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1. INTRODUCTION

The word Corrosion originated from the Latin wombtrosus," which can be translated as "gnawed or
eaten away" in English. Corrosion which is commaefierred to as rusting of metals and metallicysllis
generally known as the deterioration or breakdo¥va substance as a result of its involvement with t
surrounding environment (Ogunlegeal, 2021). The definition mentioned above appliegitivally every
material. Although corrosion is as old as metald aretal alloys, it still constitutes a major concéor
metallurgical engineers since it is typically ursteod to be the loss of a metal due to the acficowosive
substances (Iseclat al, 2011). This is particularly when other effectscofrosion in metal are taken into
consideration, it can result in building infrastiure collapse and machine breakdown in industrial
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equipment, which is often costly to repair (costlyterms of losses or contaminated products, piatent
adverse effects on the environment, and possiblgrims of personnel health and safety). The cost of
corrosion repairs is estimated at $2.5 trillionearyworldwide and more understanding on how toléaitk

is a good step in the right direction (Hernandea Arroyave. 2020). To make judgements concernieg th
long-term integrity of a structure or component,aggurate assessment of the elements driving éonros
and rate of degradation is required (Roberge, 2008)ugh it might not be possible to completelynihiate
corrosion because it is a natural process, it @medntrolled in a way that increases the resiliesneg
usability of constructions and other structuredevliiso reducing the rate of corrosion (Olasunkag6®1).
Corrosion management uses a variety of scientificcepts to reduce and regulate the pace at which
corrosion spreads across materials. A summaryroéstf these techniques and concepts, includingriabte
selection, engineering design, cathodic and ardiection, protective coatings, corrosion inhitstceetc.,

is given by Olasunkanmi (2021). For a weld joinglaing techniques and welding variables are cruoial
the amount of corrosion that occurs within the weldievice that is connected (Rambabwal., 2015).
Understanding the different types of corrosionrigci@al for putting into practice the corrosion cart
management strategy that best suits that partityperof corrosion. Many of the structures in camnsion

and oil industries were joined together throughdivey. Investigating the effect of different typdsaelding

and manipulating welding designs on the corrosibthese structures can serve as a means of mitigati
corrosion. This will help to manage and control ¢berosion rate in any given material operating giwgn
environment. This work was set to update the kndgdebase of corrosion and draw attention to a newly
discovered forms of localized corrosion.

2. TYPES/FORMS OF CORROSION

According to Isecket al (2011), you may classify corrosion based on ype bf corrodent or medium it
occurs in, as well as the shape it takasrosion is thus divided into two categoridsy corrosion (known
as direct chemical corrosion) and wet corrosiorogkm as electrochemical corrosiods illustrated in
Figure 1, Aslanet al. (2022) distinguish between two forms of corrosiomiform or general corrosion and
localised corrosion.

2.1. Uniform or Generalized Corrosion

In interaction with a corrosive environment, a rigtanaterial will experience this type of corrosiacross

its entire surface. If the attack is evenly disitdxl, the corrosion is said to be uniformly gerisedl or
uniform corrosion. According to Lahiri (2017), whametal surface is exposed to a corrosive envieotym
uniform corrosion is the most typical types of caion that ends up fostering all-round loss ofkhéss.

The degree to which a corrosion product is soliygiécally determines whether the resulting surface
smooth or rough. This type of corrosion is most ramly seen in atmospheric, acid and general process
side corrosion. The impact of homogeneous corrasiva metal’'s outermost layer is seen in Figure 2.

According to Bahadori (2014), the management amdrebof uniform corrosion include:

1. Diminishing or halting the flow of electrons via
Coating exposed surfaces with non-conductive na$esuch as paints, lacquers, or oils
In the extreme case, reduce the conductivity oktiiation when it comes into touch with the
metal by keeping it dry.
Regularly remove conductive impurities.
2. Halt or slow the flow of oxygen towards the surfaéile fully achieving this is difficult,
coatings can help.
3. Prevent the metal from losing electrons by
Use metals higher in the electrochemical serigsateamore resistant to corrosion to prevent
the metal from losing electrons.
Use a protective layer that is more prepared te gjvelectrons than the metal it is protecting.
Implement cathodic protection and
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Making use of inhibitors.
4. The ideal metal to utilise releases a protectivid®ihat stops the process.

Regulating and monitoring temperature and envirartaidactors is also essential.

I CORROSION

|

Galvanic Intergranular
Erosion — Stress — corrosion
corrosion Crevice Cl'ﬂl:kllllg .
Pitting Corrosion fatioue
Exfoliation

Dealloying

Figure 1: Types of corrosion

Figure 2: Uniform corrosion

2.2. Localized Corrosion

The type of corrosion known as "localised corroSisrcharacterised as one in which specific areasive
severe attacks on the metal surface (Milella, 2@1b8}) this corrosion occurs on specific areas @bgrosed
surface under two broad circumstances: a heterogsratate for the substance or surroundings, dsawel
a specific concentrated influence due to the exégeof active biodiversity or reactive systefhe
consequences of localised corrosion are typicaltyrfore severe than those of uniform corrosion leea
deterioration occurs abruptly with very little use exposure to the environmefihe metal was soon
punctured by localised corrosion. These types ofosimn include fretting corrosion, stress corrasio
cracking, galvanic corrosion, erosion corrosiottjma corrosion, and corrosion fatigue.

2.2.1. Wormhole corrosion

According to Yanget al (2023), localized corrosion still needs to beestigated further as the lack of its
deep understanding is still a course of conceamngineering systems. They cited an example of @sion
environment where a form of penetrating corrosi@s wxperienced. They investigated the corrosion tha
occurred in a Ni-20Cr alloy attacked by molten fide salt, both experimentally and mechanisticalyd
they termed it 1D wormhole corrosion. The corrosi@s a localized one dimension, unlike the traddlty
known corrosions that are measured in three dirnaasor two dimensions. They concluded that this
corrosion could function as a mass-flow pathwaykendliffusional pathway that is the tradition leaglito

a rapid attack.
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2.2.2. Pitting corrosion

A prominent kind of localised corrosion is pittinbhe term "localised attack" refers to a type afa@sion
that only affects a small piece of the metal's matteleaving holes or pores in the affected anebsre
passive coatings or scales are presBoe to its increasing difficulty in identifying, @cipating, and
designing against, pitting corrosion is considesegreater danger than uniform corrosiBits normally
extend vertically, from the surface downward. Ading to Bhandaréet al (2015), the formed pits can take
diverse geometries, as illustrated in Figure 3, aredtypically hidden by corrosion products.small,
shallow trench could cause a complete engineeystes to fail with very little overall metal losk
addition to the localised loss of thickness, ruts pan also be dangerous because they act as sfes.
According to Kansarat al. (2018), pitting corrosion can be aggravated salt of a breakdown from the
protective coating or protective oxide film. Thepuotected metal quickly releases its electric charben
this protective layer breaks down, and the reacbegins with tiny pores with constrained chemical
processes that permit quick impa¢ariations in the composition of metals may exaatzht even more.
Pitting corrosion often occurs in carbon steel wagmosed to dirt, freshwater, brackish water, dndride.
Corrosion-resistant materials such as aluminium atainless steel are also susceptible in chloride
environment (Lahiri, 2017). Aslaet al.(2022) in their paper "Corrosion inhibition of staitilising several
families of organic compounds: Progress in the padtin the present”, discussed at length on gitim
metals.The application of materials with properties thettder them impervious to pitting in the specific
environment can effectively avoid pitting on metalsey notedPitting can be avoided by reducing the
concentration of chlorides around the serviceifgaind controlling the interior ambient temperatsp that

it never rises over the minimum needed for the natéo pit. Other precautions that can be performed
include establishing anodic/cathodic mechanismesitog metallic components with a protective layger
shining the outermost sections that are reachable.

2.2.3. Crevice corrosion

Metal-to-metal and metal-to-non-metal contact betwewo substances can lead to a constrained
deterioration known as corrosion in creviddsually, the crevice's gap is big enough to hajdid in place
but too small to let liquid pass througkccording to Kansarat al (2018), some of the important elements
impacting the corrosion of crevices are (1) crevaren, which is a primary determinant of corrosion
crevices. (2) Shape of crevices. (3) Type of makeromposition, and (4) Environmental conditions.
Consequently, corrosion within crevices or intéigdtcorrosion, as well as corrosion under depasit, be
brought on by cracking, slits, viewing angles, atenials on the surface of steel (Pedeferri, 20t 8)ay
also occur as a result of a loose washer or gasieallows liquid to seep between it and the metaface.

It may also occur beneath surface deposits and.gaalthis reason, bolted connections are rarely eyepol

in submerged applications, even if cathodic pratectan help reduce crevice corrosi@uolts are also
affected by crevice corrosion, as Figure 4 (akitates. While Pedeferri (2018) stated that coprosiithin
crevices must be addressed primarily during thgestaof development and construction, Tait (2018)
suggested that crevice corrosion could have bemrepted if the gasket had been properly tightewaith
would have prevented gaps (or crevices) from fogiatween the gasket and the flange face. In thetev
that crevice conditions cannot be avoided, theeet@p methods to stop them: cathodic protectioon(ir
anodes are commonly used in the case of stairttlesly er selecting a corrosion-resistant mateFigjure 4

(b) illustrates the usual shape of crevice cormdibe majority of industrial plants, including thaegolved

in the chemical-based, petrochemical, pharmaceutidastry, and food manufacturing industries, adlw
as biomedical, nuclear power, and structural emging as well as seawater and chloride-containing
solutions, suffer from crevice corrosion, whicheatf stainless steels (Pedeferri, 2018; Tait, 2018)
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Figure 3: Various forms or shapes of pitting corrosion (Blagiet al.,2015)

2.2.4. Galvanic corrosion

Galvanic corrosion, also known as bimetallic cannsis the term used to describe the deterioratian
results from the interaction of two distinct metials corrosive media. Two metals are connectechvaime

is the cathode (higher noble metal) and the otloeref noble metal) is the anode, where corrosicuce
more quickly than in an uncoupled state. Figura)zaad (b) illustrate this as they are shown. Hstakeck
(2018) found that galvanic corrosion could alsodagised by any situation that alters electrochemical
potential, including temperature changes and chemaactions in the surrounding environment. Gdtvan
corrosion cannot occur unless the anode and catiredsectrically connected and continuously expase

an electrolytic environment. The two most commateblytic environments are water and damp soil.

Anodic

Figure 4: (a) Crevice corrosion locations on a bolted conneftijdfiustration of Crevice form of Corrosion
(Pedeferri, 2018; Tait, 2018)
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Figure 5: (a) Galvanic corrosion of galvanized piping innemtion with bronze valve (Heidersbach, 2018), (b)
galvanic corrosion

For example, brass corrodes in a marine environmdrgn it comes into contact with steel screws.
Moreover, the steel corrodes in domestic water disalvhere copper tubing and steel are connected.
Bahadori (2014) noted that this type of corrosianrot occur unless three special features of tioisgss
are active:

Electrical contact is required between the metals.

A second path for the flow of ions and electron®cuired and

One metal has to be far more efficient at givirec#rbns than the other.

Bahadori (2014), stated that the three aforemeatiarharacteristics cannot coexist simultaneoushnin
environment to manage and regulate galvanic camostaking any of the following actions can help
achieve this:

Use coatings or plastic insulators between the Im&gebreak the electrical contact.

Select adjacent metals that belong to the same@tbemical series.

Make sure the area is dry and that liquids caneobime trapped, or coat the connection with an

impermeable substance to prevent ions from pasisinggh it.

2.2.5. Erosion corrosion

When solid surfaces come into contact with hardceennals, they erode away mechanically. The unaeyly
metal becomes susceptible to corrosion as surfaaéngs, usually mineral scale or passive films are
removed. Similar to cavitation corrosion, erosiorrasion arises when a fluid's motion eliminates from

a metal's surface, leaving new metal particularnp to deterioratiorizrosion-corrosion is accelerated by
fluid flow across eroded metal surfaces as opptsdighly fast fluid contacting the metal surfawdaich

is the distinction between erosion-corrosion andtation-corrosion (Tait, 2018T.his issue typically affects
pipeline networks or pipework, particularly at TiHts, bends, and abrupt changes in flow. Corrosim
occur to parts such as nozzles, pumps, impellest éxchanger tubes, valves, and orifices thasfiean
corrosive slurriedDamaged metal surfaces often exhibit curved or wikeeappearance patterns that point
to a well-established pattern of targeted attacksién corrosion is frequently particularly prormesoft
metals, such as aluminium and copper alloys, akasehetals like stainless steel, which rely on thyers

of oxides for protective purposes against corrogigahadori, 2014)When machinery or parts come into
direct contact with reactive sludge, the erosiorragion phenomenon can cause severe damage. This
exacerbates problems such as reduced efficiencyedred maintenance costs, and the possibility of
catastrophic failure leading to total breakdown dfewset al, 2014). For the control of erosion corrosion,
Kuruvila et al (2018) identified key areas that should be givensideration to be flow geometry, surface
finish, material selection, pH value and partidleesWanget al. (2014) asserted that some flow system
design elements that can lessen the effects ofoergsrrosion include using flanges, increasingoelb
radius, gradually changing the fluid movement, stiiing Tee joints for elbow joints, and using ikally
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made pipesSurface roughness-induced localised pitting coorosiill eventually give way to erosion-
corrosion. Reduced flow velocity will lead to a vedd rate of erosion and corrosion. Sliding abrasis
opposed to erosion-corrosion, happens when theréevis decreased below the allowable velocitytlim
If it is more severe, maximising the flow rate skilouteduce pitting corrosion. By using the propetenals
and techniques, erosion-corrosion's negative caesegs can be reducédew composite materials like
nickel-aluminium bronze alloy are an instance of/lmaterial preferences have evolved. Erosion-ca@mos
impacts can be lessened by increasing thicknesaulaerable locations and reducing particle size.
Controlling the sludge's pH levels and particlerdowill also help prevent erosion and corrosiomgure 6
shows erosion corrosion.
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Figure 6: Erosion corrosion (Khoshnaw and Gubner, 2019)

2.2.6. Cavitation

A common form of erosion-corrosion is cavitationeakage (Faest al, 2019).When liquid comes into
contact with a metal surface, Pedeferri (2018)st#hat this is when vapour bubbles form and explod
Cavitation destroys protective surface scales bigiog the collapse of gas bubbles within a fluilg#@get
al., 2015; Qiret al, 2018; Pendagt al, 2020). Figure 7 illustrates thidular and PetkovSek (2015) stated
that cavitation is a common problem that occursrwtugning turbines, pumps, ship propellers, andesl
Usually occurring around high-elevation areas gjéamachinery, on the pump impellers, or in thesgnee
of vibrations, such as inside cooling sheaths e$eliengine cylinders, this attack takes the fartoasely
spaced pits that provide a roughened surface &afaaflori (2014) By preventing air intrusion, reaggi
fluid pressure gradients, and avoiding significargssure dips within the liquid's vapour pressarege,
cavitation can be avoided throughout the desigs@Rarthermore, coatings could help slow down the rate
of material loss (Shree, 2021).

Figure 7: lllustration of cavitation corrosion

2.2.7. Selective leaching or dealloying

The selective or preferential removal of at least element from an alloy by electrochemical cooosor
the dissolution of the matrix material that a tygfecomponent in the alloy's composition is selestiiv
dissolved into the highly corrosive liquid, leaditegthe deterioration of its fundamental feature&nown
as de-alloying corrosion. This is known as selectdaching, selective attack, parting, or demétalion,
according to Kunduraci (2016) and Cerratal (2017).The majority of an alloy's active components will
enter solution preferentially during this procdsaying the remaining portion as a porous and mechby
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extremely weakened mass. In many cases, this éonrissnot visible to the unaided eye, but perforabr
fracture may occur due to the diminished strengthss dezincification is the most prominent examiple
other copper alloys also show aluminium, mangam@skel, and cobalt selective etching.

In gold-silver and lead-tin alloys, copper is sfieaily targeted, but in copper-silver alloys, sitvand tin
are selectively attacked. Generally, the noblgrassive element does not corrode; the more reastéweent
does (Pedeferri, 2018). Figure 8 illustrates tinsl lof corrosion. Alloys prone to dealloying areske made
up of elements having widely disparate oxidatioteptials. To synthesise porous compounds with enhanced
catalytic capabilities, scientists have taken Usta® fact that dealloying yields porous metals ifuraci,
2016).Thus, by carefully eliminating the more reactivetaheomponent of the alloy combination, it has
developed into a useful commercial technology fiating metal nano-porous structures (Zhahgl,
2013).Dealloying can be done chemically in a corrosiaefenvironment or electrochemically by providing
a voltage to the electroddigher precision in controlling the corrosion oadhing current is one of the
benefits of electrochemical dealloying over chefnitgsalloying. The process involves.

1) The alloy's surface is etched to eliminate thetrea@toms.
2) Clusters of the inert atoms that are still preseribe alloy/electrolyte contact rearrange and form
revealing the reactive atoms.
3) The freshly exposed reactive atoms are etched
4) Keep performing steps 2 and 3 until the dealloyiogt has penetrated the entire alloy.
Layer Plug

Figure 8: Selective leaching or dealloying corrasio

Grey cast irons become graphitized in saline candit agueous solutions, and some kinds of wates.
technique requires selective etching of iron toasme the quantity of graphite on the surface (Redef
2018). While the chemical reaction goes on, grapmtintains its size and shape, but the mechanical
qualities deterioratd.heir failures in plate heat exchangers are rareesselective leaching may be avoided
by using the appropriate material for each appticaf-aest al.,2019).This implies that choosing the right
kind of material is one method of controlling degihg corrosionEnvironmental management can help
minimise selective leaching and sacrificial anoddhadic protection or impressed current cathodic
protection are two efficient ways to reduce dedatigycorrosion. To reduce dezincification, for exaenp
cathodic protection or oxygen elimination can bedjslbeit they are usually not cost-effectid¢hen the
surrounding environment is less hostile, dezinatfan decrease#\s a far less sensitive metal alloy, it is
often utilised For example, 15% Zn concentration makes reddissshraarly impermeabl8uperior brass

is manufactured by adding 1% tin to 70-30 brasm(eadty metal) (Bahadori, 2014).

2.2.8. Microbiologically influenced corrosion (MIC)

Microbial corrosion, commonly referred to as miaadbgically influenced corrosion (MIC), is corrosio
caused by the existence and activity of microograsiMicroscopic organisms are living things that are
invisible to the unaided eye. They can be foundirtually every natural aquatic environment as veslla
wide range of industrial fluids (Bahadori, 2014ji%&ad Umoren, 2020)As sulphate is abundant in many
systems, including saltwater, brackishwater, amgtalgural runoff water, sulphate-reducing bact¢8&B)

and sulphate-reducing archaea (SRA) have beenstxtdnstudied as the main causative microorganisms
in MIC for decades (Jiat al.,2017a; Jiaet al, 2017b).Although microbes require water to survive, MIC
cannot exist without it. MIC is currently known Isgveral names including microbiological corrosion,
biocorrosion, biodeterioration, and microbially irogd corrosion. Biocorrosion is a term that is Ingiog
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more popular in Europe and South America as atresukcent developments in the United States, the
expression "biocorrosion" is now used to descrilmeosion inside human beings, such as implantsethu
by both biotic and abiotic processes, which is eisgilg confusing (Little and Lee, 2014h many industries
where organisms adhere to surfaces, microbiofitmé&tion (MIC) is a problem because it affects csion.
Water systems (Rhoad= al., 2017), power generation facilities, petroleum nefies, petrochemical
manufacturing equipment, steel plants, paper faxtpas well as maritime infrastructure, are alhetable

to MIC because of high microbial populations, iriignt control, as well as stasis or low flow cdiahs
and temperatures that allow microbial survivalt{eiet al, 2020).This is a major factor in the deterioration
of various metals and alloys, which leads to caomsvrecks, collapses of infrastructure, and finahc
losses; itis a worry for many industries, incluglihe aviation, natural gas, and crude oil se¢®leckwood,
2018).Marcialeset al. (2018) reported that MIC is believed to be accahblat for 20 to 40% of corrosion-
related localised issues, while &f al. (2018) recognised that MIC is a difficult problémthe oil and gas
sector and is accountable for over 20% of pipetiagradationThe majority of MIC appears as pits that
form beneath biodeposits, biologically active maigsy and clusters of living thing$his biofilm growth
creates a shielded environment where corrosion lexetes and conditions can get quite severe.
Microbiologically induced localised corrosion malga@result in dealloying, enhanced erosion-cormsio
increased galvanic corrosion, stress-driven casrosracking, and hydrogen-induced embrittlieménis
believed that deterioration that has an undetemin@aeise could be permanently related to M3@en this
scenario, it is necessary to look into differerevy@ntative measures because of the limited compséire
and relatively considerable destruction (Saji amdotten, 2020)Khanet al (2021) proposed an overview
of MIC prevention and control techniquéte claimed that MIC characterization, monitoringg nspection
are crucial for preventing, controlling, or evennimiising these occurrencdsffective characterization,
monitoring, and inspection systems help preverttycosintenance and equipment failuBaracterization
can be carried out using bacteria culture, molecblialogy procedures, microscopic examination,
electrochemical methods (Kashkovslgy al., 2019) and rapid check tests. Only the equipmenstmo
susceptible to MIC requires inspection and monipiProcessing and transportation facilities, partidyla
pipeline systems, can be prioritised since theglawvincreased chance of corrosive substancesantbae
susceptible to MICCorrosion effects can be significantly reduced bing the appropriate materials. The
material's outstanding resistance to localisedosown, including pitting and crevice corrosionhig tmain
material section criteria for MIC activities whate attack is typically localise¥idela (2018) mentioned
coatings as an additional MIC preventive and cdntrethod.Using biocides to prevent and control MIC
issues is the most widely used method. Biocideslaeeicals (or mixtures of substances) that canimdite
microorganisms and prevent microbial grovithe location of the MIC within the equipment orifég will
determine which cleaning method—mechanical or chakatis usedin a corrosive environment, Figure 9
depicts the mechanism of microbiologically inducedrosion (MIC) (Tripathet al, 2021).

Water Dissociation m +[HS

8H,0

CS(OH] + 8H* H,S

Iron sulfide
formation Sulfate

reduction

D“M" : — : 8H* + 8

aH
aH, «— .

Iron

Figure 9: Mechanism of microbiologically influenced corrogioripathiet al.,2021)
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2.2.9. Inter-granular corrosion (IGC)

Inter-granular corrosion (IGC), a form of localisedconfined corrosion, is distinguished by animetion
for corrosion at the grain boundaries or surrougdegions, with little or no attack on the graibike other
types of localised corrosion, it primarily targé@tactive alloys exposed to specific corrodents ¢@adino,
2021).The restricted attack causes the grain to becormm@foalignment, which results in a decrease in
ductility and strengthWhen operating within grain boundaries, it weakstiength more than the same
quantity of total metallic breakdown spread equthiipughout the entire regioBuptaet al.(2015) reported
that inter-granular corrosion accounts for a sigaift portion of industrial failures involving stééss steel
componentsWhen a small area of grain-border material acemasnode and large portions of grain operate
as a cathode, energy is created that causes aajtack that deeply penetrates the metal and aotalbi
causes catastrophic breakdowns. In nuclear fuebcepsing, waste management corporations, and many
chemical manufacturing companies that use nitrid #NOs) as the process fluid, IGC is the main
corrosion concern (Fauvet, 2012). Intergranularrasion is affected by numerous manufacturing,
compositional, and environmental conditiof@everal factors have been identified as influendimg
heightened sensitivity in grain bordering areaspt@at al, 2015; Limet al.,2015; Xinet al, 2018):

a) Specific elements or alloys being separated, Hsicase of aluminium or nickel-chromium alloys.

b) A grain boundary that has been enriched with orte@tlloying elements, like brass.

c) The erosion of the element that resists corrodimmgethe grain boundary, which can be detected in

stainless steel.

Heat exposure of the metal during welding operatistress relief, and other heat-related activiighe
cause of all the elements influencing intergranat@rosion.After many hours of sensitization at 600
Figure 10 (a) shows the intergranular corrosiofl&f 304 austenitic stainless steel with 0.06%Gl@terri,
2018), whereas Figure 10 (b) shows a schematicatiagf intergranular corrosion.

Grain
boundary

b

Carbides at grain boundaries
Corrosion at grain boundaries due to regions of Chromium depletion.
. (a) . o (b) . e
Figure 10 (a): Intergranular corrosion of an austenitioletss steel AlSI 304 with 0.06% of C, sensitized at 600
°C for several hours (Pedeferri, 2018); (b) A schematistilation of inter-granular corrosion

Jayaraman and Arun (2017) pointed out that presermf inter-granular corrosion should take thedaihg
in to consideration.
(i) Use low-carbon stainless steels whenever possible.
(i) Choose stabilised and niobium-or titanium-alloyeadgs.
(iii) Both niobium and titanium react with carbon to fdime necessary carbides, which helps to reduce
the removal of chromium.
(iv) After welding, apply heat treatment.

2.2.10. Stress corrosion cracking (SCC)

According to Zhang et al. (2016), stress-inducedosion cracking (SCC) is a type of material detexiion
that is associated with environmental concernsiargfought on by the interaction between straimmfro
tensile stress and corrosive conditions. This coativn of static tensile stress, the environmemnd, &
some cases, the metallurgical state results inxéneree aspect ratio fracture that begins and spread
eventually breaks down components. Khalifeh (202pdrted that while a significant portion of theterél
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is devoid of the SCC phenomena, little sprout csagkw within it as shown Figure 11 (a) and 11 Hijure

11 (c) shows the three crucial elements requiredhfe early formation and propagation of stress+aedi
corrosion cracking: a sensitised substance, péatiemvironmental conditions, and sufficient temsitress.
SCC can take on several morphologies, such asgnaawular SCC (I-SCC) and trans-granular SCC (T-
SCC), and can take place in both fragile and dudilbstances, as well as metallic and non-metallic
substances. This cracking mechanism may be progloaiastrophic fractures in the structural matsaaid
equipment because it can occur at stress valuesutaanuch lower than those predicted by the preduc
Crack bifurcation is common in SCC-damaged comptemd in some situations, the amount of tensile
stress required to initiate this process may seebetno more than 5% of the yield stress (De-Meal.et
2016).

(@) (b)

(c)
Figure 11: Stress corrosion cracking (a) internal surfagexiernal surface (Mohtadi-Bonab, 2019) and (c)
requirements for SCC to occur (Khalifeh, 2C

Many types of SCC have been identified. When oxygéme chloride ion, and a high-
temperature combination are present, chloride SE@d in austenitic stainless steels under tensiss
from mechanical factors (Khalife#t al.,2017). The fracturing of stainless steel withimrosive conditions
and when there is an abundance of hydrogen is kresveaustic embrittlement (Parnian, 2012). Oil gasl
companies often deal with sessional cracking, amotype of SCC that initially appears when brass is
exposed to ammonia. This occurs when hydrogen slétonditions are applied to steels. Khalifeh (202
stated that if any one of the three SCC comporisrabsent, this type of breakdown will not occud an
cracking from stress corrosion will be avoided. fHfi@re, implementing one or more of the following
measures will aid in reducing the prevalence of SCC

Reduce Stress level

Removing hostile species from the natural surroogsli

Altering the component's composition or its eleraéstone potential solution
Applying cathodic protection

Regularly applying a layer of paint



60
S.E. Apeh et al. / Nigerian Research Journal ofitgeging and Environmental Sciences
9(1) 2024 pp. 49-67

Shot-peening to induce residual compressive stress

2.2.11. Corrosion fatigue

An alloy or metallic material experiences corrosfatigue when corrosive environmental conditiond an
repeated, varying stress combine to cause breaking a phenomenon that is more damaging than either
corrosion or overloading when done individually (@eet al 2019; Anye and Soboyejo, 2022). Under
operational conditions, metals and alloys may lmws&d to corrosive environments. In a corrosiveiumd
breakdown occurs at any tension when the total murob cycles is sufficient. The rate of breakdown
decreases with increasing pressure or load appliethg each cycle. Understanding that numerous
mechanical, environmental, and metallurgical factofluence the corrosion fatigue process makes the
complexity of the phenomenon clear (Ahmad, 2006)séefet al.,2016). As seen in Figure 12. Components
that are susceptible to this type of failure inelimbilers, aircraft wheels, rotors, heat exchahgezs, pump
shafts, and steel equipment. Pitting corrosiomieihas been shown to have detrimental effectsvaide
range of industries, including crude oil and ndtg@s, the nuclear industry and wind energy Larmtsa
al. (2017). Yousseét al.(2016) and Larroset al (2017) have identified many major areas whereosion
fatigue is most commonly found. These include: laffe platforms, drilling rigs, naval constructiond,

and gas pipelines, communication equipment, magitressels, the chemical sector, and the aerospdce a
power generation industries.

Figure 12: Variables that contribute to the corrosiomfetiprocess (Ahmad, 2006)

The two primary mechanisms of corrosion fatiguepading to Suret al (2015), are fracture initiation and
propagation. Anaee and Abdulmajeed (2016) howenatied that this type of corrosion necessitates four
steps, which are;

a) Initiation

b) Stage | of fracture propagation, having a crackalion that is approximately 45° from the direction

of the tensile stress.
c) Stage Il of crack development
d) the last breakdown

According to Anaee and Abdulmajeed (2016), FigiBelépicts the various stages of corrosion fatigue.
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Figure 13: The stages of development of a fatigue fracture

Evaluating the factors that contribute to corrodmtigue is crucial for effective control and minkation.
When evaluating the metallurgical aspects of thialée, proper material selection and consideraticthe
various manufacturing processes are crucial torerthe material can withstand the stress it isestibg to.

For the mechanical aspect of the variable, thagitgand frequency of the stress applied shoulgteced.
Critical consideration should be given to surfammatments including hardening and appropriate heat
treatmentThe third variable, the environment, can be chargedsing corrosion inhibitors, adjusting the
pH level in the working environment to lessen tloeresive action on the materials, and applying the
appropriate coating on the component surfaces.éeltreatments can prevent the initiation of the odicr
cracks and also reduce the rate of propagation.

2.2.12. Fretting corrosion

Friction or nibbling between two surfaces can cqusgressive wear known as frettifgetting corrosion,
according to Diomidist al (2011), is a hybrid of corrosion-related andtingt processes that include
deterioration at the points where two metal sudanéeractlt manifests as swirls or holes in the metallic
substance covered in corrosion by-produgtition oxidation, wear oxidation, and chafing acame other
terms for fretting. It can be found in mechanicainponents such as the roots of tube blades in esgin
automotive parts such as the separation of a naibaawheel from the axle as a result of vibratjdastened
elements such as riveted and bolted joints ancttetres, pumps and other equipment (Lahiri, 2017).
Fundamentally, fretting is a type of erosion coisnghat occurs in the absence of atmospheric omaist
According to the fretting corrosion mechanism, bogdagent breakdown first releases metallic pasicl
from the substance's top layer. The generatedcfemtsubsequently oxidise, creating substancedethad
the region between the two surfaces connectingwbecomponents. Repeating this practice leadssto i
rapid decline. Figure 14 shows corrosion with fngttThe following actions can be performed to reduce or
prevent fretting corrosion:

a) Reducing the relative movement of materials

b) Using materials resistant to fretting corrosion

c) Enhancing one or both materials' capacity to wathdtstress

d) Applying contact lubricants and

e) Vibration absorption using seals
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Figure 14: Fretting corrosion

2.2.13. Thermogalvanic corrosion

The phrase "thermogalvanic corrosion" describespibssibility of developing a temperature variation
involving the extremes of temperature domains wieorrosive substance is exposed to temperatungeha
while functioning in a corrosive environment (Ferdéz-Domenet al, 2011).Temperature changes affect
the cathode during the degradation process, dsethied portion of the surface functions as the arsodl

the cool portion as the cathode because of the eémpe-sensitive anodic characteristics (Anaee and
Abdulmajeed, 2016Elevated temperatures have been linked to increasesi of thermogalvanic corrosion
on the anode. Figure 15 illustrates this.

Figure 15: Thermogalvanic corrosion process (Anaee and Abdukin&ieto)

In many industrial areas, especially in producfaxcilities with heat exchangers, thermogalvaniada@sion
may be blamed for corrosion damalgeaddition, supply systems and pipes—especiatigehcomposed of
copper and subjected to continuous temperaturegelsanmay experience premature failure due to
thermogalvanic corrosion. According to Anaee andiiiimajeed (2016), the following actions can reduce
this type of corrosion:

a. The selection of an appropriate design

b. Refraining from variations in heating and cooling

c. Maintaining constant insulation for pipes that riegjtneat conservation to reduce heat loss;

d. Cathodic protection or coatings are applied

3. CONSEQUENCE OF CORROSION DAMAGES IN NIGERIA

Nigerians' lives are negatively impacted by coongiamage, either directly or indirectly, in teraigheir
economic and safety activitieGnvironmental deterioration is a major problem duition to safety and
economic issues. This study takes into accounditrend gas sector as well as the constructiorosect

3.1. Consequences for the Oil and Gas Sector

n acidic environment accelerates and facilitates ¢brrosion of engineered material$ndoubtedly,
deterioration, also referred to as corrosion, espnt in every facet of life, encompassing thedingl and
construction sector, nuclear power industry, foedcpssing and agriculture industries, transpormatio
petrochemical and petroleum industries, and ndgralir homes (Unueroht al, 2016).According to a
study by Mohammeadt al. (2016), 28% of oil spills in Nigeria are the reasofl sabotage, 50% are the result
of corrosion in oil pipes, and 21% are the resiutlioproducing operations. According to Obikeal.(2020),
the primary causes of pipeline breakdowns have blkewn to include mechanical problems, corrosiad, a
third-party activities/sabotage, in addition to gi®nal errors and natural disasters. Howeverpeion is
increasingly acknowledged as one of the main caotgspeline failures worldwideOyewole (2011)
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classifies the repercussions of corrosion failumés three primary groups: safety impacts, envirental
consequences, and commercial or economic effdetgproblem of property damage, injuries, and itéal
resulting from thermal radiation from a fire fedfigh-pressure venting fluid from the location afiptured
pipeline or leak can have disastrous consequencesfety. Pollution of the groundwater table araten
channels, both close to the damage and in theityicimere drain-down can occur is the main causthef
negative effects on the ecosystérhe Niger Delta oil leak in Nigeria has had a datghic impact on
people's socioeconomic conditions, agriculturalknemd water-related industries like fishifyoduct loss
can be used to identify pipeline corrosion issuesfa commercial and economic perspeclivievariably
causes revenue loss, jeopardises the companyttiepuand negatively impacts the business's eoamo
condition.In addition, Akparet al (2023) emphasised that corrosion has led to aiderable increase in
operating expenses for the pipeline business #ineeessitates frequent equipment replacement &sim
the deaths brought on by leaks and flarifigere were numerous fatalities, according to Nwitol Badejo
(2005).A second pipeline failure-related fire disasterttie Nigerian community of Adeje, Delta State,
claimed over 1,000 lives, according to Johnsbal (2022).

3.2. Implications for the Construction Sector

There's been a rise in reinforced concrete stractaliapses in Nigeria (Alet al, 2017; Bamigboyet al.,
2017). Many issues can lead to construction failure, idicly the use of inferior materials and the
substitution of amateurs or non-professionals fqeets by builders to save mondyore specifically,
structural quality of the used steel reinforcingsbdid not match the real design specificationscivis one

of the most often cited causes (Edal, 2015).Rebar's size and strength are essential prerezgiisit safe,
trustworthy, and long-lasting buildings and othieasturesHowever, employing inferior or inappropriate
materials or workmanship might lead to a strucsus#'uctural integrity deteriorating, which will Reait
incapable of withstanding trouble areas with maxiemad operational loading process€arrosion of
inferior made reinforcing bar is one of the mainuses of building and structural failures in Nigeria
according to multiple research (Bamigbogtal., 2017; Igibahet al, 2019).The necessity of closely
monitoring the production standards of the widebcessible, high-yield-grade reinforcement steel
manufactured and used in Nigeria's building sewts stressed his is due to the increasing prevalence of
locally produced reinforcing steel bars made frenag metal in Nigeria and throughout Africa (Banuge

et al., 2017; Igibahet al, 2019). For the imported reinforcement bar, itswasserted that most
private companies import materials, and becaussetlgpods are generally brought in from numerous
countries without going through a rigorous standatibn procedure regarding their structural
characteristics, the quality of imported produ@srot be guaranteed most of the time (lgibgal, 2019).
Buildings and other structures in a maritime envinent deteriorate significantly as a result of asion-
related issues, according to Ucheenal. (2021).

4. CONCLUSION

Man is constantly faced with different types ofresion, which can be seen in practically every area
human endeavour as long as the material beingisisegessary. Efficient measures can be takentigata
the incidence of corrosion and its detrimental @ffeon human well-being, societal economic endaayou
and the ecosystem. This can be achieved througfuatieunderstanding of the different types of ciamm
and management techniquésis review covered the different types of corrasind their respective
strategies for managing thefrhe review addressed the oil and gas and well nget&in industries, where
corrosion has had some detrimental effe€tsrrosion continues to be a major issue in theewevieven
though there may be other elements that contrifoutiee failure of buildings, structures, and evémsills.

In order to prevent the consequences that are edwerthe review, it is therefore necessary toiooously
monitor and assess corrosion in each location wihenay be suspecteth particular, when producing the
various steels used in the construction and oilgaslindustries, the organisations that overseguhbty
of domestically produced goods, such as the Stdr@eganisation of Nigeria (SON), the Council foe th
Regulation of Engineering in Nigeria (COREN), antiess, must make sure that quality standards are
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upheld.A prohibition on the entry of inferior materialganthe nation must also be pursued. More quality
control labs that can test any substance to deterits quality would help achieve thisnybody engaged

in the importing of inferior materials into the iat should likewise face disciplinary actions. Thi#l help
control and minimise the threat posed by corrosion.
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