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ABSTRACT

Impress current cathodprotections areommon method of protectirgieel structure from
corrosion attackThe structure are supplied with cathodic current that reduced the corrosion
rate. However if the magnitedof current supplied are insufficient, the structure will not be
able to beprotected and if the current supplied it toigh, hydrogen embrittelement may
occur. This research studies the effettcathodic current density on stainless steel by
electrachamical testing.A potentiodynamic polarisation test wasnductedwith stainless

steel 316L and 304 in a 3.5%aCl electrolytic solutionStainless steek resistance to
corrosion in most atmospheric environment, nonetheless stainlesssssesceptibleto

pitting corrosion. The effect and the behaviour of stainless steel 316L and 304 under
cathodic current are observed in this research as well. The metal surface was analysed by
Scanning Electron Microscope and Energy Dispersiveay. The test result imchte that

pitting corrosion occur more in 304 stainletsel On the other hand 316L stainless steel,

show a more pitting resistance and slow cathodic rate.



ABSTRAK

Perlindungan katod arus bekasan adalah kaedah yang sering digunakan untdkngielin
struktur keluli daripada karatarStruktur yang dibekalkan dengan arus katodik akan
mengurangkan kadar kakisan. Walau bagaimanapun, sekiranya magnitud arus yang
dibekalkan tidak mencukupi, struktur tersebut tidak akan dapat dilindungi. Sekiranya arus
yang dibekalkan adalah terlalu tinggi, kerapuhan hidrogen mungkin terjadi. Penyelidikan
ini mengkaji kesan ketumpatan arus katodik pada keluli tahan karat menggunakan
pengujian elektrokimia. Satu ujian pengutuban potensiodinamik dijalankan dengan keluli
tahan karat 316L dan 304 dalam larutan elektrolitik 3.5%NaCl. Keluli tahan karat
mempunyai rintangan terhadap kakisan dalam kebanyakan persekitaran atmosferik, tetapi
masihterdedahpada kakisan lubang/bopeng. Kesan Halakuankeluli tahan karat 316L
dan304 yang dikenakan arus katodik juga diperhatikan dalam penyelidikan ini. Permukaan
logam dianalisis menggunakan Mikroskop Imbasan Elektron dan Serakan Tenagé. Sinar
Keputusan ujian menunjukkan bahawa kakisan lubang berlaku lebih banyak pada keluli
tahan karat 304. Manakala keluli tahan karat 316L menunjukkan lebih rintangan terhadap

kakisan lubang dan kadar katodik yang perlahan.
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CHAPTER 1 INTRODUCTION

1.1 Stainless steel

Stainless steels are highborrosion resistance steel and iron loas#loy that
contain a predominant alloying elemearitchromium atminimum of 12%. The minimum
amountis required to prevent the formation of rustan ambient atmosphere. Hence the
designation stainless came abouthe added chromium in the steel creates a passive
surface oxide film which protects the underlying metal from corrosion. The oxides forms

and heals itself in the presence of oxygen.

The corrosion resistance of stainless steel may also be enhanceddudition of nickel

and molybdenum.

Stainless steel are classified by their constituent of the microstructure such as
austenitic, martensitic, ferritic or duplex (consist of both austenitic and ferritiajfidition
to the classification is the predaiion-hardenable (PH) stainless steel. This type of
stainless steel is basen the type of heat treatment used rather than the microstructure.
Austenitic stainless steel are the common stainless steel in the mratkbeg made up the

majority of it.

Stainless steel arsusceptibleo pitting corrosion. Pitting corrosion is a localized type of
corrosion whichs caused by the break do of the passivelexayer. Pitting corrosion en
autocatalytic process, where in the vicinity of pit it produce d¢ardihat both stimulate

and necessary for continuing its anodic reaction in the pit. Researches has indicate that the



addition of molybdenumn austenitic stainlesge®l increases the resistance of pitting in

austenitic stainless stg@dSM, 200Q William Smith, 1993.

Austenitic stainless steel are also venerable to stress corrosion cracking and intregranular
corrosion. Wha austenitic stainless steslheated toa temperature rangef 5107 8 0 e C,
they become sensitized to intergranular corrofBalasubramaniam, 201William Smith,

1993. Intergranular corrosion occurs due to the depletion of chromium adjacent to the
grainboundary. Inthe temperature range indicated, chromium will be removed frond soli
solution and will be precitate as C1:Cs at the grain boundary. This will occur when
carban content in stainless steel sgher than 0.02%. Since there will ldedifferent

polarity present atthe grain boundary and the region adjacent to the dvaimdary

corrosion will occur.

1.2 Problem statement

Cathodic protection is a common method of protectieglor metal structure that
is submerged underground or in an electrolyte via supplying electrons to the structure
(Hack, 1999. Supplying electron or cathodic current to the metailcstire being protected
will eventually bring down the corrosion rate to very low ratEentana, 1986P. R.

Roberge, 2000

There are two method of supplying the electrorthi® structure being protected, one is
known as a sacrificial anode, where a more electropositive metal (reactive metal) are

attached to the steel structife R. Roberge, 2000

The other method is impress current cathodic protection, where current is supplied directly

to the structure being pratied. Both methods have its benefit and its disadvantages.



In the research we will be focusing more on impress current cathode protection where

cathodic current is supplied bypatentiostat.

The fundamental of how cathodic protection works can be eaqgilaired with a pourbaix

diagram, in kgure 1.

FeO”
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0 +
~ 3 H'H,
S—

Redox Sy
Potential 2e i
v) 04 [— Fe o Fes0, _
2 S e
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HFeO,.
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Figurel : PotentialpH diagram for iron superimposed with® potential diagrandenoted
with the dotted line of (a) and (p)hmad, 2008.

Assuming a steel structure is being protected in an electrolyte with pH 6, at zero potential
the steel will corrod€anodic reaction) freely. However when a cathodic potentizd.8V
is applied, the corrosion rate will lower down the corrosion rate into the immunity state.

Thus the steel will not experience any corrosion.



As good as it sounds this system as a spiaiffall. In condition wherehere istoo high

cathodic potential (phenomena know as gwetential) supplied to the structure being
protected, the rate hydrogen evolution increases. The hydrogen gas released on the structure
will induce many negative eftts such as hydrogen embrittleement and brittle failure of the
structure being protected, which are considered a catastrophic failure with relative to a

general corrosion.

The phenomenon of owgotential usually occurs in an impress current cathoditegtion

system, this is due to the current supplied are powered by an external sourced. Many
factors are considered before applying and selecting the voltage for the impress current
system. For example fars such aanode placement and distance from $kructure being
protected, electrolyte resistance, type of coating on the structure, and surface area of the

structure being protected.

This research paper is focused on a small aspect on investigating the phenomena of over

potential of stainless steiel 3.5% of sodium chloride solution.

1.3 Research Objective and aims

It is well known that by applying cathodic current to a structure, the corrosion rate is
drastically reducedBarbalat et al., 20)3 However in the liteature review it will be
revealedthat in spite of cathodic current applied to structure, in certain ,caggemotes
hydrogen embrittlement and pitting corrosion. Asch the project paper seeks to

understand the nature of cathodic protection of stainless steel and the occurrence of pitting.



The objective of this research paper is

1. To plot the polarisation curve of stainless steel 316L and 304 in 3.5% NacCl.

o To invesigate the corrosion rate of stainless steel 316L and 304 by

electrochemical technique.

2. To identify the severies of pitting corrosiorby SEM methodon stainlesssteel

316L and 304fter the electrochemical test.

3. To identify the constituent of the pitstef the influence of cathodic polarisation

curve via EDX.

1.4  Scope of Studies

The scope of this research is to analyse and understand the effect of the over
potential phenomena of cathodic protection in an environment of 3.5% NaCl. It also studies
the effects of the pitting formation of both stainless steel 3116384 and their resistance to
the enviromentThe research primary focuses on the polarization curgetierminethe
point of corrosion ad the rate via electrochemical technigu&canning Ectron
Microscope (SEM) and Energy Dispersive Spectroscopy (EDS) are conducted on the

corroded surface to identify its properties present on it.



CHAPTER 2 LITERATURE REVIEW

This chapter give a comprehensive view on the cathodic protection, eleotioahe

measurement of corrosion rate and stainless steel pitting.

21 Cathodic Protection

2.1.1 Basic Reaction(Equation)

Cathodic protection is achieved by supplying electrons or cathodic current to the
metal structure to be protected. Humphrey Davywsas one of the first to used cathodic
protection on British naval ship in 18ZAhmad, 2006 Fontana, 1986 The principle of
cathodic protection can be explained via electrochemistry. For example a typical metal M
in an acidic solution will coode with the evolution of hydrogen gas belowmP. Roberge,

1999.
'T 1T BA - o - TA

# AOED Ak A O (

From the above electrochemical equation we understood that the addition of electron or
negative current will suppress the degradation of metal M, and with an excésstroineit
might causd the evolution of hydrogen. Therefore using the basic method of

electrochemistry, the cathodic protection technology has been developed.

There are two method of applying the cathodic protection principle first methods via
sacrificial anode and the other is via Impress Current Cathodic Protection (ICCRn For

example a stedtructure that wants to be protected is made a cathode by attaching it to an



anode in an electrolyte (which can be water or soil). Cathodic curremtpphed in the
structure, which reduce the corrosion rate thus bring the metal structure closer to an

immune stat¢P. Roberge, 1999

2.1.2 Sacrificial Anode

Current due o Electron Flow in Cable

Backdill

Steel Pipe (Cathode)

Figure2 : Sacrificial anode syste (P. R. Roberge, 2000

Sacrificial anode consists of a consumadiede thais relatively more electropositive than

the structue being protected. Take fan example the Figui® the steel pipe is attached to

an sacrificial magnesium anode under the soil. Magnesium amdideorrode which
supplies the electron to suppress the corrosion of the steel pipe, thus creating a simple
galvanic cel(Crundwell, 20190P. R. Roberge, 2000

'TTRAA - -C cA

This method of cathodic protection has its advantages suyéh Bs Roberge, 2000
1. No power source required
2. Low maintenance

3. Unlikely cathodic interference in other structure.



4. Relatively low risk of overprotection

The down falls of this relativelgimple system argHack, 1999P. Roberge, 1999

1. Limited power and current output.

2. Large structure or high resistivignvironment may requir@large number of anodes.
3. Anodes are required to be replaced frequently under high current system.

4. In some system, anode may increase the weight of the structure if directly attached.

2.1.3 Anode requirements in a sacrifital system

The anode in this system are required to
1. Have a more electropositive or higher position in the E.M.F series relative to the
structure being protected.
2. Have enough driving voltage to protect the structure in a particular electrolyte.
3. Have a sible operating potential over a range of current outputs.
4. Have the ability to consistently deliver high capacity of current per unit mass of
material consumed, trough out his lifetime.
The common anode that used instlsiacrificial anode system are maguaes zinc and
aluminium. Magnesium anodes are preferred than the rest because of its high current output

(Ahmad, 2006Fontana, 1986



2.1.4 Impress Current Cathodic Protection

The other method is by using an external power supply to prbtectructure, which is

known as Impress Current Cathodic Protection (ICCP).

DC Current Supply |
(Transformer-Rectfier)
| Cument due to Electron
Flow in Cable
- + —

Ground
Level

;4 -:::-\\_ T + Batiln

VY 1 I Groud
! 15 | lonic Current in Sof
-—

| ]

[ Consuma ble

\\ -— Anode
gt —

Steel Pipe (Cathode)

Figure3: Impress currentathodic protection systefi®. R. Roberge, 2000

ICCP systems are usually used in hagghrrent requirements or higlesistance electrolytes.
These systems consist ofaotive anodes which are usually made cast iron, graphite or
platinum coated graphite. The advantages of the following systeBal@subramaniam,
201Q Fontana, 1986Gurrappa, 2006

1. High power output and high current range

2. Larger protection areas alagge structure

3. Lower number of anode high resistive fluid.

4. Flexibility of current output

5. Applicable in almost any resistivity soil environment



The limitation of this ICCP

1. External power supplis required and running cost of external power consump$on
required.

2. Higher ri& of overprotection damage

3. More complg than sacrificial anode system

Blackfill are always used to increase the effective anode size and to lower the resistance of
the soils. A good conductivity of anode to the surrounding environment will reduce the
anode consumption.

There are many types of anode used in IGOBh as graphite anode, platinised anode,

mixed-metal aode, cast iron or scrap steel.

2.1.5 Type of anodes

Inert anodes are used for impsecurrent cathodic protectidsecause the differeacof
potential are supplied by an extal current supply. Therefore this systdoes not require
an anode that has a higher electronegativity. In impress current catheatection inert
anode used al&urrappa, 2006

1. Mild steel
2. Castiron
3. Graphite
4. Platinized titanium anodes

5. Mixmetal oxide anode

10



The anodes used in the impress current system are required to have long life. Therefore the
consumption ries of the anode are important.
The anode use in the impress current system must have few desirable prepehies

(Gurrappa, 2006

1. Good electrical propads

2. Low rate of consumption

3. Low-anode polarization

4. Good mechanical properties

Tablel : Anode consumption rate and current den@itsick, 1999

Material Anode currents density Consumption rate
(Amps/m?) (Kg/Amp.Yr)
Graphite 2.7-10.7 0.1764.84
High Silicon Cast Iron 10.753.5 0.662.42
Platinized anodes 267-1070 6-10Mg./Amp-Yr
Mixed metal oxide 267-1070 Very low

Usually anodes in the impress current system are expected to last-8@r yEars.
Therefore anode consumption rate are usecatulate the anode service lif@. R.

Roberge, 200D The anode services life is calculated by using the below

11
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2.1.6 Other factors System design

Other factors which have toonsidered before implementation ah impress current
cathodic protection system afdhmad, 2006P. R. Roberge, 2000
1. Corrosion damage under disbanded coating.
2. General current distribution and attenuation (non uniform distribution of cathodic
current die to anode placement and irregular distribution of resistance in the
electrolyte, distance of anode to the protective structure)

3. Stray current.

2.1.7 Corrosion damage of under disbanded coating

Many cases have been reported in failure of cathodic gitmtedue to disbanded in the
coating(Perdomo & Song, 200@ong & Sridhar, 2008 Buried ppeline are protectedith

the firstlayer of defence which are coating on the pipeline, and the second layer will be the
cathodic protection. Even after two protection syskecalized corromn is identifiedin the
pipeline. The root caugs later identifiedas disbondmenht the coating. Disbondment are

a major problem for pipeline coatinghen, Li, Du, & Cheng, 2009 In the presence of
disbondment in the coating, wateill enter the disbondment crevice area and create a
small electrolyte below the coating. F.Bong in his study explains that localized crevice
corrosion may occur under the disbondment and the cathodic current may not be sufficient

to reach the bottom of the crevice and protect the crevice.
12



2.1.8 General current distribution and attenuation

Theanode placement and the number of anode are critical to prateentine structure. If

there isinsufficient anode or improper placement (distance from the structure being

protected) of anode there will be insufficient current tdapzed the entire sicture in

order todecrease the corrosion rate. Therefore in this situatioe i@ be an irregular

current distributiorio the structure.

In other situation where impress current mayitailue tothe difference of resistance in the

electrolyte. Tak foranexampleaburied pipe under the ground which are filleith sandy

soil and swamp as thedectrolytes.

Table2 : Resistivity of DifferentP. Roberge, 1999

Electrolytes Typi cal resi st
Clay (salt water) <1000
Clay (fresh water) <2000
Marsh 10003000
Humus 10004000
Loam 300010,000
Sand >10,000
Limestone >20,000
Gravel >40,000

The currentwill always take the less resistive path, and therefore more current will pass

through the swamp and protect the pipe that particular section and less current will pass

through the sandy soil. As in some journals repotitadthe pH of the electrolytes very

much the current density used to protect the struct@randwell, 2010 Metwally, Al-

Mandhari, Gastli, & Nadir, 2007In Table 2 showthe typical resistance of electrolytes or

environment. In an actual catidn there may be morthanone electrolyte present in a

system, which makes it harder to predict the current flow and anode plaicantalso the

voltage selection.
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Liu Zhiyong studies the significant of na@table cathodic polarization effect on the SSC of
X80 pipeline steel(Zhiyong, Zhongyu, Xiaogang, Cuiwei, & Yunying, 2014n his

finding he concluded that nestable polarization will enhance both the anodic dissolution
and cathodic reaction which results in hydrogen evaiutibhe nomstable cathodic
polarization will firstly discharge the process of the electric double layer and accelerate the
mass transport step, which enhance the cathodic reaction of hydrogen evolution. Secondly
due to localized anodic dissolution may aceunder a nosstable cathodic polarization

(Zhiyong et al., 2014

2.1.9 Stray current

Stray current in fact dgs not cause muatamaye tothe structure being protectedwever

it causs damage to theearby structure. Stray current is currotving in the electrolyte

from an external source like a railways power ljHack, 1999 P. Roberge, 1999 Stray
currenttends to enter a buried structure in a particular location and exits in another location.
In location where the currents exits the structureyhere the most amount of damage

corrosion damage occurs.

2.2 Impress Current Cathodic Protection Failures

Cathodic protection has it down fall in condition where the structures being protected are
excessively negative potential. This will resuit hydrogen evolution on the cathode
surface which result in hydrogen embrittlement of steel. Wiillscause the structure to

lost its mechanical properties and lead to catastrophic fajBmebalat et al., 2013 heng

& Niu, 2007).
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ICCP is usdal in protecting large areas of structure, pipe or concrete underground or in
water. Oneof the important criteria in ICP is to know how much current to apply on the
steel structure to polarise order to protect it. The protection is appligden the potential

is about-850mV with a reference to copper/coppsulphate reference electrode. The
applicationof excessive negative potential leads to hydrogen generation at the protected
structure. This will lead to hydrogen embrittlement of the csétme, thus reducing the
mechanical propertig€€heng & Niu, 2007B. Huneau & Mendez, 200Bertrand Huneau

& Mendez, 2006Lindley & Rudd, 200L

SeongJong Km conducted a electrochemical studies of cathodic protection of steel
in marine structure. He suggestedttimposing high levels of impress cathodic current can
result in hydrogen embrittlement which can result in failure in dsigbngth steel,
particularly at welds. In his research he investigatex electrochemical effects of post
weld heatiteatment (PWH) of high strength steel under slow straater (SSRT) test using
sacrificial anode in natural sea water. In his findingS&M fractography, he identifietie
specimen has transgranufeaicturepattern wherthe potentialapplied waselow-854mV
(SCE)and a dimple pattern with ductile fracture wh&70~850mV (SCE)was applied.
Therefore the optimum cathodic protection rangetween-770-850mV wasnot causing
any hydrogen embritteleme@im, Okido, & Moon, 2003.

Study conducted by A.Oni proves that excessive impmssent cathodic
protection of dual phase low @yl steel influence the tensile and the yield strength of steel
(Oni, 1996. In his experiment hbadselected a dual phase steel with a profile o§iten
test dimension and immeidé in an electrochemical cell made from trifluoroethene resins
with pressure fitting. The specimemgere subjected to tensile loads at applied cathodic

potentials ranging from800mV to -1400mV SCE at strain rate of 1.4x¥8 until it
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fractural. A resilience modulus graph and tensile strength against the applied cathodic
protection was plited From the grapht is visible that the tensile strength incredhsas the
cathodic potential increadeand decreaskrapidly when tle applied potential reactie
1100mVsce It is believed thatCCP resulted in hydrogen generation, thus hydregetal
interaction whichoccured on the dual phase steel. The hydrogen atom entered into the
lattice structure, thus increasing the dislocatiathin the matrix. Thereforemore stress
arerequired to cause dislocations which explain this increase in strength. He cdriblide
the interaction resulting from hydrogen entry into the interstitial sites in the lattice structure
is due to the applicdan of excessive of cathodic current would have significant influence
in the strength behaviour of metal.

In a similar study conducted by SeKk Jang studiedon overpotential phenomena
of stainless steel 304316, 630 estimated that hydrogen embrittete occurred at
overpotentiabf -0.912V,-0.912V, and-1.07V for the respective stainless stgking, Han,
& Kim, 2009). In this test he uskstainless steel 304, 316 and 630 that aret casmonly
used as shaft material, structure bedrhe Cathodic potential was applied at room
temperature using an electrochemical apparatus to plot out a cathodic polarization curve.
From the cathodigolarisationcurve, information such as activation @atation and
concentration polarization for hydrogen gas generati@me extracted for each steel

sample.

Corrosion potential and current densitgredetermined using Tafel equation and analysis.

Where V is the overpotentia is the Tafel slopeandi is the current density (A/fand i

is the exchange current density.
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When therewasan over potential 0f0.912V for 304 stainless sted¢here was hydrogen
evolutionoccuredandan evidence of pitting corrosion was evident on the sample.-Beok
said therewas a possibility that this stainless steel would failure unde¥sscorrosion
cracking (SCC) due to pitting caused by the destruction of the chromiutle @essive

layer on tle steel.

Hydrogen cracking have been attributed to several cases of supermartensitic
stainless steel where the source of hydrogen was from the cathodic protection system
(Solheim & Solberg, 2013 In an ideal conditionthe over potential of theathode can be
controled by varying the applied current. However in actual environmental condition there
are many factors to be considered. For example steel pipelines which are buried under
ground that are being protected by impress current method hrenicéd by many factors
such as, conductivity of the soil, aeratiopermeability, acidity, humidity, sulfates
concentration chlorides concentration, presence of biological spesigay current, and
anode placement in I[CP systenfMetwally et al., 2007Solheim & Solberg, 2(8) .

In theory, current for cathodic protection system are determine in consideration of
the conductivity of the soil or fluid (V=IR) and the surface area of the structure being
protected (Fontana, 1986 Therefore the current density is an important facttr
determinethe effectivemessof the protection of the cathadsystem. Too much of current
density maycausethe generation of hydrogen in the cathpdetoo little it may cause
insufficient protection ofhe strudure. Alternating current has a negative effect on cathodic
protection. Study conducted by L.Y Xu ohet efect of alternating current on cathodic
protection on pipelines, descritbthat the effectiveness cathodicprotectionwill drop and

increasd the corrosion raté. Y. Xu, Su, & Cheng, 2013
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Z.Y .Liu investigatel the relatioship of stress corrosion cracking (SCC) , and
hydrogen embritelement of X70 pipeline steel under cathodic current in anewtel
pH of NS4 solution withslow strain rate tensile (SSTT) with various cathodic potential
(Liu, Li, & Cheng, 2012a The X70 steel sample had beejsctedthe with strain rate of
5x10°/s under 1200mV1030mV;925mV:890mv;850mV and-750mV untilit fracture.
The fracture surface was investigate ung&nningelectron microscope (SEM). While
conducting the experiment&a potentiodynamic polarizatio curves was measured to
investigate the electrochemical corrosion behaviour of the steel in thedNffion as the
effect of the occurrence of SCC. Z.Y.Liu believed that the applied potential has a large
impact on the failure mechanism of the X70 stééhen the applied potentimlasnegative,
the steel experience SCC under hydrogen embrittlement mechanism. While the applied
potentialwasmore positive, SC@vas under anodic dissolutiohle concluded that when a
steel is in a critical potential range, thieel will be in a nomquilibrium electrochemical
state, and anodic dissolution would occur under cathodic polarization potential. This will
contribute to the SCC under a combine effect of hydrogen embeitiemnd anodic

dissolution.

In another study Z'.Liu preformed an experiment to understand the occurrence of
pitting corrosion of pipeline carbon steel under cathodic prote¢tian Li, & Cheng,
2012H. In many cases, the SCC of pipeline failure was initiated from pitting corrosion
(Dong, Fu, Li,& Cheng, 2008 Z.Y. Lui agres thatthe knowledge behind the mechanism
of pitting corrosion on a cathodic protected structisréacking. Inhis experiment, ils
pitting corrosion were investigated with two techniquehich are, thesquare wave
polarization and localized electrochemical impedance spectroscopy measurement. Using

the technique above, he found that pitting corrosion could occur at two conditions under
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cathodic protection. The firstaswhere the steel experience a potential fluctuatiomdur
cathodic protection, thus reversed potential figisgenerated locally at the surface defect
which resulted of localized pitting. The secomdswhere the anodic reaction could take
place at localized area to initiate pitting corrosiinu et al., 2012h In an earlier
publicationZ.Y.Liu, explain that fluctuation polarization generated on the steel electrode
would disturbed the local doubtharge layer structur@iu, Li, & Cheng, 201} Under

these circumstances there would be tempgosaodic potential field, resulting in a local
anodic dissolution to nucleate pits. Local anodic dissolution which results in pits may occur

under an unstable cathodic polarizat{biu et al., 201120123.

Research conducted by M. Javidi on the mechanism of stress corrosion cracking of
APl 5LX52 steel in nedmeutral & high pH envonment under cathodic protection,
suggestd that there arédwo dominant mechanisms for SCC. When a pipeline is buried
underneath the ground, it experience two forms of SCC one is at high pH SCC and near
neutral pH SCQCheng & Niu, 2007 M. C. Li & Cheng, 2008 The high pH SCC of
carbon steel occur high concentration of biacarbonatéghtpH(911). This type of SCC
have a typical characteristics of intregranular fracture, small amount of lateral corrosion of
crack wall and sharp crack tipavidi & Bahalaou Horeh, 201L4The rupture of passivation
film from the crack tip and dissolutiont dhe grain bandary contributedto anodic
dissolution which results to high pH SCC. O other hand the neaeutralpH SCC are
attributed to hydrogen,atbon dioxide which often occur under disbanded of coting of the
buried pigelines. This from of SCC is characteesby transgranular crack, with quasi
cleavage and branching of the fracture surface, and lateral corrosion on cragksbeafi

et al., 2011D. G. Li, Wang, Chen, & Liang, 201Mustapha, Charles, & Hardie, 2012
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Under cathodic protectigthe API 5LX52 steel would still fail via stress corrosion
cracking mechanms. The dominating factors that promote these mechanisms are caused
by the first the stress experience by the steel and second the applied cathodic current. M.
Javidi concluded that the mechanisms of stress corrosion craskiegffected with the
appliedcathodic potentials. Therefore it is very important to identify the optimum potential

for any structure that is protected via impress current cathodic protection.

In a failure analysis journal conducted by University of Calgéhys article include
studes of reported case of pipeline faies which covers the effects of cathodiotpction
on corrosion corrosion fatigue crack, hydroganbrittlement under and stress corrosion
cracking of pipeline in service conditigBhipilov & Le May, 2006. A typical lifetime of a
pipeline is determined by the rate of crack propagatin this literature it pointedut that
cathodic protection increases the crack growth rate, and accelerate the crack growth, which
is due to hydrogen embrittlement caused by enhance hydrogen upthkesteel. However
there are some date which indicates that the cathodic Protection actually increases banding
fatigue strength. This is attributed to the interstitial hydrogen substitution which increase
the fatigue limit(Shipilov & Le May, 2009. It is more evidenthat cathodic current has a
significant impact on the mechanical properties of the steel structure being protected and

also increases the propagation rate of c(@ok, 1996 Shipilov & Le May, 2008.

In a similar study conducted by B.Hubeau, on the fatigue behaviour of a high
strength steel in vacuum in air and 3.5%NaCl solution under cathodic protection sdggest
that the cathodic protection condition leads to a reduction of fatigue lives of SE720 steels
compared with vacuuniB. Huneau & Mendez, 2003Both crack initiation poirst and
propagation stage are calculated and observed via SEM. The highest fatigue was measured

in vacuum condition, followed by air and the lowest fatigue Wiesis in NaCl solution.
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The number of fatigue cycle recorded in vacuum, air and NaCl with tdds.x450MPa

are 150,000cycle, ~50,000cycle and ~ 10,000 cycles respectively. The reductions of fatigue
life in air are attributed to the gaseous environment, water vapour and hydrogen effect and
oxygen playing a role in the crack initiation stage. la MaCl solution both reduction of
crack initiation and propagation stage was observed with reference to vacuum colmdition.
the NaCl solution hydrogen product are attributed form the cathodic protection. The
hydrogen contribute to strong embrittlementfifcture surface which characterized by
brittle intergranular crack observed in SEM. Bertrand Huneau also confirms the fact there is
a drop fatigue strength of high strength steel in saline solution with cathodic protection, as
he conducted the similar stywith SE720 steel. He conclutithat the hydrogen produced

by cathodic protection contributed to the fatigue crack growth rate of the steel. The
embrittlement occur via decohesion between prior austenitic grains or martensite laths

(Bertrand Huneau & Mendez, 2006

Wenhe Wang conducted studies of crevice corrosion for buried pipeline with disbonded
coating under cathodic protection. He studied the p@laoz potential,current density, pH

value and dissolve oxygen concentration in the creiang, Wang, Wang, & Yi, 2034

The findings of this investigation suggestéhat the applied cathodic protection may
increases the pH values in the crevice thus increase the rate of corrosion. Cathodic current
are unable to reach the bottom of the crevice and reduce the effectiveness of cathodic
protection. There is always a patial difference exist between the mouth and in section of
the crevice. The normal crevice corrosion mechanisms will take place thus reducing the
oxygen concentration and increase the pH values in crevice with Timewas cause by
potential drop in therevice due to solution resistance and current dissipation. High CP is

required to achieve corrosion protection at the crevice area due high pH concentration in
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the crevice. Higher CP will also increase the risk of hydrogen evolution near the mouth of

thecrevice(Wang et al., 2014

In a study conducted by F.Zucchi, on hydrogen embrittlement of duplex stainless
steel under cathodic protection in acidic artificial sea water iprgence of sulphide ion,
discovered that hydrogen embrittlement are stimulated with high sulphide amount and high
voltage of cathodic potentigZucchi, Grassi, Monticé] & Trabanelli, 200§. The tests
were conducted with different artificial sea water with Oppm, 1ppm, 10ppm, 30ppm of
sulphide ions. Sulphide ion concentration of 1ppm coupled with cathodic potential of
0.9Vsce are sufficient to initiated hydrogen entbement in duplex stainless steel. There
was a decrease of percentage of elongation of fracture of duplex stainless steel under air
condition and under acidic artificial sea water forl80ppm sulphide ion condition with
increasing voltage. From previostudies it was recorded that the diffusion of hydrogen
atoms through the austenitic phase is much slower than through the ferritiqphase
Chen, Liang, & Guo, 28, P. Roberge, 199%akroczymski & Owczarek, 2002From
this investigation, it is understood that increasing current density of a cathotéctiom
system in an environment that are rich with sulphide ions not necessary will increase the
corrosion protection, it might have harm effect on the mechanical properties such as

percentage of elongation to the structi@enel, Demirkol, & Urgen, 200Dni, 1996.

2.3 Stainless Steel

Stainless steel are iron base alloys that contain a minimum of 12% Cr grthat f
an invisible and adherent chromitmoh oxide film that prevent it from rust in unpolluted

atmosphere. The passive oxide film can be breach or broken down in certain aggressive
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environment condition(Ziaei, Mostowfi, Golestani pour, & Ziaei, 20L3Environment
condition such athe presence of chloride ions and acidic condition may locally breakdown
the passive layer and cause pitting corrosion. Presence of gll@jament such as
Molybdenum will increase the pittingprrosion resistant of the stainless s{@&ardo et al.,
2008a 2008k P. R. Roberge, 200@William Smith, 1993. There are four major types of
stainless teels. They areaustenitic stainless steel, mausdic stainless steel, ferretic

stainless steel, duplex stainless steel and precipithticsiened stainless steel.

Stainless steel 316L and 304L are austenitic stainless steel with low carbon content
and its typically used in food industry, pipelinedurstry (Smith, 1993 . In general the
austeniticstainless steek resistance to all industrial atmosphere and some acid media.
Stainless steel 316L, has a high corrosion resistance, high strength and high durability and
it are used in many marine applicati@@ai et al., 2010 However they are susceptible to
intergranular corrosion, stress corrosion cracking and localized corrosion such as pitting
corrosion and crevice corrosiq@ai et al., 2010Jin, Xie, & Tian, 2012 Intergranular
corrosion of stainless steel results from microstructuregds where chromium carbides
(CrsCs ) precipitated at the grain boundary and cause a depletion of chromium adjacent to
it. The difference in chemistry from the precipitates amal ddjacent induce corrosion to
occur(Matula et al., 20011l Most of the corrosion attack on stainless sséattswith small
pits formation and grows via different corrosion mechani¢Rsffey & Davies, 2014

Ziaei et al., 2018

S.S Xin conducted an electrochemical corrosibaracteristic of 316L stainless
steel in hot concentrated artificial seawater. In this investigation S.S Xin, immersed 316L in
artificial seawater havi ngXm&Lp 2014y Bornmutles o f €

immersion of 316L stainless steel 3 stages are observed, passive stage, transient stage and
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stable pittig stage. In the passive stage, it involves the dissolution of passive film and the
deposition of salts. At this stage the corrosion potential increase quickly and decrease
gradually at a steady corrosion state daethe salt formation. In the secorsfage
(transient), the corrosion rate decrease drastically due to the initiation and formation of
pitting corrosion. At the thirdstage (pitting), the active pits grow which are accompanied
with new formation of pits. Pitting corrosion attacks begin at abob®hrlof immersion,

with stage 1 with deposition of salts. The maximum pit depth was measured at 38um after a
year of immersion. From this experiment S.S Xin condiutiat 316L stainless steel has a

good pitting resistance to hot artificial seawater.

In another studies Congmin Xuwsuggestedhat the pitting resistance of 316L
stainless steekill decrease in thenedia of sulphateeducing and irofoxidizing bacteria
The corrosion potential, pitting potential and polarization resistance of stainles31€kel
will decrease in the presence of these bacteria, thus accelerating the pitting cqfosion

Xu, Zhang, Cheng, & Zhu, 2008

However it is well know that corrosion resistance or to f@cise pitting resistance
of stainless steel can be improved by the addition on molybdenum (Mo). Addition of
molybdenum into stainless steel increases the general corrosion resistance of the steel.
Molybdenum modifies the passive film composition andatttéve dissolution by formation

of insoluble oxidegPardo et al., 20082008H.

Stainless steel 304 has a slightly lower levels of chromium compare to stainless
steel 316l, it has an exage corrosion resistance to sulfuric acid solution. In comparative
study on corrosion behaviour of stainless steel 304 in sulfamicSt4H) and sulfuric
acid, revealed that the corrosion rate are higher in sulfuric acid than in sulfamic acid in all

condtion (Hemas & Morad, 2008
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2.4 Pitting Corrosion

Electrolyte surface

B IR

¥
MCl + H;O0 — MOH + HCI

Figure4: Pitting corrosion mechanisnfdhmad, 200%

Pitting mechanisms in steel, is shown in the stage below
Stage 1& & & A ¢A (anodic)

Stage2/ ¢ (/ Tt1A © 1/ ((cathodic)
Stage 3:& A#1 (/1 ©0 &A/JI (( #I

A pitting corrosion mechanism occurs three stages. lie first stage is the
dissolution of the iron The continual dissolution gdositively charge iron ionsn the pits
are electrostatically balanced bgions such as GIOH ions. OH ions migrate in slower
rate, compare to Cions which are smal(Loto, 2013. The three stages that is the
hydrolysis reaction, where iron chlorides are broke down. That results the formation of iron
hydroxide and drochloric acid. The presence of ins and chloride content prevents
repassivation and decreases the pH value in the(piltsad, 200§ This process is an

autocatalytic an it increases with time resulting in more metal dissolution.
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Pitting corrosion areaisually caused by the damage of the passive oxide layer of
stainless steel that expose the stainless stegjgressive environment. R.T Toto explains
the passive oxide film should be view as a dynamic {lloto, 2013. The passive film
break down and pit initiation are categorized into 3 main mechanisms. That is film
penetration, film breaking and adsorption. In the penetration stage, migration ioh Cl
occurs from the electlgte through the passive layer to the oxidetal interface by the
influence of high electrical potential. The film breaking mechanisms initiated with cracks,
inclusion, or defect on the passive layer will slowly expose small areas metal surface to the
electrolyte the initiated pitgAhmad, 2006 Loto, 2013. In adsorption mechanism, there
will be an increase of transfer cations from the passive film to the electrolyte. This process

will result in the thinning and the removal of the passive |@yeto, 2013.

2.5 Polarization Curve for stainless steel

Oxygen reduction region

Potential (V)

Hydrogen evolution reactn

log (Current Density)

Figures: A theoretical cathodic polarisation sod@nos, 2008

A cathdlic polarisation scans begin point 1 and ends at point 2. Point A is the
open circuit potential which is the sum of both anodic and cathedction occurring on

the electrode surface are zero. Regions B represent the oxygen reduction reaction and its
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dependent on the pH and dissolve oxygen concentration in the solutione Apghed
potential decrease, there will be no change in reaatoregion C, until the potential
becomes sufficiently negative for cathodic reaction to initiated. At point D to E& \thie

be a reduction of water, as such hydrogen evolution reaction occurs. Current density may

increases when the is a sufficient @ty force(Enos, 2008

The anodic polarization curve, is an important graph which provide information on
the corrosion rate and the actitgepassive transitiofAlvarez, Bautista, & Velasco, 2013
S.M. Alvarez conducted a studgn anodic dissolution on various type of austenitic
stainless steel in acid medium. He was investigating the influence of induce martensite
microstructure on the corrosidrehaviourof stainless steel. The electrochemical test was
conducted by using a Rattiostat, 2M HSO, + 0.5M HCL solution as an electrolyte, and
saturated calomel electrode (SCE) as a reference electrode, and stainless steel mesh as &

counterelectrode.

From his result (Figuré), it is understood that the maximum corrosion rate 0atlE=-
200mV. The corrosion rate continues to decrease with increasing2@mV) for all the

stainless steel until it reaches a passive state.
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Figure6 : Anodic polarization curves of the four studied austenitic stainlesssars in
0.5M HCI + 2M HSOy (Alvarez et al., 2013

S.M. Alvarez concluded that the induce martensite in austenitic stainless steel strongly
influence the anodic dissolution and the corrosion resistance of it. However the influences
of the corrosiorbehaviourare very much dependent on the distribution and the amount of

the marénsite in the stainless steel.

The anodic polarization curves also provide the critical voltage that are needed to be
avoided to prevent hydrogen evolution. In the case of previous joi@eael et al., 20Q2
Bertrand Huneau & Mendez, 2008im et al., 2003 Oni, 199§ on the influence of
cathodic current on the mechaaliproperties, Kenan Genel studige effect of cathodic
polarization on corrosion fatigue behavior of ion nitride AISI 4140 sf@elnel et al.,
2002. He obtained the anodic polarization curve for both nitride and non nitride AISI 4140

steel. Below in figure 7was his result of the anodiclpdazation curve.
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Figure7 : Polarisation curves of AlSI 4140 steel in deaerated 3% NaCl solution for
tempered and ion nitrided specimens.

The sample that is not nitride (quenched and tempeshdyysno visible activeto-passive
transition, unlike the nitrided sample. The natrided sample continues to corrode with

higher current density with increase of electrode potential.

On the other hand the nitrided sample, show a decrease in current density when the
electrode ptential was about900mV. At this stage the vertical line in the graph represents
the passivation, where the corrosion current density drop. Increasing the electrode potential
above-600mV, destroy the passive film and thus increase the corrosioGet.selected
threecathodic potentials which are from the passive, cathodic and thelatdic region
of anodic curve to conduct the fatigue test in 3%NaCl. Pote&@mV which lies within
the passie line,-1080mV potential that iwithin the cathodi line and-1500mV the over

cahtodic region.
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The result of the fatigue show that #¥&0mV was insufficient to protect the steel,
thus corrosioroccureed and the fatigue strength reducedt -1080mVits showed the best
result of corrosion protection ammtrease in fatigue strength. On the negative side potential
of -1500mV displays hydrogen evolution during the test, and a drastic decrease in fatigue

strength.

Put it into perspective, if an impress current cathodic protection is appliédSI
4140 seelwith a potential 0£1500nV in a3%NaCl environment it wouléventually fall
via hydrogen embrittlement. Howevyef there is achange in the electrolyteoncentration
in the soil, or change in distance of anode placement this current may not cauegdnyd
evolution on the steel. Therefore it is curtail to identify variable in the environment to select

the optimum potential.

L. Freirehad conducted a stuay electrochemical behaviour of stainless steel 304
in different solutios of pH (pH9, pH10, pH) with the presence of chloride ioffsreire,
Carmezim, Ferreira, & Montemor, 2011His aim was to study the passivation and
passivation breakdown of staistesteel 304 in different electrolyte. Results show that pH
has alargeimpact in the formation of film resistance, charge transfer and thus the anodic

dissolution.

30



0.6

Y 1,3, S ——
0.4
Wtssscvivanbaobaas s s
0.2
- Bais cidvsinsion snssnsnend e
w07
O
w
0
>
w 024
-04
-0.6
——pH 13
o—pH 11
H 9
-0.8 F: T T ¥ i
-8 -7 -6 5. -4 -3

log (j/A cm™?)

Figure8: D.C potentiodynamic polarization plots obtained ie imodic direction for AlSI
304 in NaOH+KOH solutions at different gii3,11and9) contaminated with 10%ad
(scan rate=10mVsit1l).

For theFigure 8obtain fromL. Freire work, itwasobserve that as the solution become
less alkalinetherewasa shift of corrosion potential to be in a more positive potential and
the pitting potential towards more a cathodicest&titting proceswasinitiated at a lower
potential for low pH solution, and an increasing trend of pitting potential as the pH
increases. LFreire concluded that in the presence of chloride ions, the surface films
formed a higher resistance and slightdwer charge transfer resistance, thus the drop in pH

makes the surface more sengtto chloride pitting attacks.
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26  New technology for cathodic protection

In recent times there a major improvement in corrosion prevefio metal and
steel. t is a common to reduce corrosion attack dypmcal protection of organic coating
and the common sacrificial anode and impress current datipodtection as discussed
previously(Lei, Liu, Zhou, Feng, & Du2013. However the protection meitl such as
sacrificial anode and ICCMas a limited life time due to the anatkgerioration. Ynan and
Tsujikawa suggested a new concept of photogenecatitabdic protection laygiYuan &
Tsujikawa, 199%h Later in the industry Park, was able to developed a method using a
semiconductor Ti@based photoelectrochemical to be photoanode (subsutitue for
sacrificial anode) for corrosion preventi@Rark, Kim, & Choi, 20012002. Now TiO,

films are used as photoanodes for cathodic protection of metals.

In a recent studies conducted by Caixiz Lei,mmoto generated cathodic protection
of stainless steel by liquid phase deposited sodium polyacrylate/iyOrid films
suggested that additiaf sodium polyacrylate improve the photochemical respond of TiO
(Lei et al., 2013 In his research he prepared sodium polyacrylate/Tiydrid films by
liquid phase deposited method. The hybrid films werel@ped with elemds of nitrogen
and fluorine which stimulate the respond to visible light. This new hybrid film could

provide sufficient negative phgiotentialfor the cathodic protection of 3G4ainless steel.
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CHAPTER 3 METHODOLOGY

3.1 Material

3.1.1 Sample andsolution preparation

Stainless steel 316L and 304 sourced from a local supplier and was manufactured in
Korea and India reggtively. The sample was cuttan1l0mm thickness and was mounted.
After the mounting a small section was drilled and a copperewias attached to the

stainless steel sample.

Austenitic stainless steel are generally t@rdenable via heat treatment and therefore are
used in annealed conditionBelow are the typical chemical compositions of both the

stainless steel

Table3: Chemical composition of stainless steel 316L and 304

Stg;g'eelss C% | Mn% | Si% | Cr% | Ni% | Mo% | N% S% P%
/Elements|
160 | 100
316L | 0.03| 200 | 0.75 | o0 | 7,9 [2030| 010 | 0.030 | 0.045
180 | 80
304 008 200 | 075 | o0 | f50 - 0.10 | 0.0 | 0.045

Stainless steel 316L and 304 that were alreadyto size of 15mm diameter and 10mm
length were mounted and abraded with 600, 1000, 1200-@@0gilicon carbide paper in
order to remove scratches and provide a smooth surface. Samples evergaghed by
distilled wate and degreased with acetone. Tofvstainless steel 316L and 304 were
polished upgo 1umwith diamond pasthat was used as afeeence sample for SEM testing
and microstructure analysishe electrolyte 3.5%NaCl was prepargddissolving 35¢g of

NacCl in 1000mI ofistilled water.
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3.2 Hardness test

3.2.1 Micro Vickers Hardness Tester

Figure9: Vickers hardness tester

Zwick Roell Indentec MicreVickers hardness tester with 0.5Kg as loadre used to
determine the hardness of the stainless steel sampledsusel@éntations were perforea
on the sample to obtain the average reading from both the steel sample. The sample was

grind up to 2000 mesh sand paper before performing the Vickers hardness test.
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3.3  Metallography

Stainless steel 316L and 38damples that were groundedp to 2000 mesh was
later polishwith 1um diamond paste. The sample was later clean via acetone and etched

with Kalling-2 etchant. Thenicrostructure waebserved via ofical microscope.

34 Electrochemical Test

3.41 Potentiodynamic Polarisation Test

Figure10: Potentiostat

Potentiodynamic polarisation testerg performed using a standard thebstrode flat
cell and under the controf GAMARY software. A saturated calomel electrode was used
as a reference and platinum mesh was used as a counter ele&tr@deorrosion testvas
completed, currentensities, corrosion potential weestimated by lineafit and tafel

extrapolation waconducted to estimate corrosion potential.
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Figure1l: Hypobolic Tafel plot

In order to obtain the &or and koo, Tafel plot were used. The Tafel plot is a useful
method to obtain instant measurement of corrosion curremgitge It is obtained by
plotting the logarithms of current (anodic and cathodic) vs potential and extrapolating the
currents in the two Tafel regiongodr is obtain at the intersection between the anodic and
cathodic reaction where the rate of oxidatand reduction are equa. slop that exhibit

Tafel behaviourl{near or semiogarithmic) is extrapolated from 50 ®0mV fromEcgor

from both anodic and cathodic reactiarFigure 11

36



Figurel2: Apparatus set up

Potentiognamic polarisation (PDP) test were perform using the set up afdwe.
electrolyte used in the test was 3.5%NaCl. The scan rate of the experiment was selected at
1mV/second of potentiodynamic polarisation test. The initial and the end voltage are
insertedinto the software before conducting the polarisation test. Once the test is complete
the sample is removed and store in an air tight container for SEM testing hEitstst is
conducted using the firsample of stainless steel@land then repeateding the second

sample of 316L and followed by 304.
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35 Surface Characterisation

3.51 SEM and EDX

Figure13 PHENOM TableTop SEM

PHENOM ProX table top SEM with built in EDX features at Faculty of
Engineering UMwas usedto identify and observe the severity of the pitting. The images
were observed using back scattered electron (BSE) aneéléhgents in the pitsvere
analysed via energydispersive Xray (EDX). Stainless steel test sample after

electrochemical testing weamalysedising the SEM and EDX above.

The polish sample of both stainless steel 316L and 304 were analysed via SEM to
determinate the surface condition as for reference purposes. The stainless steel sample that
undewent the electrochemical test, werbeth analyzed in SEM anDX. The same
magnifications werehosen tadifferentiatethe intensity of pitting between bogtainless
316L and 304. Several pitting spot were analysed via EDX to identifyritgiple

elemental constituent.
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The test data anthe experimental result that weobtainedwas complied and
analysed according to determine the effect of cathodic current density on the criticality of

pitting using potentiodynamic test and SEM.
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CHAPTER 4 RESULT AND DISCUSSION

4.1 Hard ness

Table4 : Average hardness measurement of stainless steel 316L and 304

Material Hardness 316L stainless steel 304 stainless steel
reading
. 161HV 235HV
o 178HV 275HV
- 181HV 256HV
4 180HV 239HV
g 178HV 248HV
AverageVickers 175HV 251HV
hardness

Stainless steel 316L has a lower hardness with respect to stainless stael &tlé

4. This is becausstainless stee€304 has a higher carbon content that stainless steel 316L.

The Vickers hardness of 316L and 3§tdinless steel are in agreement with the hardness

value reported byMuthukumaran, Selladurai, Nandhakumar, & Senthilkumar, 201D

(Milad, Zreiba, Elhalouani, & Baradai, 2008
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4.2  Metallography

4.21 Microstructure of Stainless steel 316L

1 7100 um

igure14a: Solti anneled structure BL6L at 100Xetched with Kalling's No. 2. Figure
14b 500X view on the austenitic grain.

4.22 Microstru cture of Stainless steel 34

25 pm

Figurel5a: Stianless steel 304, 10@chedwith Kalling's No. 2. Figure15b 500Xiew
on the inducenaretensitic in austenitic grains.

The microstructure of stainless steel 31®Lsolution anneled consist abrmd austenitic
microstructure (Figure 14a and 14bin stainless steel 304 it was observedhawe been

somestraininduced martensitstructure. This explains the relatiyehigher tfardness of
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304 relative to 316L recorded in Table 4. There must have been some amount of cold work

involvedin stainless steel 3a#hat hasausednduceal mastensite structure.

4.3 Electrochemical test

Polarisation curve of stainless steel 316L & 304
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Figure16: Polarisation curve of stainless steel 316L and 304.

Figure 16 display the result of the potentiodynamic test for both stainless steel 316L
and 304 in a graph. From the Figu it is very much visible that stainlesest 316L has

a higher corrosion potentiakkthan stainless steel 304.
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4.4  Tafel plots analysis

Stainless steel 304
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Figurel7: Tafel plot for stainless steel 304

Stainless steel 316L
\
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Figure18: Tafel plot for stainless steel 316L
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Tables : Electrochemical result

. Ecorr Corrosion | corr Corrosion current
Material potential/mV density/(mA/cnt)
304 -160 1.6
316L -100 2.0

Figure I7 and kgure 1, is the extropoltion of the tafel method to obtain thg.E
and lcor Value. The Potentiodynamiof both stainless steel 316L and 304 conducted at
25eC in 3.5% NacCl el ectrol yt eintabledbindscatesn ni n
that 316L has a higherck; with reference to 304, since thr&lection point of 316L are
above 304. The higherck; of 316L may be explained by the higher chromium and nickel
compared to 304. In general higher chromium and nickel improve the corrosion resistance

of stainless steel.

As discussed in the literature review @avid G Enos work, on potentiodynamic
polarisation scan, a typical cathodic polarisation curve will consist of two stages, which the
oxygen reduction stage and the hydrogen evolution stages, 2008 Form the result in
figure 1§ it is observed the electrode potential for togen embrittiement has not been
achieved, thus the dominant reaction is the reduction of oxiage® on the microstrcutre
of stainless steel 304, it was identified to have small amount of strain induce martensite.
Having martensite in the microstructweuld very much lower down the corrosion

potential as it haveeported byAlvarez (Alvarez et al., 2013
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