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Abstract

Oil and gas industry is a strategic industry being of central importance for global economy
as a vital source of energy for all other sectors gihearing industry. This vital role is

being challenged as the important reserves of ol and gas which are left to be discovered
and produced are mainly concentrated in difficult locations which are under severe
operational conditions of high pressure,hhigmperature and aggressive environments.
Therefore the materials and the technology requimedexploration, production and
transportation must possess appropriate properties considering the excessive cost of

replacements or failures in these diffictdtaccess locations.

Carbon steel because of its tremendous and inherent propextiesadow cost; easyo
shaping, forming and machining; good weldability; wide availability; its properties have
been studied in depand are well understood; good mechbal properties ets preferred

over all other conventional engineering materials and has found extensive use in the oll
and gas industry. However, carbon steels are susceptible to corrosion attack particularly
in harsh oifield environments thus affiecg the capital expenditure (CAPEX),
operational expenditure (OPEX) and hea#thfety andenvironment (HSE). Regardless

of these disadvantages, carbon steel still remains the material of choice because no
alternative materials have adequately exhibiteditebeproperties for ol and gas
applications. Thereforefferts are being continuously made to improve the properties of
carbon steethrough diverse physical, chemical and themmechanical processes with

the aim ofdeveloping new materials which areosiger, lighter, and more resistant to

corrosion.

The quest to mitigate the corrosion susceptibility of carbon and low aloy steels for
effective use as structural materials in oil and gas industry particularly in chalenging
locations andunder severe cwlitons has led to the development of miatibyed steels.

For the past six decades when mialloying was generally accepted, micalipy steels

have become an indispensable class of structural materials providiegrable
combinations of propertiesush as strength, toughness, formability, weldability, and
corrosion resistance affordable cost This excellent combination of properties can be
attributed to the presence of fine grain structures occasioned by the addition of small
quantity of alloying elements, controlled processing technologies and appropriate heat

treatments. Most of the elements located at the left of iron in the periodic table are

iv



considered as strong carbifbemers. These elements have found extensive application
in micro-alloying of steels. Among these elements, Zr and Hf have not reteive

comparative application like the other neighbouring elements such as Ti, ¥nilkgr

A comparative and systematic assessment of the corrosion behaviour of three proprietary
micro-alloy steds designated as () ASTM A69865 forged steel bar (F65) (i) improved
collapsed grade P110 IC pipe (P110) and (ii) high collapsed sour service grade TN95 HS
pipe (TN95)wereconducted in different media/electrolytes using different environme ntal
parametrs, electrochemicaltechniques (Linear polarization resistance (LPR), Tafel
polarization (TP), Electrochemical impedance spectroscopy (EIS) and potentiostatic
polarization (PP)), weight loss measuremeatdd surface analyse APl 5L X65 steel

grade (X65)was used as reference sample. The results of the preliminary investigations
showed that the corrosion rates ofthenicro-alloy steels using differe nélectrochemical
technigues and in all the environments corroborated each atbeeveatd a ranking

order of F65 < X65 < P110 < TN95. The main reasons for this behaviare w

microstructure and chemical composition of the respectiezoalloy samples.

The twoworst corrosion rate steels (P110 #Dd TN95HS) were selected for alloying

with different quatties (0.1, 0.2 and 0.4 wt%) of Zr and Hf with a view to improving
their corrosion resistance. Thmalysis of the alloyed specimens showsicrostructural
modification exhibiting grain refinement with increase in alloying elements (Zr and Hf).
This wasattributed to the formation of Zrand/or Hfbase intermetallic precipitates.
These precipitates have the abiity to mlown grain boundariesthus limiting grain

growth which resuled in improved mechanical properties such as increased hardness and
tensile strength without any negative impact on toughness of the aloyed sarpies
aloyed steels were subjected to corrosion tests in simulated produced water (SPW)
saturated with99.98%CO2 at 29C and pH6.5. The results showed théle specimens
aloyed wih Zr and Hf exhibited superior corrosion resistance than the unalloyed and the
reference samples with the corrosion rate of the alloyed steel decreasing with increase in
the quantity of alloying elements. This signified that Zr and Hf has suppressiet affe
electrochemical reactions ukleadng to passivation with theesultant improvement in
corrosion resistance ranging froB% - 35% for Hf additon and 27% 44% for Zr
addition in TN95.This can be attributed to higher dissolutiovith the corresponidg

formation of more intermetallic precipitate of idr Fethan Hf
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Chapter 1: Introduction
1.1Background

Oil and gas industry is a strategic industry being of central importance for global economy
as a vital source of energgquired for all other engineering strs[1]. This vital role is

being challenged as the important reserves of oil and gas wafacleft to be discovered

and mined are concentrated in difficult locations such as deep water offshore, remote
arctic locations and not easily managed reserves. These locations are also under severe
operational conditions of high pressure, high temperaand aggressive environments.

This means that materials and the technologguired insuch high demanding conditions

and locations must possess appropriate properties considering the excessive cost of

replacements or faiures in these diffictdtacces locations[2].

Carbon steel because of its inherent propestigh asow cost; easyo shaping, forming

and nachining; good weldability;avaiability; its properties have been studied in Hept
and are well understood; good mechanical propertief3et]is preferred over all other
conventional engineering materials for the production and transportation of crude oil (and
its products) from where they are produced (oil wel) to wherg #ie processed
(refineries) and the refined products further transmitted to where they are corf&lmed
However, carbon steel isusceptible to corrosion attack particularly in the harsh
environments of the oil and gas industry thus affecting the capital expenditure (CAPEX),
operational expenditure (OPEX) and health and safetyroement (HSE)[6, 7]
Regardless of these drawbacks, carbon steetestihins the material of choice in the oil
and gas industry since no alternative materials have adequately exhibited better properties
for ol and gas applcations. Thus research@sll] have for decades engaged i
enhancingthe properties of carbon steel through diverse physical, chemical and -thermo
mechanical processes. Alloying with strong carbide forming elementsotiucemicro-

alloy steels has been one of the major techniques employed to improve the oorrosio

performance of carbon sted¢kl, 12]

Micro-alloy steels are steel graslthat contain small amounts of strong carbide forming
elements such as Tantalum (Ta), vanadium (V), Niobium (Nb) and Titanium (Ti). These
elements are caled strong carbide formers because they preferentially combine with
carbon in carbon steels thusviag chromium (Crn solution in the ferrite structure of

the stee[13]. This uncombined chromium provides enhanced corrosion resistance which
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is not possible if allowed to form carbide. Tharbides of the micralloying elements
provide precipitation strengthening as well as high yield strength regardless of the low
carbon content of the steel. The individual percentage of these alloying elements is
generally less than 0uit% whie their oerall percent in any micralloyed steel is often

less than 1.5vt% [13, 14} Most of the elements that are lochtat the left of iron in the
periodic table are considered as strong caffoideers [15]. These elements have found
extensive application in micralloying of steels. However, Hafmium (Hf) and Zirconium
(Zr) have not receive comparatiagpplicationas the other neighbouring elements (Ti, V,
Nb, Cr etc)[16]. Therefore in this work, the effects of Hf and Zr (as strong carbide
formers) on the corrosion performance of three proprietary +aitvged steels were

investigated.

1.1.1 Corrosion defined

Corrosion is an inevitable, thermodynamically feasible eemgirally occurring process
occasioned by the interaction of materials, particularly metals with the environments that
culminates in the deterioration of the mater@l properties Corrosion is inevitable
because it can never be prevented bah be managedor controled. It is also
thermodynamically feasible becaus®stpure or refined materials are in unstable states
due to the energy acquired during manufacturing processesproessedmaterials
thereforehave strong driving force to return to theialse, native and original low energy

oxide state (ore). This is ilustrated Rigure 1.1.

Pipeline
(- -\tmo:phere)

\,_
(Tron Oxide) i ]'_'J,..—-» (Hydrated
£ Iron Oxide)

Reduction
Refining
Casting
Rolling
Shaping

Soil & Water

Figure * 1: The tendency of materials to return to their native, low energy oxide state.

Corrosion can equally be considered as tarah process because the major covw®si
species which are oxygen (air) and water (moistures) are present in most natural
environment. Therefore corrosion can occur everywhere without inducement and its
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impacts which can cause dangerous and expensivegearafiect virtually all facets of
worldbés infrastructures ranging from dome

gas, chemical processing and water and wastewatel5, €fé21].

It then means that @mbination of interaction between environment and material must

be involved before corrosion can be fully discussed. This is because, the corrosion
behaviour of a material depends on the environment in which it is subjected and the
corrosivity of an envonment depends on the material exposed to that environment. This
combination can be natural (desirable) if the interaction between the material and the
environment does not result in detrimental or costly corrosion problem. On the other hand,
undesirable combination occurs when the interaction between a material and its

environment results in severe corrosion danjadg

Although the fundamental mechanism of corrosion involves the creation or existence of
corrosion cells which generally consist asfanode where corrosion (oxidation) occurs
and at least one cathode where reduction takes place, yet the various forms in which
corosion manifest itself are myriad22]. Researcher§2l, 22] attributed this to the
complexity of corrosion phenomenon occasioned by several factors involved. However,
iteratures [21, 22] classified these factors into three majgroups namely: nature of
corrosive mediumwhich may be wet or dry; mechanism of corrosion whiohy be
electrochemical or chemical and the appearance of the corroded metal which may be
uniform or localized. The morphology of the corrosion attack which can be identified by
visual observation either with naked eye or by magnification is the basiadsification

by appearanceThe most common forms of corrosiame ilustrated in Figure -2 while

a summary of the mode of corrosion ted in Table 1



Load
Flowing Cyclic Metal or

More noble corrodent movement
metal nonmetal
IIIIIIIIIIII {iiﬁi%;;;;2§> IIIIIiIllllr IIIIIiE;iIIi
No corrosion Uniform Galvanic Erosion Fretting Crevice
Tensile stress Cyclic stress
Pitting Exfoliation Dealloying Intergranular Stress-corrosion Corrosion
cracking fatigue

Figure * 2: Common Forms of Corrosioj21].

1.1.2Cost o corrosion

Corrosion affects the society on the daiy basiausing dangerous and expensive
damages to everything from pipelines, brglgand public buidings to vehicles, water

and wastewater systems, and even home appliaibescost of corrosion control and the
associated damages are enorm@il8, 19, 21] A two years (1999 2001) study titled
'‘Corrosion Cost and Preventive Strategies in US', conducted by Gerhardyd,9¢wéth

support from U.S Federal Highwapdministration (FHWA) and NACEnternational
reveabd that the total annual estimated direct cost of corrosion in the US economy is
$276 bilion. This is approximately 3.1 % of the nation's Gross Domestic Product (GDP)
[18]. Due to inflation, this amount increased to about $1 trilionGd3androseto $ 1,1

trilion in 2016 representing about 6.1 % of US GDP. This figure does not include the
indirect cost which is estimated to be equal to the direct[£BstL9] The total estimated

annual cost of corrosion for some selected economic seactd® is shown in Figure -1

3. Researcher§l8, 19, 21] estimated the global annual direxost of corrosion to about

3-4 % of the industrialized nations GDP which amountever $1.8 trilion. Total direct

annual costincludes costs incurred by owners and operators of structures, manufacturers
of products and suppliers of services. On the other hand, indirect cost are factors such as
loss of production, environmental impactransportation disruptions, injuries and
fatalties [18, 19]



Table * 1: Summarized Corrasn Mode

Type of Corrosion

Material System

Driving Force

Control Point

Remark

Uniform/General Al metals in Atmospheriq - Atmosphere - Painting - This forms about 50% of th
Corrosion Environment -Temperature - Hot Dip galvanizing total corrosion cost

-Seldom lead to failure
Intergranular All Alloys -Third phase Precipitate -Heat Treatment in - Loss ofstrength andluctility
Corrosion - Temperature Manufacturing - Severe attack can lead

-Welding during Fabrication

failure

Galvanic Corrosion

Galvanic Coupling Materials e.
Fe with Cu,

Carbon Steel with Stainless Ste¢

Different metals in
electrolytic solution

- Proper Design
-Riveting/Joining Materials

Moderate effect but can K
detrimental for a longer perio

Crevice Corrosio

Metal to Metal/Non Metal ir
electrolyte

Metal in two electrolytes

-Small Gap in electrolyte
(<3.18mm)
- Stagnant fluid

- proper Design
- Casketing Materials

- Proper Drainage Practice

Moderate effect but can k
detrimental for a longer perio

Pitting

Stainless Steel and Aluminium
Chloride or bromide environmer

(water/soils)

- Surface Irregularity
- Presence of Gbr Brion
- Chemical composition

- Temperature

- Surface Quality Control

- Proper welding Practice

- Proper Material Handling
- PREN (Maerial Selection)
- CPT (critical Pitting

Temperature)

Severe attack can lead

failure (Second bigges

corrosion failure)




Table * 2: Summarized Corrosion Mode (Continues)

Type of Corrosion

Material System

Driving Force

Control Point

Remark

Erosion corrosion

Tribo- Corrosion

Carbon steel, stainless steel in

Flowing fluid containing abrasive

Synergy effect of passive
fim breakdown by abrasive
and localized corrosion

Corrodent turbulence
Corrodent impingement

elbow and tees

Severe attack can lead

il failure

Stress Corrosio
Cracking SCC/HE
SCC

Stainless steel, carbon Steel in
High pH (pH>9.3)

- temperature Sensitive
neutral pH (5.5 7.5)

- Free potential

ne

- non Temperature Sensitive

- Moisture

- temperature Réon

- Existence of Residual
Stress

- Suitable pH

-Preence ofH2S, Chloride

ion

-Moisture control
-H2S content

- Operation temperature

- Biggest cause of corrosid
failure
- SCC found in gas and liqui

pipelines

Biological
Corrosion/Microbial
Induced comsion

All metals in environments with

- Sulfate reducing Bacteria (SRH
- Sulphur/sulfate oxidizing
bacteria

-Fe/Mn Oxidizing Bacteria
- Organic Acid Producing bactern

Gravitational and pellicle
water

-pH6-8

- Potential42 - 820 mV
- Temperature 2045°C

Application of organic coating
Cleaning Practice
Use of Biocide

In US $1.2 bilion
annually on biocidal chemical
to fight MIC.

Spen
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Figure % 3: Cost of corrosion Per Analyzed Economic Sedata from[19])

Although corrosion is so prevalent and takes so many fatsnsccurrence and saciated

costs can never be completely eliminated. However, sti@ie49]estimated that about

25 to 30% of annual corrosion costs could be saved if optimum corrosion manage me nt
practices are employed. The mostrtnonly used corrosion prevention methods include
organic and metalic protective coatings; corrosion resistant aloys, plastics, and
polymers; corrosion inhibitors; and cathodic protectioBathodic protection isa
technique usedfor protecting pipelines, underground storage tanks, and offshore
structures by creaing electrochemical cell in which the surface to be protected is the
cathode and corrosion reactions are miigat¢td, 20] These methods are either

uneconomical and/or too cumbersome to practive and sustain.

The impact of corrosion on the integrity of facilities is winessed in every stage of
operations in the giroleum industry ranging from driling, production, transportation,
refinery and distribution This impact can be considered in terms of its effects on the
capttal expenditures (CAPEX), operational expenditures (OPEX), and health, safety and
environment KSE) [6, 17-19]. Kermani and Harf6] reported that corrosiomelated

failures constitutes about 25% of the failures experienced in oil and gas industry. Half of



these failures are linked to sweet (§@&nd sour (ES) producing fiuids whie the balance
are linked to other contributing factors as shawifrigure 14.

Erosion Galvanic
Corrosion 6%
9%

Crevice
3%

Stres
Corrosi
3%

Impingement
3%

Figure * 4: Causes of Corrosion Related Faiure in Petroleum Ind¢data from[23])

Kermani and Harf6] enumerated four major ways in which cost can be incurred due to
corrosion. These include:

a) Design expenditure (CAPEX); these are extra costs incurred as a result of additional
capital outlay on preventing, nmnizing and controling corrosion at the project stage.

b) Operating expenditures (OPEX): these are dapeleses associated with planned and
unplanned maintenance, repair of corrosion damaged faciities and other corrosion
control activities.

c) Replaement expenditure. These are capital expenditure incurred during operations due
to replacingor repairing majorcomponentsof corroded facilities.

d) Lost revenue are cost associatgith lost production, spoilagecontamination of

products and delay in pduction due to corrosion related problem.

1.1.3 Micro-alloyed Steels

Iron and steel development which started at about I8%025] has evolvedthrough
mary technological and industrisdvolutions aimed at proading better and newer grades
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of steels suitable for broad and diverse range of applications. These evolutions which
were anchored on different manufacturing processes accounted for the production of
variety of grade of steels with specific combination defsirable properties such as
strength, toughness, weldability, corrosion resistance, favourable sti@mgtight ratio

and formability [14, 26:28]. The evolution can be chronicled from Bessenmocess,
Openheath process, Basioxygen steelmaking (BOS), to Electri@rc furnaces(EAF)

[24, 25] One of these variety of steels is the various grades of-allop steel. Micre

alloy steels typically contain 0.070.12 wt%C, up to 2 wt% Mn and small additions of
alloying elements such as niobium, vanadium, titanium, include molybdenum, zirconium,
boron, aluminium, nitrogen and rare earth metals (al usually max. 0.1%) in various
combinations[26, 28 30]. Alloying elementsareusually presednn micro-alloy steels and

their functions as reported by BaK@B] are shown irfable 12.

Table T 3: Alloying elemers and their influence in micralloyed steeld28]

Element wit% Influence
C <0.25 - Strengthener
Mn 0.5-2.0 - Delays austenite decomposition during accelerated cool

-Decreases ductile to brittle trétien temperature
Si 0.1-0.5 -Deoxidiser in molten steel;

-Solid solution strengthener.

Al <0.2 -Deoxidiser -Limits grain growth as AN

Nb 0.02-0.06 -Very strong ferrite strengthener as Nb(C,N)
-Delays/ © | transformation

Ti 0-0.06 -[ grain size control be TiN
-Strong ferrite strengthener

\ O-0.10 -Strong ferrite strengthener by V(C,N)

Zr 0.002 - - grain size control by Zr(C,N)

0.05 -Strong sulphide former

N <0.012 -Forms nitride and carboitrides

Mo 0-0.3 -Promotes bainite formation

Ni 0-0.5 -Increases fracture toughness

Cu 0-0.55 -Improves corrosion resistanceFerrite strengthener

Cr 0-1.25 -Increases atmospheric corrosion resistance

B 0.0005 -Promotes bainite formation




Davis [26] and Matlock and Spe¢B1] reported thalow carbon content of micralloy

steels is responsible for adequate formability and weldabilty. On the other hand, the
alloying elements contribute to improved strength by forming carbides, nitrides and/or
carbo-nitrides which induce grain refinements, precipitation hardening and sold solution
strengthening29, 31] The formation and presence of these fine grains, which is achieved
throudh micro additions, controlled roling and appropriate heat treatment is the most
essential requirements for meeting the desired mechanical properties ralkoigrateels

[14, 27]

DeArdo, et al[27] reported that the role of micraloying elements in improving the
strength of micrealloy steels can be achieved through a combined effects of grain
refnement, sold solution strengthening, dislocation strengthening and prezipitat
hardening. Tis relationship is summarized using expaded HalPetch Equation as
shown in Equation 1.1.

&Y YR Yo YO Yoy 0 Q- 11

Where

@Y = Observed yield strength

Y& "Y= Lattice friction (Peierls Nabarro)
Y& "Y= Sold solution strengthening

Y& Y = Dislocation strengthening

Y®"Y = Precipitation hardening

U = Strengthening coefficient (a constant specific to each material)

d = Grain size diameter

There are contradictory reports on #fects of grain size on the corrosion resistance of
metals. Whie some authors claimed decrease in corrosion rate with decrease in grain size,
others postulated the opposftg2]. This wasattributed to the inability to decouple the
effects of processing and processing route from grainefizet on corrosion resistance.

Grain boundaries and triple junctions have been reported to have unique electrochemical
properties, which wil case preferential dissolution in specific electrochemical
circumstances, whie being unaffected in other circumstances. It was then observed that
grain refnement may act to aggravatee behaviour observed from c¢esar grain
structures in any specific erenment. For example, if an electrolyte simulates active
behaviour on a coase grained sample, then grain refnement wil likely make the surface

10



Amor eo active and iont ©mnithe other haady i a ogagrainedo r r 0 ¢
microstructure is passva a given electrolyte, then grain refinement wil likely result in
the formation ofmore stable passive fim. This means thateketrolyte play significant

role on the effects of grain refinement on the corrosion behaviour of §li@ys33]

The estimated world production of all grade of steels in 2014 was about 1.65 billion
tonnes of which 200 milion tonnes accounting for about ¥2%micro-alloy steelg14,

28]. According to Davis[26], Matlock and SpedB1] and Fernandez, et E9], micro-

aloyed steels are designed to provide specific desirable combination of mechanical
properties (strength, toughness, weldability) and better corrosion resistance than the
conventional carbon steelBhus micrealloyed steels are classified not on the basis of
chemical composttion but on the specific mechanical properties they are designed to meet.
Davis [26] identified six (6) categories of mictalloyed steels. These categories and their

functions are shown imable 3.

Micro-alloyed steel because itsf unigue combination of mechanical properties has found
applications in virtually all facet of engineering sectors suclilaand gas pipelines,
heavyduty highway and offoad vehicles, construction and farm machinery, industrial
equipment, storage riks, mine and rairoad cars, bridges, offshore structures, power
transmission towers, light poles, and buiding beam$2dtc26, 34, 35]This increase in
interest in the use of micralloy steel, particularly inthe ol and gas industry is in
recognition of some of its advantages over other structural engineering mdfetiakl,

36]. These advantages include:

) Savings in materials used due to improved strength tghtveatio.

i) Reduced manufacturing cost due to savings in handling, transportaton and welding
costs.

i) Savings in operational cost since less energy wil be required

V) The development of new stedlsat can be tailored to specific applications

Mary studies[13, 36:38] on the use of micralloyed steels in oil and gas industry have
been published. For instance Bilinghan, ef38] reviewed the use of various grades of
micro-alloyed steel and presented their results according to area of applications as shown
in Table 4.
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Table 1 4: Categories and Characteristics of Miakmyed steels (6)

S/No Class Major Characteristics/Applications
Additions
Dual Phases Steels V, -Ferrite Martensite structure
-High tensile strength and ductility.
(Automobile Industries
Weathering Steels Cr, Cu, Ni, P - Bainte Structures
- Atmospheric corrosion resistance
- Sold solution strengthening
(Bridges, Utility towers, Light Poles,
High way guiderails
Micro-alloyed Nb, V, Ti, etc - Precipitation Strengthening
ferrte-Pearlite Steels - Grain refinements,
(Transmission temperature confrol
As-rolled Pearlte \% Strength, toughness, formability,
Steels Weatherliity
Aciculate Ferrite V, Nb High yield strength, Weldability,
(Low-carbon formability and good toughness.
Bainite) Steels
InclusionShape Ca, Zr, Tior -Improved ductiity and
Controled Steels Rare earth - Throughthickness toughness.
elements

Table % 5: Uses of Micro alloyed steels in offshor§36]

Strength MPa (grade)

Process Route

Application Area

350 (X52) -Normalised | -Structures

-TMCP - Structures and Pipelines
450 (X65) -Q&T - Structures

- TMCP - Pipelines
550 (X80) -Q&T - Structures & Moorings

- TMCP - Pipelines
650 -Q&T - Jackups & Moorings
750 -Q&T - Jackups & Moorings
850 -Q&T - Jackups & Moorings

12



Edmond and Cochrang87] investigated the influence of a wide range of alloying
elements such as Nb, Ti, V, Cr, Mn, Si, Cu, Mo and Niand different processing conditions
such as controlled roling and quenching and tempering on thec@fsion resistance

of micro-alloyed steels. Tse authorsproducedsteels with improved Cg&corrosion
resistance suitable for oiffield applicationsermani, et a[13] designed, developed and
produced CiMo steels with 3 10 times improvement in C{orrosion resistance and

less than 1.5 times increase in manufacturing cost than the conventional carbon steel
grades.The use of Zr and Hf as alloying elements has not received comparative attention
as other traisition metalTherefore, this study focused on the effects of Zr and Hf (as

alloying elements) on the corrosion resistance of radioy steels

1.1.4 Zirconium (Zr) and Hafnium (Hf)
1.1.4.1 Zirconium (Zr)

Zirconium (Zr) is one of the transin metals with atomic number 40 and atomic weight
91.22.1t resides in group IVA of the periodic table with titanium and hafmidinis not

one of the abundant elements but is widely distributed in nature rankihdn fiie earth

crust. The estimated core n t of Zr in the earthods <crust
those of common metals like Ni (0.02 %), Cu (0.01 %), Zn (0.004 %) and Pb (0.001 %o).
About 10% of Zr produced is used as aloying elements in steel whie 90% is used in

nuclear reactor§39-42].

Zirconium is always found in combination with Hafium (Hf) which has almost identical
chemical propertie$39-41]. According to Holmes[40] the chemical similarity between
zirconium and hafium is more pronounced than any other two elements in the periodic
table thus making their separation extremely difficult. Golfi3] classified zirconium
based on hafium content as 'ordinary purity Zr' containing 2 to 2.5 % Hf and 'high purity
Zr' containing less than 0.1 % Hf In most cases, zirconium is often considered for the
same applicatons as Hafmiunbecause of their very similar physical and chemical
characteristicg40, 42]

1.1.4.2 Hafnium (Hf)

Hafmium is a heavy slvegrey metal with atomic number 72 and atomic weight 178.49.
Hafnium resides in the reactive metal group IVA with zirconi@dn) and titanium (Ti).

It is naturally found in association with Zr and these two elements have similar chemical

and physical characteristics which makes their separation very difficult. Hafmium is a
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moderately common element in the Earth's crust. iimddnce is estimated to be about

5 parts per milion making it as abundantbasmine, uranium, ortin. Naturally the ratio

of Hf to Zr is approximately 1:50 from where Hf can be exclusively produced as a co
product of nucleagrade Zr[40, 44, 45] Nielsen[46] reported that because of the similar
chemical properties between Hf and Zr, a review @fc¢hemical behaviour of Zr can be

a useful indicator of the chemical behaviour of Hf . Also Aerospace Technology Institute
(ATIl) in their technical data she@45] and Holmes[40] reported that the corrosion
behaviour of Hf is very similar to that of Zr and in the absence of data can be considered

to be roughly equivalent.

1.2 Aim and scope bstudy

This research is aimed at improvirtige corrosion performance of three proprietary micro

aloy steels by aloying them with naonventional carbide forming element3o

achieve this aim, this work was grouped into three (3) major steps namely:

1) Preliminary investigation of the corrosidiehaviours of three proprietary miero
alloyed steels in brine solutions and simulated oiffield environment.

2) Alloying of the micrealloy steels with nortonventional carbide forming
elements (Zr and Hf).

3) Investigating the corrosion improvemengmdor otherwise of the alloyed steels
in comparison with the results obtainedsilected media aftep (1) above. API
5L X65 grade steglwhich many authorg29, 47, 48]have reported is the most
widely accepted andsedsteelfor production and transportation of oil and gas

was used as reference sample.

Pipelines, being the major means of trangpgrcrude oil andts products, are laid all

over the world crisgrossing continents and countries. Also oil wels lagated at
different places with varying environmental conditions and the constituents of the crude
oil that flow through these pipes differ depending on oil well locations. This means that
both the internal and external surfacesthef pipelines are in @ntact with extensively
varied corrosive environments. Studjds 11, 23]have shown that the major constitue nt

of oifield environments include carbon dioxide (sweet), hydrogen sulide (sour) in the
produced filds and oxygen in injected water. Among these major corrosive constitue nts,
COz (sweet) corrosion is far more prevalestcounting forabout 60% of olffield failure

[11, 13] The aggressiveness of €€brrosion in oil and gas industries is affected by
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environmental and metallurgical factors some of which include temperaturepatial
pressure, pH, solution chemistry, surfade,fisteel composition and microstructure/heat
treatment[12]. Thus this work intend talloy commercially supplied micrealloyed steels
with Zr and Hf The corrosion behaviour of the unalloyed and alloyed steelsffamne nt
simulated oiffield environmentwil be compared so as to determine e improve me nt
and/or otherwise ircorrosionresistanceof the alloyed steelsThe scope of this stydis
schematically presented Migure 5. These shal involve varying the environmental
factors and investigating their effects on the corrosion propensity of the atiicyosteels

and theirspecimens alloyed witZr and Hf.

1.3 Objectives

The aim dthis work wil be pursued under the following objectives:

) To investigate the corrosion propensity of three micrealloy (asreceived) steels

This is aimed at assessing the corrosion behaviour of the steels by subjecting them to
simulated oifield enmvonments and investigating the influence of major environmental
factors such astemperatures, solution pH, solution chemistry and chemical compositions.
The role played by the various alloying elements in determining the corrosion behaviour
of the steelswil be investigated.

i) To determine the effect of Zr and Hf on the CQ corosion of the steels in
simulated produced water (SPW)

V, Ti and Nb have found wide application as alloying elements in ralivg steels[14,

26, 28, 29]but Zr and Hf which are their neighbours in the periodic table have not
received comparative attentiofi6]. These elements which are called strong carbide
formers are located at thieft of iron in the peodic table as showim Figure 16. These
elementsimprove the strength of micralloy steels through grain refinements, controlled

roling and appropriate heat treatmdt#, 15, 27]

From thermodynamic datpt9], Zr and Hf have loweiGibbs free energy ofarbide
formation than theconventional alloying elements (Ti, V and Nb). TherefoZr and Hf
can precipitate more carbides and strengthen the steel more than thesgseldinus,
this workinvestigate the effectof Hf and Zr on the mechanical and corrosion properties

of the proprietary micralloyed steels.
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Figure I 5: Schematic representation of the scope of this work
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Figure % 6: The periodic table showing the positions of strong caffoidaing
elementfl5]

i) To compare the changes in the corrosion behaviour occasioned by alloying the
steels with Zr and Hf. This involved a systematicand empiricalassessmendf the
improve mentof the corrosion behaviour of the stsamplesas a result of aloyinghem
with Zr and Hf. Since very few worl{$0] have beeronductedon alloying carbon

steel with Zr and Hf, these wil be one of the majelevanceof this work.

1.4 Hypothesis

This work is aimed at investigating the corrosion behaviour of commercially supplied
micro-alloyed steels and their alloys with Zr and Hf in various simulatedosioe media.

API 5L X65 steel grade was used as reference sample. The pringiesiotivationsof

this workwerebased orthe following four fundamental assumptions.

i) Low carbon content (0.12i 0.25 wt%) of the sampleg451].

Experimental evidencg2, 53]revealed that decrease in carbon content in steel desrea
corrosion rate. This is because high carbon content favours the formation of pearlite
(ferrite + F@C) which has been adjudged to have detrimental effect on the corrosion
behaviour of carbon steel because it enhances and acts as cathodk3]sit€he
proprietary commercial micralloy steels for this workare low carbon steels ando
exhibt the capabiities for possible improve mentcorrosionresistance

i) Strong alloying influence of Zr and Hf:

When carbon steel is alloyed with Zr and Hf, alloyed sold solution is formed as these

elements dissolved in-ferrite phase. In an electdioeamical system, these alloyed solid
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solutions favour micro anodic effect more than the cathodic efftproviding more
anodic sttes than cathodic sites thus enhancing the cornes@tance

i) Strong affinity of Zr and Hf for oxygen,nitrogen, sulfur and carbon:

Deeley, et a[35] and Bake [39] reported that Zr and/or Hf has strong chemical affinity
for oxygen, nitrogen, sulfur and carbon. Thus Zr/Hf react with oxygen to form chemically
inert, tenaciously adherent oxide fim. These oxide fims are formed when there are free
un-dissolved Zr andHf above the solubility limit. Kvalenko and Zatfs0] reported that
increase of Zr beyond the solubility limit does not reduce the corrosion rate but only

results to constant corrosiatue to the passivation effect of the oxide.

iv) High negative energy ¢oy) of carbide formation of Zr and Hf.

Literatures [53-56] have reportednincrease in corrosion rate with decrease in grain size.
However there are also opposite Vi, 58] It is also an established facts among many
authors[14, 29, 31, 59{hat one of the basic functions of alloying elements in carbon steel
is grain refinements occasioned thg formation of carbide with the attendant improved
mechanical properties=rom thermodynamic point of view, Zr and Hf have more negative
Gibbs free energy for carbide formation than most of the conventionally used micro
alloying elements[49, 60] Therefore the presence of Zr and Hf in miatlby steel will

yield better properties than the conventional alloying elemditis. is one of the sing

motivatiors for this work.

1.5 Novelty

Zr and Hf as micro alloying elements in steels have not witnessed an increased application
like other conventional micro alloying elements such as Ti, V, Nif,1&lgorobably due

to their reactive nature and limited avaiabilif$5]. However, thermodynamicrecords

[60] showed that Zr and Hf form more stable carbides than the wisell strong carbide
formers in carbon steel. The addiion of Zr and Hf to carbon steel, depending on the
quantity, can form either solid solution or carbigescipitates If in micro quantity
(<0.15), it e phase thus snfuentinge micronaalic Bffect and so
decreases corrosion rd&0]. On the other hand, if the added Zr and Hf exceeds solubility
imit, the free Zr and Hf help to scavenge impuritiesxygen, nitrogen, sulfur,)[35].

These precipitatesincrease the micro cathodic sites which in turn increases the anodic
passivaton bthe rest of the substrate by strengthening and anchoring the corrosion

products on the surface. Thaciltates the formation ofstable passive stat¢50]. Thus
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alloying the samples with Zr and Hf whet in micro (< 0.15) or macro (> 0.15) quantity
wil substantially improve the corrosion resistance of the samplé®refore the
development of Zr and Hf base mieaioyed steels with improved corrosion behaviour

more than the widely used mieedloyed steel is one of the novelties of this work.

The three steels, ASTM A69865, P110 IC and TN95 Hfbat wereinvestigated are
proprietary steel grades. Very few woikd, 62]with regards to the corrosidmehaviour

of P110 IC have been publshed. On the other hands, no work on the corrosion behaviour
of ASTM A694F65 (F65) and TN95HS have been publshed. This work also
investigatel the corrosion performance of these steel diferent simulated oifield
environments and correlatethe results with equivalent standard steel grades (API 5L
X65).

1.6 Thesislayout

This work is focused on the comparative assessment of the corrosion performance of as
received and alloyed proprietary mieaoyed steels ang presented here in 7 chapters
Chapter 2 presents a brief overview of the evolution of steel making technology which
resutted in the production of different grades of steel with desired properties for specific
applications. The design concept of miakoyed steels was discussed highlighting the
theory of alloying process and the functions of the alloying elements. The theory of
electrochemistry with emphasis on the thermodynamic, kinetic and types of
electrochemical corrosion techniques employed insagge the corrosion propensity of

the steels are also discussed in this chapter.

Chapter 3 reviews some of the literatures devoted to malloyed steel as a potential
material for mitigating corrosion menace in ol and gas industry. The specific fusctio

of various alloying elements as presented by certain authors were reviewed. The
mechanism of C@corrosion which is considered the dominant form of corrosion in oil
and gas industry and the influence of various environmental and metallurgical factors on
the corrosion behaviour of oifield equipment are reviewed also.

Chapter 4 describes the characteristics of the materials used, sample preparation,
experimental setip, test conditons, electrochemical teghes employed, alloying
methods andequipment operation procedure. Post experimental surface analysis

techniques deployed to valdate the corrosion results are also highlighted in this chapter.
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Chapter 5 presents all the experimental results ofuhelloyed ad alloyed specimens,

the effects of ersdonmental and metallurgical factors on the corrosion behaviour of the
asreceived and aloyed sample3he confrmation of theexperimental resultsusing
appropriate surface analysis technig@es also shown in this chapter

Chapter 6discusses all the pgrimental results of thanalloyed andalloyed specimens

and the influence of environmental and metalurgical factors namely steel
microstructures, chemical composition, dissolved oxygen, solution pH, temperature and
soluton chemistry using different eetrochemical polarization and surface analysis
techniques with a view to assessing the corrosion propensity of the proprietary micro
alloyed steelsand their alloys

Chapter 7 summarises the overal research findings and compared the corrosion
performanceof the asreceived micrealloyed steels with the alloyedhicro-alloy steels
highlighting the contribution of Zr and Hb the final results. The contribution of this
work to scientific knowledge and its practical applicability to the industrial useuendra

as conclusion.
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Chapter 2: Theory of micro-alloying and corrosion
mechanism

This chapter present brief overview of the evolution of steel making technology which
culminated in different grades of steel with desired properties farfispapplications.

One of such grades of steel is micro alloyed steel which is the material of interest in this
work. Thegradeand design concept of micadloyed steels were discussed highlighting
the types, alubility and functions oflloying elements This chapter also examined the
theory of alloying with the aim of enhancing the corrosion resistance of steels through
micro addition of elements. This is folowed by discussion on the themgytechniques

of corrosion mechanism which could be either byweight loss or electrochemical
corrosion. The thermodynamic, kinetic and types of electrochemical corrosion techniques

employed in assessing the corrosion propensity of steels were emphasized.

2.1Metallurgy and the development of micrealloy steel

The development of iron and steels as structural materials began at aboy24838]

and it has gone through several evolutions in a bid to achieving specific properties suitable
for desired applications. Theseokitions can be attributed to different manufacturing
processes aimed at improving the properties of steels in order to meet the preferred
propertiesand for specific structural applications. These desired properties include but
not limited to strength, oughness, formability, weldability and corrosion resistaf@®.

The evolution in the steel manufactugi processes can be chronicled as Bessemer
Process, Open Hearth Process, Basic Oxygen Steelmaking (BOS), Electric arc Furnace
(EAF), etc[24, 25]

The products of these early steel manufacturing processes tdicheisd the stringe nt
excelent combination of mechanical properties required for some specific structural
materials used in the oil and gas indug$, 27, 64] This was occasioned by high carbon
content with coese ferritepearlite microstructures leading ltav yield strength of about

300 MPa with the attendant poor ductiity, toughness and weldabilty. These poor
mechanical properties can be attributed to large grain size which according-Re tdal

formula n Equation 21 is detrimental to yield strength.
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+ 2-1

Where
A =vyield stress,
A =amaterials constant for the starting stress for dislocation movement
+ =the strengthening coefficient (a constant specific to eathbrial), and

d =the average grain diameter.

Equation 21 shows that fine grain size significantly improves the mechanical properties
and crack resistance of carbon steels. Other properties that make carbon steel suitable for
structural applications alude abiity to obtain preferred and different properties via
appropriate thermonechanical treatments, low cost, availability, and easy to shaping,
forming and machining. These properties of carbon steel have been studied in depth and
are found to exhibi good weldabiity and good mechanical properties (strength,
toughness, formability)[3, 4, 65] However, the use of carbon steel in the oil and gas
industries is hampered because of its susceptibility to corresvieonments of oiffield.

Efforts to reduce the susceptibility of carbon steels (in corrosive environments) through
the use of inhibitors such as benzimidazdE?], 2,5 disubstitutedl,3,4oxadiazoles

[66] and rhodanine azosulphan conjunction with constant monitoring have been
adjudged very expensivand difficult to sustaif67, 68] Also lteratures[13, 23, 37, 68]

on mitigating the effects of corrosion by using high corrosion resistant alloys (CRA) such
as Crsteds, other stainless and high alloyed steels were reported uneconomical due to

increase in capital expenditure (CAPEX) and operation expenditure (OREX37]

Since carbon steel cannot be replace economically as structural mdteriailsand gas
facilities [68, 69] there has been an increased research to alter the microstructures,
compositionand/or modify its surface morphology. This is aimed at producing steels with
appropriate strength, toughness, formability, weldability and corrosion resisf@é&te
that can withstand the aggressive sweetA)@0d sour (EIS) corrosive environments and
at relative low cost. According to Dugst§id], carbon steel is so attractive and is widely
used in oil and gas industry because its surface are covered by a protective layer of
corrosion products. These peotive corrosion product layer aets physical barrier which

22



retards thamass transfer of corrosive species and prevent further metal dissolution of the
blocked steel surfac§23, 70] Stressing on the must use of Carbon steel in ol and gas
industries, Edmond and Cochrang37] reported that about 95% of the construction
materials used in ol and gas industries is, and wil be for the foreseeable future, carbon
steel. Therefore th challenge of reducing the corrosion propensity of carbon steel
requires the knowledge of the performance of these protective layers, the means of
predicting the breakdown of these layers and the techniques to ensure that robust layers
are formed on theuslace. This has led to the development of malloy (high strength

low alloy) steels whereby the addition of small amounts of alloying elements wil promote
the production of lowcost steels with improvednechanical andorrosionproperties[23,

71].

2.1.1Definitions and types of micrealloy steels

Micro-alloy (high strength low alloy) steels have been categorized as steels with an alloy
level of 0.1% for a single alloying elements (suchn&bium, vanadium titanium
molybdenum zirconium boron chromium, copper, nickel, nitrogen amdreearth
metald and 0.15% for a combination of micro additiofis}, 64] Morrison [14] defined

aloy geel, lowaloy steel and micralloy Steel using the criteria shownmble 21.

Table 2 1: Definitions of alloy deel, low alloy steel and micralloy steel[14].

Steel containing significant quantities of alloying elements (other
Alloy steel carbon ad the commonly accepted amounts of manganese, ¢

etc.) to effect changes in the mechanical or physical properties.

Steel containing less than 3.5% of alloying elements e.g. 2.25%
Low alloy steel "
0.

Steel containing small amots of vanadium, niobium and/or titaniu
Aicro-alloy steel Individual elements generally less than 0.1% and total ralioying

elements generally less than 0.15%. Also known as HSLA steelk

Micro-alloy steels constitute about 12% of total world steel prodiety and their
development has been instrumental to the expansion of most engineering infrastructures
where they find vde applicatiorid4, 31, 48]
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Table 2 2: Comparison of Classes of Micadloyed steel§51]

S/No Class Major Functionspropertie sépplication
Additions
1 Dual Phases Steels  V, Nb, Ni -Ferite-Martensite structure
-High tensie strength and ductility.
-Automobile Industries
2 Weathering Steels Cr, Cu, Ni, P - Bainite Structures
- Atmospheric corrosion resistance
- Sold solution strengthening
Bridges, Utiity towers, Lightpoles,
High way guiderails.
3 Micro-alloyed ferrite Nb, V, Ti, etc - Precipitation strengthening
Pearlie Steels - Grain refinements,
Transmission temperature control.
4 As-rolled Pearlite V, Ti Strength, toughness, formability,
Steels weatherbility
5 Aciculate Ferrite(Low- V, Nb High vyield strength, Weldability,
carbonbainite) Steels formability and good toughness.
6 Inclusiorrshape Ca, Zr, Tior -Improved ductiity and
controlled Steels Rare earth - Throughthickness toughness.
elements

Carbon steels are clagsd based on chemical compositions but maloy steels are

designed to meet specific and excelent combination of mechanical properties such as

strength,

improved mechanical progiess are obtained by adding alloying elements in micro

toughness, formability,

good weldability and corrosion resistance. These

quantities [14, 31] Depending on the micro additions, microstructuresl area of
applications, six (6) classes of miesdoy steels have been identifid@1, 47, 48, 51]A

comparison of these classes is showiiable 2.2.
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2.1.2Designconcepts of micrealloyed steels

Micro-aloyed steels are designed to provide special combination of excellent mechanical
properties such as strength, toughness, formability, weldabilty and corrosion resistance

than conventional carbon st¢éB].

A combination of improved steelmaking processes, radoying technology and
appropriateroling and cooling practicesre necessary fahe develoment of micre

alloyed steelsTheseconsist of mixtures of ferrite, bainite and martensite microstructures

in various proportions with yield strengttzove900 MPa andvith acceptable levels of
ductility, toughness and weldability. These advances in alesign and processes with

the attendant microstructural and property changes within the past five decades are shown
in Figure 21.This figure shows a progressive reduction in the carbon content of steel and
simultaneously increased mechanical strengtldifg to reduction in pipe thickness, pipe

weight, ease of transportation, ease of installation and the accruing loj2 ¢o&2]

900
0.06 C, NbVTi, B,
X120 TM + heavy ACC, ok (MoCuNi G
Increasing grain /7 (Ferrite  + Bainite+
800 refinement and 7/ Martensite)
decreasing 4
transformation
X100 ™ + havy ACC | 0.06.C, NbTi, MoNi
700 < (Ferrite  + Bainite)
’ L
) /7
= 7/
= /
o600 | X80 , ( 0.06 C, NbTi
| P L (Ferite -+ Bainite) T™M+ACC
<
5 /7
500 X70 0.12 C, NbV
o (Ferrite + 15% Pearlite) ™
(]
< E—
X60 0.2C,V .
400 (Ferrite  +30% Pearlite) Hot rolled and normalized
X52
300
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Figure 2 1: Evolution of microstructure and mechanical properties of steelsi(TM
Thermomehanical treatment, ACT Accelerated Cooling)27, 72]
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These amazing properties were achieved in lower carbon content steel through two
process routes which impact very high strength irrespective of the compositon of the
steel. These process routeg aterrupted accelerated cooling (IAC) and accelerated
direct quenching (ADQ)27, 72] The basic objective of accelerated cooling process
(thermomechanical controled processiigCP) is to produce steels with higher
strength, good toughness and gomeldability by grain refinement occasioned by the
addition of micrealloying elements, precipitation hardening and solid solution
strengthening[25, 27, 31] The historical evolution of this process and the astatia

metallurgical mechanisms as presented by Ojud@liis shown inTable 23

Table 2 3: Historical evolution of the controlled roling and accelerated cooling
processes, as well as the strengthening amsims and technical standards associated
to them.[73]

Year — 1960 1965 1970 1975 1980 1985 1990 1995 2000
Controlled Two-phase R & D for
rolling region rolling ultra-fine

grain
steel
Low SHT process
temperature
rolling
Thermomechanical Accelerated
processes cooling
Low reheating
temperature
rolling
Direct| quenching
Modeling
studies
for hot rolling
processes
Grain Deformation Strengthening Ultra-fine

Strengthening refinement strengthening due to grain

mechanisms Martensite refinement

or Bainite

Transformation
strengthening

Technical ASTM A841
standards (TMCP Steel)

JIS-SN
(Building use)

SHT=Sumitomo High Toughness; TMCP=Thermomechanical Controled Process with
Accelerated Cooling
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A comprehensive understanding of the effects of alloying elements in-aficyong
technology is very crucial since it is required for a successful alloy design and for the
adoption of appropriate theramechanical treatments in order to produce steel with the
desired propertie§29, 31] Aloying elements added in steel making processes may
appear in diverse form such as (i) remaining in the steel in the free state, (i) forming
intermetallic compound with iron and/or other elements or with each other,ofiirfg
oxides, sulphide or other nanetallic inclusions, (iv) dissoling in iron to form solid
solutions or (v) precipitate as carbide. These carbides play significant role in determining
the behaviour of the steel and therefore form the focal pointharacterising aloying
elements a®lows:

1) Elements that do not form carbide in steel such as Ni, Si, Co, Al, Cuand Ni

2) Elements thafor stable carbides in steelcsuas Cr, Mn, Mo, W, V, Ti, Zr and

Nb.

Addition and/or the presence of roarbide formig elementsin steel does not basically
alter the microstructures of the steel. On the roti@nd, the addition afarbide forming
elements wil radically alter the microstructures by preferentially forming carbide even at
relatively alloying concentratioriess than 0.1 wt%415, 25, 27, 31] These carbides
contribute significantly to the strength of the alloy by restricting the movements of

dislocations through precipitation strengthening and grain refinenj@ts

Enthalpy of formation at 298.158H:/KJ mot!

Carbides Nitrides
CoC
Fe,C
= Mn;C
MoC FeN
WC CR:3Cs CrC, CrCs FesN
W,C Mo,C Mo,N
. -100= M0sC,
° CnrN
S VC CrN
< -200— NbC TaC VN
= TiC
E— Nb,C ZrC Ta2C NbN AIN TaN
Al;C HfC Nb,N TaN
-20N—
TIN ZrN
HfN
-400—-

Figure 2 2: Enthalpies of formation of carbides, nitrides and boridés 74]
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The fineness of these grains whiclepends on the activation energy barrier (G*) for
nucleation and the volume fraction precipitated determine the strengthening capabilty of
the carbides. The activation energy barrier (G*) for nucleation is a function of the free
energy of formation of thearbide, the interfacial energy and the mi§tib]. For these

carbide 0 effectively replacecementite, the free energy of formation must be lower than

t hat of cementite. Ther ef or ecemenitrD)andgthe c e me
enthalpies of formation of these carbides, the stability of these carbides and mirides
steel is shown ifFigure 22. The carbides at the lower part of this plot such as HfC, ZrC,
NbC, VC etc precipitate the finest graifiss, 74]

These precipitates do not match well with the ferrite lattice but are locaterystalline
defects thus affecting the strength of the alloy through strain strengthening/hardening.
Therefore the effects of micralloying elements in strengthening of steel can be
attributed to grain refinements, sold soluton strengthening, dislocaticengthe ning

and precipttation hardeninf27]. This is summarised in an expanded 4Ralch formula

as expressed ikquation 22

93 Y93 Y93 VY93 Y93 e

Sl| +
>

Where

9 3 =the observed yield strength,

Y9 3 =the stress increments caused by lattice friction (Pétsarro),
Y9 3 = the stress increments caused by solid solution

Y9 3 =the stressicrements caused by dislocations and

Y9 3  =the stress increments caused by precipitation
== the contribution by the ferrite grain size and

+ =the strengthening coefiicient ¢anstant specific to each material),

The added micro alloying elements (Nb, V, Ti), form dispersive particles MX interstitial
phases (where M = Nb, Ti, V and X = N and C). These particles lmit recrystallized
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austenite grain coarsening during themmechanical treatments which in turn improves

the strength of the alloy through grain refine mézi.

2.1.3Solubility of micro-alloy precipitates

The understanding of the MX interstitial phagesrucial in knowing the effects of micro
additions in forming fine grain structurg®5, 75] Adamczyk [25], explained that micro
additons M when dissolved in austenite are bonded at certain temperature T (which is
dependent of solubilty), with the metalloid X to form interstitial phases MX as expressed

in Equation 23

The solubility of MX in the sold solution of austenite (allowing for activation energy of
nucleation which is dependent on temperature) can be explained by Arrhenius

relationship as shown in Equation42

i 7 2-4
N A
Equation 24 can be simplified to Equation-2
, @ # !

Where
# =micro additon M in weight percent (Nb, V, Ti, Zr, B, etc)
# = metaloid X in weight percent (C or N)
Q = activation energy of Mxhases (J/mol)
R = gas constant (J/mi)

T = Temperature, K

A/ = Constant depending on phase type

T

I ——and"
8

are tabulated constants for selected phases/Precipjiggs

Equation 25 can be used to evaluate the intial and final temperatures of MX phase
precipitation at certain concentration of miadditions of M introduced into the steel
[29].

29



Fernandez, et §29] studied the effects of micralloying elementson the austenite grain
growth in HSLA steel. Carbide andrile prediction models expressed in Equatior§ 2
and 27 were used to determine the solubility products and the solubility temperatures for

each of the precipitates in the austenite matrix.

.\ y 2 & A g . ou 2-6
P pmz - z2 8

1o 2-7

Where
A and B are tabulated constants for selected phases (Precipitates) in litef2@rés]
X% = carbon or nitrogen content and M% = miaitoying element contents

Using Equations -6 and 27, Fernandez et §9] plotted micrealloyed content versus
solubility temperature curves as shown in Figur8. Zrom this figure the different
solubility of each precipitate can be evaluated and the solubility tatopercomputed

using the composition of the various elements in the steel.
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Figure 2 3: Correlation between the miciloying content (M%) and the solubility
temperatures for the precipitates in the Si2@]
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Figure 23 corroborated very wel with the results of the investigation by Matlock and
Speer[31] on the relationship between pigtEte type, solubiity, compostion and

temperature as presented in Figurd 2
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O

\ <&

P\
06\@' \ R
& N
¢ R

\"
¢ 2N
O |VieN)

— %C (or N)

Figure 2 4: Schematic of the relationship between precipitate type, solubility,

—> Temperature

composition and temperature where it is expected that the indipaé®ipitates would

be effective in modifying product properti§31]

A comparison of Figures -3 and 24 shows that TiN is very stable and usually
precipitates at high temperatures in theistente regime nal resists subsequent
coarsening. Vanadium carbaitride, V(C,N)is much less stable and in gened&lsolved
easily during astenitization and precipitates at lower temperature. Niobium has
intermediate solubility and may be employed as either a sofyteecipitate in austenite
(to influence the austenite thermaeechanical processing response), or as a fine grain

strengthening precipitate in ferrif@9, 31}

Demiroren and Aksoy76] workedon the electrochemicalysthesis of ferritic stainless
steel alloyed with 1 wt% Ti, V and Nb in sulphuric aadlution and proposed that the
effectiveness of the micro additions in forming stable passive fim and theassavation
kinetics increased in order of V < Nb < Tihis is in agreement with literature reports
[29, 31]and the Gift free energy of formation of carbidé®] and nitrides [77] of these

elements.
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2.1.4Zrconium (Zr) and Hafnium (Hf) as alloying elements

2.1.4.1Zirconium (Zr) as an alloying element

Zirconium (Zr) is one of the transiton metals with atomiamber 40 and atomic weight
91.22.1t resides in group IVA of the periodic table with titanium and hafmidinis not

one of the abundant elements but is widely distributed in nature rankifdn fiie earth

crust. The estimated content of Zrinthe gash cr ust i s about 0. 02
the content of certain common metals ke Ni (0.02 %), Cu (0.01 %), Zn (0.004 %) and

Pb (0.001 %). About 10% of Zr is used as alloying elements whie the balance is used in

nuclear reactor§39-42]

Most literatures [39-41] state that zirconiumsi aways found in combination with
Hafmium (Hf) which has almost identical chemical properties. According to Hdkts

the chemical similarity between hafmium and zirconium is more pronounced than any
other two elements in the periodic table thus making their separation extremely difficult.
Zirconium is classified based on hafn content as 'ordinary purity Zr' containing 2 to
2.5 % Hf and 'high purity Zr' containing less than 0.1 %[W8]. In most cases, zirconium

and hafmium are considered for the same applicatibecause of their similarities in

physical and chemical characteristip#0, 42]

Zr is widely used in variety of indust and chemical processing applications due to its
excelent resistance to many chemical solutions at elevateceraonesard pressures.

It is very resistance to corrosion attack in most organic and mineral acid, strong alkalis
and some molten salts thus making it suitable for most chemical processes. For example,
the corrosion resistance of Zr eoncentratedHCI acid is lessthan 5 mpy making it
superior to any other engineering mef@B]. Zr alloys exhibit excellent oxidation
resistant properties up to 4@in air, steamgarbon dioxide, oxygen and nitrogefihe
excelent corrosion resistance of Zr can be attributed to the natural formation of dense,
stable oxide flm on the metal surface.isTtadherent oxide flm is sdfealing and
protects the base metal from chemical and mechanical attack. Zr alloys have high
resistance to localized corrosion such as pitting, crewteshus making it suitable for

use in a wide variety of corrosive aviments[78].
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Thereareuncertainties over the F& binary system saevidenced byifferent phase
diagrams presented by various authors. The main controversy has been the existence
and crystal structure of B&re (also known as R&r) [79]. However, in 195, Servant

et al[80] reported FgsZrs as a ine compound containing 20.7 at% Zr in theZFphase
diagramasshown in Figure 5. Liu, et al[81] confirm this observation but indicated

that FesZrs contains 2325 at% Zr.The FeZr system shown in Figure-2also revealed
four intermetallic phases namely sEe, ZeFe, ZrFe and Zrke The maximum

solubility of Zr in Fe which occurs at 13670C is about 4.5 at% (7 wt%)
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Figure 2 5: Phase diagram of the && system[82]

Zirconium (Zr) has been used as miaioying elements in séds for over 10 decades

but has never been universally employed lke other carbide forming elements such as
Niobium (Nb), Titanium (Ti), or vanadium (MB9, 83] Zr is a very reactive metal and

is used in steelmaking due to its chemical affinity (in decreasing order) for oxygen,
nitrogen, sulphur and carb¢®9, 83 85]. The addition of Zr to steel is not to remain in
solution bt to scavenge impurities such as oxygen, sulphur and nitrogen or to modify
inclusions through the formation of sulphides and-sufphides [35]. Similarly Baker

[39] and Satyendrd83] reportedthat Zr can preferentially combia with sulphur thus
preventing the formation of MnS which d@eleterious influence on the impact toughness
of steels. The advantages andcfams of Zr asalloying element in steels are summed
up by researcher89, 42, 8385] as:
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i) It controls the level of Oxygen, Nitrogen and Sulphur

i) Overcome the red hotness effect of high sulphur
iif) Improving the mechanical properties of the steel by removing Nz&& Znd
Sas s

iv) Protects other alloyinglements that would otherwise combine with O and N.

Nb, Ti and V both as individual and/or in combination with one another have found
extensive used as alloying elements in ragiloyed steel. Zr which is neighbour to Ti

and Nb in the periodic table cdre considered as a potential candidate for alloying
element but has not received comparable atterfti8]. Thermodynamically, Zr is a

strong carbide and nitride former demonstrating a lower Gibbs free energy of formation
for one mole of carbon than most conventional carbide forming elements (Ti, V and Nb).
This is clearly expressedinn@ bs fr ee ener%vwrsuotempéraird@at i o n
curves shown Figure 26 [49, 86]

Therefore, by replacement or in combination with other transition elements such as V,
Nb and Ti, Zr precipitates as cals, nitrides or carbaitrides which increases the yield
strength of steels through grain refinement and dispersion strengthening. Aliakbarzadeh,
et al[85, 87]reported that the addition of 0.005 wt% Zr to low carbon steel leads to the
formation of precipitates which increases the hardness without any neggtmet ion
toughness of the steel. This effect can be attributed to the decrease in the ferrite mean
grain size attesting to the grain refining capabiity of Zr. Bairial¢88] reported that @
optimum Zr content of 8 12 wt% resulted in the formation of best passive film stability

and highest corrosion resistance.
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2.1.4.2Hafnium (Hf) as an alloying element

Hafmium is a heavy slvegrey metal with atomic number 72 and atomic weight 178.49.
Hafmium resides in the reactive taegroup IVA with zirconium (Zr) and ttanium (Ti).

It is naturally found in association with Zr and these two elements have similar chemical
and physical characteristics which make their separation very diffi¢idfnium is a
moderately common elemem the Earth's crust. Its abundance is estimated to be about
5 parts per milion (ppm) making it as abundantormsmine, uranium, ottin. Naturally,

the ratio of Hf to Zr is approximately 1:50 from where Hf can be exclusively produced as
a coproduct of nueargrade Zr[40, 44, 45] Nielsen [46] reported that because of the
similar chemical propertiebetween Hf and Zr, a review of the chemical behaviour of Zr
can be a useful indicator of the chemical behaviour of Hf . Also ATI Technical Data Sheet
[45] and Holmes[40] stated that the corrosion behaviour of Hf is very similar to that of
Zr and in the absence of data can be considered to be roughly equivalmt.sydtem

has almost ideahermochemical properties forming continuosglid-solution alloys for

all ratio of components as shown in Figure 10, 45]

Like Zirconium, Hafmium has an extremely high affinity for oxygen, nitrogen and carbon.
This makes Hf a strongadbide and nitride former thaan beleployed for soliesolution
strengthening via dispersion strengthening thus improving -gaindary ductility [40,

44, 45]
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Figure 2 7: Hf-Zr system[45]
According to Geanta, et §4] the affinity of Hf for oxgen is capable of stabilising
metallic structures and thus improve the oxide adherence to the substrate. This was
evidenced from the work which FeCrAl was micralloyed with different quantities of
Hf (0.5 %, 1% and 1.5%)As a very reactive metal, Hifas a standard reduction potential
of -1.72 V versus normal hydrogen electrode &Cvhaking it more reactive than T (
1.63 V) and Zr {1.53V) (Figure 26). This makes Hf a very noble (cathode) metal in

galvanic couples.

Hafnium has a good absorptionmoss section for thermal neutrons, excelent mechanical
properties and is extremely corrosion resistant. It is isad/ariety of applications where

few substitutes are avaiabldHafium due to its ability to absorb ('soak up") neutrons
very easily isused as control rods in nuclear reactdigis property is one of the few
ways in which hafnium differs from zirconium. The absorption capacity of hafium for
neutrons is almost six times that of zirconium. Other areas where Hf has found
applications are lay additves, scavenger for oxygen and nitrogen in -fied and
incandescent lamps, electrode in plasma cutting-fllgas and incandescent lamps
aerospace, medical implant and devi§88, 90] The properties of Hf are considerably
inluenced by the presence of Zr impurities. Depending on Zr content which is usually
less than 4.0, Hf is graded asod/wire, powder, crystal bar and sponge.
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The FeHf equlbrium phase diagram has been severally evaluated and revised by many
researchers. The more recent version constructed by Okamd¢89, [M1]is shown in
Figure 28. This figure revealed detsof equlibrium phases which includg) the liquid,

L; (2) three polytypes Laves phasestfie FeHf and Felb, (3) onee-sub stoichiometric
(around 0.30 &b. Hf, named (FeHfs)), and (4) the five substitutional sold solutions
(CFe), OFe) {iFe), pHf) and (Hf) [89]. The structural energies of the three different
Laves polytypes are small due to the close relaton between their crystal structures.

Therefore, their phase relations are stil very uncertain and the identification of the three
phases is only tégiive [92].

Weight Percent Hafnium
0102030 40 50 60 70 B8O 80 100

: M
T T T T T T T

2400

2231°C
22004

1820°C

o
@ 1473°C
n
v
4 1538°C
)
:!ﬁ
>|
@
&
o 1235°C £
£ 5 !
‘ (vFe) 1200°C 1
10003 935°C £ o 3
91z2°C & I "
@ . >
8003 Te_. s - (i =
11 IR S —
l— (cFe)
6UC T T A T T T T L T L
0 10 20 30 40 50 60 70 80 90 100
Fe Atomic Percent Hafnium HE

Figure 2 8: The FeHf Phase diagrani89]

2.2Theory of electrochemical corrosion

Corrosion of materials is thermodynamically possible in most environments. isThis
because mogsynthetic) materials are thermodynamically unstable having gained energy
during production processes and thus are at high activation energy Ftetdendency

of these materials to return to their original thermodynamic stable enetgysstaferred
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to as corrosion. Corrosion attack of metalic materials occurs through electrochemical
reactions at the interface between the metal surface and the environment (ele¢@8lyte)
95].

When a metalsiimmersed in an electrolyte, oxidation reactions cause the metal ibhs (M

to leave the metal lattce and are surrounded by water molecules. However, the metal
surface which is left with excess electrons (negative charge) attract some of the postive
ions (such as B causing them to remain at or near the metal surface but cannot be
reduced because of the surrounding water moleciileis.creaesa region near the metal
surface with distinct chemical composition from the bulkk electrolyte. This region
contaning the negatively charged surface of the metal and the adjacent electrolyte is
caled electrical double Layer (EDL). EDL is in a state of equilbrium because the metal
atoms that were oxidised and left the metal surface (as ions) are equal to the el

that are reduced and-emtered the lattice (as atom) metal. However, corrosion is not an
equiibrium process but a continuous process caused by electrochemically active species
from the bulk electrolyte that diffuse to the metal surface where metal atoms are
oxidized in an effort to maintain equiibriurkDL[94]. Figure 29is a simplified sketch

of a caroding metal showing the electrochemically active species anckidutrical

double layer
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Figure 2 9: A corroding metal at steady state of electrical double layedified from
[94]).
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In line with the theory of EDL, metallicorrosion can be referred to as an electrochemical
reaction involving the generation and transfer of elestrbom the metal atoms (M) to
the electrochemical active species)(ih the electrolyte as shown in Equations8 and
2-9
- 0 . A 2-8
A o 2-9
Equation 28 is a generic half reaction for metal oxidaton which occurs at the metal
suface whie Equation -® is the half reaction for the reduction of electrochemical active
species in the electrolyte which is needed to maintain electrical neutrality. Equdion 2
occurs at another portion of the metal caled the cathode. Depending distdwce
between the anodic and cathodic sites, general (uniform) or localized corrosion may
occur. The two half reactions must be present to intiate and sustain metallic corrosion.
The summation of Equations-&and 29 gives the overall corrosion remck as indicated
in Equation 210.
- N : 2-10

A metal (eg Fe) in contact with an electrolyte (eg waterp,@@) is electrically neutral
since there are equal number of anodic and cathodic sites in the absence of an external

voltage

2.2.1Mixed potential theory

Mixed potential theory occurs whewo electrochemical half reactions combine to form

a corrosion reaction whose potential and corrosion rate are different from the two
individual half reactions. This theory stipulates that theod& current in an
electrochemical cell must be equal to the cathodic current. This means that the electrons
generated at the anode by all the oxidation reactions must be consumed by all the
reduction reactions at the cathode. This is to maintain etdctneutrality. Mixed
potential theory deals with anodic and cathodic reactions independently and can be

coupled under the activation control polarization by the law of charge conservation.

This theory is aimed at resolving the problems of many eld@rocal reactions
proceedingsimultaneously at the same metalution interface. For example, when iron
is immersed in acidic solution, two basic participating (half) reactions take place as
expressed in Equations-12 and 212
Anodic dissolution (oxidan) of iron,
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&R &A A 2-11
Hydrogen gas evolution (reduction reaction)
¢( GcA o 2-12
The rest potential is the difference in the reversible or equilbrium potentials of each of
thesereactions occurring at the metal sugfaand it is the potential of the summation of

Equations 211 and 212. This is expressed in Equation 2.13

E'H & O ¢"H & 2-13
The potential of Equation 2.13 lies between the equilbrium potentials of the two half
reactions (Equation®2-11 and 212). Theoretically, four reactions are possible in this

system but two thermodynamically feasible reactions are shown as the Evans diagram in
Figure 210

L e Corrosion
o current density
) : (icger)

Potential, V (vs. SHE)

Current density (amperes/m?)

Figure 2 10: Evans diagram for iron in acid solutiqfP6]
www.npl.co.uk/upload/pdf/the electrochemistry of corrosion with figures.pdf
27/11/2018)

An extrapolation of the two solid lines intersect at the corrosion poteftial Y with a
corresponding corrosion current dengy ) for the given system. Corrosion potential

is a mixed potential indicating that its value depends on the rate of anodic and cathodic
reactions. This intersection pbiis between the potentials of the two half reactions and

the current density attersect is higher than that of the individual half reactions. This
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means that the corrosion of iron proceeds at a higher rate in the presence of hydrogen ions
[94, 96:98].
2.2.2The Thermodynamics of Corrosion

Nernst equation which relates the potential of a system to the activity (or concentration)
of the products and reactants of the cell isdbetroling thermodynamics equation for

electrochemical process and it can generaly be expressed as in Equéation 2

+ 2-14

Where+ is the equilbrium constant (K)

Thus the Nernst equatidor the overall electrochemical reaction in Equatiori@can be

written as Equation -25

z 2-15

z

The activity (which can be approximated as concentration) of pure substance in its

standard state is equal toTherefore Equation -25 can be ravritten as Equation -2.6

. 2-16

Where a(x) is the #citsi viilheg coofn csepnetcriaetsi odx ¢

The methods of corrosion monitoring rely on electrochemiaatosion theory and the
measurement of the electrochemical potentials or currents. The electrochemical potential
is fundamentally related to the thermodynamics of corrosion reactions. This is based on
the basic concept of thermodynamic tf@at any spontagous reaction, energy is lost
(negative) Similarly, in electrochemistry, the feasibility of metal to corrode can be
expressed in terms of the electrode potential. Thus the relationship between free energy

(Y') and electrode potential (E) can be expresseih Equation 27.

y 2 4)4 T & % 2-17
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Where n is the number of electrons (chemical equivalent) taking part in the reaction and
F is the Faraday constant (96500 C/eq), E is the electrodetiglotier the reaction in

volts, R is the gas constant (8.3Mol'K™1), T is temperature (K) antdn(+ ) is the
natural log of equilbrium constant for the reaction. Therefore it can be deduced from
Equation 217 that:

If E >0, thengQeaction< Oleading to loss of ions and so corrosion becomes spontaneous.
On the other hand, D < 0, thengdQeaction> OWith gain of electron and corrosion becomes

nonspontaneoug94, 99]

Also from Equation 217, the electrode potential can be expressed via Nernst equation as
in Equation 218

% —) i+ )P 218

z

Thus for a redox reaction, the corrosion of iron in water as shown in Equafi@(F2 +
2H" = F&* + Hp) and Nernst equation for this system in equiibrium can be written as
Equation 219

% % —) '&';—Ag 2-19

>

Where R is gas constar8.814 Joules/mol K T is temperature (K¥ # , and Ge

are the concentration of the individual species wkile is the partial pressure of

hydrogen.

2.2.3Kinetics of electrochemical corrosion

Thermodynamic principles can only be used to predict the conditions under which a metal
is stableor unstableand corrosion cannadr canoccur respectively It does not predict

how fast corrosion reach can occur. The rate of corrosion reaction (reaction kinetic)
can be expressed as current or the number of electrons generated per unit time. For a
reaction which is limited by activation reaction, the relationship between the rate of
reaction and the réling force for the reaction (potential) can be expressed by Butler
Volmer equation. Butler Volmer equation for a single kinetically control electrochemical
reaction at equilibrium relates electrical current to changes in metal potentials caused by

an exernal power source as shownkquation 220.

E EAgGbD—s Ao®m | —s 2-20

42



WhereE is the exchange current density (Ampfins is the overpotential (E % in

Volts andy is adimensionlesscharge transfer coefficient whose value is usually close to
0.5 but must be betwednto 1. At high anodic potentials, the first term in Equatie202
dominates the second term. Thus Butler Volmer equation can be expressed as in Equation
2-21

- & 2-21
Q EA@H 528
Equation 221 can further be simplified as in Equati@22
s 1.1¢ >22

Also for cathodic activation polarization, a similar equation can be written as in Equation
2-23

s r.i1=% e
Wherer ¢® m-e—is theanodic Tafel slopeand

r ¢® 1-e—— is the cathodic Tafel slope

2.3Types ofelectrochemical corrosion

Although the fundamental mechanism of corrosion involves creatidior the existence

of corrosion cell with distinct anodic and cathodic sites where oxidation and reduction
reactbns occur respectively, corrosion manifests itselmyriad forms However, most
corrosionattackcan generally be grouped into uniform (general) and localzed corrosions.
General corrosion occurs uniformly over the entre metal surface whie localised
corrosion occurs at small (about 1 to 10 micron to several centimetres) discrete locations
on a metal surface. Localized corrosion is characterized by rapid penetration through the
metal and it can be severatders of magnitude faster than general corro§@t. The

most common forms of corrosion are illustrated in Figw2. 1
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2.4Corrosion and measurement techniquse

2.4.1Weight loss measurement

This is a quantitative method of monitoring and measuring the external or internal
corrosion caused by chemical attadk industrial plant and equipment It involves
recording the difference in weighr changes in the mecheal, structural and or physical
chemical properties of the materiatsver specific time intervald93]. It is the simplest
corrosion monitoring method since it only deals with time and weight, which are easy
indices to measure Weight loss analysis is also the longestablished method of
estimating corrosion losses in metallic sttuges. It is used to establish the type of
corrosion in a certain environment and the suitability of different materials in deésign.
weighed sample (coupon) of the metal or alloy under consideration is introduced into the
process, and later removed aftereasonable time interval. The coupon is then cleaned
of all corrosion product and reweighed. The weight loss is converted to corrosion rate
(CR) using Equations -24.

y7 z + 2-24

"2 mz1zQ

Where CR = corrosion rate (the unit depends on the valleasflisted in Table -2)

Table 2 4: The value of constant (K) for calculating corrosion rate in various units

[100]:
Desired Corrosion Rate Unit (CR) Area Unit (A) K-Factor
mils/year (mpy) in2 5.34x 106
mils/year (mpy) cn? 3.45x 16
millimetres/year (my) cn? 8.76 x 10

K = Constant that determine the unit of ceioo rate.
m= Alloy density (g/crf)
A = Exposedsurfacearea of the specimen (depends on the value of K used)

t = Exposure time (hr)
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Weight loss determination has a number of attractive features that account for its
sustained popularity:
1 Simple - No soplsticated instrumentation is required to obtain result
1 Direct - A direct measurement is obtained, with no theoretical assumptions or
approximations.
1 Versatie - It is applicable to all corrosive environments, and gives information on
all forms of corrosin.
1 Easy- Caneasiy be done in the laboratory and on a service equipment and
1 Sample Size- It permits the use of differentmeasurablesizes and shapes of

samples

However, it has some disadvantagebich include long time of exposure and applicable
to only uniform /general corrosion

2.4.2Electrochemical corrosion and measurement technigues

The relationship between potential and currentthe fundamental principle used to
develop various techniques for corrosion rate measurement and monifeAn®4]
Corrosion rate measurement damonitoring may be achieved either by direct current
(DC) or alternating current (AC) methods. DC electrochemical corrosion techniques
include but not limited to potentiodynamic polarization, linear polarization resistance
(LPR), Tafel method (TP) and cyclic polarization. These techniques are shown
schematicallyin Figure 211. Ontheother hangelectrochemical impedance spectroscopy

(EIS) technique usesternating currentAC) to monitor corrosion ratf94].

[Tafel Plot]. - { Ve A7 Polarization
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Q 3

Linear Polarization

Log Current Density (Amp.cm?)

Figure 2 11: Summariesof DC Corrosion Measurement Methof$sl]
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2.4.2.1Linear Polarization Resistance Technique (LPR)

Of all the DC methods of corrosion measurement, linear polarization resistance technique
uses the smallest potential spectrum which approximately spans within the potential range
of 20 mV from the rest (equibrium) potentia®o( o. This smal potential spectrum
makes this technique fast, sensitive, -oastructive and reproducible. Bginnon
destructive, LPR technique can be repeatedly measured on the same sample thus allowing
for long term corrosion monitoring and the determination of the steady state corrosion
rate of a sample. The long term corrosion monitoring is programmed taatstetine
electrode potential measurement with polarization within the specified potential range
which is very close t&% . Near% 4 the current versus voltage curve approximates a
straight line. The slope of the straight line expressed in Bqu&t25when determined

about the corrosion potentia%o gas shown in the Figure-22 gives the polarization
resistance RjP4, 101]

>

311 PA 2-25

k_<_<| L

Where Y%= — = change in potential (volts) and
YE= the corresponding change in current density (Amp3/c@orrosion current can be
converted into corrosion rate using Stern and Geary equation shown IoEEq4a6.

2 i 2-26

+3
i(mafem’)  +2

+1
Ai

300 -0 -1 s10 20 430
AE(mV—
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AMODIC
Slope =Rp = AE/AI

Figure 2 12 Polarization curvdor R, measurement aboHtorr (modified from[94]).
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RearrangingEquation 226

E -z 2-27
8
—_ ba*bc 2-28
2. 30B+b5) (
Where
E = Corrosion Current (Amp)
%  =the corrosion potential (Volts)

2 = Polarization Resistance (ohms)

[ =the anodic Tafel constant (Volts/decade)
I =the cathodic Tafel constant (Volts/decade)
) = Measured cell current (Anp

-=% -% = @a&E =potédhale(Yolts)

% = Appled Potential (Volts)

2.4.2.2Tafel plot measurement technique

The Tafel plot spectra (eg250 mV) spans more than the potential range used for linear
polarization resistance (20mV) with the data plotted as potential versus the log of
current density. Tafel plot has anodic and cathodic curves corresponding to the anodic
(oxidation) and cathodic (reduction) corrosion half reactions for the metal. These curves
can be generated frometlsame sample by scanning from the most negative potential (
250 mV) to the most positive potential (250mV) of the selected scan range. Alternatively,
the branches can lwbtained by scanninghe sample separately in the same electrolyte
starting with thecathode, then allowing some time for potential stabiization before
anodic polarization94, 95, 101]

Tafel plot may be activation (kinetic) or diffusion (concentration) controled. It is
activation controlled wén the rate of corrosion is determined by the transfer of electrons
(charges) from the working electrode (metal) to the electrolyte. This is characterized by
increase in current density as potential increases onavoitic and cathodibranches

and represnts the linear portion of th@afel plot. Usually, this linearity begins
approximately from 50mV about OCP as shown in Figurel2 The slopes of these
l'inear portions) arna tchyeTdieh donsthints( Bniké LPR
technique, Tafel pop pr ovi des val uesa natf whidhachrebe usedo n s t
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with Stern and Geary Equatioim conjunction with Rp from LPREquation 225) to
compute corrosion current densitig ( which in turn is required to calculate corrosion
rate using Ecation 229. Also E  can be obtained by extrapolating the linear portions
of both Tafel branches to intersect at corrosion potefitial (. The point of intersection
gvesE . TheE thus obtained can be used to calculate corrosimnfran Equation
2-29

o8 ¥pmzE z o%F 2-29
M

# 1 1719

Where# =is the corrosion rate (mm/YE is corrosion current density {( | B & |

E.W is the equivalent weighaindmis density of the corroding specieg A |

As stated earlier, Tafel Plot mde diffusion controlled. This occurs when the corrosion
rate is determined by the rate of diffusion of the electrochemical active species (EAS).
This represents a conditiomhen the reaction rate is so high that the electrocheamae
species cannotach or be removed from the electrode surface at a sufficiently rapid rate.
In this case, the reaction rate becomes diffusion control which is the mass transfer of
products (metal ions) from the electrode surf§t@l]. In order to maintain the reaction
rate, diffusion becomes the kinetic limitation, and the reaction becomes diffusion controlled
at the limiting current density(lL)[102]. Diffusion (concentration) controlled polarization

is primarily for cathodic reduction process and theoretically causes the cathodic current
densiy to become constant at. Diffusion (concentration) controlled polarization for
anodic oxidation during corrosioare usuallyignored because unlimited supply of metal
atom is available atthe surfafH3]. Diffusion polarization can be minimized by solution
stirring which reduces itsalue or byusing arotating electrode where masssport can

be detected by its dependence on rotation speed.
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Figure 2 13 Tafel Plotshowing extrapolated lines and Tafel paramefewsdified
from [94]).

2.4.2.3Potentiodynamic polarization

The potentiodynamic potential spectra spans more than the potentialofafgiel plot

( 250mV) with the data plotted as potential versus the log of current density.
Traditionally, the anodic branch s&anned more above OCP (eglO0O0mV) than the
cathodic branch (eg250mV) from OCP. The anodic branch is fimear and in many
cases assumed amsBape as shown in Figure12. This figure shows the comparison of
Pourbaix Diagram and potentiodynamic gt metalin water at pH=6. It revealed how

some critical potential values relate to boundaries in the Pourbaix diagram. Region F, is
the immunity region where corrosion does not oc&egion A is theactive region, in

which the specimen corrodes alongl bs the applied potéal is increasedin the positive
direction. At B, for further increase in potential, the rate of corrosion (as measured by the
current) ceases to increase indicating the onsghssivation Point B is characterized by

the primary passivepotential (Eop) and thecritical current density(E ). The loss of
chemical reactivity under certain environmental conditions, probably due to the formation
of resistive fim on the surface of the metal is referred to as specimen passivation. Itrelates
to the proess of oxidation leading to a solid corrosion product that forms in such a way
as to provide a significantly protective finThis corrosion product hermodynamically

or at least kinetically, stable, continuous, without substantive defects, relatigalybile
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and generally resistant to further oxidation or reduction region C, the current
decreases rapidly within line Il as the passivating flm forms on thebstrate This
region according to Jon¢s03]is termed 'negative resistance' portion of the anodic curve.
It is the activeto-passive transition regioartfact Region D is a region of low passive
current density where there is ittt change in current as the potential is increased. This
region is under diffusion contrddecausehe electrochemical active special waineasily
access the electrogdectrolyte interface. The current remairgatively constantfrom

point Il until point IV where the current suddgrbegins to increase agamith increase

in potential in region E. The region of constant current ¢l1V) is also caled passive
region. The pointl{/) where the current began to increase again after passivation is called
the breakdown potential since it is where the passivating film begins to break Tosvn.
occurs at very high potentials, alowing high euts to pass again. This region E is called
the transpassive region. Traxgassive currentnay be associated with oxygen evolution

or dissolution as indicated in the Pourbaix diagram in Figufiel 2
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Figure 2 14: Comparison bPourbaix Diagram and Polarization Curve for Irfi04]

2.4.2.4Cyclic polarization (Cp) plot

Cyclic polarization plot can be viewed as an extensidpotentiondynamic polarization
becauseat the end of the potentiodynamic scanning, the voltage is revéappied in

the negative directionfowards OCP. Cyclic potentiondynamic polarization may display
negative hysteresis or positive hysteresis. Nwgabysteresis occurs when the reverse
scan current density is less than the forward scansitive when the reverse scan current
density is greater than the forwasdan. Figure A5 shows a posttive hysteresi&Vhere
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% is the breakdown potentiafo is the repassivation potential arfb is the primary

passivation potentials.
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Figure 2 15: Cyclic Scanningshowing positive Hysteresi@modified from[94]).

2.4.2.5Potentiostatic polarization

Potentiostatic polarizatiors a technique that allows for the controlled polarization of
metal surfaces in electrolytes, in orderdfoserve cathodic and anodic behaviourkis
technique applies a constant potential to the reefation interface and measures its
electrochemical behaviour as a function of time. It monitors dheosion reactions on a
surface of the desired metal. Aimber of characteristics of the metallenvironment pairing

can be determinedising this technique.

2.4.3Resistancepolarization (IR -drop) effects

IR-drop is the voltage error introduced between the corroding electrode and the tip of the
Lugginprobe in acorrosion system. It is caused by resistance of the electrolyte
between the surface of the working electrode and the tip of the Luggin capilary, (TLC)
[95, 102] If current (I) is appled from the working electrode througle tell to the
counter electrode, a potential dréj =) 2 arises acros® which reduces the actual
polarization voltage of the working electrode (Ep) in relation to the applied voltage) (E

to Equation 230:

% % ) 2 2-30
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The Ohmic resistance2( can considerably adulierate the results of electrochemical

corrosion investigations and so the electrochemical polarization measurements

Oelssner et 4lL05], worried that regardless of so much effort and work on IR drgp (R
most published articlegsorrosion mesurementsare incorrect due to underestimation or
neglect of the effect of IR drop (R They stated that Rdepends on the specific
condudivity of the test solution anthe design and arrangement of the electrodes in the
measuring cel. They then deriveth expression for computing Ru based on these two

parameters as in Equation32:

5 A 2-31
G +!

Where A = Area of the working electrode exposed to the electrolyte
K = the specific conductivity of the electrolyte (K) and

d = the distance betwaethe tip of the luggin capillary and the chemically active
surface region of the working electrof&/, 106]
It follows that increasing the gap between the tip of the Luggin capilary and the
chemically active surface region of the working electrodg Wil increase the ohmic
resistance 4 ) and vices versa whie increasing the speciic conductivity of the

electrolyte (K) wil reduce the effect of ohmic resistane)(

2.4.4Electrochemnical impedance spectroscopyEIS)

Electrochemical Impedance Spectroscopy (EIS) is an AC method of monitoring and
measuring the corrosion behaviour of materials/systems. Unlke DC voltage that has
constant magnitude for both positve and negative pola#ity, voltage oscillates from
positive (anodic peak) ampltude to negative (cathodic peak) ampltude with different
magnitude for both polarities in one polarization cycle. EIS is a sensitive, essentially non
destructive technique that is idealy suited fetedting and monitoring of corrosion of
metal and coatings on metalic substratd€97]. According to Sculy [102] the
electrochemical impedance is a frequedependent proportionality factor that acts as a
transfer function by establishing a relationship between the excitation voltage signal and

the current response of the system.
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2.4.4.1Theory of electrochamical impedance spectroscopyElS)
The definttion of resistance by Ohm's Law as "the abiity of a system to resist the flow of
current” @ - is limited to resistor as the only circuit elements. In a syatem

however, there arether circuit elemds such as capacitor, inductor and admitance
which contributes significantly in determining the ease of fow of curr@mesecircuit
elements make the behaviour of the current flowing through a system very complex. To
account for this complexity, thedbry of resistance (R) was replaced by impedance (2)
[103, 108] Impedance, like resistance, is a measure of the tendency of a circuistto res

(impede) the flow of current but unlke resistance, it does not obey Ohm's Law at all
current and voltage.

When a small sinusoidal signal, in an extensive frequency range, is applied to a system at
corrosion potential % ), the response at evefiequency is another sinusoidal signal

with different amplitude and phase angle shift relative to the input signal. Small excitation
signal is used so as to obtain a psebm@r response. Thphase angle shit in the
response signal is as a result wktilag necessitated by various processes at the material
substrate that absorbed electrical energy at different frequefidi&s 109111} Figure

2-16 shows the current response to a sinusoidal potential signaésaa system and the
current lag behind the potential.
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Figure 2 16: AC voltage - current phase angle showing one polarization cycle and a
negative amplitudeg94].
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The excitation signal can lexpressed as a function of time as shown in Equatig@ 2.

% %3 EJO 2-32
Where% = the potential at time €6 is the amplitude of the signal, andis the radial
frequency. The relationship between radial freq
f (hertz) is given in Equation-33;
y=2f 2-33
Also the relationship between the response sign#iat is shited by phase angk) @nd
the corresponding ampltude can be expressed as in Equatiot342
Y ) OE®SO » 2-34

Using the principles of Ohms Law, and combining Equatiod32 and 234, an
expression for calculating impedance of a system can be written as in Equ&tion 2

%  %OEJO  OESO 2-35

) ) OEJO » " OEJO »
Applying Eulerds relati on stddibypacomplexpender nc e

as shown in Equation-26[112].

. - : APEr : Al OEOEI n 2-36
2.4.4.2Impedance Data Presentation
There are two major ways of Presenting EIS data. These are Nyquist and Bode Plots
which are presentedschematically in Figure 271 Bothformats complement each other.
The subtle featurethat are difficult to identify in the Nyquist plot may be ready apparent

in the Bode plot and vice versa.
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Figure 2 17: (A) Nyquist Plot and (B) Bode Pldmodifiesd from[109, 113)
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2.4.4.3Electrical Equivalent Circuits

In EIS, the response of an electrode to alternating potential signal of varying frequency is
interpreted on the basis of electrical models of the elecetmbtrolyte interfae. Tre
simplest circuit model is caled Randle Cell andused to stimulate electrical behaviour

of corroding metal and coated surfac&his simple circuit is an adequate representation
of a simple corroding surface under activation control reacfb8]. The circuits consist

of elemets each of which models a specific function of the corroding sample. A simple

Randles Cell representing the circuit elements is showfigure 218.

G
R i
REe—[_ - | awE
L
R,

Figure 2 18 The Randles Cel Equivalent Circuit

Where
i) Rsis the solution esistance, which is the resistance of the solution between
the working and the reference electrodes. Itis the point of intercept on the real
axis at high frequency end of the Nyquist plot.
1)} Rp is the charge transfer resistance which corresponds to thesioorr

resistance at the metalelectrolyte interface and it represents the difficulty of
electrochemical reactions.

17)] CPE is the constant phase elements; this is used to represent the double layer
capacitance (&) in order to account fodeviaton from thedeal capacitive
behaviour due to surface inhomogenetty, roughness and adsorption effect.

The impedance of CPE can be expressed as siolaguation 2 27

_ B 2-37

Where Yo is the magnitude of CPE,= 2af is the angular frequey, jis the imaginary
number and n is the dispersion coefficient related to surface inhomogeneity. CPE may be
resistance, capacitance or inductance depending on the valueWtien CPEis pure
resistor g if n = Othen Zo = R), pure capacitornfeaning tat n = 1 when Zo = C) or
inducor (ie whenn = 0.5andZo = W) [54, 113]
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Chapter 3: Literature Review

This chapter highlights some of the lteratures devoted to +akaging technology and

its applications in oiffield for alleviating the effect of corrosion. The specific functions of
various alloying elrents as presented by certain authors vigllighted This was
followed by the mechanism of G@orrosion which is considered as the dominant form
of corrosion in ol and gas industries. The influence of various environmental and
materialmetallurgical factors that affect the corrosion behaviour of oifield equipment in
COz-containing environments as presented in literatweye reviewed in this chapter.
Some of these factors include temperature, soluton pH, microstructures, solution

chemistry, flow contion, CO; partial pressure and material composition.

3.1 Application of Micro -alloying Technology in Enhancing

Corrosion Resistance

About 12 % of thel650 MT of steels produced worldwidie 2014are micrealloy steels

and thesehave beennstrumental tothe expansion of most engineering infrastructures
where they found wide applicationsarticularly in linepipes [14, 28, 31, 48] Micro-
aloyed steel gained this privilege because of its amazing properties wiitide
improved mechanical strength, light weight, ease of transportation, ease of installation
and the accruing low cog27]. These excelent properties rcde attributed to the
functions of micrealoying elements (V, Ti and Nb) which form precipitates after
appropriate thermonechanical treatments. Morrisofl4] tabulated some of these

elements and their functions in mieatloyed steels as shown in Tablel3

The influence of alloying elements on the corrosion resistance of steels is dependent on
various corrosiveenvironments[114]. Cr, Cu and P in weathering steels have prdeed
be effective additions for increased corrosion resistance to electrochemical dissolution
[115]. Small amounts of Cr, Cu, Ni and Ca in {aloy steels have shown to improve

corrosion resistance in electrolytic solutiofisl6].
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Table 3- 1: The functions of various micralloying elementg14].

Functions / Micro elements V Nb Ti

Precipitation strengthening after hot roling VN, VC NbCN TiC

Precipitation strengthening after normalizinc  V - -

Influences Recrystallization during hot rollin - Nb, NbCN -
Refines grain size on normalising VN NbCN TiC
Refines grain size during High temperature - - TiN

austenitising
Influences transformation characteristic - Nb -

after hot roling

Shifier [117] reported thatCr, Al and Mo added to lowalloy steels demonstrated
enhanced corrosion resistance in marine environments whi@n&iAtbearing steels

with ultra-fine grains exhibited excelent corrosion resistanghen compared with iSi
Mni C steel[118]. Matlock, et al[59] also reported that micralloying elementsaffect

the microstructures which in turn affect the properties of the steels. The addition of Mo,
Mn and Cr promotehe formation ofbainitic structures whie Ti, V, and Niere used

for grain size control and precipitation strengthening. On the other, Rar{diN) was

used for grain refnement whie V (VC) enhanced precipitation strengthening. Other
authors[29, 31]have also reported similar results concerning the functions of sbme

these alloying elements in micedoyed steels.

Experimental evidence have shown that the addiion of small amounts of alloying
elements can promote thproduction of low-cost steels with improved corrosion
resistanceg71]. These elements improve corrosion potential of steel which inhibits anodic
and cathodic reactions and thus enhancing corrosion resistance. It has also been shown
that somealloying elementspromotethe formation of a protective rust &ywhich slows

down the corrosion rate of steel substrigté, 119, 120] Park, et aJ71] reported that the
addition of small quantty of W, Mo and Ti promote the @lepment of low cost steel

with improved corrosion resistance. This study showed that W can improve abrasion and

corrosion resistance by ameliorating passiity whie Mo improvepassivation and
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deactivation of growing pits by reducing the size and numddepit nucleation. This
suppressed the probabiity of generating stable pits. On the other hand, Ti impacts
mechanical properties by influencing grain refnements as observed by other researchers
[25, 29, 31]

Townsend[48] produced steels with various alloying additions using induction furnace.
Thesesteels were exposed to three different industrial sites. Using losassnethod, the
corrosion performance of the steels was found to fit properly to an expbrienttion

shown in Equation -3
0 00 31
Where A and B are constant, C is corrosion lossta@time of exposure.

Developing models for the constants (A and B), the effect of the individual elements on

the weight loss of the steels were computedl presented in Figure -3. It is apparent

from this figure that P has the largest beneficial effect on corrosion resistance but due to
ts harmful effect on the toughness and weldability of structural steels, its addtion is

imited to 0.04%. On the other hand, S demonstrated adegenental effect attesting

to the low additon of S due to its harmful effect to the mechanical properties of steels.

Other elementsand the level of theibeneficial effects are also shown in Figurel.3

0
T

w
o
Figure 3 1: Effect of elements on corrosion losses based on the models developed by

[48] (more negative indicates less corrosion).
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Kermani, et a[13, 65]in an extensive studielighlighted wo principles that influence
the improvement of the corrosion resistance of alloy steels by alloying elements. These
principles are:

(0 lowering the carbon content and adding carfaening alloying elements to
maximize the effect of chromum and molybdenumy ensuring that they
remain in sold solution and

(i) Achieving the desired properties by micro alloying additons mechanical and

heat treatments.

Figure 32 summarisedqualitatively the results of these studies in terms of individual
aloying elements Ths figure showsa progressive reduction in corrosion rate with
increasing Cr content. V has a major beneficial effect in reducing corrosion rate. Other
alloying elements such as Ti, Si, Cu and Mo etc are also shown to exhibit some level of
positive influence on corrosion resistance of steel depending on other parameters like

microstructure, heat treatment and their interaction and corrosion conditions.

Corrosion Rate (arbitrary)

Microalloying Addition (arbitrary)

Figure 3 2: Schematic presentation of relative effect of additional midoyirad)

elements on corrosion raf3].

Recently, Qiufa, et aJ119] investigated theeffects of Cr and Cu on the corrosion
behaviour of carbon and lealloy steels in simulated groundwater solution. Alloy steel
containing Cr or Cu alone exhibited better general corrosion resistance than the alloy
containing both elements. This was maifigcause Cr or Cu can individually enrich the
surface matrix of the steel to form protective corrosion product fim thus improving the

uniform corrosion resistance of the steel. On the other hand, the additon of Cr and Cu

59



demonstrated a synergistic effecis the acceleration of crevice corrosion because Cu
promotes the enrichment of @bng the grain boundariesf the stee[121].

APl 5L X65 grade steel is increasingly being usednaterial for oil and gas facilties.
Many authors[61, 122, 123]have reported that API 5L X65 carbon steel is the most
widely used material for production and transportation of hydrocarbidis was
attributed tostrict thermemechanical treatments and additon of micro alloying elements
which impact the desired properties to the stBelpending on thepplied conditions,
experimental evidence has shown that the corrosion rate of APl 51 X65 steel grade in
simulatel oiffield environments ranges from 0.048 to 2.493 mffy, 122, 124]

In this work, the corrosion behaviour of three proprietary midimyed steels were
compared with that of APl 5L X65. Two of these mialioyed steels were subsequently
alloyed with nonconventional carbide forming elements aimed at improving their
corrosion resistance to surpass that of APl 5L X65. One of the functions of micro
alloying elements is to precipitate as carbides or nitrides. caheides of hafnium (Hf)

and zirconium (Zr) have more negative Gibbs free energy of formation than most
conventional carbide forming elemenf&25]. This can bededucedfrom Figure 3-3.
Therefore it is expected that hafium and zircornium wil form more stable carbides than
the conventional alloying elements. Thus two of the proprietary steeés alloyed with

Zr and Hf and the corrosion propensity of the Bifid Zr alloyed steelcompared with

the unalloyed specimen and X65 steel grade.

Zirconium has found several uses in modern industries because of its unique combination
of physical, chemical and nuclear propert@g2]. Some of these industries include
electronics, surgery, chemical equipment and nuclear power. One of the outstanding
properties of zirconium employed for these apploegi is its excelent corrosion
resistance in most aqueous mefid, 42] Owing to its corrosion resistanc&olden[43]
reported that there is litle hope of producing an alloy with a better corrosion resistance
than pure Zr since adding alloying emts to Zr decreases the corrosion resistance of
the alloy. Yau[126] prepared Zfe alloys with varying amount of iron and reported that

the corrosion resistance of Zr decreased with addition of iron. On the other hand, the

corrosion resistance other metals is greatly increased by addition o2, 83]
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Figure 3 3: Temperature dependencétite change in the standard Gibbs free energy
GO, kJ/mol, for carbiddormation reactiong60]

There are many published worlél, 84, 85, 127)on the effects ofirconium on the
mechanical properties of steels but very feystematic studieg50, 126] have been
devoted to the effect of zirconium (Zr) on the corrosion resistance of dtesialenko

and Zats[50] obseved three characteristics trend of corrosion rates with increase in
zirconium content. SimilarlyBairi, et al[88] reported that an optimum Zr content of 8

12 wt% resulted in the formation of best passive flm stabiity and highest corrosion
resistancein de-mineralized waterOn the other hand, no published studies have been
reported(to the best of my knowledgejegarding the effect of Hf on the corrosion
resistance of steels. This is one of the significants of this studies.

3.2 Carbon Dioxide (Sweet) Corrosion

COz (sweet) corrosion is the most prevalent types of corrosion in oil and gas infiistry
11, 23, 128] About 60% of oifield faciity failures are caused by G@orrosion [11].
This is attributed to inadequate knowledge and predictive capacity couple with poor

resistance of carbon and low aloy steels to2@Qrrosion. Popoola, et §128] and

61



Kermani and Morsted [23] reported that dry C&lyas is not corrosive at the temperatures
encountered within the oil and gas puotbn lines. However, when dissolved in an
aqueous phase, G@an promote electrochemical reactions which can lead to faiures of
ol and gas pipelnes and facilitigg, 11, 12, 23, 69, 12830] Literature repots [131-
133]showed that Ceare introduced into oil and gas production systems through (a) the
use of enhanced olil recovery (EOR) technology which involves the injection ofasO

into the reservoirs and (b) tiresence of C&gas in deeper oil and gas wells.

3.2.1Electrochemistry and mechanism of carbon dioxide(CO,) corrosion

The mechanism of C£rorrosion in oil and gas industry has been studied in depth and
different predictive models developed and publisii2d, 69, 134141] These variety of
models are attributed to the complexity of the processes involved itdr@sion[142]

which is turn are occasioned by the myriafl environmental and material factors that
inluence it (CQcorrosion) [135, 143] Confirming this complexity, Dugstad, et [&9]

stated that C@corrosion does not depend on one mechanism but on some chemical,
electrochemical and physical processes that occur simultaneously. Thus for adequate
understanding and explanation of €€mrosion mechanism, these processes must be
taken into consideration. Althougthere are diverseCO. corrosion modejs there is a
general consensus on the dissolution of iron at the anode and the evolution of hydrogen
gas from the reduction of etther*HH.COs or H2O at the cathod¢23, 69, 135, 136]
depending on pH of the solution. Equatior2 3hows the overall chemical reaction of

COz corrosion[23] of steel.

0Q 60 O0 © 080G O 3-2

FeCQ is the main product of Cfcorrosion ofcarbon steels and depending on the
experimental conditions, it (FeGPcan act as either protective or fmotective scales

on the surface of the substrate. However, the rpaint of controversy is on the muilti

steps involved in the anodic and cathodic processes and which of these reactions is the

rate determining step (RDS).

3.2.2Electrochemistry of CO, corrosion,

Several mechanisms have been proposed farcGf@osion ofcarbon and low alloy steels
in aqueous Ce@solution. In general, all the mechanisms consist of three cathodic

reactions involving the evolution of hydrogen gas and one anodic reaction which is the
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dissolution of iron. The first significant and most widelged model for predicting GO
corrosion was proposed by de Waard and Wiliams in 1938, 136, 138, 144[This

intial model identified the combined effects of €@artial pressure 2) and
temperature on theorrosion rate as the key parameters i €@rosion. This model has

been revised many times to incorporate other parameters such as pH, solution chemistry,
flow condition, etd134, 144]

3.2.2.1Anodic reaction
The overall anodic reaction for the dissolution of iron in carbon and low alloy steels is

shown in Equation -3.
&A o &A ¢A 33

This reaction is pH dependent. The extensive studies by Nesid186revealed that

this reaction involves mytile steps and thided to the revision othe wellknown de
Waard and Wiliams Modd[L34] on the dissolutio of iron in CQ saturated solutions.

This was because de Waard and Williams assumed and subsequently extrapolated the
original proposal of Bockris et §l45] which was based on pH4 Reent experimental
results showed that the pH dependency of iron dissolution pe@@onment decreases
rapidly with increasing pH (the reaction order with respect to la@hg 2 at pH < 4 but
decreased to 1 and O at pH > 4). Therefore extrapolation wfatheof Bockris et aJ145]

to pH > 4 by de Waard and Wiliams was consideratdurate Nesic et a[136] then
reported three distinct pH regimes with three differerida@nmechanisms. These regimes
are pH <4 and pH >5 with an intermediate regime 4 < pH <5 where transiton from one
mechanism to another occurs. At pH < 4, the mechanisanggested by Bockris et al

[145], for strong acid as given in Equations43o 36 remain valid.

&A (1 P &AI( ( A 3-4
&A1 ( © &AI( A 35
"0QH 0 ( © '0Q (/ 36

On the other hand,the mechanisms to explain experimental results for pH > 5 as
expressed in Equations-73to 312 wereproposed by Issic , et a[136]
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&A #/ P &A 3-7

&A (1P &A ( ( A 3-8

&N ( o &N ( A 3-9

& A ( (/P &AI( ( 3-10

& AT ( P &AI ( 3-11

& AT ( ¢c( P & #/ ¢ (! 3-12

Where"OQ= the complex F&O2

The experimental results and the proposal of Nesic [@88] on the dissolution of iron
in COzsolution were confrmed by Crotel et[d46] and summed up by Kermani and
Morshed[23] as shownin Table 3-2

Table 3- 2: Mechanisms of Anodic dissolution of iron in @€aturated Medig23].

Reaction Reaction or Equilibrium pH<4 4<pH<5 pH>5
No
la V60P 060 la la 1b

b 66 GO P 060

2 ‘060 0O 00 U Q P P RDS©
3 V60 © 000U +'Q P RDSA) 0 o
4 V60 +010° 060 RDS© o o
00
5 Fe+ 0 U ‘00 © "0Q o 0 0
V60 00
10 5 Tafel Slope (mV/log) cp?n - %n - %n oc
10 5 H*reaction order -2 -1 0
10 5 COgzreaction order 1 1 1

RDS = rate determining step
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3.2.2.2Cathodic reactions

The cathodiaeactions in a C@water system can generally be represented by three main
reactions as shown in Equations13to 315[23, 137, 141]

H* reduction: ¢ ( cAP ( 3-13
H2COs reduction: c (#/ ¢Ao ( C(#/ 3-14
( # / reduction: c(#/ AP ( C#/ 3-15

The end product of these three reactions is hydrogen gas evolution which increases the
rate of dissaltion of iron in the presence of GO'he contributions of each of these
species (ions) in Cfcorrosion of steel as reported by some autfie®s 136, 147, 148]
depend on various parameters such as temperatur@ngbtldoncentratiorof ions in the

medium

Nazari, et a[147] and Moiseeva and Rashevskajat8] reported that the predominant
cathodic reaction at pH < 4 is the reduction of hydrogen ion as shown In Equétien 3
At 4 < pH < 6 the most important cathodic reaction is carbonic adisttien of Equation

3-14 whie at pH > 6 the reduction of bicarbonate ion represented by Equatidn 3

dominates. Furthermore at pH7, reduction of water occurs as shown in Equatieh63
G (/ cAo ( ¢/ ( 3-16

Two opinions exist among researchers on the mechanism.@®4eduction. Some

proposed a direct reductiof # / ¢ Ao ( #/  )[134] whie others
proposed two steps dissociation H¥COs (¢ ( # / ¢Ao ( ¢ (#/
o ( # /1 ) [142]. For instance, Tran et §l49] described the mechanism in

which adsorbed carbonic acid directly reduced on the surface of theBisemeans that
both H reduction and direct reduction of carbonic acid contribute to the corrosion process

leading to a higher corrosion attack than mineral acid at the same pH.

3.2.3Key factors affecting CO, corrosion

Different authors[23, 69, 142, 150have reported that the mechanism of2&@rrosion
of steels is very complex. This was ascribed to a number cofumetionally related key

factors which can be grouped into environmental and metallurgical (material) factors. The
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environmental factors include temperature, x@@rtial pressure, pH, solution chemistry,
surface fim, flow velocity etc. On the other hand, the metallurgical facdogssteel
composition and microstructures/heat treatmefig, 23, 69, 128, 129, 134, 135, 139]
The effects of some of these factors are heighted in this section.

3.2.3.1Effects of pH

The effect of pH on C®corrosion has been widely studied and reported to involve
different mechanisms depending on the environmental conditons. However, both field
and experimental experience has shown that increase in pH reduces the rate of cathodic
reduction of H which signiftantly decreases the rate of anodic dissolution offit&d].

This in turn reduces FeGQ®olubility resuling in less Péions required to exceed the
solubilty limit thereby enhancing the formation of protective Fe@@s and eventual
reduction in corrosion rat§l52, 153] This technique has been used to miigate the
corrosion rate of pipelines rttugh the addition of alkalne chemical®.g. NaOH or

NaHCQs) in a process known as péfabiisation [151].

Nesic et al[136], reported three distinct pH regimes (pH<4, 4<pH<5 and pH>5) with
different mechanisms for anodic dissolution. The influence of pH in each of these regimes
was briefly discussed in Section 3.2.2. Nd&B7] also noted that the effect of pH on
general CQcorrosion of steel can be direct and indirect. It is direct at pHwhere H

ions are directly reduced due to complete dissociation of strong (mineral) acid as shown
in Equation 3.12. On the other hand, the indirect effect occurs at high pH and is related
to how pH changes the conditions for the formation of Fefl@s. These indirect effects

of pH can be ascribed to the decrease in solubiity of FRel€fling to increased
precipitation rate and scaling tenderjdg5, 137, 139, 140, 154%caling tendency (ST)

is a dimensiodss parameter which can be quantified by Equation 31#7, 155]

34 —— 3-17

WhereY = the rate of precipitation of FeG@nd CR is the corrosion rate."¥"Y

p, thena porous and nerprotective flm forms which can cause local corrosion. On the
other hand if"Y"Y p then a compact and protective layer of iron carbonate can form
which decreases the corrosion rate. It has been reported that the growth of iron carbonate
film depends on two simultaneous phenomena which complement each other. These

phenomena are (1) dhcorrosion of steel and (2) the precipitation of iron carbonate.
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Increasing the temperature accelerates diffusion of species involved in the
electrochemical reactions, thus increases the corrosion rate. However, iron carbonate
solubility limit is a thermdynamic factor and decreases with increasing temperf@re

147]. Therefore, raising the temperature improves the precipitation rate ofsFeCO

Nazari et a[147], investigated the effects of temperature (55 #C3%and pH (5.5 to 6.5)

on the composition and morphology of corrosion product layers moGosion of X70

steel for 72 h. pH was found to have lttle or no role on Fegf@@ation if the temperature

is not sufficiently high (> 6®C) signifying that the role of temperatuom the precipitation

of FeCQis more pronounced thahatpH. This denonstraéd an increase in FeCG{grain

size at pH 5.5vhich remain the same with further increasépH to6 beyond which the

grain size increased again atpH 6.5. This progressive change in the morphology ©f FeCO
layer on X70 steel at 86 for 72 hours wit change in pH as observed by Nazari, et al
[147] s shown in Figure -3l. Similar results havebeenreported by Nesic, et fl55].

Figure 3 4: The SEM micrographs of the specimens expos&b’a at pH (a)5.5, (b)
6 and (c) 6.5 for 72[L47].

In the experiments conducted using St52 steel in &@irated 3vi% NaCl, Nesic, et al
[140] observed athreefold decrease in limiting diffusion curres) @ith increase in pH
from 4 to 5 asshown in Figure &. This was considered much less than the tenfold
decease in H ion concentration if the cathodic reaction was composed *ofoHl
reduction alone. This low limiting diffusion current was attributed to complex cathodic
reactions involving other electrochemical species in. C@rosion environment423,

137, 141] These species are considered as chemical reéiotiing component of the
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system [140]. Figure 35 also showedhat pH has insignifant effect on the anodic
dissolution of iron. This agrees with the report of Nazari, Et4d].
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Figure 3 5: pH effect in CQ solution, water + 3% NaCl,d32= 1 bar, T = 20°C, 1,000
rpm, and St52 ste¢140].

Li, et al[154] investigated the stabiiity of protective Fe€&l@yer on API 5L X65 at 8T

over awide pH range of 5.6 to 7.8 and reported a pspadsive behaviourThis resulted

in about 200 mV shift in potential toward the positive direction withoaesponding
significant low corrosion rate of about 0.01mm/y at pH 7. This is in agreement with other
reports[38] indicating that at pH 7.0 a stablprotective, pseudpassive layer formed.

The stable and protective corrosion layess also observed between pH 6.0 to 66
experiments conducted for 3 days. However, the results shiowed positve shift in
potential (100 mV)and a correspondingpwer corrosion rate (0.1 mm/y). These effects
were not achieved at pH 5.6 even after 22 days until ferrous chloride2) eS| added

to the system.

Tanaporn et a[62] used linear polarization resistance (LPR) and electrochemical
impendence spectroscopy (EI® investigate the effect of pH on G€orrosion of API

5L X65 steel at elevated temperatures 80 200°C). The results showed that at pH 4
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and 80°C, FeCQ(corrosion product) did not form and the corrosion rate was higher than

at pH 6 over all theemperature range tested. This is in agreement with Zhao[3&]al

who reported that at low temperatures §0°C) FeCQ forms only at high pH ( 6) and
that at high temperature (80°C), FeCQ forms readily.

3.2.3.2Effect of temperatures

Temperature is one of theey environmental factors influencing G@Oorrosion of steels

in oil and gas industry.Yap, et al[156] summarised the effect of temperature on the

corrosion rat of steels in C@environments as follows.

T
T

T
T

Corrosion process increases withrease itemperature below 6C.

Formation of a protective scale in aqueous 2Gfdvironments at elevated
temperatures.

Increasing temperature increases dgressivaess of chloride ions in aqueous
solutions by thermal activation.

Increasing temperature decreases solubility of dissolved gaslkesas CQ which
increases the pH of the environment.

Equilbrium constants change with temperature change which causes pH change.

Water phase behaviour change with temperature change.

The major effect of temperature on the corrosion rate of steels #e@onment can

be attributed to its influence on the formation of protective Fe&Oenumerated in
literatures [23, 157, 158]

1)

2)

3)

4)

Increasein solubility of FeCQ at temperature below B0results inthe formation

of noncompact, loose, soft, and nadhesive corrosion product scale and thus
increasing corrosion rate.

A transitional range betwed&®°C and 80°C during which corrosion product scale
with certain protective property formed on the steel substrate thereby reducing
corrosion rate slightly.

Decreasén solubility of FeCQ at temperatures between®80and 150C results

the formation of mae compact, dense, and adhesive corrosion product scale
which significantly decreased corrosion rate.

Above 150°C, fine, dense and adhesive grains consisting of f@@Onagnetite

(FesOa4), and the corrosion rate is relatively lower

The influences of tempeature on the protective properties of FefdOschematically

shown in Figure &
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Figure 3 6: Schematic representation of the effects of increase in temperature on the
corrosion of carbon steel in G@aturated aqueous saluii showing the nature of the

corrosion products and their protective propert@edified from [23, 157, 158)

The mechanism of reducing corrosion rate of steel i @®ironment by FeC®is
achieved through (&) he provi si on of a Adiffusion
length between the metal substrate and the corrosive medium; (b) the formation -of a low
porosity protective layer thereby lowering the exposed surfaces compared with the steel
surface anddmce less areas to be corroded and (c) the creation of concentration gradients

of the principal chemical specie®OQ and006 0) [23].

The driving force for preciptation of FeGQOs supersaturation which in principle
involves nucleation and particle growtf69]. The nucleation step increases exponentially
with relative supersatuian (RS), whereas the growth rate has an approximately linear
relationship with this parameter. The relative supersaturation (RS) is defined as in
Equation 318

1 1 ]
o3 L 5, 3-18

Where Q is the concentration of the solute at any instant,the equilibrium solubility

and S is supersaturation definediraEquation 319
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’ 3-19

Where Kspis the solubility product for FeC£}69, 155, 157]

On the other had, the mechanism arkinetics of crystaline fim growth has a quadratic

dependence on supersaturation as expressed in Equa®on 3
2 + 3 p 3-20

Where'Y is the growth rate) is the growth rate constant.

For protective orrosion scale to be formed, the growth rate of iron carbonate has to be
equal or higher than the corrosion rate. If the growth rate is less than the corrosion rate,
the gap develop between the iron carbonate flled gfatte flm and the steel surface
wil never be flled with dense iron carbonate, anddberosion flm thus formed wil be
porous or noradherent[70]. The corrosion rate is dependemt the growth rate through
a dimensiongéss parane t e r termed fAscaling tebh/iddecyo
inluence of scaling tendency onthe morphology and characteristics of corrosion product

films was briefly discussed in Section 3.2.3.1.

It has been reported that temperature accelerates thestical and electrochemical
processe$140]. However, in CQ corrosion of carbon and low alloy steels this is only
feasible at low temperature (<%I) when theprecipitation of caiosion product (FeC§)

and its subsequent protection of the substrate has not occur. This results in increase in
corrosion rate. On the other hand, at higher temperature °G),80hen the solubility of
FeCQ is exceeded, increase in temperatures rapidbcelarates the kinetic of
precipitation and the formation of protective flm which then decreases corrosion rate
[137, 139] Many authorg23, 159]havereportedtha the kinetics of FeCe&precipitation

seems to be a controling factor for the protectiveness of the corrosion product layer.

El Sayed, et al[124] studied the corrosion behaviour of API 5L X65 steel in oifield
seawater under the influence of temperature,. @@ acetic acid. e authors reported
that the corrosion rate increased with increase in temperature from 20QcabOve
which it decreased due to the formation of protective corrosion product @grd¢CG@mani

and Morshed23] and Schmitt andVichaela [135] specified that at low temperatures (<
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60°C), the corrosion rate increases with temperature up to intermediate raf@e- (60
80°C) which was ascribed to high solubility of Fe€& low temperature. This slows
down precipitation rate and so protection fims canootmf However, above 8Q the
protectiveness of FeCQayer increases with temperature due to the decrease in3sFeCO
solubility and thus the corrosion rate is reduced. Vuppu and J¢p80halso reported

similar temperature versus corrosion rptefle in multiphase pipeline of seawater and

oil saturated with C@ The effect of temperature on the morphology and composition of
the corrosion product®r the corrosion of P110 oil tube steel in €€aturated solution

was reported by Zhao et[88]. The results showed that below®6)only Fe matrix was
detected suggesting that the corrosion product could not adhere to the steel surface
becase it has loosestructure resultting in severe corrosion attack. ACG3®oth Fe and
FeCQywere detected. However, Fe@Ebuld not provide effective corrosion protection

but showed a peak in corrosion rate. BetweeAC88nd 140C, compact, tight and
adherent caosion product consisting of mainly Fe@®@hich significantly reduced the
corrosion rate was observed. The work of Tanaporn [6Rabn API 5L X65 centred at
elevated temperatures @D - 200°C). Like other researchers, trauthors observed
decreased coosion rate at temperatures betweePGB&nd 158C above which magnetite
(FesO4) was observedlong with FeCQ@ resulting in further increasé the corrosion
resistance. This was attributed to the direct reaction between steel and water according

to Schikar reaction in Equation -21[135]

c&A( ©° &A ¢ (/ 3-21

3.2.3.3Effect of solution chemistry

One of the most important and influential parameters affecting dGf@osion of carbon
and low alloy steels in oiffield is solution chemyst This is attributed to the presence of
dissolved gasses such as £0r and HS [135, 137, 154]Dissoived CQ hydrates to
form carbonic acid (HCOs) which dissociate partially in two steps to form HEGH!
ard COs™ [137, 154]as shown in Equations-B4 and 315.

(#1/ (#/ ( 314

(#1/ # ( 315

72



From theequilibria of Equations -34 and 315, the concentration of carbonic iam { )

can be expressed as a functiondof ando as in Equabn 3-22

4 322

Where Kcaand Koi are the solubilty constants of carbonic and bicarbonate ions. But for

an open systenm is constant thus a simple relationship exists betwe  and

0 as expressed in Equatior23.
+ H# z H# 3'23

Where0 =0 U0 = solubiity product

Iron carbonate (FeCq£is the main produadf COz corrosionin oil and gas pipeles [61,
154] and ferrous ion (F¢) is the main product of dissolution of steels in corrosive

environments[61]. Thus in CQ corrosion system, as long as the concentration &f Fe

and 0 0 are sufficiently high (ie exceeding saturation with respect to BECO
precipitaton and crystal growth will occur according to Equatior243

& A #/ o &A#/ 3-24

The saturation value of FeG@®an be expressed as in Equatiorl B

’ 3-19

Substituting 6 0 from Equation 3-23 into Equation 3-19 a dependency oY on

0 and pHwasobtained as presented schematically in Figwe[361].

Two main regions divided by = 1 areclearly seenn Figure 37. These include

FeCQsupersaturation regioiY( > 1) where the concentration of¥and6 U ions
are in excess leading to the precipitation of Fe@@l subsequent formation of Fe{
layer on the steel surface. The second region is the Fe@der saturation region

(Y < 1) where the rate of FeGdissolution is faster than its precipitation and so

FeCQ layer cannot formed. A transttion region (0.5% < 2) exist where neither
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precipitation nor dissolution of FeG@ominates thus leading to the surface of the metal

being partially covered by FeG@yer and a possibility of localised corrosion.

51reco.
undaraaturated s
10 region b

% Felly supersaturated region

5 50545658 6 62646668 7 72747678
pH

Figure 3 7; The dependency &feCQ solubilty on Ge2+and pH[161]

As natural contaminants and constituents in oil field environments, chloride ions play
significant role in the corrosion process of oil and gas facilitji#62, 163] The effect of
chloride ion concentration on corrosion mechanisncasbon steel depend on the type,
morphology, structure and protective capabilties tbé oxide phases formed on the
surface of the substrate in different environments. Such environments which include
atmospheric environmenfl63-166], natural and seawater environmejd, 167169]
sodium chloride (brine) solutionfb4, 56, 67, 170have been extensively studied. Ia-O

free environrant, increase in chloride concentration above certain threshold (>1000 ppm)
has been reported to decrease the solubility ofiC& sul ti ng to fisalti:r
inhibition with the attendant reduction in corrosion rdt&9]. This was demonstrated in

the works of Eliyan, et 4l.71] on theelectrochemical corrosion behaviour of AR100

steel in different concentration (5to 80 g/L) of saline 2&@turated solutions at ZDand

90°C. The results at 2@ showed that the corrosion rate increased with chloiifes
concentratonandQ  reaching a maximum of 185 pA/émin 15 g/L chloride solution,
decreasing rapidly with chloride concentration up to 40 d then became almost
insensitive at about 120 pA/@min the more concentrated solutions. This is presented
schematically inFigure 3-8. This agreesvith the report of Fang, et HI38] on thegeneral
carbon dioxide (C@) corrosion rates of C1018 (UNS G10180) carbon steel in different
sodium chloride (NaCl) concentrations (3 wt% to 25 wt%) at 20°C
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Figure 3 8: Corrosion rates and potentials vs NaCl concentration of)X8PD0 steel at
20°C [171].

Similarly, Zeng, et aJ172] reportedthat corrosion rate of steels decreased with increasing

salt concentration, and the highest corrosion rate was found at the lowest salt

concentration. This result wastributed to the competitive adsorption of hydroxyl and
chloride ions during anodic dissolution of iron in NaCl containing acidic solution. It has
been generally accepted that the overall anodic dissolution of iron expressed in Equation

3-3involves many stepas proposed by Bockris, et[a45] and recently reviewed by

Nesic, et al[136] (Equations 34 to 312). Thus at low oin the absence of NaCl
concentration, Equation-3

&AI ( © &AI (A 35

is the rate determining step leading to dissolution of iron and so the adsorption of hydroxy|

ions prevails over chloride ions resulting in higher Tafel Slope. However, at higher salt
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concentration and based Equations3-25and 326 , chloride adsorption tends to prevalil

with Equation 326 being the rate determining step resulting in lower Tafel $bf2.

&K/ #10 &A#1 (1 3-25

&A#1 1 ( o &AI( #1 cA 3-26

Recently, Han et aJ173], noted that NaCl concentrationglay three major roles in
corrosion kinetics of carbon steels. These include (i) accelerating the corrosion process
by forming intermediate corrosion species, (i) decreasing the solution pH which also
accelerates the corrosion process and (i) redudmag solubility of dissolved oxygen

(DO) which decreased the corrosion rate. However, the net effect of increase in NaCl
concentration above a certain quantity as reported in literatfir®8, 139, 172)was
reduction in corrosion rate. This means that the effettreducing the solubility of DO
(saling out) dominates the other two competing effects. In agreement with thil ¥4
observed that in a basic or neutral solution, oxygen reduction reaction is the predominant
cathodic reaction in competition with the hydrogen evolution reaction. Simiarly, Caceres
et al [175] stated that the major reaction governing corrosion in most practical oifield

application is the reduction reaction of oxygen presesoiution.

The presence of dissolved oxygen (DO) in £&vironment is yet another factor that
inluences the corrosion of crude oil component. Liu ¢1@¥], Ismail and Adar{176]

and Jung et dlL77] repored that the effect of dissolved oxygem corrosion of steels

more prevalent than all other impurities present in crude oil. Jung [T 3] after an
extensive laboratory experiments specifically reported that the corrosion rates of carbon
steel pipe (CSP) decreased by 75% when DO concentration was reduced from 9+0.5 to
2+0.5 mg/L. The study of Martin[178] also revealed that corrosion rate of steels is
accelerated by 0.5 mm/y per ppm of oxygen in2€@€@vironment contaminated with2O

at medium velocity and ambient temperature.

However, the effect of NaGbn the corrosion rate of carbon steel in £Zaturated

solutions has not been clearly understood as some other authors presented divergence
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results. The contrary viewsummarized the mechanism of chloride atthglseries of step

wise electrochemical reactions as shown in Equatic2y ® 334 [4, 124, 179]
At the anode;
& &A A 3-3

At the cathode (basic or neutral):

i (1 <Aoo ¢ 321
q
Adding Equations 3 and 327:
3-28

&A%/ (/0 &A (

In the presence of chloride, the ferrous ion in Equatied r8acts with kloride ion to

form iron-chloride complex as indicated in Equation23

&A c#lo &A#I 3-29
&A#I +¢/ (9 &A ( # 1 3-30
& A ( &A#I O &A &A/ ( #1 CcA 3-31

Also the passive flm& A ( ) in Equation 328 candirectly react with chloride ion as

folows
& Al ( #1090 ¢ & AT #l/ ( +( 3-32
&AI #0111 © &A #1 ¢/ ( 3-33

Equations 330, 331 and 333 show that the chloride ions are nohsumed but remain
available to continue corrosion process. Chloride ions are considered as aggressive
corrosive agents. This is attributed to the small size, high diffusivity, strong anionic nature
and high solubility of chloride salfd62, 179] Therefore most chlorideattack on steels,
particularly passive steels usually resittspitting corrosion[54, 170, 179]

In the presence of oxygen, the ferrous hydroxide in Equati#8 also transforms to
magnetite fim (Equation -34) which partially protects thesubstrate from further

dissolution.

3-34

o&A( /I ° &A o(/

N O
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The nature, protectiveness, stability, adherence, coverage and the chemistry of these
oxide flms depend on the kinetics of the corrosion reactions and the formation of
corrosion products. This in turn is related to the coitpos of carbon steel and
microstructures of the protective oxide flfd62]. Alizadeh and Bordbar observed that

the structures of the corrosiomopluct play essential role on the corrosion resistance of

carbon steel by preventing the corrosive species from reaching the steel substrate.

The chemical composition and the thermechanical treatment appled during
manufacturing process of carbon stetermine its microstructure. Microstructure on the
other hand plays important role in the corrosion behaviour of carbon steel in different
environments[11, 62] It has been demonstratadat the fims of corrosion product can
develop and cover the surface of the substrates protecting thensdrooding in aqueous
solutions [4, 162, 179, 180]Some of these corrosion product flms are mainly esxiof

iron which are generally porous with poor adherence and are prone to cfd€dng 65,

179] Research has shown that about nine different types of iron oxide phases which
provide different levels of protecin can form on the surface of carbon st¢él, 124,

175, 181] Each of these oxide phase is uniquely characterized by different hyperfine
parameterd181] and most of them do not give adequate protection to the steel surface
[165]. On the other hand, few of thesgides that may offer protection are broken down

in the presence of aggressive corrosion agents such as chloridgl@@nsl67, 179]It

then follows that chloride ions can easiy penetrate and migrate througiagbee film

and upon reaching the rust (oxigsgel interface form intermediates containing chloride
which breakdown the passive fimgl65, 179] ElDesouky and Aboeldahalp182]
studied the effect of different concentration of NaCl (021M) on maraging steel and
reported a continuous increase in corrosion rate with increase in NaCl concentration.
Similarly, Liu et al[167] categorized the effect of chloride ion on corrosion of carbon

steels as smooth invariant stage, slow rise stage and the rapid rise stage.

Corrosion rate of steelcan also be significantly influence by the ionic composition of the
solution. Nesic, et gl183] reported that an increase in?Feoncentration, which is the
product of anod dissolution of iron in C@corrosion, results in higher supersaturation
leading tothe precipitation of protective corrosion passive. Mishra, €tl3a9] and
Popoola, et gl128] also observed that laboratory tests conducted with pure salt solutio ns

exhibited higher corrosion rate than that with actual formaton waters in CO
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environment. This is because of the presence of calcium(@ags), HCOs', magnesium
ions (Mg?*), etc in he formation water. These cations react with carbonic acid and deposit
other carbonates which in conjunction with iron carbonates (mamc@@sion product)

enhances the scale formation and hence reduces the corrosion rates

3.2.3.4Effect of surface fim

The main product of C®corrosion of carbon and low alloy steel is FefGich is
formed when the concentration of?Fand® 0 ions in the soluton exceeds super
saturation[23, 62, 69, 129, 134, 135, 137, 139, 18A]e formation, nature, growth and
functon of FeCQ@ on the corrosion behaviour of carbon steel depend largely on
temperature, pH, flow conditon, material characteristics, [@®5, 139] At low
temperature ( 60°C), the solubility of FeC®is high which decreaseprecipitation rate

and so protective flm cannot foreading to increase in corrosion rate witcrease in
temperature. At higher temperatures §0°C), the solubility of FeC®decreases leading

to high supesaturation, high precipitation rate and subsequent formation of protective
film with eventual decresesn corrosion rate. The works of Yucheng efGl, 129]on

X65 carbon steel within 3C - 130°C, Tanaporn et al on X65 at ® - 200°C and
Palacious and Shadlg¥33] on APl N-80 and G1018 steels are in agreement regarding
the effect of temperature on the formation of protectve Fe@OCO: corrosion

environments

The protectiveness of surface flm also depends on the characteristic of the materials
(chemical compsition and microstructures)62, 133, 135] Experimental resultq54,

133] have shown that when astawith ferrite pearlite microstructures is immersed in a
brine solution, selective dissolution of the ferrite phase takes place leaving the pearlite
(Fe +FesC) which is more dificult to dissolve on the metal surfacezCFeeing an
electronic conductor nianced the corrosion rate by causing a galvanic effecaaiy
asrelatively high surfacecathodic site(area)for hydrogen evolution reaction (HER)he
adherence and protective properties of the corrosion product flms are related to the
presence ahese cementite FE&C) platelets which strengthen and anchor the fims to the
metal substratel-e3C is not a corrosion product but merely existed in the scale as a result
of its presence in the steshd acts as cathode whie the ferrite acts as the amdeleite-

pearlte microstructurd52, 62, 137] The preferential dissolution of ferrite results in high
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ferrous ion (Fé&) concentration between the lamellar s€ewhere it also faciitates
cathodic reactions thugh internal acidificationof the solution imprisoned within the
layer due to local depletion in HGons [143, 185] These tripartite functions (acting
as cathodic site, formation of galanic effect and internal acidification form by
accumulated #) of FeC promote the formation dfon carbonate on carbon steel with
normalized (ferritic-pearlitic) microstructure resulting in better adherent to the metal

surface than on quenchedidtempered steels (martensib@initic microstructure)[135]

There are reports of the presencenwfgnetite (F€D4) in CO2 corrosion product at
temperatures above 13CQ depending on other paramet¢é2, 135, 148] This has been
ascribed to direct reaction between steel and water through Schikorr re@btioglobal
reaction proposed by Schikorr which tise decomposition of OQ) O is shown in
Equation 321

c&A( ©O &A c(/ 3-21

"OQ) "O is the product of the overall anodic electrochemical reaction for ferrous metals
as expressed ifcquation 335. This is in accordance with the pH depemdanodic

reaction steps proposed by BocHigl5]
&A ¢ (/10 &A ( ¢( cA 3-35

FesO4is a thin, dense, and adherent corrosion product layer formed on the steel surface,
(beneath a thick, porous, and loose layer), and is usually associated with lower corrosion

rate.

Another corrosion product €Oz corrosion of carbon steel is iron hydroxycarbonate
(Fe2(OH)COg3) [562]. Fe(OH)COsscale is mostly formed at temperatures aboWE 60
and may be consideredas a mixed transition phasdif writen as FeC@Fe(OH)),
between noiprotective FeC® (which may form below 6GC) and ferrous hydroxide
(FeOH). Fe(OH)COs has shown to be more adherent, protective, and therefore, more
effective in reducing corrosiorate than FeCgJ52]. FeCQ-Fe(OH}could also be called
basic ferro carbonate.

In general, CQ corrosion products most often reduce the corrosion rate el sy
physically forming a diffusion barrier on the steel surface thereby hindering further
corrosion[23, 135, 137]Dugstad et dl184], stated that the requirements for satisfactory
protection of carbon steel flo CO: corrosion are (i) high supeaaturation of FeC®
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without which protective FeCg£xannot form, (i) proper adherencd the protective film
which is facilitated by the presence of carbidhat strengthens and anchors it on the
substrateand (i) comgete coverage of the substrate by corrosion product which

elminate the tendency for localise corrosion to occur.

3.2.3.5Effect of carbon dioxide partial pressure (- )

Carbon dioxide partial pressuré ( ) is one of the environmentdhctors affecting the

COg2 corrosion of carbon steel in ol and gas industry. Due to the enormous problems
caused by Ce@corrosion in this industry, extensive studies to mitigate these problems
resutted in a number of predicton models. The mechanism, icialeity and
functionality of these models have been described, compared and discussed in literature
[186, 187] However, none of these models, collectively or individually presented
adequate understanding of the mechanism nor mitigation techniques >ao@@sion.

This is dueto the complexities arising from the myriad of factors affecting. €@rosion
procesg7, 69, 128]

The first and mostvidely used model for predicting G@orrosion of carbon steels in
wells and pipelines was @posed by de Waard and Miliams in 19184]. This model
dependedn the effects ob  and temperature only and is expressed in Equati® 3
[129, 134]

pXpPT . 3-36

Where
Cr = the corrosion rate in mm/yr.
T =the temperature in K and
Pco2 = the CQ partial pressure in Pa.

This simple model has been revisedrveral timesby the same andor other authors to
incorporate more influencing environmental parameters such as pH, water chemistry,
scaling tendency, total pressure, hydraulic diameter, fluid flow velocity, oil wetting,
glycol concentration and steel composttigb29]. The models of de Wadriilliams

[134] correlated very well between experimental and feld data for very low carbon
dioxide partial pressure up to 1 MPa predicting an increase in corrosion ratdah ca

steel with increase of C(partial pressure.
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Other models have generally predicted the same correlation particularly iireea@Q
corrosion. This is because under sdade condition, increase i  increases the
concentration of HCOz which reduces the pH of the system. This in turn accelethées
cathodic reactions generating mare) ions in the soluton and utimately enhances the
corrosion rate On the other hand, in fiformed condition and at high pH, increased
Pcoz leads to increase in bicarbonate and carbonate ion concentraton and higher super

saturation which then accelerate precipitation and scale formtie@ 135, 137, 188]

Zhang, et a[129] compared the corrosion behaviour of X65 carbon steel pipeline in low
COz partial pressure (1 MPand supercritcal C&conditon (9 MPa) at differentime
interval. The results which is shown in Figured 8evealed that the corrosion rates under
supercritical CQconditions were much higher (abdiit4 times) compared with low CO
partial pressure. This variation in corrosion rate was attributed toahsitibn of CQ

from gaseous to liquid or supercritical condition with increasing pressure resulting in

different interacton with water which is nand e a | and so does not
[188].
35
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Figure 3 9: The corrosion rates of X65 steel exposed in water sadursitta CC under
low partial pressure and supercritical conditon &GBfr various immersion time
[129].
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It is well known thé an ncrease in C@partial pressure increases the solubility ofzCO

in water phase. This enhances the concentrations of carbonic spe€i&,(HCO?* and

0 U ) in the solution and consequently increases corrosion Tae.results of the
variation of temperature showed similar trend with regards to characteristics 20f CO
corrosion products and variation of corrosion rate with time and temperatureevéiow

the intensity and magnitude of the effects of these parameters were much higher under
super critical conditon than at low partial pressure. This confirmed the reports of many

authors[11, 23, 135, 137{hat ncrease in &2 leads to increase in corrosion rate.

Nesic, et a[189] used electrochemical techniques to investigate the corrosion behaviour
of mid steel under different C{partial pressures (8 10 bar), and different water flow
velocities ( 0i 2 m/s) in 1 wt%NaCl at 60C and pH 5. The results of tHeyquist
impedance plots showed that the radius of the capacitve semicircle decvetsed
increase in velocitybut the shape of the impedance plots were insensitive to increase in
CO: partial pressure. This impéie that with an increase in GQ@artial pressure, the
corrosion rates of the mid steel increased while the corrosion mechanism of the corrosion

process was hot affected.

3.2.3.6Effect of Microstructure

The microstructure of carbon and low alloy steeldstermined by its chemical
composition and the thermomechanical treatments used during the production processes
[54]. These variables are not independent as the same microstructure can be obtained with
different chemical compostitions and/or heat treatm§tBs]. Experimental evidencfll,

54, 185]has shown that different microstructures can be obtained from carbon steels with
the same chemical compositon and viegsa depending on heat treatment route. This
can be attributed to the presence, quantity and type of alloying elements and thermo
mechanical processes (heat treatment routes) which consequently determine the
precipitation, volumetric fraction, uniformitysize and distribution of microstructural

constituents in the steef52].

The effect of microstructure and chemical compositibrthe CQ corrosion of stde has
been extensively investigated and found to be of great impd&antL35, 139, 159, 184]
The dependent of corrosion rate on the chemical composition and microstructures of the

steel is not systematic asetlprotective and adherence properties of the fim can vary
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greatly even for similar carbon steels. Therefateis not possible to draw a general
behaviour pattetnConsequentlysome author$133, 185]have reported thatormalized
plain steel with a ferritgpearlitic microstructureexhibit better corrosion resistandean
the hardened and tempered alloy steel with martessicitic micrastructure under the
same conditions. However, other auth¢td, 52] have reported oppost resu. This
discrepancy has been ascribed todbeplexities arising from the myriad other factors
affecting CQ corrosion procesf, 11, 69, 128]

Al-Hassan et g52] reported thatannealed specimenexhibit lower corrosion rate than
asreceived material (Thermemechanical control processTMCP) while the quenched

and tempered specimens showed corrosites raetween tise two extremes. This is
understandable since the ferritepe a r | 4Fé 4eFeC) ralcrostructures, RE being an
electronic conductor and having lower cymtential for hydrogen evolution is more
cathodic than ferrite leading to the fotima of micro-galvanic cels with the attendant
selective dissolution of ferrite. This leaves thes@exposed to the electrolyte as large
cathodic sites and ultimately increases corrosion[62e137, 159]From heat treatment

point of view the microstructures of annealed steel has more refinectutectoid ferrite

than the normalized specimen. Conversely, the normalised steel has more segregation
along the ferrite/F&£ interfaces and less peutectoid ferriteand consequently increased
pearlte (FeC) phasd52, 190] It then means that the normalised steel has more cathodic
site than the annealed steel resulting in higher corrosion rate for the normalized specimen
than the annealed sample. Similarly, Cehet al[185] used heat treatment to impact
different microstructures on API 5L X42 awadbservedtha the corrosion rate of carbon
steel decreased in the folowing order: banded gBreceived) > normalised (N) >
quenched and tempered (Q&T) > annealed (A). This was ascribed to the formation of
FeCQ between the neoxidised FeC platelets which anchorednd strengthened it
(FeCQ) on the steel surface of the annealed steel. Palacious and SHE8\also
shared this line of thought suggesting that the structural characteristics of &e@Dd

on microstructure of the matrix @thus reported thdbr the quenched and tempered steel
with martensitic microstructure, FeG® less tenacious and less crystalline than the large
and dense crystals that formed on annealed steel with fpeidite microstructure

resulting to the foner demonstrating more corrosion susceptibility.
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On the contrary, Lopez, et §l2] and Dugstad et dlL84] opined that quenched and
temperedmicrostructures have better corrosion resistance than the annealed ones. In this
case, the udissolved F¢C platelet of the quenched and tempered stasl assumed to
becompletely detached and removed from the steel surface leaving a new area of exposed
cementite equivalent to the initial one thus reducing the corrosion rate by eliminating the
galvanic effect. This is the point of disagreement sincéladsan, et §b2], Ochoa, et al

[185] and Palacious and Shadlgy33] postulatedthat the undissolved laminar platelet of
FesC in quenched and tempered (Q&T) microstructure are not removed but enhanced the

formation of internal acidification and subsequent saturation and precipitation otFeCO

The presence of aloying elements iteed have tremendous effect on the typke
microstructure formed as a result of heat treatment of the steel. These alloying elements
increase the time required for austenie® decompose to ferrite and/derrite-FesC

mixture, and, therefore, made it padésifor the martensite or bainite to form at lower
cooling rateqg191]. In the quenched and tempered sampddieying elements (such as

Cr, Mo, etc) delay and retardettecomposition of martensite ferrite and carbides upon
tempering. This is due to the sluggish diffusion process of the atoms of these elements in
forming carbides. Thus the normalized specimen, in which mos€ Eeuld not
precipitate due to the presence of the alloying elements, corrode at a rate lower than the
annealed steel which provided ample time fosG=® precipitate[52]. This is contrary to

the observation for the steel with little or no alloying elements.

It is evidenced from this review that the corrosion rate of radioy steels has been
widely investigated in different environmental parameters such as tempenaityrand

partial pressure using different electrochemical measurement techniques. The results
showed that corrosion resistance increased with increase in pH, increase in partial
pressure but decreased with increase with temperatures lower thdC . +60ever, at

higher temperatures (> D) the corrosion resistance increased due to the formation of
FeCOQwhich physically block to corrosive species from accessing the steel substrates in
COz saturated environments. This review also presented divergenttsrépaon differe nt
authors on the effects of steel microstructures on corrosionTrégeresearch is aimed at
improving the corrosion resistance of three proprietary rafloy steels by alloying

them with nonconventional carbide forming element® sydematic procedure for

achieving this aims presented in the following chapters.
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Chapter 4: Materials and Experimentations

In this chapter the characteristics of the materials used, the method of sample preparation
and the electrochemical techniques engibyto assess the corrosion behaviour of three
proprietary micrealloyed steels and API 5L X65 steel grade were highlighted. This was
folowed by experimental setp, test conditions and preliminary investigations of the
corrosion behaviour of the steels different simulated corrosion media. Aloying
methods, heat treatment schedule and equipment operation procedure utlized to alloy and
investigate the mechanical, physical and chemical characteristics of the aloyed samples
were also presented. This chapalso enumerates the procedure deployed to investigate
the corrosion behaviour of the alloyed steels using the test set up and test conditions in
simulated produced water. This chapter explained the procedure of validating the results
obtained using someost experiment surface analysis techniques such as optical
microscope (OM), Fii Imagedanalysis Scanning Electron Microscopy/Energy
Dispersed Xray (SEM/EL®), X-ray Difraction (XRD) andwhite light interferometry

4.1Materials Preparation, Characterization, Examinations and

Analysis

4.1.1Maternals

Three proprietary micro alloyed steels supplied by commercial steel industries and whose
electrochemical behaviour has not been fully investigated were used in this work. These
steels are designated as ABA694-F65 forged steel bar (F65) of B2 diameter and

3000 mm long; improved collapsed steel grade P110 IC pipe (P110) of Mwh3
diameter and 8.56m thickness and high collapsed sour service steel grade TN95 HS
pipe (TN95) of 24475 mm diameter and.3.843mm thickness. Figure -3 shows the

image of the asupplied P110IC and TH95 HS proprietary steel grades. A fourth sample,
API 5L X65 steel grade with a proven integrity for oil and gas applicafib?, 13,122]

was chosen as reference specimen. Tablds 42 and 43 present the mechanical
properties, the physical characteristics and the chemical specifications of these steel
samples respectively. It can be seen from Takletht themechanical propeds of the
micro-alloyed steel samples satisfies the minimum standard specifications for oil and gas
pipeline [36]
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TN9SHS P110IC

Figure 4 1: As received proprietary grades of steel

Table 4 1: Mechanical properties of the samples

Grade Min. Yield Max. Yield Min. Tensile | Max. Hardness
Strength (ksi)| Strength (ksi)| Strength (ksi) (VH)

P1101IC 110 140 125 129
TN95 HS 95 110 105 248
ASTM A694-F65 65 87 77 180

Pipe Body Performance Propest Catalogue, Tenarid92]

4.1.2Materials (Samples) Preparations

Metallography is the study of the microstruetuof metals and alloys. It usescroscopy

to provide important information about the structure and properties of metal and alloy
samples. Before metallographic analysis/examination, the speciageprepared using
successively fine abrasiegperto remove material from the surface until the desired
surface qualty is achieved. The sample preparation for tlusk was conducted
according toASTM E 301 ASt andard Gui de for Prepar
Speci O3} e steps namely cutting, mounting, grinding, polishing and etching

as briefly explained in thisection were used.
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Table 4 2: Samples and their charactdcs

S/No Proprietary grade API equivalent grade Application As-received Geometry Specimen size

1 ASTM A694-F65 (F65) ISO 11960API 5LX65 PSL1 Line Pipe 25mmg * 300mm Long 25mm@ * 5mm Thick

2 P110 IC (P110) ISO 11960/API 5CT P110 PSL1 Casing & Tubing 1143mm@ * 8.56mm Thick 18mm * 16mm * 5mm

3 TN95HS (TN95) ISO 11960/API 5CT TH95 PSL1 Casing & Tubing 244.5mm@ * 13.84mm Thick 18mm * 16mm * 8mm

4 API 5L X65 API 5L X65 Line Pipe 25mmg * 300mm Long 25mm@x 50 mm Thick

Table 4 3: Elementd Specifications of the samples
Samples C Mn S P Si Ni Cr Mo \% Cu Sn As Al Ca Nb Ti B
F65 0.12 1.27 0.002 | 0.008 | 0.18 0.07 0.11 0.17 | 0.057 | 0.12 0.008 0.022 0.054 | 0.001 | 5804
P110IC 0.22 14 0.001 | 0.012 |0.32 0.019 | 0.25 0.07 | 0.005 | 0.03 0.003 | 0002 | 0.025 | 0.001 | 0.002 | 0.023 | 0.002
TN95HS 0.25 0.54 0.001 | 0.01 0.26 0.04 0.99 0.46 | 0.005 | 0.098 | 0.006 | 0.004 | 0.02 0.001 | 0.022 | 0.008 | 9E04
X65 0.12 127 0.002 | 0.008 | 0.18 0.07 0.11 0.17 | 0.057 | 0.12 0.008 0.022 0.054 | 0.001 5E04
Cu+8Sn | N @] Alsol | Pb Sb BI Mg Bsol Co Cd W Zr H Ce Pcm

P110IC 0.054 0.004 0.024 | 0.002 | 0.001 | 0.002 | 3E04 | 0.002 | 7E04 0.002 | 0.002 0.052 | 0.33
TN95HS 0.146 0.005 0.02 0.001 | 0.001 | 0.002 | 3E04| 9804 | 0.007 0.002 | 0.002 0.64 0.376
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4.1.2.1Cutting

The assuppled ASTM A694F65 F65and API 5L X65 steels wemmachined to 25 mm
diameter and 5 mm thickness (4.912csnrface area) at the Mechanical Engineering
Department Workshop, University of Leeds. On the other hand, samples P110 IC and
TN95 HS with dimensions 18 mm x 16 mm x 5 mm (2.88 sonface area) and 18 mm

X 16 mm x 8 mm (2.88 chsurface area) respectively were supplied with the steel pipes
by the commercial steel industry (Tenaris). The dimensions of the specimens are shown
in Figure 42.More samplesof cuboid and cylindrical shapes of 1<hase surface area

were later machined fronié supplied pipes of Steels P110 and TH95.

Figure 4 2: Specimen dimensions (a) F&Bd X65 (b) P110 IC and (c)N95 HS

4.1.2.2Mounting

For ease of handling and to protect the edges of the specimens during grinding and
polishing, the specimens were enclosed in phenolic resin to about 38.1 mm diameter and
40 mm height using SimpliMet 10Qfuitomatic mounting press. Tk press was set at a
pressure of 290 bars with a heating temperature f23@eating was done for 2 minutes

and then cooled for 3 minutes. Thus it took about 5 minutes to complete a mounting

cycle/process.

4.1.2.3Grinding

Grinding was done using a Mets 250 twin grindingpolisher with Siton Carbide (SiC)

grit paper. Fivesizes P120, P320, P600, P800 and P1200SiC grit paperswith
increasing successive abrasive fineness were Bedling ensured that the scratches on
the surface of the sampleseauniform and oarallel to each other at any of the grainging
stage. This was achieved by turning the samples 900 after each grindingAsttge.
completion of each grinding stage, the specimens were washed usingisdd water

and dried in warm air here proceeding to the next stage. These procedures were repeated

for all the four grinding stages and for all the specimens.
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4.1.2.4Polishing.

Polishing is similar in operation to grinding but has no restrictions with regards to the
polishing angle. Blishing was done on Buehler Metaserv 250 twin grindgpolisher

using diamond slurry. Polishing was performed using 6 pm and 3 ymn abradiaond
slurry. The specimens after each stage of polishing were rinsed-iomiskd water,
degreased with ethanaind dried in warm air. The final polished surface gave a mirror

like finish with minimal or no defect (scratches/marks).

4.1.2.5Etching

No matter how mirrotike a polished surface,isome surface layers of disturbed metal
resulting from the final pahing stage are always present and need to be removed. This
was achieved by the process of etchidgiching was also used to reveal the grain
boundaries.The etchant used in this work was Nital. This is a mixture rof Nitric acid

in alcohol. Each of thepecimens were respectively dipped in Nital solution ensuring that
the polished surface was fully covered by the solution and held for 20 to 30 seconds with
shaking until the mirretike surface became dul. The specimens were removed from the
nital and gickly washed in dgonised water, rinsed with alcohol and dried in warm air.
The specimens were then examined, characterised and analysed using various

metallographic analysis techniques.

4.1.3Materials Characterization.

The etched specimens were ch#gased to determine the microstructure, elemental
composition, structural properties and spatial distribution of the constituents or phases,
grain and grain size distribution and mechanical property (hardness). These investigations
were carried out usingarious combination of surface analyses techniques such as optical
microscope (OM), Fii ImageJ, Scanning Electron Microscopy/Energy Dispersey X
(SEM/EDX), X-ray Diffraction (XRD) andwvhite light interferometry A brief description

of the operating piciples of these analysis techniques are provided in the next
subsections

4.1.3.10ptical Microscope

The optical microscope(light microscope)uses visiblelight and a system of lenses to
magnify images of small subject¥he optical microscopeaused in his work wasZeiss
AxioCam MRc 5optical microscopy (OM) with the setup shown in Figure -8. It was

used to examine, capture the image and identify the type of microstructure of the as
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received micrealloyed steels, the alloyed steel samples and thecesrfaf the corroded

specimens.

Figure 4 3: Optical Microscope (OM)

4.1.3.2Grain Size Analysis

This techniques was used to measure the quantty, the ratio and the grain size of
microstructural components of the-@xeived ad alloyed specimens. The grain size
number of the aseceived and alloyed specimens were calculated according to ASTM
E11212 Standard194]. The grain size of metallic aterials according to thisstandard

can be measure using three different procedures which incodeparison procedure,
planimetric (Jeffries) procedure and intercept procedures. In this work, the planimetric
(Jeffries) procedure was used to estimate thi gize of both the agceived and alloyed
specimens.The planimetric method involves an actual count of the number of grains
within a known area using Fiji ImageJ software. The number of grains per unitNajea (
was then calculated using Equationl.4

A

Na = (Ninside + 0.5Nnterceptedt 1) 4-1

Where

M is the magnification, A is the test area in fiNa is the number of grains per square
millimetre, Nunside)is the number ofrains completely inside the test area anidNepted
is the numbelof grains intercepted by the edges (perimeter) of the area. The ASTM grain

size number G) was computed usingquation 4-2 [194].

G =3.322log Mi 2.954 4- 2
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4.1.33 Scanning Electron Microscopy (SEM)

Carl Zeiss EVO MA15 Scanningelectron microscopy/EnergaDispersed Xray
(SEM/EDS) was used to characterize theraseived samples, as well as the aloyed
specimens and the corroded surfaces of specimens so as tp idhentimorphology and
elemental compositon.SEM is an essential scientific instrument employed for the
observation and characterization of surface morphology of solid materials. It uses a
focused beam of high energy electron to generate a varietynaf sigch adackscattered
electrons, secondary electrons, absorbed electrons, characteristic and contraysat x

the surface of solid materials. These signals are derived from elsaimpie interactions

and reveal information about the sample sucbxésnal morphology (texture), chemical
composition, crystaline structure and orientation of materials within the saffipse
signals arecollected by the detector, amplified and displayed on the computer revealing

specific information of the samples

At the end of every experiments, the corroded samples were removed from tigseell,

with deionised water, dried with warm air and kept in a desiccator prior to post
experimental surface analysis. SEM analysis was performed using secondary electron
mode with aroperating voltage of 15 kV. Thearl Zeiss EVO MA15 Scanning Electron
Microscopy/EnergaDispersed Xray (SEM/EDS) used during this study is shown in
Figure 44.

Figure 4 4: The Carl Zeiss EVO MA15 Scanning ElectraViicroscopy and Energy
Dispersed Xray (SEM/ELD)
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4.1.3.4X-ray Diffraction (XRD) analysis

X-ray diffraction (XRD) analysis is a unique technique for determining the crystallinity

of a compound. It is based on the principles of constructive interferesice
monochromatic Xrays and a crystaline sample. XRD analysis a focused XRay beam

is shot at the sample at a specific angle of incidence. TRays deflect or "diffract” in

various directions depending on the crystal structure -@itamic distanc® of the
sample. The locations (angles) and intensities of the difractedysXare then measured.

If the interaction between the incidentrXays and the sample sati
sin d), then constpunodiucedi ntWhrefer, eX®c e s
ray, d is t heis the iatdratomic i(lattice) spatigghden,isan integer
representing the order of the diffraction pe#kis occurs wherthe angle of incidence

equals the angle of scattering and the path length difference is equal to an integer number
of wavelengths.The XRD analysis of the micralloyed steels wasonducted ustn the
Philip Xoépert.f®dataheve?2d marmgpe deld 20 t o &
0.05 degree, resulting to a scan time of 26 minuld® picture of the Phiips X'pert-X

ray difractometer used in this studysBown in Figure 4.

PHILIPS

Figure 4 5: Phips X'pert Xxray difractometer was used in this study for XRD analysis
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4.1.3.5White Light Interferometry

Interferometer is an optical device that divides a beamariochromaticlight exiting a

single source (ke a laser or LED) into two beams and tbeombines them to create an
interference pattern. The combined pattern can be analyzed to determine the difference in
paths the two beams traveldd95]. This makes white light interferometry an extremely
powerful tool for optical measurements. It combines the old white light interferometry
techniques with modern electronics, computers, and software to produced extremely
powerful measurement tools. White light interferometiy a nonrcontact optical
technique that is insensitive to material type and is das$igm measure surface height on

3-D structures with surface profiles of varyiges and shapes without damaging the
sample.

NPFLEX 3D interferometer was used in this work to assess the extent of pitting on the
specimens after 24 hours of potentiostatic polarization. NPFLEX 3D interferometer is
an optical metrology system built to handle ratmmacrefeatures effokéssly on

samples of widely varying shapes and sizes. It usesoatact techniques, ope@tcess
sample loading, and intuitive analysis software to characterize surface texture, finish,
roughness, curvature, slope, and numerous other features wihicsob resolution.

The identified pits on surface tife specimens that were potentiostatic polarized for 24
hours were characterized on tdpn average (for deepest pits) pits using multiple region
analysis tool of the white lighinterferometer.Figure 46 shows theNPFLEX 3D

interferometer used in this work.

Figure 4 6: NPFLEX 3D interferometer
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The NPFLEX 3D interferometer is an excellent spectroscopy instrument with an
outstanding measurement capabilties such as;
I Extremely precise and accurate reontact ® surface measurements of
extralarge samples with challenging angles
. Abilty to accommodate samples of different sizes and shapes due to its open
bridge design and robust stage.
il Measurement capabiity can be extendedaigel areas by automatically
switching overlapping scans using software.
V. Fast, repeatable and easy measurements
V. Yield accuracy in the nanometer range for rough and stepped surfaces but

sub-nanometer resolution for supsmooth polished surfaces.

4.2Corrosion Tests

Corrosion experiments were conducted in this work to assess and compare the corrosion
properties of micrealloy steels. Weight loss measurements were first conducted for initial
assessment of the corrosion behaviour of the railoy steel in amted 3.5 wt% NaCl
solution at ambient temperature and atmospheric pressure. Four different electrochemical
techniques were performed using the conventional three electrode experimentas. set
These experiments were conducteihg two types ofcorrosioncells namely the EG&G
Princeton applied research model K0235 flat cell and 1 liire beaker cell. The mechanism
and operating principles of these corrosion cels are highlighted in Section 4.2.3.1.
Corrosion experiments were performed in three differenulsted oifield conditions
(media) which include aerated/deaerated solutions,; Sa@ratedbrine and aerated/CGO
saturated simulated formation watél experimerd were conducted2 7 3 times to
ensure repeatabiity and reproducibilitythe experimentalprocedures for all these

techniques anénvironmentalconditions are briefly explained ihis sections.

4.2.1Weight Loss

The corrosion rates of the steels were assessed by weight loss techhguests were

performed according to ASTM G3172 standed [196]. This standard recommends a

minimum ratio of test solution volume to test specimenasarfarea of 0.20 ml/nfmin

order to avoid any appreciable change in toerosivenessof the test solutions. The

specimens were wet grinded up to 1200 siicon carbide grit paper, washed with distilled
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water, ultrasonically cleaned in acetone for 4 minuéesl dried in warm air. This was
folowed by careful measurements of the surface dimensions with which the surface area
of the specimens were computed. The specimens were weighed Adsamg PW124
analytical precisionweighing balance with 4 digits decimallapes and the weight
recorded as W Three of each of the specimens were prepared. The specimens were hung
inside a beaker containing 3.5 wt% NaCl at ambient temperature. One of the specimens
was removed from the beaker after 24, 48 and 72 hours resfyeciilee corrosion
productsformed on the surface of the specimens were chemically cleaned in specific
solution (500mL of HCI + 450mL of deionized water + § of hexamethyle netetramine)

with vigorous stirring for 10 minutes, rinsed with distilled wateted in warm air and
reweighed (W). The weight loss of the samples due to immersion for the respective time
was then calculated as (W W) whie the corrosion rate wasmputed using Equation

4-3. The tests were repeated 2 times to ensure reproduitly.

W EPTZ 0 4-3
- TG

Where: R = Corrosion rate (mn/Y)

" =density (g/cr),

A = Surface are of the sample @nand

t = immersion time (hours).

4.2.2Electrochemical Corrosion Techniques

Four different electrochemical cosion measurement techniques whose principles and
operation procedures were briefyxplained in section 2.4.2 were used during the course
of this work. These techniques includeeér polarization resistance (LPR), Tafel plots,
electrochemical impedancespectroscopy (EIS) and potentiostatic polarization
techniqgues. Before the electrochemical measurements were conductedGesteyn
constant was calculated for each of the specunging Tafel polarization technique $his

was achieved by immersing the sp@n in 3.5wt% NaClfor 3 hourer the open circuit
potential (OCP) to stabiizednd polarised at the rate of 0.5 mV/sec within the scan range
of +250 mV versus OCP. The choice of 3 hours immersion time was to ensure that
polarization was conducted whéimre surface of the specimen is within the active state
This was toavoid changes in the electrochemical corrosion process at the sample

electrolyte interface which may occur due to the evolution of corrosion product with
96



longer immersion time. Tafel cdnsa ntasa n dcp wWere estimated using Tafel
extrapolaton method as explained Section 4.2.2.1. The Stefdeary constant was
calculated for each sample using Equation 2.29%tavatied between 1621 mV/decade
depending on the specimen. However, sitb&s work was based on comparative
assessments and to ensure uniformity of the experimental parameters, 26 mV/decade was

adopted as Steit@eary constant for all the experiments.

Each of the electrochemical corrosion measurement was preceded with sample
preparation during which one face of the specimens was soldered with insulated copper
wires before enclosing with natonductive resin. The resin covered all the surfaces of
the specimen leaving only the working surface as the electeqexsed to the diolyte.

The nonconductive resin also helped in handling the specimen during grinding and
polishing. Grindingconducted as specified in Section 4.1\®&% achieved using silicon
carbide (SIC) grit paper. After grinding, the specimens were rinsed wiltedliswater,
degreased with methanol, dried in warm air and immediately immersed in the electrolyte

for electrochemical experiments.

4.2.2.1Tafel measurement

Tafel results were obtained by polarizing the steels at the rate ofMIcH? within a

scan rage of +250mV about OCP after suficient time (3 hours) was alowed for
stabiiation of OCP The anodic and cathodic branches were performed separately
starting with the cathodic scan, folowed by 15 minutes monitoring to stabiize the OCP
before the argic sweep. This was to avoid surface alteration and electrolyte
contamination as a result of dissolution of iron during anodic s&Egp, 140] The
anodic positive polarization) and cathodic (negative polarization) branches of Tafel plots
were presented in a Potential versus Log current density plot. The linear portions of the
anodic and cathodic ¥ branch were extrapolated to irgect ata potential anaurrent
density corresponding to corrosion potentialc{) and corrosion current densitfjcorr)
respectively The corrosioncurrent density ¢brr) was used to calculate tle®rrosion rate

of the specimensusing Equation B0. The slope of the straight linportion of Tafel
brancheswere estimated usindSTM G 102i 89 (reapproved 1999) Standd@b] and

the methods outlinedby Tait [94]. These slpes onthe anodic and cathodic curve
representthe anodic ) and cathodic ( ) Tafel constants respectively. Tafel

polarization technique provided very useful corrosion parameters such as anodic constant
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(¢ ), cathodic constant§ (), corrosion current densityQ ) and corrosion potential

(O ). The Tafel constants and the corrosion cur@ensity were used with Ste@Geary

equation (Equations -28 and 229) to calculate the polarization resistancg).(®n the

other hand,the corrosion current densityQ( ) i n conjunction with

shown in Equation -B0 were used to estimate the corrosion rates.

e o L. _ 2-28
8
B = bahc 2-29
2 .08 bi+bg)
. o] mzE z 9 2-30
b i ZBXP .

The descriptionsand units of the symbols are given in Sections 2.2.4.1 and 2.2.4.2

4.2.2.2Linear Polarization Resistance (LPR)

This is a nordestructive DC measuremeteéchnique and was conducted repeatedly on
the test samples to monitor long term corrosion performance. LPR measurement was
programmed taalternate the working electrode potential with polarizationségnning

the samples at the rate of 0.258®€ and withn a sweep range of +15 mV vs OCP after

monitoring the corrosion potential for 13 minutes.

4.2.2.3Potentiostatic polarization measurement
Potentiostatic polarization measurement was used to form corrosion product flms on the
surface of the specimens. elstability of the flms was subsequently investigated using
AC impedance measurements. The corrosion fims were formed using two procedures:
(@) Constant time (24 hours) at different formation potentials HMgagc, 150
MVagagcl and 200 mVagage)). This was aimed at investigating the effect of
applied potentials on the stability of corrosion product layer.
(b) Constant formation potential (150 myhgct) applied at different times (1, 2, 4, 8,
12, 24 hours respectively). This was aimed at investigating et @if time on

the stabilty of corrosion product layer.

4.2.2.4Electrochemical impedance spectroscopy (EIS) measurement
EIS measurement was used in conjunction with linear polarization resistance and

potentiostatic polarization to mainly assessetbetrochemical behaviour of the corrosion
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productlayer formed on the surface of the specimens. Al the EIS tests were conducted

with potential perturbation of 5 m\agci and at a frequency range of 100 KHz to 0.1 Hz.

All the DC polarization measurementgere performed using Solartron analytical Model

S| 1287 electrochemical interface analyser equipped with CorrWare for data acquisition
and CorrView for data interpretation. On the other hand, Soladar@iytical Model SI

1260 impedance/gaiphase analyseequipped with ZPlot for data acquisition and ZView

for data analysis based on equivalent circuit methods was used for all the AC impedance

experiments.

4.2 .3Experimental Set up for this study

Al the experimental set ups were based on the conventiomeédlectrode system
consisting of the working electrode (specimen), platnum mesh/wire as counter electrode
and the reference electrode comprising of Ag/AgCI saturated with KCI. The simulated
oifield environments (electrolytes) were made from analytd@mical reagentsubbled

with three different gas to deaerate and or saturate the environment in two different

types of corrosion cels.

4.2.3.1Electrochemical corrosion cells.

Two types of corrosion cells were used. These include:

1) EG&G princeton applied research model K0235 flat cellThis was used for
short time (6 hours) intial preliminary investigation of the corrosion susceptibility
of the micrealloyed steels in aerated and deaerated 3.5 wt% NaCl solutions. The
cel consists of a Pyrex glass ogller clamped horizontally between two
polypropylene end plates. One avithe plate housed the working electrode, and
the other end housed the platihum wire mesh counter electrode of 2.54 cm x 2.54
cm This provided a high surface area of 6.45 ZnThe siver-silver chloride
(Ag/AQCI) reference electrode was housed in a Luggin well with a fixed
polytetrafluoroethylene (PTFEJeflon Luggin capillary (TLC) protruding from
the bottom of the well. A PTFE gasket exposedarfarea of working electrode
to the electrolyte in the cell. The cell has/@lume of 250 mL. The Model K0235

flat cell used in this work is shown in Figure74
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Figure 4 7: Model KO235 Flat Cell

1)] 1 litre beaker cell This was used for long time (minimum of add 96 hours)
investigation of the corrosion behaviour of the steels in different simulated oifield
environments. This cell is a 100Q.nglass beaker with polytetrafluoroethyle ne
(PTFE) cover (lid). Slots were provided on the ld for inserting somehef t
components of the cell such as working electrode (specimen), temperature probe,
bubbling of gases (C£and/or N\b), counter and referencelectrodes. Figure -8
shows the image of a glass beaker cel mounted on a hotpldéedback from
thermocouple ebled temperature control of the hotplate during the experiments.
With the help of a magnetic stirrer, the hotplate was also fmedtirring for
stirring the electrolyteso as to ensure concentration homogeneity within the bulk

electrolyte in the cell.

4.2.3.2Gases
Three types of gasses namely 100% Nitrogen gay @N% CQ (5000 ppm in N)and
99.98% CQ were used in this work. These gases were uwsedeoxygenate and/or
saturatethe electrolytewith COzdepending on the specific aim of the expent. In CO;
saturated corrosion system, only very smal fraction (0.2% to 1%) of dissoved CO
hydrates to form carbonic acid which is the precursor for. €@rosion attack{69].
Therefore, the use of 0.5% G000 ppm in N) was to investigate the effect of lower
concentration of C@gas during C@corrosion. The gases were first dried with silica
crystal contained in a dreschel bottle and bubbled into the corrosion cel through a
flowmeter which was used to regulate the flowréde250 criymins) of the gases into the
cell during experiments. Figure-%tshows a sketch of expermal setup.
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Figure 4 9: A schematic diagranof the corrosion experimental set up

4.2 .4Electrochemical corosion tests

Depending on the experimental condttions/electrolytes anddhesion cell used, three
different procedures were employed to investigate the corrosion performance of the

proprietary micrealloy steels. These procedures are explained innéxe three sub
sections:

101



4.2.4.1Different concentration of aerated and deaerated3.5 wt% NaCl solutions
Preliminary short time corrosion experimentgere aimed at initial comparison of the
corrosion propensity of the mictalloy steels in different concentration of aerated and/or
deaerated 3.5 wt% NaCl solution.

Table 4 4. Experimentalsetups and corrosion conditions

Description of | Parameters
Electrode (WorkirF6,%X65 P110 |1 C and T

Counter ElectrodePlatinum Wire Me s h

Reference Electrc¢cSilver/ Silver) Chlor

Wor king Electro%:)e1
Electrolytes NaC 1, 3.5, and 10

Corrosion Cell EG&G Princeton app
K0235 flat cell

Electrolyte Volun250
Electrolyte EnvirAer at e da earnat eDoe

Tetes Pressure (barl
Temperhure ( Ambi ent
Solution pH Unbuffered

Test Period for 6

Potentiostat Solartron Anal ytii
El ectrochemical I nt
Analytical SoftwiCoreWare and Cor eVi

El ectrochemical PotenambdyrPol ari zat

Pl ot )

LPR Sweep Range 'N 15
LPR SweepsRate (10. 25
Tafel Plot Scan IN 250

Taf el Pl ot sScan [10.5
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The aerated experiments were perfornfigdequiibrating the electrolyte with oxygen

open air (with all the orifices of the flat cell opened) without gas bubbling. On the other
hand, N gas was bubbled for 1 hour to-deygenate the soluton before inserting the
specimensfor measurements in eeerated electrolyte Purging of nitrogen gas was

maintained throughout th@ hours duration of theest.

Linear Polarization Resistance (LPR) and Tafel polarization were used to assess the
corrosion behaviour of the steels in these media. LPR was performed for 6 hours by
polarizing the steel at a scaate of 0.25 m\d and a scan range ofl5 mVagagcl. A
duration of 13 minutes was allowed to stabilize the potential before each LPR scan at the
open circuit potential (OCP). Tafel polarizaticexperiments were conducted at a scan
rate of 0.5 m\8 and a swep range of 250 mVagagcl. Table 44 showsthe parameters

and conditions used for the aerated anchemted corrosion tests.

4.2.4.2Experiments in 3.5 wt% NaCl Solution Saturated with 0.5% CQ.

The conventional threelectrode, (1 lire glass beakeret) was used for al the
experiments under these conditons. The ground surface of the specimens were the
working electrodes; Ag/AgCI electrodesat. KCI) was used as the reference electrode
while platinum wire served as the counter electrode. The d¢etroontaining 3.5 wt%
NaClwas prepared from analytical grade reagent. The electrolyte was bubbled with 0.5%
COz for 3 hours before inserting the specimens and the purging maintained througho ut
the corrosion tests. Efforts were made to ensure that tHangcelectrodes were kept as
close as possible to the reference electrode and with the high conductivity of aqueous

NaCl (50 mS/cm); the solution resistance was maintained at a very negligible value.

Three electrochemical techniques namely linear palariz resistance (LPR)Tafel
polatization and electrochemical impedance spectroscopy (EIS) were used to compare
the corrosion performance of the miaoy steels. The procedures and measurement

parameters for these techniques wautined in Section 2.2.

Two sets of experiments were performed under these conditioeseifitiude
(i) Temperature variations (26, 48C and 60C) in unbuffered solution andt
atmospheric pressure

(i) pH variations (3.5, 5 and 6.5) at%Dand atmospheric pressure
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In temperatue variation experiment).5% CQ gas was bubbled into the electrolytes for

3 hours before polarization and purging of £éontinued throughout the testShe
desired temperature was maintained using a hotplate with a control thermocouple
immersed into theolution. The hotplate was also set at a rotating speed of 200 rpm and
with a magnetic stirrer, a homogeneous condition was maintained within the bulk

electrolyte.

The pH variation experiments were conducted at constant temperatUf€) (@ed
atmosphed pressure (1lbar) but at different pH valueg3.5, 5 and 6.5. Tables 4.5 and
4.6 show the test matrices of the experiments conducted at varying temperature
(unbuffered pH) and different pH values {60 respectively. Figure 4ahd 4.%how the
setup ofa 1 ltre bubble (glass) cell.
Table 4 5: Test Matrix of experiments conducted at different temperature and
unbuffered pH

Conditions Specifications

Solution pH Unbuffered
Electrolyte (V3.5
Temper CHhur e ( 2545ad60
Solution Presc«<l

LPR Duration (2 4

Table 4 6: Test Matrix of experiments conducted at varying pH and constant

temperature

Conditions Specifications
Solution Tempt¢60°C
Electrolyte ( 3.5
Solution pH 3.5,5.0and 6.5
Solution Pres 1

LPR Duration 24
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4.2.4.3Potentiostatic polarization experiments in 3.5 wt% NacCl

Potentiostatic polarization measurement was aimed at forming corrosion products on the
surface of the specimeunder controlled conditions. The protectiveness and/or otherwise
of the corrosion fims formed on the specimen were investigato AC impedance
measurements. The mieadloy steels were prepared as detailed in Section 4.1.2 and
immersed in 3.5 wt% Nal solution. Before conducting potentiostagiolarization, the
samples were cathodically polarizéddr 30 minutes at -800 m\Vagagcl to reduce the
pristine oxide formed in air and during the immersion of samples in the test solitien.

corrosion fims wee formed using two procedures:
(i) Variation of applied anodic potential at constant time;

Potentiostatic polarization was conducted in 3.5 wt% NaCl solution saturated with 0.5%
COgzfor 24 hours at different formation potentials of 8@, 150mV and 2@ mV versus

OCP respectivelyThis was aimed at investigating the effect of applied potentials on the
stability of the corrosion product layer. Threpecimens of each of the stesere
immersed in solution in each experiments. At the end of 24 hourscapoldrization,

two of the samples were removed from the solution, rinsed with distiled water and dried
in warm air. One of the sample was used for SEM analysis of the corrosion products on
the surface. After the SEM surface investigatidim layers othe corrosion film were
chemically removed using a specific chemical solution consisting om30®@f HCI,
450mL of deionized water anddgobof urotropine (hexamethylenetetramine) prepared in
accordance withAmerican Standard of Test and Measurements (ASTivBctice
standard G190 (reapproved 1999197]. The specimens were vigorously stirred in the
solution for 10 minutes, cleaned in deionized water and surface dried using warm air. The
surface of the cleaned specimens was examined in SEM and guésidentified. The
identified pits were characterized using the white Ilght coherence scanning
interferometer. Top ten average pit depth were recorded for each test conditon and
repeated to obtain an average value. Pt identification was in accorddhcetamdard
procedures as stipulated in ASTM (@8 for pitting corrosion examination and
evaluation [198]. Multiple region analysis was used to obtain relevant statistich as
location and threshold of the formed pit. The scanned areas were stiiched by adding a

series of small data sets using the inbuilt stitchimgetion of the interferometer.

The second specimen was used to investigate the thickness of the cqorosiocts on

the surface of the steels with respect to the applied anodic potential. This specimen was
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placed vertically, enclosed with n@onductive resin and carefully cut horizontally so as

to expose the thickness of the corrosion layer. The cut suwasevet ground with siicon
carbide paper down to P1200 grit and then examined with SH#!.third specimen
which was left in the corrosion cell was used to assess the stabilty of the corrosion films
using EIS. EIS was conducted immediately after paistatiic polarization at OC#sing

the procedure out lined in Section 4.2.%i#h a sinusoidal potential excitaton of 5mV
amplitude in the frequency range from 100 kHz to 0.1 Hz. The impedance data were fitted
with Zview software using equivalent elecriccircut (EEC) model. Specimens P110
and X65 were used for the potentiostatic polarization investigation of the effect of applied

potential on the stabity of corrosion product flms on the samples.

(i) Varation of time with constant applied potential:

This was the second technique used to grow corrosion products on the surface of the
samples and it was aimed at investigating the effect of time on the stabilty of the
corrosion product layer formed at constant applied potential. A formation pbtefti50
MVagagcl was applied to the micralloyed steels in naturally aerat@b wt% NacCl
solutions for 1, 2, 4, 8, 12, 24 hours respectivéhamples P110 and TN95 were used for

this investatgation

After each potentiostatic polarization, EIS wasdimted immediately at OQRBing the
procedure out lined in Section 4.2.2Mh a sinusoidal potential excitaton of 5mV
amplitude in the frequency range from 100 kHz to 0.1 Hz. The impedance data were fitted

with Zview software using equivalent electricaiicuit (EEC) model.

4.2.4.4Lyman Fleming solution saturatedwith 0.5% CO».

Lyman and Fleming formula (solution) is the most frequently and widely used recipe for
simulating seawater in laboratories. The compostion of this formughas/n in Table
4.7and is similar to the constituents of ASTM D1198 (updated 2003199] which is

the standard practice for the preparation of substitute ocean water. Lyman and Fleming
solution was prepared from analytical grade chemicals using the ratio detailed in Table
4.7. DC electroagdmical measurements (LPR and Tafel polarization) using the same
parameters as in Section 4.2.2 were conducted under naturally aerat@band(5000

ppm) CQ saturated Lyman and Flaming solutions at pH 6.5, ambient temperature and

atmospheric pressure ofFthe naturally aerated conditions, experimewtsre conducted
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in 1 litre beaker cell with all the orifices (slots) uncovered. This permits the ingress of air
(oxygen) into the corrosion cel. For the g€aturated conditions, 0.5% G@as was
bubbled inb the electrolytes for 3 hours before polarization and purging of v
maintained throughout the tests. Thst matrix of the experiments conducted in Lyman

Fleming solutions is showim Table 48.

Table 4 7. Lyman and Fleing Composition of Seawater (SW)

Molecular weight Concentration (g/kg)

1 Sodium Chloride (NaCl) 58.44 23.926
2 Sodium Sulphate (N&Qy) 142.04 4.008
3 Sodium Bicarbonate (NaHGD 84.00 0.196
4 Potassium Chloride (KCI) 74.56 0.677
5 Boric Acid (HsBOs) 61.83 0.026
6 Potassium Bromide (KBr) 119.01 0.098
7 Sodium Fluoride (NaF) 41.99 0.003
8 Calcium Chloride (CaGIl2H.0) 147.03 1.16

9 Magnesium Chloride (MggleH.0) 203.33 5.20

10 Strontium Cloride (SrGI6H20) 266.64 0.025

ASTM D1141 D 982003)i From Lyman & Fleming Formula (194(}99]

Table 4 8: Test Matrix of experiments conducted with Lymarenfihg solutions

Conditions Specifications

Solution Te mpeAmbient

Electrolyte <ciAerat edd 5&Ms at ur at each

Fleming solutions
Solution pH 6.5
Solution Pres:1

LPR Duration 124
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4.3Investigations in 99.98% (pure) CQ

From the results of the preliminary investigations, it was established that the corrosion
rate of the micrealloyed steelsan be ranked as ASTM F65 < API 5L X65 < P110 IC <
TN95 SH. The corrosion rates of the specimens in the various environments were also
found to be lower when compared with lterature results of the same specifications. This
could be linked to the low conateation (0.114 moll, 0.5% (5000 ppin N2)) of CO2
used Thus, thefollowing experiments conducted in 0.5% @@ere repeated using
higher concentration of C{J99.98% CQ):
i) Temperature variations (26, 4%C and 60C) in unbuffered solution and
atmosphdc pressure. These involved repeating the experiments explained in
Section 4.2.4.2 using the matrix outlined in Tablg.4
i) Saturating Lyman and Flaming solution with 99.98%,@0pH 6.5,
ambient temperature and atmospheric pressure. The experimentstednd
in Section 4.2.4.4 were repeated using the matrix outlined in TaBle 4
i) The weight loss experiments conducted in Section 4.2.1 was also repeated.
In this case however, fivef each of the two worst corrosive specimens
(P110 and TN95) were preparedeTelectrolyte (3.5 wt% NaCl) was purged
with 99.98% CO: for three hours before immersing the specimens and
purging continued throughout the duration of the experiments. One specimen
was removedat a timefrom the corrosion cell after 24, 48, 72, 96 an@ 12
hours respectively. The changes in pH of the electrolytes were also measured
each day after removing of the specimen. The corrosion profbacisd on
each specimen, after removal were chemically cleaned, reweighed and the

corrosion rate calculated usirigguation 43.

4.3.1Assessing the propensity of the Micralloyed Steels to form FeC@in 3.5 wt%
NacCl solution saturated with 99.98% CQ.

Experimental evidenc§69] has shown that at temperatures aboRC66he precipitation

of FeCQ, which is the main corrosion product of €€drrosion of carbon steel, is fast
and the supersaturation is low resultimgthe formation of densand adherentrystalline

flms which often give good protection to the substrate. Therefore, the two worst case
steels(P110 and TN95)vere subjected to conditions that would initiate the formation of
FeCQ. This was to assessweasy these steels can form protective Fe®@liich could

in turn reduce corrosion rate. To achieve this, L&Reriment was conducted for 96
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hours in 3.5 wt% NaCl solution saturated with 99.98% @®®C and pH 6.5. The test
matrix of the experiments raeéd at assessing the propensity of the steels to form #eCO

is shownin Table 4.9

Table 4 9: The test matrix of the experiments aimed at assessing the propensity of the
steels to form FeC®

Conditions Specifications

Sol uteimprer &t L 60°C
Electrolyte 3.5 wt %oludas Ghturated with 99.98% &
Solution pH 65
Solution Prel
LPR Duration96

4.4 Alloying of micro -alloyed steels with Zr and Hf.

The results of the prelminary investigais showed that the micialoyed steels
exhibited a ranking corrosion rate of ASTM F65 < API 5L X65 < P110 IC < TN95 SH.
This means that P110 IC and TN95 SH recorded the extreme corrosion rates. These two
steels were then aloyed with Zr and Hf with @&wito improving their corrosion

resistance.

4.4.1Weight of added alloying elements (Zr and Hf)

Three of each ste@P110 IC and TN95 SHwvere weighed usindddam PW124nalytical
precision weighing balance with 4 digits decimal places and the weight eeciordable
4-10. Each of the thre®110 and TN9%vere alloyed with (0.1 wt%, 0.2 wt% and 0.4
wt%) Zr and Hf of the samples respectively. The exact weight (g) of the elements
corresponding to these wt% were calculated using charge calculation formulasexbre

in Equation 44

LT 1T OOIOA A A ACA 4-4

Where:
Required amount is the wt% of element (Zr or Hf) to be added.

Amount present is the wt% of the element already existintha steel samples as listed
in Table 43
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Total weight is the weighti grams) of the steel sample as listed in Tabk04
Purity of the alloying elements: Zr = 99.2% and Hf = 97.0%

Using Equation 44, the required parameters of alloy steel P110 IC @ithwt% Zr
were calculated as follows:

wt% of Zr required = 0.1

wt% of Zr present in Steel P110 IC = 0.002
Weight (g) of P110 IC (B = 11.811

Purity (%) of Zr = 99.2.

Substituting these parameters into Equatied 4

e s e e @I T &
!||0||@@A§AAAAAH$’ w;qp@ppmﬁpp(p

This methodwas used to calculate the quantity of Zr and/or Hf (see column 3 of Table

4-10) that were added to produce each alloy.

Table 4 10: Alloying specifications
Samp Elemt Eleme TotaAfter Afte
Wei gh AddedAdded weighMelti AFTec

Samp

Ti-H{ 21.4 0.083 0.13 21.4 21.4 21. 4
To-H$ 23.8 0.08 0.283 23.8 23.8 23.38
Ts-H#$ 22.8 0.16 0.483 22.9 22.9 22.9
Pi-H { 11.5 0.02 0.12 1157 11.5 11.5
Po-H # 11.6 0.04 0.23 11.6 11.6 11.6
Ps-H$ 12.0 0.08 0.43 12.1 12.0 12.0
Ti-Z 1 22.2 0.02 0.11 22.2 22.2 22.2
To-Z ¥ 22.5 0.04 0.21 22.5 22.5 22.5
T3-Z % 22.8 0.08 0.36 22.8 22.8 22.38
Pi-Z 1 11.8 0.01 0.11 11.8 11.8 11.0
Po-Z ¢ 11.5 0.02 0.1¢ 11.5 11.5 11.5

Ps-Z 11. 2 0.04 0.41 11.3 11.2 11. 2
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4.4.2Alloying of samples

The samples were alloyed at the Process Laboratory of Materials Science and
Metallurgy Depmrtment, Cambridge University, UK. Buhler Arc Melter (AM with Vario
800) shown in Figure -40 was used for melting of the specimens. A stable and reliable
arc ignition was achieved with the help of an arc melting power supply also shown in
Figure 410.

Melting Power Adjuster

Tinted Observation Window
Electrode Movement
Handwheel

Mechanical manipulator
Chamber Flashlight

Vacuum Gauge

Vacuum Port

Gas Inlet/Outlet

Front Door

Vacuum Chamber Power Supply

Figure 4 10: Buhler arc melter (AM with avrio 800) and power supply

The melter is equipped with wateooled high vacuum chamber with a double waled,
water cooled stainless steel container consisting of the following:
1 Tungsten electrode with titing and adjustable faciities for multiple cavity
meling.
1 Water cooled pure copper crucible base plate with multiple cavities of differe nt
geometry.
1 Abuit in mechanical manipulator for titing and rotating the specimens when re
meling is needed without breaking the vacuum

1 Atinted observation window for monitoring the melting process during arcing.
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Figure 411 shows the copperucible base plate with mould cavities, tungsten electrode

and mechanical manipulator.

Tungsten Electrode

Copper Crucible
with mould cavities

Mechanical
Manipulator

Figure 4 11 Inside the vacuum chamber showing the copper crucible base plate with

mould cavities, tungsten electrode and mechanical manipulator.

The procedures used to melt and alloy the samples with Zr and Hf are summaries below:

1.
2.

The water wa turned orfor 5 minutes to ensureomplete circulation.

Open the chamber and place the samples in a sutaliky on the copper hearth
plate.

The Zr wire was placed on the copper plate while the steel sample was placed on
top of the Zr wire. This wa®tprevent the Zr wire from being dispersed or blown

off during arcing.

The furnace chamber was closed and the argon cyinder regulator set to 50 psi.

5. The chamber vacuum valve was opened to evacuate the chamber until the gauge

indicates 23 mbar.

The Charber was backflled with argon by pressing the backiil valve until the
vacuum gauge indicated 20 inches Hg

The ArcMelter safety control box interlock system was switched on and checked
to ensure that all indicators (temperatures, pressures, water fiQwshetwed
greenlight.

The current controknob was set at 100 Amps.
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9. The electrode height control was used to position the electrode 2 mm above the
hearth plate but away from the sample with the manipulation arm fuly retracted.

10.The electrode was moved owtie charge material maintaining a steady arc of
approximately 2G 25 mm in length using the arc control handle.

11.When the melt was completed, the viewing window was opened and the
ingot/melted sample turned over using the manipulator &igure 411is the
melter chamber showing the copper crucble, the tungsten electrode and
mechanical manipulator.

12.Steps 5 to 11 were repeatedi:A t i me s 0stirringé6 t he
electrode in order to &eve ingot homogeneity (iéhe Zr wire was properly
distributed within the matrix of the steel sample).

13.The melter was turned off and allowed to cool by maintaining flow of cooling
water.

14.The alloyed samples were then removed for analysis.

To further ensure that Zr and Hf were uniformly distributed within séwnplesthereby
avoiding segregation of the alloying elemertlbng the grain boundarieghe alloyed
specimens were heat treated (homogenised) at the Process Laboratory of the Department
of Materials Science and Metallurgy, Cambridge University, UK usir§ech graphite
vacuum furnace.This (vacuum furnace ensured the absence of air or other gasses thus
preventing oxidationfrom other contamination sources aaido guaranteethat heat is not

lost through convention. However, during the homogenizatiotheosamplesthe furnace

was backfiled with argon gas thus creatingir@nt atmosphere that is free of oxidation
and contamination Homogenization was conductdaly heating the samples 850°C,

held at this temperature for 2 hours and then allowed to @bl allowedappreciable

time for diffusion of atoms of the alloying elementr and Hf) within the matrix of the

steel samplego attain equilbrium distribution

4.4.3Microstructural, chemical and mechanical properties of the alloyed samples

Before assessing the corrosion propensitye alloyed samples were characterized using

the same parameters and procedures outlined in Section 4.1.3. The microstructural images
of the alloyed samples were captured 4iss AxioCam MRcS Optical Microscopy

(OM), the imaging and identification of the elemental compositons were performed using

Carl Zeiss EVO MA15 scanning electron microscopyénergydispersed Xray
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(SEM/EDS) the structural components and phases were verifiedheby<RD Philips
X 0 P difrattometer whie the hardness of the aloyed steels wawreasuredusing
Wilson Vickers Hardness Tester 452 SVD and the grain size analysisalaalatedusing
ImageJ software and Jeffries Planimetric methods.

4.4.4Electrochemical Behaviour of the alloyed samples

The corrosion propensity of steels P110 IC and TH95 HS alloyed with different weight
percent of Zr and Hf respectively were investigated in simulated produced water (using
Lyman Feming formula) saturated wit§9.98%CO:at pH 6.5, 25C and for 24 hours.

The choice of simulated produced water was to simulate natural sea/marine environme nt.
The test matrix shown in Table-8and the procedures outlined in Section 4.2.4.4 were
used. This was aimed assessinghe effectsof Zr and Hf on the corrosion behavioof

the alloyed specimensand unalloyed specimens in the same conditons (simulated

produced water)
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Chapter 5: Results

5.1Preliminary investigations of the effects of environmental and

materials parameters on the corrosion behaviour of rigro-alloy steels.

Carbon steel because of its inherent properties such as low cost, easy to shaping, forming
and machining, good weldability, availability, its properties have been studied in depth
and are well understood; good mechanical properties A&iity &o form protective
corrosion products that cover the surface of steed found significant used as materials

for exploration, production and transportation in the oil and gas indugryt]. However,

the susceptibility of carbon stdelthe corrosiveoitield environmerd is agreat drawback

in terms of alleviating theost of corrosion of dield facilties. Yetcarbon steefemains

and shall in the next predictablaiture the most economical materials for oifield
structures[37]. Therefore, extensive research on how to improve the corrosion resistance
of carbon steehas been ongoing for ovér decays. Micrealloy steel isan improved

carbon steelproduced byaddirg micro quantity of alloying elements to impact excellent
combination of propertieso carbon stee[26]. Thus in this work, different corrosion
assessment techniques such as weight loss (WL), linear polarization resistance (LPR),
Tafel polarization potentiostiic polarization, electrochemical impedance spectroscopy
(EIS) and surface analgsitechniques such asscanning electron iotoscopygnergy
dispersion Xray gectroscopy (SEM/EKS), X-ray diffraction (XRD) and interflometry
techniqyes were used to evaluate tberrosion propensityof commercially supplied
proprietary micrealloyed steels in different oiffield simulated environments. The results

of these assessments are presented in this chapter.

5.1.1Characterization and identification of the assupplied samples

Three commercially supplied micalloy steels and X65 carbon steel were characterized
using different surface analysis techniques in order to identify therr chemical
composition, structures and propertiebhe representaty of the Optical and SEM
micrographs of the asupplied samples are presented in Figurelsahd 52 respectively.
These figures show that the samples have different microstructures which can be
attributed to the chemical composition and them@chanicaltreatment applied during
manufacturing processd42, 52, 185] However, a closer observation of Figure2 5
revealed that steels X65, F65 and P110 have light andzdeds which are colonies of

pearlte in ferritematrix [185]. These Ferrite and pearlite phases consist of grains whose
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sizes, shapes and distrimuis are relatively uniform within eaclpecimen but differ
among specimens This canvividly beobservedrom the backscattering images inserted

in Figure 52.

‘a ‘;‘*5
.f!’fﬁ

Figure 5 1: Optical Micrographs of areceived samples (a) F65) (8110, (c) TN95
and (d) X65

The grain size numbers of the samples calculated according to ASTMIRStandard
test methods for determining average grain Ei#l] areshown in Table 5.1IThis table
shows that the grain sizes of the three samp#s ferrite-pearlite microstructurecan be
ranked as P110 < X65 < F65. This ranking format also sufficed for ferrite {pleskite
(ight) volume ratio.Increas in ASTM gran size numbersignifies adecreasén (actual)
grain size[54, 194]

Table 5 1: ASTM Grain Size number and Ferrite/Pearlite Ratio (%) for the samples

Samples F56 X65 P110 TN95
ASTM Grain Size No 3.89 4.5 5.57 577
Ferrite/Pearlite (%) 63.61 57.48 48.23

Average Grain Size (um) 68.54 63.5 53.4 44.9

The opical and SEM micrographs of TN98hown in Figures A (c) and 52 (c)
respectively revealed bainitic structure with some acicular ferrites evenly distributed
within the structure[122]). TN95 as shown in Table-2 contains0.99 wt% Cr and 0.46
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wt% Mo. This elements because of the#luggish diffusion processetard the
decomposttion of martensite and/or austenite into ferrites and cafb®le&3] This nust

have necessitated the formation of bainitic structure

Figure 5 2: SEM micrographs of aeceived samples with backscattering image
overlaid (a) F65, (b) P110, (c) TN95 and (d) X65

The EDS analysis @l the asreceivedmicro-alloy steelsshowed Fe and C as the major
elements with traces of other elements such as Mn, Cr, Si, V, etc as displayed in Figure
5-3 for steel P110. Thisvascorroborated by XR[analysespatterns which also revealed

only iron peakat 2 d v4H99,u64.98, andf82.30 degrees corresponding to (110),
(200), and (211) planes of iron. The XRD spectrum for steel Pldidsn in Figure 5

4 as an example whie the entire difractometer data for steel P110 are tabulated in Table
5-2.

Table 5 2: Difractometer data of steel P110 for the difraction peaks-ioin metallic

2d intense Intensity d-spacing Miller
peak f) (CPS) (7) Indices (h kI
44,5859 904.58 2.0323 110
64.9805 106.01 1.43522 200
82.2971 22591 1.17161 211
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Figure 5 3: EDS spectra of ageceived steel P110 with elemental compositions at

points 06ad and 6ébbé insert
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Figure 5 4. XRD pattern of ageceived steel P110 revealing only Fe peaks

5.1.2Weight Lossin naturally aerated 3.5 wt% NaCl

Weight losswas used fomitial assessment of the corrosion behaviour of the specimens
in naturally aerated 3.5 wt% NaCl solutioat ambient temperature and atmospheric
pressureThe results of the experimentse shown in Figure -5. This figure revealed that
there was an intial high corrosion attack (0.079.085 mm/Y depending on the
specimen) during the first 24 hours of immersion. This was folowed by a dbarpase

in corrosion ratewithin the first 48 hours of immersion but exhibited a mid or almost
stable decrease in corrosion attack betweersdlsendday (48 hoursiand the third day

(72 hours).This figure also shows that the weight loss (WL) of the steels can be ranked
as Wlees < Wlxes < WLp110< WLtngs. This difference in weight loss can be attributed

to difference in microstructure and chemicadmposition of the micralloy steels The
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weight loss results showed th#te corrosion rate of the steels with ferptearlite
microstrictures is lowr than the steelith bainitic structure[185, 200]
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Figure 5 5: Corrosion rate by weight loss of specimens in 3.5 wt% NaCl at ambient

temperature

5.1.3Effect of NaCl concentrations on the corrosion behaviour of micro alloy steels
in aerated and deaerated environment

Electrochemical corrasn bévaviour of the specimens wasvestigated using linear
polarization resistance (LPR) and Tafel extrapolation techniques. [E@3Rerormed for

6 hours at a scan rate of 0.25 mV/sec and a swegp @& +15mV versus OCP. The

anodic and cathodic Tafel brdmas wereobtained separately at a sweep rate of 0.5
mV/sec and @aeffective scan range of £250mV versus OERG& G princet on
resear ch mocdckdll Sialdadr3nca fyltala2 8d7 &llec ht ec hamiec
were used for ianl |t htilse Tskexcpte foenmée nthoee($.0,5 ¢ o n
and 10.0 wt%g different concentrations of NaCidolutions A complete experimental
parameters and conditiorisr these investigationsirelisted in Table 44. The ohmic drop

of the experimental &g was calculated and found to be very small and so was neglected

in all the experiments conducted in this work. The value of ohmic drop was computed
using Equation 8L [105]

5-1
q+!

Z = the gap between the working electrode and the reference electrode (mm) =1 mm,
K = the electrical conductivity of 3.5 wt% NaCl solution (mS/di2p1] = 50 mS/cm
A = the area of the working electrode (B 1 cnd = 100 mmM
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Substituting thes®alues into Equation -51

2 = 0.0001 q = 92

The calculated ohmic drop was -2aThio wdas O .
considered negligible and hence was negleciég. results of the corrosion behaviour of
the migo-alloy specimens in different concentration of aerated andetated NaCl

solutions using the conditions outlined in Tabig 4re presented in this section.

5.1.3.1LPR results on effect of NaCl concentrations in aerated and daerated
environment.

The average LPR curves for the fogpecimensin three different concentrations (1.0
wt%, 3.5 wt% and 10.0 wt%) of aerated andadeated NaCl solutions at ambient
temperature and for 6 hours are show in Figurésabd 57 respectively. Figures-6 (a)

and (b) showed that the corrosion rate of all the fepecimensin aerated 1.0 wt% NacCl
and 3.5 wt% NaCl solution increased continuously with time signifying tthetair
formed oxide and theorrosion produclims on the surface of the specimens were porous
and therefore could not protect the steels from corrosion 4aack4] However, Figure

5-6 (c) in aerated 10 wt% NaCl and Figures’ §a, b and c) irthe threedeaerated brine
exhibited decrease in corrosion ratith time. This means that the air formed oxitien

[94, 136]and thecorrosion producton the surface of the specimens possessed certain

protective propertiesvhich reducedhe corrosion rate of the ste¢l?2, 182]

Figures 58 aerated and-3 deaeratedcompared the corrosion rate of the respective
steelsin 1.0 wt%, 3.5 wt% and 10.0 wt% NaCl solutions at ambient temperature and for
6 hours. Thse figures shoed that the corrosion attack for all the fospecimens was
more severe in 3.5 wt% NaCl solution for both aerated ardedsed solutions than in

the other two concentrations (1.0 wt% and 10.0 wt%).
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Figure 5 6: Average LPR corrosion rates of the steels in aerated brine solutions at
ambient temperature and for 6 hours: (a) 1 wt% aerated, (b ) 3.5 wt% aerated, (c) 10
wt% aerated.
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Figure 5 7: Average LPR corrosion rates of the ffeinl deaerated brine solutions at
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NaCl solutions at ambient temperature and for 6 hours

Figure 5 10 compared the corrosiorates of samples in aerated andageated NaCl
solutions at ambient temperature and for 6 hours. This figure showall tetspecimens
exhibited higher susceptibility to corrosion attack in aerated solutions than-aedded
solutions demonstratinga decrease of abo89% in 1.0 wt% NaCl, 93% in 3.5 wt% NaCl
and 92% in 10.0 wt% NaQlif deaerated solutons when compared wilib respective
aerated solutions. irSilar observationswerereported by other researchg¢i€7, 173, 202,
203]. Jung, et al[177] specifically reported a decrease9dfo when the concentration of
dissolved oxygen was decreased from 9 mg/L to 2 mg/L
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Figure 5 10: Comparison of corrosion rates of steels in aerated ar@bdded NaCl

solutions at ambient temperature and for 6 hours

5.1.3.2Tafel polarization results d the effect of NaCl concentrationson the

corrosion behaviour of micro-alloy steels inaerated and deaeratedenvironment

Tafel polarization testa/ereconductedin both aerated and ewerated D wt% NacCl, 3.5
wt% NaCl and 1® wt% NaCl atambient temperature within a sweep range of £250
mMV(agiagcl) and scan rate of 0.5 mV/se€igures 511 and 512 show the Tafel plots of
the four micrealloyed steels corroded ithe three different concentrations of NaCl
solutions. A closer lok at tlese figuresshowed that the anodic polarization curves of all
the specimens inboth aerated and emeratedsolutions increased continuously with
increase n potential. This signifiedactive corrosion behawin with the attendananodic
dissolution. This dso indicated that the anodic reactions exhibit the same corrosion
mechanismdisplaying awel-defined Tafelan regions within the low owvpotentials in

both aerated and deaerated conditions

On the other hand, the cathodic branch demonstratecixeal activaton and mass
transfer control behaviour revealing a wadfined current plateau which can be ascribed

to the mass transport limitation of the proton reduction reaction in all the aerated solutions
[204]. This is not so with the deaerated solutions where adeblied Tafellian
characteristics can be observed signifying that the cathodic kinetic of the deaerated

condiion is under activation control.
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Figure 5 11: Tafel Plots of specimens in different concentrations of naturally aerated

NaCl solution at ambient temperature and for 6 h¢a)ysl% Aerated, (b) 3.5% Aerated

and (c) 10% Aerad

These ifures also showed significant variaton in the corrosion potentials of the
specimen particularly in the aerated solutions. This variation decreased with increase in
NaCl concentrationspanningabout180 m\{agagc), 100 m\fagagen, and 40 mVagagal),

in 1 wt%, 3.5 wt% and 10 wt% NaCl respectively. On the other hand, the corrosion
potential of the specimens corroded in deaeratatiton did not exhibit such wide
potential variaton with increase in NaCl concentratioRggures 513 to 515 cmpare

the Tafel plots of the micralloy steels in the different concentrations of aerated and
deaerated NaCl solutions while the Tafel extrapolated parameters are listed in-Bable 5
This table showed that the Tafel cathodic constdit} arelarger thanthe corresponding

Tafel anodic constants indicating that tle®rrosion processes are mainlgder thecontrol
of cathodic reaction
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It can clearly be seen from theolarization curveganodic and cathodic curves) that the
cathodic currendensity for the aerated solutions were higher than that in the deaerated
solutions as shown in Figures -53 to 515. This gavefor instance a corresponding
decrease in corrosion current density from 17 p&cim the aerated 10 wt% NacCl
soluton to 0.9 pA.cm in the deaerated 10 wt% NaCl solution of steel F65. Similar

observation hasden reported in literaturé205].
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Figure 5 14: Comparison bthe Tafel plot of the steels in aerated anebdeated 3.5
wt% NaCl solution at ambient temperature (a) F65, (b) P110, (c) TN95 and (d) X65

These values are comparable with the report of other al#ho6¥, 124 suggesting that
the samples with lower corrosion current deneiifibited higher corrosion resistance in
the chloride solution. Since corrosion current den&y is proportionally related to
corrosion rate (CRJ47, 205]and from the values 6@ in Table 53, the corrosion
rates of the steels in both aerated ancheited solutions came ranked a® 'Y

oY oY 0'Y . This trend of corrosion rate corroborated the linear
polarization resistance mgs and can be attributed to the chemical compositions and

microstructures of the samples.
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Figure 5 15 Comparison of the Tafel plot of the steels in aerated araedeed 10
wt% NaCl solution at ambient temperature (&pFb) P110, (c) TN95 and (d) X65

5.1.3.3Analyses of surface morphology of specimens corroded in aerated and
deaerated media

Figures 516 to 5 21 show the SEM micrographs of the specimens corroded in differe nt
concentration of aerated and-derated N@&I solutions. It is evidence from these figures
that the steels exhibited more severe corrosion attack in aerated conditon than in de
aerated solution. Also a closer look at the surface morphologies of these figures showed
more aggressive attack displayirgreater protrusion of BE for the steels corroded in

3.5 wt% NaCl solutions than in the other two conditions. This is an indication that more
ferrites were selectively dissolved in 3.5 wt% NaCl solutions. This corroborated with the
results of LPR and Tal experiments and the reports in lteratuf&38, 174] The
micrographs of the specimens corroded in deaerated 1 wt% amtPd®aCl solution
shown in Figures A7 and 521 respectively indicated very mid corrosion attack when
compared with Figure -89 for the deaerated 3.5 wt% NacCl. Localizedrrosion in the

form of shallow pits can be seen with steels F65 and X65 corrodealturally aerated

solution particularly in aerated 1 wt% NaCl solution
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Table 5 3: Tafel extrapolaton parameters of the specimens in aerated aaetated
solutions of three NaCl concentrations.

NaCl (wt%) Sample Ecorr (V) icorr (WAmp/cm?) B, (mV/dec) B (mV/dec)
F65 -637 6.00 38 145
1.0 P110 -636 7.50 60 175
Acrated TNOS -502 11.00 38 120
X65 -611 6.50 63 120
F65 -733 1.19 54 94
10 P110 -732 1.25 53 96
De-acrated TN95 -726 1.37 57 122
X65 -730 1.22 49 105
F65 -590 21.00 65 449
35 P110 -591 24.00 69 411
Aecrated TNOS -581 28.00 55 530
X635 -580 21.50 64 450
Fé65 -742 1.40 53 99
35 P110 -740 1.50 55 117
De-acrated TN95 -738 1.60 55 108
X635 -738 1.40 53 111
F65 -607 17.00 40 80
10.0 P110 -634 20.00 65 265
Aecrated TNOS -600 23.00 55 155
X65 -621 18.00 50 120
F65 -758 0.90 54 86
10.0 P110 -4 1.35 51 90
De-acrated TNO95 -742 1.4 56 101
X65 -731 1.16 40 64

Figure 5 16: SEM micrographs of the specimens corroded in naturally aerated 1 wt%
NaCl solution at ambient temperature for 6 hours (a) F65, (b) P110, (c) TN95 and (d)

X65
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Figure 5 18 SEM micrographs of the specimens corroded in naturally aerated 3.5 wt%
NaCl solution at ambi¢ntemperature for 6 hours (a) F65, (b) P110, (c) TN95 and (d)
X65

129



Figure 5 19: SEM Micrographs of the samples corroded irageated 3.5 wt% NacCl
solutions at ambient temperature and for 6 hours (a) F65, (b) P110, (c) mtl9d) a
X65

Figure 5 20: SEM Mlcrographs of the samples corroded in naturally aerated 10 wt%
NaCl solutions at ambient temperature and for 6 hours (a) F65, (b) P110, (c) TN95 and
(d) X65
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Figure 5 21: SEM Micrographs of the samples corroded irageated 10 wt% NaCl

solutions at ambient temperature and for 6 hours (a) F65, (b) P110, (c) TN95 and (d)
X65

5.1.4Effect of temperature on the corrosion behaviour of the steels in 3.5wt% NacCl
solution saturated with 0.5% CO;,

The corrosionbehaviour othe three proprietary micralloyed steeland X65 steel grade
as reference specimen were investigaie®.5 wt% NaCl slution saturated with 0.5%
COz at temperaturedelow 60C using electrochemicalpolarization (linear polarization
resistanced PR, potentiodynamic polarizatiprelectrochemical impedance spectroscopy
EIS) and surface analysisSEM/EDS and XRD techniques The results of these

investigations are presented in this section.

5.1.4.1Linear Polarization Resistance (LPR)of the steels in 3.5 wt% NaCl

saturated with 0.5% CQO; at different temperatures

The evolution of corrosion rate with timé@r the specimens corroded umbuffered 3.5
wt% NaClsolutions bubbled with.5% CQ gasat three differeth temperatures are shown
in Figure 522.This figure showed thathe corrosion ratdor all the specimensleceased
within the first 3 hours and remaaal relatively stable atarious corrosion ratewhich are
dependent oriemperaturesand the specimenThis decrease in corrosion rat&an be

attributed to the formation of corrosion products on the surface of the specimens. Th
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formed corrosion productsiowed down corrosionattack by presenting a physical
difusion barrierthereby preventinghe electrochemial species involved in the corrosion
processrom accessinghe steel substratd62, 159]
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Figure 5 22 Comparison of the corrosion rate of specimens in the 3.5 wt% NaCl
solution saturated with 0.5% G@t (a) 28C; (b) 4%C and (c) 606C

Another notable featuref Figure 522 is the corrosion rate (CR) of the miatoyed

steels which can be ranked asfesk CRxes < CRr110< CRrngsin the three temperature
values. It is also obvious from Figure-22 that the value of ¢éhcorrosion rate at which

the specimens became stable increased with temperature. For instance the corrosion rate
at which steelF65 stabiized increased from 0.1 mmly af@%o 0.2mm/ly at 4% and

further increased to 0.25mm/y at%D This variation ismade clearer in Figure -33

which showed that the corrosion rate of the specimens increased with indrease
temperature.
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Figure 5 23 Effect of temperature on the corrosion rate of specimens in the 3.5 wt%
NaCl solution saturated with 0.5% CO2 (a) F65; (b) P110, (c) TN95 and (d) X65

5.1.4.2Tafel polarization of the steels in 3.5 wt% NaCl solution saturated with 0.5

% CO;, at different temperatures

The corrosion behaviour of the steels was also assessed by potentiodydarizatio n
using a scan rate of 0.5mV/sec and a sweep range286D m\{agagcy. The Tafel plots

are shown is Figure -84 for temperature variation whie the Tafel parameters obtained
using extrapolation techniques are shown in Tables Tafel extrapaltion parameters
obtained in this work was based on ASTM G -B®standard as explained in section
4.2.2.1 and demonstratdalter in Section 5.1.5.2(seeFigure 536).

Figure 5 24 shows that the curves of the log current density versus potentiglgfgd))

for all the micrealloyed steels are similar for the three temperatures suggesting that the
corrosion mechanisns the samdg142, 206] The anodiccurrent dengés increased with
increase in potaial particularly within the low overvoltage depicting a vedfined

Tafel slopes. This signified an active dissolution of the specimens andotharrosion
product was formedHowever at about 600 m\{agiagen (Sat. KCI), the current densities
slighty decreased with increase in potential suggesting the occurrence of pseudo

passivation displaying current plateaus’hese signatures became more pronounced as
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temperatureincreags This behaviour was also reported by Ochoa, efl@b] and
Henriquez et a204]. The withessed anodic current plateau also indictite formation

of poorly protective anodic corrosion filf207]
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Figure 5 24: Tafel plots of the specimens in thé 3vt% NaCl solution saturated with
0.5% CO2 at different temperatures (a) F65; (b) P110, (c) TN95 and (d) X65

Table 5 4: Graphically determined Corrosion parameters of the samples using Tafel

Extrapolation Technique

Tafe 2 & e 6 0c

Pareatm{F6 P11TNO9X65 F6!P11TN9X6JF6!P11TNEX6

Eco{imV-72-72 -71-713-73 -72 -76 -72|-73 -73 -72-73

b
(ms//dSO 52 5652 54 53. 75 53/ 58 55 48 54
b

(m://d14 15.17246/11:14'10'12|12 12513 12

ICOI’I’

~ /2. 3. 4.2.6/5. 8. 9. 7./12.15.17 .14
( OAmp)
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5.1.4.3Electrochemical impedance spectroscopy (EIS) of the steels in 3.5 wt%

NaCl solutions saturated with 0.5% CQ at different temperatures

Electrochemical impedance spescopy (EIS) measurements were conducted ati®@CP

3.5 wt% NacCl solutions saturated with 0.5% £029Cwith 5 mV perturbation and a
frequency range df00 KHz 1 0.1 Hz for the three proprietaisteels. Figure 25 shows

a representative EIS spectrangssteel F65 at different temperaturddis figure reveals

that the Nyquist plots for steel F@lisplayed similar features @ine seracapacitive

loops According to literature[54, 208] this can be ascribed t@mnhomogeneity of the
surface of the specimens, frequency dispersion and mass transport resistant. This figure
also shows that the radius of the capacilwep of steel F65 decreased with increase in

temperature. The same trend of behaviour was also observed with steels P18@%nd T
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Figure 5 25: Plots of the Specimens corroded in 3.5 wt% NaCl Solution saturated with
0.5% CQ at 2%8C (a) Nyquist and (b) Bode

The Bode plots for the micralloy steel F65 are shown Rigure 525 (b) for differe nt
tempeature. This figure showthat the [gh frequency impedance magnitude (|Z|), which
represents the solution resistance) (R i s abdand 25 fogsteelnh at
temperature and pH conditions respectivety steel F65.At low frequency, the
impedane magnitude (|Z|), which signifies the charge transfer resistange QR the

other hand, the phase angle value of steel F65 at high frequenyTlisOsuggests that

the impedance value at high frequency is solely dependent on the resistance of the
ekectroijte. The maximum phase angle values appeared within the intermediate
frequencies demonstrating a highest phase angle %t559C. At low frequency, the
phase angle values of steel F65 lie betwE#n3(°. The other two proprietary micro alloy
steds used in this work exhibited the same behavioural trend. This is in agreement with
the report of Luo, et §208] andchen Bian, et db1].
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To quantify the effects of temperature on the EIS results of tienspes corroded in 3.5
wt% NaCl solutionsaturated withD.5%COz, thesimple Randle cel (equivalent electrical

circuit, EEC) model shown ifrigure 526 wasadopted.

CPE,

|
R |

5

—_— —

R,

—L

Figure 5 26: Equivalent electrical circuit (EEC) usedfitoEIS data of the Steels
corroded in 3.5 wt% NaCl Solutionsontaining CQ at different temperatures

This model consists of three main elements which include the electrolyte resistance (Rs),
the double layer capacitance ¢fGind the charge transfer ist@nce (R). The electrolyte
resistance (Rs) depicts the resistance of the solution between the working and reference
electrodes. On the other hand, the double layer capacitanjeari@ the charge transfer
resistance (R) which are in parallel represe the corrosion reactions at the
metallelectrolyte interface The constant phase element (CPE) was introduced in the
equivalent electrical circuit (EEC) in place of pure double layer capacifice204]

CPE is widely used in EEC because of the effect of different physical phenomenon such
assurface heterogeneity resulting frasurface roughness, impurities, dislocations, grain
boundaries, distribution of the active sites, adsorptionnldbitors and formation of
porous layerd209]. CPE has been defined as in Equatio. 5

_ B 5-3

Where Y is the magnitude of CPE, = 2*fis the angular frequencyfis the ordinary
frequency (measured in Hertz) is the imaginary number and n is the dispersion
coeficient related to surface ndwmogeneity. Depending on the value npfCPE may
be pure resistor (ie if n =0 then Z R), pure capacitor (meaning that n = 1 wherr )

or inductor (ie when n=0.5and Z W) [61, 113, 204]
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Figure 5 27: The fited EIS plots of steel F65 corroded in 3.5 wt% NaCl saturated with
0.5% CQ at 6(C: (a) Nyquist Plots and (b) Bode plots

Figure 527 shows a representative of the fitted results of the impedance spectra for steel
F65 corroded in 3.5 wt% NaCl saturateih 0.5% CQ at 6(C. It can be observed from
this figure that the measured results matched relatively well with the fited results in both

Nyquist and Bode plots. This is made more vivid by the low % error of the fitted

electrochemical parameters listed Tables 55.

Table 5 5: Electrochemical Impedance Parameters opecimens corroded in 3.5

wt% NaCl Solution Saturated with 0.5% €@ different temperatures after 24 hours

LPR
Temp . Rs P& n R
(OC) Specimen: Valu(-é‘ % Vilue_z % Value % Valuez % Error
(q cm’) Error (MFcm”) BEror BError (kg cm)
F6529. 3.47.273.:0. 1. 5.5 4.27
25 p11 25. 0.85.90%1.:.0. 0. 5.4 1.3;
TN9'!21..1.47.1%*1. 0. 0.¢4 5.2 2.0t
F65 265 1.56.66%1.10. 0.¢ 11.% 3. 1¢
45 P11 31. 2.85.10%3..0. 1. 10.¢ 6. 5¢
TN9!26. 1.24.35%1.10. 0.¢ 5.7 1.8!
F65 19.12.24.6 1. 0. 0.5 14.:. 3.5t
60 P11 28. 3.23.21*3..0. 1.1 12.( 8.06
TN9!17..1.71.1%*1.'0. 0.2 10.¢ 3.2¢

This Table shows that as temperature increases, the charge transfer resisignce (R

decreases whie the double layer capacitance {LRHiEreases.Decrease in charge
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transfer resistance ¢ indicates faster rate of reactons at the corrosion
product/electrolyte interface. This corroborate with the results of the LPR and Tafel
polarization as presented in Sections 5.1.4.1 and 5.1.4.2 suggesting that the corrosion rate
of the steels increased willicrease in temperature in agreement with reports in literatures
[172]. Steels P110 andNI®5 demonstrated the same trend

5.1.4.4Surface morphology and analysis of the steels corroded 815 wt% NaCl

solutions saturated with 0.5% CQ at different temperatures

The SEM micrographs of the surface of the corroded rnailoyed steels at 2&, 43C

and 60C are shown in Figures-38, 529 and 530 respectively. These figures revealed
that nosignificant corrosion product was formed on tharface othe deelswith ferrite-
pearlte microstructures (F65, P110 and X®&bj showed some embossed patterns and
the ground scratches at all ttieee test temperatureShese embossed patterns became
more obvious while the ground scratches reduced witrease in temperatureThe
embossed (protrusions) pattear® thenondissolved lamellarcementite which were left

behind after the ferriie werepreferentially dissolved.

Figure 5 28 SEM Micrographs of the specimens corroded in 3.5 wt% NaCl solution
Saturated with 0.5% Cf£at 2%C; (a) F65, (b) P110, (c) TN95 and (d) X65
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Figure 5 29: SEM Micrographs of the specimens corroded in 3.5 wt% Na@iso
Saturated with 0.5% Cf£at 4%C: (a) F65, (b) P110, (c) TN95 and (d) X65

The micrealloy steelwith bainitic structure had no embossed pattern but displayed a
flaky, cracked and loosely held corrosion product as shown in Fig@@ (&) for TN95
coroded at temperature 8D but showed smooth surfaces as presented in Figugs 5
(c) and 529 (c) for the same steel corroded iN°@%nd 48C. The crackson the
micrographs of steel TN95 corroded at@6@ermitted the ingress of active corrosion
speciesvhich whenin contact with the steel surface continued the corrosion process. This

can be linked to the witnessed high corrosion rate of TN95.

The EDS analyses of all the specimens at all the temperatures revealed that the main
elemental composition dhe corrosion products are Fe, C and O with traces of Mn, Cr,

Cu and Si as shown in Table65These elements were obtained forme si t es mar
to 6hdéd on the SEM surface morphology of
NaCl solution saturatl with 0.5% C@at 6(°C as shown in Figure -80. This uniform
distribution of the corrosion product and thffects ofgrain size couldhave necessitated

the trend ofcorrosion rate exhibited bipe steels in all the test temperaturebhis is in
agreemen with the report of Asiful[54].

139



Figure 5 30: SEM Micrographs of the ggimens corroded in 3.5 wt% NacCl solution

Saturated with 0.5% Cf£at 6(°C: (a) F65, (b) P110, (c) TN95 and (d) X65

From Table 56, it may be assumed, as is the inherent attribute e@tG@osion of carbon
steel, that the corrosion product was FeCibwever, FeCQ was not detected by the

XRD analyses of the surface of the corroded specimens as shown in Fglite 5

Table 5 6: EDX Elemental Analysis at two sites on the SEM micrographs of the
samples in unbuffered 3.5 wt% Na®lgion saturated with 0.5% Gt 6(°C as
shown in Figure 80

Samp SitC O Cu Mn Cr Si Fe
a 7 2 0.8 0. 0.3 0.2 89.
F65
b 6 2.5 1 1. 0.1 0.2 87
c 9 4 1 1 0.3 0.1 84.
P11
d 4 2 1.5 1 0.3 0.1 91.
e 11 7 1 1 2 0.3 77.
TNO
f 13 7 1 1 3 02 7 4.
g 9 4 1.5 0. 0.4 0.2 84.
X65
h 10 2 0.4 0. 0.2 0.1 86.
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The XRD patternshowed FeC as the mainphase on all the steel substratEssC was

part of the steel microstructurleft behind after the anodic dissolution of Ferfid0]. It

means that the concentrations of the dissoN@€ ions and thed O ions from carbonic

acid were not high enough to precipitsfeCQ; [143, 210]

—— F65 Fe Fe — F65
Fe,C Fe.C
Fe3C Feac 3 Fe c
'L‘_—’J\/
T ’L—_"A—/
’L“—’—A—.’/
1 1 1 1

70 80

Intensity (cps)

Intensity (cps)
I i
X =
o a|L

2 30 30 4 5 0
2 Theta (degree) % Theta Pdegreef3

=T
i P
=

20 4% Theta Pdegree?
Figure 5 31 XRD pattern of the steels in unfeied 3.5 wt% NaCl Solution Saturated
with 0.5% CQ at (a) 28C, (b) 54C and (c) 68C
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Figure 532 shows the blogarithmic plots of weight loss (W) against time (t) for the 24
hours LPR data points for the specimens corroded in 3.5 wt% NacCl solutiotasnican
0.5% CQ at25°C, 49C and 60C. These plots obeyed the long term predicton models
given by the expression in Equatiornd43vhich can be represented by alog equation
shown in Equation 5.
7 10 5-4
i . iic v, i6c .-

Where W is waht loss (mg), tis time (hrs) whie A is a constant representing the
intercept on the weight loss axis and can be considered as the initial corrosion resistance
(e W=Awhen t=1). Bis also a constant depicting the slope of the plot. The values of

these constants and the correlation coefficient) @e shown in Figure -32.
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The values of B signified the corrosion kinetf the corroding steelsB < 1 indicates
corrosion deceleration process, B > 1 means an acceleration psbées8 = 1 suggests

that the corrosion rate ®nstant[163, 164, 211]The value of B for all the specimens
increased with temperature signifying increase in corrosion kinetic with temperature. This
corroborates with the LPR results of this wdré.values ae almost equal to 1 for all the
specimensindicating that the fited model explained all the variables of the response data

around its meaif211].

5.1.5 Effect of pH on the corosiobn behaviour of the steels in 0.5 % C®
environments

The corrosion susceptibilityof the three proprietary micr@alloyed steelsand API 5L X65
as the reference specimen were studie®.5 wt% NaCl slution saturated with 0.5%
CO2 at 6(°C and difierent pH (3.5, 5 and 6.5)Linear polarization resistance (LPR)
technique, Tafel polarizatiorand surface analysisSSEM/EDAX and XRD technique

were used in these investigations. The results of these studies are presented in this section.

142



5.1.51 Linear Polarization Resistance (LPR)

The LPR curves for the specimew®rrodedin 3.5 wt% NaCl solutions saturated with
0.5% CQ at 60C and different pH values astown in Figure 3.
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Figure 5 33 Evolution ofcorrosion rate with time ohe steels in 3.5 wt% NaCl
saturated with C@at 6(°C (a) pH 3.5 (b) pH 5 and (c) pH 6.5

It can be observed from this figure that there was a sharp decrease in corrosion rate for
all the steels in the three pH values within the first 3 hours after whielatgely stable
corrosion rate was maintained throughout the 24 hours experiment. The atalbih

the corrosion rate stabiized decreased with increase in pH. For instance, steel P110
became stable atthe corrosion rate of about @y in pH 3.5However, this stability
occurred a0.38 mmly in pH 5.0 and deceased further to about 0.12 mm/y in pH 6.5.
Similarly the period during which the corrosion rate became relatively stable decreased
with increase in pH. For instance, the corrosion rate of B&®became relatively stable
within 7 hours in pH 3.5 solution but decreased to about 2 hours in pH 5 solution with
further decrease to about 1 hour in pH 6.5 NaCl solution. This signified that the rate of
deposttionof corrosion products increased wiitrease in pH. Thiss made more clearer

in Figure 534 which compared the corrosion rates of individual steels in the three pH

values and revealed that the stability of the corrosion at pH 3.5 for the specimens was not

143



as pronounced as higher pH valus. All other specimens exhibited similar trertlis

also evidence fronfFigures 533 and 534 that the corrosion rate (CR) of the steels
decreased with increase in pH afwke versaSimilar results have been reported by other
authors[212, 213] Both figures also show that the corrosion rate of all the specimens can
be ranked as Gigs<CRxs5<CRp110<CRrngs.
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Figure 5 34: Evolition ofcorrosion rate with time of the steels in 3.5 wi¥aCl
saturatedwith CO;, at 6(°C and different pH; (a) F65, (b) P110, (c) TN95 and (d) X65

5.1.52 Tafel extrapolation measurements

Tafel extrapolaton measurements were conducted to access thsioconresistance of

the micrealloyed steels in different pH values. These measurements were performed at
a scan rate of 0.5 mV/sethe Tafel branches were scanned separately with an effective
sweep range of £250 mer) Figure 535 shows the Tafel plotsf the steels corroded in

3.5 wt% NacCl saturated with 0.5% G@ 6°C and different pHvalues. This figure
revealed that both the anodic and cathodic branches exhibited Tafelan behaviour with
the anodic current density increasing continuously wtnease inpotential within the

lower over potentialwhich can be attributedo actvation control reactions.
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Figure 5 35: Tafel plots of thesteels in 3.5 wt%NaClsaturatedwith 0.5% CQ at 6(°C
and different pH; (a) F65, (1110, (c) TN95 and (d) X65

The Tafel parametersecorded in Table -5 were obtained by extrapolating the anodic

and cathodic Tafel curves to intersect at the corrosion pote@tial Jin accordance with

ASTM G10289 standard. The slopes of thedic and cathodic branches gave the anodic

( ) and cathodicT() Tafel constants whie the value of the current densitythat

intersect of the Tafel branches gave the corrosion current defsity).(Figure 536 used
the Tafel plot 6steelF65 in 3.5 wt% NaCl solution saturated with 0.5%&06FC and

pH 5 to ilustrate how Tafel extrapolation parameters were obtained. It can be observed

from Table 57 that there was a cathodic shit (move towards the negative direction) in

corroson potentials with increase in pHhis is contrary to the conventional definition

that the more negative tHEcorr, the less noble the materighc c or di ng

t[38] C

this revealed that the understanding of (physical) struatareosion relationships is

somewhat noiintuitive. However, thecorresponding corrosion current densigcrease

with increase in pH indicating lower anodic dissolutionhwiicrease in pH.
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Table 5 7: Tafel extrapolated parameters of #teels in 3.5 wt% KCI saturatedwith
CO; at 6(°C and different pH

Taf e
Par am

pH 3.5

pH 5.0

pH 6.5

F6 P1LITN9 X6

F6 P11ITN9 X6 §

F6 P1ITN9X6 ¢

-72 -71-70 -72

42 33 43 41

11 11:17 14

-73-73 73 -72

58 46 55 53

20 13.16 25

7474 T4 -74

63 73 54 47

89 96 72 58
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Figure 5 36: Tafel plotof F65 in 3.5 wt% NaCl solution saturated with 0.5%:GD

60°C and pH 5 displaying Tafel extrapolation parameters.

5.1.5.3Surface analyses

The SEM surface morphology of the specimens corroded in differe nalpék are shown

in Figures 5-37, 538 and 539. These figures showed that the aggressiveness of the

corrosion attack decreased wititrease in pH exhibiting a more pronounced embossed

pattern with lower pH for the steels that have fepiarlite microstructuresLike the

morphology of the steels itemperature variation experiments, there were no evident of
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significant formation of corrosion products. The absence of corrosion products was
corroborated by the EDS analysis which revealed the major elemental composition of the
surface morphology as FE and O with Mn, Cr, Si, and Cu in traces. HigS elemental
analysis at two locations on the SENicrographs of the specimens corroded in 3.5 wt%
NaCl solution saturated with 0.5% G@ 6C and pH 3.5 (Figure -37) is shown in

Table 58

Figure 5 37: SEM micrographs of the specimens corroded in 3.5 wt% NaCl solution
saturated with 0.5% C£at 6(°C and pH 3.5; (a) F65, (b) P110, (c) TN95 and (d) X65

A closer lookat Figure 537 (C) revealed that the surface morphology 8% corroded

in pH 3.5 did not exhibit the characteristic embossed pattern of -peddite
microstructure but displayed a loosely held and partly detached corrosion product. This
indicated the formation ofdouble corrosion layers which has been repgbitelterature

[133, 202, 214]Jas primary (inner) and secondary (outer) layers respectively. The SEM
micrographs of the same steel (TN95) corroded in environments at highdfigoke (5

38 (C) and Figure 89 (C) did notshow such double layer but displayed a loosely held,
flaky andcrackedcorrosion products signifying less corrosion attack.
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Figure 5 38 SEM micrographs of the specimens corroded in 3.5 wt% NacCl solution
saturated wh 0.5% CQ at 6(°C and pH 5; (a) F65, (b) P110, (c) TN95 and (d) X65

G > £ F
. 4 /

b

Figure 5 39: SEM micrographs of the specimens corroded in 3.5 wt% NaCl solution
saturated with 0.5% C£at 6(°C and pH 6.5; (a) F65, (b) P110, (c) TN9%l 4d) X65
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Table 5 8: EDS elemental analysis at two sites on the SEM micrographs of the
specimens corroded in 3.5 wiaCl solution saturated with 0.5% G@t 6(°C and pH
3.5 as in Figure 837

Samp SitC O Cu Mn Cr Si Fe
£ 6 a 6. 24- 0.740.940.160.2691. 6
b 8.553.430.890.710.260.2185.7
c 7.344.577.661.00- 0.1879. 2
P110
d 8.286.8911.50.940.180.1572.0
e 2.76- - 0.591.050.1795. 4
TN95
f 6. 964. 65- 0.601. 409- 85. 3
X6 5 g 6.614.030.52183 0.220.2486. 6
h 9.563.390.411. 30- 0.1985.1

From the results iMable 58, t may be assumed, as is the inherent attribute of CO

corrosion of carbon steel, that the corrosion product is Ba@wever, FeC@was not

detected by the XRD analys of the surface of the corroded specimens shown in Figure

5-40. The XRD pattern showed f2as the main phase on all the steel substrates.
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Figure 5 40: XRD spectra of the steels corroded in 3.5 wt% Nsdliltion siturated
with 0.5% CQ at 6(C and different pH (a) F65, (b) P110 (c) TN95 and (d) X65
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5.1.6 Assessing the corrosion behaviour of the micralloyed steels in simulated

seawater Lyman and Fleming solutions).

The proprietary micralloyed steels wersubjected to etdrochemical corrosion tests in
naturally aerated an@.5%CO: saturated Lynan and Flemingadution so as to investigate

the corrosion performanceof the steelsand to valdate the corrosmess of the two
corrosve environments. The composition byman ad Fleming formula is listed in

Table 47 and is equivalento the constituents of ASTM D11498 (updated 2013) which

is the standard practice for the preparation of substitute ocean ®ietErochemical
polarization techniques such as linear polariratiesistance and Tafel extrapolation
coupled with surface analysis techniques such as SEM/EDS and XRD were used for this

investigation and the results are presented in this section.

5.1.6.1Linear polarization resistance (LPR) measurements of the steels in

simulated seawaterilyman and Fleming solutions).

Linear polarization resistance measurements were performed using a scan range of 15
MV(agiagc) and a scan rate of 0.25 mV/sec in naturally aerated and 0.596dfi@®ated

Lyman and Flemingsolutions at 28C, pH 6.5and for 24 hours. Figure 81 shows the
evolution of corrosion rate with time for the miealoyed steels corroded in naturally
aerated an@.5% CO; saturated simulated seawater 8@5H 6.5 and for 24 hours

Figure 541 (a) shows the corros ratewith time of the steels immersed in naturally
aerated Lyman and Fleming solutions. This figure revealed that there was an initial
increase in corrosion rate forming a threshold within the period of 0.5 to 2.5 hours of
immersion. This increase peakat about 1.2 mm/y for steel P110 within the first 2 hours,
rapidly decreased to about 0.53 mm/y in th& hdur and then remains relatively stable
throughout the remaining duration for the test. All the other specimens displayed similar
corrosion trendvith steel F65 appearing stable at 0.3 mm/y, steel TN95 at 0.64 mm/y and
X65 at 0.48 mm/y. On the other hand, it can be deduced from Figdde(ly that all the
steels upon immersion in 0.5% @®aturated Lyman and Flemingoluton began to
corrode at aelatively high corrosion raté0.27 0.52 mm/Y) but decreased rapidly to a
seemingly steady rate within the first 3 to 4 hours depending on the specimen.
instance, steel TN95 decreased from an intial corrosion rate of 0.52 mm/y to 0.20 mm/y

in the frst 2.5 hours of immersion. This is about 62% decrease in corrosion rate
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Figure 5 41: Evolution of corrosion rate with time for the miealoyed steels in
simulated seawater at @5 pH 6.5 and for 24 hour&) naturally aerated and (b) 0.5%
COz saturated

This rapid decrease in corrosion rate can be ascribed to the dissolution offdinenaa

oxide flm on the surface of the specimens which partially hinders the corrosive species
from accessing the surface of the speasn resulting in reduced corrosion r{2é, 94]

After this initial decrease, all the specimens exhibited arelatively stable corrosion rate of
0.11 mmly forsteel F65, 0.12 mm/y for steel X65, 0.18 for steel P110 and 0.20 for steel
TN95. In general, Figure-81 vividly shows that the corrosion rate for the specimens

in both naturally aerated and 0.5% &£<€aturated Lyman and Fleming solutions can be
ranked in ascending order as#fH< CR«ss < CRr110< CRrngs.

Figure 542 compareghe corrosion rate of the individual specimen in naturally aerated
and 0.5% CQ saturated Lyman and Fleming solutions.islevidencd from this figure
that the corrosion rate for all the specimens was highewmatirally aerated than in 0.5%
COz saturated Lyman and Fleming solusonThis difference in corrosion rate ranged
from about 50% for steel F65 to about 70% for steel P110.
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