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Summary

Corrosion in ballast tanks represents a major cost in the operation of merchant ships. On
board of every ship, the crew is doing its utmost to fight the spontaneous
electrochemical reaction of iron, oxygen and seawater. But ultimately, the ship loses its
strength and is sent to scrap. Many of the components are recycled and the steel is
molten again, ready to be reused, maybe for the construction of another vessel. For this
new or recycled steel of different chemical composition, it is interesting to know
whether there is a difference in corrosion performance and whether a new corrosion
resistant material gives a possible economical alternative for ballast tank construction.
Three distinctive elements that are dealt with in the major parts of this work.

First, an economic study evaluates five possibilities for ballast tank construction and
protection against corrosion. Five options were considered: Standard epoxy coating and
zinc sacrificial anodes, increased scantlings, a life lasting coating system, the use of
corrosion resistant steel and a standard epoxy coating with lifetime aluminum sacrificial
anodes. The life cycle cost of every option was calculated and a sensitivity analysis was
performed. An interesting conclusion was that the steel quality used might be an
important element in the economic life expectancy of the vessel.

Therefore, the second part focuses on the quality of ship construction steel used in
ballast tanks of merchant vessels. To examine this, ballast tank construction plates were
collected from vessels performing steel work in dry-dock. These plates were investigated
thoroughly to define the chemical composition, the metallic structures and the
inclusions. The corrosion rate was monitored at defined intervals for a period of two
years. Experimental corrosion resistant steel quality for use in ballast tanks was added to
the sample collection in the experimental set up. This resulted in three clusters of steel
qualities: grade A steel, high tensile steel and corrosion resistant steel. The grade A and
AH steel samples have similar corrosion rates, a conclusion that is supported by many
laboratory studies on new construction material. The corrosion resistant steel, which has
notable higher concentrations of chromium, molybdenum and aluminum and a small Cu
concentration, performs much better with a corrosion rate reduction of more than 30%
(up to 50%).

It is therefore relevant to know whether this corrosion resistant steel has the mechanical
and chemical properties required to be used as ship ballast tank construction material.
This is dealt with in the third part. Hardness, tensile strength and yield stress, notch
toughness and weldability are measured and evaluated.

This research emphases the need for steel mills to develop steel qualities for ballast tank
construction that can eliminate the need for protective coating and/or sacrificial anodes,
being beneficial for the environment as it reduces the introduction of heavy metals from



the sacrificial anodes and solvent emission from coatings. An economic advantage, as
maintenance costs can be reduced significantly.

Vi



Samenvatting

Corrosie in ballasttanks van koopvaardijschepen vertegenwoordigt een belangrijke kost
in de exploitatie van een schip. De scheepsbemanning doet zijn uiterste best om de
spontane elektrochemische reactie van ijzer, zeewater en zuurstof tegen te gaan. Maar
uiteindelijk verliest het schip zijn stevigheid en wordt het gesloopt. Vele componenten
worden gerecycleerd en het staal wordt opnieuw gesmolten en hergebruikt, misschien
bij de constructie van een nieuw schip. Het zou interessant zijn om de verschillen in
corrosieweerstand te kennen van deze nieuwe of gerecycleerde staalsoorten en te
bepalen of nieuw, corrosieresistent materiaal een economisch aanvaardbaar alternatief
kan bieden voor de constructie van ballast tanks. Drie belangrijke elementen, die elk
behandeld worden in de drie grote delen van dit werk.

Het eerste deel vergelijkt de manier zoals schepen vandaag gebouwd en tegen corrosie
beschermd worden met vier mogelijke alternatieven: de standaardtank met epoxyverf
en zinkanodes, een tank met een dubbele corrosietoeslag, een tank met een verbeterd
verfsysteem, een tank gebouwd uit corrosieresistent materiaal en ten slotte met een
tank waar de zinkanodes vervangen zijn door aluminiumanodes die levenslang meegaan.
De kosten voor de volledige levenscyclus van elke optie werden berekend en een
sensitiviteitsanalyse werd uitgevoerd. Een interessant besluit hieruit is dat de
staalkwaliteit die gebruikt wordt wel een belangrijke rol zou kunnen spelen in de
levensverwachting van de schepen.

Daarom richt het tweede deel van deze studie zich op de gebruikte staalsoorten bij de
constructie van ballasttanks aan boord van koopvaardijschepen. Hiervoor werden
staalplaten verzameld uit de scheepsromp van schepen die laswerkzaamheden
uitvoerden in droogdok. Deze platen werden grondig onderzocht om de chemische
samenstelling, de microstructuur en de insluitsels te bepalen. De corrosievorming werd
bestudeerd op vastgestelde tijdsintervallen voor een totale periode van twee jaar. Een
experimenteel corrosieresistente staalsoort, ontwikkeld voor gebruik in ballasttanks
werd aan de stalenset toegevoegd. Dit resulteerde in drie clusters: gewoon staal, staal
met verhoogde sterkte en het corrosieresistent staal. Het gewone staal en het staal met
verhoogde sterkte roesten met gelijkaardige corrosiesnelheden, een conclusie die door
verschillende experimenten in laboratoria op nieuw staal bevestigd wordt. Het
corrosieresistente staal, welk een duidelijk hogere concentratie chroom, aluminium en
molybdenum heeft een verminderde corrosiegraad van 30 tot 50%.

In het derde deel wordt dit corrosieresistente materiaal verder geanalyseerd om te
bepalen of de mechanische en chemische eigenschappen voldoende zijn om als staal te
gebruiken voor de constructie van ballast tanks. De hardheid, de rek en breeksterkte en
ook de lasbaarheid werden bepaald.

VI



Dit onderzoek toont de noodzaak aan voor verder onderzoek naar staalsoorten die
bescherming door verfsystemen en opofferingsanodes overbodig maakt. Dit is niet enkel
zeer voordelig voor het maritieme milieu om dat de aanvoer van zware metalen en
polymeren sterk wordt verminderd. Ook economisch is dit een goede zaak, omdat de

onderhoudskosten drastisch kunnen worden verlaagd.
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General outline of the study

The origin of this work lies back in 2007, when scientific research was initiated at the
Antwerp Maritime Academy.

A constant challenge for ship owners is the proper maintenance of the ballast tanks of
their ships. They are divided into small compartments and are in constant contact with
an aggressive chloride rich environment, ideal for corrosion. The owner wants to keep
its tanks in an acceptable condition for the complete lifespan of his ship, at minimum
cost. If he can limit repair and maintenance work, the operating cost can significantly be
reduced. The environment benefits as well from a good, long lasting ballast tank
protection system, as epoxy coatings contain a large number of chemicals and organic
solvents. These all end up in the air or the water. Sacrificial zinc anodes introduce heavy
metals in the water. The accumulation of zinc less important in open sea, but not in port
areas, where the water circulation is limited.

The research with regard to corrosion in ballast tanks was initially funded by the Flemish
“Bijzonder Onderzoeks Fonds” {BOF). The first project comprised an in situ study of
more than 140 tanks and was elaborated in the Ph D thesis of Capt. K. De Baere,
defended July 2011.

The last chapter of his work consisted of a limited economic study. This was later
developed further in close cooperation and forms the link between his and this work. It
compares five possible options for ship construction. This study revealed that today’s
method of construction is economically the best option. But it is a close call, with some
uncertainties. A promising line of research is the study of the steel quality for ship
construction and the use of alternative and corrosion resistant steel (CRS). In this work
CRS is defined as a steel quality that is more resistant to corrosion than ordinary steel.
There is still corrosion, but at a lower rate.

This comprehensive economic study, submitted for publication in Marine Structures, is
used as an introductory chapter (Chapter 1). It raises some interesting questions: What
is the influence on the corrosion rate of the different steel types used in ship
construction today? Do ships, built at major ship building sites all over the world have
different life expectancies, based on the steel used for their tank construction? What
properties define and discern the steel types used and do they have an influence on
their corrosion performance?

Figure | shows of the different parts elaborated in this work:



Introduction

Chapter 1: The cost of corrosion

Theoretical back-up

]

Chapter 2: The electrochemistry
of corrosion

Chapter 3: Structure of metals

Material and methods

Chapter 4: Metallographic
sample testing

Chapter 5: Experimental set up
at the Antwerp Maritime
Academy

Results

Chapter 6: Impact of ship
construction steel properties
on ballast tank corrosion rate

Chapter 7: Mechanical and
chemical properties of
corrosion resistant steel sample

Discussion

]

Chapter 8: Discussion and
conclusions

Figure I: schematic overview different chapters.

It is the objective of this research to unveil how different steel qualities used in ballast
tank construction corrode and to compare this with the characteristics of an
experimental steel quality, designed for use in these tanks. To achieve this goal, more
than 40 steel plates from ballast tanks of existing ships were collected and examined

through a period of two years.

The words “steel quality” comprise a collection of properties, all responsible for the

characteristics of the specific steel. All these properties are considered.

Figure Il gives an overview of the conditions applicable to this research and the
experiments performed to achieve the goals set and to be able to examine, weigh and

compare them with accepted scientific references.
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Figure II: schematic overview experiments and conditions.

After the introduction, two general chapters are included in this work, to give the reader
a theoretical background. Chapter 2 handles the electrochemistry of the corrosion
process, starting from the first law of thermodynamic. The Nernst equation, the
Pourbaix and the Evans diagrams are explained. Chapter 3 discusses the structure of
metals, where the lattice structures are studied. They are an important element in the
formation of solid metals at different temperatures, given by the Fe-C diagram and the
TTT (Time Temperature Transformation) curves. Steel is composed out of iron, with alloy
elements, all having their specific characteristics and influences on the steel quality.
When foreign material enters the metallic matrix, this is called inclusions. A large
number of these inclusions can disrupt the homogeneity of the metal, thus influencing
the characteristics.

Chapter 4 and 5 reflect extensively the experimental set up, both for the metal analysis
and the corrosion measurements. Metal analysis was performed under the supervision

Xl



of specialists from OCAS, the scientific research center of Arcelor Mittal in Belgium. SEM,
GDOES, EDX and XRD sample testing was used.

The corrosion rate tests were performed at the Antwerp Maritime Academy and at the
Karel de Grote university college. They comprise electrochemical, ultrasonic,
photographic and weight measurements. For every measurement technique, sample
preparation and procedures are explained.

The results of the experiments and a first discussion are given in the following 2
chapters. Chapter 6 elaborates the corrosion measurements after 6, 10, 20 and 24
months of permanent immersion and after 6 months of wet/dry exposure. This chapter
is mainly based on an article which was written after 6 months of permanent immersion
and was submitted for publication in Materials Performance, 2012, a NACE publication.
The results of the subsequent experiments are also included and the discussion and
conclusions are adapted accordingly.

Chapter 7 comprises the results of the extensive mechanical and chemical testing of the
corrosion resistant steel. The outcomes are compared with the rules and regulations for
ship construction steel of classification societies to determine whether this steel could
be approved for use in ballast tanks. It discusses the corrosion mechanisms and gives an
explanation for the reduced corrosion rate of this corrosion resistant steel. This work will
also be submitted for publication.

All the elements are finally evaluated in the last part of this work. Chapter 8 summarizes
the important elements, discusses the different opinions encountered in literature,
comes to conclusions, reflections and recommendations and sets out possibilities for
new lines of research.

The included articles have been written and reviewed by a team of specialists. Based on
our research results and conclusions, they provided the necessary scientific support. The
purpose is certainly not to assume credit for their intellectual efforts but to reflect the
solid basis on which the conclusions are founded (De Baere, 2011).
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1 The cost of corrosion

1.1 Introduction: the problem of ballast tank corrosion

The degradation of metallic surfaces due to corrosive environments {atmospheric,
immersive and chemical) is a well-known problem for many steel structures such as
bridges, storage tanks and pipelines. Sea water is an aggressive environment for
corrosion. Nevertheless, merchant vessels, carrying cargo all over the seven seas, are
mostly built of steel. In the absence of cargo, or when the ship is only partly loaded, a
vessel carries seawater in her ballast tanks to ensure maneuverability and to control
draft, stress and stability. As necessary as they are for the operation of a ship, though,
the fact that ballast tanks are prone to corrosion poses an important challenge for ship
owners.

Corrosion is expensive. The total direct costs associated with metallic corrosion,
provoked by production interruptions, incidents and repairs, in nearly every U.S.
industry sector in 1998 was about $276 billion among which $2.7 billion was from ships.
(Koch et al., 2002, Johnson et al., 2001). This cost is divided into cost associated with
new construction {$1.12 billion), maintenance and repairs (3810 million) (De Baere,
2001), and corrosion-related downtime ($785 million; (Koch, 2002, Johnson, 2001).
Corrosion can become a safety issue in ships. Statistics show that 90 % of ship failures
are attributed to corrosion (Melchers, 1999).

Corrosion is a major cause of marine structural failures. Corrosion results in loss of
structural strength at local and global levels, and leads to fatigue failure and stress
corrosion cracking. Some marine incidents with tankers have been directly linked to
accelerated corrosion {Brown, 1996). Localized corrosion is among the major types of
physical defects found largely on ship structures. The areas of the ship most susceptible
to corrosion are the ballast tanks, due to the intense contact with seawater and the
chloride-rich environment. Because of the double hull configuration required by the Qil
Pollution Act of 1990 (Tator, 2004, OPA, 1990, Kim, 2002), ballast tanks are difficult to
maintain. The access to ballast tanks is restricted, the environment is unfriendly, the
light is scarce, large parts are hard to reach. The cost of inside maintenance is high,
partly because the working conditions are troublesome. In short, double hull ballast
tanks act as the Achilles’ heel of the ships lifetime expectancy. The introduction of the
double hull tankers in the nineteen nineties resulted in longitudinal stiffeners being
placed in the ballast tanks (Brown, 1996). This configuration aggravates the corrosion
problem on board. The rate of corrosion in ballast tanks is therefore a decisive factor for
ending the economic life of the ship and sending her to the scrap yard (LR, 2006).

Today, ship’s ballast tanks are constructed in mild steel and protected with hard coatings
with zinc anodes. These serve to reduce and in some instances effectively defer



corrosion and mitigate corrosion consequences (Wang, 2003). Such a construction has
been applied without significant changes for decades. The goal of this study is to
compare this traditional approach with some potential alternatives through an analysis
of the total cost from new construction, exploitation and maintenance of the ballast
tanks, hereinafter called total cost of ballast tanks (TCB). As such, the impact of any
structural investments can be investigated in the design stage of the vessel. Important
elements in such an analysis are the selection of appropriate construction, equipment
and protection material.

1.2 Research objective

The objective of this economic study is to construct a cost-based model outlining some
aspects in the construction of a double hull ship to achieve minimal corrosion effects
during the economic life time of the ship (25 years).

Based on this model, five different options of ballast tank construction (cases |-V in Table
1) are compared, within the currently available techniques and materials, in order to
obtain cost reductions.

Table 1: summary of the five cases in the economic analysis in terms of construction,
equipment and maintenance criteria.

Case | Case I Case Il Case IV Case V

Steel Grade A Grade A Grade A Corrosion Gade A
resistant

Paint system IMO PSPCys IMO PSPC;ys TSCFys 1 coat white | IMO PSPCys
epoxy

Nominal dry film | 320um 320pum 350um 160um 320um

thickness

Paint quality Pure epoxy Pure epoxy Pure epoxy | Pure epoxy Pure epoxy

Ancdes Yes (Zn) Yes (Zn) Yes (Zn) No Yes (Al)

Replacement of | Every 5 years | Every S5years | Fvery 10 [ NA Every 25 years

the anodes years

Coating repair Yes Yes Yes Yes Yes

Increased No Yes No No No

scantlings

Steel Yes NA NA NA Yes

replacement

Selection of cases | to IV occurred on the basis of Safinah (Safinah, 2009), option V is
based on experience and information we obtained while working on this article
(Smoljko, 2007). The cases are applied to a typical Panamax tanker, a ship constructed
according to the size limits for ships travelling through the Panama Canal (Vantorre,
2011).



Case | is the typical tank as constructed today in ordinary grade A steel, 14 mm
thickness, coated with a standard PSPCis coating {IMO RES MSC.215(82), 2006) and
equipped with zinc sacrificial anodes. Such a tank remains intact for approximately five
years (Verstraelen, 2009a, Verstraelen, 2009b); then the coating starts to degrade and
corrosion appears requiring eventually steel replacement and paint restoration at a
certain point of time. The anodes have to be replaced every five years.

In case Il, the core element is corrosion allowance. The corrosion allowance is the
maximum steel thickness loss allowed by the classification society, meaning that in the
lifespan of a ship a certain quantity of corrosion is tolerable without endangering the
structural integrity of the ship. As a rule of thumb, steel will be replaced, in dry dock,
when its thickness has been reduced to 80 % of the initial value (ABS SVR 7-A4). The
present corrosion allowances from even the most conservative classification societies
are marginally adequate for a 20-year design life vessel (except tankers, 25 years (ABS,
pers comm.)) (Gratsos, 2007). Hence, case Il has been chosen to provide for an
additional corrosion allowance of 3 mm, as in case |, a standard PSPCys coating was
applied, and the anodes have to be replaced every five years.

In case Ill, ships receive the currently experimental TSCF;s coating on top of 14 mm
grade A steel. This coating system is postulated to have a lifetime expectancy of 25
years, the economic lifetime of the ship, by a better surface preparation of the steel,
improved coating application conditions and an increased coating thickness (ABS, 2007,
Shell, 2000). Consequently, there is no more need for steel replacement, and coating
repair needs are reduced. Since the surface attacked by corrosion is reduced, so will be
the consumption of the sacrificial anodes. The anodes will be replaced only once every
ten years.

For case IV, the tanks are constructed in corrosion resistant steel (CRS) and painted with
an aesthetical white coating as per IMO PSPCys (IMQ, 2006). Coating repair remains
necessary, although reduced. Anodes become redundant and are not used.

The case V tanks are again constructed in ordinary grade A steel and protected with a
standard PSPC;s epoxy coating. Cathodic protection is obtained by aluminum sacrificial
anodes of sufficient mass to last 25 years, the full economic lifespan of the selected
model.

1.3 Methodology

To assess all possibilities a total cost of ballast tanks model is developed. In a next step,
uncertainties are taken into account by a sensitivity analysis, including Monte Carlo
sensitivity analysis. For each of the equations, Table 2 gives the applicable variables.



Table 2: TCB variables per model and per equation, used in the economic model.

CASE | CASE B LASE 11 CASE IV CASEV

INITIAL INVESTMENT - STEEL COST

Surface area

Thickness PT PT+CA PT PT PT
Density DENS DENS DENS DENS DENS
Cost new building steel CAN CAN CAN CNCRS CAN

INITIAL INVESTMENT - COATING COST

Initial coating cost per m? PSPCys PSPCys TSCFas CCRS PSPCys

INITIAL INVESTMENT - ANODE COST

Number of anodes

Initial installation cost per anode

STEEL RENEWAL COST

Lightweight

Cost of steel repair per ton

COATING REPAIR COST

Surface

Cost of recoating per square meter RPSPC RPSPC RTSCF RCCRS RPSPC

ANODE REPLACEMENT COST

Number of anodes

Installation cost per anode 1ZA 1ZA 1ZA \ IAA

COST OF UNAVAILABILITY DUE TO DRYDOCK

Factor f 1 2 4 4 1
Lightweight LWT LWTy LWT,; LWT; LWTy
Time charter equivalent TC TC TC TC TC
Cost of dry dock per day CDD CDD CDhD cDD cDD

RESIDUAL VALUE

Lightweight

Value of scrap iron sCI SCI SCI { SCRS SCI



1.3.1 Total cost of ballast tanks (TCB)
The TCB equals the initial investment plus the operating costs through 25 years minus
the residual value when the ship is sold for scrap and with DR as discount rate.,

5 operating cost  residual value

TCB = Initial investment + Y? e R Eq.1
1.3.1.1 Initial investment
The initial investment for each of the cases can be calculated as follows:
Initial investment = steel cost + coating cost + anode cost Eq.2
Steel cost = lightweight (Eq. 4) x cost new building steel Eq.3
Lightweight = surface area x thickness x density Eq. 4
Coating cost = surface area x initial coating cost per m* Eq.5
Anode cost = number of anodes x initial installation cost per anode Eq.6

1.3.1.2 Operating cost

The calculation of the operating cost takes five elements into account: steel renewal
cost, coating repair cost, the cost to replace the anodes, the cost of unavailability of the
ship due to dry dock and the loss of cargo carrying capacity due to an increased
lightweight (for case Il ships).

Steel renewal cost

Effective ship maintenance can only be carried out during dry docks. A ship has to visit
dry docks two times every five years, during one of which steel and coating repair jobs
are performed. A rough estimate of the steel renewal cost has been derived from data
obtained from a population of 18 ships (Figure 1), taken from three separate shipping
companies who were willing to share their information on past maintenance repairs.

These ships were maintained in a normal way and repairs had been carried out during
every previous dry dock visit. The guantity of steel replaced during dry dock resulting
from damage by corrosion, cracks and deformation but excluding accidents can be
represented by the following regression (Aloui, 2010):

ASR/| w = 0.031e%2%82¢ or ASR = LWT x 0. 03102982t Eq.7

with ASR being the quantity of steel in ton replaced per dry dock in function of the age
of the ship in years (t) and the light weight in ton (LWT).
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A. quantity of steel in terms of the quantity of steel replaced per dry dock, per unit lightweight of the ship, in function
of the age of the ship (Aloui, 2010).

B. comparison of the predicted steel replacement in according with the observed replacements by Lgseth (1994). Solid
line: own model (Eq.7) upsized to a VLCC of 300.000 DWT Dashed line: Data taken from Lgseth (1994), for a double
hull VLCC, with the effect of maintenance taken into account.

Figure 1: steel replacement (tonnes) in function of the age (y) of the ship (Alaoui (2010) +
Lgseth (1994))

In this model (Figure 1A), an important amount of scatter shows up for ships older than
15 years. Next to our in situ experience in the ballast tanks of more than 150 ships, this '
type of scatter turns out to be rather common among older ships, and the difference in
the condition of the ballast tanks of two similar ships of the same age could be strikingly
huge. This can be related to the observations of Paik and Kim (Paik, 2012), where the
distribution of corrosion wastage statistics for any structural member is highly scattered
at any corrosion exposure time and changes with time. Indeed, the condition of a ballast
tank is not only age-dependent but other important factors are involved such as
substrate preparation, application conditions, mechanical damages, maintenance and
many more. Other, previously published time dependent corrosion models (Paik, 2004,
Guo, 2008, Southwell, 1979, Soares, 1999, Qjn, 2003, Ivanov, 2004, 1ACS, 2005), note a
similar high variability for older ships.
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Data collected by Lgseth {1994) can be used for a validation of equation 7 (Figure 1B). As
it turns out, these data show a comparably large variation for steel renewal per dry dock
for fifteen-year-old vessels, ranging from 6 to 1700 tons.

It is necessary to reduce the total quantity of steel work per dry dock to the steel
replacement exclusively imposed by corrosion. Steel repair work can be a consequence
of deformations, corrasion and cracks. In the context of this research we are only
interested in steel repair work inflicted by corrosion. A polynomial regression (Figure 2)
of the data obtained by Kawano & Hirakata (2003) offers the following expression for
the fraction of ASR/LWT caused exclusively by corrosion in function of the time,
represented by C1 (R*=0.911):

C1=—0.0325t% + 1.1299t* — 4. 465t + 1.1866 Eg.8
100 2 ,/V = -
90 : £
80
70 -

. C1= 00325t + 1.1299t% — 4465t + 1.1866
0
Ratio
%

RZ=0911

50

30
20

10

0 5 10 i5 20 25 30

Age (y)

Figure 2: C1 (portion steel replacement due to corrosion (%)) in function of the age (y) of the
ship (graphical presentation by Kawano & Hirakata 2003).

Multiplication of Eq. 7 and Eq. 8 leads to the quantity of corroded steel to be replaced
per dry-dock.
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Finally, steel renewal cost can be calculated as follows:

Steel renewal cost = 0.031 %2982t x lightweight
x (—0.0325t% + 1.1299t% — 4. 465t + 1.1866)

x cost of steel repair per ton
Eq.9

Coating repair cost

With regard to coating repair, the data presented in Verstraelen et al. (2009a, 2009b)
allows to determine the percentage of the surface to be recoated, through the following
equation:

Cl =1.682t—7.145 Eq. 10

With the corrosion index Cl| representing the surface of the coating damaged by
corrosion in % and function of the time (Verstraelen, 2009a, 2009b). This formula shows
that a coating remains nearly intact during approximately the first 5 years. Afterwards
the paint degrades in a nearly linear way with approximately 1.7 % surface per year.

Coating repair cost = Surface x (1.682t — 7. 145) X cost of recoating per m?
Eq.11

At this moment TSCF,s is seldom applied and certainly not generally accepted by the
shipping world as being the ultimate solution for the corrosion problem in ballast tanks
(Damen Shipyard, 2011, pers. comm.). Consequently, statistical data on the effective
lifetime of this coating are still lacking. The result of this study rests upon the basic
assumption that the TSCF;s lives up the promised characteristics. When applying a
TSCFas (case 111) instead of PSPC;s the surface to be re-coated and number of dry-days to
do this are diminished with 40% following the predicted lifetime of the coating system.
For corrosion resistant steel (case V) a similar reasoning is followed seen the nature of
the substrate.

Anode replacement cost

Anodes should normally be replaced every 5 years. However, due to the expected good
performance of the TSCFs coating {case Il1), it can be surmised that replacement is only
required once every 10 years. Tanks built in corrosion resistant steel {case IV) do not
require any anodes at all. Case V ships are equipped with aluminum sacrificial anodes
lasting the economic lifespan of the ship. Anodes replacement is not considered.

Anode replacement cost = number of anodes x installation cost per anode Eq. 12
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Cost of unavailability of the ship due to dry dock

Time in dry dock as a consequence of corrosion is the sum of the time needed to replace
the steel plus the time needed to restore the coating and replace the anodes.

The steel replacement time equals (Eq.7) x (Eq.8) divided by the yard capacity in t/day.
Research {data obtained from 20 ship repair yards worldwide) revealed a huge variation
in capacity ranging from 2 to 40 tons of steel per day. An average of 16.7 t/day was
calculated and rounded to 20t/day.

The calculation of the coating maintenance and repair time in dry dock is complicated
since a lot of variables are involved. Maintenance is normally done at sea or in port by
the crew while repair work in ballast tanks does not necessarily require the vessel to
enter dry-dock, all the work can be done afloat at a repair base or at sea using a riding
squad.

33 ,(1.682(5t) — 7.145) Eq. 13

The algebraic sum of the outcome of (Eq.10) after 5, 10, 15, 20 and 25 years indicates
that 90.4% of the coating is repaired during the complete lifecycle of the ship.

It would take typically two months dry-dock to recoat the ballast tanks completely
(Kattan, Safinah Ltd., pers. comm). Moreover, the coating of a ship accounts for 12-25%
(average 18.5%) of the total man hours for the construction, with approximately 50% of
the coated surface being inside the ballast tanks (Baldwin, 1995).

Applied to a Panamax tanker, which takes around 21 mh cgt’ (manhour per
compensated gross tonnage) to be built {Lioyds shipping economist, 2006), or, with a cgt
of 21,000 (OECD, 2006), around 441,000 mh for the total construction and 41,000 mh to
(re)coat the ballast tanks. With 3 teams of 10 men working each 3 shifts of 10 hours per
day, this complete recoating is finished in 45 working days, which corresponds to the
amount of time devoted to it in practice (Kattan, Safinah Ltd., pers. comm). These 45
days will be divided following the appearance of corrosion as represented by equation
10 and over the major 5-year dry dock periods, as represented in Table 3.

Table 3: number of days needed for recoating in function of ship’s age (y).

Moment of drydock Number of days re-coating
{years) {DRC)

5 0

10 3

15 9

20 14

25 19*

Total 45

* Will not be taken into account since the ship is sold for scrap at that time.
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Finally, the time in excess of a standard dry dock of 6 days (Antwerp Ship Repair, 2012,
pers. comm.) is allocated to the corrosion problem.

Dry dock time can then be calculated according to eq. 14:

Dry dock time =

[0.031 %2982 x lightweight x (—0.0325¢ + 1.1299t% — 4. 465t + 1.1866)] G
20

DRC| -6

Eq. 14
The equivalent cost then comes down to:

Dry dock cost =
[Dry dock time X (Time Charter Eq + cost of dry dock / day)]  Eg.15

When applying a TSCFs (case llI) instead of PSPCys the number of days is diminished with
40% following the predicted lifetime of the coating system. When using corrosion
resistant (case 1V) steel a similar reasoning is followed seen the nature of the substrate.
In case I, Il and IV no dry dock time is provided for corroded steel replacement based
on the fundamental assumptions of these alternative ways of construction.

Loss or gain of cargo carrying capacity due to an increased or decreased
lightweight

A final exploitation cost, calculated in Eg. 16, is the loss of income (Ll) due to an
increased LWT as a consequence of the increase of the corrosion allowance. This cost is
only applicable to option Il. Increasing the corrosion allowance increases the lightweight
of the ship while the cargo carrying capacity is diminished with the same amount. As this
loss is only applicable during loaded voyages, the tanker is here supposed to be loaded
50% of the time {McNulty, 2011).

L= (TCx365days), 4% QWTgy — LWTy) x 0.5 Eq. 16

For an assessment of the parameters linked to the use of corrosion-resistant steel (CRS),
an experimental steel type was obtained. Experiments show that the corrosion rate of
this alloy is more than 30% lower than grade A ship construction steel (Chapter 6).
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1.3.1.3 Residual value

After 25 years of service the ship is sold at the value of the scrap iron. As it is improbable
that the higher concentrations of valuable alloys will influence the scrapping price, the
same price can also be used for the tanks constructed in CRS (case IV). Residual value
can then be calculated as follows:

Residual value = lightweight x value of the scrap iron Eq.17

1.3.2 Sensitivity analysis and Monte Carlo simulation
1.3.2.1 Sensitivity analysis.

To determine how the optimal solution, the minimum cost of the ballast tanks, is
affected by multiple parameters a sensitivity analysis was carried out. Each of the
parameters was varied and the variance of the real TCB analyzed.

1.3.2.2 Monte Carlo simulation

To examine how the TCB varies when the value of uncertain assumptions are modified, a
Monte Carlo simulation was performed using the software program Crystal Ball (Oracle).
When performing a Monte Carlo sensitivity analysis, probability distributions are
specified for uncertain values of model input parameters. Then multiple trials are
executed, taking each time a random draw from the distribution for each parameter. For
each trial, the output is calculated for each set of specified values. When all the trials
have been executed, a probability distribution of the model output is obtained
(Boardman, 2006).

By applying the Monte Carlo Simulation technique, not consequences but risks are
compared and hence, more information is obtained as compared to when a
conventional, static model is used. When probability distributions for several defined
assumptions are specified, uncertainties are incorporated in the model. Moreover, the
results of the model not only incorporate the uncertainties of the input parameters, they
also give us their importance (Al-Mansour, 2007).
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1.4 Case study

1.4.1 Model selection

The mode! selected for this study is a Panamax tanker'. Panamax ships can be
considered as a good representation of the medium size merchant ship, representing
approximately 48 % of the world fleet (Eurostat, 2012).

More specifically, the calculations presented here are based on an average Panamax
tanker of approximately 75,000Mt DWT, a LOA of 228m, and a beam of 32.2m. As the
sole interest of this study concerns the ballast tanks, all assessments are limited to the
size and weight of the ballast tanks only. Starting point is the surface of the ballast tanks
set at 51,000m? (McNulty, 2011). Furthermore, the ship is supposed to have been built
in China and to have dry-dock inspections and repairs in Bahrain, due to the availability
of recent, suitable and complete data. The economic life of the ship is set at 25 years.
Afterwards the ship is sold for scrap iron.

1.4.2 Calculations

Table 4 lists the parameters used in the basic economic model as developed in section 2.
To this end, the parameters are sub-divided into 3 categories, viz. the values used to
calculate (a) the lightweight of the tanks, (b) the initial investments and (c) the
exploitation costs. For each parameter the acronym, a short description, the standard
value and unit, source and formula and the type are indicated in the table.

! panamax ship: ship designed with maximum design limits to pass the Panama Canal.
The maximum length overall (LOA - the total length of a ship's hull from the foremost to
the aftermost points) of the ship is determined by the usable length of the locks being
304.8m. The maximum draft (12.04m in tropical fresh water) is limited by the shallowest
depth at the south sill of the Pedro Miguel locks and the maximum air draft of 57.91m
{at any state of the tide) is defined by the clearance under the Bridge of the America’s at
Balboa. The maximum width over outer surface of the shell plating is 32.31m. The
deadweight of a Panamax ship varies between 50,000 and 80,000Mt (DWT - total weight
of cargo, crew, stores, ballast and bunkers on board a ship).
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Table 4: parameters used in the economic model.

* “F” are parameters with a fixed value determined by the selected model, “U” are the parameters with a

variable value (Table 5) and “D” are the parameters which are function of one or more other parameters

{see Source & Formula column).

Acron | Parameter Value Source & Fermula Type*
ym

Parameters used to calculate the lightweight of the tanks

AREA  |Surface of the ballast tanks 51,000m? | P. McNulty, 2007 F
DWT Deadweight 75,000t F
DENS | Density steel 7.8tm>| ABS, 2012 F
PT Plate thickness 14mm [Own measurements F
CA Corrosion allowance 3mm | IACS CSR F
WA Weight anodes Zn & Al 22kg | Assumption F
LWT; | Lightweight Tank 1, Il & IV 5,569.2t| See total cost of ownership F
LWTy, | Lightweight Tank It 6,762.6t| See total cost of ownership F

Parameters used to calculate the initi

al investment

PSPCys | Initial coating PSPC ;5 40€m™ | P McNulty, 2008 U
TSCF,5 | Initial coating TSCF 55 63€m™|IHC, pers. comm. 5
TSCF,5=PSPCys x 1.575
CCRS  [Initial coating CRS 35€m™| Own estimation D
CCRS = PSPCy5 x 0.875
Pz Price zinc 4€kg™ | Z-guard U
PA Price Aluminum 8€kg™ | Z-guard u
ZA Number of zinc anodes 325|P. McNulty, 2007 F
IZA Initial  installation  zinc 116€anade™|1ZA = (WA x PZ) + 28 €/piece D
anodes
AA Number  of  aluminum 477|0wn calculation .
anodes
IAA Initial installation aluminum 204€anode™ [ IAA = (WA x PA) + 28 €/piece D
anodes
AS Grade A steel purchase 900€t™ | ArcelorMittal, 2009 U
price
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Acrony |Parameter Value Source & Formula Tvoe*

m ¥Yp

RACRS |Ratio CRS versus grade A 1.3|30% > grade A; POSCO, pers. U
comm.

CRS CRS steel purchase price 1,170€t™ | CRS = AS x RACRS D

CAN New building in grade A 3,150€t 1| CAN = AS x 3.5 D

CNCRS [New building in grade CRS 4,095€t™ | CNCRS = CRS x 3.5 D

S Dollar exchange rate 18 = 0.68473€ | As per 26/04/2011 F

Parameters used to calculate the exploitation costs

RAS Repair grade A steel 7,020€t" |[RAS=ASx 7.8 D

RPSPC |Repair PSPC 15 61.35€m™|Terkels (ASR) & Hoogenboom
(Hempel), pers. comm. D
RPSPC = PSPC,s x 1.5338

RTSCF |Repair TSCF;s 96.62€m™ | Own estimation D
RTSCF = PSPCy5 x 2.4156

RCCRS |Repair coating CRS 53.8€Em™ | Own estimation D
RCCRS = PSPC,s x 1.345

SCl Scrap per t grade A steel 585€t™ [SCI = AS x 0.65 D

SCRS |Scrap per t CRS steel 585€t | SCRS = AS x 0.65 D

cDD Rental dry dock 2,885€day ™ |Arab  Shipbuiling and Repair
Yard company, 2011|U
(LXBX0.55/dag)

TC Time Charter Equivalent 15,514€day " | Legacy Shipbroking, 2010 U

Panamax tanker
IR Inflation rate 2% |Eurostat, 2012
DR Discount rate 4% |Pearce, 2003 & pers. Comm.
U

Notteboom

DRC Days Re-Coating See Table 3 |Own estimation
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Three types of variables can be distinguished. The first type gives parameters with a
fixed value (F), determined by the selected generic Panamax tanker and constant in all
further simulations. The second type shows the uncertain parameters (U). During Monte
Carlo analysis, these parameters will be allowed to vary according certain probability
distributions between minimum and maximum values (Table 5). The third type describes
the parameters which are dependent (D) upon one or more other parameters of either
other type.

Table 5: minimum, maximum and most plausible value of the uncertain parameters used
during the Monte Carlo Analysis together with the probability distribution.

Uncertain Symbol Min. Most Max. Model Unit
parameter plausible

value
Initial cost PSPC PSPC,s 40 45 60 Normal €m?
coating
Grade A steel AS 900 1,000 1,500 Normal £t
(basic price)
Ratio CRS versus RACRS 1:2 1.3 1.5 Normal
grade A
Dry dock/day cDDb 2,597 2,885 3,174 Normal €day?
Time charter TC 13,963 15,514 17,065 Normal €da\/'1
equivalent
Price zinc PZ 4 5 6 Normal €kg'’
Price aluminum PA 8 10 12 Normal €kg™!
Inflation Rate IR 0.9 2 3.8 Normal %

The cost of steel renewal, coating repair, the replacement of anodes and the rental cost
of the dry dock have been based on the price list of Bahrain ASRY dry docks of 2008
(http://www.asry.net). More recent prices were available from other dry dock facilities,
but the set of Bahrain was the only complete list for the purposes of this study.

Figure 3 shows the outcome of the basic economic model for each of the 5 cases based
on the parameters given in table 4. The numbers represent real values, adjusted for an
inflation of 2% and discount rate of 4%.
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Figure 3: results (€) of the basic model for each of the five cases, inflated with 2% and
discounted with 4% per year.

1.4.3 Financial parameters used throughout the calculations
1.4.3.1 Inflation adjustment factor

The result of the model, the sensitivity analysis and the Monte Carlo simulation are real
cost. An inflation adjustment factor (1+P)* was applied. P is the inflation per year and t is
the age of the tank. Based on the Harmonized Indices of Consumer Prices {HICP) as
published by Eurostat (2012) for the European Union for the period December 1997 till
June 2012, P was assumed to vary between 0.9-3.8% with an average value of 2%
(Harmonized indices of consumer prices, consulted 2011).

1.4.3.2 Steel price

The steel price is rising steeper than the 2% per annum taken into account by the
general inflation rate. This increase in price is caused firstly by the increasing scarcity of
raw materials, especially given the growing demand in China. Moreover, the fabrication
of ship construction steel is energy consuming and energy is getting ever more
expensive. An increase of 8.6% per year was ohserved for hot rolled steel for the Asian
market in a period from August 2005 till April 2011 {Community of European Shipyard
Associations, 2011). Hence, an increase of 6% was incorporated in the model. However,
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a changing price of grade A means that the price of corrosion resistant steel, steel repair
work and scrap are supposed to vary in parallel.

1.4.3.3 Discount rate

Generally, low discount rates favor projects with the highest total benefits while high
discount rates favor projects where the benefits are front-end loaded. Based on the
European Commission {2009) (social cost-benefit 2% and private investments 15%) a
discount rate of 4% was chosen.

This figure is backed up by an analysis of similar, maritime, investments. Eijgenraam
(2000), mention in their directives for cost based analysis that the real discount rate
should equal average interest rate for risk-free long term loans on the capital market.
The figure they put forward is 4% per annum. Pearce et al {2003). also prefer to use a
standard discount real discount rate of 4% based on social time preference, and the cost
and benefits analysis of major harbor projects in Flanders and the Netherlands, such as
Maasvlakte 2, uses a 4% discount rate as well (Notteboom, pers. comm.). A sensitivity
analysis of the impact of the discount rate (data not shown) indicates that, although
absolute values in the outcome of the calculations change, there is no effect on the
differences between the cases analyzed in this text.

1.5 Statistical analysis of the model results

1.5.1 Model results

Comparison of the TCB results in Figure 3 shows that cases |, Ill, and V were very
competitive, whereas, in case Il, expanded scantlings might well offer adequate
protection against corrosion, but are counterbalanced by the high penalty of an
increased loss of cargo carrying capacity. This conclusion is confirmed by Psarros (2009)
and Eliasson {2003) who state that it is possible to build ships with thick steel without
corrosion protection which would have enough strength left during its designed service
life. However, it is generally agreed today that this is no longer a cost efficient way to
build and operate ships.

The outcome of cases I, V and even IV increases the number of choices available to the
ship owner. A few years ago the classic combination of grade A steel protected with a
PSPCis system coating and backed up with sacrificial anodes, would not have been
questioned. This study shows that today it is may be worthwhile to take alternatives Ill,
IV or V into consideration. A sensitivity and Monte Carlo analysis is therefore well placed
to shed more light on which parameters are most influential.
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1.5.2 Sensitivity analysis
The parameters with substantial impact on TCB are the steel and coating price. Other
parameters have a negligible importance.

Table 6 represents the impact of a change in steel price and coating cost on the real
value of the TCB and the relative ranking of the cases. The values used in the original
basic economic model are in cells with grey shading. Cases are ranked from left to right
with ascending TCB value. The difference between I, Ill and V remains small and nearly
unaffected by them. It is inevitable that the price of raw materials, such as ship
construction steel, grade A as well as CRS, will rise in the future. The increased scantling
method and the construction in CRS will lose ground compared to the cases were the
protection of the tanks is based on coating and sacrificial anodes.

Table 6: influence on the real TCB (€) of the evolution of the steel price and coating cost. Cells
with grey shading refer to values used in the basic model.

Steel price

50% Case V Case | Case IV Case Il Case ll
10,168,501 10,227,892 10,368,176 10,686,203 12,002,928
25% Case V Case | Case lll Case IV Case Il
° 13,452,719 13,512,110 13,760,649 14,458,632 15,736,183
900 Case V Case | Case fil Case I Case It
EURO/ton 16,736,937 16,736,328 16,835,095 18,549,087 19,469,439
+25% Case Il CaseV Casel Case IV Casell
19,908,540 20,021,155 20,080,546 22,639,543 23,202,694
+50% Case lll CaseV Casel Case IV Case Il
N 22,983,986 23,305,373 23,364,764 26,729,999 26,935,949
+100% Case 1l CaseV Case | Case ll Case IV
29,132,877 29,873,809 29,933,200 34,402,460 34,910,910

Cost of ceating
50% Case lll Case V Case | Case IV Case ll
* 14,628,568 15,081,953 15,141,344 17,322,494 17,814,455
25% Case Ili Case V Case | Case IV Case ll
) 15,731,832 15,909,445 15,968,836 17,935,791 18,641,947
PSPCyc 2 40 Case V Casel Case Hl Case IV Case H
EURD/mz 16,736,937 16,796,328 16,835,095 18,549,087 19,469,439
+25% Case V Case | Case lll Case IV Casell
° 17,564,429 17,623,820 17,938,358 19,162,384 20,296,930
+50% Case V Casel Case lll Case IV Casell
N 18,391,921 18,451,312 19,041,621 19,775,681 21,124,422
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Table 7 represents the influence of cost of CRS to grade A steel and cost of PSPC;s to
TCSFys and the discount on the relative ranking of the cases. It is not surprising that
when CRS becomes more expensive compared to grade A steel, the position of case IV
becomes less favorable. Additionally, the impact of the relation between the cost of
TSCFy5 and PSPCys is not sufficiently important to influence the relative position of the
cases significantly. Only when the price of the TSCF;s system drops, case Ill becomes
attractive. The second part of Table 7 shows the influence of the cost of coating. When
application of a coating becomes cheaper, the use of sophisticated coating systems (case
1) becomes favored compared to the standard PSPCys coating.

Table 7: influence on the real TCB (€) of the price ratios of CRS to grade A steel and TSCFzs to
PSPCss . Cells with grey shading refer to values used in the basic model.

Ratio cost CRS to grade A steel

1 Case IV Case V Case | Case Ill Caselll
13,645,487 16,736,937 16,796,328 16,835,095 19,469,439
ii Case IV CaseV Case | Case lll Casell
’ 15,280,021 16,736,937 16,796,328 16,835,095 19,469,439
137 CaseV Case | Case lll Case IV Case ll
’ 16,736,937 16,796,328 16,835,095 16,914,554 19,469,439
13 Case V Case | Case lll Case IV Case Il
; 16,736,937 16,796,328 16,835,095 18,549,087 19,469,439
14 Case V Case | Case Il Case ll Case IV
’ 16,736,937 16,796,328 16,835,095 19,469,439 20,183,621
15 Case V Case | Case Il Casell Case IV
. 16,736,937 16,796,328 16,835,095 19,469,439 21,818,154

Ratio cost TSCF;5 to PSPCig
14 Case lll Case V Case | Case IV Casell
- 16,478,095 16,736,937 16,796,328 18,549,087 19,469,439
e Case V Case | Case lIl Case IV Caselll
] 16,736,937 16,796,328 16,835,095 18,549,087 19,469,439
16 Case V Casel Case Il Case IV Case [l
’ 16,736,937 16,796,328 16,886,095 18,549,087 19,469,439
18 CaseV Case | Case Ill Case IV Case ||
’ 16,736,937 16,796,328 17,294,095 18,549,087 19,469,439
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1.5.3 Monte Carlo analysis
1.5.3.1 Input parameters

As indicated previously, the parameters used in the Monte Carlo analysis are divided
into three categories. The fixed parameters are model dependent, the dependent
parameters are a function of one or more other values and the uncertain parameters are
allowed to vary according to a certain probability distribution. For all of the uncertain
parameters a normal distribution was selected. Minimum and maximum values and
most probable value are listed in Table 5.

1.5.3.2 Results of the Monte Carlo analysis

The bar graphs in Figure 4 show the mean value of the real Total Cost of Ballast tanks
(TCB) after 5,000 trials.

TCB after 5,000 MC trials

35000 =
h g
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o | . 0000 00O 000 000 2.
TCBCase V| TCB Case | TCB Case 111 TCB Case IV TCB Case |1
¥ Maximum 23,496,384 23,552,061 23,666,227 29,548,840 26,917,832
[~ Mean 18,015,476 19,083,599 19,159,565 21,688,610/ 21,997,202,
[#minmum [ aem13932] 16874480 _ 16915408] 17,196,928 s A24A33,080

Figure 4: result of the Monte Carlo analysis (€) after 5,000 trials.

Statistical data and sensitivity analysis are shown in Table 8 and Table 9 . Table 8 gives
the complete statistical outcome of the Monte Carlo analysis after 5,000 trials as per
Crystal Ball software. Table 9 gives the contribution to the variance of certain
assumptions. These assumptions are given in the first column and correspond to the
uncertain parameters as described in Table 5.
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Table 8: statistical outcome of the Monte Carlo Analysis after 5,000 trials.

Statistics TCB Case | TCB Case Il TCB Case il TCB Case IV TCB Case V
Trials 5,000 5,000 5,000 5,000 5,000
Mean 19,083,599 21,997,202 19,159,565 21,688,610 19,015,476
Median 18,974,364 21,876,340 19,059,431 21,548,482 18,906,595
Mode - - = - -
Standard

Deviation 1,103,677 1,250,232 1,064,975 1,963,763 1,103,431
[ Variance 1,218 x10° 1,563 x10° 1,134 x10° 3,856, x10° 1,218 x10°
Skewness 0 0 0 0 1]
Kurtasis 3 3 3

Coeff. of

Variability ? 0 & 0 0
Minimum TCB 16,874,480 19,433,080 16,915,409 17,196,928 16,813,932
Maximum TCB 23,552,061 26,917,832 23,666,227 29,548,840 23,496,384
Range Width 6,677,581 7,484,752 6,750,818 12,351,912 6,682,452
Mean SD. Err. 15,608 17,681 15,061 27,772 15,605

Table 9: contribution to the variance of certain assumptions in Monte Carlo analysis.

Assumptions— TCBCasel | TCBCasell | TCBCaselll | TCB Case lV | TCB Case V
Drydack/day 0 0 0 0 0
Grade A basis 94.1 94.7 88.8 443 94.2
Initiele cost PSPCisor TSCF5 5.5 13 10.9 1.1 5.5
Price aluminmium anodes in €/kg 0 0 0 0 0]
Price anodes in €£/kg 0 0 0 0.00 0
Relation grade A—CRS 0.1 0.1 0.1 54.6 0.1
Time Charter equivalent 0 0.6 0 (o] 0
Inflation rate 0.2 0.3 0.2 0 0.2

When Figure 3 (outcome of the basic economic model) and Figure 4 (results of the
Monte Carlo simulation) are compared we observe an increase in absolute values of the
TCB's while the ranking of the cases remains the same. The considered parameters
(Table 5) were, amongst others, an increase in the cost of steel, coating, aluminum and
zinc over the 25 years to come. If the range and distribution model of these variables are
assumed correctly this is reflected by a rise of the mean value of the TCB’s with an
average of 20% without a change in the relative relation of the cases.

The values shown in Table 9 are the percentages variance or uncertainty in the target
forecast due to the respective assumptions. Items with a positive contribution have a
positive value; this reflects a direct relationship between the item and the TCB.
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Only three assumptions are worth mentioning. The influence of the steel price is
decisive for all cases. 11% of the variance of the TCB of Case Il is due to the cost of
TSCF55 and the TCB of case |V is mainly affected by the price of CRS.

1.6 Consequences for future ship construction

The increased scantling technique (case Il), can be classified as economically not healthy,
based on the reference model and supported by the sensitivity analysis and the Monte
Carlo simulation. Expanded scantlings offer adequate protection against corrosion but
the penalty of an increased lightweight and consequently the loss of cargo carrying
capacity is simply too important. This conclusion is a confirmation of J. Eliasson’s (2003)
statement,” it is possible to build ships with such thick steel that even with free corrosion
taking place the ship would have enough strength left to perform its designed service life
but that It is generally agreed today that this is no longer a cost efficient way to build
and operate ships.”

Construction methods |, lll and V are matched and the correct choice will be dependent
upon a lot of parameters, the most important being the steel price and the coating cost.
The use of corrosion resistant steel {option IV) becomes attractive if the cost of CRS
comes down till maximum 1.1 times the cost of ordinary grade A steel.

Case |, the way we are actually constructing ballast tanks, is not the worst of solutions
though that there is still a lot of room for improvement.

The average degradation rate of the coating used in the economic model is probably
high. 1.7% surface degradation per year is based on our database of 140 ships ranging
from 0 to more than 40 years of age. A follow-up study to determine a sound corrosion
rate is needed with a focus on PSPC ships without considering older non-PSPC ships.

The average durability of PSPCys coating can be increased substantially if sufficient
attention is given to surface preparation and application conditions.

Case V is a logical evolution of case I. The sacrificial Zn anodes have been replaced by
aluminum anodes and the weight has been increased to last the full economic lifespan
of the ship.

Zinc has been in use as a sacrificial anode for longer than aluminum and is considered
the traditional anode material. However, aluminum has several outstanding advantages
(higher current, less weight and less toxicity) as a sacrificial anode material and is fast
becoming the material of choice (Cuproban, 2012).
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The replacement of zinc by aluminum is ecological beneficial. The negative impact of
zinc on the marine environment is well known and documented while this is not the case
for aluminum. Aluminum is not considered a pollutant.

However, there are also some drawbacks regarding the use of aluminum as sacrificial
material in ballast tanks adjacent to tanks for liquid cargo with flash point <60°C.
According to DNV Rules for Ships such tanks are considered dangerous areas. Aluminum
alloyed anodes are to be so located that a kinetic energy of <275 is developed in case of
their falling down. That means that an aluminum anode weighing for instance 10 kg
must be located lower than 2.8m from the tank bottom or stringer deck.

In a forgoing study (De Baere, 2011) we demonstrated that sacrificial anodes are only
beneficial if they are installed and maintained in a correct way. Practical experience after
many tank surveys indicated that this is not very often the case.

Economically, Case I, the use of a superior paint, seems promising. Yet, what such an
improved paint system should look like is still far from clear. Our field research indicates
mechanical damage and cracking, besides application shortcomings, as primary cause of
corrosion. A protective coating can be made more resistant to deformations by the
addition of fibers. Natural or synthetic fibers will be used to mechanically reinforce
formulations increasing fatigue properties, strength, and flexibility improving corrosion
resistance and increasing the service life of coating.

Also, the performance of TSCF,s, used in this study, is questioned by some shipyards. A
Dutch shipyard (which requested to stay anonymous) mentioned as follows: “The wish
to reduce and eventually completely eliminate, the maintenance in ballast tanks is fully
understandable. | am not aware of any independent scientific proof that the complete
removal of the shop primer, the reduction of the aflowable quantity of dust, a lowering of
the maximal chloride pollution from 50 to 30mg/m2, the increase of the layer thickness
from 320 to 350 (90/10) micron and 3 full coats instead of 2 will result in an increase of
life span of 67%.”

On the other hand, J. Eliasson (ABS, 2012) mentions a number of ships coated according
to the precursor of the TSCF;s specifications which are now in service for more than 15
years and are in a near perfect condition.

Case IV studies the use of corrosion resistant materials instead of grade A steel. It is
assumed here that CRS will live up to the promised characteristics. At this moment these
steel varieties are in an experimental phase and the exact features still remain to be
established. Also, the exact retail price is unknown at present. The estimations used in
this study are indicative and only based on the value of the composing alloy elements. It
is almost certainly that when the demand for this product increases, the retail price will
follow.
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The data used in this model are an approximation of reality. They provide a platform to
compare the different cases and should not be considered as true costs. Differences
exist and prices vary in function of geographical location, time and availability. Since the
basic commodities are becoming scarcer, the steel price will keep on rising. The CRS
obtains its qualities by adding, amongst others, chromium and molybdenum, both
becoming increasingly scarce. These arguments are favoring the use of improved coating
systems. However, the coating cost is very sensitive. A little change in the cost of TSCFs
is capable of reversing the economical ranking of the hypothetical cases.

1.7 Conclusion

At this moment the best way to protect ballast tanks is by applying a standard PSPCys
coating on a perfectly prepared substrate and under good application conditions.
Lifetime lasting aluminum anodes could then be used as a backup system, if they are
well distributed across the ballast tank and properly maintained.

In addition, an interesting line of research is the use of alternative construction
materials, where the corrosion rate is reduced due to a change in the composition of the
steel used. It might eliminate the need for a paint system and sacrificial anodes and
might significantly reduce the maintenance and consequently the operation cost.
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2 The electrochemistry of corrosion

2.1 Introduction

Corrosion science studies what happens on the interface between electrical and
chemical phenomena. It is the interaction between a substance and its environment that
results in deterioration of the material (Nace, 2002, Groysman, 2010). Corrosion occurs
in all kind of materials but in this work only the corrosion process of steel in a seawater
environment is considered. In this context, the definition can be rephrased to: corrosion
is the degradation of a metal by an electrochemical reaction with its environment.

It is an unstoppable force that drives the steel back to its most basic and most stable
appearance; iron ore. Iron ore is a rock and consequently consist of minerals. Besides
(Si0) the most important minerals in iron ore are oxides and hydroxides of iron. The
two most important iron ore minerals are hematite (Fe;03) and magnetite (FesO4)
(Figure 5).
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Figure 5: time-energy diagram iron (adapted from Smet, 2008).

It is important to note that the corrosion products are not identical but similar to the
original ore. Figure 5 demonstrates that the energy levels are very comparable (Veleva,
2003).

Iron is produced by adding a lot of, mainly thermal, energy to the basic ore. The
outcome is a meta-stable product that automatically returns to its ore-like condition if
the appropriate protective measures are not taken. This reversing process is called
corrosion.
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2.2 Fundamentals

Corrosion can only proceed if four elements are present: a cathode, an anode, an
electrolyte and a metallic path. The anode is the electrode of an electrochemical cell at
which oxidation occurs. Electrons flow away from the anode in the external circuit.
Corrosion usually occurs and metal ions enter the solution at the anode (Nace, 2002).
The cathode is the electrode of an electrochemical reaction at which reduction is the
principal reaction. Electrons flow toward the cathode in the external circuit (Nace,
2002). The electrolyte is the chemical substance containing ions that migrate in an
electric field (Nace, 2002). Within the context of this research the electrolyte is
invariably seawater. The conductivity of this electrolyte changes in function of a number
of parameters such as salinity, temperature and concentration of chlorides (ASM, 2000).

On the same metallic surface, anodic and cathodic microscopic parts can be found. The
electrochemical difference is created by small irregularities in chemical composition, the
presence of impurities, deposits on the surface, and variations in the electrolyte
(Garnett, 1992). The anode is the part of the metal where the bond between the core of
the iron atom and the electrons is the weakest. The electrons are easily released and
remain in the metal substrate, increasing the electrode potential, while the iron-ions
(Fe™ or Fe*) go into solution causing the loss of material. The material is oxidized.

Fe — Fe?' + 2e~ with Edgg= -0.44V Eq.18
Fe — Fe3' + 3e” with E9gg= -0.04V Eg.19

This is a continuous process if the electrons are consumed. If not, the potential of the
metal surface becomes so negative and the transition of the iron-ions to the electrolyte
will be impossible. The process is stopped automatically at an equilibrium potentialz.

If a metallic path exists between anode and cathode, the cathode acts as the electron
consumer. At the cathode, the surplus of electrons is used to reduce the oxygen in the
seawater. Oxygen is the electron acceptor.

0, + 2H,0 + 4e~ — 40H™  withEJyq=+0.4V Eg. 20
The hydroxide ions react with the iron ions to form iron hydroxide.

Fe?* + 20H™ = Fe(OH), Eq. 21

? Equilibrium potential: The potential of an electrode in an electrolyte at which the
forward rate of a given reaction is exactly equal to the reverse rate; the electrode
potential with reference to the standard equilibrium, as defined by the Nernst equation
(Nace, 2002).

E,oq: Cell potential at a temperature of 298K.
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Further oxidation results in the final red product Fe;05.H,0 known under the common
name of rust (Nace, 2002). Whether or not a material corrodes depends on the position
if it's potential with respect to the electron acceptor. Only when the potential is lower
than the potential of the electron acceptor, corrosion occurs.

In the external circuit, electrons will flow from the most negative point (anode) to the
most positive point (cathode) and, by convention; the current will flow in the opposite
direction, as presented in Figure 6 (Roberge, 2008).

Recombine to form Ft(OHh- “Rust”
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Figure 6: electron and current flow of corrosion cell (http://amudu-
gowripalan.blogspot.com).

The above mentioned chemical reactions provide no information regarding the
governing environmental conditions and the reaction speed. The thermodynamics and
the kinetics of these chemical reactions allow us to develop two important equations
forecasting if a reaction will occur and if so at what rate. These formulas are referred to
as the Nernst Equation® and the Butler-Volmer equation®. Both equations are given
further in this chapter.

® Nernst Equation: An equation that expresses the exact electromotive force of an
electrochemical cell in terms of the activities of products and reactants of the cell (Nace,
2002).

* Butler-Volmer equation: central equation in electrochemistry. It gives the current
density as a non-linear function of the overpotential (Ruby, 2003).
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2.3 Thermodynamic principles

2.3.1 Reduction potential [E] and standard reduction potential at
298K [E%9s]

The potential difference between the anode and cathode of a galvanic cell can be

measured by a voltage measuring device. The absolute potential of the anode and

cathode cannot be measured.

Therefore, all reduction potentials are defined in relation to a reference electrode, the
standard hydrogen electrode (SHE) (Table 10). The SHE itself has been assigned an
arbitrary half- cell potential of 0.0 mV. For laboratory use however, the SHE is too fragile
to be practical. Other reference electrodes such as Ag/AgCl or saturated calomel
electrode (SCE) are commonly used. Moreover, reduction potentials are being measured
under standard conditions.

Table 10: standard reduction potentials 298K, volts vs. hydrogen electrode (Schweitzer,
2010).

Redox reaction Oxidation Reduction Potential

Au = AU + 3¢’ +1.498 /
0, +4H" + 4" = 2H,0 +1.229

Pt = Pt* + 2e +1.2

Pd = Pd® + 2e +0.987 Oxidising agents
Ag=Ag +e +0.799

2Hg = Hg,™" + 2e +0.788

Fe'' +e = Fe™' +0.771

0, + 2H,0 + 4e” = 40H +0.401

Cu=Cu® +2e +0.337 !
Sn™ + 2e = 50" +0.15

2H +2e = H, 0.0000

Pb=Pb™ + 2e -0.126 A
Sn=5n" +2e -0.136

Ni = NiZ* + 2e’ -0.250

Co= Co™ +2e -0.277 Reducing agents
Cd = cd™ + 2¢ -0.403

Fe = Fe’' + 2¢e -0.440

Cr=0r +3e -0.744

In=7n" +2e -0.763

Al=5n™ + 3¢ -1.662

Mg = Mg®" + 2e’ -2.363

Na=Na +e -2.714

KeK+e 2,925 .4
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2.3.2 The Nernst equation

The relation between energy and its electrical manifestation can be expressed as
follows: 1 Joule equals the energy necessary to move an electrical charge of 1 Coulomb
against a potential difference of 1 Volt (Edminister, 1995).

Q = qAV Eq. 22
= electrical energy (1), g= electrical charge (C), 4V'= potential difference (V = JC‘1)
q=nF Eqg.23

n=number of electrons transferred in the corrosion reaction, /= Faraday constant defined as the electrical
charge carried by 1 mol of electrons = 96,485 Cmol ™.

In chemistry AV is replaced by E, the measured potential in Volt and Q is replaced by AG,
the Gibbs energy” {Roberge, 2008).

AG = —nFE Eq. 24

The minus sign is necessary because a negative value of AG and a positive value of E
both indicate a spontaneous reaction.

If products and reactants are in their standard state the equation can be re-written as

follows.
AGY = —nFE? Eq. 25
—nFE = —nFE® + RTInQ Eq. 26
RT
E= E“—Ean Eq. 27

This equation is known as the Nernst equation and is one of the most fundamental
equations in corrosion science and engineering, as it gives the useful relation between
energy and the potential of a cell to the concentrations of participating ions and other
chemical species (Roberge, 2008). Under standard conditions it can be written as:

Concentration of products

Ezog = EJ5g — [0.059/n]Log Eq.28

Concentration of reactants

with Ef4gthe standard electron potential for a certain concentration (10° mol I'* in
Figure 7). This potential can differ from the standard electron potential (ESyg) given in
Table 10, which is based on the activity coefficient. This activity coefficient is a very
complex function dependent on multiple variables. For this reason, the concentrations
are used as an approximation of the activity coefficient (Roberge, 2008).

® Gibbs free energy can be associated with potential energy, the possibility to do work.
AG = AH — TAS (Gibbs free energy = enthalpy — entropy)
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2.4 Relation Pourbaix diagrams - Nernst equation

E-pH (Electrode potential - pH diagram) or Pourbaix diagrams summarize many
thermodynamic data and the behavior of a metal or similar material for specific
environmental conditions. The diagrams represent the potential (E) as the ordinate and
pH as the abscissa {Roberge, 2000) and give a graphical presentation of the
thermodynamic equilibrium states of a metal-electrolyte system. The lines delimiting the
different zones are calculated by means of the Nernst equation.

The complete diagram for iron is quite complex, since many equilibriums are involved.
For this work, a simplified diagram (Figure 7) is used, where an assumed concentration
of [Fe?*], [Fe**] and [HFe0?] of 10° mol I'" is present.
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02 + 4H+ + 4e- = 2Hz0

02 + 2H20 + 4e- = 40H-

! : Hydrogen line
IMMUNITY | Fe ; 2H+ + 2e- = H:

2Hz0+2e = Hz + 20H-
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Figure 7: simplified Pourbaix diagram for iron with assumed concentration of [Fe?+], [Fe3+]
and [HFe0?] of 10- mol 1 (adapted from Bogaerts, 2008, Smet, 2008).

34



Following equilibriums are shown on the diagram:

Horizontal lines represent pure electron transfer reactions dependent solely on
potential, but independent of pH:

() Fe= Fe?* + 2e” with Ez03=-0.617V
()  Fe®* = Fe'* +e” with E;93=0.77 V
(V) Fe(OH)3 + 1e” = HFeO; + H,0 with Ezeg = -0.458V

When the pH is high enough, hydroxides can be formed, which reduce the concentration
of Fe* and Fe’ ions. These reactions involve no electron transfer and are solely
dependent on the pH. They are given by the vertical lines:

()  Fe?* + 2H,0 = Fe(OH), + H* with pH = 9.62
(Iv)  Fe®* + 3H,0 = Fe(OH); + 3H* with pH = 3.59
(X)  HFeO7 + H* = Fe(OH), with pH=12.31

The sloping lines represent equilibria involving both changes in pH as in electron
transfer. These reactions are:

(V) FeZ* + 3H,0 = Fe(OH); + 3H* + e~ WithEzqg = +1.407 — 0.177 pH
(VI) Fe(OH); + H* + le” = Fe(OH), + H,0  with Eygs = +0.270 — 0.059 pH
(VII[) Fe(OH), + H* + 2e =Fe + H,0 with Eyog = —0.049 — 0.059 pH
(IX) HFeO; + 3H* + 2¢” =Fe+ 2H,0 with Ezeg = +0.315 — 0.087 pH

On top of these lines of equilibrium the stability diagram for water is plotted (purple
lines).

The Pourbaix diagram indicates regions of "Immunity"”, "Corrosion” and "Passivity”.
Immunity means that under certain conditions of potential and pH, iron remains in
metallic form. In the corrosion zone, iron will rust and Fe®* or Fe** or FeOOH will be
formed. In the passivation zone, protective layers of Fe(OH); or Fe{OH), form on iron
and further corrosion of iron does not take place (Schweitzer, 2010).

These diagrams are a useful way to visualize thermodynamic principles and to determine
the probability of a corrosion reaction to occur under certain conditions of pressure,
temperature and chemical environment. The information in the diagrams can be
beneficially used to influence corrosion of pure metals in an agueous environment. By
altering the pH and potential to the regions of immunity and passivation, corrosion can
be controlled.

35



However, there are several limitations of these diagrams. Firstly, the diagram does not
give information concerning the reaction rate. Another point is that the diagrams deal
with pure metals which are not of much interest to the engineers. For example,
influences of alloying elements such as sulfur are not considered. A last assumption that
is made is that insoluble products are supposed to be protective. This is not true, as
porosity, thickness, and adherence to substrate are important factors, which control the
protective ability of insoluble corrosion products. Although the above disadvantages
appear to be substantial, the advantages offered by the Pourbaix diagrams far outweigh
their limitations (Ahmad, 2006).

2.5 Corrosion kinetics

It can be very misleading to consult only the thermodynamic data concerning a
corrosion reaction. When a system has a small thermodynamic potential it does not
necessarily mean that the corrosion reaction will be slow. In practice the kinetic factors
may render the reaction particularly easy (Bogaerts, 2008). When it comes to corrosion,
it is particularly interesting to be able to calculate the amount of mass that will be
liberated at the anode in function of the time. Naval architects take this loss in account
when they determine the thickness of the ship construction elements. A corrosion
allowance is provided on top of the minimum required structural dimensions in respect
of the strength of the ship. The main question of corrosion kinetics is the determination
of the corrosion rate.

2.5.1 Overpotential or polarization
At the equilibrium potential, both forward and reverse reactions are equal

MY +qne =M
-4

Eq. 29
lic]= |ia] oric + i, = 0 and by convention, i, >0, ic <0

In the absence of a chemical equilibrium, a net current will flow and the potential will be
different from the equilibrium potential E.q. This difference is called overpotential 1.

N=E—Eg Eq. 30

The overpotential represents the extra energy needed (an energy loss that appears as
heat) to force the electrode reaction to proceed at a required rate {or its equivalent
current density). The polarization is said to be anodic when the operating potential is
more positive than its equilibrium potential (n>0) or cathodic when the operating
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potential is more negative than its equilibrium potential (n < 0) (Roberge, 2008). The
overpotential increases with increasing current density.

1N = iR + Ncope + Maat Eq. 31

iR is the ohmic drop. It considers the electrolytic resistivity of an environment when the
anodic and cathodic elements of a corrosion reaction are separated by this environment
while still electrically coupled by a metallic path.

Neonc 15 the concentration overpotential, which describes the mass transport limitations
associated with electrochemical processes. nconc is predominant at larger polarization
currents or voltages.

Nax is the activation overpotential. This is a complex function describing the charge
transfer kinetics of an electrochemical reaction. nact is always present and mostly
dominant at small polarization currents or voltages.

2.5.2 Ohmic drop: iR

When current is flowing in an electrochemical cell, there is a potential drop between the
reference electrode and the working electrode. This voltage drop is caused by the ochmic
resistance of the cell. This ohmic resistance is an intrinsic property of an electrochemical
cell and depends on the electrolyte conductivity, the distance between the two
electrodes and the magnitude of the current. In the literature, ohmic drop and ohmic
resistance are sometimes used interchangeably, which may cause confusion.

The ohmic drop is an important factor when studying corrosion phenomena for which
there is a clear separation of the anodic and cathodic corrosion sites, e.g. gaps and
cracks {crevice corrosion). The ohmic drop is also an important variable in the
application of protective methods such as anodic and cathodic protection that force a
potential shift of the protected structure by passing a current in the environment (Britz,
1978).

2.5.3 Concentration polarization

2.5.3.1 General

Concentration polarization is the polarization component that is caused by
concentration changes in the environment adjacent to the surface of the electrode.
When a chemical species participating in a corrosion process is in short supply, the mass
transport of that species to the corroding surface can become rate controlling {(Roberge,
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2000). Concentration polarization is associated with the concentration of ions in solution
which shields the metal, thereby causing a decrease in the electrical potential of the cell.

2.5.3.2 Polarity of water

Water consists out of two hydrogen atoms and one oxygen atom. Although it is a neutral
molecule, electrons will be positioned closer to the oxygen than to the hydrogen atom
because oxygen has a larger electronegativity. A dipole moment is formed. The water
molecule has a negative charged side (oxygen) and a positive charged side (hydrogen).

The dipole moment of water is responsible for its behavior in the presence of external
electric fields. If a metal electrode is plunged into a suitable electrolyte the metal atoms
ionize and go into solution leaving a negative charge on the metal surface caused by the
surplus of electrons. This negative charge will attract the positive hydrogen side of the
polar water molecule. This ionic structure (layer) will slow down and eventually stop the
electron consumption by other ions from the bulk solution. Metal dissolution (corrosion)
proceeds until the ionic structure is dense enough to protect and prevent the metal
from reacting any further until equilibrium is reached. The ionic structure is known as
the electrical double-layer or Helmholtz layer (Figure 8) (Groysman, 2010)
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Figure 8: electric double layer formed at the metal surface in water, - = electrons, + =
metallic cations, E, = absolute electric potential (Groysman, 2010).

2.5.3.3 Concentration polarization at the cathode

If an electrolyte is open to the air, gaseous O, molecules will first dissolve in the
electrolyte and then diffuse throughout the liquid to become uniformly distributed
therein. If an electrode is plunged into the electrolyte the O; molecules which diffuse to
the electrode surface can undergo reduction by the half-cell reaction 0, + 2H,0 +
4e~ — 40H™ (McCafferty, 2010).
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When studying corrosion in an aquatic oxygen containing environment, concentration
polarization is a controlling factor when the cathodic processes depend on the reduction
of dissolved oxygen since it is usually in low concentration (ppm) (Roberge, 2007). The
molecules of O, near the surface of the electrode are converted to OH ions.

The relation concentration C and distance x from the electrode is very complex but can
be simplified considerably using a linear approximation near the metal surface of the
electrode (Figure 9).

Diffusion Convection
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Figure 9: diffusion of Oz near the electrode surface (Roberge, 2010). Metal surface at ordinate
axis, x-axis expresses the distance (x) from the surface, y-axis gives concentration of chemical
species being reacted. for well mixed solutions, the concentration is constant for the
convection region.

Mass transport to a surface is governed by three forces: diffusion, migration and
convection. In the absence of an electrical field, the migration is negligible as there are
no charged ionic species. In stagnant conditions, the convection force disappears.

The relative importance of the diffuse layer increases with decreasing concentration. In
very dilute solutions it may extend over a distance of several nanometers, whereas the
compact layer never exceeds two to three tenths of a nanometer (Marcus, 2002).

2.5.4 Activation polarization
The corrosion rate is determined by the speed at which electrons are transferred
between the anode and the cathode here given as a sum of current densities.

i=i, +ig Eq.32
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At the anode electrons are liberated while at the cathode these electrons are consumed.
Either the anodic charge transfer or the cathodic charge can control the corrosion rate.
By means of a potentiostat, it is possible to study the relation between the changes in
potential and the current invoked.

The speed of electrochemical reactions follows the equation of Arrhenius®. When a
metal electrode is set at its equilibrium potential, the reaction is in balance.

—AG

i, =iy = nFkeRrr Eq.33

The total current i of this reaction i, + icresults in the following equation:
u u)n:
f=i (e[( U "]) Eq. 34

Thus, the translation of Arrhenius for electrochemical reactions is the Butler-Volmer
equation, which expresses the relation between overpotential 1 to the net current i and
gives both the anodic (forward) and cathodic (backward) reaction.

When the overpotential sufficient high, the reaction is essentially all in one direction and
one of the terms in the Butler-Volmer equation is negligible and can be dropped. For a
complete anodic equation:

i, 10e( ) Eq. 35
Ini, = Inig + 71, Eq. 36
Logi, = logiy + zsnTn Eg. 37
= plog* with (B =220 Eq.38
Similar, the cathodic equation can be found:
=Blog  with (g =-=0) Eq. 39

A plot of the Butler-Volmer equation for the metal dissolution/deposition reaction gives
the polarization curves (Figure 10).

® Arrhenius equation: k= Ae ™%

with k = rate constant, A = frequency factor specific for each reaction and depending on
the probability that the molecules collide in a correct way, E, the activation energy, R =
gas constant and T = temperature in K.
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Figure 10: polarization curves, A: overpotential - current density; B: overpotential,
logarithmic absolute value current = Tafel diagram (adapted from Smet, 2008).
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2.5.5 Linear polarization measurement (LPR)

When the overpotential is very small (|n|<0.01V), the Butler-Volmer equation can be
simplified and the relation becomes linear. The linear polarization resistance Ry, given by
the slope of the linear part of the curve “potential, external current”, is obtained (Figure
11). Around the working electrode corrosion potential (E..), at a specific moment, a
small zone is considered. The LPR measurement starts at a tension of 0.02V below the
working electrode potential. Step by step, every second 0.01V is added, the
corresponding current is measured and plotted against the potential (Figure 12).

potential

total external current

/ begin of measurement

Figure 11: LPR measurement. X axis: external current (i), y-axis: potential ().

Figure 12: LPR plot. x-axis: current in pA, y-axis potential in mV.
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2.5.6 Graphical presentation of kinetic data - E/(log)i diagrams or
Evans Diagrams

The anodic- and cathodic reactions in a system cannot be measured and studied
individually. If an E/i curve is plotted on the basis of a net current density i as measured
with an external ammeter as a function of a varying potential E, then both reactions,
reduction as well as oxidation, will be included in the measurement without
discrimination, to provide an apparent curve. This curve will cross the vertical at Eqo, at
which the net apparent current is zero. Such a curve is often called an apparent
polarization curve and sometimes an electrolysis curve {Figure 13) (Bogaerts, 2008).

Potential Beo o

Small (:0),_.._

Current Anodic —

Figure 13: apparent polarization curves (adapted from corrosion center Ohio, 2012).la=1i. =
icorr at the corrosion potential Ecorr -

Ecorris @ mixed potential which lies between (Ec)c and (Ee)a.

The metal dissolution is driven by the anodic activation overpotential n, = Ecorr - (Ee)a -
The cathodic reaction is driven by the cathodic activation overpotential ne = Ecorr - (Ee)e
The thermodynamic driving force AE = (Ee)c - {Ee)a-

In practice, a polarization curve becomes linear on a semi- logarithmic plot at
approximately 50 mV around the corrosion potential. This region of linearity is called the
Tafel region.
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2.5.7 Tafel Curve
The Tafel curve represents the total external current (i) (on a logarithmic scale) in

function of the potential (E) as log i/F plots with the negative cathodic current plotted

positively, i.e. both the anodic and cathodic current appear in the positive quadrant
(Figure 14).

p cathodic

ff anodic

Figure 14: Tafel curve. x-axis: current (pA), Y-axis: potential (mV). Orange lines represent
tangents to the curves, red lines are the measured values. Ecrr is given at the intersection of
the tangents.

At the intersection of the tangents I, = .= lcorr. The corrosion rate is proportional to leorr.
The electrons furnished by the corroding iron are consumed by reduction of oxygen and

hydrogen ions. At the moment of equilibrium the measured potential of the cell versus a
reference electrode equals Eor-

The tangents give the slope of the curve and are defined as the 8 values.
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With the elements from the LPR and Tafel measurement, the corrosion current ic can
be determined, according the Stern-Geary equation (Roberge, 2008):

i =1 Babc
COrT " 23 Rp Be+PBa

Eq. 40

where i, is the corrosion current (A), R, the polarization resistance (Q), and B, and B. de slopes of the
curves.

2.5.8 Determination of mass loss and corrosion rate

The net current creates or consumes a mass m. The faraday equation states that 96,487
Coulombs (1 Faraday) of charge transfer will oxidize or reduce one gram equivalent
weight of material involved in the electrochemical reaction (Roberge, 2008).

Am i

el Eg. 41
M

ei= ﬁ Eq 42

Am = change in mass (g), 4t = time interval {s), e = electrochemical equivalent, = number of electrons
involved, /= Constant of Faraday {Cmol™), M= Molar mass (gmol'i), | current {A)

50, the mass of the corroded metal is given by (Groysman, 2010):

m = e Eq. 43

m = mass loss (g), t= time(s), i corrosion current (A), 7= number of electrons involved, F= Constant of
Faraday (Cmol™), M= Molar mass (gmol™),t = period of current flow (s).

and the corrosion rate, expressed in mmy " can be calculated from the corrosion current
(Groysman, 2010):

igorrM

CR= nFd

Eq. 44

i corrosion current {A), 7= number of electrons involved, f= Constant of Faraday (Cmol™), M= Molar
mass (gmol'll and d the density of the material (gcm“g).
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3 Structure of metals

3.1 Crystal structure
Steel in solid condition is composed out of atoms, ordered according a repeating pattern
in space, called a crystal structure or lattice. The atoms of diamond, ice and graphite also

farm crystals, unlike glass and most plastics, which have an amorphous structure (Figure
15) (Atkins, 1992).

Figure 15: crystal structure and amorphous structure (Atkins, 1992).

In the crystal, iron atoms can easily be replaced by other metal ions and the free space
between the iron atoms in the crystal structure can be taken by smaller atoms like
carbon or nitrogen {Hermans, 2007).

Similar metal atoms are held together by very strong metallic bonds. This means that in
the outer shell of the atoms, also referred to as the valence shell, electrons separate
from their atoms. They are present in what is called the Fermi Sea (McCafferty, 2010)
around the positive charged ions, which arrange themselves in a very ordered pattern.
The atoms are held together because they are all attracted by the negative electron
cloud.

The electrons in the cloud can move freely and can carry heat or an electric current
through the solid. That is why metal is a good conductor for heat and currents (Lewis,
1997, Neely, 2003).

In nature, seven main lattice structures exist: cubic (simple cubic {SC), body-centered
cubic (BCC) and face-centered cubic (FCC)), hexagonal close-packed (HCP), tetragonal
(simple tetragonal and body-centered tetragonal), orthorhombic (simple orthorhombic,
face-centered  orthorhombic, body-centered  orthorhombic, base  centered
orthorhombic), rhombohedral, monoclinic (simple monoclinic and base centered
monoclinic) and triclinic. BCC, FCC and HCP are the most common types found in metals.
Monoclinic and BCT lattices are encountered in iron oxy-hydroxides and form an
important key in rust formation. These lattices are therefore further explained below
(Atkins, 1992, Neely, 2003, P. Arnaud, 2007, Massa, 2004).
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3.1.1 Body centered cubic (BCC)

The BCC structure {Figure 16) consists of Fe-atoms at each corner of the cube and one in
the very center. For each cell, the corner atoms count for 1/8, the center atom is taken
completely. This gives a total of two atoms Fe per cell in the lattice. Iron with a
temperature lower than 908°C (a- and (-iron or ferrite) or between 1,401°C and
1,538°C (& iron) has this structure, just like chromium, molybdenum, barium and
vanadium.

This is a non-closed packed structure
with little space to allow a solution of
carbon (max 0.02% at 723°C for « iron
and 0.09% at 1,493°C for & iron). it has a
lower ductility but a higher strength
compared to FCC (Smet, 2008).

o B e o

Figure 16: BCC structure (Smallman,
2011).

3.1.2 Face centered cubic (FCC)

The FCC crystal (Figure 17) consists of a Fe-atom at each corner of the cube and an atom
in the center of each cube face. For each cell in the structure, the corner atoms count for
1/8, the face atoms count for %. This gives a total of four atoms per cell. FCC is the
metallic structure of iron between 908°C and 1401°C (y-iron or austenite). The austenite
phase is the most malleable.

It has a closed packed structure which
allows higher concentration of carbon to
be in solution (up to 2.0% at 1144°C).

Aluminum, calcium, copper, lead and
nickel also have a FCC structure {Smet,
2008).

t+—a—r

Figure 17: FCC structure (Smallman,
2011).
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3.1.3 Hexagonal close-packed (HCP)

The HCP crystal (Figure 18) consists of a prism with a hexagonal base. Each cell is
composed out of six atoms (12 corner points, each atom counting for 1/6, top and
bottom counting for % and three center atoms counting completely). This structure can
be seen with metals such as beryllium, zinc, cobalt, titanium, magnesium and cadmium.

Also the iron oxy hydroxide feroxyhyte
(6-FeOOH) is composed this way. Due to
the structure, the rows do not easily
slide over one another, which results in
a lower plasticity and ductility than the
BCC structure.

Figure 18: HCP structure (Smallman,
2011).

3.1.4 Body-centered tetragonal (BCT) and orthorhombic

The BCT and orthorhombic structure (Figure 19) are very similar to the BCC structure.
When the cubic lattice is stretched in two directions, this results in a rectangular prism
with different lengths for the base sides and the height (BCT structure) or for the three
dimensions {orthorhombic). All the sides intersect at right angles.

BCT structure is formed when y- iron is

cooled rapidly. The carbon atoms in the

c interstices interfere with the complete
transition from FCC to BCC. The BCC
a b structure does not have enough space
o / 2 to contain all the carbon atoms. BCT is
an elongated BCC structure and is very
Figure 19: BCT structure, Orthorhombic hard. The iron oxides goethite (a-
structure (Smallman, 2011) FeOOH) and lepidocrocite (y-FeOOH)
have this structure.
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3.1.5 Monoclinic

Monoclinic cells (Figure 20) have three axes of different length. Two axes form an
oblique angle, the third is perpendicular to these two (Bangert, 2012) resulting in a
tunnel-like structure (Kozin, 2012).

The iron oxy-hydroxide akaganeite (B
FeOOH), an intermediate form between
y- and a-FeQOH is constituted this way.

a

Figure 20: monoclinic structure
(Smallman, 2011).

3.1.6 Overview
Table 11 gives an overview of the axes and angles of the different crystal structures
described above.

Table 11: systems of crystal symmetry (Smallman, 2011).

System Axes Angles
Cubic a;=a;=as All angles = 90°
Hexagonal a;=a;=a3#c All angles = 90° and 120°
Tetragonal a;=ay#¢C All angles = 90°
Othorhombic azb#c All angles = 90°
Monaoclinic azbz#c Two angles = 90°

1 angle # 90°
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3.2 The Fe-C diagram (iron-carbon) and time temperature
transformation (TTT) curve

3.2.1 Introduction

The study of the microstructures of steel is inextricably connected with the binary Fe-C
phase diagram. In practice, the diagram Fe-C is most of the time simplified by using Fe;C
instead’ of C, as in practice carbide is more relevant for the behavior of most steels. The
Fe;C diagram is presenting a metastable condition because the formation of FesC is only
possible up to 6.67% of carbon. When carbon is present at a higher concentration, it is
found in its elementary, stable form. The diagram is binary because only two elements
are involved, in this case Fe and C.

The Fe-C diagram and the TTT curves both describe the occurrence of the different
microstructures in a stable system. The TTT diagram takes the time for the transition
from one microstructure to another into account, while the Fe-C diagram shows the
phase transformation with temperature and carbon content. The solubility of carbon
depends on the dimensions of the interstices of the crystal lattice of iron. The number of
suitably sized interstices for carbon solution is less in the BCC- than in the FCC lattice.
This is because the atomic bonds between the Fe atoms are not flexible enough to
accommodate the interstitial atom.

3.2.2 The Fe-C diagram

A phase diagram represents the limits (boundaries and critical points) of stability of the
various phases in a chemical system at equilibrium under given conditions. A system is at
equilibrium if its free energy is at a minimum under a specified combination of
temperature, pressure, and composition. A change in temperature, pressure, and/or
composition will result in an increase of free energy and in a possible spontaneous
change to another state whereby the free energy is lower.

The lines of equilibrium or phase boundaries, mark conditions under which multiple
phases can coexist at equilibrium. Phase transitions occur along lines of equilibrium.

A Fe-C diagram can be roughly divided into 3 parts (Figure 21). The upper part where the
Fe-C alloy is 100% liquid, the lower part where the alloy is solid and a central part
consisting of a mixture of the solid and liquid physical state.

7 FesC is iron carbide or cementite: Chemical compound with 6.67% carbon and 93.33%
iron (mass percentages) (R.J. Lewis, 1997).
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Figure 21: simplified presentation Fe-C diagram.

1,147°C and 723°C are two important temperatures in the Fe-C phase diagram. 1,147°C
is the temperature at which austenite has maximum carbon solubility (2.06%). 723°C is
the temperature at which ferrite has maximum carbon solubility (0.22%).

During phase transformation, a number of reactions occur, such as crystallization of the
liquid phase, segregation of impurities and alloying elements and liberation of the gases
dissolved in the melt (Kopeliovich, 2009).

When low carbon steel or mild steel is cooled down below 908°C, ferrite and cementite
crystals form in austenite solid solution. Those crystals experience with nucleation and
growth stages when temperature is further reduced slowly (equilibrium state at each
temperature). The resulted microstructure at room temperature consists of ferrite and
cementite crystal grains and their boundaries between them. (Figure 22, Figure 23).

a) Nucleation of crystals
b) Crystal growth
c) Crystals grow together

d) Grain boundaries as seen under a

microscope.

Figure 22: nucleation (NDT- resource
center, 2011).
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Grain boundary
zone of misfit

Microstructure Atomic arrangement

Figure 23: diagram of grain boundaries in a metal (ASM International, 2000).

A grain can be seen as a crystal without smooth faces because its growth was disturbed
by contact with another grain or a boundary surface. The interface formed between
grains is called a grain boundary. The atoms at the grain boundaries have no crystalline
structure and are said to be disordered (NDTResource center — 2011).
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Figure 24: Fe-C diagram (adapted from Neely, 2003).

Figure 24 shows the Fe-C diagram. The vertical axis indicates the temperature in °C on
the right hand side and in °F on the left hand side. The horizontal axis represents the
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carbon concentration in iron in weight % from 0% carbon to 6.67% carbon. Specific
carbon concentrations result in different steel types (Table 12).

Table 12: carbon concentration in different carbon steels (NSW Tafe Commission, 2008).

Carbon Steel Carbon % (w/w) Application and properties
Low carbon  steel <0.1% | Soft, ductile. Easy to shape.
Wrought Iron
Mild steel 0.1-0.25% | Low tensile strength, but it is cheap and

malleable; surface hardness can be increased
through carburizing.

Medium carbon steel 0.25-0.45% | Balances ductility and strength and has good
wear resistance; used for large parts, forging

and automotive components

High carbon steel 0.45—-1.0% | Very strong, used for springs and high-
strength wires.

Ultra-high carbon steel 1.0-2.0% | Very hard —used for knives and punches.
Usually anything over 1.2% would be made
with powder metallurgy and is considered
a high alloy carbon steels.

Castiron 2.0-6.67% | Lower melting point, easy casting, lower
toughness and strength than steel.

An important point on the diagram is the Eutectic point { ) situated at 4.3 wt% of
carbon and at a temperature of 1,147°C. At this point, a mixture of two phases of
austenite solid and liguid co-exists.

A second important point, the Eutectoid point, is represented by ( ) at a
temperature of 723°C and 0.83%wt C. It is the moment where austenite transforms
directly to a two-phase solid which is a mixture of ferrite and cementite. At the
Eutectoid composition, the mixture forms lamellar structure, called pearlite structure
which consists of 88%wt of ferrite and 12%wt of cementite.

Starting from the top left hand corner (Figure 24), going vertically down, following
phases are encountered: liguid solution of carbon in iron, &6-iron solid solution of carbon
in iron, y-iron {austenite) scolid solution of carbon in iron and a-iron (ferrite) solid
solution of carbon in iron.

There are four important lines on the Fe-C phase diagram (Figure 24): A3 is the lower-
temperature boundary of the austenite region at low carbon content (< 0.83 %wt C),
below which ferrite starts to form y-iron (austenite). It is boundary of y-iron {austenite)
and y-iron {austenite) + a-iron (ferrite).
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Acm is the lower-temperature boundary of the austenite region at high carbon content
(>0.83%wt C), below which cementite starts to form in y-iron {austenite). It is boundary
of y-iron (austenite) and y-iron (austenite) + cementite.

A1, 723°C, is the so-called eutectoid temperature, which is the minimum temperature
for austenite and below which ferrite and cementite start to form in y-iron (austenite).
A2, 770°C, is magnetic transformation temperature, above o-ferrite becomes
paramagnetic®.

When looking at the diagram from left to right, microstructures with increasing carbon
content are encountered. Alloys containing less than 2% carbon are called steel. Steel
must be malleable; this means that it should completely return into the austenite phase
when it is heated. Carbon content under 2%wt C is called steel, above 2%wt C it is called
cast iron. In practice, the maximum carbon concentration is set at about than 1.5%
(Smet, 2008). When cooling austenite with a carbon concentration of 0.01%, ferrite
grains are formed. The maximum solubility of carbon into the ferrite microstructure at
723°Cis limited to about 0.02%. Austenite with a higher carbon content forms ferrite up
to this concentration and the remaining transforms into pearlite. Up to the eutectoid
concentration of 0.83%, only ferrite and pearlite are encountered. As said before, at a
concentration of exactly 0.83% carbon, the steel is solely composed out of pearlite.
Above this concentration, the first cementite (also called carbon carbide) is introduced.
Alloys, containing from 2% to 4.3% of carbon are called cast iron. They experience
transformation at the eutectoid temperature and form a combination of austenite and
cementite. When cooling below 723°C, this results into ferrite, pearlite and cementite.
Content of carbon higher than 4.3% are not used in practice, as it is too hard and brittle.
Pure cementite at room temperature is represented by the bottom right hand corner,
having a carbon concentration of 6.67%.

Iron is an allotropic element, which means that it can exist in different structures. Its
preference for a specific structure is temperature dependent (Lewis, 1997; Neely, 2003;
Hermans, 2007). Pure iron has 4 allotropic structures, from @ to & iron (Figure 25). In
literature, the P structure of iron is often not mentioned, as both a- and B-iron have a
BCC structure. B-iron is ferromagnetic9 below the Curie temperature.

The horizontal lines in Figure 25 represent the phase changes during cooling, when
latent heat is released or absorbed. As can be seen on the curve, the transformation
from B- to a-iron is not an isothermal process as at the Curie temperature; there is a
sudden change in specific heat of Fe, explaining the drop.

® paramagnetic material is only attracted when in the presence of an externally applied
magnetic field.

® Ferromagnetic material can be strongly magnetized in the direction of the magnetizing
field when placed in magnetic field.
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Figure 25: time temperature (°C) curve pure iron.

The mixture of two or more metals is called an alloy. The metal which has the largest
concentration is called the solvent; the other is called the solute. In solids, the rate of
movement of the atoms is rather limited. The rate of diffusion is temperature
dependent.

Two major types of solid metal solutions exist: the substitutional and the interstitial
solution. A substitutional solution is a combination of atoms with more or less the same
size. The alloying element replaces some atoms in the lattice structure (Figure 26 A),
while in interstitial solutions, the atom sizes differ greatly and the small atoms position
themselves in the space between the base atoms (Figure 26 B). Iron-carbon is an
example of such a solution where the small carbon atoms fill the space between the iron
atoms (Roberge, 2006, Neely, 2003).

There is also the possibility that there are empty spaces in the crystal structure. These
are called vacancies (Figure 26 C). Around the melting point, about 0.01 to 0.1% of the
places in the lattice are unoccupied. These vacancies change their position extremely
fast at higher temperatures (up to 10*? times a second). This explains how material
transport through a metal is possible (Hermans, 2007).
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Figure 26: lattice representation of an alloy. (A) Substitutional; (B) Interstitial; (C) Vacancies
(Hermans, 2007).

3.2.3 The TTT diagram

The Fe-FesC diagram only applies in a situation of thermodynamic balance, without the
influence of the transformation rate. The TTT (Time Temperature Transformation)
diagram (Figure 27), also called CT (Continuous Transformation) diagram describes the
microstructure changes versus the rate of temperature drop. The driving force for phase
transformations is the reduction of free energy (Pieters, 2007).

Steel at temperatures above A3 or Acm line is austenitic and stable. To keep this
stability, cooling takes infinite time (red dotted line). If the temperature drops below this
temperature the austenitic stability disappears. Crucial is the speed of this process. The
left red colored curve (M) indicates the start of a transformation and the right red
colored curve (My) represents the finish of a transformation. This is a logarithmic scale,
so a faster reaction time moves the curve to the left. At a certain temperature, the
carbon in the lattice can no longer move freely and will slow down the reaction speed,
pushing the curve back to the right. If the movement of the carbon stops, we obtain a
fixed temperature. The area between the two curves indicates the transformation of
austenite to different types of crystal structures. Once the transformation is completed,
the microstructure is fixed and will not change further during cooling.
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Figure 27: TTT diagram, logarithmic scale on X axis. M;: starting of transformation; Mg finish
of transformation, (adapted from S. Z. Elgun, 1999).

When cooling takes place at a very slow rate (green line), all the austenite can transform
into ferrite and pearlite. The cooling curve is rather horizontal.

The transformation into ferrite {Figure 28) is only possible for very low carbon
concentrations. There is no composition change, only a change in structure from FCC to
BCC.
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Figure 28: SEM image, magnification 500%, ferrite structure. clear grains, no cementite
present.
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Pearlite is a mixture of ferrite and cementite (Figure 29). The 3 dimensional shape of
pearlite can easily be compared with a cabbage (Figure 30) (Bhadeshia, 2008). If the
cabbage leaves are the ferrite, the cementite is the space between them. The chemical
composition of pearlite is identical of austenite. Therefore, complete transformation is
possible.

Austenite grain
boundary

T Ty

r*““"q ""' y#’ “3?’"’ gV g

‘%Mﬂ%*ﬁm o
‘g’f Lo 2 S8 St PPN e A
b M@vw N s o] e
-l‘ g T AL v ANe H“" . Austenite
:' ‘Hp' 'ﬁ.‘ J- “ - ty)
B n ol Sy g
n ..-.,m.—'p YL ]
ﬁus-w 3 w' b- M Cementite
(FesC)
P S e A aid Y Ty
P ¢ BB R i
e ALY T
A

t&w‘rﬁqﬁﬂﬂdﬂﬂ‘bh!FVﬁﬂiFwwh!jhﬂ
|

Growth direction
of pearlite

,‘,
.

Carbon diffusion

. A “"‘"{"— (e
_-.Jt_....__.fu... p oI RS R0 O e P S = i . .
Figure 30: cross section of pearlite

(University of Tennessee, 2012).
Figure 29: SEM image, magnification 500x,
pearlite: white zones ferrite and dark
zones cementite.

In case of a rapid cooling {yellow line), martensite is formed within the grain boundaries
(Figure 31). It is the hardest structure formed out of austenite. It has a BCT structure and
is very hard and brittle. The carbon in the austenite does not participate in the
transformation and therefore, to limit the strain within the martensite, it forms as thin
plates. During transformation, the unwanted impurities are absorbed by the original
austenite boundaries and can make this structure susceptible for impurity

embrittlement.

Figure 31: SEM image, magnification unknown, of martensite. Thin plates are visible (Olson,
1992).
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Bainite (Figure 32), a combination of ferrite and cementite is formed when rapid cooling
is interrupted by immersing the metal into a salt bath'® at constant temperature (blue
line). This is followed by another cooling phase. It is not as hard as martensite, but is
more stable and has less internal stress, as the carbon particles participate in the
transformation and thus the plates grow to limited sizes. It is harder, stronger and
tougher than pearlite at lower temperatures.

Figure 32: SEM image, magnification unknown, of bainite. plates with limited size are visible,
resulting in strong and stable combination of ferrite and cementite, less internal stress than
martensite (Luzginova, 2012).

Slow cooling promotes the formation of large grains, fast cooling results in small grains
(Neely, 2003). Grain size has an important effect on physical properties.

At ambient temperature, it is generally considered that fine grained steels give a better
combination of strength and toughness, whereas coarse-grained steels have better
machinability (Roberge, 2008). The purple rectangles drawn on Figure 27 show both fast
and slow transformation zones.

Y The rate of cooling is relatively rapid during quenching in brine, somewhat less rapid in
water, and slow in oil.
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3.3 Alloy elements
Ordinary grade A ship construction steel is mainly composed out of iron with certain
alloy elements, as defined by class societies (Table 13).

Table 13: chemical requirements ordinary strength hull structural steel (ABS, 2012).

Grade A
Chemical Composition, % max. unless
specified otherwise

C 0.21"

Mn min 2.5xC
Si 0.50
P 0.035
S 0.035

See note 2

Cr See note 2

Mo See note 2

Cu See note 2
C+ Mn/6 0.40

1 A maximum carbon content of 0.23% is acceptable for Grade A sections.
2 The contents of nickel, chromium, molybdenum and copper are to be determined and reported. When the amount
does not exceed 0.02%, these elements may be reported as =0.02%.

The purpose of alloying a metal is to improve its properties compared to ordinary carbon
steel (Kopeliovich, 2011). Table 14 gives an overview of different influences of alloying

elements on steel properties.

Table 14: influence of the alloying elements on the properties of steel (ODS metals, 2007).
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Alloy elements have a large influence on the corrosion process (Penning, 2004). A
number of theories exist, but they are often unclear and contradicting each other
(Melchers, 2003). It must be noted that the influence of a specific alloy can be altered by
another alloy element {(ASM international, 1990). Certain is that Al, Si, Mo and Cr
passivate the substrate by forming a thin and strong oxide film on the steel surface,
protecting it from chemical attacks such as seawater (Weidmann, 1990).

Some of the alloy elements have an influence on the formation of the microstructure
(Kopeliovich, 2011). The change in chemical composition influences the size and shape
of the austenite area on the iron-carbon phase diagram. A four type classification can be
given: open, expanded, closed or contracted (Figure 33) (Maalekian, 2007).

Open field: Alloying elements such as Ni, Mn and Co widen the temperature range for
stable austenite. Austenitic stainless steel (called Hadfield steel), with 1%C, 13%Mn and
1.2%Cr is an example. Ni and Mn, when added in sufficient large concentrations, can
eliminate the BCC structure down to room temperature in favor of the FCC structure.

Closed field: This type of alloying elements creates the opposite effect as type 1, as the
formation of BCC is encouraged in favor of FCC. The normal cooling process through the
y-phase is skipped when adding alloy elements such as Al, Si, V, Mo and Cr. They also
decrease the solubility of carbon in the austenite, increasing the amount of carbides in
the steel.

Expanded field: This group is represented by C, N, Cu, Zn and Au. The y-phase field is
expanded compared to the basic Fe-Fe;C diagram, but its range of existence is cut short
by compound formation. The expansion of the y-phase by carbon and nitrogen, allows
the formation of a homogenous solid solution (austenite).

Contracted field: Mainly B, but also Ta, Zr and Nb have the effect of contracting the y-
phase on the diagram.
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Figure 33: classification alloy types: (a) open field; (b) closed field; (c) expanded field; (d)
contracted field (adapted from Maalekian, 2007).
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The influence of the above mentioned elements can be seen at the eutectoid
temperature of the Fe-C diagram. Ferrite formers (closed field formers) such as Cr and
Mo increase this temperature, limiting the formation of austenite. Austenite stabilizers
{open field formers) such as Ni, Mn and C act in the opposite way (Figure 34).
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Figure 34: effect of alloy addition on eutectoid temperature of 723°C at 0.83%wt carbon
concentration (Maalekian, 2007).

When analyzing the steel composition, the alloy elements can be found in different
forms:

® |nfree state

e As inter metallic compound with each other or with iron

e As non-metal inclusions (oxides, sulfides...)

e As interstitial compounds such as carbides and nitrides

e As solid solution
The formation of carbides is crucial. If no carbides can be formed the alloying elements
reside in the steel as solid solutions. Cu and N are special since they are soluble in iron to
a certain extend. In case of high Cu and N concentrations they reappear as metal
inclusions (Cu) or nitrides (N). Elements which have a greater affinity with oxygen than
with iron form non-metallic inclusions. These are discussed under the next heading.

Alloying elements creating stable carbides in steel appear as chemical compounds with
carbon and iron or are retrieved in the solid solution. All this depends on the carbon-

11 A carbide is a chemical composition of carbon with an less electronegative element,
such as iron (FesC) or silicon (SiC) or calcium {CaCy) (Oxforddictionaries.com, 2012)
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alloy ratio. With low carbon content and high alloy content, carbide is formed and the
excess of the alloying elements are found in solid solution. On the other hand, if the
amount of carbon is large enough, all of these elements will be transformed into
carbides.

Silicon, nickel, cobalt and aluminum decrease the stability of the carbides, helping them
to break down in free graphite reducing the strength of the steel.

The majority of elements, such as Ni, Si, Cu and Al, that dissolve only in ferrite and
cementite without the formation of special carbides slow down the transformation
processes. Cobalt is an exception and speeds up the transformation (Figure 35). Cr, W, V
and Mo are alloying elements that dissolve mainly into basic phases {ferrite, austenite,
cementite) of iron-carbon alloys or form carbides, increasing steel toughness and
strength. This last group affects the TTT curves, but not in a uniform way.

® At 700-500 °C (pearlite formation), they slow the transformation
e At 500-400 °C, they dramatically slow the transformation
® At 400-300 °C (bainite formation), they speed up the transformation (Figure 35)

4 Ajd
PN T e T - e /—" el
— -
~

o ( ‘ Steel
3 z;i:n':}am‘.-;” transfoxmation
]
P k-
e | cam
@ arbon oy
" Sleel e ~ Steel speeds up transforma e

S S M
(a) Time (b) Time i

Figure 35: diagrams of isothermal transformation. (a) Carbon steel and steel alloyed with
non-carbide-forming elements; (b) carbon steel and steel alloyed with carbide-forming
elements (ASM, 1991).

At the bottom part of the TTT curves, where martensite is formed, most alloying
elements (except Co and Al) lower the temperature at which this transformation start.
Figure 36 shows this effect for C. Adding more than 0.7% C lowers the martensite finish
temperature below ambient temperature. As a result, higher C steels cooled at a very
rapid rate will contain larger amounts of austenite.
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Figure 36: influence of carbon content on the martensite transformation. M;: start of
transformation; Mg finish of transformation (Abbaschian, 2009).

3.4 Inclusions

The word inclusions refers to “non-metallic” inclusions. Inclusions can be defined as
foreign material in a metallic matrix. The particles are usually compounds (such as
oxides, sulfides) but can be of any substance that is foreign to and essentially insoluble
in the matrix (ASM, 2000). They are also classified as undesired elements in the steel.
Elements such as Al, Si, C and Ti added during steel melting deoxidize the steel by taking
oxygen from the iron, transforming it into oxides such as Al;03. As these deoxidizers are
only added at the end of the melting process, most of them do not have the time to pass
to slag*? and remain as inclusions in the solid metal.

The amount of impurities in the metal defines its cleanliness. The term steel cleanliness
is a relative one, since even steel with only 1 ppm of oxygen and sulfide still contains 10°
to 10 non-metallic inclusions per ton (Herring, 2009).

Despite of small content of non-metallic inclusions in steel (0.01-0.02%) they have a
significant influence on mechanical properties such as tensile strength, ductility, fatigue
strength, weldability, machinability and corrosion resistance.

2 slag is a byproduct of the metal melting process. It represents undesired impurities
that float to the top during the melting process. Above this, slag forms after oxidation of
the metal as a protective crust of oxides on the top of the metal being melted protecting
the liguid metal underneath.
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Chemically, five main types can be distinguished:
e Sulfides such as FeS, MnS, Al;Ss, CaS, MgS, Zr;S; FeS-FeO and MnS-MnO
e QOxides such as FeO, MnO, Cr,0s, SiO;, Al,Os, TiO;, FeO-Fe;0s;, FeO-Al,03,
FeO-Cr;05, Mg0-Al,0; and 2Fe0-Si0;
e Silicates such as SiO;
Nitrides such as ZrN, TiN, AIN and CeN
e Phosphides such as FesP and Fe,P (Herring, 2009).

Another possible subdivision for these inclusions is to divide them as per origin:
indigenous and exogenous. Indigenous or endemic inclusions result from chemical
reactions in the molten or solidifying steel. Exogenous inclusions have a foreign origin
such as slag or refractories. The last ones are usually larger than the first and therefore
another subdivision is possible: macro-inclusions and micro-inclusions (Juvonen, 2004),

Nonmetallic inclusions have detrimental effects on ductility parameters such as
elongation. Larger inclusions disrupt the homogeneity of the metal structure, so their
influence can be considerable. They result in negative properties such as higher fatigue
and can initiate ductile fractures. Small inclusions can be both detrimental and beneficial
for the metal, for example improve the machinability of steel (Kiessling, 1978).

ASTM developed two standards for the determination and classification of inclusions.
These are ASTM E45-11: Standard Test Method for Determining the Inclusion Content of
Steel, and ASTM E2142-08: Standard Test Methods for rating and classifying Inclusions in
Steel Using the Scanning Electron Microscope (ASTM International, 2011). In addition
ISO published a norm for the determination of these inclusions: 1S04967, Steel
Determination of Content of Nonmetallic Inclusions--Micrographic Methods Using
Standard Diagrams. It gives a methodology to distinguish in a uniform way the quantity
of inclusions in a steel sample and consequently assess the suitability of that type of

steel for a given use.

1SO 4967 defines five different groups representing the most common inclusion types.
Other, nontraditional inclusions can be compared with the five mentioned above. Every
of the five groups is subdivided into two sub-groups to give an impression of the
thickness of the inclusion {fine of thick). ISO 4967 gives a series of pictures as a reference

for each group.

Identification is done by inclusion form, distribution and dimension. A specific inclusion
length refers to a defined index (Table 15).
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Table 15: overview inclusions types and appearance (based on ISO 4967, 1998).

inclusion type

A B C D Ds
sulfide type aluminate type silicate type globular oxide type single giobular type
Total length um Tatal length pm Total length um Number Diameter pm
0.5 EX 17 18 1 13
1 127 77 76 4 19
15 261 184 176 g, 27
2 436 342 320 16 38
25 649 555 510 25 53
E] 898 (<1181) B22 (<1147) 746 {<1029) 36 (49) 76 [<107)
.
T
a [ J
v +
numerous non
hngh!ylmalieable, deformable, angular, hlghwmaileable, nondeformable,

Indidualgrey. low aspect ratic indvidualblackor e o crcular, fow cireula a
particles with a wide ( eneralge‘ 3}, black dark grey particles B 2 :lo ; " | : i = f, on"ene rr:\{d
range of aspect ratios osbiush arices (ot VWithawide range of “iF;e b'l: i geh'::;;h' crosalsheepanie

{length/width) and P 2 aspectratios ). black or , withadiameter > 13
least three) aligned in randomly distributed mm
generally rounded R (generally > 3) and e
ends aheden generally sharp ends P

When combining all these elements together, for any given sample, the inclusions can
be determined in a uniform way (Figure 37).

m D : Single Globular type
[]

] : Silicate type
| I [ : Aluminate type
L]
E’ m |:| : Sulfite type
I .
@ | il After comparison with the standard

figures, following result is obtained
for this example: A2,B2,C1,DS2,5.

Figure 37: example determination inclusions,
(Adapted from ISO 4967, 1998).

This can be of use for chemical or statistical description.
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4 Metallographic sample testing

4.1 Introduction

The theory explained in the previous chapter is transferred to practical experiments. The
samples, used in the experimental set up, described in chapter 5 are analyzed through
various methods in order to determine the chemical and metallurgical characteristics.
Chemical composition, microstructure and the inclusions of metals can be determined
through particular instruments such as a microscope and spectroscope. The samples
have to undergo a specific preparation before examination can take place. The
methodology and an introduction to the theory behind the measurements is given in
this chapter.

4.2 Chemical composition

4.2.1 Atomic emission spectroscopy (AES)

Every element in the steel has its specific use and its presence or absence defines the
physical properties of the steel such as tensile strength, ductility or corrosion resistance.
It is therefore important to know the exact composition of the studied samples.

To determine the elemental composition of the metal sample, the ARL 4460 Metals
analyzer (OCAS, 2011) was used, which is based on Optical Emission Spectroscopy (OES),
also called Atomic Emission Spectroscopy {AES). It requires sputtering of the surface and
is therefore a destructive method.

Before measurements can take place, all corrosion and other impurities have to be
removed from the metal surface by grinding (Figure 38).

Figure 38: sample preparation: A: grinding; B: sample before and after grinding.

In the AES instrument, the sample is positioned close to a metallic pin (often tungsten).
High energy sparks are created across an argon-filled void, (Van Lierop, 2007) between
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the electrode and the prepared sample’s surface. Argon of the highest purity is used
because of its inert character. The evaporated and vaporized atoms form a gas cloud.

When (spark) energy is applied on atoms, electrons are promoted to a higher energy
level. This energy is re-emitted as electromagnetic radiation, when the electrons return
from the higher energy level to a lower one, in the guise of photons'®. They have an
energy content that is equal to the difference between the exited and the ground state
of the electron. A prism can be used for the separation of the electromagnetic radiation
in its different wavelengths, similar to the diffraction of light into a rainbow. These
wavelength bands are also called spectral- or emission lines and they form a defined
pattern depending of the atom that produced it. When presented along an increasing
frequency line, the atomic emission spectrum is formed (Figure 39).
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Figure 39: atomic emission spectrum. Electrons promoted to higher energy level (n levels)
return to lower level (arrows pointing down), LE = internal energy. Under: different
emission lines shown with increasing frequencies (www.avogadro.co.uk, 2012).

The more intense the emission lines are, the higher the concentration of a specific atom
in the sample. The intensity of the line can be compared with standard lines. Thus, the
AES can both determine the presence of different atoms in the sample as well as their
concentration {Walsh, 1955, Dulski, T.R., 1996).

The resulting spectra contain separate analytical lines with different amounts of light. To
separate these lines and to measure the intensities, a set of mirrors, a monochromator
(Figure 40) (which separates the different wavelengths through a diffracting grating so

3 A photon is the basic unit for electromagnetic radiation.
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that each wavelength can be measured by means of one detector) and photomultiplier
tubes (to detect the different spectra) are used.

Diffraction
grating

Monochromator

Photomultiplier
ube
el
’0
Si

N

Figure 40: monochromator. Separation of the different wavelengths through diffraction.
(Shimadzu, 2012).

The measurement electrode has to be cleaned very thoroughly to avoid contamination

with previous samples (Figure 41).

Figure 41: electrode. A: cleaning; B: positioning; C: samples after test.

Every sample is analyzed 3 times and the results are averaged. This measurement is
destructive, so every time, the position of the sample has to be changed. The ARL 4460
can determine the concentrations of following elements in the steel sample: S, Si, Mn, P,
S, Cr, Mo, Ni, V, Al, Cu, Ti, Nb, As, Sn, Co, Pb, B, Sh, Zr, Bi, Ca, Zn, Ce, Fe and Cd.

The complete results are added in Table 18.
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4.2.2 Glow discharge optical emission spectroscopy (GD-OES)

For the correct interpretation of the corrosion formation of the CRS steel, additional
tests were performed on the specific samples. These included an analysis with the
Specturama GDA 750, a glow discharge optical emission spectroscopy {GD-OES) (Figure
42), which is a precise chemical characterization technique for quantitative composition
analysis, with element precision in the range of ppm. GD-OES uses glow discharge
plasma (ionized gas) to give an impression of the distribution of the elements in the
corrosion film or coatings on metallic material. It is possible to analyze the quantitative
composition and thickness of coatings or corrosion layers. Depth profiling by GD-OES are
obtained by measuring emission intensities during glow discharging without ultra-high
vacuum (Suzuki, 2005). Emission intensities are given for constituent elements as a
function of sputtering time. The quantitative relationship between the composition and
thickness can then be estimated. As with the AES, sputtering is used.
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Figure 42: GD-OES principle. Plasma used on sample to obtain emission and identification of
the atoms (Hatano, 2012).

4.3 Nonmetallic inclusions

4.3.1 ASTM E45-05

The word inclusions refers to “nonmetallic” inclusions. Inclusions can be defined as
foreign material precipitated from the metallic matrix. The particles are usually
compounds (such as oxides, sulfides) but can be of any substance that is foreign to and
essentially insoluble in the matrix (ASM, 2000). They are also classified as undesired
elements in the steel. Elements such as Al, Si, C and T added during steel melting
deoxidize the steel by taking oxygen from the iron, transforming it into oxides such as
Al;Os. The oxygen is reduced in order to prevent the oxidizing of the steel. As these
deoxidizers are only added at the end of the melting process, most of them do not have
the time to pass to slag and remain as inclusions in the solid metal. Categorized as an
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intruder, they disrupt the homogeneity of structure, so their influence on the
mechanical and other properties of the steel can be considerable.

According the ASTM standard E45-05, determination of inclusions can be done by
macroscopic and microscopic methods.

Macroscopic methods (fracture, macro-etch) evaluate larger surface areas than
microscopic test methods and because examination is visual or at low magnifications,
these methods are best suited for detecting larger inclusions. Macroscopic methods are
not suitable for detecting inclusions smaller than about 0.40mm in length and the
methods do not discriminate inclusions by type.

Microscopic test methods give a more detailed impression of the size, number and
distribution of the inclusions and are applied on a polished surface under a microscope.
To allow uniform reporting of the samples, standard reference charts are developed for
comparison. Microscopic determination is used to identify (very small) individual
inclusions. An important disadvantage of these microscopic methods is that the small
investigated surface is supposed to be representative for a much larger surface area. For
large structures, it is necessary to repeat these tests in order to have a realistic and
scientific correct result, as the inclusions are not necessarily uniformly distributed
throughout the steel. The possibility of a sample at the edges of the Gauss curve cannot
be ignored.

4.3.2 Scanning electron microscope (SEM)

Electron microscopy uses electrons instead of light to visualize the surface of a sample.
The electrons have a smaller wavelength than light photons and so the resolution of an
electron microscope can be much higher than that of a light microscope (0.1pm to
200nm).

Thermal energy is applied to a filament {usually made of tungsten, which has a high
melting point) to “shoot” electrons away from the “electron gun” toward the specimen
under examination (Figure 43). As the electron beam traces over the object, it interacts
with the surface of the object, dislodging secondary electrons from the surface,
reflecting electrons on the surface {backscattered electrons) and emitting X-rays. Dot by
dot, row by row, an image of the original object is “scanned” onto a monitor for viewing.
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Figure 43: Electron microscope source. Specimen is scanned with thermal energy (Iowa State
University, 2012).

The electron beam passes through a vacuum to maintain its stability. If not, gases can
hinder the electrons or react with them, causing random discharge. The gas molecules
can condensate on the sample, lowering the contrast and obscure detail in the image.

An EDX (Energy-dispersive X-ray) detector is used to separate the X-rays of different
elements into an energy spectrum. When the specimen is bombarded with an electron
beam inside the SEM, the atoms are excited. As they relax to their stable ground states,
they emit their characteristic patterns of X-rays. Every element releases X-rays with
unigue amounts of energy during the transfer process. Thus, by measuring the amounts
of energy present in the X-rays being released by a specimen during electron beam
bombardment, the identity of the atom from which the X-ray was emitted can be
established (Brown, 2009). X-ray energies are directly related to the atomic structure of
the substances that emit them. EDX can be used to determine the elemental or oxide
composition of the material.

4.3.3 Testing

Before inclusions in the metal can be determined, a lot of pre-processing is compulsory.
Only very small samples are needed. At OCAS, the samples are machined with a
Servocut A 300 and subsequently embedded in grey and pink Durofast using the Struers
Citopress 20. To avoid mixing-up the samples are engraved with a unique sample
number. Further the specimens are ground to a roughness of 100 pum and subsequently
50 um. Afterwards they are cleaned with water and pressurized air.
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The last step to make the inclusions visible is a three step polishing (Largo, PAC and
NAP) of the sample with the Rotoforce-4. The metal is cleaned with methanol and
special cloths, to avoid scratching and contamination of the surface.

The small inclusions are studied with a Jeol JSM6490LV Scanning Electron microscope
(SEM) and identified with an Energy dispersive X-ray (EDX) detector.

Every sample was 100 times enlarged. Only when interpretation of the inclusions was
difficult, a larger scale was used. Two types of inclusions were discovered in the samples
investigated: globular (ex. aluminum oxide) and elongated (ex. manganese sulfide), both
single and in line. An indication letter was given to each type of inclusion. Figure 44
shows an example of each type of inclusion encountered during this study.

A C

B D

Figure 44: different types of inclusions found in studied steel samples: A = = manganese
sulfide, single; B =.... . . = aluminum oxides, line; C = = manganese sulfide,

line; D =. =aluminum oxide, single.

To have an idea of the amount of inclusions in the steel, for each sample, the most
contaminated area was visually selected and measured. For every type of inclusion, the
largest 3 were considered. The amount of the specific inclusions was noted, as well as
the maximum dimension, measured in pum. Then, these figures were multiplied and
added to each other. The result gives an impression of the purity of the sample. Large
variations between the different samples were noted.
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4.4 Phase analysis

X-Ray powder Diffraction (XRD) is a method to identify the crystalline compounds or
phases in the sample. This technique is complementary to EDX. EDX can show us the
amount of FeOOH in the sample, but the XRD gives extra information and discriminates
between a-FeOOH (goethite), B-FeOOH (akaganeite), y-FeOOH {lepidocrocite), and 6-
FeOOH (feroxyhyte). For the extra measurements on the CRS steel, the Bruker D8
Discover was used.

XRD uses x-rays of one single wavelength. The x-rays are reflected on the sample surface
by the very small crystals in the sample. The single wavelength is split on the sample into
several beams under different angles to the sample. The detector is placed around the
sample and while the sample rotates, it registers the position and strength of these
beams. De data is plotted as strength (intensity) vs. position {(angle 8) and results in a
diffraction pattern. As each chemical compound has a unique diffraction pattern, which
is compared to a database of patterns to find the corresponding phases (Kamimura,
2005) (Figure 45).
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Figure 45: XRD diffraction pattern on weathering steel after different exposure periods (1, 3,
6 and 15 years) (Kamimura, 2005).
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4.5 Microstructure

The microstructure of steel is the key to its behavior, because the crystal structure, size,
carbon content and arrangement of the micro constituents (BCC ferrite, FCC austenite,
orthorhombic cementite, etc.) determine its properties (Langford, 2005). To reveal the
microstructure the sample is polished again {NAP) and etched with Nital 4% (4% nitric
acid in methanol) during 15 seconds and dried with compressed air. An inverted optical
microscope for metallography, enlarging 100 and 500 times gives clear indication of
ferrite, pearlite and bainite grains in the metal, as with the etching, the grain boundaries
become visible.

Four pictures are taken from every sample: Center and side of the sample, both 100
times and 500 times enlarged (Figure 46).

Figure 46: SEM microstructure steel sample images. A: side, 100 enlarged; B: Center, 100
times enlarged; c: Side, 500 times enlarged; D: Center, 500 times enlarged.

The interpretation of the microstructure was done by a metal specialist of OCAS, Zelzate.
Digital Image Processing Software program Axiovision of Zeiss determined the
concentrations of the different phases, such as ferrite and pearlite, visible on the
pictures hereunder.
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Figure 47: SEM image 100% ferrite. Figure 48: SEM image ferrite-pearlite
structure.

Figure 47 shows a 100% ferrite structure, no black grains are visible. Figure 48 gives an
impression of a ferrite-pearlite structure, this specific example having 21% of pearlite
(black parts). Pearlite is composed out of subsequent layers of ferrite and cementite and
this is reflected as dark grains under the microscope. A number of samples have a
layered structure. Figure 49 A shows a layered structure, B has no layers.

T W O

Figure 49: SEM images showing microstructure: A: layered structure; B: non layered
structure.

The size of the grains was also determined through visual interpretation of the pictures
at first sight. This means that the most occurring grain size is considered. It was decided
to generate three categories: small, medium and large grains (Figure 50).
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Figure 50: SEM images showing grain size: A: small grain size <20um; B: medium grain size
between 20pm and 30um; C: large grain size >30pm.

%‘i

Small grains are grains <20um, large grains are > 30pum and medium are consequently
those in between. The results of this interpretation are also incorporated in Table 18.
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5 Experimental set up at the Antwerp
Maritime Academy

5.1 Introduction

Many laboratory studies examine the corrosion rate of steel, also ship construction
steel. One of the major disadvantages of these studies is the theoretical way all these
experiments are performed, using new, clean, perfect steel plates. Our experiments
start from reality: steel plates collected out of the hull plating of existing ships resulting
in “what is” and not in “what could be”.

5.2 Sample collection

For these experiments, 40 steel plates (approx. 30 x 50cm) out of the ballast tank
construction were collected from ships performing steel repair work in dry dock. No
selection criteria were set and the samples were gathered upon arising opportunities.
Experimental corrosion resistant steel was received from Korean steel mill POSCO. It was
decided to add this CRS steel 2 times into the test set-up, to allow comparison.

5.3 Sample preparation

Every steel plate had to be cut into small pieces. At first, Antwerp Ship Repair promised
its cooperation and cut square samples (side length 5 cm) out of the plates. This was too
time consuming and interfering with commercial activities, so after a few samples, an
alternative had to be found. Dredging company DEME was so kind to open up their
workshop and tools at Zeebrugge for the remaining work, resulting in round samples
with a diameter of 5cm. Out of every steel plate, 13 samples were cut, serving for
different measurements (see 5.4). A unique code (steel plate name-sample number),
was hammered into the metal and written on the side (Figure 51). Samples were
sandblasted to SA 2.5 and degreased with methanol.

Figure 51: A: steel plate example approximately 50x60cm, B: sample preparation DEME
Zeebrugge.
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Steel plate identification: number from 1 to 32, in some occasions, a letter was added,
when several plates were collected out of the same ship {ex 29A, 29B).

5.4 Sample number

A first set of four samples (1.1-1.4) was prepared for electrochemical measurement {see
5.6) at different time intervals: at the beginning, after 6, 12 and 18 months exposure to
seawater.

Next, one sample (2.1) was destined for metallurgic tests, performed at OCAS, following
the procedures explained in Chapter 4.

A second set of four samples (3.1- 3.4) was used for weight loss measurement (see 5.7)
at different time intervals: 6 months, 10 months, 20 months, 24 months complete
immersion. Samples that were weight-measured after 6 months immersion were then
put into the spray tank (4/24) and weighted again after 6 months.

A third set of four samples (4.1-4.4) was destined for photographical analysis (see 5.9)
and ultrasonic thickness measurement (see 5.8). To allow for ultrasonic thickness
measurement, the samples were painted at 1 side. Photos were taken daily during the
first month and for 3 different conditions: dry environment, wet-dry condition (spray
tank with 4 hours spray each day) and wet condition (continuous immersion in
seawater).

The samples were arranged per number and per purpose in separate permeable cases
and placed in the cube tanks 1, 2 and 3 of the test facility (Figure 52).

Figure 52: experimental set-up: sample numbering and positioning in cube container.
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5.5 Test facility

A test facility was built from scratch at the Antwerp Maritime Academy, starting from a

standard 20 feet freight container. Inside this container, two compartments were
constructed. The first served as a laboratory; the second part contained the samples in
three cube tanks (Figure 53).

Figure 53: test facility at Antwerp Maritime Academy. A: laboratory, B: compartment with
cube containers.

A large 25m” tank was filled with natural North Sea water, pumped out of the fore peak
tank of a dredging vessel (Figure 54). This water had a salinity of 34 promille (MUMM,
2011).

Figure 54: test facility at Antwerp Maritime Academy. A: 25m® tank with seawater, B:
collecting seawater at vessel (8/3/2010).

From the 25m?® seawater tank, the seawater circulated into the three cube containers.
Two containers held samples that are always submerged. The third one was equipped
with a spray installation for the simulation of a wet/dry tank condition (Figure 55).
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Figure 55: schematic overview of the test facility with 25m? seawater tank, 1 and 3 are cube
container with permanent immersion, 2 is a cube container with spray system. Water
circulating, passing through UVC lamp to kill organisms. Constant measurement of pH, oxygen
concentration in ppm and temperature in °C.

In container nr 1, the dissolved oxygen (DO) content was measured continuously with a
Hach Lange 5740 DOB.99 sensor (Germany) and maintained at approximately 10ppm
(variations between 7.08ppm and 12.8ppm) by means of an air pump. Temperature and
pH were monitored as well, with a Hach Lange DPD 1R1.99 sensor (Germany). The
temperature is dependent to seasonal changes, as it is on board. Throughout the
experiment, the temperature of the water varied between -1°C and +24.4°C. The pH is
not artificially altered and varied between 7.8 and 9. All data originating from those
sensors were checked on a regular basis and are kept for future reference.

After passage in the cube containers, the water was returned to the sea water storage
tank. To prevent unwanted growth of micro-organisms and algae, a UVC filter was
installed within the water flow.

The experimental set up encountered some problems in the start-up period. After a few
days immersion, the samples showed some bluish areas, which were later identified as
traces of cutting oil, influencing the corrosion pattern. All preparatory work had to
repeated, resulting in a delay of a month.
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5.6 Electrochemical measurements

Electrochemical methods are only suitable for reactions of electrochemical nature, thus
for corrosion of metals in an electrolyte. The main characteristics of corrosion are
electrode potential, electric current and electric resistance. This was explained in
chapter 2.

Electrochemical methods allow for real time measurement, and so changes in the
environment and corrosion rate can be followed. Several electrochemical measurement
techniques are used in laboratories and in the industry. Amongst them are the
measurement of REDOX potentials (ORP) and the linear polarization resistance (LPR).
Also frequently used is the electrochemical impedance spectroscopy (EIS). For our
experiments, LPR and the Tafel method were selected. The results were used as a
reference value to benchmark the results from the weight loss method.

Before testing, sample preparation was necessary. Corrosion was removed from the
surface and the samples were hand dried. An Ag/AgCl electrode in saturated KCI-AgCl
solution was used as a reference electrode. The counter electrode was composed out of
platinum. The seawater solution had a pH of 7.8. A VersaSTAT 3 potentiostat (Princeton
Applies Research, USA) was connected to the computer and controlled by software
VersaStudio (Figure 56).

Figure 56: electrochemical measurement set up. Green is working electrode (sample), red is
counter electrode (platinum), white is reference electrode (Ag/AgCl).
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5.6.1 Determination of the equilibrium potential Eeq

Initially, the equilibrium potential (Eeq) (also referred to as the open circuit potential
OCP) of the working electrode (our steel sample after grinding) was measured during a
period of two hours and plotted on a graph. This equilibrium potential was found by
adding the measured potential to the potential of the reference electrode (Ag/AgCl with
Eeq Of 197mV) (Figure 57, Figure 58):

potential
97 mv R reference electrode
aomv I standard SHE electrode
example at a certain moment: -585 mV
197 - 585 =-390 at a certain moment of measurement
-350mv S working electrode {our sample)

Figure 57: potential measurement principle at certain time. Potential of working electrode
related to reference electrode (197mV)

During the measurement (Figure 57, Figure 58), the measured potential drops towards
-617 mV as a thin corrosion layer is formed. The objective, the equilibrium potential (E.q)
is never reached with ordinary steel, as the corrosion continues.

potential v =what we want to measure

Log([i] ’ﬁ'

S| %

cathodic reaction

Figure 58: potential measurement principle. Current related to potential.

-617mV is the equilibrium potential for the reaction Fe => Fe?t +2e’,

The corrosion rate is proportional to the difference between the measured potential (V)
and the potential at equilibrium (Eey). The following graph represents the measured
potential (V) at a given moment in function of the elapsed time (s). Attention must be
given to the very small scale on the Y-axis {Figure 59). This enlargement is only given to
demonstrate the descending curve. At larger scale, the line would appear horizontal.
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Figure 59: potential measurement (mV) at a given time with respect to reference electrode
(197mv).

LPR and Tafel were determined according the methodology explained in chapter 2.

5.7 Weight loss method

This method is very simple. A sample is weighed before it comes into contact with its
environment. After a defined immersion period T, depending on the steel type and the
environmental conditions the corrosion products are removed with an etching agent
and the bare steel is weighed again. The weight loss is an indication of the corrosion
rate, usually expressed in mm/year {Groysman, 2010).

The weight loss is related to the exposed surface area. To allow comparison of the steel
samples, the weight loss has to be divided by the exposed surface area.

_ M;—-Mg

k AT

Eq. 45

where k is the corrosion rate in g/{cm?.hours), M; and Mg the initial and the final mass in
(gram), A the surface in cm? and T the immersion period, hours.

Using this equation, the corrosion rate for a given period can be calculated into
thickness loss.

_ k.10.8760

kp=—3— Eq. 46

Ke is the metal loss in mm year’l, d the density of the metal in kg m3, 10 is the
conversion from cm into mm, 8760 is the conversion from days into years.
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Although being a very simple method, some limitations can be found. A considerable
time is needed for accurate measurement. On-line, real time monitoring is not possible.
This method gives a general indication concerning the corrosion rate and does not
reflect eventual change in environmental conditions during the test period.

At the beginning of the experiment, the samples were sandblasted to SA2.5 to remove
all corrosion traces. Then, the initial weight was measured with a precision of 0.01g
(Kern, PLE3100-2W, Germany). As the corrosion rate is function of the exposed surface,
the precise dimensions were set with a caliper.

The samples were completely immersed in the seawater container and lifted after 6, 10,
20 and 24 months. Another set was put in a spray tank (4 hours spray per day) and taken
out after 6 months.

They were etched for minimum 10 minutes with a mixture of 20 g Sb;03 and 60 g Sn,Cl
in 1L 37% HCI. This method removes all of the corrosion products and allows an accurate
mass loss measurement solely based on the weight of the remaining steel. After drying,

the new weight and dimensions were noted (Figure 60).

Figure 60: weight measurement procedure. A: samples after 2 years immersion; B: rust
scraping; C: etching of samples; D: sample after etching; E: weight measurement; F:
measurement of dimensions with caliper.

These various time intervals allow for multiple interpretations. It is possible to evaluate
weather corrosion occurs in a linear way or weather passivation starts after a defined
time interval. The results of these measurements can be found in chapter 6.
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5.8 Ultrasonic measurement

Ultrasonic thickness measurement is a simple non-destructive test, commonly used for
the investigation of the structural integrity of ships {IMO, 1993). During ultrasonic
measurement, high frequency energy is used on materials such as metal, ceramics and
hard plastics to gather information such as the plate thickness. The energy is produced
as a wave and travels through the material as it vibrates the individual atoms and can be
reflected, diffracted and focused as can be with light waves.

Attempts were made to measure the loss of sample thickness with an Electroline TI-25M
Ultrasonic Thickness Gauge (United Kingdom). Practical experience learned that the
obtained values were highly influenced by the exact position of the transducer due to
the surface roughness of the material, leading to an overall sample variation which was
too large to allow any significant relation. No other parameters were found useful to
supplement the assessments made of corrosion rates made through thickness
measurements. This method was considered to be inappropriate for the objectives put
forward in this research and the obtained results were discarded.

5.9 Photographical measurement

Corrosion at the metal surface is composed out of different oxides and hydroxides, all
with their specific color. We assumed that the color change at the surface of the metal
in function of the time would be a measure for the change in chemical composition of
the corroded surface and would give an insight into the evolution of the corrosion at the
initial phase. New, non-corroded steel has a grey, silver like color, As soon as corrosion
starts, brow, black, red and orange colors appear at the surface. Every corrosion product
has its own specific color, from almost black for FeQ to red for Fe;03.

For this experiment, a set of samples was placed in the seawater container and lifted
every day for 2 weeks (Figure 61). Each time, a RAW, 12 bits photo was taken with a
Nikon D200, an AF Micro Nikkor 60mm 1/2.8 lens and software “Nikon Capture 4”, This
was done under standardized conditions (Exposure mode: aperture priority F29 shutter
time 1/1.3, sensitivity 1SO 100, white balance preset, SRGB color mode, auto tone
composition & saturation sharpening, Hue adjustment 0°).
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Figure 61: photographical measurement set up at Antwerp Maritime Academy.

After 2 weeks, the frequency of recording dropped to 2 times a week and after a month,
the test was stopped as no further changes to the surface were apparent (Figure 62).

Figure 62: photos of same sample after different periods of immersion; a: start of experiment,
b: 1 day, c: 7 days, d: 31 days.

The results of these experiments are not incorporated in this work.
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6 Impact of ship construction steel
properties on ballast tank corrosion
rate

6.1 Introduction

One of the major parameters that define the useful lifetime of a ship is the condition of
the ballast tanks. Understanding the complex combination of factors that determine the
progression of corrosion in these crucial compartments of a ship’s hull is therefore
paramount to the prolongation of the life of a merchant vessel, and to an improved
return on investment for the ship owner.

Therefore, different corrosion models, based on laboratory experiments as well as on in
situ observations (Paik, 2004, Qin, 2003, Verstraelen, 2009, De Baere, 2010), study the
relationship between corrosion and age of the vessel (Verstraelen, 2009, Paik, 2002},
cathodic protection {Pedeferri, 1996, Roberge, 2000} and many other parameters (De
Baere, 2010, Gardiner, 2003, Soares, 2009). Up until now, however, only little attention
was given to chemical, physical and mechanical properties of ship construction steel and
its relation to the corrosion process.

As in many other regards, classification societies play a key role in the construction of
ships when it comes to steel. In their “Rules and regulations” the class societies put
forward a minimum set of requirements for the ship construction steel to be used (DNV,
2012, ABS, 2012). The steel may only be produced in class approved facilities and during
production an analysis of the material and prescribed tests of the rolled metal are
required.

Ship classification societies have varying specifications for steel. In 1959, the major
societies agreed to standardize their requirements. There are now five different grades
of steel (grades A to E) which are employed in merchant ship construction and referred
to as International Association of Classification Societies (IACS) steels. Grade A steel
consists of the ordinary mild steel as defined in the Lloyds Register requirements, which
is commonly used in ship building. Grade B is a better quality mild steel than grade A and
specified for use in locations where thicker plates are required, in more critical regions.
Grade C, D and E possess increasing notch-tough characteristics (Eyres, 2007).

Table 16 provides a cross reference between the abbreviations used by the class
societies and the ASTM A 131 standard (ASTM, 2008).
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sacrificial anodes. Coating maintenance in ballast tanks is very difficult and the use of
corrosion resistant material could reduce the need for expensive initial coating
application, maintenance and reapplication. This would reduce construction time and
dry-dock time significantly, entailing an important economic advantage (De Baere,
2012).

The most obvious material selection for use in ballast tanks would be Corten steel.
However, the chlorides in the seawater destroy the protective passivation layer.

The seawater corrosion resistance was improved by increasing the concentration of Mn,
Cr, Ni and Al. Examples of such an alloy are the Marin 400, 490 & 430Y produced by JFE
Steel Cooperation (JFE, 2012). With the help of ABS, American Bureau of Shipping we
obtained a sample of experimental Korean corrosion resistant steel (CRS) especially
developed for use in ballast tanks. The chemical analysis of the corrosion resistant steel
sample in our possession (Table 18) indicated that this steel has been developed in the
same line of thinking.

The existence of the ASTM A 131 & IACS standards should imply that the steel used at
the different ship construction yards all over the world is uniform and of the same
composition. Although the steel plates are verified by the class societies from the
furnace till the effective use and every steel plate needs a certificate before it can be
used for shipbuilding, non-conform steel is still employed (Van Der Stichelen, 2012).

There is more to steel quality and corrosion resistance than just the composition of the
steel. For example, the corrosion rate of carbon steels can be influenced by its
microstructure (Perez, 1996, Videm, 1996, Asahi, 1999, Lopez, 2003). Indeed, the
compositional and micro structural properties can vary significantly between products of
the same grade from different manufacturers and these variations may lead to
substantial differences in the corrosion resistance of the steel (Clover, 2005).

It is therefore the aim of this chapter to develop a new strategy to analyze the impact of
steel composition and structure on the rate of corrosion. By starting from effectively
used plates cut out of ballast tanks of merchant vessels, we try to cover at least part of
the variability encountered in the real merchant fleet. This variability requires to be
analyzed with multivariate statistical techniques. In addition, test conditions were
created similar or close to those encountered at sea (eg, through the use of natural sea
water, or by simulating the alternation of wet and dry periods in a ballast tank). As such,
it is our aim to provide a set of results which is complementary with more conventional
lab results. Therefore, a set of tests were performed at the AMA as described in chapter
5.

92



6.2 Results & discussion

6.2.1 Exploratory data analysis

The data on the composition of the steel samples show a large variability. The presence
of outliers in almost all components requires the use of robust methods in order to
avoid a bias due to the extreme values of the composition components. The known
division into grades of steel samples is recovered by a cluster analysis using the
Manhattan distance (Perlibakas, 2004) between the composition components. This
distance is better protected against outliers than the Euclidean distance.

A robust principal component analysis based on an algorithm of Croux (Croux, 2005) is
used in order to incorporate the principal parts of the variations in composition into two
independent components. The main idea is to use the median instead of the mean as a
location parameter. The median is the common name for the 1/2 quantile. In order to
be consistent in the data analysis we used guantile regression (Koenker, 2001) to relate
the weight loss with the composition. We performed this analysis using at most two
independent PCA components. The calculations are done using the statistical computing
language R (R development Core Team, 2011) (and its three packages 'cluster’
(Rousseeuw, 2012) ‘pcaPP’ (Filzmoser, 2012) and ‘quantreg’ (Koenker, 2012).

6.2.2 Statistical interpretation

The database used for statistical interpretation consisted of the chemical composition
per sample, the guantity of enclosures, an evaluation of the extent of the ferrite,
pearlite or bainite structure, and finally the corrosion rate in g m? year™, determined by
way of the weight loss method, after 6 months of exposure to the conditions in the tank.
An overview per sample is presented in Table 18,

93



Table 18: Overview of the steel composition and structure in the different steel samples.
Division in three cluster. Average per cluster given, as well as standard deviation per element.

Chemical Analysis Layers Weight | Grain
CI:rst N : e Loss Sis
c |si|m/| P | s |c|M| mi | A | cu gm | size
s ph. [ *year! | inp
: 7 | 007|021 088|001 000|211 ]059|000] 089|000 | Yes | 21.00 | 35130 | 25
32 | 0.03 | 021|089 | 001|000 209|059 |000]|1.02] 000 | Yes | 24.00 | 401.48 | 15
B 005 | 021 | 0385 | 001 | o [ 210 [osso| o |1005| o | ves | 225 376 20
e s 002 | 000 |0005]| 0oo | o | oot |ooo| 6 |oois| o 15 25 5
12 | 013 037 | 135 | 0.01 | 0.00 [ 0.01 [ 0,00 | 0.01 | 0.03 | 0.01 | Yes | 2400 | 44360 | 5
28A | 0.10 | 0.45 | 1.49 | 0.01 | 0.00 [ 0.02 [ 0.00 | 0.03 | 0.04 | 0.02 | Yes | 20.00 | 45167 | 5
20 | 0.14 | 0.41 | 1.41 | 0.02 | 002 | 0.01 | 0.01 | 001 | 0.02 | 0.01 | Yes | 24.00 | 468.63 | 5
21 | 041|030 1.29 | 0.02 | 0.01 | 0.02 | 0.01 | 0.06 | 0.00 | 0.18 | Yes | 19.00 | 471.84 | 40
2 17 | 019 | 036 | 1.25 | 0.02 | 0.03 | 0.07 | 0.01 [ 0.08 | 0.00 [ 0.25 | Yes | 34.00 | 48359 | 10
298 | 0.13 | 0.37 | 1.28 | 0.01 | 0.01 | 0.08 | 0.02 | 0.06 | 0.03 [ 0.08 | Yes | 2100 | 583.74 | 10
288 | 0.0 | 0.44 | 1.49 | 0.01 | 0.00 | 0.02 [ 0.00 [ 003 | 0.03 | 0.02 | Yes | 2000 | 50027 | s
30 | 047 | 044|126 | 0.01 | 0.01 | 0.06 | 003 | 014 | 003 | 028 | Yes | 2000 | 607.33 | 10
23 | 0.19 | 046 | 1.31 | 0.02 | 0.03 | 0.04 | 0.00 | 0.04 | 0.03 | 0.06 | Yes | 30.00 | 6512.38 | 10
18 | 0.15| 0.44 | 1.33 | 0.01 [ 0.00 | 0.05 | 0.01 | 0.05 | 0.02 | 0.16 | Yes | 2200 | 621.76 | 10
avel;rag 0.140 | 0404 | 1.347 | 0.014 | 0.011 | 0.038 | 0.009 | 0.051 | 0.023 011 Yes 234 534 11
Slee 0011 | 0,016 | 0.028 | 0.002 | 0.003 | 0,008 | 0.008 | 0.012 | 0.004 | 0.03 16 23 3
1 013|022 059|002 002002000 0.01]001|001]| Yes | 1200 | 396.44 | 50
2 | 014| 024|087 001|001 |004]000]002]003)|004]| ves | 16.00 | 463.16 | 15
3 | 016|007 082 | 002|001 |003]000]|002)]000)]002| No | 2100 | 50930 | 25
4 | 008| 025|094 003]|002]|004[000[006)]004]008| No | 7.00 |45472 | 50
5 | 010 ] 022|058 003002003000 002]004]003| No | 600 |380.92| 50
8 | 019025057 | 001|002]003]|000]|003]003]003| Yes | 17.00 | 584.85 [ 30
10 | 0.15 | 013 | 0.67 | 0.02 | 0.01 | 0.01 | 0,00 | 0.01 | 0.05 | 0.01 | Yes | 13.00 | 592.95 | 25
; 11 | 0.06 | 0.26 | 0.43 | 0.01 | 0.01 | 0.06 | 0.04 | 0.14 | 0.00 | 017 | No | 400 |557.03 | 20
12 | 013|018 | 0.83 | 0.01 | 0.00 | 0.02 | 0.00 | 0.03 | 0.03 | 0.01 | Yes | 12.00 | 46107 | 30
14 | 0.5 | 0.22 | 1.06 | 0.03 | 0.00 | 0.03 | 0.00 | 0.01 | 0.03 | 002 | Yes | 23.00 | 42534 | 10
15 | 005 | 025|042 | 001 001]007]003]|013 000|030 No | 1.00 |572.06 | 25
16 | 0.9 [ 002 | 082|003 001 002)000)]001]000|001]| Yes | 1400 | 57044 | 40
19 | 018 | 005|077 | 0.02 | 0.01 | 0.03 | 0.00 | 0.02 | 0.00 | 0.02 | Yes | 2000 | 421.87 | 50
22 | 007 | 0.26]| 092 | 002 ] 001 ] 002|000 004|001 |002]| No | 000 |44785| 5
24 | 008|021 | 087|001 | 001|004 001[004]|003]|004| Yes | 900 | 59860 | 25
31 | 0.5 | 020 074 | 0.01 | 001 | 0.02 | 001 [ 003 | 003|001 | No | 2100 | 579.28 | 40
25A | 0.19 | 0.34 | 0.80 | 0.01 | 0.01 | 0.02 | 0.00 | 0.02 | 003 [ 001 | Yes | 18.00 | 54952 | 15
258 | 0.15 | 0.29 | 0.79 | 0.01 | 0.01 | 0.02 | 0.00 | 0.02 | 0.00 | 0.01 | Yes | 19.00 | 581.03 | 20
25C | 014 | 0.24 | 079 | 0.02 | 0.01 | 0.03 | 0.01 | 0.02 | 0.02 | 0.01 | Yes | 16.00 | 580.66 | 10
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Clust
er

Weight | Grain

Nr. Chemical Analysis Layers s e

26A | 009|026 ]| 058|003 [0.02]001][0.00])001]000]0.02 No 11.00 | 560.16 | 25

268 | 0.11 | 0.14 | 0.86 | 0.02 | 0.01 | 0.01 | 0.00 | 0.01 | 0.00 | 0.01 | Yes 12.00 | §70.32 | 30

26C | 0.09 | 0.26 | 0.57 | 0.02 | 0.02 | 0.01 [ 0.00 | 0.01 | 0.00 | 0.02 | No 7.00 490.31 30

278 | 019 | 020 | 0.82 | 0.02 [ 0.01 | 0.02 | 0.00 [ 0.01 { 0.02 | 0.01 | Yes | 21.00 | 58519 | 30

27C | 0.18 | 0.19 [ 0.70 | 0.01 [ 0.01 | 0.02 | 0.00 | 0.02 | 0.05 | 0.01 No 21.00 | 620.96 25

3 28C | 0.10 | 0.21 | 1.06 | 0.01 | 0.00 | 0.03 | 0.00 | 0.02 | 0.04 | 0.01 | Yes 17.00 | B676.30 20

26A | 015 | 023 | 0.78 | 0.02 | 0.01 | 0.02 | 0.00 | 0.02 | 0.04 | 0.03 | Yes 23.00 | 50198 | 25

29C | 0.16 | 0.24 | 0.78 | 0.02 [ 0.01 | 0.02 | 0.00 | 0.02 | 0.04 | 0.03 | Yes 14.00 | 40512 | 25

26D | 016 | 0.22 | 0.52 | 0.01 | 0.03 | 0.02 | 0.00 | 0.08 | 0.00 | 0.04 | Yes 12.00 | 539.03 [ 30

20 | 016 | 0.22 | 0.52 | 0.01 | 0.03 | 0.02 | 0.00 | 0.08 | 0.00 | 0.04 | No 16.00 | 477.14 30

29F | 0.16 | 0.20 | 0.50 | 0.01 | 0.02 | 0.02 | 0.00 | 0.09 | 0.00 | 0.05 | Yes 14.00 | 54252 | 20

6A | 016 | 0.20 | 1.13 | 0.01 | 0.00 | 0.02 [ 0.01 | 0.02 | .04 | 0.02 | Yes | 20.00 | 474.67 10

68 | 016 | 020 | 1.13 | 0.01 [ 0.00 [ 0.03 | 0.01 [ 0.02 | 0.04 | 0.02 | Yes 16.00 | 476.18 5

9A | 012 | 023|089 |001]001]|003)001]|002]0.02)0.02]| Yes 18.00 | 526.52 20

98 | 0.12 | 023 | 0.89 | 0.01 | 0.01 | 0.03 | 0.00 | 0.02 | 0.02 | 0.03 | Yes 13.00 | 557.09 20

averag
e 0.135 | 0.210 | 0.77 | 0.016 | 0.012 | 0.026 | 0.004 | 0.033 | G.020 | 0.036 Yin 14.2 521 25

SD &

0007 | 0.011 | 003 | 0.001 | 0.001 | 0.002 | 0.002 | 0.006 | 0.003 | 0.009 1.0 i2 21

Robust principal component analysis explains 85% of the variability by one single
component (Comp 1) which is a linear combination of the chemical elements Mn, C and
Fe:

Comp 1 = - 0.109C + 0.812Mn - 0.563Fe Eq. 47

Figure 63A shows the results of the quantile regression, with Comp 1 serving as the
explanatory variable for the corrosion rate: the black line represents the median
regression and the two red lines represent the regression of the first and third quantile.
On the plot, three clusters of observations appear. Moreover, the introduction of a
second component {Comp 2, shown on Figure 63B), which is a linear combination of Mn,
C, Fe, Si, NI and Cu, enhances the differences between the three clusters, as well as
raises the explained variability to more than 95%.

Comp?2 = - 0.163C - 0.315I + 0.425Mn - 0.162Ni - 0.355Cu + 0.729Fe  Eq.48

The shaded plane on Figure 63 represents the average corrosion rate. Additionally, the
ordination results were confirmed by an independent cluster analysis, which resulted in
three distinct clusters, which correspond completely with those found on the quantile
regression plot (Figure 63A) and the three-dimensional PCA (Figure 63B).

95



65C-
600

500 -

gm?year?!

450+
4an0-

350- 3

gm?year?

B

Figure 63: quantile regression of weight loss (g m2 year-1) on comp 1 and comp 2, with
indication of three clusters 1: CRS steel, 2: High tensile steel, 3: Grade A steel.

A: 2 dimensional: comp 1. The black line represents the median regression and the two red
lines represent the regression of the first and third quantile

B: 3 dimensional: comp 1 and 2.

On Figure 63 and Figure 64, one observes that the 2-element cluster 1 differs greatly
from the other 2 clusters.
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Clusters in steel compesition

Figure 64: clusters based on steel composition. The first division is given by the C content, the
second by the Mn concentration. Further divisions are related to Si, Ni and Cu concentrations.

Cluster 1 is easily explained. The chemical composition of these specimen (nr. 7 & 32
table 18) is fundamentally different from the other grades, as well as the corrosion rate
(on average 376 g m? year'l). In terms of the steel composition, these two samples
possess a very high concentration of Cr, Mo and Al, low concentrations of C and no Si, Ni
or Cu.

From the quantile regression on the data from clusters 2 and 3 it was revealed that the
corrosion rate of these two clusters is not significantly different: quantile regression on
clusters 2 and 3 yields a slope of -41.47 with 90% CI [-74.87; 59.85] (data not shown).
However, the chemical composition and microstructure of these two clusters are
different. The samples of cluster 2 have a lower concentration of both Fe and C in favor
of an increased concentration of Mn, Si, Ni and Cu. All these samples had small grains
compared to the average grain size and all had a layered structure with a high
concentration of the second phase. Mn and Si are known to refine the grain size of the
metal and this is desirable since the refined structure increased both strength and
toughness (Gardiner, 2003). These samples could be identified as being high tensile steel
(HTS).

HTS is stronger than ordinary mild steel and, as a result, thinner scantlings are allowed.
However, it is important to remember that the allowance for corrosion applied to the
minimum plating thickness during new construction is based on a percentage of the
plate’s original thickness. Typically, a figure of 20% to 30% is applied (The Standard Club,
2004). This type of steel allows for slimmer ship constructions increasing the cargo
carrying capacity for the same displacement,
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Cluster 3 collects the ordinary grade A steel samples. Their chemical composition is
certainly not uniform and a wide range of microstructures was encountered with various
grain sizes and compositions. Unfortunately, the data presented in this dissertation did
not provide a uniform correlation between the corrosion rate and the chemical
composition in combination with microstructure of these Grade A alloys. Based on these
observations, HTS (534gm“2vear'1) steel is found to corrode at the same rate as ordinary
grade A steel (521gm?year™).

The results after 10, 20 and 24 months of permanent immersion and the outcome of the
test after 6 months wet/dry condition can confirm the outcome of the first tests and
give even more explicit figures and larger discrepancies between the corrosion rate of
the A + AH and the CRS. No significant differences could be found in the corrosion rate
bhetween A and AH steel. The results for the permanent immersion tests are given in
Table 19. Note that for the 6 months permanent immersion two values are given. The
value in italic is the corrosion rate calculated with a density based on the chemical
composition of the elements. The second value gives the corrosion rate for the density
based on the volume measurement of the samples. The first value corresponds with the
value given in Table 18.

Table 19: overview corrosion rates for the 6, 10, 20 and 24 months permanent immersion. %
gain of CRS to A and AH steel. Corrosion rates based on calculated density (weight/volume).

CRS A+ AH % gain CRS A+ AH % gain
corrosion corrosion corrosion | corrosien
rate in rate in rate per rate per
gm’year’ | gm’year! year % year %
m/m m/m
6 months 376+ 25 530.56 + 29% 1.05 1.84 43%
permanent 11.66
immersion 378.66 535.20
+18.97 +10.84
10 months NN NN NN 0.97 1.61 40%
permanent
immersion
20 months 229.16 383.57 40% 0.61 1.35 55%
permanent +5.57 19.43
immersion
24 months 232.16 360.59 36% 0.65 1.24 51%
permanent +27.11 +11.16
immersion

Besides the permanent immersion, weight measurements were also carried out after 6
months of wet/dry situation. Again, this test resulted in a considerable gain for the CRS
(table 20).
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Table 20: corrosion rate after 6 months wet/dry situation. % gain of CRS to A and AH steel.
Corrosion rates based on calculated density (weight/volume).

CRS A+ AH % gain CRS A+ AH % gain
corrosion | corrosion corrosion | corrosion
rate in rate in rate per rate per
em?year’ | gm?year” year % year %
m/m m/m
6 months spray 692.93 962.07 28% 1.95 3.37 42%
tank +74.01 +16:15

6.2.3 Use of electrochemical measurements
In addition to the weight loss measurements, attempts were made to quantify the

corrosion rate as a function of the electrochemical properties of the different materials.

To this end, the weight losses were correlated with two specific parameters obtained

from electrochemical measurements, viz. the Tafel and LPR (Figure 65A, B).
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Figure 65: scatter plot of the weight loss measurement in function of respectively Tafel & LPR
values. Green dots representing CRS, blue dots grade AH and grey dots grade A steel.

A: Tafel 6 months; B: LPR 6 months; C: Corrosion rate 6 months. Tafel & LPR are expressed in
10-3mm year-!and the weight loss in g m2 year-1. C: Scatter plot of the Tafel in function of the
LPR measurement after 6 months of immersion of the steel samples. Both parameters are
expressed in 10-3mm year-1. A linear regression line was added.

In neither of the cases a significant regression could be recorded. Also, no correlation
could be found between the two parameters of the curve themselves (Figure 65C), given
a R? value of barely 0.422. The clusters obtained through PCA analysis of the weight loss
measurements could not be reproduced on these graphs. After these tests, we were
informed that the instrumentation had broken down and that there were irregularities
in the results. It was decided to reject the results at it was not clear whether they were
reliable of not. Later, after the purchase of new equipment, the mass loss results were
confirmed by electrochemical measurements performed at KdG University College in
Antwerp. The corrosion rate of the CRS in mmpy was calculated and compared with the
average value obtained from a batch of A & AH samples (Table 21). The electrolyte was
the same natural seawater used for the mass loss experiments.

Table 21: Electrochemical determination of the corrosion rate. LPR and Tafel, expressed in
mmy-1103,

A + AH after 2 hours in mmy '10° CRS after 2 hours in mmy 107
Number 41 1
samples
LPR 325.84 71.73
Tafel 268.20 47.53
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Also, prolonged electrochemical tests (145 hours) were done on one grade A, AH and
CRS samples. The Tafel curves after 145 hours are given in Table 22 and Figure 66. Table
23 shows the results of the LPR calculations.

Table 22: B values as per Tafel curve of A, AH and CRS steel after 145 hours, expressed in volt.

B (V) B Be

A 0.072 -0.225
AH 0.071 -0.275
CRS 0.103 -0.280

-300m | : . i 1 |
~320m
-340 m
-360 m
-380m |
-400m |
-420m
-440m |
-460m |,
-480m |
-500m |
-520 m
-540m |
-560 m
-S80m | -
-600 m <o
-520 m - : g
-640m | L i
660 m - o

-680 m-
-700 m . -
720m | C
-740m |
-760 m- s " : !
10n 100 n 1p 10 100 p 1im

Current (&)

Potential (V)

A: 602 Points Selected

oo m |
azem |
g
e

g6 m |
|

S0 m

Patential (v

s m

seom |

| L
580 m =
60 ™ | =

i _/1
62t m
540 M
860 -
o]

lu ¥ weu im

Curvant (4]
B starens cetzaiea

101



180
0T m
239 m

24em

280 m

300 |

0w
M0 m
mem
400 m
420 m

450 m

Potential ()

80 m
480 M
500 m
s2m |
-540 m
580 m
-580 m

620 m

680 -

Sulm

-680 m

C; 45 powns selecied

Figure 66: Tafel curves A: grade A, B: grade AH and C: CRS steel after 145 hours. Tangents to
the slopes are the  values.

The Stern-Geary equation, described in chapter 2, gives the inversely proportional
relation between the polarization resistance Rp and the corrosion current i The CRS
has higher values of Rp and corresponding lower iw,, measurements. The corrosion
speed of the CRS is significantly lower than A and AH steel, although the result of the
121 hours shows an increased corrosion rate.

Table 23: prolonged electrochemical measurements for 20, 44, 68, 121 and 145 hours. Rp, icorr
and corrosion speed are given for A, AH and CRS steel.

Rp (Q) 20h 44h 68h 121h 145h
A 1240 1197 1424 1640 1754
AH 1527 1700 1449 1225 1634
CRS 3835 3177 3787 2632 2804
icor (LACM®) | 20h 44h 68h 121h 145h
A 19.12 19.81 16.649 14.452 13.516
AH 16.064 14.428 16.927 14.218 15.014
CRS 8.535 10.305 8.643 12.434 11.146
Corrosion 20h 44h 68h 121h 145h
speed

{mmy™)

A 0.224 0.232 0.194 0.169 0151
AH 0.188 0.169 0.198 0.166 0.176
CRS 0.100 0.121 0.101 0.146 0.137

We concluded that the electrochemical measurements support the reduced corrosion
rate of the Korean steel assessed by weight loss measurement. If the absolute values of
the weight loss method are compared with the electrochemically obtained corrosion
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rates the difference is rather large. This is not abnormal. As described by Y. Zou (2011),
electrochemical reactions under rust are not simple reactions anymore, including metal
anodic dissolution and oxygen cathodic reduction, but complex corrosion processes
composed of multiple sub-processes involving rust redox reactions, mass transportation
though rust, electric charges movement between interfaces, microorganism propagation
in porous rust and some other complex corrosion processes, which make metrical
corrosion rates different between electrochemical and weight-loss measurements (Zou,
2011).

6.2.4 Applicability of the different steel types in corrosion
prevention

We already mentioned that the use of stronger high tensile steel allows lighter, more
flexible structures (see 6.1). This flexibility causes however fatigue and corrosion
problems (Paik, 2002, Lgseth, 1994). The reduction in the scantlings due to high-tensile
steel has in some cases given higher repair costs due to an increased number of fatigue
cracks and steel replacement due to corrosion (Lgseth, 1994).

Figure 63 shows that the corrosion rate of high tensile steels (cluster 2) is matching the
corrosion rate of ordinary grade A steel (cluster 3).

Pricewise the difference in price between high tensile steel and mild steel will support
the use of mild steel at the building stage, also when including the cost of steel
replacement and fatigue repairs (The Standard Club, 2004).

Already back in 1994 Lgseth et al. pointed towards an increased corrosion problem due
to a double hull construction {(only four years after OPAg) and emphasized the necessity
of a good coating system and maintenance policy (IMO PSPC was adopted December
2008).

If the CRS shows a yield stress and tensile strength satisfying the high tensile steel
requirements, the observed reduced corrosion rate would smooth away the above
mentioned disadvantage of recent high tensile steel grades. This is discussed in chapter
x

An improved corrosion resistance might make less stringent coating requirements
feasible without endangering the safety of ship and crew and maybe making coating
totally unnecessary.

Coating ships’ tanks is troublesome mainly because of the preparatory works such as
substrate treatment, edge rounding and climate conditioning. A coating is only satisfying
when 100% intact. Paint damages caused by external impact create small anodes
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besides the huge intact area acting as cathode resulting in terrifying local corrosion rates
of 4 to 5mm per year (own in situ observations during tank inspections).

6.3 Conclusions

The average corrosion rate of grade A steel is comparable with the corrosion rate of HTS
steel (Roberge, 2000), which is supported by the statistical analysis of the observations
in our sample. Since HTS allows the construction of lighter ships the impact of the
corrosion losses becomes relatively more important and may endanger the safety and
the lifetime expectancy of ships.

The optimization of structural design and the use of high tensile steels have led to a
reduction in the stiffness of the ship’s structural members. The result is an increased
degree of fatigue which contributes to the shedding of scale on vertical and inverted
surfaces. The newly exposed steel presents a renewed opportunity for general corrosion
to occur at an accelerated rate (OCIMF, 1997).

Many tankers have been built with a high percentage of HTS, some in the region of 80 to
90 percent. The high percentage of HTS has been reduced in recent years to somewhere
around 30 % due to corrosion and fatigue considerations (Intertanko, 2002).

The average corrosion rate of cluster 2 and 3 after 6 months permanent immersion is
535 gm™y". The Korean CRS is corroding at a rate of 376 gm™y™. The results after 10, 20
and 24 months are even more explicit at give a gain of more than 30%. The corrosion
rate in a wet/dry situation is significantly higher, but also there, a reduced corrosion rate
of about 30% is obtained.

This CRS might trigger a reduction of the corrosion allowance, reducing the weight and
increasing the cargo carrying capacity. This is elaborated in the next chapter.
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7 The chemical, mechanical and
physical properties of the Korean
Corrosion Resistant Steel (CRS)

7.1 Introduction

The use of corrosion resistant material on board ships is not new. The Norwegian M/T
Lind delivered in 1960 was the first ship to be equipped with stainless steel cargo tanks
and ever since stainless steel is used commonly in the tanks of chemical tankers (IMO,
2000).

In April 2011 the Japanese classification society ClassNK approved NSGP-1 steel
manufactured by Nippon Steel Corporation’s Oita Works as complying with the IMO’s
new performance standard for corrosion resistant steels for application on the inner top
and bottom of the cargo tanks of crude oil tankers. NSGP-1 shows a more than five
times higher corrosion resistance compared with conventional steel plates. Because of
their optimized alloy composition, NSGP-1 can still be welded and processed in the same
way as conventional steel plate (Japanese Metal Bulletin, 2011).

A large body of literature has been studied and does not show many examples of the
corrosion resistant material suitable for ballast tank construction. The Japanese steel
mill JFE introduced such a steel grade some years ago, but this was withdrawn for
unknown reasons. Consequently the experimental alloy in our possession of which the
supplier pretends it is specially developed for use in ballast tanks is interesting and
merits our full attention.

Chapter 6 proves the improved corrosion resistance of this CRS. Two supplementary
research questions should be asked: first, is this CRS suitable as ship construction
material and secondly, why is this CRS corroding substantially less fast? Most probably
the answers will be found in the chemical and mechanical properties of this steel.

Chemical composition, inclusions and microstructure define the physicochemical
characteristics. Mechanical properties include tensile strength, hardness, notch
toughness and weldability.
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7.2 Overview of the performed tests
Tests were performed at OCAS in Zelzate, Karel de Grote University College in Antwerp,
and VUB in Brussels.

7.2.1 Chemical properties
7.2.1.1 Chemical composition

Ships are commonly constructed out of grade A steel, which is usually aluminum or
silicon killed steel. Sometimes, high tensile steel (AH) is used, which is produced as fully
killed, grain-refined material {ArcelorMittal 2001). The chemical composition of grade A
and AH steel as specified by Lloyd’s Rules (2001) including the major components is
given in Table 24.

Table 24: chemical composition as specified by Lloyd's Rules (2001). Elements are given in
Yowt.

Grade v Mn e s i Al Nb
max
A 021 |?! 0.035 0.035 | 0.50 max . .
AH36" | 0.18 |0.70-1.60° | 0.035 0.035 | 0.50 max 0.020 min | 0.020-0.050

*. % manganese not less than 2.5 times % carbon.

%, Residual elements are restricted to the following maximum: copper < 0,35%; chromium <
0.20%; nickel < 0.40%; molybdenum < 0.08%

. 0.90% - 1.60% manganese for t 212.5mm

The chemical composition of the CRS was determined at OCAS, by an optical emission
spectrometer, ASR 4460 Metals analyzer (see 4.2).

7.2.1.2 Density

The density of the CRS has been calculated based on the chemical analysis obtained by
the optical emission spectroscopy. The mass % of each component was multiplied with
the density of the pure substance.

7.2.1.3 Grain size

Ship construction steel is hot rolled. During the hot rolling process the steel is heated till
well above the eutectoid temperature of 723°C, where austenite begins to appear. Each
island of austenite grows until it intersects with its neighbor. With a further increase in
temperature, these grains grow. The final grain size depends on the maximum
temperature to which the metal is heated (Neely, 2003).
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The microstructure of the samples was studied through a Zeiss bright field microscope
using two different magnifications (10x10 and 10x50) {see 4.5). The composing elements
(ferrite, pearlite and bainite) were identified and for each sample was defined whether
or not it had a layered structure. Based on the average observed grain size, the samples
were subdivided into three categories: small, intermediate and large grain size. Small
grains measured <20um and large granulates had dimensions in excess of >30 pm.

7.2.1.4 Inclusions

Manganese sulfides (MnS) and aluminum oxides {Al,O3) were studied according the
ISO4967 procedure, by means of a scanning electron microscope (SEM). Subsequently,
they were identified with an energy dispersive X-ray (EDX) detector (see 4.3).

7.2.2 Mechanical properties
7.2.2.1 ASTM A 131M

ASTM A 131M (2008), “Specification for Structural Steel for Ships”, itemizes different
steel grades with specific mechanical properties and applications. Every classification
society describes the minimum requirements in their classification rules and regulations.
Table 25 gives the mechanical properties for hull steels according IACS, the International
Association of Classification Societies.

Table 25: Mechanical properties for hull steels (Common Structural Rules for Bulk Carriers,
IACS). ReH : minimum yield stress, in MPa, of the material, Rm : ultimate minimum tensile
strength, in MPa, of the material, t : thickness in mm.

Steel grades for plates with t < | Minimum yield stress  R. , | Ultimate tensile sirength R,
100 mm in MPa in MPa

A-B-D-E 235 400-520
AH32-DH32-EH32-FH32 315 440-570
AH36-DH36-EH36-FH36 355 490-630
AH40-DH40-EH40-FHA0 390 510-560

The same ASTM A 131M regulation prescribes a tensile and toughness test for steel less
and more than 50mm thick and a test for rivet steel and rivets. Since this research
examines shell plating samples, only the test for material less than 50mm is considered.
Unless a specific orientation is requested, tension test specimens may be taken parallel
or transverse to the final direction of rolling.
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7.2.2.2 Hardness

The hardness of steel is determined by testing its resistance to deformation. A number
of methods can be employed, such as the Brinell, Vickers (HV) and Rockwell (HRB or
HRC) test. The steel to be tested is indented by a hardened steel ball or diamond under a
given load and the size of the impression is then measured. For steel an empirical
relationship exists between hardness and tensile strength. The hardness is often used as
an indication of the tensile strength.

HV hardness has been measured using a properly calibrated Zwick 3212 hardness tester
at Karel de Grote University College (2012).

7.2.2.3 Notch toughness

The Charpy test measures the energy absorbed by a standard notched specimen while
breaking under an impact load. It is used as an economical quality control method to
determine the notch sensitivity and impact toughness of engineering materials (ASTM
E23, 2007).

Samples of approximately 100x10x10mm were prepared and a Charpy V notch of 2mm
depth was applied. The test on the CRS was executed according DIN EN 10045 T1 with a
calibrated pendulum ram at room temperature, 0°C and -20°C.

Toughness tests are not required for ordinary grade A steel. Charpy V-notch tests must
be made on grade B material over 25 mm in thickness and on material of grades D, E,
AH32, AH36, DH32, DH36, EH32, and EH36. Some exceptions, were no test is required
exist.

7.2.2.4 Tensile strength and yield stress

The yield stress is a material strength variable used to determine the ship’s hull girder
strength. Once the yield point is passed some of the deformations become plastically.
The ultimate tensile strength (UTS), often shortened to tensile strength (TS) or ultimate
strength, is the maximum stress that a material can withstand while being stretched or
pulled before necking occurs. This is when the specimen's cross section starts to
contract significantly {Degarmo, 2003, Smith, 2006) (Figure 67).
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Figure 67: stress-strain diagram, in MPa function of elongation in %.

A stress-strain diagram is determined by a tensile test and expresses the relationship
between a load applied to a material and the resulting deformation. The specimen
deformation (strain) is function of the increase in gauge length. Stress is the ratio of the
tensile load F applied to its original cross-sectional areaand is expressed in MPa or
N/mm?. The elongation (As) is a measure of the general ability of the material to be
plastically deformed and is a good parameter for the ductility of a material (Shackleford,
2005). Elongation can be calculated as follows:

As = (Lu-Lo)/Lox 100% Eg. 49

with:
——] Lo: defined length before the tensile test
do: shaft diameter before the tensile test
Lu: length after fracture.

| | (@] |

The measurements on the CRS material were done with a tensile strength tester Amsler
300 kN, type 1 (measuring error on force read out < 1%) and an Extenso meter MFA 2,
both calibrated every two years. Tensile speed was set at 15 MPa/s.

Back in 2011, the American Bureau of Shipping (ABS) published an extensive statistical
study on the material properties of shipbuilding material (vanderhorn and Wang 2011).
This study uses a statistical analysis of shipbuilding steels from five manufacturers in the
USA and Asia, and includes over 140,000 samples. The results of this study were used to
benchmark the outcome of toughness and tensile strength tests.
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7.2.3 Weldability

7.2.3.1 Practical test

A practical welding test, following an undefined procedure and using arc welding with
standard ship welding rods for A and AH grades was done at Antwerp Ship Repair by a
certified welder.

7.2.3.2 Suitability for welding test

A simple welding test has been done at Karel de Grote University College (October
2012). The basic material consisted out of CRS and measured 15.5x70x180mm. The test
was done at a temperature of 20°C, with a welding current ;- 112A, an arc voltage Uy =
26.2V and a welding speed of 16.4cm/min. The welding sample was transversally cut
and etched with a methanol + 5% HNO; solution for 20 seconds.

Vickers hardness of the weld was measured with a calibrated Zwick type 3212 hardness
tester along a measuring line parallel with the surface of the basic material crossing the
fusion zone just beneath the weld zone.

7.2.3.3 Carbon equivalent

The carbon equivalent (CE) is an indicator expressing the critical cooling time required
for a steel material to change into 100% martensite (Kasuya, 2007). This cooling time can
be related directly to cold cracking and is commonly used to judge the weldability of the
steel. The carbon equivalent was calculated by means of two formulas.

The first equation is given by the American Welding Society (AWS)

(%Mn+%Si)  (%Cr+%Mo+%V) e (%Ni+%Cu)

C.E.=%C+ = = =

Eq. 50

The second equation was developed by the Japanese Welding Engineering society and is
based on the work from Ito en Bessyo (The Japanese welding Engineering Society, 2011).
This carbon equivalent is considered to allow a more realistic assessment of the
weldability of low carbon steels (steel qualities that contain less than 0.25% of C) (ASM
International, 1997).

%Si | (%Mn+%Cu+%Cr) | %Ni | %Mo | %V
- 0L 4. LA LT i
Pcm = %C + a5 T o Tt ot gp 5B Eq.51
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7.3 Results & discussion
7.3.1 Chemical properties

7.3.1.1 Chemical composition

The chemical composition of traditional steel Grade A, corrosion resistant steel types
developed for use in sea water (JFE-Marin 400), CRS and weathering Corten A steel are
given in Table 26.

Table 26: chemical composition traditional steel compared with JFE-Marin 400, experimental
POSCO CRS and Corten A steel (ASTM, JFE, POSCO, 2012).

Element Grade A JFE-Marin 400 Corten A CRS

& 0.13 <0.15 0.12 0.025
Si 0.24 <1 0.25-0.75 0.207
Mn 0.66 <l1l.4 0.20-0.50 0.89

P 0.015 <0.030 0.07-0.15 0.012
5 0.016 <0.02 0.03 0.004
GF <0.02 0.50-1.50 0.50-1.25 2.08

Ni <0.02 <0.50 0.65 0.001
Mo <(0.005 0.59

Al 0.006 <0.55 1.015
\ <0.005 0.001
Nb <0.005 0.006
Cu <0.02 0.20-0.60 0.25-0.55 0.001
Ti <0.005 0.005

The concentration of five chemical components of CRS deviates significantly from
ordinary grade A steel. CRS has a much higher concentration of Cr and Al, a higher
concentration of Mo and a far lower concentration of C and Cu. The major differences
with Corten steel involve the same elements.

In 2004, Melchers made a comparative analysis of previously reported observations,
where the relation of the concentration of certain alloying elements to the corrosion
rate was studied. He developed an interesting complex time dependent model
subdividing the corrosion process in 4 phases (Figure 68).
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ro [mm/yr]: Initial corrosion rate, r, [mm/yr]: corrosion rate at the beginning of the anaerobic phase, r, [mm/yr]: linear
corrosion rate of the anaerobic phase (after > 5 years), AP: start of the anaerobic phase, c,: Corrosion depth in mm at
t, Cs: corrosion depth in mm at the start of phase 4.

Figure 68: corrosion time dependent model (Melchers, 2004).

The first phase is defined as being initial corrosion, kinetic controlled. Phase two consist
out of corrosion controlled by oxygen diffusion. These two phases together comprise
approximately three years. Phase three and four are respectively the initial and linear
anaerobic phase.

CRS can be classified as high alloyed low carbon steel. Bleckenhorst {1986) collected an
impressive corrosion rate dataset on a considerable range of steel compositions after
immersion in North Sea water at different depths (45 and 90m) for 1.5, 4 and 7.2 years.
The higher described model by Melchers (2004) was used during the interpretation of
the data. It is particularly interesting to note that one of the steel grades studied, H186,
has a chemical composition very similar to the CRS steel (Table 27).

Table 27: composition H16 (Melchers, 2003) and CRS, expressed in %wt.

Element H16 CRS

C 0.01-0.02 0.025

Cr 1.5 2.08

Al 1.5 1.015

Mo 0.5 0.59

Ni Very small Very small
Cu Very small Very small

A comparison of the corrosion rates of CRS with steel grade H16 (Table 28) should be
treated cautiously, as the environmental test conditions were not the same. CRS was
tested in aerated, circulating seawater with an oxygen concentration varying between
7.08 and 12.8 ml/l at ambient temperature while the samples of Beckenhorst were
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stored 45 respectively 90 meters below the surface. For metals such as iron the
corrosion rate increases linearly with a rising oxygen concentration {Baboian, 2005).

Table 28: corrosion rate of H16 (Melchers, 2003) and CRS, expressed in mm y.

Corrosion rates H16 CRS

Own test results
Ry 0.018 mmy" 0.049 mm y*
Ra 0011 mmy" 0.030 mm y*

The influence of the different important alloying elements of the CRS are further
developed hereunder.

Carbon

The influence of the carbon concentration on the corrosion rate is contested. As
illustrated by Figure 69 Pleshivtse (2009) supposes a directly proportional relation
between corrosion rate and carbon content.

Cortosion rate, mmi'yr

). 18— — - e .

Figure 69: relation corrosion rate in mm y-! to carbon content in %wt (Pleshivtse, 2009).

A low carbon content implicates the presence of very little iron carbide (FesC). The
presence of iron carbide in the surface film is considered to increase the corrosion
reaction by selectively increasing the cathodic reaction rate (Nesic, 1993).

In his study, Melchers (2003) however states: “carbon content for the kinetic controlled
phase and the oxygen-diffusion phase has no significant influence. However, when
anaerobic bacteria control corrosion the corrosion rate increases with carbon content.”

Formation of a rust layer

Rusting process consists out of the formation of Fe-oxides, Fe-hydroxides and Fe-oxy-
hydroxides. Ferrous hydroxide Fe(OH); and hydrated ferrous oxide FeQ.nH;0 are
elements of the first diffusion barrier layer formed on the surface. Air-oxidation (aerobe)
of Fe{OH), results in y-FeOOH (lepidocrocite) when the reaction is fast and in Fe30,
(magnetite) in case of a slow reaction (Nagayama, 1962). Finally both transform into y-
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Fe,0; (maghemite) (Tamura, 2012). Hydrolysis of Fe® results in the formation of a-
FeOOH (goethite) or/and a-Fe;03 (hematite). The latter is loose, flaky and porous and
does not shield the substrate from the environment. It will come off easily and the steel
surface will be exposed again, restarting the corrosion process.

Tamura (2008) and Saha (2012) state that rust on exposed steel is composed out of
different layers (Figure 70). The outer layer is dark and consists of a-FeOOH. The layer
closest to the Fe-substrate, which is formed in a lean oxygen environment is Fe;0,
(Fe;01.FeO, magnetite) which is stable and protective with self-maintaining properties
(Tamura, 2008, corrosion doctors, 2012, Saha, 2012). In case of damage to the Fe;0,
layer the base metal is exposed, and the Fe ions go into solution and react with water
and oxygen to form Fe(OH)s; The aging of Fe(OH); leads to dehydration even in the
presence of water and forms a-FeQOH (Tamura, 2008).
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Figure 70: overview of rust film formed in the initial stage of corrosion (Tamura, 2008).

After exposure, initially iron oxides and iron oxy-hydroxides such as y-FeOOH develop.
Amorphous rust (6-FeOOH) is considered to be an intermediate phase. (Yamashita,
2004)

Alloy elements such as chromium, facilitates the formation of stable and strong a-
FeOOH or goethite (Saha, 2012). With the progress of corrosion, the corrosion rate
decreases due to the increase in the thickness of the a-FeOOH solid. B-FeOOH is
believed to form in a marine environment as a porous layer, negatively affecting the
corrosion rate (Dunn, 2000).

This theory is confirmed by Kimura (2005} employing spectroscopy analysis. He
discovered that in the initial stage of the corrosion process Fe(O,0H)s nuclei,
corresponding the y-FeOOH phase are formed. An Fe(O, OH)g unit nucleus is the smallest
unit of structure wherein six oxygen atoms {some of which being —OH) surround an Fe
atom. Under repeated cycles of wetting and drying y-FeOOH transforms into a-FeOOH
{Figure 71). From bottom to top, four layers can be distinguished: (1) the colloidal rust
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formed on Fe with 5% Cr {m/m) immersed in artificial seawater for two weeks (wet), (2)
the dried powder of it [dry), (3) the rust formed on Fe with 5% Cr (m/m) exposed to
atmosphere for 15 years, and {4) powder of a-FeOOH. The corresponding atomic
structures (network structures) are shown to the right.

H a-FeQOH (powder) P
F ©
g .
2 15years dry S
I .
2 2 weeks dry (2)
3 2 weeks wet 1) t-Fe011
g o1 0z 03 ©€4 o5 O (%) ()
Distance from Fe (nm) . © .,40
i

Figure 71: formation of FeQOH layers after exposure (adapted from Kimura, 2005).

Shuichi Hara (2007) sets a relationship between the corrosion rate of steel and the
composition of the rust layers. These corrosion rates can be classified by the protective
ability index (PAI). Figure 72 gives a visual projection of this relationship by:

o
y—FeOOH+ B-FeOOH+ §

PAI = in an industrial environment Eg.52
B-FeOOH+S

BAl = Y-FeOOH+ p—FeOOH+ S

in a seaside environment Eq. 53

a, v*, P and s are the mass ratio of: & = o ~FeOOH, y*= the total of y-FeOOH, B-FeOOH and the spinel-type iron oxide,
B = B-FeOOH, S = Spinel-type iron oxide (mainly Fe;0,).

Protective atslity
index (PAD

{i-FeQOH+spinel

(f+s)y =05

Figure 72: relation corrosion rate, composition rust layer (Shuichi, 2007).
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With this knowledge, it is now possible to relate to the influences of the alloying
elements Cr, Mo, Al and Cu.

Chromium

Morcillo (1999) points out the importance of chromium and other alloy elements.
Chromium in Cr-goethite prevents the penetration of water, oxygen and aggressive
corrosive anions such as chloride ions (Miyuki, 1998, Saha, 2012). Increasing the
chromium concentration in the goethite decreases the crystal size and provides a
stronger and more protective layer against atmospheric corrosion (Yamashita, 1996).
Chromium is very prominently present in our sample (2.08%).

Melchers (2003) states that the influence of chromium (< 2.5%) on the initial corrosion
rate in the absence of other critical elements is negligible. However, if small quantities of
molybdenum and aluminum are added as well (as in our sample), the corrosion rate is
reduced considerably and this effect increases with an increased chromium
concentration. This effect continues in time, certainly in the anaerobic phases.

However, scientists do not agree about the way chromium is distributed in the oxide
layer. Yamashita (2000) and Zhang {2002) state that that when the steel substrate
corrodes, the element chromium has to be redistributed in the layer, because it has a
different solubility in metal compared to rust. Some Fe are replaced by Cr in the oxy-
hydroxides to form a-Fe,Cr;,OO0H. The other Cr ions precipitate on defects and grain
boundaries. Cr (0,0H) is here described as Cr-substituted goethite.

In 2004, Yamashita described another theory. A goethite crystal is formed by a
FeO3(0OH); octahedron. Here, Fe* is surrounded by three 0%ions and three OH ions. The
network of these octahedrons form the goethite structure. Smaller and larger vacancies
can be noticed. The larger ones are formed by double chains of oxygen atoms, leading to
the orthorhombic (chapter 3) structure, which can be seen as an elongated octahedron.
XAFS (X-ray absorption fine structure) spectra indicated that Cr** in the rust layer is
coordinated with O, to make a complex anion which settles in the vacant sites, in
between the double chains of the ultrafine o-FeOOH crystal as a surface-adsorbed
and/or inter-granular ion (Figure 73). As such, the Cr complex fills the gaps and prevents
the passage of other corrosion accelerating substances such as chloride ions or oxygen
molecules. The structure also becomes denser and therefore stronger.
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Figure 73: schematic illustration of goethite crystal, where Cr0x3-2* complex ion adsorbs at the
surface (Yamashita, 2004).

Molybdenum

Molybdenum reduces the intensity of the oxidizing effect required to ensure passivity
and decrease the tendency of previously formed passive films to break down (Euro-inox,
2004).

Research by Olefjord and Marcus (1987) pointed out that molybdenum is present in the
passive film in the Mo®" oxidation state. The surface enrichment of molybdenum is
believed to facilitate the passivation process. Besides this, the susceptibility of steels to
inter-granular attack decreases with increased Mo concentration. Cr and Mo also
increase the resistance to pitting and crevice corrosion (Ahmad, 2006), especially in
chloride-rich environments (Asphahani, 1987). Also, alloys containing Ni or Mo are less
susceptible to hydrogen embrittlement (Schweitzer, 2007).

Melchers (2003) states that he addition of molybdenum is beneficial to corrosion solely
in case of small quantities (<0.5%). Larger concentrations do not yield an influence. Also,
he mentions that the combination of molybdenum (0.5-1.5%) and 1.5% chromium
lowers the corrosion rate in the initial phase while the combination with aluminum
(1.5%) gives the opposite effect.

Finally, Mo imparts strength for high-temperature service (Roberge, 2000). According to
MacDougall (2002), however, the role of Mo is still under discussion.
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Aluminum

During steel making process, oxygen is used to lower the carbon content during the
conversion of pig iron into steel. When the temperature drops, the solubility of oxygen
in steel decreases and iron oxide is formed. This can be prevented by adding deoxidizing
agents (Campbell, 2008). Aluminum is a common deoxidizer (ASM, 2000) and together
with Cr, Si, Ti, V, Mo and W, it is added as a ferrite stabilizing element. Ferrite has small
grains which reduces the possibility of stress corrosion cracking {(ASM, 1993, Ralston,
2010). Besides this, the solubility of carbon in ferrite is very small, resulting in an
improved corrosion resistance.

Carbon or alloy steel heated to a temperature just above the upper critical temperature
transforms to austenite. Heating the steel to progressively higher temperatures will
eventually result in coarsening of the austenite grains. The temperature at which this
occurs depends to some extent on the composition of the steel {chapter 3}, but is
influenced primarily by the type and degree of deoxidation used in the steelmaking
process. Deoxidizers such as aluminum inhibit grain growth, thereby increasing the
temperature at which coarsening of the austenitic grains occurs. Aluminum is most
commonly used for grain size control because of its low cost and dependability (Akron
steel treating company, 1987).

The grain size of Fe-crystal is an important parameter in the strength of the steel. The
relation between yield strength to grain size is given by the following equation:

k
Fy=Fp+3 Eq. 54

with F, = yield strength (MPa), Fy = yield strength of very large isolated crystals (for mild steel 5MPa), K = constant,

which for mild steel is 38 Nmm'm, d = grain size

The formula shows that decreasing the grain size will enhance the yield strength (Kumar,
2012). This idea is generally accepted by the scientific world although, according our
literature study, an exact scientific explanation is not obvious.

An important characteristic of a successful alloy is its ability to form and maintain a
stable, protective oxide film. Aluminum and silicon alloying additions can contribute
positively to this requirement. However XRD, GD-OES & SEM analysis were not able to
indicate the accumulation of aluminum in the oxide layer of the CRS sample. The Al
concentration increases gradually throughout the corrosion layer (Figure 74). Zhang
(2002) performed an XRD analysis on ‘Cor-Ten’ steel and was also not able to prove the
presence of Cu and P in the compact rust layer. It can thus be suggested that the
absence of aluminum in the oxide layer does not necessarily mean that there is no
positive effect.
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According to Melchers (2003), an aluminum concentration between 0% and 1.5%
reduces the corrosion rate in the initial corrosion phase. The presence of molybdenum
seems to counteract the positive influence of aluminum in the initial phase as well as
during the anaerobic phase.
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Figure 74: GD-OES analysis of CRS steel oxide layer. Dark blue line is Al line. An almost linear
increase in Al concentration is visible.

More research such as but not limited to XPS and EIS on this topic needs to be
undertaken before the relation between aluminum concentration in the alloy and
corrosion resistance of the steel in a saline environments is explained.

Copper

Cohen (1961) and Stockbridge (19596) studied the distribution of alloying elements
during the formation of the compact rust layer on weathering steel and have attributed
important characteristics to the presence of Cu in the alloy. It has been found that the
presence of Cu retards the growth of rust and suppresses the supply of oxygen to the
steel surface. It reduces the conductivity of the rust, retards the crystallization of rust
and contributes to a uniform dissolution of the steel and a formation of a rust layer at
the initial stage.

However, in our corrosion resistant sample the concentration of copper is very low while
the concentration of aluminum is high. The corrosion resistance of ‘Cor-Ten’ steel is
based on a protective oxide layer, called patina that builds up when the steel is exposed
to atmospheric conditions. When immersed in sea water 'Cor-Ten' does not perform
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significantly better than mild steel, as the patina does not stabilize in the presence of
chlorine (Key to metals, 2010). Its use is therefore not recommended in such conditions
(NACE Resource Center, 2012). The Korean CRS is specially developed for use in ship’s
ballast tanks where salinity is inevitable.

7.3.1.2 Density

The calculated density of CRS is 7.646tm™. The average density of ship construction steel
varies between 7.75 and 8.05 tm™ (Elert, 2009). CRS is between 1.4 and 5% lighter,
which can, amongst others, be explained by the higher concentration of aluminum and
the lower concentration of copper.

7.3.1.3 Grain size

The Korean corrosion resistant steel shows equiaxed grains with an average size
between 20 and 30um (Figure 75). The structure is layered ferrite/pearlite/bainite with a
P phase of approximately 22%. The average grain sizes of all the samples are
incorporated in chapter 6 (Table 18).

e

_ B R

Figure 75: microstructure CRS. A: sample 7 B: sample 32 through optical microscope at
(10x50) magnification. Bainite structure (OCAS, 2011)

Grain refinement is an effective means for improving the strength and lowering the
ductile-brittle transition of structural alloys (Morris, 2001). Fine grains improve many
properties of steels. When only considering the grain size, steels with finer grain size
have better notch toughness than coarser-grained steels as a result of lower transition
temperatures. Also, a small grain size improves bendability and ductility and it improves
yield strength in quenched and tempered steel. There is also less distortion, less quench
cracking and lower internal stress in heat-treated products. Austenitic-grain growth can
be controlled by adding aluminum, titanium, zirconium, and vanadium to the alloy
(Lankford, 2008).
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7.3.1.4 Inclusions

Inclusions in metal generally have only negative influences. They reduce the mechanical
properties of the steel, increase porosity, corrosion and increase the internal stress in
the steel, resulting in premature failure (Kleber, 2006). Nonmetallic inclusions,
particularly sulfide inclusions, are known to initiate corrosion on carbon steels (Robert,
2008).

The CRS sample is very clean with a limited amount of globular aluminum oxides and
hardly any manganese sulfides (Figure 76, Table 29). Therefore it can be concluded that
there is very little negative influence on the mechanical properties and corrosion

resistance of this CRS as a result of inclusions.

Figure 76: inclusions CRS. A: sample 7 B: sample 32 through SEM-EDX analysis, 100 times
enlarged. Very few Aluminum oxide inclusions visible. No manganese sulfide inclusions
detected.

Table 29: Total amount and length of inclusions CRS sample 7 and 32 as per ASTM E2142-08,
expressed in pm.

a=_ = manganese sulfide, single; b =..... =aluminum oxides, line;

c= = manganese sulfide, line; d=. = aluminum oxide, single.

Nr : ;

7/32 |line max | a- e e diE

dimension [dimen | dimen | dimen dimen
number |in pm amount [sion |amount |sion amount |sion |amount |sion

1 5.5 0.0 0.0 0.0 2| 11.0
2 11.0 0.0 0.0 0.0 1| 11.0
3 22.0 0.0 0.0 0.0 0.0
4 44.0 0.0 0.0 0.0 0.0
5 88.0 0.0 0.0 0.0 0.0
6 176.0 0.0 0.0 0.0 0.0
7 353.0 0.0 0.0 0.0 0.0
8 705.0 0.0 0.0 0.0 0.0
9 1410.0 0.0 0.0 0.0 0.0

total 0 0 0 3

total length 0 0 o] 22
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7.3.2 Mechanical properties
7.3.2.1 Hardness

The two CRS samples, respectively 7 & 32, were tested. Each sample was cut into three
pieces 7.1, 7.2, 7.3 & 32.1, 32.2, 32.3. The results of the Vickers HV10 and HRB tests are
given in Table 30.

Table 30: results KdG hardness measurements, according the Vickers HV10 and HRB tests. no
unit.

Sample nr. 7 | HV1O0 | HRB Sample nr.32 | HV10 | HRB

7.1 168 85 321 171 84
7.2 172 87 32.2 168 84
7.3 165 84 323 169 85
Average 168 85,3 Average 169 | 84,3

By using the ASTM standards prognoses can be made regarding the tensile strength of
the CRS steel. 169 HV10 corresponds with a tensile strength of approximately 550MPa
satisfying the high tensile steel AH32 standard (Table 25). Since hardness tests are not
compulsory for ship construction steel no reference statistical material is available.

7.3.2.2 Notch toughness
The results of the Charpy V-notch tests are presented in Table 31.

Table 31: results KdG notch toughness measurements as per Charpy V-notch test. Impact
energy in ] and notch impact strength in Jmm-2.

Sample nr. Impact Energy [J] Eg:;hzl]mpact icpEtly
71 172 2.15
g 7.2 88 1.10
© 7.3 90 1.12
a Average (117) (1.46)
E 321 94 1.18
1= 322 90 1:13
3 323 104 1.30
E Average 96 1.20
32.4 157 1.98
32.5 170 2.14
326 90 1.13
g Average 139 1.75
32.1 188 2.34
32.2 82 1.02
O 323 84 1.05
S Average 118 1.47
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We consider the impact energy value obtained for sample 7.1 at ambient temperature
as an outlier. If we calculate the average value of the impact energy [J] over the
remaining five samples we obtain 93.2J. This result and the average impact energy at 0°C
is compared to the Bureau Veritas standards (2011) (Table 32).

Table 32: steel mechanical properties for different steel grades, Bureau Veritas, 2011.

Steel Yield | Tensile ELA: Average impact energy [J] min KVL longitudinal —
grade | stress | strength (%) KVT Transverse —t = thickness {mm)
Ren Rm (MPa) min Test | t<50 50<t<70 70<t<100
(MPa) temp | KVL KVT KVL KVT KVL KVT
min ("C)
A 235 400/520 22 +20 34 24 41 27
AH32 315 440/570 22 0 31 22 38 26 46 31
AH36 355 490/630 21 0 34 24 41 27 50 34
AH40 390 510/660 20 0 39 26 46 31 55 37

The average impact energy of the CRS is well above the values as shown in Table 32.
The values AH32 for a thickness < 50mm are most relevant (shown in bold).

To validate the rather high outcome of the notch toughness impact test as performed at
Karel de Grote University College (2012) we compared this result with data from a study
by Vanderhorn & Wang (2011). Since the results for the five steel mills are very similar
we show in Table 33 only one steel mill by way of example.

Table 33: statistical information for impact energy for ship building steels (VanderHorn &
Wang, 2011).

Reference Steel grade Mean/Rule Value | COV N° of tests
(IACS)
Steel maker 1 A 6.561 0.183 45
AH32 4.500 0.144 4927
AH36 3.660 0.179 2067
AH40 5.145 0.119 348

COV: Coefficient of variation = Standard deviation/Mean. The COV shows the variability in relation to the mean of the
population.

The third column (Mean/Rule Value) shows how many times the average impact energy
value [J] of the samples produced by steel maker 1, exceeds the minimum imposed by
the International Association of Classification Societies (IACS) and this for A, AH32, AH36
and AH40 steel. Based on the totality of tests on the CRS, the average of the mean
values was found to be 4.24 times the IACS nominal rule value. It can therefore be
assumed that although the measured impact energy is way above the IACS nominal rule
value this can be considered as normal.
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7.3.2.3 Tensile strength and yield stress

Table 34 gives an overview of the different standards IACS standards, together with the
obtained CRS values. Figure 77 shows the tensile strength curve, as obtained at the Karel

de Grote Hogeschool, Antwerp.

Table 34: comparison yield stress (MPa), tensile strength (MPa) and elongation (%) of steel

grades A, AH32, AH36 and CRS.

——
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AH32 AH36 CRS
Yield Strength Rey (Roo.25) (MPa) 235 315 335 310
Ultimate tensile strength
400-520 440-570 490-630 572.20
Rm(Mpa)
Elongation As(%) 22 22 21 29.75
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Figure 77: tensile strength (N/mm or MPa) diagram of CRS.
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Table 35 represents the vyield strength for ship building steel, derived from the
Vanderhorn & Wang study (2011). The values given in column two till five show how
many times the average yield stress (Ren or Rpgonin N/mmz) of the samples produced by
steel maker | till V exceed the minimum imposed by the International Association of

Classification Societies (IACS) and this for A, AH32, AH36 and AH40 steel.
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Table 35: statistical information for yield strength (MPa) for ship building steels from
different steelmakers (2004-2009), related to the IACS standard, based on Vanderhorn &
Wang (2011).

Average Average %

steed  |Steel  |steel  [Steet  |steel 85 liacs B

steel IACS
grade makeri |makerill |maker!V |makerV vatue

maker value
A 1.228 1.287 1.26 235 296.10
AH32 1.204 1.182 1.19 315 374.85
AH36 1.188 1.17 1.199 1.154 1.18 355 418.90
AH40 1.196 1.20 390 468.00

The mean value of the yield stress is, on average, about 1.21 times the nominal value.
Separating the data by the steel type, it can be seen that grade A steel is on average 1.26
times the nominal value and high strength steel {AH32) 1.19 times the rule (IACS)
nominal value (Vanderhorn & Wang, 2011). The yield stress value of the CRS is
310.23MPa. We note that is this is very close to the minimum IACS value (315MPa)
applicable for AH32 steel (Table 35). Compared with the present industrial standard,
CRS is situated only slightly above the average grade A value (296.10 MPa).

Table 36 gives the ultimate tensile strength for ship building steel, again derived from
the Vanderhorn & Wang study (2011).

Table 36: statistical information for tensile strength for ship building steels from different
steelmakers (2004-2009), related to the IACS standards, based on Vanderhorn & Wang
(2011).

Steel Steel {Steel |Steel Steel | Averag 1IACS IACS Averag | Averag

grade |maker!{maker |maker [maker |e steellvalue |[value |exIACS{iexIACS
i v Vv maker {min max min max

A 1.095 1.129 1112 400 520 4448 578.24

AH32 1.134 1.202 1.168 440 570| 513.92| 665.76

AH36 1.094 1.153 1.126 1.11 1.123 490 630| 550.39| 707.65

AH40 1.11 1.110 510 660 566.1 732.6

The average of the mean value for the tensile strength is 1.13 times the nominal rule
value. CRS, which has an ultimate tensile strength of 572.20 MPa, is well within the IACS
range of AH36 steel but compared to present industrial standard, it meets only the
grade A level. Table 37 shows the percentage elongation for the studied samples by
Vanderhorn (2011).
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Table 37: statistical information for elongation for ship building steels (2004-2009) related to
the IACS standard, based on Vanderhorn & Wang (2011).

Steel Steel Steel  |Steel Steel Average IACS Average X

grade | makeri maker Hl | maker iV JmakerV |steel value (%) HACS
maker

A 1.323 1.577 1.45 22 31.90

AH32 1.186 1.382 1.28 22 28.25

AH36 1.119 1.278 1.028 1.417 1.21 21 25.42

AH40 1.08 1.08 20 21.60

The average elongation of the five steelmakers is 1.25 times the IACS nominal rule value.
The elongation As of CRS is 29.75%. This can be defined as excellent and is above 1ACS
and present industrial standards.

7.3.2.4 Suitability for welding test

The practical test at Antwerp Ship Repair gave satisfactory results and according the
specialist welder this CRS material welded as good as ordinary ship steel.

A Vickers hardness test was done on the weld. The maximum hardness measured is
situated between 280 & 350 HV. Therefore the risk of hydrogen induced cold cracking in
the heat affected zone is limited and in general welding without heat treatment is
possible (Figure 78).

Vickers Hardness HV10

Distance to the centre of the weid in mm

Figure 78: Vickers hardness fluctuations (no unit) in CRS weld, related to the distance to the
center of the weld in mm.
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The carbon equivalent was calculated with two different methods.

The AWS formula (Eq. 76) generated a carbon equivalent value of 0.76%. This value is
rather high. Through experience 0.45% (Lioyds Formula) has been determined to be
limiting value at which satisfactory welding results can be obtained under shipyard
conditions without excessive preheat (Templeton, 2006).

Since the carbon concentration in the CRS is rather low a more reliable result should be
obtained by the Ito and Bessyo equation (Eq. 77) resulting in a carbon equivalent of
0.22269%. Whit this value, the cracking parameter (PC) and the critical preheating
temperature can be calculated (Smet, 2000). We hereby considered two different cases.

First, welding performed with classical rutile electrodes and a H; concentration of
10cm®/100g and an assumed plate thickness of 15.5mm. This gave a PC of 0.415 and a
critical preheating temperature of 206°C.

Then the calculations were done with basic electrodes, MAG or TIG welding with a H;
concentration of 5cm>/100g, resulting in a PC of 0.332 and the critical preheating
temperature of 85°C.

The above results have been checked with the Yurioka method that takes additionally
into account the heat input from the welding process. The outcome of this method
shows that the MAG and TIG welding process requires a preheating of 14.8°C which can
be considered as negligible while when rutile electrodes are used a preheating
temperature of 62°C is necessary (Yurioka, 1981), which is too high for welding
operations in a shipyard.

7.4 Conclusions

The present study was designed to determine the chemical and mechanical
characteristics of the corrosion resistant steel sample in our possession and to
determine the possibility for use as ship construction material in ballast tanks of
merchant vessels.

The chemical composition show and increased concentration of chromium, aluminum,
and molybdenum and a reduced concentration of carbon and copper, resulting in a
weight reduction of 1.5-5%.

We were able to prove a significant better resistance to corrosion in a saline
environment compared with ordinary grade A and AH steel. It remains difficult to
demonstrate the exact influence of every single alloying element on the corrosion
behavior. Most probably the solution lies within the symbioses of the different
composing elements of which the activity is function of environment and time.
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Our approach was pragmatic. However it would be nice and favorable to have a better
understanding of the physical, chemical and even biological processes involved.

We have put considerable effort into revealing the hidden secrets and consulted many
national and international corrosion authorities, unfortunately without any result. Most
probably the exact mechanisms are yet unknown. At this point this is discouraging but it
also indicates that further and deeper research is necessary and most probably this will
result in exciting innovative steel grades.

When it comes to the mechanical properties of this steel, the results of this study
indicate that the samples are satisfying the applicable international rules and
regulations. The notch toughness is rather high, but can be considered as normal.
Hardness tests are not compulsory for ship construction steel, but the steel satisfies the
standard for high tensile steel. Welding is possible without preheating with TIG or MAG
(low H; welding system). Therefore, approving this steel for ballast tank construction
should not be a problem. 2 major classification societies, ABS and LR, were consulted
concerning this matter, but no answer was received at the moment of publication.
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8 Discussion and conclusions

The work presented here is part of the research concerning corrosion in ballast tanks of
merchant vessels that was developed over the last five years at the Antwerp Maritime
Academy. Within the scope of the initial objective, the development of a maintenance
free ballast tank, it was the purpose of this particular study to discover which of the
physical and/or chemical properties of ship construction steel are most relevant to the
corrosion rate. This knowledge might lead to the introduction of innovative steel alloys,
resulting in a new methodology of ballast tank construction, including the possibility of a
more environmental friendly design.

Improvement of the corrosion resistance of the ship’s construction benefits the overall
safety of the vessel, its cargo and crew. Moreover, corrosion represents a major cost to
the shipping industry (Chapter 1). Maintenance and repair in ballast tanks are very
difficult and consequently expensive. Steel replacement jobs, performed under difficult
conditions, often create excessive stresses near the inserts and do not always improve
the overall condition of the ship (NSRP, 2012). A better corrosion resistance therefore
also reduces the expenses of ship maintenance and so the operation cost for the ship-
owner. This is a lucky match between ship safety and economics. Usually, the ship owner
is not so keen on investing in ship safety, as his investment often fails to pay off directly
in terms of profit, but rather results in a reduction of expenses as a result of a decrease
in the overall occurrence of accidents on board.

Ship owners that sell their newly built ship after eight to ten years before the first
important expenses emerge are not interested in the condition of their vessel on a long
term. However, this study is not governed solely by the economic concerns of the first
owner. A broader viewpoint should dominate. When sold, these ships keep on trading
and should adequately protect crew and cargo. There is an increased economic
awareness in the shipping industry. In the future, the lifetime of ships will be stretched
beyond the actual accepted 25 years. Often a ship is considered to be a trading
commodity and an owner will sell it when the occasion arises. Due to the extreme
cyclicality of the shipping markets, important opportunities exist, when cautiously
timed, to buy low and sell high (Figure 79) (Tsolakis, 2003).
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Figure 79: what matters in shipping, cartoon (Sheppard, 2012).

Previous research at the Antwerp Maritime Academy by the corrosion research team,
presented in the Ph. D dissertation of Capt. De Baere (2011), quantified the corrosion in
ballast tanks of merchant vessels after in situ investigation of more than 140 vessels by
means of a self-developed corrosion index. Using time dependent linear regression, the
influence of ship specific parameters such as land of construction, trading area, coating,
ship type and length was thoroughly studied. No significant correlations could be
established.

The in situ research is definitely not finished and the database is being completed upon
arising opportunities. Every ship added to the database results in a more reliable
outcome. Today, we can already present a better understanding of the corrosion
process and some of the influencing elements. For example, remarkable results were
obtained when studying the protection of ballast tanks with sacrificial anodes where the
advantage of these anodes could not be established. Further research showed that the
positioning and distribution of these anodes plays an important role in the optimal
operation.

This aspect required more attention. Hence, in 2012, the Antwerp Maritime Academy
started a project investigating this phenomenon more in depth. Through a 3D CAD
program, Solid Works, a ballast tank model of an existing ship (2P and SB of the Flanders
Harmony, an LPG tanker owned and managed by Exmar) was built including the true to
life distribution of the anodes (Figure 80). The theoretical protection of the tank by the
sacrificed anodes was calculated through CPmaster (Elsyca, 2012). At this moment, the
outcome is being compared with reality, recorded during an in situ inspection of the ship
while in dry dock, Bahrain, December 2012.
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Figure 80: CAD model of ballast tank (18m x 42m), (Elsyca, 2013), with indication of the
protection by sacrificial anodes. Blue zones are overprotected, green are well protected zones,
red are under protected. Polarization data are based on a current demand of 1.2 mA/ m?
(given a coating in excellent condition).

The work of Capt. De Baere {2011) comprised an economic study comparing five
different ways of ballast tank construction. This study was further improved in this work
(Chapter 1) through a refinement of the parameters, an actualization of the prices and a
modification of the model. A Monte Carlo analysis simulated the probability of certain
outcomes by running multiple simulations, using random variables. This study, accepted
for publication in Marine Structures, forms the link between the work of Capt. De Baere
(2011) and the work presented here. Although the study concluded that the present way
of ballast tank construction, using grade A steel and corrosion protection with epoxy
coating in combination with sacrificial anodes is today the best economic choice, it also
confronted us with the possibility that the steel quality used for ballast tanks might have
an influence on the corrosion rate and required further investigation.

This brings us to the main objective of this dissertation: to investigate how the steel
quality of grades used in ballast tanks influences the corrosion rate and to explain the
determining parameters of this process.

With the help of mainly Antwerp Ship Repair, DEME and EXMAR a total of 40 steel plates
(30 x 50cm) were gathered, directly cut out of the hulls of ships calling at a dry dock for
steel repair work. This sample set comprises plates from various types of vessels and
from vessels constructed at different construction yards worldwide. Moreover, with the
help of the American Bureau of Shipping we obtained 2 samples (30x50cm) of
experimental corrosion resistant steel (CRS), alloyed by POSCO, Korea, especially
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developed for use in a saline environment. This added an new dimension to the research
and introduced the possibility to test the hypotheses formulated in the economic study.

A test facility was built from scratch at the premises of the Antwerp Maritime Academy
(Chapter 5). Natural North Sea water was used. The chemical composition,
microstructure and inclusions of every plate were determined (Chapter 4) and the
corrosion rates were monitored and evaluated after six, ten, twenty and twenty-four
months through weight loss measurement. Electrochemical measurements were used as
point of comparison and confirmed the outcomes of these weight loss measurements. A
photographic corrosion quantification technique was attempted and together with an
ultrasonic thickness loss measurement discarded.

Statistical analysis of the findings suggests that in general IACS grade A and AH steel
gualities used for ballast tank construction have similar corrosion rates and that the
influences from fluctuations in chemical composition on the corrosion are not
significant. Robust PCA analysis applied on the experimental data resulted in three
distinguished clusters of steel types A, AH and CRS. The corrosion rates of both grade A
and AH steels are nearly identical. The CRS added to the experiment defines the third
cluster and forms an exception to this conclusion. A corrosion rate gain between 30%
and 50% was noted. The combination of a bainitic layered structure, higher Cr, Al and
Mo and lower C and Cu concentrations suggest a better corrosion resistance to seawater
exposure.

The observed reduced corrosion rate of the CRS sample raised additional guestions.
First, an explanation for the significant corrosion moderation must be given. This was
done in depth in chapter 6 and the time frame is reflected further in this discussion.
Then, it must be assured that the steel is suitable for ballast tanks of merchant vessels.
This was confirmed by the outcome of the different physical and mechanical tests of
chapter 7.

The results of the experiments determining the mechanical properties of the CRS
samples were positive. The values for ultimate tensile strength meet the requirements
for high tensile steel. The yield strength of 310MPa is very close to the minimum value
of 315 MPa required by IACS. Notch toughness, tensile strength and yield stress tests of
the CRS all had a positive outcome. Practical welding tests performed at Antwerp Ship
Repair by a qualified welder following standard procedures and in the KdG workshop
provided a first impression on the weldability, which was subsequently evaluated as
good. The calculations on the carbon equivalent were done with the formula of the
American Welding Society and the equation of Yto and Bessyo for low carbon
concentrations. The CRS is a low carbon steel and the results of the calculation suggests
that the preheating required for MAG and TIG welding with standard rods is negligible.
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The microstructures of the A and AH samples show a large diversity. In general it is
accepted that small grain sizes have better strength and wear resistance and have an
influence on the electrochemical behavior of the steel and consequently on the
corrosion rate (Ralston, 2010). Scientists agree on the positive effect of grain
refinement, but the work on fundamental understanding of the way grain size affects
the corrosion rate is very limited. Ralston states that existing literature is often
contradictory, even within the same alloy class, and a coherent understanding of how
grain size influences corrosion response is largely lacking (Ralston, 2010).

The grain size of the CRS was defined as being medium sized, and in the context of what
is described in the previous paragraph, this cannot be considered as a positively or
negatively influencing element in the corrosion performance of this steel grade.

Multiple studies confirm the negative effect of non-metallic inclusions on the corrosion
resistance of steel (Wang, 1996, Steward, 1992, Gubenko, 2011). Scientists state that
corrosion resistance is higher for clean steel, having little inclusions. During our
experiments, we investigated the amount of aluminum oxides and manganese sulfides
in the steel samples. The amount of inclusions found in the steel samples varied
substantially. The CRS samples proved to be very clean, with almost no inclusion, which
is off course a very positive outcome. However, with a very small sample size (<lecm?),
transferring results to bulk material must be done with the necessary caution.

The conclusion of chapter 6 and 7 is that CRS is most probably acceptable as ship
construction steel. The final decision lies with the Classification Societies. We
approached two IACS members with this question but up till now no answers were
received.

These CRS test results generated an impact on the generic economical study presented
in chapter one. Case IV of this study was based on the supposition that steel
replacement during dry dock could be eliminated by using a superior steel quality with
limited corrosion rate. Based on the chemical composition and the concentration of the
various elements, it was suggested by Arcelor Mittal that this CRS will cost about 30%
more than ordinary grade A steel. The conclusions showed that the use of CRS is a
valuable economical choice only when the price is not over 110% of the normal grade A
steel price. The Monte Carlo analysis, taking into account the variability of the different
significant parameters, confirms this.

As all basic resources become scarcer, a price drop this is not likely to occur in the near
future. Nevertheless, we are convinced that finally the green public awareness will be
reflected in the rules and regulations, so that environmental friendly designs will prevail.

The observed reduced corrosion rate suggests an implication on the plate thickness and
the corresponding weight. However, this effect is rather limited. The ballast tanks of our
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theoretical Panamax bulker are constructed in 14mm plate and the classification rules
require a minimum of 11mm plate thickness without the corrosion allowance (IACS,
2012). This means that reductions are only applicable on the corrosion allowance of
3mm. Calculations show that this reduction in 25 years is about 0.68mm. Given the
reduced density of the steel, calculated based on the composing elements, this results in
a weight reduction of approximately 5%. This reduction was incorporated in case IV of
the economic model.

The findings presented suggest the feasibility of applying new corrosion resistant
materials in ship construction might be confirmed by the appearance on the market of a
new steel grade AMLoCor {Arcelor Mittal, 2011) for seaport constructions. The
conditions in this environment are comparable with the situation in a ballast tank.
AMLoCor Is a low carbon steel grade with 1.5% Cr and 0.65% Al and a non-specified
concentration of Mo. Arcelor Mittal studies resulted in a substantial reduction in steel
loss by a factor three to five, depending on the exposed zones (Arcelor Mittal, 2011).
The results in our study were not as spectacular as those of the AMLoCor steel, but they
still offer sufficient new opportunities.

The current study was unable to explain in a conclusive way why certain steel grades
corrode less fast. Chapter 7 contains an effort to draw parallels between our findings,
literature and similar research programs. It is obvious that the answer, when disclosed,
will not be as clear-cut as we would like. The secret is most probably a complex
symbiosis of alloying elements, physico-chemical characteristics and environmental
conditions.

The current research was limited by its time frame. Corrosion was investigated for a
period of 2 years. Stretching these results to 25 years or more, with sufficient accuracy,
requires longer and/or accelerated experiments. It was assumed that the influences of
the different alloy elements will continue to have the same effect in the future. This
might however not be true. In his 2003 paper, Melchers gives an overview (Table 38) of
several comprehensive test programs for coupons immersed at different locations in a
seawater environment. The effect of Cr turned out to be positive for a limited period.
Blekkenhorst (1986) specifies a time span of 7.2 years. Southwell (1969) states that “3%
and 5% chromium steels had initial corrosion losses in seawater lower than those of
carbon steel, but beyond 4 years the advantage was reversed. After 16 years the
chromium steels showed 22 to 45% higher losses than ordinary steel”. The studies that
investigated the influence of Mo all appointed this element as being beneficial and
reduces the corrosion rate. It is interesting to note that Blekkenhorst {1986) combines
this Mo effect to a low Cr-Al concentration and that his results show a complex non-
linear influence. Additions of Mo up to 0.5% are beneficial, but higher concentrations
have no effect on the corrosion rate {(Melchers, 2003). The same paper describes Al as
being beneficial to the corrosion rate on the long term for concentrations up to 1,5%.
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Petersen (1977) especially formulates this effect in the combination with Cr. When
combining this with the findings of Blekkenhorst (1986), Cr can have its effect in the first
years and then Al can take over, as its effect is more beneficial on the long term. Further
experimental investigations are needed to estimate the corrosion performances of the
CRS for extended periods.

Table 38: effect of small composition changes to corrosion rate, summary of various long term
studies (Melchers, 2003).

Alloyong | Hudson and | Forgeson et | Schultze and | Peterson Blekkenhorst
element | Stanners al. {1960) van der | {1977} et al. {1986)
{1955) Wekken
{1976)
Cr - Beneficial - Initially - Initially - Strongly |~ Beneficial for
beneficial, beneficial, beneficial, up to 7.2 years
- More o
N ] " ) certainly in
advan;ages — egative I— egative combination
over shorter | influence ong-term with Al
exposure after about 4
periods (<2y) | years,
Mo - Beneficial - Moderately | - Beneficial for
long term beneficial low Cr, Al
concentrations
- Complex
nonlinear
influence
Al -No clear -Beneficial -Beneficial, - Beneficial,
effect long term particularly
- Particularly
long term
with Cr

When studying the CRS, similarities with Cor-Ten steel were noticed. CRS and Cor-Ten
are both passivating alloys, but Cor-ten does not resist chlorides while CRS does. We
believe aluminum plays a key role in this process. To investigate this, very recently a
cooperation with the University of Ligge was initiated. SEM-EDS and crystalline structure
characterization will be applied on 3 samples (2 CRS and 1 reference grade A) to discover
the role of aluminum in the oxide layer, to define to the exact position of the aluminum
in the goethite and to disclose its function.

The research on corrosion of ballast tanks on board merchant vessels is certainly not
finished, but the findings of this study already can have a number of important
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implications for future practice. On the other hand, it is too early to formulate specific
advices to the ship owner, as there are still a lot of unknown parameters which require
further investigation. This Ph. D dissertation can therefore be considered as the second
part of an overarching triptych, the overall objective of which is to equip a ship owner
with a set of achievable recommendations in order to stretch the lifetime of the ballast
tanks on board his ship up to and beyond the economic life time expectancy of 25 years.
Already the first steps have been taken to initiate the third and final part. Two new lines
of research will be opened. The first one will resume and carry forward the anode story,
the second one will concentrate on ballast tank coatings and more exactly on the correct

influence of the application conditions on the final quality.

Recommendations for further research

Ship construction is an important steel consumer challenging steel mills to enlarge their
research and development on corrosion resistant materials. It is the final objective to
find a way of ensuring the 25 years of life expectancy of a ship without steel
replacement and maintenance as a consequence of corrosion. Steel degradation is
mainly caused by seawater contact. The availability of class approved CRS could limit
these corrosion consequences, improve safety and yield an economical advantage. This
superior steel quality can also have numerous other applications, where the corrosion
resistance is very critical and the reliability of the construction of the utmost
importance. In this context, windmills, port constructions and other difficult accessible
area in contact with seawater can be given as an example.

To reduce the cost, it might be an option to introduce clad steel into the ballast tanks.
Clad steel plate is a composite steel plate made by bonding specific steel material
(cladding material) to either or both sides of a carbon steel or low alloy steel plate (base
metal) (JFE, 2012). It is maybe possible to combine best of both worlds: the strength of
the base material at a low cost, with the specific features such as corrosion resistance of
the cladding material, and this at a lower cost compared to products made entirely out
of the top layer material. It would therefore be interesting to repeat the experiments
described in this work with other steel grades that have increased Al/Cr concentrations.
Some of these grades are available on the market for other purposes {such as AmLoCor)
but they might perhaps also serve for ballast tank construction. The comparison of these
steel grades with the CRS would definitely place the research in a wider context.

Another option to reduce the cost of this CRS is to look at the protection measures. It
would therefore be interesting to assess the long term effects if this steel is used
without any coating or sacrificial anodes. It is now compulsory by PSPC regulation {IMO,
2006) to have a light epoxy coating on the ballast tanks surface, but this does not mean
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that other options for further development are not open for consideration. If a steel
quality is produced with a very low corrosion rate thanks to a protective rust layer,
sufficiently adhesive to the base material, also in a seawater environment, coating and
protection with anodes might become obsolete. Without any doubt this is extremely
beneficial to the maritime ecosystem, these days already under ultimate stress by
pollution and overfishing. No paint and no anodes means less introduction of heavy
metals and solvents. Only iron oxide, which is one of natures’ basic materials, is
reintroduced into its natural habitat. A possible drawback of the omission of a coating
system is the dark color of the ballast tanks. Previous, tanks were coated with coal tar
epoxy, which was a good coating, but had some very important downsides. As the
coating was black, inspection of the tanks was very difficult. A dark color also increases
the risk for slips and trips, a safety concern that cannot be underestimated. Besides this,
coal tar is classified as a carcinogen and can cause skin problems, another important
negative aspect.

A complete other approach is the N.E.| vOs™ (Ventury Oxigen Stripping) system, which
can be used in both empty and filled tanks. They claim to reduce the corrosion rate up to
84% by adding low-oxygen inert gas into the ballast tank, maintaining the oxygen level
below 4% (NEI, 2012). The results of experimental data after 30 and 270 days exposure
are given in hereunder (Table 39, Figure 81).

Tank 2- Wikl
276 vy

Table 39: corrosion reduction in
percentage for COS system after 30 and 270
days exposure (NEI, 2007).

Environment | 30 days | 270 days
exposure exposure
Splash zone -40% -38%
Humid -78% -84%
Buried -14% -20%

Figure 81: corroded plates after 270 days
exposure splash zone. Left with VOS, right
without VOS (NEIL, 2007).

This system is already installed on the Belgian Tl tankers and has proven his

effectiveness.

This study has demonstrated that the development of a superior CRS at a balanced price
creates most certainly the possibility to construct maintenance free ballast tanks with a
life span of at least 25 years. The principal drawback is that these steel grades require
expensive alloying elements ever growing scarcer. Painting is and will remain the
principle protection of immersed steel structures for the coming years. A follow-up
study could assess the impact of correct coating and coating application on metallic
structure degradation. It has been estimated that approximately 75% of all premature
coating failures are caused by inadequate or improper surface preparation (Nace, 2012).
Surface preparation on new steel includes degreasing, removal of the mill scale,
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rounding of edges and removing of weld spatter. During maintenance and repair work
on coated surfaces, loose coating has to be removed and the transition between coated
and uncoated surface must be feathered. This surface preparation will make the
difference between a poor and adequate coating system™®. How this is to be ascertained
and controlled in a shipyard environment or by the ships’ crew during a sea transit is
another important question and start of a complete new research program.

If the coating debate is to be moved forward, a better understanding of epoxy coatings
and possible alternatives needs to be developed. At the Antwerp Maritime Academy,
experiments have been performed with protective films, today already used to cover
airplanes and busses. These films are more flexible than traditional coatings, which
harden and become brittle in time. Impact from tugs or loading- and discharging
equipment may cause cracks and consequently coating failure, which can be avoided
with these films. The application on welds, corners and stiffeners has still to be
investigated. Other flexible coatings can be developed too, as an alternative for the
traditional PSPC epoxy coating system. The same elements of concern, already
mentioned in the previous paragraph, apply.

All the above mentioned elements would benefit from a corrosion friendly design.
Nowadays, ship design is concentrated on maximizing the cargo carrying capacity. To
ascertain this, all construction elements are removed out of the holds or cargo tanks and
relocated in the surrounding compartments, including the ballast tanks. In their final
report oh commercial ship design and fabrication for corrosion control, Parente et al
(1996) already give suggestions for a corrosion friendly design. These include the
minimization of horizontal structures which can trap water, the provision of sufficient
drain cut-outs and sloping structures to facilitate drainage and prevent accumulation of
sediment, the provision of contoured metal surfaces (plate edges) and minimized
shadow areas to facilitate application of coatings and modification of scantlings to effect
a stiffer structure, which is thought to lead to lower corrosion rates (Parente, 1996).

Another option would be to keep the double hull, surrounding the cargo tanks, dry and
to create separated ballast tanks that contain no structural elements. This idea was
suggested by the Japanese classification society Class NK (1996) (Figure 82). In this
concept, double hull spaces are designed as void spaces and the ballast tanks are
incorporated as two pairs of large wing tanks positioned in the inner hull. The initial cost
for construction will be higher, but the maintenance cost will drop significantly, as the
ballast tanks are simple tanks without structural elements (NRC, 1998).

4 Lifetime protection with paint is certainly possible. In December 2012, we
performed an inspection on board of the Flanders Harmony, a 20 year old LPG
tanker. An average corrosion rate of only 3% was noted. This example supports the
large variation in corrosion rate for ships older than 15 years.
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Figure 82: void space overview double hull tanker (Akiba, 1996).

The ultimate solution that will prevent the problem of corrosion in ballast tanks is of

course the elimination of the ballast tanks. Projects at the university of Michigan (USA)
and the TU Delft {The Netherlands) show that a complete redesign of the traditional ship
is possible and makes the need for ballast water superfluous. The Michigan project was

proposed back in 2008, mainly as a combined solution to reduce cost and to eliminate

the transport of invasive aguatic species through the ballast water (University of

Michigan, 2008). The elimination of the corrosion problem in these tanks can only speak
in favor of this project. The worldwide economic crisis that started back in 2008 and still

continues today however does not create a positive environment to support any new

innovative developments that require a drastic change in ship construction.
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12 Abbreviations

d

A

AA

ABS

AES

AH

AS

ASA

ASR

ASTM

BCC

BCT

BOF

BV

CA

CAN

CCRS

CDD

CNCRS

CNCRS

cP

CRS

Cs

CT

Number of anodes

Frequency factor

number aluminum anodes

American Bureau of Shipping

Atomic emission spectroscopy

High tensile steel

Purchase price grade A steel [€/ton]
Useful surface area of the anode [m?]
Quantity of steel replaced per dry dock, per age of the ship.
American Society for Testing and Materials

Body centered cubic

Body-centered tetragonal

Bijzonder onderzoeks fonds

Bureau Veritas

Concentration in the bulk solution [mol?/m?]
Corrosion allowance in [mm]
Cost new building in grade A steel quality [€/ton]
Cost coating /re-coating CRS [€]

Cost rental dry dock [€/day]
Cost new building in CRS quality [€/ton]
Cost new building corrosion resistant steel [€]

Breakdown of coating or area rusted on plates
Corrosion resistant steel
Specific heat [J/(K-kg)]

Continuous transformation
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D Diffusion coefficient [m?%/s]

DENS Density [ke/m3]
DR Discount rate [9%]
DRC Days re-coating

DWT Deadweight [ton]
E Driving potential [V]

E Internal energy [

E Reduction potential V1
EDos Standard reduction potential (25°C & 1bar)[V]

E; Activation energy [J]
E:oi Corrosion potential [V]
EDX Energy-dispersive X-ray spectroscopy

Eeq Equilibrium potential V]
Ex Kinetic energy [J]
EMF Electromotive Force V]
Eq Passivation potential [V]
E: Reversible potential V]
Et Transpassive potential V]

F Faraday’s constant [C/Mol]
FCC Face centered cubic

FE-C Iron- Cementite diagram

G Gibbs energy (Free energy) 1]
Gos Free energy (25°C & 1bar) 1)
GDOES Glow discharge optical emission spectroscopy
GL Germanisher Lloyd

H Enthalpy 1]
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HSes Enthalpy (25°C & 1bar) ]

HCP Hexagonal close-packed

HTS High tensile steel

i Current density [A/m’]
| Current [A]

io Exchange current  density [A/m?]
lo Exchange current [A]

IA Installation cost anodes [€/piece]
i Anodic current density [A/m?]
la Anodic current [A]

IAA Initial installation cost aluminum anodes  [€]
IACS International Association of Classification Societies
— Delivered current per sacrificial anode [A]

le Cathodic current [A]

i Cathodic current density [A/m?]
learr Corrosion current [A]

it corrosion current density [A/m?]

Current density at critical passivation

ig Layer current density (A/m3

I Layer current [A]

IMO International Maritime Organization

ip Current density at passivation [A/m?]

IR inflation rate [%]
irequired Required current density [A]

IZA Initial installation cost zinc anodes [€]

i flux or movement [mol/m?s]
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LOA
LPR
LR

LWT

PA
PCA
PSPC
PSPCys
PT

PZ

RA

Equilibrium constant

Length over all

Linear Polarization Resistance
Lloyds Register

Lightweight

Lightweight tank type |, llland IV
Lightweight tank type Il

Molar mass

Number of atoms, mol, electrons
Nitric Acid in Methanol

Optical emission spectroscopy
Surface ballast tanks
Oxidation/reduction potential
coefficient of stiffness

inflation rate

Price aluminum

Principal Component Analysis

[m]

[ton]
[ton]
[ton]

[gmol™]

[m?

[%]

(€]

Performance Standard for Protective Coatings

Coating according PSPC standards — 15 years lifetime expectancy

plate thickness
Price zinc
Electrical charge
Heat

Reaction quotient
Ideal gas constant

Replacement of anodes
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[m]
[€]
(]

]

UK *mol™]
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RACRS
RAS
RCCRS

RINA

RPSPC
RS

RTSCF

SA
SAtotal
SD
SCE
SCl
SCRS
SEM

SHE

TC
TCB
TSCF
TSCFys

IT curve

uTS

Ratio CRS versus grade A
Replacement of steel

Cost repairing CRS

Registro ltaliano Navale
polarization resistance

Cost of repairing PSPCys

Russian Maritime Register of Shipping
Cost of repairing TSCF3s

Entropy

Surface appearance

Total surface area to be protected
Standard deviation

Saturated Calomel Electrode
Scrap per ton grade A steel

Scrap per ton CRS steel

Scanning electron microscope
Standard Hydrogen Electrode
Temperature

Time charter equivalent

Total cost of ballast tanks

Tanker Structure Cooperative Forum

[€/ton]

[€/m2]

Q]

[€/m2]

[€/m2)]

[4/K]

[m?]

[€/ton]

[€/ton]

(K]
[€/day]

[€]

Coating according TSCF standards — 25 years lifetime expectancy

Time-Temperature-Transformation Curve

Internal energy
Specific internal energy

Ultimate Tensile Strength
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WA

XRD

ZA

Speed

Volume

Number of microstates
Work

Weight anodes

X-Ray diffraction
Number zinc anodes
Transfer coefficient
layer thickness

Overpotential (E-Eeq)

168

[m/s]

[m

(]

[kg]

(vl



Publications

2009: Helen Verstraelen, Kris De Baere, Lucien Lemmens, Raf Dewil, Willy Schillemans,
Silvia Lenaerts, Geert Potters; In situ study of ballast tank corrosion on ships — part 1 —
Materials performance (NACE) october 2009

2009: Helen Verstraelen, Kris De Baere, Lucien Lemmens, Raf Dewil, Willy Schillemans,
Silvia Lenaerts, Geert Potters; In situ study of ballast tank corrosion on ships — part 2 —
Materials performance (NACE) hovember 2009

2009: Kris De Baere, Helen Verstraelen; Textbook of maritime medicine — Norwegian
maritime directorate — Chapter 14 - ship control published 2010 + peer review
hoofdstuk 2 — The shipping Industry — Prof. Siri Strandenes

2010: Kris De Baere, Helen Verstraelen, Geert Potters; Het schip gaat zo lang te water
tot het doorroest — De Grote Rede 27 — Vlaams Instituut voor de zee —juni 2010 + Galois
Genootschap jan-feb 2011

2010: Kris De Baere, Helen Verstraelen; De Belgische driekleur wappert weer als weleer
— De Grote Rede 27 - Vlaams Instituut voor de zee - april 2010

2010: Kris De Baere, Helen Verstraelen, Raf Dewil, Lucien Lemmens, Silvia Lenaerts,
Tharcisse Nkunzimana, Geert Potters; Impact of tank construction on corrosion of ship
ballast tanks Materials Performance (NACE) mei 2010

2011: Kris De Baere, Helen Verstraelen , Lucien Lemmens, Silvia Lenaerts, Geert Potters;
In situ study of the parameters quantifying the corrosion in ballast tanks and an
evaluation of improving alternatives - Paper 11419, published NACE corrosion
conference Houston, maart 2011

2011: Kris De Baere, Helen Verstraelen , Lucien Lemmens, Silvia Lenaerts, Geert Potters;
In situ study of the parameters quantifying the corrosion in ballast tanks and an
evaluation of improving, Eurocorr corrosion conference, Stockholm, September 2011
Reproduced Nautilus, Journal of Koninklijk Belgisch Zeemanscoliege

2011: Kris De Baere, Helen Verstraelen; Roest slaapt nooit — Vlaams Instituut voor de
Zee, “Zeekrant” juli 2011

2011: Kris De Baere, Helen Verstraelen; Roest slaapt nooit — De Wetenschap van De Zee,
over een onbekende wereldoceaan, Vlaams Instituut voor de Zee, Acco, 175p.

2011: Kris De Baere, Helen Verstraelen, Geert Potters, Quantifying ballast tank
Corrosion, Seawaysn The Nautical Institute, oktober 2011.

Reproduced by: The French Institute Of Navigation in their journal “Navigation”
Reproduced by: Ahrenkiel Shipmanagement in their newsletter

2011: Kris De Baere , Geert Potters, Helen Verstraelen; Corrosion control on new steel
sheet piles in harbor waters — studie in opdracht van Acotec.

2013: Kris De Baere, Helen Verstraelen , Lucien Lemmens, Silvia Lenaerts, Steven Van
Passel, Philippe Rigo, Geert Potters; The cost of corrosion — accepted for publication
Marine Structures, Elsevier.

171



2013: Helen Verstraelen, Geert Potters, Lucien Lemmens, Deirdre Luyckx, Silvia Lenaerts,
Kris De Baere, Impact of ship construction steel properties on ballast tank corrosion rate:
methodological choices, accepted for publication Materials Performance, Nace.

2013: Kris De Baere, Helen Verstraelen , Lucien Lemmens, Silvia Lenaerts, Geert Potters;
Does sacrifice guarantee a longer life? An in situ study of the effect of sacrificial anodes
on the life expectancy of ballast tanks on board merchant vessels — Under review

172



Helen Verstraelen

CORROSION IN BALLAST TANKS ON
BOARD OF MERCHANT VESSELS

Study of the relation between steel quality and corrosion

Corrosion in ballast tanks represents a major cost in the operation
of merchant vessels. Reducing corrosion in these tanks increases
the ship’s lifetime expectancy. One of the defining elements of the
corrosion process is the steel quality used for tank construction.
It is therefore interesting to understand whether a relation exists
between the steel characteristics and the corrosion rate.

To investigate this phenomenon, a test facility to study the corrosion
behavior of different steel grades was built and used for a period
of two years. The samples, immerged in real North Sea water
for different periods of time and under different conditions, were
collected on board ships performing steel work in dry-dock. An
experimental corrosion resistant steel sample was added to the
sample set allowing comparison

This true to life investigation enlarges considerably the theoretical
knowledge on ballast tank corrosion
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