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ABSTRACT

The present study aims to validate the method nickeng of iron carbide
surface from carbon steels in €@orrosion. Applying an anodic current to carbon
steel electrodes by galvanostatic measurement veateated approach. Influence of
magnitude of the applied current and exposure timehe corrosion process was
studied. The experiments were conducted with-€&urated-0.5M NacCl solution as
an electrolyte at room temperature and atmosplpedassure. Three different steels,
X-65, St52 and Steel33, are used as materialscdimesion behavior is monitored by
weight loss measurement and potentiodynamic swedple steel surfaces are
examined by SEM/EDS technique. The results show ¢hebide formation as the
weight losses increased with the applied currents the exposure time. The iron
carbide was detected on steel surfaces and irdioicate was observed on the steel
surface which was applied with the highest curidemnsity. However, the effect of

steel’s microstructure and composition on the o cannot be identified clearly.
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1INTRODUCTION

Corrosion issues have been concerned for many decadce they have been
important causes of failure in equipment and stméctnade of metal. In oil and gas
industry, the corrosion problems are generally tbumpipelines, storage tanks and
other equipment which have to operate with cor®msnaterials. Due to large effects
on the operation, therefore, there are many stuaheésresearches dedicating to these
problems. Their investigations aim to uncover megras and factors associating in
the corrosion process. Many models have been deselm order to predict the most
accurate corrosion mechanisms [1-3]. The mainablbgs are not only to understand
the phenomenon, but also to formulate effectiventenmeasure and protection.

Carbon steel is a material that has been widelg usesarious engineering
applications due to its low cost, good mechanicaperties, and simple fabrication.
Thanks to large applications, the corrosion of carbteels under different conditions
has been continuously studied by many researcheds working groups. One
condition of interest is the corrosion in €énvironment, which is also called sweet
corrosion. It is one of major and costly corrosmoblem in oil and gas industry in
which fluids containing dissolved G@re dealt with.

In the process of CQcorrosion, one of very important subjects is csion
products or corrosion films. The corrosion filmsveasignificant effects on the
corrosion mechanisms once they are formed. Foooasteel, iron carbide (E€) and
iron carbonate (FeCfpare key compounds in the corrosion layers. Timexed films
possess different properties which depend on mamutors, e.g. temperature,
composition and micro structure of the metal sw@#strThe combination of the iron
carbide and the iron carbonate films significantiffuence corrosion rate in both
positive and negative ways. This leads to diffiesltin prediction of the mechanisms
of corrosion. Thus, the characteristics of Afrrosion films of the carbon steel are
currently one of attractive area for corrosion egsbers.

However, many studies focus on the formation of icarbonate film and
combination film of the iron carbide and the iroarlwonate, not only the carbide
layer. Some investigate the carbide film as preesson for further study on
corrosion inhibitor performance [4, 5]. Therefon@n carbide is of interest in the

current study as it is the main corrosion produd, anoreover, the carbide has an



important role in enhancing the protectiveness h& torrosion films under GO
environment even though the carbide itself is foonad-protective [1, 2, 4-6].

In the present study, accelerating the corrosi@tgss to obtain iron carbide
is of interest. It is initiated from the real cotidin where the process forming e
layer on the corroded surface consumes some tiraecéy{ provoking the corrosion
will reduce the time in corrosion researches. Cqusatly, it could be a supplement
for studying the corrosion films and also otherestgation where the corroded

carbon steel surface is required.



2LITERATURE REVIEW

In CO,-containing environment, corrosion process of carbteels produces
corrosion layers on steel surface. These corrosioms have major effects on
corrosion mechanisms. Depending on compositiomtioe and structure of the films,
they can increase or decrease corrosion rate. Ggatiph in film properties results in
difficulties of the corrosion rate prediction. Moker, many other environmental
factors, e.g. temperature, metal composition, g&tial pressure, flowrate and pH of
electrolyte, could also affect the formation ofrosfon product layers [6, 7].

2.1 CO, Corrosion Mechanism

The process of corrosion consists of many eleceital reactions at the
metal surface and transportation of chemical sgeoighe system [2]. The reactions
include transportation of mass and charge [8]. Tiss transportation occurs
between metal surface and an electrolyte while di@ge is transferred between
atoms and ions.

In CO, Corrosion, carbonic acid is produced when dissblZ€, combines

with water as shown in the reaction below.
CO, +H,0=H,CO;,4 Q)

The process then is governed by the following adithand anodic reactions [1]. In

the electrolyte, the cathodic reactions are frogssatiation of the carbonic acid:

2H,CO, + 2~ =H, + 2HCO; )

2HCO; + 2~ =H,+2CO5- 3)

The anodic reaction at the metal surface geneF&fésand éfrom an electrochemical

dissolution:

Fe= Fe™" + 2- (4)



Hydrogen gas is produced by hydrogen evolutionti@ac

2H* + 22 =H, (5)

Thus, the overall reaction of G@orrosion is:

Fe+H,CO, = FeCQ, +H, (6)

2.2 Corrosion Product Film

One important process in GOorrosion is the corrosion film formation since
it governs the corrosion mechanisms and the camosate. There are four types of
main corrosion product layers formed in £grrosion at temperature ranging from
5°C to 150C. Four types of the mentioned layers are (1) prarent films, (2) iron
carbide film, (3) iron carbonate film, and (4) iroarbonate plus iron carbide film [9].

2.2.1 Transparent Film

Transparent film can be observed at around roompéeature. Without
carbonate, it consists of iron and oxygen ions laasl thickness less than 1 um. Its
protectiveness is improved by increasing concdofraif the ferrous ions. However,
this layer is not important and normally ignoretthés not been identified clearly

whether it affects on the formation of the othgretyf the corrosion films [9].

2.2.2 Iron Carbide Film(FesC)

Iron carbide, which is also known as “cementitedntins 6.67%C (by
weight) and has chemical composition ohbEelLike austenite, ferrite, and perlite,
iron carbide is one of constituents in the carbieels. This microstructure is obtained
during heat treatment in steel manufacture. Incitreosion process, the iron carbide



is simply generated by the anodic dissolution wtten dissolved ferrous ions are
dissociated and the uncorroded iron carbide isrégftaining on steel surfaces. Figure
2.1 is a scheme of the corrosion reactions of cadteels in acid. The letter “A” and

“C” in the figure denotes to anode and cathodgyeetsvely.

Carbon

steel CH _
(Fe+FeqyC) Fe;Cf (g

i

~ electrolyte

FIGURE 2.1 Corrosion of carbon steel in acidic solutions [10]
Once the carbon steels are corroded in acid, llepksit can be observed on

the steel surfaces. The carbon powder is genefaitediing a reaction in equation (7)

shown below [10]. Figure 2.2 also shows a high{tgsm image of the carbide layer.

Fe,C +6H3z00g = 3Fe§;q) +C g +3H,q +6H,0, 7)

FIGURE 2.2 A pure iron carbide layer formed at 60°C and B tones

supersaturation [9]



The iron carbide is stable structure which is urmded and undeformable. It
is porous and brittle, however, it can form a siroetwork on the steel surface [9].
The iron carbide structure depends upon chemiaalposition and microstructure of
carbon steel. Ueda and Takabe [11] found that &eitic-pearlitic microstructure
steel is corroded lamellar cementite is left beharidle dispersed-cementite is found
in martensitic microstructure steel. The differerafecarbide structures varies the
anchor property of the corrosion product. The carbteel with dispersed-carbide
undergoes more severe corrosion when comparedetaatbon steel with lamellar
carbide structure. It is because the structuramgllar carbide has the cavities, which
more efficiently carry the corrosion products. Tbiaracteristic of the carbide layer,
thus, enhances stability of the corrosion film.

However, the cementite is found metallic conductitherefore, it is
considered non-protective when it attaches direitlyhe metal surface. There are
many studies working on the effects of the irorbade on the corrosion rate [4, 9, 11-
13]. It was found that iron carbide film formed ¢me steel surface promotes the

corrosion process by following approaches [9]:

e Galvanic effect: The RE structure provides cathodic area to the stedhces
due to lower overpotential of k& compared to the carbon steel
structure or ferrite. As shown in Figure 2.1, amilacts as an
anode while F£ is a cathode. This condition enhances further
iron dissolution by accelerating the cathodic riesst

e Local acidification: When the cathodic reactionketaplace, water composition at
cathodic and anodic regions will become more atiealand
acidic, respectively. As a sequence, internal Ipedl
acidification will occur at the steel surface aratelerate the

corrosion process.

Apart from the increase in the corrosion rate, ilo@ carbide also has an
effect on performance of corrosion inhibitor apglieo the carbon steels. It was
reported that the longer precorrosion time regalthe thicker of iron carbide layer.

Consequently, the thickness of iron carbide scatgsired the inhibitor performance



[4, 5]. The reason is that the iron carbide layetsas a barrier preventing the

transportation of the inhibitor to the active ste@ifaces.

2.2.31ron Carbonate Film (FeCOg)

Iron carbonate or sideritdm is formed by FeC® precipitation whenFe®*

and CO§— concentrations are higher than solubility lirdis a result, the products

from the cathodic (2), (3) and anodic (4) reactiforsn the iron carbonate film by

precipitation. The chemical reactions forming taebonate film follows.

Fe** +CO%- =FeCQ, (8)
Fe?* +2HCO; = FdHCO,), )
FelHCO,), = FeCO, +CO, +H,0 (10)

The film is developed by two processes; nucleatod crystallization or
partial growth [1]. Firstly, the nucleation processurs on the metal surface or in the
microstructure of an existingayer. Then the film thickness increases by the
crystallization process. During the precipitatidnron carbonate scale, the corrosion
process still carries on simultaneously. If thecppigation rate is equal or higher than
the corrosion rate, the corrosion film will be camop and have the protective
property. On the other hand, if the precipitatisrslower than the corrosion, the film
will be porous and found unprotective [3].

Precipitation of FeC®is influenced by many factors such as temperaphie,

Fe?* concentration, C@partial pressure, and:H effect [3, 5, 9].

e Temperature: Temperature has an effect on thefihmation since kinetics
of the precipitation is accelerated by increasinige t
temperature. The results of many studies show that
precipitation of iron carbonate increases with terafure at

higher than 6. Furthermore, the protection level of the film



is also improved at this temperature. In additiomorphology
of the film is also affected by the temperature.

e pH: Solubility of iron carbonate is greatly affedt by pH. The
FeCQ solubility decreases with increasing pH. Therefae
high pH of the electrolyte, the precipitation o@wasier and
the protective film can be formed.

e F€*concentration: Ferrous ions concentration affett® precipitation as

mentioned earlier that FeG@ formed by precipitation of Ee
and CO%- when their concentrations exceeds the solubility

limit. Low level of Fé" concentration will prevent the iron
carbonate formation and sometimes dissolve theiegigim.

e CO, partial pressure: In the beginning of the cormsiahen there is no film
formed, corrosion rate increases with Cfartial pressure.
Nevertheless, the film is produced faster at higb€ partial
pressure.

e H,S effect: FeS and F® are produced if the corrosion environment
contains both k5 and CQ and it also depends on theSH
partial pressure. Some studies have reported Heatstlfide
layer is more protective than the carbonate. Caeler less
protective is found at low #$ concentration when a
combination has the FeG@t the inner part while the outer is

sulfide.

As mentioned above, the formation of iron carber@m consists of main
two processes, nucleation and crystal growth. & discovered by Gao M. et al [6]
that the crystal growth step controls the formatainthe films when the relative
supersaturation of FeGds low in the initial stage. On the other handgleation is
dominant at high supersaturation of the FeCIhis condition develops the dense
films which improve the protectiveness of the ceioa films.

The iron carbonate is adherent, protective and aumaluctive. Its
protectiveness is affected by the temperature and9). Increasing temperature
and/or pH will improve the protection charactedstnd also adhesion and hardness

of the iron carbonate film. At higher temperatuhes more protective film is obtained.



Nevertheless, there is a proper temperature ram@ted, for instance, the films are
protective when the temperature is higher thaAC7Gnd the performance and
adhesion are improved when €@artial pressure exceeds 10 bar. The protection
level of the iron carbonate increases proportignilithe exposure time. Beside, the
adhesion property and thickness is also influenogdhe metal composition and
microstructure [7, 9]. The large crystal structugg®vide the dense film which
improves the film adherence.

After FeCQ precipitation carries on the surface of the steatal then the
protective film is formed. This layer acts as ariearbetween the steel surfaces and
the corrosive species. This barrier prevents abgtamces associated in the corrosion
reactions transporting to the active metal surfaCasce this film covers the active
area on the surface, the electrochemical activdreslimited. Thus, this mechanism

leads to decrease in corrosion rate.

2.2.4 1ron Carbonate plusIron Carbide Film

Many studies of corrosion layers [9, 12] discovetbdt the uncorroded
cementite formed the non-protective film if it ditly attached to the metal surfaces.
Nevertheless, if the pores in its porous structugee sealed with the iron carbonate, it
could form the protective film.

As mentioned previously, when the condition in Qrrosion is proper, the
iron carbide and iron carbonate scales will be gerd. They can settle on the steel
surfaces as separate layers or they could be Ipadtanbined. The approach that the
mixed films are constructed depends on where arehwime iron carbonate is formed
[9]. The structure of the mixed film greatly influees the properties, particularly the
protectiveness of the films.

For the first case, the iron carbide accumulateshiftg the layer directly on
the steel surface and followed by precipitationcafbonate scales on the top. This
structure leads to the formation of non-protectaxger. The second case is when the
porous iron carbide is filled up with the iron canlate scales. This kind of film is still
able to keep its protectiveness. Figure 2.3 shéwsmorphologies of the protective

and non-protective films.



Nonprotective film

Bulk solution _ Bulk solution
: Fe;C+FeCO4

Protective film

Bulk solution _ Bulk so_ll_Jtion

Fe;C+FeCO5
Fe;C+FeCO3

FIGURE 2.3 Morphologies of protective and non-protective osion layers [12]

Development and breakdown of carbonate film afectéd by the structure
of the FgC and FeC@ combination. A important factor is the microsturet of the
carbon steel which is influenced by carbon condéeat distribution of cementite [11].

To improve the protectiveness of the corrosion pobdilms, the carbide is
one important part. Even though the€&és non-protective, but it physically enhances
the adhesion of the carbonate film to the steelasarby the anchor effect. The
anchoring by the iron carbide helps the iron cadbemno resist shear force under high-
flowrate condition. Beside, the iron dissolutiorden the carbide layer provides high
Fe* concentration gradient at the metal surface. High concentration gradient
increases the supersaturation of ‘Fen the surface and leads to generating more

protective iron carbonate film [9].

2.3 Accelerating Corrosion Process

It is apparently seen that the iron carbide playsnaportant role in the CO
corrosion. It particularly affects on the proteetness of the corrosion film. However,
there are only few researches focusing on thedeshide formation in the corrosion
process. Corroding the carbon steel to gain the garbide is often carried as a
precorrosion step prior to studying the formatidrpmtective films. In other case, it
was conducted to provide partially corroded surféme a particular test, which

10



requires the surface with some scales as existheirreal situation. Some studies
contributed to an investigation of inhibitor perftance on the steel surface which is
covered by the corrosion scales. For instance, r@ntisen E. et al. investigated the
effects of precorrosion on the film formation amdibition [4]. Nevertheless, those
studies have not focused on the process of thecadnide layer is generated.

As described previously, the iron carbide can bepki obtained by allowing
the carbon steel to be corroded, though; this p®censumes quite long time. In the
experiments of Gulbrandsen E. et al [4], they pneaxted X-65 and St52 without
applying external current density for 14 days aondinon carbonate was observed.
Therefore, it will be more practical to prepare girecorroded steel in shorter period
by accelerating the corrosion process to gainrbe ¢arbide scales for further study.
There are many factors are found able to accelénateorrosion mechanisms i.e. pH
and temperature. However, in the present study,irtfieence of applied current

density, exposure time and steel composition aresed on.

2.3.1 Effects of Applied Current on the Corrosion

In order to accelerate the corrosion, applying a@&nazirrent density is
considered as one alternative rather than changieg corrosion environment.
According to Pourbaix diagram, pH and potentialrelation of iron-water system
provides a region where the iron dissolution or@sion can take place.

Pourbaix diagram, also called pH-potential diagramEigure2.4 shows the
dominant species in the domains of iron-water sysa¢ 25C. Following the solid
curves on the left hand-side, ferrous ions can emepted or the corrosion takes
place. Iron in the immunity area (Fe) will be dissal and generate ferrous ions in
corrosion area (F& by increasing potential at pH below 9. Even thotle diagram
can provide conception of kinetic process, butsinot give the information about
the corrosion rate of the iron. In addition, thaestlimitation of Pourbaix diagram is
that the other ionic species in the solution areaowered in the diagram. However,
this principle introduces to the stimulation of m@®on mechanism by increasing the
applied potential. Alternatively, the anodic cutreauld be applied so as to accelerate

the iron dissolution.

11



2.2

E, V5HE)

FIGURE 2.4 Potential-pH Equilibrium Diagram for the Systerani¥rWater, at 2%C
(considering as solid substances only FgOrand FegOs)[14]

With this approach, Muralidharan, et al. [15] sadlithe effects of applying
currents on the corrosion rate of mild steel. Tineestigation was conducted by
applying alternating (AC), direct (DC) and superosed alternating and direct
(AC+DC) currents to the steels. The results rexke#iat applying the currents to the
mild steel in marine environments caused an inere@athe corrosion rate$hey also
found that the highest corrosion rate of the stesd obtained when the superimposed
current was applied. The lower and the lowest &ororate were observed when
applying DC and AC, respectively.

Focusing on the DC source, the study of Muralidhaet al. found that the
DC current is able to accelerate the corrosiomatdurrent density even lower than

ico= There are two approaches to accelerate the camr@ggocess as shown in the

following equations [15].

12



First mechanism:

Fe + HO = Fe.HOg4q4s (11)
Fe.HOags+ CI = FeCky + HO (12)
FeCky, + OH- =FeOH + Cl- + 2~ (13)
FEOH + H' = Fé" + %~ (14)
Second mechanism:
Fe + Cl= FeCL,, (15)
FeClys + HO = FeOH,y + H + CI- (16)
FeOH;,, = FeOlys+ e~ (17)
FeOHygys= FeOH + e~ (18)
FeOH.y=F&" + OH- (19)

2.3.2 Effect of Exposure Time on the Corrosion

In Gulbrandsen E. et al. [4] , it reported that doerosion rate of the carbon
steels increased proportionally to the exposureg@eturing the pre-corrosion. This
increasing corrosion rate can be explained by miaagons which are (1) protective
oxide film removal (2) galvanic coupling betweemantite and steel surface (3) true
surface area of the specimen increase (4) acitddicainder the corrosion film. These
conditions can be promoted by the accumulationhef iton carbide on the steel
surfaces. The accumulation increases the area s#8 Fesulting to increasing the

corrosion rate [16].
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2.3.3 Effect of Composition and Structure of Carbon Steel on CO, Corrosion

The effects of composition and microstructure @, Corrosion are found in
many researches. However, it is surprising that géeeral conclusion cannot be
drawn as many studies still have conflicts in ressfil7]. Some carbon steels have the
same composition, but their microstructure is ddfe. In contrast, the steels with the
same microstructure can be gained from differemhpmmsition. Furthermore, large
variation in corrosion behavior could be obseruwednfthe carbon steels that have the

same composition and microstructure under the samesive conditions.

Composition of Steel

Carbon steels are defined as low-alloy steels. |lyiag elements added, as a
definition of carbon steel, should not be more tB&bwt of the total additions [10,
18]. This results to insignificant difference inrcmsion rate of the most grades of the
carbon steels [18, 19]. However, alloying elemeanésfound to have effects and make
some changes in steel properties. The elementshvane generally added and affect
the corrosion behavior on the carbon steels arenulim, copper, nickel, sulfur,
phosphorus and manganese. Here below are brietiseoéffects of some alloying

elements on the corrosion performance.

e Carbon: Carbon is added to an iron in order to owerthe mechanical
properties. It is dissolved and mixed with thenjrdorming iron
carbide. Gulbrandsen E. et al. féund that during the precorrosion
without applying current at room temperature, tbeasion rate of the
carbon steel increased due to the increase in aiatrsites. Those
increasing active areas were from the remainingaof carbide layer
after the steel corroded. In addition, more amafntementite was
observed on St52 steel surface than X-65 which Ibagr carbon
content. The other research also found that theosion rate in CQ
corrosion of the carbon steels increased with #rban content [20].
Figure 2.5 below shows the effect of carbon contanthe corrosion

rates.
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FIGURE 2.5 Effect of carbon content on corrosion rates [20]

e Chromium: Chromium is a very important alloying ralent used to improve
corrosion resistance by increasing protectivenéskeocorrosion film
[13]. It is a major element which is focused toueel the corrosion rate
in many studies. Depending on the amount addedh& dteel,
chromium can combine with iron and form double aieljFe.Cs);C]
or carbide of chromium (@€; or CriCs). Chromium carbide has
properties in amend for hardness, tensile strewgtlar resistance and
heat resistance [21]. The corrosion rate can becextiby the addition
of chromium since it forms the passive film andrdase the anodic
dissolution rate. Moreover, the chromium lowered torrosion rate
by protecting the alloy and preventingsEgormation [20]. It is found
in many studies that the corrosion rate decreast#dtihe addition of
chromium [13, 20, 22]. The effect of Cr can be sieefigure 2.6.
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FIGURE 2.6 Effect of composition of low alloy steels on caian rate [17]

e Copper:

e Nickel:

Copper is added in order to improve atmesp-corrosion resistance.
It is normally added to structural steels. Coppdt mot affect the
mechanical properties if it is added not more D&% [21] .

Nickel is also normally added to the stwrel steels because it
enhances the mechanical properties without decr@aseuctility.
Furthermore, the corrosion and oxidation resistaraze improved by
adding nickel higher than 5% [21].

However, there is a study that reported disagreeoreaddition of Cu
and Ni. It was found that mesa attack and generabsion can be

accelerated by increasing the content of Cu an@2i

e Sulfur and Phosphorus: Sulfur and phosphorus amenal components in

commercial steels. They increase the rate of thesion, particularly
in acidic solutions. It is because they form commsi with low
potentials. For mild steels at neutral pH, sulfadenpound also serves
as a site for pitting corrosion to initiate. Howevthere is no marked
effects from sulfur content noticed when the stematains copper
more than 0.01% [23].

e Manganese: The corrosion rate in acid can be redogeadding manganese to the

steels containing low sulfur content. Manganes®vexs the anodic
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polarization lowered by the sulfur since MnS hawedp electrical
conductivity than FeS [23].

Other alloying elements and their effects on theasion rate are shown in

Figure 2.7.

CO, Corrosion Rate

Microalloying Addition

FIGURE 2.7 Effects of alloying elements on corrosion rat8¥Cr Steels [22]

However, it cannot be clearly identified that hoevrosion behavior of carbon
steels changes by adding the alloying elemens hdcause the effects of alloying
also depend on the corrosion environments and tmbimation effects of all
elements. The corrosion performance can not belwded as a function of only one

added element.

Structure

Apart of compositions, structure of the steels adftects on the CO
corrosion, particularly the morphology of the caiom product films [13]. Difference
in microstructure of the steels is obtained froeekmanufacturing by different heat
treatments. For instance, cooling slowly will combithe cementite with the ferrite
and form a mixture called pearlite [19].

The structure of carbide layers strongly dependshenmicrostructure of the

parental steels. It is reported by Ueda M. and bakd. that the steel with ferritic-
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pearlitic structure gave the lamellar carbide laggm the other hand, the martensitic-
structure steels provided disperse-cementite dfegr were corroded [11].

The adhesion of the mixed films, iron carbide amah icarbonate inclusion, is
also influenced by the microstructure of the ste€lsr example, ferritic-pearlitic
steels provided porous carbide on the corroded steface [24]. This structure helps
anchoring the iron carbonate to the steel surfageifg protective corrosion films.

Considering the corrosion rate, there are somearelses studying the
corrosion reactions of different steel microstuetusome reported that the ferritic-
pearlitic aturcture is more resistant to the cameghan martensitic [17], however,
the opposite results of the ferritic-pearlitic ateo found [25]

Nevertheless, the effects of microstructure andpmmsition sometimes depend
on certain condition. It was found that the effegtrostructure is significant at high
temperature. St52 microstructure effect increasigul t@mperature from 2& to 5°C
[20]. In addition, the literature revealed that ahium addition improved the
corrosion performance rather than the microstrecfiv]. Therefore, the influence of
microstructure and composition of the carbon steelshe corrosion process still

remains complicated and should be investigatedarerdetail.

2.4 Corrosion Testing and Monitoring

Nowadays many techniques are established to imgadstithe corrosion
behavior including the characteristics of corrosmoduct films and the corrosion
rate. The commonly used, for example, are corrogimtential, weight loss
measurement, potentidynamic polarization and sogneliectron microscope (SEM),
While SEM is the method to observe the corrosiardpcts appearance, weight loss
measurement and potentiodynamic sweep are theagkemical techniques used to
monitor and determine the corrosion rate for mangiss[4-7, 26]. In addition, for
the present study, galvanostatic polarization edus stimulate the corrosion process

by applying the anodic current to the tested ebeles.
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2.4.1 Corrosion Potential M easur ement

Corrosion potential (&) technique is the measurement of the voltage of
corroding metal surface with respect to the refeeeelectrode at open circuit.
Corrosion potential, on the other hand, is the mite where the oxidation and the
reduction reactions have the same rates withouyiagpexternal current. Corrosion
potential is an important indicator of corrosioatas since it shows the changes of
free-corrosion potential over time; however, it sigé provide any information about
the corrosion rate. Nevertheless, it is suggeshae specimen having more negative
potential is more sensitive to corrosion or haseramrrosivity. In addition, corrosion
potential measurement can be conducted in ordengare that the potential reaches

steady-state condition.

2.4.2 Galvanostatic Polarization

In galvanostatic polarization, current density #&plto working electrode is
controlled while responding potential is measureth wme. This technique can be
performed in order to determine Tafel curve anddinpolarization, which are related
to the corrosion rate [19].

However, in the current study, the galvanostatchméjue is not used to
determine the corrosion rate. It is used to acasddhe corrosion process by applying
the constant anodic current density to the speamiarthis measurement, the applied
current and exposure time will be specified. Thaeptal corresponding to the

current then will be shown as a result.

2.4.3 Deter mination of Corrosion Rate

Two methods are selected to determine corrosite imthe present study.
They are weight loss measurement and potentiodynpatarization.

Weight Loss Measurement

Measuring mass of metal loss is a common methakgtermine the corrosion
rate. This technique provides the constant corrosate based on average rates over
the exposure time. In reality, linear corrosionhatiime is rarely found, especially in

sweet corrosion where film formation significandffects the corrosion rates. Even
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though this measurement is valid for linear cooosprocess, however, it is the
exception and the result is acceptable. This methsinply performed by measuring
the weight of specimens before and after the expdsuthe corrosive solutions. Then
the weight losses over the corrosion period cacabsulated. However, this method is
not applicable when applied to the industry scale t size and location of the metal
needing to be investigated. The corrosion ratebsadetermined by the weight loss

using the equation below.

(20)

where
CR =the corrosion rate (mmly)
K. = the constant (8.3610" for the corrosion rate unit of mm/y)
T =the exposure time (hour)
A = the exposure area (dm
W = the mass loss (g), and
D = the metal density (g/dn

Potentiodynamic Polarization Measurement

Potentiodynamic sweep is one of the polarizatichnejues. It is the common
method in the corrosion studies [27, 28]. For tlageptiodynamic polarization, the
correlation of potential and current is observedvhayying potential applied to the
working electrode and recording the generated ntirte this measurement, reaction
rate or the response current is measured whendieatial is shifted away from the
free-corrosion potential at a constant rate.

In the current study, the potentiodynamic sweepsied for two objectives.
First, it is performed in order to activate thefaoe of the working electrode. Being
polarized for several minutes, the electrode wiide or reduce all the deposits on
its surface [29].

Another objective is to determine the corrosioneraPotentiodynamic
measurement consists of cathodic and anodic pataiz Cathodic polarization is to
make the working electrode become a cathode. Thenpal is swept in more

negative direction from the free-corrosion potdntia contrast, the potential is
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changed in more positive direction to make workéhectrode as an anode in anodic
polarization.

This technique provides the data for plotting aapahtion curve between the
corrosion cell potential versus the current asaegiin Figure 2.8 below.

i+ lp{passive current)

Cygen evolution

franspassive

passive

Io(critical current)

|

Potential

— Epp

{passivaticn
patential)

Tafel slope (cathodic)

S E

= COIT
;:;" [corrasion potantial)
(=) Tafel slope (anodic)

Log (Current density)

FIGURE 2.8 General polarization diagram of a passivable nj2&|

Beside, the curve in E-logl plot can be used temheine Tafel constants and
corrosion current. The Tafel constants are acqufredh slopes of anodic and
cathodic currents. In addition, the interceptiorited anodic and the cathodic currents
extrapolation is a position of the corrosion cutsefrigure 2.9 illustrates the variables

that are obtained from the polarization plot.

However, there are many factors that might havecedfon the polarization
measurement [29].

e Scan rate: The scan rate should be slow enoughimamire surface
capacitance charging. If the sweep rate is too ,hggme
currents can be generated and they will chargestivéace
capacitance. It results in measuring the greateects than the

actual current from lone corrosion.
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e Solution resistance: The distance between theamter electrode and the working
electrode should be minimized in order to avoid ¢fffect of
solution resistance. However, this effect is sigaifit in high-
resistive electrolyte, e.g. concrete, soils, arghoic solutions.

e Surface conditions: Since a surface of corrodethimg changed by the corrosion
process, therefore, the different polarization esrcould be

obtained.

NOBEL(+)

OBSERVED POLARIZATION, iyyyg

M — M2+ 2e

CORROSION

ANODIC BRANCH

TAFEL S5LOPE, B.

[T Ecorr= CORROSION POTENTIAL

2HY + 28— Hyy,
,T CATHODIC BRANCH

‘ — TAFEL SLOPE, b,

LOG CURRENT DENSITY, mAfcm?

ELECTRODE POTENTIAL VS SCE, (YOLTS)
ELECTRODE POTENTIAL VS SHE, (VOLTS)

ACTIVE (9

FIGURE 2.9 Polarization curve showing Tafel constants andosion current [30]

Regarding to ASTM G102 standard [31], the corrostomrent is normally
obtained from the linear Tafel extrapolation of dicoand cathodic currents near the
corrosion potential. The common value is 5 and *¥8U from the corrosion
potential.

The variables from the polarization curve are syragplied to calculate the
corrosion rate which is directly proportional taethorrosion currenfThe corrosion

rate and the corrosion current have a relationatighown in equation below [31].
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S (21)

where
CR =the corrosion rate (mmly)
ior = the corrosion current densityA/cm?)
Ko = the constant (3.27xTmm g/pnA cm y)
EW = the equivalent weight
D = the metal density (g/&mnand

2.5 Corrosion Film Examination

To investigate the corrosion product films, scagnelectron microscope with
energy dispersive X-Ray spectroscopy (SEM/EDS)idely used. SEM technique is
normally used to examine the cross section of speres with the corrosion films on
top. EDS is performed in order to analysis chemamhponents contained in the

films.

Scanning Electron Microscope (SEM) is widely used make a high-
resolution image especially in an analytical wodor the corrosion investigation,
SEM is commonly used to examine corroded surfagdscarrosion product films [3].
SEM is capable of providing the image of the coedadnetal surfaces and external
morphologies of the films. Furthermore, with an iiddal instrument, it also
provides chemical composition of the selected af¢he samples.

SEM operates by scanning the solid surface witheleatron beam. The
selected area of the examined surface is bombdrygletectrons with certain amount
of kinetic energy. A detector records backscattened secondary electrons after the
beam strikes the surface. After that signals aleaed above the surface and stored
in a computer before using in generating an imagé [

As mentioned earlier, the current technology alsovides qualitative and
guantitative analysis with SEM by attaching theiaddal instrument. In the present
study, the energy-dispersive instrument with ana)X-source is used. It is briefly
called as SEM/EDS technique, where EDS stands fardy Dispersive X-Ray
Spectroscopy. In this technique, the emitted Xhrags are detected with their energy
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and the signals are converted to produce an erdsggrsive spectrum for further
analysis. Beside, EDS provides chemical composiiibeach element present in the
sample. Base on these data, the compound containdte selected area can be
identified.

The limitation of this technique which decreaseg t#fficiency is the
accelerating of microscope beam. The voltage apppdig¢he electrons should be in the
proper level. Too low voltage is not able to geteethe characteristic radiation. On
the other hand, too high energy results in excessbsorption when the lower-energy

X-rays are needed. This can cause the less accur#oy result.

In summary, corrosion films are very importantusssince they markedly
affects on the mechanisms in €€brrosion. The mixed films consist of iron carbide
and iron carbonate as key components. Protectigeniethe films depends on their
composition and structure. Even though the iromidaris found metallic conductive,
but it plays an important role in enhancing the emibn of the protective iron
carbonate to the steel surfaces. Moreover, studyirtbe carbide layer is needed in
establishing the accurate model of the protectivesf Nevertheless, many studies
and researches have not clearly indicated the riaetthich affect the formation of
iron carbide.

In the current study, the formation of carbide layefocused on. The iron
carbide scales are basically formed by having cadieels corroded. After the steels
are corroded and ferrous ions are generated,dhecarbide is then left behind on the
steel surfaces. However, this process consumes duoitg time. Hence, the
experiment in this study is proposed mainly to &rege the corrosion by applying
the anodic current to the steels. In addition tffeces of exposure time and steel

composition are also observed.
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3 EXPERIMENTAL

3.1 Experimental Settings

Since the main objective of the study is to gai itlon carbide from carbon
steels in C@environment by applying anodic current. Thus, éffect of the applied
current on the corrosion reactions is mainly fodusm. In addition, effects of
exposure time and steel’'s composition and microsire are also studied. The

experiments are set up in three series which aretdd as A, B and C.

Series A: It is to study the effect of applied current dre tcarbide formation. The
corrosion behaviors with different applied curredgnsities are of interest. The
experiments are conducted by applying differentenis to working electrodes for a

fixed duration of 24-hours.

Series B: With the same amount of the current applied tosfhecimens, the exposure
time is varied in order to investigate the corragi@rformance over time of the steels.
In these experiments, the working electrodes apéexpwith the fixed current density

(0.25 mA/cnf) for different durations.

Series C: In this series, both current density and exposume tare varied in the

opposite way. The applied current is reduced whigeexposure time is increased.

The applied current density and exposure time frheseries are established as

shown in Table 3.1.

TABLE 3.1
Applied current density and exposure time usetiéneixperiments

Series A i (mA/cm?) 0.125 0.25 0.5 1.0

t (h) 24 24 24 24
Series B i (mA/cm?) 0.25 0.25 0.25 0.25

t (h) 12 24 48 96
Series C i (mA/cm?) 1.0 0.5 0.25 0.125

t (h) 6 12 24 48
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Apart from applied current and exposure time, edldht composition and

microstructure of carbon steels are also studiéd @xperiments are done on three

different carbon steels. The specimens made of XS8&2 and steel 33 are received

from Institute for Energy Technology (IFE). The qomsition of the steels is listed in

Table 3.2 and the microstructure is given in Tabg

TABLE 3.2
Chemical composition of carbon steels from mateeatificates
C S Mn S P Cr Ni Mo Cu Al

X-65
St52
Steel33

008 025 154 0.001 0.019 0.04 0.03 0.01 0.@e038
0.13 038 129 0.008 0.015 0.07 0.09 0.01 0.3%05
0.07 0.19 087 0.004 0.012 056 0.01 0.0101 00.035

TABLE 3.3

Microstructure of carbon steels from material ¢edies

Structure

X-65 Ferrite - pearlite
St52 Ferrite - some pearlite

Steel33 Coarse ferrite - some Widmanstatten éerrit

CO, saturated environment is developed by purging, G@s into an

electrolyte before and during the experiments atoapheric pressure. GQ@as is

supplied from Yara Praxair as a cylinder. The ptaisproperties of C®gas are
molecular weight 44.0 g/mol, density (1 bar’@}1.53, boiling point -78%. The

experiments are conducted in a condition showreiold 3.4.

TABLE 34
Experimental Conditions
Electrolyte saturated GO1 g/kg NacCl
Temperature 2T (room temperature)
pH ~4
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3.2 Equipment

Three-electrode system is used as a corrosionfaekll experiments. The

configuration is shown in Figure 3.1.

Specimen holde%\
——— Counter electrode
Reference electrodej . JL ‘

Working electrode—g

\\j CO2 tube

FIGURE 3.1 Schematic of three-electrode configuration usettiénexperiments

ui

N—— Electrolyte

The equipment and materials needed in the expetinaee a working
electrode, a reference electrode, a counter etimtra glass cell, an electrolyte, a
potentiostat, a pH meter and a balance. Followielgw is description and set up
method of the equipment.

e Working Electrode (WE):After the specimen is treated as mentioned in the
instruction in 3.3, it is sandwiched by Teflon ringnd mounted
on the holder. The electrode contacts to the matatle the
holder which is connected to a potentiostat. Th#omerings
prevent the electrolyte get into a gap betweeretbetrode and
the holder. In case the electrolyte contacts tontle¢al part of
the holder, the corrosion could occur inside thédéo in

addition to the electrode surface, which is notirdéte.
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Therefore, the electrode should be tightened phpger the
holder.

e Reference Electrode (RE): Saturated Calomel Eldetrdradiometer Red rod

(REF201) electrodejs used as a reference electrode. The
electrode has to be filled up with saturated KGQuson. KCI
crystals should be observed when used as it iredicat
supersaturation of the solution. Before and aftéwe t
experiments, the electrode is calibrated by meagyyotential
deviation compared to a dedicated standard referelectrode.

e Counter Electrode (CE): Radiometer Pt100 electiedeelected. The electrode is

e Glass cell:

e Electrolyte:

e Potentiostat:

made from platinum plate and connected to sendergents.
The glass cell is added with 1800 frihe NaCl solution. The
glass is covered with a plastic lid with holes fthree
electrodes, pH electrode and £Qupplying tube. The
electrolyte is deaerated by bubbling £f0r two hours before
starting and throughout the experiments. In ordeallow the
reactions in C@ corrosion mechanisms proceed effectively.
The cell and the cover plate are well sealed withlder ring
and silicone to prevent air ingress. Moreover, they secured
tightly by two clamps with a cell holder.

The electrolyte in this experiment is 1g/kg Na@l ion-
exchanged water which is the typical salinity. Hodution is
prepared by mixing distilled water and sodium cider The
electrolyte should be transparent throughout theeement,
which indicates that there is no oxygen getting itite cell.
The electrolyte will turn yellowish if P& is oxidized by the
oxygen.

Gamry's PC4/750 potentiostat is connected to tleteetrodes
by cables. The potentiostat is installed in CPUaqgbersonal
computer which processes data and provides infasmdor

further analysis.
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e pH meter: pH of the electrolyte is measured by pH meter idately
before running the measurement. The pH meter habeto
calibrated periodically for reliable results.

¢ Balance: Sartorius 4-digit electronic balance (BFSL is used to
measure the weight of the specimens before and #ite
exposure. The maximum capacity of the balance @g 3iith d
=0.001g.

The equipment is set up as shown in Figure 2. three-electrode system is
mounted on the metal glass holder by the woodete @lad clamps. The electrodes
are then connected to the potentiostat by cableswvdid the short circuit to the glass
holder which causes the error to the result, theahparts of the cables should be

insulated by non-conductive material e.g. paper.

FIGURE 3.2 Three-electrode corrosion cell used in the expemnis

3.3 Specimen Preparation

A specimen used in the experiment is cylindricaebwith 1 cm in diameter

and 1 cm long. Thus, the exposure area of the secis 3.14 cf In order to have

29



homogeneously clean surface, all working electredéreated as described in the
following instruction.

a. Polish the specimen by grinding its surface wit@@@nesh silicon carbide paper
with rotation rate of 300 rpm until homogeneoudate is obtainedAfter polishing,
the specimen should not be touched directly by htmdavoid any grease or
contaminant left on the surface.

b. Degrease the specimen by rinsing with isopropandl lat it dry in a chemical
fume hood.

c. Weight the specimen.

d. Mount the specimen on a holder carefully and tigetiough. The specimen with

the holder is immersed to the electrolyte immedyabefore starting the experiment.

3.4 Procedure

The electrochemical measurements used in thiy siedlisted orderly below.

There are four steps excluding the examinatiomefsurface by SEM.

3.4.1 Corrosion Potential M easurement
After finishing equipment setup, deaeration and rmelasurement, corrosion
potential (Eor) test is conducted to measure the open-circuérgiatl of the electrode

for 15 minutes. Parameters set up is shown in ¢henbtable.

TABLE 35
Parameter setting for measuring corrosion potential
Total times (s) 900

Sample period (S) 5
Sample area (cfh 1

3.4.2 Cathodic Polarization

Before applying anodic current, the specimen serfa activated by cathodic
polarization with the parameters given in Table. Jis is a technique to clean the

surface by removing air formed films.
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TABLE 3.6

Parameter setting for activating electrode surface

Initial E (mV vs. Ecorr)
Final E (mV vs. Ecorr)
Scan rate (mV/s)
Sample period (s)
Sample area (cfh
Density (g/cr)

Equivalent weight

5
-300
0.5
1

1
7.87
27.92

3.4.3 Galvanostatic measur ement

Anodic current is applied to the working electradeorder to provoke the

corrosion of the specimen by using galvanostaticenfollowing the parameters in

Table 3.7.

TABLE 3.7

Parameter setting for galvanostaticscan

Initial | (mA/cm?)
Final | (mA/cnf)
Initial time (s)
Final time (s)
Sample period (S)
Sample area (cfh
Density (g/cr)
Equivalent weight

see Table 3.1
same as initial |
0
See Table 3.1
3
1
7.87
27.92

3.4.4 Potentiodynamic Polarization

After applying the current, the working electroidecathodically polarized

with the parameters shown in Table 3.8. The anagieep is not conducted to

preserve the steel surface for analysis by SEMnigcie.
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TABLE 3.8

Parameter setting for potentiodynamic polarization

Initial E (mV vs. Ecorr) 5
Final E (mV vs. Ecorr) -300
Scan rate (mV/s) 0.2
Sample period (s) 1
Sample area (cfh 1
Density (g/cr) 7.87
Equivalent weight 27.92

3.5 Sample Preservation

After finishing the electrochemical measuremeths, specimen is removed
from the electrolyte. It has to be handled veryefidly in order to preserve the
corrosion film on the surface. The preservatioruding mounting of the specimen is

done by the following steps.

Immerse the specimen with the holder into isopropan
Remove the specimen from the holder and let it detaly dry.

Weigh the specimen.

Qo T p

Store the specimen in a decicator in case that Isadges not need to do SEM
analysis

For the specimen that needs to do SEM analysisastto be mounted by epoxy
following an instruction below.

e. Mix the epoxy with the hardener by the ratio of 7:1

f.  Apply vacuum to the mix in order to remove anyteapped

g. Pour the mixed epoxy throughout the surface ostlecimen

h. Minimize air entrapment by applying vacuum to tpexy-coated specimen

Dry the mount in the oven at 8D overnight

J. Store the mount in a decicator
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3.6 Scanning Electron Microscopy (SEM)

Preserved samples are sent for SEM analysis peetbby IFE. The samples
sent to IFE are listed below.

TABLE 3.9
List of samples for SEM analysis
Steel Applied current  Exposure time

density (mA/cm) (h)
X-65 0.125 24
X-65 1.0 24
St52 1.0 24
Steel33 1.0 24

SEM instrument used in IFE is an ultra-high regotutHitachi S-4800. It is

also attached with a Noran System Six energy dssgerspectrometer (EDS) for
element analysis. Figure 3.3 shows the pictureEd Snstrument.

FIGURE 3.3 IFE’s Scanning electron microscope (www.ife.no)

The SEM is a conventional semi-in-lens. It canused for large sample

accommodation while achieving ultra-high resolut{@HR). Specifications of SEM
used in the experiments are listed in Table 3.10.
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TABLE 3.10

Specification of IFE’s scanning electron microscope

Secondary electron image resolution

Electron optics

Cold field emission electron source
Acc. voltage

Magnification

Detector

Specimen stage

1.0 nm (at\15 k
Electron gun

0.5 ~ 30 kV (variable at 0.1 kV/step)

x30 ~ x800,000

Secondary electron detector

(upper/lower/upper+lower),

Energy dispersive X-ray detector
PC-controlled 5 axis motor drive

Traverse X: 0-110 mm

Y:0-110 mm

Z:1.5-40 mm

R: 0-360

T: -5~+70 degrees (depends on Z)

The chemical composition analysis uses Noran 8ySi energy dispersive

spectrometer; the specifications are shown in Taldlg.

TABLE 3.11
Specifications of Noran System Six energy disperspectrometer
Crystal area 30 mM
Mn resolution 134 eV
F resolution 65 eV

Light element detection

down to Beryllium
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4 RESULT AND DISSCUSSION

The results of the experiments discussed beloveategorized by the effects
of each parameter following the study objectiveie Tcorrosion reactions are
represented by weight loss measurements and comrosies. The corrosion rates are
determined by two methods which are from weighs lognversion and Tafel's linear
extrapolation. An example of corrosion rate calttatafollowing the equation (20)
and (21) is explained in Appendix A. For the reswolt SEM/EDS analysis, only main
alloy elements, C and Cr, which directly affect ttwgrosion, will be discussed. The
other trace elements can be found from the resuippendix B.

However, the results of the corrosion rates arg askd as guidance of the
corrosion behavior since the methods in the exparienhave some limitations as
follows:

e The error of the results could be from the specirhandling. Less carefully
handling can damage the surface of the specimewadt found that after the
corrosion the deposit on the surface of some spawns easily to peel off.

e As the corrosion is simulated at low temperatune, process will proceed with
low rate. Hence, the weight loss will be very lomdahe error could occur as the
capacity of the balance used in the weight measemem not in the proper scale
and sensitive enough.

e The potentiodynamic sweep is done when there iscumoent applied (after
finishing galvanostatic mode). Therefore, it is tlo¢ corrosion rate of the steel
with the applied current, but the free-corrosiote raf the steel after the corrosion.
However, the results can be used to indicate ttengd and difference of the

steel’s surface.

Electrolyte pH

After bubbling with CQ for two hours, pH values of electrolytes were
measured immediately before starting electrochdmuoeasurements. The results
show that the average value was 3.92 with allowarficed.3. It should be noted that
CO, flows were kept constant throughout the experisment
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Corrosion Potential

Corrosion potential measurements were performetieairst sequence of all
experiments. In theory, (& obtained from the experiments of the same material
should ideally be equal since freshly-prepared isp&ts were measured at open
circuit condition. However, the results show sonagiations which are acceptable.
The variations could be from many reasons e.g.dtfference in microstructure of
different electrodes, or there is some noise in éx@eriments. The corrosion
potentials of three different steels are shown igufe 4.1 (a) through (c) and the
values at the end of the measurement are alsd listBable 4.1.

It is obvious that the allowances af&for all steels are quite broad which are
possibly from the reasons mentioned above. In Eigut (a), some specimens had
significant higher values than the others. Thisl@¢doe from an error of reading from
the reference electrode. However, their values sdeim reach the average values of
the others after some time. Nevertheless, thesatiwans can generally happen igE
measurements which are acceptable and do not mgkédicaint effects to the
experiments. In addition, the values are used ds pdint for later potential
measurement. The figures also showed that theretlast can be stabilized within 15

minutes, or even in 10 minutes.
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FIGURE 4.1 Corrosion potentials (&) of three different steels

37



TABLE 4.1

Corrosion potentials of the three steels usedarettperiments

Ecorr
(mV vs ref.)
X-65 -640 27
St52 -629 +34
Steel33 -637 £36

4.1 Effect of Applied Anodic Current

After activating the electrode surfaces by catbogbplarization, anodic
currents were applied to the working electrodegalyanostatic method. Figure 4.2
shows the trend lines of potential response witfedint applied current densities for
24 hours.

From Figure 4.2 (a), X-65 specimens took aroundhb&rs to reach the
equilibrium condition. It is unexpected that thespending potentials of electrodes
applied with 0.25 and 0.5 mA/énoverlapped. St52 specimens, as shown in Figure
4.2 (b), spent less than five hours to adapt to @beilibrium. Furthermore, the
potentials are more consistent than another twalsstin Figure 4.2 (c), Steel33 had
the responding potentials with small oscillatiomsl ahe potential seemed not steady
when the measurement finished.

The potentials at the end of the measurementslae/n in Figure 4.3. It
shows that the potentials of the electrodes ineeagath increasing applied anodic
currents. At low applied currents (0.125 and 0.28/am?), X-65 had the highest
potentials followed by Steel33 and St52, respelgtjMaut the reversed order showed
at high applied currents (0.5 and 1.0 mA%m

However, it is seen that the higher currents agpiteethe working electrode
shifted the potentials in a positive direction. Amling to the Pourbaix diagram,
increase in potential at pH < 4 will force the irandissolute to Fé. Therefore, the

corrosion of the steels is accelerated.
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FIGURE 4.2 Responding potentials of the working electrodegiwviare applied with
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After the exposure, the specimens were removed fhe solutions and black
powder was observed on the surfaces. Figure 4hkipictures of a specimen before
and after the exposure to the corrosion which akert by an optical microscope. The
black deposit indicates the corrosion and presehgen carbide according to eq. (7)

Before After
FIGURE 4.4 Picture of the specimen before and after the samexposure

The weight losses of the specimens are shown iar&ig.5 and Table 4.2.
Figure 4.5 shows that the weight loss increasedh witreasing applied anodic
current. This means that the steels are more cedrochen applying higher current
density. Therefore, more amount of carbide showdfdund when applying high
current density. At the lowest applied current 26.mA/cnf), X-65 and Steel33 had
the same weight loss lower than St52. When inccedise applied current to 0.25
mA/cn?, St52 still got the highest value followed by $38eand X-65. The weight
loss of X-65 increased rapidly and reached the digtamong the others when
applying the current at 0.5 mA/émHowever, these weight losses are not different
significantly when compared to each other at timeesapplied current density.

In term of corrosion rate, as mentioned earliez, rites are determined by two
methods. The comparison of the results is showRigare 4.6 (a) through (c). By
means of weight loss calculation, it is evident thih three steels corroded at faster
rates with higher applied anodic currents. The azian rates from Tafel's linear
extrapolation are far lower than the corrosion gdt®m weight loss. The weight
losses gave the larger corrosion rates than peteoiz around one order of

magnitude.
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As mentioned in the beginning, the corrosion ratenf polarization cannot
represent the actual corrosion rate of the specithemg the external current is
applied. However, the values can be used as acaitadiof the changes occurring on
the steel surfaces. In Figure 4.6, the generaldtrehthe corrosion rates from
polarization showed some small decrease. It caexpéained in the way that the
surface of the specimen applied with high curretsity got more corrosion leaving
more iron carbide on the steel surface. As the aanbide is uncorroded, therefore it
is not active for further corrosion resulting tavi@orrosion rate. On the other hand,
the steel with low applied current density is lesgoded providing more general iron
surface available for corrosion. Hence, high coamsate of the steel was observed.
In that way, however, the carbide content on théara steel surface will reach the
maximum level and the corrosion rate then is nanged.

The values from polarization were very low; thirgyt even can be considered
indifferent since the difference could be from #reor in equipment or reading data.
It can be seen that the available data still cowdtimake a clear conclusion for the

corrosion rate.

TABLE 4.2
Weight losses, corrosion currents and corrosiogsraf the specimens which are

applied with different anodic currents for 24 hours

X-65 St52 Steel33
Applied Weight loss Polarization Weight loss Polarization Weight loss Polarization
Current method method method method method method
Density WL CR* icorr CR** WL CR* icorr CR** WL CR* icorr CR**

(mA/cm®)  (g)  (mmly) (mA/cn?) (mmly) (@)  (mmly) (mA/cn?) (mmily) ()  (mmly) (mAlcnd)  (mmly)

0.125 0.010 1.48 0.0095 0.11 0.013 1.92 0.0110 3 0.10.010 1.48 0.0087 0.10
0.25 0.011 1.62 0.0043 0.05 0.015 2.22 0. 0031 0.040.014 2.07 0.0095 0.11
0.50 0.021 3.10 0.0025 0.03 0.020 2.95 0. 0110 0.13.016 2.36 0.0063 0.07

1.0 0.035 5.17 0.0059 0.07 0.031 4.58 0. 0150 0.10.030 4.43 0.0047 0.05

* Corrosion rate calculated from respectively weilgiss

** Corrosion rate calculated frongj,
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FIGURE 4.6 Corrosion rates of the electrodes applied witfed#int anodic currents

for 24 hours

There were two of X-65 samples with different apg@lianodic currents
examined by SEM analysis. The cross-section imagethe specimen which is
exposed to 0.125 mA/cirare shown in Figure 4.7. It can be seen that thea® a
layer between epoxy used for preserving the suidadesteel substrate. The chemical
analysis result from EDS reveals that there wa& Fmntained in the layer, but no
FeCQ was detected. It is as expected that FeBQlifficult to form at low pH (<4)
and temperature [16].

Steel substra

FIGURE 4.7 SEM images of the X-65 electrode applied with anedrrent density
of 0.125 mA/c for 24 hours
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Steel substra

FIGURE 4.8 SEM images of the X-65 electrode applied with anedrrent density
of 1.0 mA/cnf for 24 hours

The images of another X-65 specimen with higherliagpcurrent (1.0
mA/cnr) are shown in Figure 4.8. From the pictures, tivéase of the steel had more
severe damage compared to the electrode with lapg@red current. In addition, EDS
results show that the film contained both iron @eband iron carbonate at the
locations pointed out in the picture. The formatadrihe iron carbonate can indicates
high Fé* concentration from the iron dissolution. Howevére increase in the
corrosion rate at applied current density of 1.0/on& showed that FeC{formed

non-protective layer under this condition.

The results from the electrochemical techniqued &EM/EDS can be
summarized that the applied current density haeff@ct on the corrosion rate and the
film formation. The variation of corrosion ratesdicated the difference in
microstucture of the electrodes with different &bl current densities. Severe
corrosion was noticed at high applied current. €fwe, it can be concluded that
applying the higher current causes more severe gema the steel surfaces and, as a

consequence, more iron carbide is obtained.

4.2 Effect of Exposure Time

In these experiments all three kinds of steel wagwplied with fixed 0.25
mA/cm? anodic current. The exposure time is the paranweéch varied as 12, 24,
48 and 96 hours. Figure 4.9 (a) through (c) shdwesresponding of the potential

during galvanostatic measurements.

45



St52 specimens still showed faster approachingjtalibrium condition than
other two steels. They spent around 15 hours vgloilee electrodes made of X-65 and
Steel33 needed more than 20 hours to be at thdibegun. Furthermore, St52
potentials are very close and more consistent. 4r&bSteel33 have a variation in the
potentials and it seemed they did not reach theliequm before 20 hours of the
corrosion period. The significant variation in paial of X-65 and Steel33 could be

due to the difference in the structure of eachteide.

-450

| 12 hours —— 24 hours
-470 48 hours — — 96 hours
-490 |

-510
-530
-550

E (mV vs. ref)

'570 7\/_—-
-590

-610 ~ - ___ ________
-630 -
-650 T T T T

0 20 40 60 80 100
Exposure time (hr)

(a) X-65

...... 12 hours —— 24 hours
-490 48 hours — — 96 hours

E (mV vs. ref. SCE)

0 20 40 60 80 100

Exposure time (hr)

(b) St52

46



-450
-470
490 | e
-510
-530
-550
-570 o

590 /_.._\___ ““““““““““ -~
610 |

630
650

12 hours —— 24 hours
48 hours — — 96 hours

E (mV vs. ref.)

0 20 40 60 80 100
Time (hrs)

(c) Steel33

FIGURE 4.9 Responding potentials of the working electrodegiwvlare applied with
0.25 mA/cnf for different exposure periods

The potentials at the end of the galvanostatic oreasents are depicted in
Figure 4.10. The figure shows that Steel 33 hachifkest potentials for all exposure
periods, except at 24 hours. The potential sligliégreased when the electrodes
exposed for longer time. X-65 behaved differentytlae potential reach the peak at
24 hours and after which it decreased to the lowesipared to other steels at 96
hours. Unlike the others, St52 had increasing piatisn even though its potentials are
the lowest for the short period of experiments.tAlkee steels had the potentials very
closed when they were corroded for 48 hours. Ferltimgest exposure (96 hour)
Steel33 had the highest potential, followed by 6@ X-65, respectively.

The inconsistent results of the potential mightsealfrom many reasons.
However, as they were done under the same conslittbe main cause is focused on

the structure or surface change during the comogrocess.
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FIGURE 4.10 Potentials at the end of galvanostatic measuremigmtixed applied

currents for different exposure time

The weight loss measurement results are showngur&i4.11 and Table 4.3.
From the figure, it is obviously seen that the weitpsses increased proportionally
with the exposure time. It also shows general tribradl St52 had the highest weight
loss followed by Steel33 and X-65. However, thegheiloss of X-65 was slightly
higher than Steel33 at 96 hours. This increasedight loss of X-65 was probably

from some error in the measurement.
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FIGURE 4.11 Weight losses of the specimens which are appligt @25 mA/cni
for different exposure periods
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TABLE 4.3

Weight losses, corrosion currents and corrosiogsraf the specimens which are

applied with current density of 0.25 mA/Eiior different exposure time

X-65 St52 Steel33

Weight loss Polarization Weight loss Polarization Weight loss Polarization

Exposure method method method method method method
Time(hr) WL CR* icorr CR** WL CR* icorr CR*™ WL CR* icorr CR**
©@©  (mmly) (mAlcn?) (mmly) (g)  (mmiy) (mAlen?) (mmiy) (g)  (mmly) (mA/cn?) (mmiy)
12 0.006 1.77 0.0031 0.04 0.008 2.36 0.0150 0.17 0.009 2.66 0.0050 0.06
24 0.011 1.62 0.0043 0.05 0.015 2.22 0.0031 0.04 0.014 2.07 0.0095 0.11
48 0.021 1.55 0.0073 0.08 0.030 2.22 0.0100 0.12 0.026 1.92 0.0048 0.06
96 0.051 1.88 0.0100 0.12 0.062 2.29 0.0096 0.11 0.050 1.85 0.0100 0.12

* Corrosion rate calculated from respectively weilgiss

** Corrosion rate calculated frongj,

For the corrosion rate determination, the comparisbthe corrosion rates
from polarization and weight loss are shown in Fégd.12. The values calculated
from two methods showed the difference which thieesfrom polarization method
are lower than the weight loss approach.

According to the figures, the corrosion rates dfsédels slightly high in the
short-period experiment. It might be from attacktie beginning of the corrosion
before the electrodes got stabilized. The corrosataes of X-65 and St52 from the
weight loss are almost constant. Steel33, on therdtand, had decreasing trend in
the corrosion rate, but the change is not largevé¥er, this can be implied that the
steels corroded with the constant rates over titherefore, the weight loss is a
function of the exposure time.

For polarization, St52 had decreasing trend inagion rate. Like the previous
experiments, it can be explained by the structdrthe steel surfaces. As the steels
exposed to the corrosion longer, more iron carisdeft on the surface. Thus, lower
corrosion rate is from the less active areas forosoon.

However, X-65 gave the results in the opposite \&ayits corrosion rates
slightly increased over time while Steel33 showegradicted corrosion rates. It is
difficult to explain this phenomenon with theseitied data as the steel surfaces were
not analyzed further. Therefore, the structure had steel surface after corrosion
should be examined in more detail in other studyhan future. Nevertheless, it was
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noticed again that the difference of the corrosrate is very low and can be
neglected.

In conclusion, it was found that the iron dissautiis proportional to the
exposure time. This increase in the weight logdse in agreement with other studies
[4, 16]. As the weight loss increased, hence, ttum icarbide is expected to

accumulate more on the surface with longer exposure
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FIGURE 4.12 Corrosion rates of the electrodes applied witmentrdensity of 0.25
mA/cn for different exposure time

4.3 Effect of Applied Current Density and Exposure Time

As it is seen that weight losses were dependenh®mpplied anodic current
and exposure time, the idea of the present expatanéherefore, is to reduce the
duration of corrosion by applying higher currenhsigy. To study the relationship of
the applied current density and exposure time treldes would be applied with the
high current for a short time and vice versa. #sth two parameters are proportional
to the corrosion reactions, the weight losses etteddes made from the same
material should be equal, since the current is ted/dalfway while the exposure time
is doubled. According to the proposed correlatitwe, corrosion process is possibly
accelerated in shorter time by applying higher eirr

The electrodes were corroded by using galvancstagthod same as the
previous experiments. The trend lines of the paénturing the measurements are

shown in Figure 4.13.
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FIGURE 4.13 Responding potentials of the working electrodeglvire applied

with different current densitider different exposure times

For the short periods with high applied currentseemed that X-65 and
Steel33 electrodes were still not in the equilibriconditions. It probably needs at
least 15 to 20 hours for stabilization. This isodigund in the previous experiments.

High applied currents shifted the potentials tcabéigher levels as expected.
However, the X-65 electrode applied with 0.5 mAfcamd St52 with 0.25 mA/ch
showed significant deviation as their potentialsev®o low and high, respectively.
This could be due to some defects on the surfassedafrom the surface treatment
because it was observed at the starting of therempasts.

The potentials at the end of each condition arevehim Figure 4.14. The
figure shows that the potentials declined when eksing applied currents and
prolonging the exposure, except for X-65 which 0n2&/cnt is applied for 24 hours
which its potential was surprisingly high. Howevetris difficult to get the accurate
results of the short-period experiments for thertsperiod since they did not reach
the stabilized state. Comparing the results ofeddffit steels shows that the trends
going randomly as also experienced in the preveyseriments. With high current
density of 1 and 0.5 mA/cimsteel33 had the highest potential followed by2Sifd
X-65. Lowering the current to 0.25 mA/énthe potential of X-65 increased higher

53



than Steel33 and St52. At the lowest current whid ibongest exposure time, their
potentials are very close. The disagreement is shwlaen comparing with the results
in 4.1 (Figure 4.3). Hence, it cannot draw the gaineonclusion of the behavior of
three steels influenced by the anodic current utitese conditions.
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FIGURE 4.14 Potentials at the end of galvanostatic measureofeht electrodes

which are applied with different currents for driéat exposure time
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The weight losses of the specimens are listedaiplel 4.4. For an overview
shown in Figure 4.15, they increased over time an-inear manner. The weight
losses of three steels were closed when apply@dighest current 1.0 mA/érfor 6
hours and 0.5 mA/cfrfor 12 hours. The significant increase was obsewhken the

steels exposed to the lower current densities®itdnger periods.

TABLE 4.4
Weight losses, corrosion currents and corrosiogsraf the specimens which are

applied with different current density and expodume

Applied X-65 St52 Steel33
current Weight loss Polarization Weight loss Polarization Weight loss Polarization
(mA/cm?) - method method method method method method
Exposure WL CR* icorr CR** WL CR* icorr CR** WL CR* icorr CR**
time (hr) (@  (mmly) (mAlcn?) (mmfy) (g) (mmly) (mAlcn?) (mmly)  (g) (mmly) (mAlcn?)  (mmly)
1-6 0.009 5.32 0.0056 0.06 0.010 591 o0.0100 0.12 0.008 473 0.0027 0.03
05-12 0.010 2.95 0.0040 0.05 0.008 236 0.0110 0.13 0.009 266 0.0091 0.11
0.25-24 0.011 1.62 0.0043 0.05 0.015 2.22 0.0031 0.04 0.014 2.07 0.0095 0.11
0.125-48 0.022 1.62 0.0080 0.09 0.027 199 o0.0056 0.06 0.018 1.33 0.0042 0.05

* Corrosion rate calculated from respectively weiigiss

** Corrosion rate calculated frongj,

The corrosion rates from both methods are showhignre 4.16. The rates
obtained from weight loss conversion significantdgcreased when reduced the
applied current density and increased the expasme Based on the fact that the
corrosion rate calculated from the weight losshis &verage corrosion rate of the
specimen over the exposure time, with high appbedent densities, the steels
corroded very fast resulting in high rates. On diieer hand, low applied currents
resulted in low corrosion rates.

For polarization, it is difficult to make a conclos as the values varied in
unpredictable manner and also the magnitude is sergll. The small differences
could be due to the uncertainty of the measuremeiks the previous experiment,

the investigation on the surfaced in more detausih be performed.
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FIGURE 4.16 Corrosion rates of the electrodes applied witfed#nt current density

for different exposure time
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In principle, the metal losses of each kind of lsgwuld be equal except in
case over corrosion occurs. As the results in igufl5 showed increasing weight
losses, it could probably due to the over corrodrom kinetic reasons that made
non-linear relationship between corrosion rate exmbsure time.

From the discussion above, it cannot be clarifizdcdy that if reducing
exposure time can be compensated directly by applyie higher current density. It
is due to non-linear behavior affected by appliagrent and exposure time.
Therefore, studying the relationship of both paramseand the corrosion behavior

should be extended further.

4.3 Effect of Chemical Composition and Structure of Steels

Comparison of corrosion behavior of three differstgels, in term of weight
loss, had been shown in Figure 4.5, 4.11 and lthe previous sections. Those

figures illustrate the metal loss trend of thredfedent steels under different

conditions.
6" - -9 - - X-65-Weight loss
= 5 ——8——X-65 - Polarization 3 Jo)
E - —-B--5t52 -Weight loss T - o
= | —8@——5t52 -Polarization T T -
:: 4 Steel 33 -Weight loss - // -
E 3 Steel33-PoIarizati02¢@;i;’/
B 2 E
o a -0
s |
1
0 "*“’_‘* ‘—4 — "‘
0 0.2 04 0.6 0.8 1 1.2
Applied current density (mA/cm2)

(a) Different current is applied for 24 hours
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FIGURE 4.17 Corrosion rates of the three steels in the diffecenditions

Figure 4.17 shows the comparison of the corrosaiasr of the three steels
under different conditions. It is evident that ttm@rosion rates from polarization of
three steels under different conditions are vewyseland the difference can be
neglected. Thus the discussion would be mainlyherrésults from weight loss.

In figure 4.17 (a) where the electrodes exposedaived applied anodic
current for fixed corrosion periods, three steald khe corrosion rates close to each
other. Higher weight losses of St52 than Steel33ewabserved. X-65 had low
corrosion rate when applying low currents, howeferrate increased faster than two
other steels when high current (1.0 mA#is applied.
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For Figure 4.17 (b) when the fixed currents is egupfor different corrosion
periods, St 52 corroded faster than other steeille Wh65 seemed to corrode with the
lowest rate. In the last case (Figure 4.17 (c))Whioth applied current and exposure
time are varied, the corrosion rate of Steel33 reathlower than St52. For X-65, its
corrosion rates in almost all conditions are aleadr than St52 and higher than
Steel33.

It is evident that St52 had higher corrosion ratntSteel33 for almost every
conditions. It can be explained by the differenteanmposition of the steels. As listed
in Table 3.1, St52 contains higher carbon thanI$3ewhile Steel33 has much more
chromium than St52. This compostion leads to higitasion rate in St52 and low
corrosion rate in Steel33 as it is also observechfmany studies [17].

In case of X-65, it can be seen that the corrosades of X-65 did not show
the general trend compared to the others. Compdh@gesults of X-65 with St52
which has the same ferritic-pearlitic microstruetuit was expected that St52 would
corroded faster than X-65 due to its higher carbontent. However, the corrosion
rates of X-65 results showed the inconsistencyluthog the results of galvanostatic
method, the corrosion of X-65 seemed to be sersitiven the electrodes exposed to
the corrosion less than 20 hours where they prgbaidl not reach the equilibrium
condition.

Comparing the results from SEM/EDS analysis of sheples applied with
the current density of 1.0 mA/énfior 24 hours, it was found that the iron carbonate
scales was observed on the X-65 specimen only (&ig18). Furthermore, it seemed
that the surface of X-65 got more severe damagetti@others. The analysis of St52
and Steel33 is shown in Figure 4.18. For St52 eteiFgC detected on the surface,
but no FeC@was observed. The results of Steel33 showed thet €ntained in the
corrosion layer which confirmed the effect of Crntant on the corrosion rate

reduction.
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(a) St52

Steel substra

(b) Steel33
FIGURE 4.18 SEM images of the electrodes which are appliet thié anodic
current density of 1.0 mA/chfor 24 hours

From the discussion above, it can be concluded 8teel33 has lower
corrosion rate than St52 due to the addition db@arand chromium. The behavior of
X-65 remains in doubt as its unpredictable weigkslis shown. Therefore, like other
researches [17], it is difficult to speculate thea@ effects of microstructure and

composition of the carbon steels on Qf0rrosion process.
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5 CONCLUSION

The corrosion behaviors of X-65, St52 and Steed88cimens under GO
saturated-NaCl solution are concluded as follow:

1. The applied anodic current density influences ¢brrosion rate X-65, St52 and
Steel33 steels. The corrosion rates increased aplying higher current density.

2. The weight losses of the metals increased \Wwihekposure time.

3. Steel33 has higher corrosion resistance tha? @&ib to high Cr and low C content.
However, the corrosion behavior of X-65 can nostaed clearly compared to St52
and Steel33.

4. Accelerating the corrosion in order to obtairba#e structure in C&corrosion can
be done by galvanostatically applying anodic curteran electrode.
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APPENDIX

APPENDI X A Deter mination of Corrosion Rate

Specimen: X-65 with 1.0 mA/chturrent density and 24-hour exposure

Weight |oss measurement:

Using equation (20),

cr= W
A+TeD
when
K, = 8.76x 10"
T =24 hours
A =3.14 ch
W =0.035 g, and
D = 7.87 g/cth
thus
CR= 876+10" «0.035
3.1424+7.87
=5.17 mmly
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Polarization curve:
According to ASTM G102 standard, the linear arekecded to find the
corrosion current should be +20 mV from the freer@sion potential. Therefore, the

tangent lines are placed as shown in the belowdigu

-610.00 -

-630.00 -

g

S,
-650.00 -

-670.00 -

E (m¥ . ref)

-690.00 -
-710.00 -

-730.00 -

| 5 90E-06 Alcm?

-750.00 T T T 1
1.00E-07 1.00E-06 1.00E-05 1.00E-04 1.00E-03 1.00E-02

logi(Afcm2)

substitute the values of each variable in equg&an

icorr. KZ *EW

CR=
D

icor  =5.9x 10 Alcm?

K,=3.27 x 10
EW =27.92, and
D = 7.87 g/cth
thus,
59¢10-%¢ 3271022792
CR=
7.87

=0.07 mmly
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APPENDIX B SEM/EDS Analysis

B.1 SEM/EDS analysis of X-65 specimen which isapplied 0.125 mA/cm? current
density for 24 hours

Accelerating voltage: 15.0 kV

Magnification: 5000
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92.14 6.00 1.56 0.30
66.15 10.68 19.58 0.21 0.53 0.19 0.11 243
80.07 16.34 0.17 0.83 0.26 0.06 2.14
78.54 18.10 0.05 0.16 0.78 0.25 0.11 1.88
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B.2 SEM/EDS analysis of X-65 specimen which isapplied 1.0 mA/cm? current
density for 24 hours

Accelerating voltage: 15.0 kV
Magnification: 2500
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B.3 SEM/EDS analysis of St52 specimen which is applied 1.0 mA/cm? current
density for 24 hours

Accelerating voltage: 15.0 kV
Magnification: 2500
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Atom %

O-K Al-K  S-K P-K  Cl-K V-K Cr-K Mn-K
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B.4 SEM/EDS analysis of Steel33 specimen which is applied 1.0 mA/cm? current
density for 24 hours

Accelerating voltage: 15.0 kV
Magnification: 5000
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Accelerating voltage: 15.0 kV
Magnification: 5000
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APPENDI X C Polarization Curves

The polarization curves measured from the experisnane shown by following
figures.

C.1 Polarization curves of the specimens which are applied with different
applied anodic currentsfor 24 hours.
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Steel33
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C.2 Polarization curves of the specimens which are applied with 0.25 mA/cm? for
different exposuretime
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C.3 Polarization curves of the specimens which are applied with different
applied anodic current for different exposuretime
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E (mV vs. ref.)
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