatment with ozone
can enhance the disinfection efficiency of chlorine by 2.4% to
18.5%."”* The synergistic effect is mainly attributed to the

removal of chlorine-consuming substances by ozone. In this
regard, the synergistic effect of ozone and chlorine can protect
SS surface while enhancing disinfection effectiveness, reducing
the required chlorine dosage, and contributing to an
improvement in water quality.175 Apart from chlorine,
considering the higher sulfate content in groundwater, water
treatment processes including ion exchange, actived carbon
adsorption, electrocoagulation, electrodialysis, nanofiltration,
and double-membrane processes can also be used to lower
sulfate levels for alleviating SS corrosion.'”®

5.3.2. Corrosion Inhibitors. Dosing corrosion inhibitors can
adjust the pH value and lower scaling tendencies, thus
preventing the accumulation and diffusion of hazardous
heavy metals from the scale. Commonly used corrosion
inhibitors include phosphate, polyphosphate, orthophosphate,
and silicate (Figure 6f)."”’~""" The proper dosing of those
inhibitors can meet corrosion prevention requirements without
contamination of drinking water. Phosphate such as potassium
zinc phosphate (KZn,PO,(HPO,)) can impede both anodic
and cathodic reactions by forming protective layers on the
anodic and cathodic sites of SS surface, as shown in eqs
3—5."7% Phosphate also adjusts the pH value to maintain an
alkaline environment in DWDS,"®*™'®3 which enhances the
corrosion resistance as expounded in 4.3.3. Additionally,
dosing silicate inhibitors can replace water molecules on the
steel—liquid interface and form a more structured silicate film
on the SS surface, thus reducin% film defects and lowering ion
migration through the film."””"**'** It is also worth noting
that when adding corrosion inhibitors, the dosing limits should
be reasonably controlled to avoid a secondary impact on water
quality and the environment.

3Fe’* + 2P0O,>” — Fe,y(PO,), | (film precipitation on

the anodic region) (3)

3Zn*t + 2P043_ — Zny(PO,), | (film precipitation

on both anodic and cathodic regions)

(4)

Zn** + 20H™ - Zn(OH), | (film precipitation on the

cathodic region) (5)

6.1. Formation Mechanism of the Passive Film and
the Impact of Repassivation on Water Quality. The
resistance to corrosion of SS is primarily due to the presence of
the chromium-rich passive film. The passive film on SS is
crucial for its corrosion resistance and durability but its
formation mechanism and the impact of repassivation in
DWDS still remain unclear. The passive film on SS is
composed of nanocrystals and an amorphous zone, where
the formation of nanocrystals can create pathways for chloride
ions within the passive film. In this regard, studying how to
prevent the formation of nanocrystals within the passive film
and ensuring the creation of a homogeneous, stable, and Cl-
resistant passive film during passivation can significantly
enhance the corrosion resistance of SS in DWDS. Additionally,
the bypassivation process of SS involves a comprehensive
physicochemical reaction process that includes Cr, which may
cause water contamination. Further research is needed to
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understand the impact of the repassivation process on water
quality and its influencing factors.

6.2. Impact of SS Production and Installation
Processes on DWDS Water Quality. The corrosion
resistance of SS requires the appropriate SS manufacturing
techniques. Currently, defects such as crevices, incomplete
fusion, cracks, slag inclusion, and harmful phases are
potentially generated during the production and welding of
SS facilities. These defects are the main initiation points of
electrochemical corrosion of SS in the DWDS environment,
leading to water pollution issues of heavy metal release.
Currently, there is insufficient research on the impact of the
manufacturing processes of SS on corrosion and heavy metal
release from materials perspectives. Understanding the
cascading effects from SS manufacturing to SS corrosion and
then to heavy metal release in DWDS, and identifying targeted
manufacturing processes to alleviate critical defects, is of
paramount importance for the niche design of SS in DWDS.

6.3. Lifecycle Assessment and Techno-Economic
Analysis of SS Pipe in DWDS. Beyond the prevalent use
of 304 and 316 austenitic SS pipe materials, advancements in
manufacturing processes and material performance render
ferritic SS, duplex SS, and other types of austenitic SS
increasingly viable for pipeline applications in DWDS.
Additionally, emerging manufacturing techniques, including
physical vapor deposition, laser processing, and ion beam
treatment, have demonstrated the potential to enhance SS’s
anticorrosion performance through surface modification.
Nonetheless, these emerging materials and methods face
challenges related to cost-effectiveness, long-term stability, and
environmental sustainability. In this regard, it is essential to
evaluate emerging SS materials and SS with different
manufacturing techniques for use in DWDS from a lifecycle
assessment perspective, comprehensively considering material
performance, operating environment, cost-effectiveness, and
maintenance. This assessment could assist in elucidating the
complex trade-offs between the enhanced functionality of SS
pipes, the additional environmental burden they may impose,
and their techno-economic efficiency over the entire lifecycle,
using 304 and 316 austenitic SS as benchmarks. Further, this
evaluation could facilitate the application of proper SS
materials in DWDS and promote the development of greener,
more cost-effective, and efficient anticorrosion techniques of

SS pipes.
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