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1 Introduction and Objective

1.1 Introduction

In 1882, the French scientist Jacques d’Arsonvappsed that the solar energy
stored in the warm tropical seas could be usedwepa heat engine [1]. The ocean
thermal energy conversion (OTEC) concept begare teebiously considered by the
United States Department of Energy after the enengys of the 1970’s. In this approach
a working fluid, usually ammonia, is evaporate@ineat exchanger by warm surface
water, drives a turbine to produce power, and te@ondensed in another heat
exchanger by cold deep ocean water. However, fieeesicy of this OTEC process was
low and efforts to develop it were diminishing Ine tate 1980’s.

As the world’s supply of fossil fuels graduallypiietes and the price of energy
continues to rise we once again turn to renewat#@m energy as a solution. The OTEC
process and several other renewable energy systenasirrently being researched and
developed at Florida Atlantic University. One oétimost promising energy conversion
systems is the ocean kinetic energy conversionggso(OKEC). OKEC capitalizes on
the kinetic energy that exists in waves, currentstades. This kinetic energy is
converted to electrical energy by turbines or wianreys. The OKEC system currently
being developed at FAU employs a turbine mountealfgoessure vessel housing a

generator. Due to its close proximity to the Gule@m Current FAU is in a perfect



position to develop the technology to make oceastic energy conversion a reality.
FAU is helping to bridge the technological gap resegy to implement ocean current
turbines in the Gulf Stream.

Florida lacks the consistent winds for reliable dvenergy and lacks the
consistently clear skies necessary to attain sslargy during peak energy consumption
months. The ocean off the coast of south Floridapmentially provide a large enough
source of energy to make large scale power proaluétiasible year round. A virtually
limitless source of kinetic energy, the Gulf Stre@orrent, flows eastward through the
Florida Straits then heads northwards along thetcGhe Gulf Stream current has a
mass transport greater than thirty times thatldhal freshwater rivers in the world
combined. It has an average annual velocity of ilmESat its core. The water off the
coast of Southern Florida is also a great locatoset up OTEC processes. There is a
sharp thermal gradient between the warm surfacersvand the colder deep-sea water.
The water near the surface has an average tempeddtd7° C.

FAU is manufacturing a pilot renewable energy sysémd is preparing to test it
in the Gulf Stream. The testing will determine alkfeasibility, give an estimate of the
power producing capabilities and uncover any deflayms or unforeseen reactions. The
pilot project consists of a twin-pontoon platformdaa scale OKEC model that will be
lowered down from the platform. The twin-pontooatfdrm will be attached to a steel
buoy moored to the ocean floor. Stainless steell3d/&s selected for the majority of

components comprising the pilot system.



1.2 Resear ch Scope and Objective

The goal of this study is to create a guideling mrethodology that can be used to
select optimal materials for renewable ocean enprgjgcts. The current study only
addresses the selection of alloys, but any matesialbe added to the database and
analyzed in the same manner. Thus, an optimizedrrabselection can be accomplished
for any component of any of the energy projectsAdl, provided that the requirements
of the components are clearly defined and the datals updated with the proper
materials and relevant properties.

The background and literature review chapter igdéw into three main subject
areas: 1) Material Selection Factors, 2) Identdy@andidate Materials, and 3)
Optimization of Material Selection. This chaptetadishes what key material attributes
are necessary for renewable ocean energy projdetsifies specific alloys that meet
these requirements, and compares several receatiahgelection methods to determine
the most suitable one for the application at hand.

The third chapter describes the chosen fuzzy logiterial selection procedure in
detail. It identifies the key components of the MANB fuzzy logic toolbox and how
they can be used to evaluate materials for usegimeering designs.

The fourth chapter presents a case study matefadtson using the fuzzy logic
material selection procedure. The case study etedi@ndidate alloys for use in four of
the major components in the ocean kinetic energy@sion system. The case study is
presented in a detailed, step-by-step manner,gdkmreader through the entire material

evaluation process.



The fifth chapter reevaluates the case study setexfrom the previous chapter
by comparing them with a proven and reliable mates¢lection method. By comparing
the fuzzy logic method with a standard materia¢stgbn method the validity and
reliability of the fuzzy logic method is assessed.

The sixth chapter discusses the implementationzxyf logic systems while the
seventh chapter draws conclusions about the cadg ahd the validity of the described

fuzzy logic method. The strengths and weaknesst#sahethod are discussed.



2 Backgroundsand Literature Review

2.1 Material Selection Factors

Proper material selection is paramount to the sscoéany engineering
endeavor, no matter the scale. The performanceradtarial in a marine environment
depends on the service parameters, choice of rasterorrosion control methods, the
type of environment and design configurations T2le importance of proper material
selection is magnified in the case of renewabl@o@nergy, given the corrosive nature
of the working environment and that there is napding example to base decisions off
of. The materials chosen for each component irseeBy must meet all performance
requirements, ensure a long working life of theeyswith minimal or no required
maintenance, and be cost effective. The most irapbfactors to be considered when
selecting materials for renewable ocean energyept®jare strength, toughness, high
resistances to corrosion and biofouling, thermaldetivity, weldability, machinability,

and cost.

2.1.1 Corrosion and Biofouling
Corrosion and biofouling resistances are of theastnmportance when selecting
materials. The ocean environment is a very coresive and can cause severe biofouling

problems. The possibility of corrosion is contrdlley thermodynamics and the rate of



corrosion is controlled by kinetics. The thermodwies of a reaction are dictated by the
half-cell reactions. Corrosion rate in seawat@&apendent upon temperature, oxygen
content, salinity, water chemistry, pH, biofoulimgpllution, galvanic interactions, fluid
velocity, alloy composition, alloy surface filmsgmetry, surface roughness, and heat
transfer. These characteristics can be groupedhnée broad categories, physical,
chemical, and biological [3].

The high electrical conductivity of seawater proaesothe electrochemical
reactions that are responsible for all types ofagion. The temperature of the
environment has several effects on corrosion ak imeteasing the temperature
increases the conductivity of seawater. A tempeegatcrease of 10° C commonly
doubles the rate of diffusion, which is a limitifagtor in many corrosion reactions.
Temperature also increases the dissolved oxygeemioof seawater, which has different
effects on the corrosion rate of different matstidlhe water off the coast of southern
Florida is warmer and typically contains a highena@entration of sodium chloride than
most bodies of saltwater on the planet. The higbdrum chloride content increases the
effects of all types of corrosion.

There are two processes operating simultaneousheiseawater environment:
formation and repair of passive films on alloy seds due to the presences of dissolved
oxygen, and breakdown of passive films due to atidoion activity [4]. There are four
ways a metal may passivate in aqueous solutioasaitHilm formed prior to immersion,
a salt film, chemisorption of the solvent, and aide formation [2]. The formation of

passive films reduces ionic transport of reactpmecges causing corrosion. The



breakdown of passivity is associated with a critpztential, the presences of aggressive
species and discrete areas of attack.

Oxygen content is an important factor in the stgbdf passive oxide films that
are vital to the performance of materials suchtaisless steels and aluminum alloys.
The solubility of oxygen varies inversely with teemgture. Oxygen content also varies
with depth. Typically the oxygen content is at aximaum at the surface and then
decreases to a minimum at about 700 m depth [Skeier, at warm sites, the surface
oxygen is lower and below the oxygen minimum zcare @ctually increase above levels
at the surface. If the oxygen content is known dib@osion behavior can be predicted,
even without a thorough understanding of the preeesvolved.

The degree by which dissolved oxygen influencesoston is dependent on the
alloy. Oxygen is favorable for passive film formiatjoys, however, in fully aerated
water, surface deposits on passive film-formingyaican create oxygen concentration
cells, which can cause pitting or crevice corroskuor irons and steels, corrosion
increases with increasing oxygen content. Dissobsgdjen increases corrosion rates in
copper alloys under fast flowing conditions.

Biological organisms can affect materials physicahe films of organisms that
attach to surfaces in marine environments inhitfiision and can damage protective
coatings. Biofilms can form environments on thdaee of metals that are very different
form the bulk fluid and may cause reactions notjated thermodynamically.
Sometimes these biofilms cause a noble shift imapeuit potential of stainless steels,
nickel, and titanium alloys. Barnacles can credfer@éntial cells that cause crevice
corrosion. Sea urchins “graze” metal surfaces rengoeorrosion products that normally

7



inhibit corrosion. The higher than average anneialerature of the water in South
Florida leads to a greater number of micro-orgasipnesent which increases biofouling
concerns for renewable energy projects.

The number and types of organisms found in deeprveaie very different from
those found in near-surface waters. There aresfaef macro-organisms in deep water
and most of these live near the bottom sedimeetirig on accumulated detritus.
Biofouling rates are much lower in deeper wateid @ often negligible.

Ocean currents affect the corrosion rate of melia¢<tly through the effects of
velocity and indirectly by bringing ocean massethwarying chemical characteristics.
Flow rate also effects the corrosion and biofoulih@lloys. However, this effect is a
complicated one. The influence of flow rate on osion is a prime concern because it
impacts different alloys in different ways. The Gatream Current has a high enough
flow rate to cause the hydrodynamic removal of ralyradherent product films that are
responsible for the resistance to corrosion of naloys. Conversely, on other alloys a
higher flow rate decreases the affects of pittiogasion and can remove the build-up of
aggressive ions.

Ocean structures extending through the tidal zdlussrate the effects of the
environment on corrosion and the interaction behweaterials exposed to different
environments. In the splash and spray zones, #tgliition of sea salt and the high
availability of oxygen can cause high corrosiorsain the intertidal zone, corrosion
rates are often low due to the oxygen concentratdinoetween the intertidal zone and
the fully immersed zone. If the structure is stielintertidal zone will be cathodic to the

steel in the fully submerged zone [6].



The mechanisms of corrosion do not change in desprveonditions. However,
in deep-water ionic concentrations are expectdzetimower due to the enormous solvent
volume. Such a decrease will cause regions of yigssd shrink on the Pourbaix’s
Diagram, and thus corrosion is more likely. Thipégause a lower ionic concentration in
the seawater means the total ionic concentratifurtiser from the solubility limit and
there is more room for generation of metal ions IBjwever, the decrease in temperature
in deeper water will cause the regions of passiatgxpand. Also, water stability regions
on the Pourbaix’s Diagram expand with increasingtlle

Corrosion and biofouling resistances of materisdsc@mplex and vary, often
drastically, in different environments. For mosipmnents of ocean energy projects
good corrosion and biofouling resistances will be of the most important attributes
governing material selection. Information for sfieainaterials concerning these
resistances will often be unstructured and non-gjizéie. Much attention will have to
be paid to how a candidate material will perforntha intended service environment,

joined to the other components of the system.

2.1.2 Strength and Fatigue
Due to the magnitude and cyclic nature of wavdilogy much of the
development of the science of fatigue and fradbagbeen promoted by problems
encountered in the marine environment [7]. Virtyalhy component in an engineered
system will bear some magnitude of loading and B&pee some cyclic loading.
Strength and resistance to high cycle failuraraportant attributes for almost
any component, and especially important in the megsironment, where dynamic

9



loadings are always present. Factors that need tmbsidered and analyzed are pressure
loads, hydrodynamic loads, the possibility of hyglo embrittlement, fatigue-corrosion
relation, high cycle fatigue load behavior, dynanmgsponse of the structure to loading,
and fracture toughness of the materials. As witlstreagineered components, bending
will usually control over compression, and stiffa@squirements and deflection

limitations must be considered and incorporated materials selection [8].

2.1.3 Thermal Conductivity and Thermal Expansion

Thermal conductivity and thermal expansion areematproperties that cannot
be overlooked in the material selection procesme&components require a material that
can quickly dissipate heat so that the system doeever heat and functions properly.
Many systems require pipes with good insulatiofiigds maintain the correct
temperature, such as a deep water pipe used toamd water in the OTEC process.
Knowing how a material will expand or contract yst&ems where temperatures change
drastically is important so that components mamthae proper orientation and fit.

These physical properties can influence the wagipa films resist corrosion.
Too much thermal expansion can cause passive suidigce films to tear, and localized
corrosion to occur [2]. The thermal conductivitydahermal expansion of candidate
materials need to be incorporated into the mateakdction process for every system and

component.
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2.1.4 Weldability and Machinability

Weldability and machinability are important pardens in any material selection,
and even more so in new and developing applicatiltesrenewable ocean energy,
where most components won't be mass producedsat fine demands of fabrication are
crucial in any marine related project and impaetcbst of the project directly [7].
Therefore fabrication will have to be considered asaterial property and as a variable
impacting cost.

Due to the requirements of load bearing capacityfatigue resistance, welded
fabrication is often necessary. Weldability and miaability of materials have a direct
impact on both the cost and timeline of a projelagh strength welded structures are
very susceptible to hydrogen damage. Failure oflsven occur due to environmentally
assisted cracking resulting from applied stresadshgdrogen embrittlement. Weld joints
have three different zones: the cast weld zoneh¢la¢ affected zone, and the parent
metal [9]. Welding defects can have a dynamic éfbecthe corrosion resistance of
welded joints. Special care will have to be takdrewwelding components for
renewable ocean energy projects to ensure theytanaime required strength and
corrosion resistance.

Factors affecting how easily an alloy can be weldetlide material composition,
thermal conductivity and thermal expansion [10]pBeding upon the material
composition a certain amount of heat will be regdito weld an alloy. The less heat
necessary the more easily the material can be delde lower the value of thermal
conductivity the easier it is to weld an alloy. 38 because high thermal conductivity
allows the heat to spread through the metal, rexgumore energy to weld. A lower

11



value of thermal expansion is desirable when weldimthat the heated area doesn't

contract and weaken while cooling.

2.1.5 Cost Effectiveness

A project must be cost effective in order to becassful. Start up cost compared
to the working life and cost of maintenance of @jget is a primary consideration when
selecting materials [11]. Alloy surcharge rates lbarused to help estimate cost, but the
cost of materials is constantly fluctuating due@tonomic variations. In recent history
the price of the metals used in corrosion resigtmnless steels and nickel alloys have
fluctuated widely. From March 2006 to March 2008 frice of nickel jumped from
$6.75 per Ibs to over $23.00 per Ibs and fallerkttac4.30 per Ibs [12]. Similar
fluctuations have occurred with cobalt and molyhdenThe price of these metals is
driven by the world economy and is impossible tedgst. At the start of a material
selection the user should update the candidateri@aten the materials database to

reflect current prices and availability.

2.2 ldentifying Candidate M aterials

One of the main purposes of the literature revetiidentify suitable materials
for use in a variety of renewable ocean energyiegdns. Strength, ductility, thermal
conductivity, thermal expansion, corrosion resiseaiiofouling resistance, and high
cycle fatigue behavior of the materials were aradyand compared in the various

reviewed articles. The focus of this segment ofliteeature review is mainly geared

12



towards corrosion resistant alloys, alloys use@TEC applications, and amorphous

metallic glass coatings.

2.2.1 Stainless Steels

There are five main types of stainless steelstiermartensitic, austenitic,
precipitation hardening, and duplex. Each of tHesehas a subset of super families,
such as a super austenitic or super duplex. Mastideand martensitic stainless steels
have limited corrosion resistance in seawater, gxoe some of the recent super
ferritics. Austenitic stainless steels are ironechium-nickel alloys. Through additions of
molybdenum and nitrogen they can achieve excetlembsion resistances. The
precipitation hardening stainless steels are nickebmium-iron alloys that have higher
strength than the austenitics but have less diycdifid are more susceptible to corrosion.
The duplex stainless steels are iron-chromium-hiakeys that contain a 50-50 mix of
ferritic and ausenitic crystal structures [13]. Bteength of duplex stainless steels is
roughly twice that of common austenitic stainlgels. Many duplex stainless steels
have excellent resistance to corrosion in the neagmvironment [14]. The austenitic,
super austenitic, duplex, super duplex and supsti¢ealloys are the stainless steels
typically used in marine applications.

Stainless steels get their corrosion resistanca &ahin, invisible, passive layer
on the surface of the alloy. The degree of praiecfforded by such an oxide is a
function of the thickness of the oxide layer. Oxyg®ntent is an important factor in the
stability of passive oxide films that are importanthe performance of materials such as
stainless steels and aluminum alloys. The solyllitoxygen varies inversely with

13



temperature [15]. If the passive film is continu@msl remains stable, the alloy will resist
corrosion. If the film is not continuous localizedrrosion in the form of pitting or
crevice corrosion may initiate and propagate rgpiE@mbedded iron and heat tinting are
two common surface defects that can result in redeorrosion resistance [16]. Care
must be taken to prevent their formation.

Types 304 and 316 stainless steels have adequatsion resistance for many
mildly corrosive marine applications. However soapplications require more corrosion
resistance. Stainless steels with a PREN greadar4f are generally considered to be
very corrosion resistant in most marine applicaiddrevice corrosion resistance is
frequently the limiting factor for stainless stesnarine service. Duplex alloys with a
PREN over 40 are highly resistant to crevice coorasThey are also more resistant to
chloride ion stress corrosion cracking than ausitaniThe cost of stainless steels is
roughly proportional to their corrosion resistaft4). It is important to select an alloy
with sufficient but not excessive corrosion resis&for this reason.

The relationship between depth and corrosion ragtainless steels is a
complicated one. There is evidence to suggessthatless steel corrodes at a much
higher rate in warm surface waters than in colé®pdsea waters. In some cases stainless
steel has been found to corrode many times fast@arm surface water than in colder
deep sea water [17]. However, other research haduaed that corrosion rates only
vary slightly with depth [3]. Researchers do aghed in deep water, corrosion of
stainless steels is generally not related to aalpgical product but mainly to the
electrochemical reaction of the alloys with the w@der, and propagation rates are
slower.

14



Critical crevice indices and critical pitting iné® can be used to rank similar
materials such as rolled stainless steels. Withe&go pitting corrosion, the same index
can be used for duplex and austenitic stainlegtssié/ith respect to crevice corrosion
different indices must be used [18]. Crevice camo®f highly alloyed stainless steels
exposed to natural seawater can propagate at tatopes far lower than the initiation
temperature. Therefore, repassivation propertiesrofterial are important for material
selection and corrosion control. The differencelaat treatment and product form can
be far greater than minor variations in chemicahposition. Cast materials, in general,
show less corrosion resistance than forged ordatiaterials.

Alloy composition greatly influences a stainlesse$t corrosion resistance. An
index used to determine an alloy’s resistancedaliped corrosion is the pitting
resistance equivalent number, or PREN. A PREN grehan 40 is generally considered
adequate to avoid pitting attack [14, 19]. The PR&Nenerally calculated as follows,

although slight variations exist.

PREN = % Chromium + 3.3 x % molybdenum + 16 x %ogén

Numerous studies demonstrate the beneficial eftdatmising Cr, Mo and N contents on
the localized corrosion resistance of stainlesslstia seawater at ambient conditions.
Ocean environments change greatly depending otidocand depth. Flow rate,
temperature, oxygen content, chloride content,aolkdgical activity vary greatly from
place to place. Stainless steels are relativelnsisive to mildly flowing seawater but
severe jet impingement can reduce the corrosiaostaese drastically for some of the
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less resistant alloys. Studies indicate that tlieosmn behavior of higher alloyed
stainless steels is not sensitive to an increasalinity. In contrast, higher salinity water
IS more aggressive towards the lower alloyed stambteels [20].

Ennoblement of the corrosion potential for passiallic materials takes place
during exposure to natural biotic seawater beloiv@O0Biofilms formed on stainless
steels after immersion in natural waters, in theealoe of localized corrosion, raise the
corrosion potential from initial values below 0 niy/values from 300 mV to 500 mV
[9]. The corrosion potential evolves with time atglincrease raises the likelihood of
localized corrosion. Localized corrosion manifetsslf through steps of initiation,
repassivation and propagation phenomena. The datbodent density of stainless steel
polarized to -100 to +100 mV is a very sensitivai¢ator of the bioactivity occurring on
the surface [21]. During the period where the ogeruit potential is rising,
susceptibility to localized corrosion is at a madim There is a critical temperature at
which crevice corrosion begins to initiate andado critical repassivation temperature.

Much research has been performed on stainleds fteeise in OTEC
applications. The findings from these studies caajplied to all renewable ocean
energy projects. Ferritic Stainless steels showdgmorosion resistance in OTEC studies.
Super ferritic stainless steels are strong canel&datie to their excellent resistance to
pitting and crevice corrosion. In Darby’s studytloé stainless steels tested alloys 29-4C
and Monit appeared to be the most resistant [2REX¥Aand SC-1 also appeared to have
adequate resistance to crevice corrosion in an Ogla@. Alloy AL-6X (2Cr-25Ni-

6Mo) is an alloy that shows excellent corrosionstasice, and has been qualified for
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OTEC heat exchangers [23]. It is used in numerawgep plants for seawater cooling
and has comparable performance with titanium alloys

Proper gasket selection is important when usiamletss steels. Improper
selection can lead to leaks resulting in failuréhaf system. For high-alloy stainless
steels in seawater gaskets made of synthetic ruhlidyer bonded aramid, or synthetic
fiber should be used. The use of PTFE or grapbaeléd gaskets should be avoided. For
high pressure systems up to 100 bar graphite-contpgaskets are acceptable provided
the graphite is sealed from the seawater and isrnestted [24].

Experimental results show that the corrosion paaénof lower alloy stainless
steels, like Type 316L, are typically more positikian their repassivation potentials in
seawater. This results in localized corrosion efdloy. Conversely, the corrosion
potentials of higher alloy stainless steels, likeya254SMO, are typically more negative
than their repassivation potentials in seawateusTthey are expected to be resistant to

localized corrosion.

2.2.2 Nickel Alloys

In the 1940’s nickel chromium alloys entered thekatplace. Around the same
time additions of iron and molybdenum were beingegimented with. The resulting
alloys were used in a variety of chemical plantddifions of Ti, Al, W, and Nb to the
nickel alloys yielded high strength alloys, thesfiof which was K-500. In recent years
several high strength nickel alloys have been apesl for marine use, including 718,
625, 725, and 925. The most corrosion resistanilyamthe marine environment is the
C family, which have 16-24% Cr and 14-16% Mo. ABdg-4, C-276, C-22, 686 and 59
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comprise this group [14]. The corrosion resistabe®fouling resistance, heat
conductivity, and ease of fabrication of theseyalmake them a viable option in
traditional and innovative marine applications.

Nickel and nickel alloys have useful resistances tade variety of corrosive
environments that are often too severe for othermercially available materials. In
cases where more corrosion resistance is requirekkl alloys with a PREN greater than
50 show excellent resistance to crevice corrosz®ij. [Nickel alloys are highly resistant
to hydrogen embrittlement and stress corrosionkangc They also show much better
corrosion fatigue resistance than the austengiolgtss steels. Nickel alloys are
unaffected by depth; alloys that are susceptiblerdwice corrosion remain susceptible at
any depth.

Seawater corrosion potential ennoblement can anauickel alloys that are
resistant to seawater pitting but are poor oxy@elction surfaces. This manifestation
can cause corrosion potentials in excess of 300Th¥.biofilm-derived electrochemistry
provides an alternate oxygen reduction pathwayassipe film surfaces and is linked to
increased localized corrosion in nickel-base all@g.

Alloy 400 has many advantages to commercially mickel; the addition of iron
significantly improves the resistance to cavitatiotuced erosion. Alloy 400 is used in
conditions of high flow and erosion as in prope|eshafts, casings, condenser tubes and
heat exchangers. Its corrosion rate in flowing sgamis generally less than 0.025
mm/year. Alloy 400 is generally immune to stress@sion cracking. Alloy 400 has been
used to clad offshore structures in highly correstenes [27]. Nickel-copper alloys are
used in a variety of marine based applications extellent results.
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Alloy K-500 is the age hardened version of allop 4Gth benefits such as
improved strength and hardness. This alloy is piiisnased in marine and oil and gas
applications. Alloy 825 is a modification of all®p0 with the addition of molybdenum,
copper and titanium providing improved aqueousason resistance. The 6Mo nickel
alloys have increased molybdenum content and tt#i@al of nitrogen to improve
localized corrosion resistances. The 6Mo alloysshextensive uses in marine and
offshore applications. These alloys’ compositioreslsted in the Tables of Appendix A.

Out of the “C” family, alloy 59 has the highest chmum plus molybdenum
content and the lowest iron content. It has ont@highest allowable stresses and great
corrosion resistance. Alloy C-276 remains the nagstd and commercially available of
the “C” family. The “C” family is used in a varietyf marine applications [28].

Because of the size and working environment of megfasteners they are often
anodic to the surrounding structure. Therefore thegt be very corrosion resistant in
order to resist the effects of galvanic and creemeosion. Thus, highly corrosion-
resistant nickel based alloys have been used exédns the marine environment.

Monel K-500 alloy fasteners are commonly used sitel in seawater
environments, but in extreme situations the resglgjialvanic coupling can induce
hydrogen charging and cause embrittlement of thefeers. Inconel alloy 686 is a
nickel-base alloy that exhibits high tensile stitarand fracture toughness, as well as
excellent corrosion resistance when used as anfasiie the marine environment. It
achieves this excellent performance through a wnapumbination of chromium,

molybdenum and tungsten [29].
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2.2.3 Aluminum Alloys

Aluminum alloys depend on an oxide film for cazi@n resistance. Under some
circumstances and for some alloys corrosion raaase quite low in marine
environments. The rate of pitting depth in aluminailloys increases as oxygen and pH
decrease. The main reason for the use of alumitloysan any environment is their
high modulus to density and yield strength to dgnsitios [7]. Aluminum alloys have
very high thermal and electrical conductivities anoderately high coefficients of
thermal expansion.

Aluminum alloys have long been used in the mandestry. Aluminum is
attractive because of its low cost, but its coonsgiesistance in seawater is less than that
of most nickel and stainless steel alloys [30].t€&tive measures and frequent
maintenance is required. An OTEC plant built frdom@num alloys would have an
expected life of 10 to 15 years [23]. Prime canaiddor OTEC applications are alloys
5050, 5052, 6061 and 6063.

Due to their dependence on passivity, aluminumyalhave a tendency to suffer
localized attack. Stress corrosion cracking isabl@m in many aluminum alloys and
care should be taken to avoid coupling with nob&ats due to the high electronegative
nature of aluminum. Aluminum alloys perform bettewarmer surface waters with
higher pH and oxygen content. In colder water ahum alloys show intense pitting
[17]. Their use should also be avoided in stagnastowly flowing marine
environments, again, due to an increase in pittorgosion.

Copper is added to aluminum to increase stretgthit is detrimental with regard
to corrosion resistance, even in concentratiorsstlesn one percent [31]. Microscopic
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corrosion cells form around the copper particles thve adjacent aluminum is corroded
away. In general, aluminum alloys used in maringise should not have additions of

copper.

2.2.4 Copper Alloys

Copper alloys possess exceptionally high electdoatuctivity, thermal
conductivity, and resistance to biofouling. Thesaperties have resulted in the wide use
of copper alloys in marine heat exchangers and pplaats. Unlike other alloys, copper
corrodes actively in seawater. However, the protsessntrolled by a resistive anodic
corrosion product film and not oxygen availabilify9]. Copper based alloys used in
marine service are typically, bronzes, brassescapdonickels.

Offshore structures have been clad in highly caveogones using copper-nickel
alloy C70600 [27]. Corrosion resistance, bio-foglimesistance, heat conductivity, and
ease of fabrication of copper-nickel alloys makentha viable option in traditional and
innovative marine applications.

Copper alloys have a low corrosion rate which \aliile with depth. Copper and
Cu-Ni alloys corrode more rapidly in colder deep-s&ater but level off quickly, so that
after a long period, little difference exists begénehe cold deep water and warm surface
water [17]. However, copper corrodes much fastan @Gu-Ni and is much more likely to
suffer from pitting attack [32].

Velocity induced corrosion can be a serious probi@ncopper alloys. Flow rates
above the critical breakdown velocity damage tlegqmtive film and attack is rapid.
Geometry can have a significant affect on the femsgisted corrosion rates of copper
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alloys. As pipe bend radii are reduced the corrosae will increase. The critical
velocity at which corrosion becomes a problem ifLOGCu-Ni is 3.6 m/s for large pipe
sizes and as low as 34% of this value for very bpipé diameters [7].

Copper alloys are also susceptible to dealloyirdysaress corrosion cracking.
Environments with ammonia and hydrogen sulfidepandicularly deleterious to these
corrosion forms [19]. Polluted waters contain hygno-sulfide and sulfate containing
compounds, both of which are known to adverselgcffhe corrosion of some metals.
Sulfide corrosion has been found to occur on a rarmabdifferent copper-base alloys
[2]. Copper-base alloys were deemed unusable askelaanger materials for OTEC
systems, due to their susceptibility to erosioactwhen exposed to ammonia, which is

the best working fluid for a closed cycle OTEC plg2].

2.2.5 Carbon and Alloy Steelswith Secondary Protection

Carbon steels have good toughness and ductilityaesmémployed in the vast
majority of structural applications. Alloy steeksntain additions of Ni, Cr, and Mo
which improve hardenability and strength. Howegeisceptibility to stress corrosion
cracking and hydrogen embrittlement generally iases with increasing strength. The
fundamental limitation of carbon and alloy stesl¢hat they corrode actively and
uniformly. Corrosion products develop within a bperiod unless mitigated by coatings
or cathodic protection [19]. Steels have a dranta@éction to increasing depth in that
their performance decreases with increasing oxygaitent.

Organic coatings are the most commonly used forgoofbsion protection with
cathodic protection being used as back up. Thetifumof a coating is to provide an
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environmental barrier to the underlying materiakyenting corrosion. Both organic and
metallic coatings require good surface preparatiarder to function properly. It is all
but impossible to maintain 100% integrity in angamic coating. Metals that have noble
solution potentials cause intensified attack oivactinalloyed steel or aluminum. Anti-
fouling coatings work by continuously releasingitexat a low rate. Typical toxins used
for deep-water protection are cuprous oxide andityl tin oxide. Coating thickness for
deep ocean structures is usually around 0.015]in [3

Corrosion is an electrochemical process and thexedi@ctrode potential can be
used to control the reaction rate. Cathodic praiaas the most efficient and effective
way to control corrosion for submerged alloys. ©@dth protection either employs a
sacrificial anode, usually zinc or aluminum, otiméis an impressed current to protect a
structure. The electrochemical behavior of the @d¢hand anode are influenced by water
depth, dissolved oxygen, temperature, salinity, $84 current, pressure and fouling.
Coatings tend to distribute cathodic currents nusiéormly. On non-coated surfaces
cathodic protection causes the build-up of protectialcareous deposits which can lower
current demand in natural seawater.

Three sacrificial anodes are used in marine cathoditection, Zn, Al, and Mg.
However, impressed current cathodic protectionasencommonly used in the deep-sea
environment. 5 mA/ftcurrent-density is required to protect bare stegliet seawater.

A 12 Ibs zinc anode can protect 10bdt steel for 14 months [3]. A good vinyl paint can
reduce the current requirements five-folds.

Hydrogen can enter ferrous alloys in a variety afygvand promote degradation.
Hydrogen can be picked up from residual water duwelding where it diffuses into the
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hot welded area. Embrittlement then occurs whemld cools by cold cracking in the
weld heat affected zone. Hydrogen embrittlementatsao be caused by improperly
performed cathodic protection where hydrogen ioegpaoduced and absorbed into the
protected metal [33].

The susceptibility of high strength steels to hgdnois related to their tensile
strength and the binding energies of specific tiragppites [2]. Hydrogen embrittlement
can result in catastrophic failure and care shbeltbken to avoid it. Typically, if the
open circuit potential of an alloy is kept below8®V vs. SCE by cathodic protection,

hydrogen embrittlement will not occur.

2.2.6 Amorphous Metallic Glass Coatings

In metallic glass coatings, chromium, molybdenum amgsten provide the
corrosion resistance while boron enables the dgtassation and rare earth metals such as
yttrium lower the critical cooling rate [34]. Raearth metals do have the side affect of
making pneumatic conveyance during thermal spragfifigult due to the powders
having an irregular shape. SAM1651 is a pore-fneemal spray coating produced with
improved amorphous metal formulations and showsanmsion after more than 30
cycles in the salt fog test. SAM1651 has similar@sion resistance to that nickel-based
alloy C-22.

The attributes of metallic coatings can be turedeliver corrosion inhibiting
functions by a selection of alloy compositions aadostructures. Coatings can be made
to function as a local corrosion barrier, serva aacrificial anode, and supply soluble
ions used as corrosion inhibitors [35].
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2.2.7 Summary of Candidate Alloys

Because most of the components for renewable caeangy systems will be
constantly submerged, corrosion and biofoulingstasices will be at the heart of most
material selectionsStainless steels and nickel-base alloys as a wianle the best
corrosion resistance and strength of the alloysaretied. Their cost generally increases
with increasing corrosion resistance, thus the neapensive alloys should be reserved
for critical components. For stainless steels angiResistance Equivalent Number, or
PREN, greater than 40 is generally considered ateda avoid pitting attack. For nickel
alloys a PREN greater than 50 is considered adedaatvoid pitting attack.

Aluminum alloys, while limited by their corrosiorsistance, should be
considered for components requiring a high stretmtheight ratio. Copper alloys
should be considered for components requiring b tiigrmal conductivity or biofouling
resistance, although caution should be taken taavrdaical flow velocities and
environments containing ammonia or hydrogen sulfidle carbon or alloy steel is
employed, both a coating and cathodic protectiorife system must be carefully
selected and implemented.

Design also plays a substantial role in the peréorce of a material. Possible
sites of crevice corrosion must be carefully coased and eliminated or minimized for
all components. Materials must be compatible with another or galvanic corrosion will
occur. Ultimately the correct material selectiopeleds on the environment and function
of the component and candidate materials mustlbeted and analyzed with this in

mind.
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2.2.8 Material Database Spreadsheets

The compiling of a material database is the staupioint for any material
selection. A large number of corrosion resistantodate alloys have been identified and
organized into tables listing key physical and nagatal properties requisite to
performance in the ocean environment. Selectedrrasténclude austenitic stainless
steels, duplex stainless steels, ferritic stainéssls, nickel and nickel-copper alloys,
aluminum alloys, and copper alloys. Additional &sblisting their composition are also
included.

This database will help to easily compare and amglllye materials for use in
specific components and systems. The databasespeadsheet form so that materials
and their attributes can be evaluated simultangawshg analytical material selection
methods. The database can easily be expandedudenany desired material if the user
has adequate knowledge of the material and itsepties. This database is presented in

Appendix A.

2.3 Optimization of Material Selection

The performance of a structural component is atfanof the functional
requirements, geometry, and material propertiek [Btese parameters can usually be
separated which makes the material selection inatkgre from the details of the design.
The selection of an optimal material for an engimgedesign from two or more
materials is a multiple attribute decision makimglpem. Material selection relies on a

unique synergy of theory and practical experiefités section examines some of the
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recent advancements in the ways materials are &ealand selected for engineered

systems.

2.3.1 Data Systemsin Material Selection

In the development of a product designers will mftenceive parts using
processes and materials with which they are familiais often leads to the exclusion of
more economic process and material combinations.uBle of computer based data
systems allows designers to easily search for maédrased on desired attributes, which
results in a more optimal selection of materials.

Structured materials information is generated bgistically comparing the
results of individual test records to determineimimm values of properties which can be
reliably used for design purposes [37]. Measuregp@nrty values may then be combined
to provide functional data. Such data is usuallly available in the form of picture
graphs, meaning it cannot be used in a quantitaglection process. Instead, the user
must refer to the graphs individually, manuallyenmpiolating them for the relevant
conditions.

Optimal material selection requires two types dbimation; screening and
ranking information and supporting information [33creening and ranking requires a
database of structured information to be filtetemked on design requirements, to yield a
list of candidate materials. Supporting informatismised to narrow the list of candidates
to a few prime choices.

Screening and ranking is usually quantitative amktsts of shifting through the
database based on the technical and economic eetgnits of a design. The two types of

27



selection criteria are constraints and objecti@emnstrains are design requirements that
must be satisfied, such as a minimum strength. c@ifags are design criteria that must be
maximized or minimized to optimize the performant¢he component.

Supporting information is typically non-quantitagiand is likely to contain
specialist information. This may be information abthe microstructure, performance in
a specific environment, or other phenomena. Latgtities of information may be
available and is often very detailed. This infonnmatcan be easily found in a research

literature database or on the internet [38].

2.3.2 Material Selection Using Expert Systems

An expert system is software that is designe@poaduce the knowledge of a
human expert and is an application of artificiaeligence. The simulation of the
knowledge of an expert is accomplished by creaikgowledgebase which uses
knowledge representation formalism to capture thgest matter expert’s knowledge
[39]. That knowledge is then gathered from the scthjnatter expert and codified
according to the formalism. This process is knowhkr@gowledge engineering. Once the
system is developed it is proven by being placetiéensame real world problem solving
situation as the human subject matter expert.

Expert systems rely on inference rules to reasancame to conclusions. There
are two main methods of reasoning when using infereules: backwards chaining and
forwards chaining. Forward chaining starts with da¢a available and uses the inference
rules to conclude more data until a desired goadashed. An inference engine using
forward chaining searches the inference rules urftids one in which the if clause is
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true, then adds the then clause information tdata. Backwards chaining starts with a
set of goals and works backwards in that it seartie inference rules until it finds one
which has a then clause that matches a desired4fijal

One advantage of expert systems over tradition#hoas of programming is that
they allow the use of confidences. These numbersiarilar in nature to probabilities,
but they are not entirely the same. They are mteaimtitate the confidences humans use
in reasoning rather than to follow the mathematiedinitions used in calculating
probabilities.

Expert systems are used in a wide variety of decisiaking problems. They
have repeatedly been proven to work well in mategkection applications to optimize
both cost and performance of a component [39].fébedation of a successful expert
system depends on a series of technical proceduredevelopments that are designed
by technicians and related experts. Thus, theyire@uarge amount of time and effort to

fully develop for even a relatively simple applicat

2.3.3 Weighted Properties M ethod

In the weighted properties method each materialirement or attribute is
assigned a certain weight depending on its impoetan the performance of the given
component [31]. A weighted-property value is ob¢gitoy multiplying the value of the
property by the corresponding weighting factor. Tiddvidual weighted property values
of each material are then summed to give a matedak used for comparison with other
materials. The higher the performance index, theersaitable it is for the given
application.
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While the weighted properties method is simpleraduces good results if the
user has the requisite knowledge to weight requergmproperly. The weighted
properties method has the drawback of combiningeninits which can yield irrational
results. This becomes a problem when different raeiclal, physical and chemical
properties with widely different numerical valuegs aombined. The properties with
higher numerical value will have more influencertlaae warranted by their weighting
factors. This can be overcome by using scalingofaah which each property is scaled so

that its highest numerical value equals 100.

2.3.4 Digital Logic Method

When a large number of material properties aresicened in a selection, and the
relative importance of each is not easily defirdegtermination of proper weighting
factors can be difficult which reduces reliabildfthe selection. The digital logic method
is used to systematically determine weighting fecfor material requirements and
properties [31].

In this procedure evaluations are arranged sootigittwo properties are
considered at a time. Every combination of propsrts compared in a matrix comprised
of only yes and no decisions. To determine thdixgamportance of each property a
table is constructed with the properties listethmleft hand column and comparisons
being made in the columns to the right. The totethber of positive decision in the
matrix is summed and the sum of the positive decssin each row is then divided by the
total sum. The resulting number for each row isrtiative emphasis coefficient, which
is the correct weighting factor to use for thatresponding property [31].
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To increase the accuracy of decisions using thigatliggic approach the yes no
evaluations can be changed to gradation marksimgfiggm no difference in importance
to a large difference in importance. In this cdsetotal gradation marks for each
selection criterion are reached by adding up thesidual gradation marks. The
weighting factors are then found by dividing eaoW’s summed gradation marks by the

grand total in the matrix.

2.3.5 Ashby Method

As pressure to reduce product development timecastlincreases, the need for
an integrated approach of product design, matesedection and economic analysis also
increases. An efficient way to optimize both matieperformance and cost is the Ashby
method, developed by Michael Ashby at Cambridgevehsity in the mid 1990’s. The
use of selection charts, performance metrics anange constants is at the core of the
Ashby Method. The Ashby Method is simple to use ematains basic ideas that have
been expanded upon by other researchers.

The Ashby approach is led by design. The first sgdp determine what the
function of the component in the design is. Th&lketo defining the objectives of the
material that need to be optimized and the comgtraif the material that need to be
satisfied. An objective is a goal that maximizedqrenance, such as being as light or
strong as possible. A constraint is a minimum v#ha¢ a material must meet in order to
be considered for selection [36].

The performance of a component is measured by npeafoce metrics, which
depend upon control variables that can represgnpraperty of a material. Multi-
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objective optimization is a procedure for simult@ne optimization of several
independent metrics. When choosing a material tladig to optimize the metrics of
performance in the product in which it is used. @gculty is that the choice that
optimizes one metric will not, in general, do tlaene for the others. It then becomes a
compromise, trying to push all metrics as closth&r maxima as their interdependence
allows [41].

Material selection charts plot one material propagainst another. Every
material in a dataset is represented as an eBipe@ing the range of its possible values
for either property. Material selection charts pdeva graphical representation in which
to apply and analyze quantitative selection catdike those expressed in performance
metrics. These charts can also be used to make tffslbetween conflicting objectives

When there are two or more objectives they arellysureasured in different
units and will be in conflict with each other. Wa objectives are plotted against one
another several points exist on the graph, reptegematerials that have characteristics
that no other solution exists with better valuebath performance indices. These
solutions are connected by a line or surface caltedptimal trade-off surface [41].

The trade-off surface identifies the materials tiate the best compromise
between the objectives, but it does not distingbesttween them. One can either choose a
solution using intuition or by formulating a valfierction. A value function is
formulated by multiplying each objective by an excbe constant and then adding them
all together. An exchange constant measures thegeha cost for a unit change of a

given performance metric.
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2.3.6 Fuzzy Logic Method

Optimizing complex combinations of technical anct@iproperties is a hard
process to achieve manually, so rational mateelgcsion software is an important tool.
The use of fuzzy logic based analysis to optimizéemal selection is one of the recent
innovations in rational material selection.

Material selection is a multi-criteria decision4irgy problem that involves
trade-offs amongst decisive factors of materiapprtes, manufacturing aspects,
material cost, impact on the environment and aliditg. Fuzzy logic theory can be used
to select the optimum material for a function framre-ranked group of materials based
on relevant properties. This pre-ranking of matersaccomplished using expertise
knowledge.

Fuzzy logic is a multi-valued logic which allowseoto evaluate a set of variables
by defining intermediate values between the congrat evaluation schemes such as
true and false. It essentially enables computensi@ human-like way of thinking. It
requires the definition of fuzzy variables setga@ctied from the physical problem [42].

At its core fuzzy logic is based upon fuzzy sebtlge A fuzzy set is an expansion
of the classical variable set between and inclu@imgd 1. A membership function is
used to define how each element of the input sizaassigned a value between 0 and 1.
To evaluate a system fuzzy inference is then etlliA fuzzy inference system is a
framework that simulates the behavior of a givesteay using IF-THEN rules and is
based off of expert knowledge or available datéhensystem. Rules are statements of

knowledge that relate the compatibility of fuzzemrise propositions to one or more
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fuzzy spaces. In the case of a material seledtiernidtal number of rules is equal to the
number of fuzzy sets raised to the number of matproperties being considered.

Studies have been performed comparing fuzzy logget material selections to
other conventional methods of material selectidh @B, 44]. Like other methods, fuzzy
logic is used to calculate performance indices thagp®n material attributes. These
performance indices are then used to rank the pes&ioce of candidate materials from
best to worst.

Comparing fuzzy logic material performance indieath those of the leading
non-linear methods it is evident that fuzzy logiaterial selection performs well. Fuzzy
logic has been shown to identify the same top periftg materials, based on design
requirements of a component. The proper use otayflogic material selection method
results in a wide spread of performance indiceshferbest to worst performing
materials. The amazing thing about the fuzzy logethod is that is performs very

similarly to the other leading material selectioathods despite all its simplifications.

2.3.7 Summary of Optimization in Material Selection

The goal of a material selection is to simultangoaptimize performance and
cost of a component for a given application. Uitliigdata systems allows designers to
easily search for materials based on desired atésh making a wide range of materials
data instantly accessible. Optimal material sedectequires both structured data for
screening and ranking of materials and supportif@ymation to narrow this list of

candidates to a few prime choices.
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In the weighted properties method a weightingda calculated for each
material requirement depending on its importandbdegerformance of a component.
The weighted properties method has been proverothk well when there is a limited
number of material attributes factoring into theid®mn. The digital logic method is a
modified version of the weighted properties methoahich weighting factors are
systematically determined using a decision mawixjgaring the relative importance of
material attributes.

The Ashby method utilizes multi-objective optintiba to simultaneously
optimize several independent material performanegios. Ashby also introduced
material selection charts in which one materiapprty is plotted against another.
Material selection charts provide a graphical repnéation in which to apply and analyze
guantitative selection criteria. A trade-off sudazan be drawn on a selection chart so
that each material on this surface represents amalpcombination of the objectives that
no other material possesses. A solution is thesarmbased of intuition or cost
effectiveness.

Expert systems use atrtificial intelligence to ozhrce the knowledge of a human
expert. They rely on inference rules to reach amiohs and can include confidences
based on probabilities. Expert systems have bemreprto work well in material
selection applications but can take a large eftodevelop.

Fuzzy logic enables the evaluation of a set aibdes by defining intermediate
values between conventional evaluation schemegyHagic theory can be used to
select an optimum material for a function from a-painked group of materials based on
relevant properties. Like an expert system, fupzyd uses rules based on if-then
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statements to draw conclusions. The outputs frafuhzy logic procedure are
performance indices ranking the analyzed matebated on the stated rules. These rules,
defined by the user, essentially describe the nahtequirements that optimize
performance for the given application. Properlyimaf the rules and membership
functions eliminates the need of weighting factesed in other selection methods. One

of the mains strength of the fuzzy logic materelestion procedure is its simplicity.

2.3.8 Development of the Fuzzy L ogic Material Selection Method

The fuzzy logic approach to materials selectiontieen selected for further
development to be used in this thesis with thesigre of being a design tool in
renewable ocean energy applications. The MATLARfulbgic toolbox is the employed
software and the next chapter describes the detailsiuances of its use. The fourth
chapter presents a case study materials seleatwhich candidate materials are
evaluated for use in four of the major componemthié ocean kinetic energy conversion

system.
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3 Fuzzy Logic Material Selection Procedure

This chapter focuses on developing a method fosétection of materials using a
fuzzy logic approach that can be used in renewadd@n energy applications. Fuzzy set
theory is primarily used to deal with vague, impsecand uncertain problems. It is
therefore an excellent fit to aid in material sétatin the relatively new and ill-defined
frontier that is renewable ocean energy. The MATLABzy logic toolbox has been
selected for development and implementation ofrtieshod because of its straight
forward graphical interface system and overall edsese. The described method is
modeled after the work of Khabbaz, Manshadi, Abedd Mahmudi in developing a

fuzzy logic approach for materials selection iniaegring design [42].

3.1 Membership Functions

The first step in the material selection procegs specify the performance
requirements of the component and outline the pymeaterial characteristics required.
Next the user will define membership functionsdéach of the required material
attributes. These membership functions encompasggseaof performance using
linguistic terms such as “bad”, “good” and “excelfe The merit of material properties
can be either qualitative or quantitative. Qual&properties are easily matched with
their corresponding membership function. For quatie properties a fuzzy inference

transforms the crisp inputs into a degree of maith the linguistic membership
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functions. Double sigmoid functions are utilizedtatch quantitative properties with
corresponding membership functions. The membefsinigtions and their corresponding
sigmoid graphs are easily created and altered MIRGLAB's graphical interface
system.

Figure 3.1 shows a graphical representation ofixamele membership function.
The y-axis corresponds to the degree of fit wilnimembership function that an input
variable (density of a material in this case) Wdlve. The x-axis corresponds to the range
of possible values an input variable can have example, if a material had a density of
4.0 g/cni it would have approximately a 0.3 degree of mesttiprwith “excellent” and
a 0.7 degree of membership with “good” in the mersii@ function of Figure 3.1. In
this way each material attribute of all candiddleya are assigned degrees of

membership in the selection procedure.

plat points:
Membership function plots 200
T T T T T

excallent good bad

1 I i 1 1 1
2 3 4 5 6 7 ) 9 10

input vanable "density”

Figure 3.1: Example of Assumed M embership Function
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3.2 Fuzzy Inference Systems

Fuzzy logic theory is then used to assign perfoceandices to each candidate
material. This is accomplished by introducing aziuinference system which simulates a
given system using an expert’'s knowledge. The fuzterence system evaluates each
material using a set of simplifying rules, basednug-then statements, relating the
chosen material attributes to performance. The Ifiymy rules are basically statements
of knowledge that relate the membership functiansetich material property to the
overall performance of the material for the specipplication. These rules are easily
created by the user with a graphical user interfagpically, performance indices range
from 0 to 100, with 100 denoting the best possil@ldormance. A wide range of values
in the resulting performance indices makes it @asgentify the top performing
materials and is desirable. Table 3.1 shows an pbeaafi some assumed simplifying

rules.

Table 3.1: Example of Assumed Simplifying Rules

Price Corrosion Yield Strength Weldability Performance
IF (B) AND E AND (B) AND (B) THEN E
IF G AND G AND (B) AND (B) THEN G
IF (B) AND E AND N AND (B) THEN G
IF (B) AND B AND N AND B THEN B
IF B AND B AND N AND N THEN B

B: bad, G: good, E: excellent, N: all conditions, () : all conditions except

The simplifying rules cut down drastically on thenmber of expressions used to

evaluate a system. Without simplifying rules, tlhuenber of rules to be defined is equal
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to the number of fuzzy sets used in the seleca@ed to the number of material
properties being considered. For the example ghesvn in Table 3.1, three fuzzy sets
are used (bad, good and excellent) and 4 mateogakpties are considered (price,
corrosion resistance, yield strength and weldabilithis means that there are=381
possible expressions that could occur and a fuzleyneeds to be defined for each.
However, this number is drastically cut down ussingplifying rules. As an example, the
last rule shown in Table 3.1 states that if bothgpand corrosion resistance fall into the
fuzzy set of “bad”, then performance will be badmatter what the yield strength and
weldability of the material are. This takes ninat@xpressions and reduces them to a
single simplifying logic. In other words, all nimxpressions that define both price and
corrosion resistance as “bad”, result in a perfarceandex in the “bad” range. The
degree of membership with the “bad” fuzzy set fothbprice and corrosion resistance
determines just how low of a performance index &ene would be assigned. The more
closely a combination of input values matches addfsimplifying rule, the more

closely the assigned performance will match thenéefoutput.

3.3 Assessing the Strength of Simplifying Rules

There are two graphical interfaces provided inM#€TLAB fuzzy logic toolbox
that aid the user in creating optimal simplifyirgics, the rule viewer and the surface
viewer. The rule viewer lists all simplifying logasing a graphical format and allows
the user to see what overall performance indexheilassigned based on any
combination of inputs the user wishes to examires graphical interface is useful for
making sure the simplifying rules accurately ddseperformance. As each of the
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material properties is altered, the user can olesleow the performance index changes
and see which of the simplifying logics controtsslalso useful for making sure there
aren’t any holes in the simplifying logics. Gaps axpressions that aren’t covered by the
simplifying logics and result in an undefined penfiance index. Figure 3.2 shows an
example rule viewer. Note how the vertical linesate the value of the material
properties selected and also correspond to theededfrmembership of each material

property for the simplifying logics.

CorrosionResistance = 61.7  YieldStrength = 638 Weldability = 2.45 ImpactStrength = 170 Performance = 60.1
S L [ ] L[ 1 L[ ] LA
I T 1 [ L T 1 VAN
L 1] I I N L ] [ |

Figure 3.2: Example of Rule Viewer Interface

The surface viewer is a three dimensional plot ¢émables the user to examine the
relation between performance index and any two naigroperties. The performance
index always lies on the vertical axis and anyhef¢considered material properties can be
assigned to the two horizontal axes. The surfae@eti allows the user to see how
performance is connected to the two selected nadfmoperties, according to the created
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simplifying rules. The surface shown should incesfiem the lower corner, denoting the
absolute least possible values of the two matpri@berties examined, to the upper
corner where these material properties are maxamiziat regions will often occur,
denoting areas where performance doesn’t changkeitisese material property bounds,
but should be kept to a minimum. However a revergeegatively sloping surface should
never occur. A negatively sloping surface meansaba material property is increasing,
performance is decreasing. This indicates an @mrthre simplifying rules that needs to
be fixed. Figure 3.3 shows an example fuzzy suri@eeer. Note the smooth curves and
gradual transitioning from the lowest to highestf@enance indices. A smooth surface is
desirable and denotes that a performance indexgreilually increase as the input

variables are increased.

Farfarmance

CorosionRasistance Frice

Figure 3.3: Example of Surface Viewer Interface
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3.4 Quality of Results

The proposed fuzzy logic material selection metisagser friendly and easy to
learn due to its simple graphical interface sysbenft upon linguistic terminology. The
guality of a material selection using this approsctentered upon the user’s ability to
define the function of the component in the desagsign proper membership functions
for each material attribute contributing to this¢tion, and formulate simplifying rules
relating the chosen material attributes to theqvarénce of the component.

In the next chapter a case study material sele@iocarried out, in detail, for a
renewable ocean energy system being developedrd&Atlantic University. The
results are then analyzed and discussed, uncovitiengirengths and weaknesses of the

procedure as well as how and when it should beamphted.
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4 Case Study Material Selections

In this chapter a case study is performed for ttean current kinetic energy
conversion system being developed at FAU. The éssential components chosen for
this selection are the pressure vessel, turbirgebladrive shaft and connection gasket.
The case study is presented in a step-by-step mdeseribing which material properties
are chosen and why, how the membership functiomsraated, how the simplifying
logics are selected and how candidate materialthareevaluated using the fuzzy
selection system. For the following case study sitdynless steel and nickel base alloys

are considered due to their superior corrosiorstasce and galvanic compatibility.

4.1 Material Selection for Pressure Vessd

4.1.1 Material Attributes Vital to Performance

The function of the pressure vessel in the kinetiergy conversion system is to
provide a barrier between the inner workings ofdbean energy conversion system and
the surrounding ocean environment. The pressurselesdll experience a variety of
dynamic loadings and a constant hydrostatic loadihgs, yield strength and toughness
(expressed as charpy impact strength) have beectsglas two of the fuzzy selection

material properties.
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The service life of the system needs to be maxidyitesrefore the pressure
vessel must be highly resistant to all forms of@sion. Pitting resistance equivalent
number is considered to be a gage of how resiatamterial is to localized corrosion and
has been chosen as a fuzzy selection material ppyofée PREN of a stainless steel and
the PREN of a nickel alloy are determined in sliglifferent ways and therefore don’t
represent the exact same level of corrosion registaHowever, for the material
selections presented here, the PRENSs of the naslaektainless steel alloys are assumed
to be denote equivalent levels of corrosion rest#aso that they can be compared on an
equal footing.

The system will not be mass produced at firstheosiase with which all
components can be welded is a major considerdfmnthis case study an index of
weldability has been proposed, based upon thevadsevhich a material can be welded.
This index ranges from 1 to 5, with 1 denoting demal that is difficult to weld and 5
denoting a material that is easily welded. Thisdability index is another of the fuzzy
selection material properties for the pressureeless

Cost is a very important variable when it comeartg material selection. The
performance of a material must be compared torite pFor this first selection the
impact of cost will be considered in two ways. Fitsvill be included as a fuzzy
selection material property and the selection bellcarried out. In the second evaluation
it will no be included as a material property; eesd the performance of each candidate
alloy will be normalized with respect to its priatter the fuzzy evaluation. The results of

these two methods will then be compared.
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4.1.2 Creation of Member ship Functions

The creation of membership functions to graphicedjyresent the ranges of
material property performance is an important stethe fuzzy selection procedure.
Figure 4.1 displays the fuzzy input system (FISptpical interface used in the first
material selection for the pressure vessel. Theface is the first one a user will
come to when opening the MATLAB fuzzy logic toolbdxom here the user can easily

access the four other graphical interfaces of tilzeyf toolbox, add input and output
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Figure4.1:

FISfor PressureVessd
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variables, and adjust the fuzzy evaluation settitigs recommended that the
“defuzzification” method is the default settingeattd (The reason is explained in the
following pages). The “and method”, “or methodriplication” and “aggregation”
settings should be left at the default settinggroh”, “max”, “min”, and “max”
respectively.

After much trial and error it is suggested thatuker employs the pimf shape for
all input and output membership functions. The psimdpe allows the user to select four
points in the range of possible material propegiugs to map a membership function to.

To map the shape of a membership function thesedects four points like so:

[1.22.83.24.8]

The four numbers shown in the brackets assignhthpesof the “good” fuzzy set in
Figure 4.2, shown in red. The first number in thackets assigns the beginning of the
slope from O to 1 on the y-axis of the graph, enspdeal in Figure 4.2 by a small box in
the lower left corner of the plot. The second nunassigns the termination of the
positive slope into a plateau until the negatiwgslof the function begins at the third
number in the brackets; these are emphasized Hyotkes at the top of the plot. The final
number in the brackets assigns the terminationt dithe slope, back to 0 on the y-axis.
Notice that the shape of the “good” fuzzy sehis éxact inverse of the line
comprising the “bad” and “excellent” membershipdtions. Thus, whatever value and
input variable has, it will have a summation of déyjree of membership with either one
or two of the membership functions. For exampke fifrice input variable had a value of
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4.0 it would have a 0.5 degree of membership vineh“good” fuzzy set and a 0.5
membership with the “excellent” fuzzy set. The masful thing about the pimf shaped
function is that the perfect inversion of fuzzyssisteasily maintained as the user adjusts
the orientation of the fuzzy sets. To maintainrlative inversion the first two points of
a pimf shape should match the last two points efgimf shape to the left of it. So in the
case of Figure 4.2, 1.2 and 2.8 are the last twatpthe “bad” function is mapped to

while 3.2 and 4.8 are the first two points the ‘@lent” function is mapped to.

lot points:;
Membership function plots Rict B 181

I T I I
epcellent good bad

0 1 2 3 4

input variable "Price”

Figure4.2: Price Membership Function

The “bad”, “good” and “excellent” fuzzy sets shownFigure 4.2 comprise the
membership function selected to assign membersktipet price input values in the first
pressure vessel material selection. The orientaidthese functions were left
unchanged from the default selection of three gunttions. The default selection is

symmetrical and the first and third fuzzy setsrsget with the middle fuzzy set at one
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quarter and three quarters of the input variabkr'gje. The price membership function
was left as the default plot due to the inexactireabf the estimated prices and because a
symmetrical membership function was desirable is ¢hse.

Figure 4.3 shows the membership function creaiexssign membership to the
corrosion resistance input values in the pressessal material selections. This plot is
not symmetrical like the membership function showRigure 4.2. The pimf functions
were assigned in the corrosion resistance memlpefighction so that a PREN value less
than 27 will have a majority of membership in tihad” fuzzy set while a PREN value of
more than 50 will have a majority of membershiphia “excellent” fuzzy set. The
decision to arrange the functions in this way wasedol on expert knowledge and an
estimation of the corrosion resistance requiredHerpressure vessel to perform

adequately in the working environment.

plot poima:
Membership function plots e
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input variable "CorrosionResistance”

Figure4.3: Corrosion Resistance Member ship Function
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Figure 4.4 shows the membership function creaiessign membership to the
yield strength input values in the pressure vassgérial selections. Like the
membership function shown in Figure 4.3, the “eberd! range comprises much of the
plot while the “bad” range makes of very littleibfThe fuzzy sets are arranged in this
way to represent the estimated ranges of perforeiaiibile some candidate alloys being
considered have yield strengths well in exces90fMPa, anything in excess of 200
MPa is more than adequate to meet the performaugerements of the pressure vessel.
However, a higher yield strength will reduce thdlwackness of the pressure vessel and

reduce cost and weight of the system.

phat poims
Membership function plots o
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Figure4.4: Yield Strength Member ship Function

Figure 4.5 shows the membership function createssign membership to the
weldability input values in the pressure vesselamal selections. Much like the material

price membership function, the orientations of ¢hiezzy sets were left unchanged from
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the default selection of pimf functions. The weldigbmembership function was left as
the default pimf plot due to the inexact naturéhef formulated weldability index and
because a symmetrical membership function wasatgsirA weldability index of 2 will
have equal membership with the “bad” and “good’zfuwhile a weldability index of 4

will have equal membership with the “good” and dbere fuzzy sets.

phot poimz:
Membership function plots T
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Figure 4.5: Weldability Member ship Function

Figure 4.6 displays the membership function cretdeaksign membership to the
charpy impact strength input values in the presseassel material selections. Again, the
orientations of the three fuzzy sets were left amged from the default pimf selection.
This was done because a large “good” range wasedsased on the uncertainty of the

estimated required toughness.
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Figure 4.6: Impact Strength Member ship Function

Figure 4.7 shows the membership function selecetbtuzzify the output,
calculated using the simplifying rules, into a peniance index. Defuzzification is the
process of converting the assigned degrees of nmshipento an output using the
defined simplifying logics. While only three fuzsgts were used in the input
membership functions, five fuzzy sets are empldye@. The decision to use more fuzzy
sets in the output function than in the input fimcs is due to the nature of the
simplifying rules. Using more than three fuzzy setaild cause an explosion in the
number of possible expressions. Reducing thesienalif/ing rules would be a
herculean task. For the current case study 3 faetsyand 5 properties are considered for
the input. This results in a possibfe=3243 expressions. If 5 fuzzy sets were usedhier t
input values instead this would result h=53125 possible expressions, almost 10 times
as many! However, increasing the number of fuzty gsed in the material performance
membership function increases the separation afidate materials in the output,
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making it easier to identify performance, but ddesicrease the number of simplifying

rules required.

bkt point
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Figure4.7: Material Performance Membership Function

The five fuzzy sets used in the material perforneamembership function are
“terrible”, “bad”, “average”, “good”, and “excell¢h Again, the pimf shape is employed
to map the fuzzy sets. Notice that the range gfutwtalues extends slightly beyond that
of the desired 0 to 100 range previously state@.rainge of values stipulated for this
output functions is -6 to 106, but since the cadtdefuzzification method was selected,
as shown in Figure 4.7, the actual output will beaeen 0 and 100. You can see by
looking closely at Figure 4.6 that full membersimghe terrible and excellent ranges
actually occurs right at 0 and 100 respectivelye Tike of the centroid defuzzification
method is recommended as it results in a more drhosthaped rule surface. In other
words, the output performance index is less semsit slight variations in input values

which occur near the fuzzy set overlaps.
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After the input and output membership functionsaeefined and their fuzzy
sets properly configured, the next step is to wihgesimplifying rules used to transform
the input into output. As shown in the next sectibirs is the most crucial step in

creating a fuzzy logic material selection system.

4.1.3 Simplifying Rulesfor Pressure Vessa Including Cost

Both the reliability of the fuzzy logic materialsction method and the learning
curve involved in its use are centered on writimg $simplify rules. After much trial and
error a systematic method focused on the two mtatmaterial attributes is suggested.
To illustrate this method the simplifying rules tien for the pressure vessel selection,
both with and without price included as an inpuialale, are presented and analyzed.

In writing the simplifying logics for the first pssure vessel material selection
(the one including price), the two most importarattenial attributes to performance were
first identified. The identified material propegiare price and corrosion resistance. Since
there are three fuzzy sets used in the input fanstthere are nine resulting combinations
of membership for the price and corrosion resistaraziables. Since there are five
material properties being used as inputs for tliscsion there are a total of 243 possible
expressions. This means that for each of the rongmations of price and corrosion
resistance membership there are 27 ways that $ieddgth, impact strength and
weldability can be assigned membership. Figuredsglays each of the nine price and
corrosion membership combinations and lists theberof simplifying rules written for

each. When the simplifying rules are broken dowthis way they also become far easier
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to formulate and keep track of. The number of ribelse evaluated was drastically

reduced from 243 to 43 using this method.

Table4.1: Simplified Member ship Combinationsfor Pressure Vessel

Price Corrosion No. of Possible Expressions Simplified No. of Expressions
B B 27 1
B G 27 2
B E 27 6
G B 27 3
G G 27 10
G E 27 5
E B 27 7
E G 27 8
E E 27 1
Total = 243 Total = 43

B = bad, G = good, E = excellent

The criteria for reducing the number of simplifyinges basically amounts to
relating the combinations of material property parfances to the component’s overall
performance. This requires a fair amount of exkpeowledge of the component and what
contributes to its performance in the design emwirent. In the case of the pressure
vessel, if a material has “bad” corrosion resistaf@cPREN less than 27 was previously
defined as bad) it won't perform well in the worgianvironment. Also if the price of the
material is too high the system will be too costlynanufacture and won’t be feasible.
Using this logic if both the price and the corrasresistance of a candidate material are

“bad”, then the performance will be “terrible”, nmatter what the values of yield
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strength, impact strength, and weldability are.i®othat each alloy being considered in
this case study has a minimum amount of yield gttenmpact strength, and weldability
to be used as a pressure vessel. That is why Hrepeignored in the case that price and
corrosion resistance are both in the defined “dgn€lranges. If both the price and
corrosion resistance are “excellent”, the perforoeawill be “excellent”, no matter the
other input variable’s values. Also, an alloy’sgergenerally escalates as its corrosion
resistance increases, making an alloy that is inetkpensive and highly corrosion
resistant extremely rare. Certainly not every makeelection should assign a high
performance index to a material that performs welhe two most vital membership
functions regardless of the other material attebuEach set of simplifying rules should
be written on a case by case basis and shoulddsel hgpon expertise knowledge.

The simplifying rules written for each case stuadgterial selection are displayed
in Appendix B in Tables B1 through B5. The rulestfte pressure vessel material
selection including price are listed in Table Bthe same format previously described.
In the case that price is “bad” and corrosion tasise is “good” two simplifying logics
are employed. The first states that if both welligiand toughness (charpy impact
strength) are “excellent” then the performancehef¢component will be “average”. The
other rule states that if either weldability or ghness isn't “excellent” the performance
will be “bad”. In both rules the membership of yiatrength is ignored. These two
simplifying logics cover all 27 possible expressaf the case when price is “bad” and
corrosion resistance is “good”.

As shown in Table 4.2, more simplifying rules gemerally required when both
vital material properties have “good” membershipgoy membership that isn’t on the
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extreme low or high end of performance). This isduse the overall performance of the
component now relies more heavily on the combimadibthe other material attributes
and because this case results in a greater ramgessible output membership. In the
pressure vessel material selection, ten simplifyulgs have been defined for the
situation when price and corrosion resistance atle tgood”. Out of these rules only one
defines “excellent” performance, three define “gbperformance, three define
“average” performance and three define “bad” penfomce. The logic used in these ten
rules assigns “average” performance if only onthefremaining three material
properties is “bad” and assigns “bad” performari¢ed® or more of the remaining three
material properties are “bad”. If none of theseématerial properties is in the “bad”
range the performance will be either “good” or “elkent”. “Excellent” performance is
assigned only when both weldability and toughnessexcellent”.

A simple way of reducing the required number désus to employ the “all
conditions except” definition to the formulationtbie rules. In Appendix B a bracketed
fuzzy set denotes all conditions except the ortharbrackets. In other words, (B) stands
for any condition except “bad”. In the case stugiessented here, “good” and
“excellent” are simultaneously defined by (B). TiBg definition saves time in writing
rules to assign membership as it can be usedeo dilit materials with input values
below a defined minimum. As shown in Table B1, {helefinition is used in almost half

of the simplifying logics written for the presswessel material selection.
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4.1.4 Simplifying Rulesfor Pressure Vessal Not Including Cost

The simplifying rules selected for the second pressessel material selection,
the one not including the price index of the malewere centered on the corrosion
resistance and weldability material properties.&se there was one less input variable,
the number of simplifying rules required to exprpesgformance were fewer. The total
number of expressions for this selection‘is®1. The simplifying rules for the pressure
vessel material selection without cost includedeareduced to 34 expressions and are
displayed in Table B2.

The first rule listed in Table B2 simplifies twéthe nine rule subsets with a
single rule. It states that if corrosion resistaiscbad” and weldability is not “excellent”
then performance is “terrible”, regardless of yistcength and toughness. Thus if the
corrosion resistance of a material is “bad” andwieddability is either “bad” or “good”,
the material is assigned “terrible” performance.

Unlike the simplifying rules for the first presswessel material selection, this
selection defines more than one rule for the cdssnvthe two most vital properties are
both in the “excellent” range. There are four rude$ined; the first states that if both
corrosion resistance and weldability are “exceflamd yield strength and toughness are
both “not bad” then the pressure vessel's perfogeaas “excellent”. The second of these
rules states that if the yield strength is “not’baad the toughness is “bad” the
performance will be “good”. The third rule statbattif the yield strength is “bad” and
the toughness is “not bad” performance is “avera@hé fourth rule defines performance

as “terrible” if both the yield strength and tougiss are “bad”. Unlike the previous
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selection’s simplifying rules, this selection defsnfour possible performance ranges for

cases in which the two main material propertiesdatt “excellent”.

4.1.5 Fuzzy Evaluation Results

This section presents and discusses the resule ohaterial selections for the
two pressure vessel cases. It also describesdps stvolved in evaluating candidate
materials once the membership functions and sigpéfrules have been defined. For
both the pressure vessel selections all the staistiel and nickel alloys in the database
are evaluated as candidate materials.

A database of candidate material properties shioelldrranged so that each row
corresponds to a candidate material and each calommaterial property (See the
candidate materials tables in Appendix A). By ddimg material data can easily be
evaluated and the resulting performance index eamditched to the corresponding
material. A group of candidate materials is evaddiy copying the required material
properties from the database (in spreadsheet fpamdtpasting them into the evaluation

function in the MATLAB editor. The evaluation fumat is:

fismat = readfisihsert file name hetk

out = evalfis([nsert candidate materials data fjdismat)

The fuzzy logic material selection file name anddidate material properties should be
inserted as indicated above in red. When entehagéandidate material properties, each
column of values correlates to a specific inputatde and the columns should match the
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order that the input variables were defined in. ifpait variables are defined in top to
bottom order, in the FIS window of the Fuzzy Toolbim the case of the first pressure
vessel selection, the input variables were defingte following order: 1) Price, 2)
Corrosion Resistance, 3) Yield Strength, 4) Wellilgbb) Impact Strength (as shown in
Figure 4.1). So each column of values, correspanttira specific material property,
must be entered into the evaluation function is trder.

The output of all the case study material selestismpresented in Table B6 of
Appendix B. As expected, the performance indicey vansiderably between the two
pressure vessel material selections. The matelatton including price as an input
variable shows a much smaller range in candidatemabperformance. This is largely
due to the fact that corrosion resistance and pacg inversely for most alloys. Thus no
alloy meets the “excellent” performance criterighaliing great price and great corrosion
resistance. Likewise, no material performs in #relle range as an expensive alloy will
typically have high strength and corrosion resis¢an

The pressure vessel material selection withouemimws a much larger range in
performance of the materials. Several of the niekelys exhibit high performance
marks, as do a couple of the austenitic and dugikErless steels. This is due to the lack
of price as an input variable. Without the inclusad price, a material’'s performance is a
function only of its mechanical and physical prdj@s: The resulting small range of
performance indices and the increased difficultgalécting good simplifying rules lead
to the conclusion that it may not be a good ideadtude price as an input variable, at

least for the present case study.
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Table 4.2: Estimated Price of Alloying Additions

Alloying Addition | Price ($/Ibs)
Aluminum 0.70
Chromium 2.00

Cobalt 12.00
Copper 2.00
Iron 0.10
Magnesium 1.75
Manganese 2.25
Molybdenum 8.00
Nickel 5.00
Niobium 20.00
Silicon 1.50
Titanium 3.25
Tungsten 12.00
Zinc 1.00
[42]

But price is an important part of assessing a natier use in any design.
Therefore it is suggested that the performanceé@sdof the candidate materials be
normalized by the price of the material. The resgltalue will indicate how much
performance a material delivers per unit costhla tase study the cost of each material
has been estimated by multiplying the percentagacih alloying element addition by
that addition’s price per pound (according to nptaes.com as of April 1% 2009). The

values used for the prices of the alloying add#giare shown in Table 4.3. Although
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these values don't take into account the costeeatinents and fabrication, they provide
a solid foundation for comparing the prices of thedidate alloys.

Table B7 in Appendix B displays the performancaaed of all the material
selections normalized to the estimated prices @ftloys. While this information has its
uses, a final material selection should not berdeteed using it alone. Notice that the
nickel alloys generally perform poorly comparedtte other candidate alloys. This is
because the nickel alloys are the most expensitleeofandidate alloys. Their use should
be reserved for situations when their extra costiasajustified by their superior
performance. Furthermore, the higher strength alé@an often be used to reduce the
required weight of a component. This reduces tis¢ @abthe component and makes up
for some of the price difference between a morelesslexpensive material. Table B7

should be used to compare the cost effectivenesmtdrials of similar classification.

4.2 Material Selection for Turbine Blades

4.2.1 Material Attributes Vital to Performance

The function of the turbine blades in the kinetiery conversion system is to
convert the linear momentum of the Gulf Streamenirinto rotational motion that can
then be transformed into electrical energy by theegator housed within. Like the
pressure vessel, the turbine blades will constaxperience dynamic loadings.
Therefore, yield strength and toughness (expreassetharpy impact strength) have been

chosen as two of the fuzzy selection material priogse
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Like the pressure vessel, the turbines blades beustsistant to corrosion, both
localized and uniform. In order to achieve varigtyhe material selections, it is assumed
that the turbine blade would have an organic, gororesistant coating, if it was made
out of an alloy. This assumption allows much offingus to be taken off of corrosion
resistance and transferred to the other matetidbattes. This also allows the addition of
aluminum alloys to be evaluated as candidate nagemwhich normally wouldn’'t have
the corrosion resistance required. An artificiaBRRvalue of 20 was assigned to all
candidate aluminum alloys in this study so thairtberrosion resistance could be
compared to that of the stainless steel and nadkays.

Corrosion resistance is still important as orgaatings inevitably contain
imperfections and suffer damage over time (wegrhgkical damage) so that the
underlying substrate is exposed to the corrosivkiwg environment. By removing a
large amount of emphasis off of corrosion resistahe turbine blade selection now
becomes quite different from the pressure vessettsen. This adds variety to the case
study material selections and enables the valaithe fuzzy logic material selection
process to be examined in a different perspective.

Machinability and weldability are both importantrétutes to be considered when
selecting an alloy for the turbine blades. Howeweaty weldability was chosen as a
material property for this selection. Weldabiligythe better defined index of the two and
shows greater variability from alloy to alloy. Thiariability will lead to more scatter in
the resulting performance indices and allow anezassessment of the simplifying rules.

The final material property chosen for the turbitede selection is density. A
low density is extremely vital to the performancel &fficiency of the system. The
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lighter the turbine blades are the more easily thidybe rotated by the flowing water,

thus potentially increasing the generated power.

plat poirts:
Membership function plots 181
T T T T T T

epcellent good bad

)

1 1 [ 1 1 1 1
2 3 4 5 6 7 8 g 10

input variable "Density”

Figure 4.8: Density M ember ship Function

The membership functions used in the turbine lsdagdection are identical to
those used in the pressure vessel selection faraimesion resistance, yield strength,
weldability and impact strength material propertiesr the additional membership
function of density, the default symmetrical pinhdtowvas used. The range of values was
set as 2 to 10 grams/énunlike the other membership functions, a lowdugaf
density is desirable. Therefore, the “excellen¥zy set was defined for the lower range
of values, with the transition between “excelleatid “good” occurring at 4. The “bad”
fuzzy set was defined for the higher range of v@leh the transition between “bad”
and good occurring at 8. Figure 4.8 shows the meshiefunction created to assign

membership to the density input values in the hellilades material selection.
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4.2.2 Simplifying Rules and Evaluation

The simplifying rules selected for the turbine ldadnaterial selection were
centered on the density and weldability materiapprties. The remaining material
properties, strength, corrosion resistance, an@angirength, were considered to be
equally important to performance. The created gigipg rules are listed in Table B3 of
the Appendix.

Since five membership functions are employed, theists a total of 3= 243
expressions to assign performance to. The firstlisled in Table B6 accounts for a third
of these expressions. It states that if densitpasl” performance is “terrible”. From this
point six combinations of the two vital membershupctions remain. For these six
combinations four scenarios were identified to kasesimplifying rules on. For each of
the less vital material properties, 1) all could‘bet bad”, 2) any one of the three could
be “bad” while the other two are “not bad”, 3) amp of the three could be “bad while
the other two are “not bad”, or 4) all three cob&lbad. Each of these four situations was
used to write rules for the six remaining combioatbf membership for density and
weldability. In all 45 simplifying rules were empied.

The output from the material selection for the toelblades is displayed in Table
B6. Out of all the selections it showed the smaliasge between the highest and lowest
assigned performance indices. However, this caattbbuted to the candidate alloys and
not a weakness in the simplifying rules as no a#atéi alloy had a low density, adequate
corrosion resistance and adequate impact streagtbhieve more than “average”
performance. As indicated earlier other candidadéenals (e.g. composites) could be
added to the database, if all parameters are foshti
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4.3 Material Selection for Drive Shaft

4.3.1 Material Attributes Vital to Performance

The function of the drive shaft in the kinetic egyeconversion system is to
transfer the rotational motion achieved by theihelblades to the generator so that the
conversion into electrical energy can be made. Raaterial attributes were identified as
being important to the successful performance igftdsk. They include yield strength,
impact strength, machinability and hardness.

Based on the calculated loadings the drive shathi® pilot project requires a
minimum vyield strength of 150 MPa. The yield strgngnembership function was
created so that anything below a value of 150 MBaave a majority of membership in
the “bad” fuzzy set. In this way a simplifying rutan be written that will eliminate all
candidate materials that have a yield strengthvibéhas point.

The drive shaft will have a long service life anll sonstantly experience a
torsional loading while the system is operatingugimness, expressed as yield strength, is
an important material property for withstanding thsulting fatigue. The same impact
strength membership function that was used fopthkesure vessel and turbine blades is
employed for this case.

Machinability is an important material propertytims selection because due to
the required thickness of the drive shaft. An gasibchined material will cut down on
the cost and time of fabrication of the drive shisfachinability is an input variable that
hasn’'t been used in either of the preceding casby shaterial selections. An index
denoting how easily an alloy can be machined wagasd to all candidate alloys using
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a scale of 1 to 5 in the same way the weldabifilex was assigned. A score of 1 denotes
very bad machinability while a 5 denotes excelleatchinability. Thus, the membership
function used to assign membership to the macHibaimput values is identical to the

weldability membership function.
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Figure 4.9: Hardness M ember ship Function for Drive Shaft

Hardness is another input variable that hasn’t édined in the preceding
selections. For ease of comparison the hardnes$ thie candidate alloys were converted
to the Brinell Hardness Index. Hardness is an itgpdmaterial attribute for this material
selection because the surface of the drive shadt nemain smooth and damage free in
order for it to function properly. As shown in Figu4.10, the membership function was
defined so that a hardness value less than 18hawuk a majority of membership in the
“bad” fuzzy set while a hardness value greater 2&@hwill have a majority of

membership in the “excellent” fuzzy set.
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4.3.2 Simplifying Rules and Evaluation

The simplifying rules selected for the drive steaft centered on the yield
strength and hardness material properties. The imatmlity input variable was identified
as the third most important to performance andrttpact strength as the least important.
The created simplifying rules are listed in Tabed the Appendix.

Since four membership functions are employed, terigs a total of 3= 81
expressions to assign performance to. The lastuves listed in Table B4 account for a
third of these expressions. They state that ileeithe yield strength or hardness of a
material are “bad” then its performance is “teiblin total 26 simplifying rules were
utilized, written using the same method of focusinghe two most vital material
attributes as the preceding cases. Notice thatisedanpact strength is the least vital
attribute to performance, most of the rules inclii@es either “bad” or “not bad” to help

separate between adjacent performance indices.

4.4 Material Selection for Mooring Connection

4.4.1 Material Attributes Vital to Performance

The function of the mooring connections in the kimenergy conversion system
is to provide a tie-off point for the mooring linegich hold the system in place. These
connection points will be directly attached to ystem and will see significant amounts
of loading. Because of the dynamic nature of tlaglilmgs, wear caused by rubbing action
from at the connection points could be a major j[mb Because of this yield strength,
impact strength and hardness have been identi§i@h@ortant material attributes

68



contributing to the performance of this compon@&ihie same impact strength
membership function used in the previous casegamamployed here. The yield
strength membership function employed is identicdhe ones used in the pressure
vessel and turbine blades cases. The hardness mstngbieinction uses the default pimf
fuzzy sets distributed over a range from 100 to @@he Brinell Hardness Index. The

hardness membership function is displayed in Figuté.
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Figure 4.10: Hardness M ember ship Function for Mooring Connection

The other two material attributes identified dsvant to the material selection
are corrosion resistance and weldability. Likecalnponents exposed to the sea the
ability to resist any and all forms of corrosiomiscessary to meet service life
requirements and avoid catastrophic failure. Weldglwvill be of major importance

because the ocean energy system connection contpamiéiikely be made of slender
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alloy members welded together. The membership immetfor both corrosion resistance

and weldability remain unchanged from the previcase studies.

4.4.2 Simplifying Rules and Evaluation

The simplifying rules written for the mooring commtiens are centered on the
corrosion resistance and impact strength materigdgaties. Yield strength was also
identified as vital and any material candidate thassigned “bad” membership for yield
strength will automatically receive “terrible” perfnance. The remaining simplifying
rules require that yield strength be “not bad”. Thkes were written in the same style as
in the preceding cases by grouping them into the nombinations of the two most vital
properties, and then considering how the combinataf the other properties would
impact performance. In this case hardness and étglavere considered of equal
importance in all the rules. In all 43 simplifyingles were employed and they cab be

found in Table B5 of the Appendix.
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5 Validation of Fuzzy L ogic Approach by Comparison

5.1 Method of Comparison

In order to analyze the results of the fuzzy lage&terial selections a second
material selection has been performed for eacheopteviously considered components
using a simple, proven, and reliable method. Ia #gproach each material attribute is
assigned a weighting factor corresponding to itire importance in the material
selection. These weighting factors are derivedgiie digital logic method [31]. Using
this method each material attribute is comparesl/&yy other material attribute one-on-
one. If an attribute is less vital to the selectioan the one it is being compared to it
receives a score of 0, if it is equally importareiceives a 1, if it is moderately more
important it receives a 2, and if it is much momportant it receives a 3. A table is
organized so that each material attribute is ligtexliccessive rows and then again in
successive columns, forming an NxN matrix. Using farmat each row, denoting a
material property, is compared to every materiapprty in the columns to the right
using the described method. The sum of each rakeis calculated in a column to the
right of the NxN matrix. A total sum of all numegecisions assigned is then formulated.
The weighting factor for each material is then fddny dividing the sum of each row’s

numerical decisions by the total sum of numerieaisions. Tables C1 through C5 in the
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Appendix display the decision matrices used touwate weighting factors for each of the
case studies. The numerical decision assignedctoreaterial comparison corresponds to
the importance previously determined for each camepoin the last chapter. In this way
an accurate comparison can be made between the&tarial selection techniques.

Once the weighting factors are determined assigpéarformance indices to each
material is a simple task. In order to assign #perance index to a material based on
the determined weighting factors the material progpe must first be normalized. One
property is considered at a time and is scaleth@othe highest numerical value does not
exceed 100. The best value among the candidateiaisis rated as 100 and the others
are scaled proportionally. By introducing a scaliactor normal material property values
are converted to dimensionless values. For mafaragderties in which higher values are
more desirable the scaled property is found byddig the numerical value of the
property by the maximum value on the list and rpithg by 100. For material
properties in which lower values are more desir#iidescaled property is found by
dividing the maximum value on the list by the pndpealue of the material being
considered and multiplying by 100. Tables C6 thitoG@d.0 in Appendix C display the

calculation of the weighted performance indicesdach of the case studies.

5.2 Comparing the Results of the Material Selections

One way to determine the validity of a materiabsg@bn is to examine the
distribution of its results. A large distributiom the performance assigned to the
candidate materials typically denotes a qualitec@n. Tables 5.1 and 5.2 display the
maximum and minimum resulting performance indicesgned for each material
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selection by both the fuzzy logic method and thehited properties method. These

tables also show the average performance indicégresl and the difference between the

maximum and minimum performance indices.

Table5.1: Comparison of Resultsfor Fuzzy L ogic Method

Performance Turbine Mooring
Index PV w/ cost PV w/o cost Blades Drive Shaft Connection
Max 86.9 98.6 55.6 63.8 96.2
Min 21.3 14 10.6 14 2.2
Average 57.1 52.0 33.3 33.5 47.4
Max - Min 65.6 97.1 45.0 62.3 94.0

Table5.2: Comparison of Resultsfor Weighted Properties Method

Performance Turbine Mooring
Index PV w/ cost PV w/o cost Blades Drive Shaft Connection
Max 62.1 90.6 72.1 76.3 83.6
Min 37.0 20.8 275 41.4 30.4
Average 51.8 54.3 53.6 515 49.4
Max - Min 25.1 60.8 44.6 34.9 53.2

Note that the difference between the maximum amdrmim assigned
performance index is larger in every case for tiezy logic method. In fact, it is about
twice as large for each case except the turbirseblaAlso notice how the average
performance value assigned is almost exactly hayf between the minimum and

maximum values for all the fuzzy logic selectiomkis is another indicator of an even
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and balanced distribution in the results. Thistighvays the case in the weighted
properties selections. For all the selections, withexception of the turbine blades, using
the weighted properties method, the average pediocamis much closer to the minimum
than the maximum. The fact that the fuzzy logichmdtshows a much larger and more
even distribution in the assigned performance egliwhen compared to another proven
and reliable method is a strong indicator of itsdgy.

A major concern is whether or not the fuzzy logiethod is able to accurately
pick the higher and lower performing materialsdaromponent. In other words the
materials you would want to use and the materialswould want to avoid. This is a
tough question to answer, and much of the streofgtine fuzzy logic method depends
upon the user to accurately describe the requiresvadra component using the
simplifying rules.

In the pressure vessel material selection notichol price duplex alloys Zeron
100 and SAF 2507 were identified as the highedbpeers, each with a performance
index of 86.86. In the corresponding weighted proge selection these were the &nd
6™ highest performing alloys with scores of 58.2$@F 2507 and 58.6 for Zeron 100.
Alloy 686 was the highest performer with a perfonocaindex of 62.1. However, it is
interesting to note that th8%23, and 4" highest performing alloys in the weighted
properties selection were all duplex stainlesdst&» while the two method don't agree
on the top overall material for the job, they doesgthat duplex stainless steels would
work very well. This is a very encouraging devel@mifor the unproven fuzzy logic

method.
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In this same material selection the ferritic die8s steels were identified as the
worst performing materials by the fuzzy logic methAll but one of them received a
performance index below 30. This was not the castht weighted properties method as
the Monel alloys were identified as the worst parfimg materials. The ferritic stainless
steels received marks a little below the averapes Moesn’t mean that the fuzzy logic
method was incorrect; in fact it seems more likbbt the fuzzy logic method got it right
based on the results thus far. Looking at the tesiiithe weighted properties method
reveals that few of the assigned performance isdiewiate very far from the average
value. This makes it extremely hard to deduce wrudy are the best and worst
performing materials for a design.

The results of the material selections are in ewere agreement for the case of
the pressure vessel not including price. In theydagic selection nickel alloys 686 and
C-276 were identified as the highest performingenals. The same was true for the
weighted properties method except in the reverderoil he worst alloy according to the
fuzzy logic method was ferritic stainless steebya30. This was the second lowest
performing material in the weighted properties rdth

The remaining three cases show similar results thig best and worst performing
alloys in close agreement between the two methamts wften than not. This provides a
large amount of evidence towards the validity & finzzy logic method. It is becoming
clear that the fuzzy logic method of material seteccan be a useful tool in selecting

materials for renewable ocean energy applications.
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6 Discussion: Implementation of Fuzzy Logic

The use of fuzzy logic to aid in process and matesgelection is a recent addition
to the wide range of tools available to the matemagineer. It is rapidly gaining in
momentum as a variety of applications have beemtifted that can benefit from its
implementation. A similar approach to the one pmné=etin this thesis was used to
demonstrate fuzzy logic’s ability to perform masdsiselections through the case study
selections of a liquid nitrogen storage tank, tha& ©f an aircraft wing, and a hollow
cylinder mast for a sailing boat [42fuzzy Logic has been implemented to select proper
coatings to resist both corrosion and wear [44)akt also proved to be useful in selecting
the best silicon wafer slicing technology [45].

Throughout the publications on fuzzy logic basettenals selections there are a
wide variety of methods employed to accomplishrttaerial selections. This is due to
an inherent quality in the framework of fuzzy logihe “fuzziness” of fuzzy logic leaves
it open to human interpretation. Two experts usimgthesis’ fuzzy logic method for the
same material selection will come up with diffetgshaped membership functions and
different simplifying rules. If the two experts leaa strong knowledge of the design
component and what is required of it in the intehdpplication, then these differences
should be slight and the variations in the canéidgaaterials assigned performance

indices will be minimal. The innate inexactnessuaizy logic is a strength, not a

76



weakness. If the defined fuzzy logic system acelyatescribes the requirements of a
component and defines the possible ranges of peafoce using the membership
functions and simplifying logics, then the resglt®uld be reliable.

This isn’t to imply that there isn’t a proper wiyimplement the fuzzy logic
system presented here, because there most ceiaiblglike some other fuzzy logic
material selection methods, the method presentetivirerks best if the defined fuzzy
sets have significant regions of full membershiphsd they are plateaued at the top and
thus shaped in a trapezoidal manner. This neeasisdoon the presented method
recommending only three input fuzzy sets for sigipli The slopes of the fuzzy sets in
the membership functions need to remain sharpadhere isn’t too much overlap
amongst them. Too much overlap would result ingh Ipercentage of the input values
fitting in between the simplifying logics and tmisuld reduce the range and even
distribution of the output indices.

Care should also be taken to avoid oversimplificaof the reducing logics as
this can lead to a lack of separation in the assigrerformance indices. This lack of
separation makes it impossible to distinguish ttegaacy of one material from another.
Oversimplification of the rules can also cause mi@teto be assigned misleading or
incorrect performance indices [42].

Any material selection performed with corrosiosiséance as a major
consideration faces a substantial challenge. Tifiewdty is that there is a lack of
guantitative information available to compare assess materials for use in a corrosive
environment. The method suggested here is compaased on PREN alone. While this
provides a fairly reliable index for assessing lzeal corrosion resistance, it only applies
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to stainless steels and nickel based alloys. Conningith quantitative information to
compare the corrosion resistances of dissimilayalls exceedingly difficult. Trying to
compare the corrosion resistance of a metal tananmetal is next to impossible.
Therefore it is extremely important to employ supiong information to reevaluate the
top performing materials from the fuzzy logic séiec to more accurately predict how
they will perform in the specific working environmte coupled to the other materials in
the system.

The recommendations presented in this thesisdtm ahe creation of the
membership functions and writing of the simplifyindes will enable the user to
overcome much of the uncertainty inherent to fuegyc and perform accurate and

reliable material selections.
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7 Conclusions

Based on the results of the literature review matkerial selections it is apparent
that the presented fuzzy logic method can prowdialsle material selections for
renewable energy applications. Results obtainatjubie fuzzy logic method show a
much larger and more even distribution in the assigperformance indices when
compared to those of the digital logic method. Turzy logic method is easy to
implement and can simultaneously deal with quamntgaand qualitative properties of
materials. Unlike other material selection techemjtthere is no need to scale material
properties as the simplifying rules take into cdesation their relative importance.

The fuzzy logic material selection method’s valik be maximized in situations
involving new applications or new technologies inieh a large number and variety of
materials are being considered. This is becaustifizg logic method can compare both
similar and dissimilar materials with a fairly highecession of accuracy. In this way
preliminary selections can be made for componentghich the designer has very little
idea about what the end result will be.

The drawback of the fuzzy logic material selectmo@thod is that it requires some
getting used to. The majority of the learning cuceenes from writing the simplifying
rules which describe performance. A strong undedstey of the requirements of the
component in the design is necessary in orderfioagladequate rules. At first, this will

be a time consuming task. However, once the usestiae practice, and begins to use
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the method suggested for writing rules based ovtbenost vital attributes, this
becomes a far easier and quicker process.

The presented fuzzy logic method, like any othatamal selection method,
shouldn’t be used to make final material selectwmwigly based on the assigned
performance indices. Rather it identifies high perfing materials that the user can then
further research to ultimately make the best selecA final material selection must be

one that is compatible in the system and the wgrkimvironment.
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Appendix A

Candidate Alloys Database
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The tables presented in Appendix A are comprisadfofmation gathered from the

ASM Handbooks Vol. 1 and 2, the Nickel Developmiastitute, Special Metals Group,

Allegheny Ludlum, and metalprices.com [12, 46,44, 49, 50].

Table Al: Material Properties of Candidate Austenitic Stainless Steel

Designation Properties
Fy Ft Young's | Density CTE ThrmCond
Industry UNS (MPa) | (MPa) | Modulus | (g/cm3) | (um/m<°C) | (W/m<K)
304 S30400 | 205 515 193 8.00 17.2 16.2
316 S31600 | 205 515 193 8.00 15.9 16.2
316L S31603 | 170 450 193 8.00 16.0 16.2
317L S31703 | 240 585 200 8.00 16.5 14.4
317LM | S31725 | 205 515 200 8.00 17.5 16.2
254 SMO | S31254 | 300 650 200 8.00 16.0 13.0
AL-6XN | N08367 | 365 690 200 8.06 15.3 11.8
Alloy 825 | N08825 | 300 690 206 8.13 13.9 11.1
904L N08904 | 270 605 196 7.95 15.3 11.5
1925hMo | N08926 | 300 650 193 8.10 16.1 12.0
Designation Properties
Impact Brinell Machin- Weld- Estimated
Industry UNS | PREN | Strength | Hardness | ability ability $ per Ibs
304 S30400 19 200 192 3 4 0.98
316 S31600 25 195 207 3 4 1.29
316L S31603 25 195 207 3 4 1.29
317L S31703 30 195 183 3 4 1.46
317LM | S31725 34 195 183 3 4 1.65
254 SMO | S31254 43 110 207 3 4 1.96
AL-6XN | N08367 48 190 207 3 5 2.35
Alloy 825 | N08825 32 110 163 3 5 2.59
904L N08904 36 190 146 3 5 2.23
1925hMo | N08926 42 150 163 3 4 2.32
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Table A2: Material Properties of Candidate Duplex Stainless Steel

Designation Properties
Fy Ft Young's | Density CTE ThrmCond
UNS Industry (MPa) | (MPa) | Modulus | (g/cm3) | (um/me°C) | (W/meK)
S31803 2205 450 620 200 7.82 16.5 14.6
S32304 2304 400 600 200 7.80 13.0 18.0
S$32550 | Ferralium 255 | 550 760 210 7.81 11.9 14.2
S$32750 SAF 2507 550 760 200 7.80 13.1 14.0
S32760 Zeron 100 550 750 190 7.84 12.8 12.9
S32950 | 7-Mo PLUS 480 690 200 7.74 11.5 15.3
Designation Properties
Impact Brinell Machin- Weld- Estimated
UNS Industry PREN | Strength | Hardness | ability ability $ per Ibs
S$31803 2205 36 250 269 2 3 1.10
S$32304 2304 24 117 285 2 3 0.89
S32550 | Ferralium 255 39 190 277 2 3 1.22
S32750 SAF 2507 41 220 310 2 3 1.30
S32760 Zeron 100 40 225 270 2 3 1.27
S$32950 | 7-Mo PLUS 37 157 277 2 3 1.06
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Table A3: Material Properties of Candidate Ferritic Stainless Steel

Designation Properties
Fy Ft Young's | Density CTE ThrmCond
UNS Industry | (MPa) | (MPa) | Modulus | (g/cm3) | (um/m<°C) | (W/m<K)
S43000 430 205 415 200 7.80 10.4 26.1
S44627 | E-Brite 275 450 200 7.66 9.9 16.7
544635 Monit 515 620 200 7.80 ~10 ~16
S44660 | Sea-Cure | 450 585 214 7.70 9.5 16.4
S44735 29-4C 415 550 200 7.67 9.2 15.2
S44800 29-4-2 415 550 200 7.70 9.2 15.1
Designation Properties
Impact Brinell Machin- Weld- Estimated
UNS Industry | PREN | Strength | Hardness | ability ability $ per Ibs
S43000 430 17 217 174 3 2 0.81
S44627 | E-Brite 30 75 183 3 1 0.95
S44635 Monit 43 70 183 3 1 1.15
S44660 | Sea-Cure 39 70 241 3 1 1.06
S44735 29-4C 43 70 207 3 1 1.06
S44800 29-4-2 42 70 207 3 1 1.10
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Table A4: Material Properties of Candidate Aluminum Alloys

Designation Properties
Fy Ft Young's | Density CTE
UNS Industry (MPa) | (MPa) | Modulus | (g/cm3) | (MUm/me<°C)
A92014 2014 O 97 186 72 2.80 22.5
A93003 | Alcad 3003 H14 | 110 150 70 2.73 23.2
A93004 3004 H32 170 215 70 2.72 23.2
A94043 4043 H16 180 205 70 2.68 22.0
A95052 5052 H34 214 262 69 2.68 23.2
A95083 5083 O 145 290 70 2.66 24.2
A95086 5086 H34 255 325 71 2.66 13.2
A96061 6061 T6 276 310 69 2.70 23.6
A96063 6063 T4 90 172 68 2.69 234
A97072 7072 97 131 68 2.72 23.6
A97075 7075 0 103 228 71 2.80 23.4
Designation Properties
ThrmCond | Impact Weld- | Estimated
UNS Industry (W/meK) | Strength | ability $ per Ibs

A92014 2014 0 192 25 5 0.83
A93003 | Alcad 3003 H14 159 20 5 0.74
A93004 3004 H32 162 25 5 0.78
A94043 4043 H16 ~150 15 5 0.81
A95052 5052 H34 ~150 25 5 0.81
A95083 5083 O 120 30 5 0.90
A95086 5086 H34 127 22 5 0.88
A96061 6061 T6 180 24 5 0.76
A96063 6063 T4 205 27 5 0.74
A97072 7072 227 20 5 0.75
A97075 70750 130 30 5 1.07
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Table AS: Material Properties of Candidate Nickel Alloys

Designation Properties
Ft Young's | Density CTE ThrmCond

UNS Industry Fy (MPa) | (MPa) | Modulus | (g/cm3) | (um/m<°C) | (W/me<K)
N04400 Monel 400 240 550 180 8.80 13.9 21.8
N04405 | Monel R-405 240 550 180 8.80 13.7 21.8
N05500 | Monel K-500 790 1100 180 8.44 13.7 17.5
N06022 C-22 370 715 205 8.69 12.4 10.1
N06030 G-30 310 690 199 8.22 12.8 10.2
N06059 Alloy 59 380 770 210 8.60 12.2 10.4
N06200 C-2000 110 750 206 8.50 12.4 10.8
N06625 Alloy 625 517 930 207 8.44 12.8 9.8
N07718 Alloy 718 1000 1240 211 8.19 13.0 11.4
N09925 Alloy 925 815 1210 199 8.14 13.2 11.2
N06686 Alloy 686 700 940 207 8.73 12.0 ~10
N010276 C-276 355 790 205 8.89 11.2 9.8
R20033 Alloy 33 380 720 195 7.90 15.3 134

Designation Properties

Impact Brinell Machin- Weld- Estimated

UNS Industry PREN | Strength | Hardness | ability ability $ per Ibs
N04400 Monel 400 30 270 130 4 3 3.94
N04405 | Monel R-405 30 253 125 4 3 3.94
N05500 | Monel K-500 35 100 300 2 4 4.06
N06022 C-22 48 350 209 3 4 5.10
N06030 G-30 47 350 143 4 4 4.20
N06059 Alloy 59 76 300 326 2 4 4.69
N06200 C-2000 76 357 163 3 4 4.73
N06625 Alloy 625 52 133 190 3 4 4.62
N07718 Alloy 718 33 110 331 2 4 3.39
N09925 Alloy 925 34 100 336 2 5 3.33
N06686 Alloy 686 74 400 183 3 4 4.93
N010276 C-276 69 337 183 3 5 5.52
R20033 Alloy 33 38 300 240 3 5 2.45
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Table A6: Material Properties of Candidate Copper Alloys

Designation Mechanical Properties

Fy Ft Elong | Density CTE ThrmCon | Impact

UNS Industry (MPa) (MPa) % (g/cm3) | (um/me°C) | (W/m<K) Strng
C61400 Al Bronze 310 535 40 7.89 16.2 56.5 81
C63000 NiAl Bronze 407 776 59 7.58 16.2 37.7 18
C70600 | 90-10 CuproNi 338 415 20 8.94 17.1 40.0 60
C71500 | 70-30 CuproNi 140 380 45 8.94 16.2 29.0 107
C72200 | CuproNiw/ Cr 125 315 46 8.94 15.8 34.5 80
C83600 85-5-5-5 117 255 30 8.83 18.0 72.0 14
C86500 Mn Bronze 195 490 30 8.30 20.3 87.0 42
C95500 Al Bronze 9D 275 620 6 7.53 16.2 42.0 14
C95700 MnAl Bronze 275 620 20 7.53 17.6 12.1 40
C95800 | Alpha NiAl Bronze 240 585 15 7.64 16.2 36.0 22
C96200 90 Cu-10 Ni 172 310 20 8.94 16.2 45.0 135
C96400 70-30 CuNi 255 470 28 8.94 16.0 29.0 105
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Table A7: Composition of Candidate Austenitic Stainless Steels

Designation Composition
UNS Industry C% Cr%n Cu% Fe% Mn% Mo%
S30400 304 0.08 max | 18.0-20.0 - balance | 2.0 max -
S31600 316 0.08 max | 16.0-18.0 - balance | 2.0 max | 2.0- 3.0
S31603 316L 0.03 max | 16.0-18.0 - balance | 2.0 max | 2.0-3.0
S31703 317L 0.03 max | 18.0-20.0 - balance | 2.0 max | 3.0-4.0
S31725 317LM 0.03max | 18.0-20.0 | 0.75 max balance | 2.0 max | 4.0-5.0
S31254 | 254 SMO | 0.02max | 19.5-20.5 | 0.50-1.0 | balance | 1.0max | 6.0-6.5
N08367 | AL-6XN 0.03max | 20.0-22.0 | 0.75max | balance | 2.0max | 6.0-7.0
N08825 | Alloy 825 | 0.05max | 19.5-23.5 1.5-3.0 22.0min | 1.0max | 25-35
N08904 904L 0.02max | 19.0-23.0 1.5 max balance | 2.0 max | 4.0-5.0
N08926 | 1925hMo | 0.02max | 20.0-21.0 | 0.8-1.0 | 0.40max | 1.0 max | 6.0-6.8
Designation Composition
UNS Industry N% Ni% P% S% Si% % Other
S30400 304 0.10 max 8.0-10.5 | 0.05max | 0.03 max | 1.0 max -
S31600 316 0.10 max 10.0-14.0 | 0.05 max | 0.03 max | 1.0 max -
S31603 316L 0.10 max 10.0-14.0 | 0.05max | 0.03 max | 1.0 max -
S31703 317L 0.10 max 11.0-15.0 | 0.05max | 0.03 max | 1.0 max -
S31725 317LM 0.10 max 13.0-17.0 | 0.05 max | 0.03 max | 0.75 max -
S31254 254 SMO | 0.18-0.22 | 17.5-18.5 | 0.03 max | 0.01 max | 0.8 max -
N08367 AL-6XN 0.18-0.25 | 23.5-255 | 0.04 max | 0.03 max | 1.0 max -
N08825 Alloy 825 - balance - 0.03 max | 0.50 max | Al 0.2 max
N08904 904L - 23.0-28.0 | 0.05max | 0.04 max | 1.0 max -
N08926 1925hMo | 0.18 -0.20 balance 0.03 max | 0.01 max | 0.50 max -
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Table A8: Composition of Candidate Duplex Stainless Steels

Designation Composition

UNS Industry C% Cr% Cu% Fe% Mn% Mo%
S31803 2205 0.03 max | 21.0-23.0 - balance | 2.0max | 2.5-35
S32304 2304 0.03max | 21.5-24.5 | 0.05-3.0 | balance | 2.5 max | 0.05-0.6
S32550 | Ferralium 255 | 0.04 max | 24.0-27.0 15-25 | balance | 1.5max | 2.9-3.9
S32750 SAF 2507 0.03max | 24.0-26.0 - balance | 1.2max | 3.0-5.0
S32760 Zeron 100 0.03max | 24.0-26.0 0.5-1.0 | balance | 1.0max | 3.0-4.0
S32950 7-Mo PLUS 0.03max | 26.0-29.0 - balance | 2.0max | 1.0-25

Designation Composition

UNS Industry N% Ni% P% S% Si% % Other
S31803 2205 0.08-0.20 | 45-6.5 | 0.03max | 0.02max | 1.0 max -
S32304 2304 0.05-0.20 | 3.0-55 | 0.04 max | 0.03max | 1.0 max -
S32550 Ferralium 255 0.10-0.25 | 45-6.5 | 0.04 max | 0.03 max | 1.0 max -
S32750 SAF 2507 0.24-0.32 | 6.0-8.0 | 0.04 max | 0.02max | 0.8 max -
S32760 Zeron 100 0.20-0.30 | 6.0-8.0 | 0.03max | 0.0l max | 1.0max | W0.5-1.0
S32950 7-Mo PLUS 0.15-0.35 | 3.5-5.2 | 0.04 max | 0.0l max | 0.6 max -
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Table A9: Composition of Candidate Ferritic Stainless Steels

Designation Compositoin

UNS Industry C% Cr% Cu% Fe% Mn% Mo%
S43000 430 0.12max | 16.0-18.0 - balance | 1.0 max -
S44627 E-Brite 0.0l max | 25.0-27.0 | 0.02max | balance | 0.4 max | 0.75-1.5
S44635 Monit 0.03max | 24.5-26.0 - balance | 1.0max | 3.5-45
S44660 | Sea-Cure | 0.03max | 25.0-28.0 - balance | 1.0 max | 3.0-4.0
S44735 29-4C 0.03 max | 28.0-30.0 - balance | 1.0 max | 3.6-4.2
S44800 29-4-2 0.0l max | 28.0-30.0 | 0.15 max | balance | 0.3 max 3.5-4.2

Designation Composition

UNS Industry N% Ni% P% S% Si% % Other
S43000 430 - - 0.04 max | 0.03 max 1.0 max -
S44627 E-Brite 0.02max | 0.50max | 0.02max | 0.02max | 0.40 max -
S44635 Monit 0.04max | 3.5-45 0.04 max | 0.03 max | 0.75 max -
S44660 Sea-Cure 0.04 max 1.0-35 0.04 max | 0.03 max 1.0 max -
S44735 29-4C 0.05 max 1.0 max 0.04 max | 0.03 max 1.0 max -
S44800 29-4-2 0.02 max 2.0-25 0.03max | 0.20 max | 0.20 max -
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Table A10: Composition of Candidate Aluminum Alloy

Designation Composition
UNS Industry Al% Cr% Cu% Fe% Mg%
A92014 2014 O balance | 0.10 max 3.9-5.0 0.7 max -
A93003 | Alcad 3003 H14 | balance - 0.05-0.20 | 0.7 max -
A93004 3004 H32 balance - 0.25 max 0.7max | 0.8-1.3
A94043 4043 H16 balance - 0.3 max 0.8 max | 0.05 max
A95052 5052 H34 balance | 0.15-0.35 | 0.10max | 0.40max | 2.2-2.8
A95083 5083 O balance | 0.05-0.25 0.10max | 0.40max | 4.0-4.9
A95086 5086 H34 balance | 0.05-0.25 | 0.10max | 0.50max | 3.5-4.5
A96061 6061 T6 balance | 0.04-0.35 | 0.15-0.40 | 0.7max | 0.8-1.2
A96063 6063 T4 balance | 0.10 max 0.10 max | 0.35max | 0.45-0.9
A97072 7072 balance - 0.10 max - 0.10 max
A97075 7075 O balance | 0.18 - 0.28 1.2-2.0 0.50max | 2.1-2.9
Designation Composition
UNS Industry Mn% Si% Ti% Zn% % Other

A92014 2014 O 04-1.2 05-1.2 0.15max | 0.25 max -
A93003 | Alcad 3003 H14 1.0-15 0.6 max - 0.10 max -
A93004 3004 H32 1.0-15 0.30 max - 0.25 max -
A94043 4043 H16 0.05 max 45-6.0 0.20 max | 0.10 max -
A95052 5052 H34 0.10 max 0.25 max - 0.10 max -
A95083 5083 O 0.4-1.0 0.40max | 0.15max | 0.25 max -
A95086 5086 H34 0.2-0.7 0.40 max | 0.15max | 0.25 max -
A96061 6061 T6 0.15 max 0.4-0.8 0.15 max | 0.25 max -
A96063 6063 T4 0.10max | 0.20-0.6 | 0.10 max | 0.10 max -
A97072 7072 0.10 max - - 0.8-1.3 -
A97075 7075 0O 0.30 max | 0.40 max | 0.20 max 5.1-6.1 -
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Table A11l: Composition of Candidate Nickel Alloys

Designation Composition

UNS Industry Al% C% Co% Cr% Cu% Fe% Mn% Mo%
N04400 Monel 400 - 0.30 max - 28.0-34.0 2.5 max 2.0 max -
N04405 Monel 405 - 0.30 max - 28.0-34.0 2.5 max 2.0 max -
NO05500 Monel K-500 2.3-3.2 | 0.18 max - 27.0-33.0 2.0 max 1.5 max -
N06022 C-22 - 0.02 max 2.5 max 20.0 - 23.0 - 2.0-6.0 0.50 max | 12.5-14.5
NO06030 G-30 - 0.03 max 5.0 max 28.0-31.5 - 13.0-17.0 1.5 max 4.0-6.0
NO06059 Alloy 59 01-04 - 22.0-24.0 - 1.5 max 0.50 max 16.5 max
N06200 C-2000 - 0.0l max | 2.0max | 22.0-24.0 1.3-1.9 3.0 max 0.50 max | 15.0-17.0
N06625 Alloy 625 0.4 0.10 max 1.0 max 20.0 - 23.0 - 5.0 max 0.50 max 8.0-10.0
NO07718 Alloy 718 0.2-0.8 | 0.08 max 1.0 max 17.0-21.0 0.30 max balance 0.35 max 2.8-33
N09925 Alloy 925 0.1-0.5 | 0.03 max 19.5-22.5 1.5-3.0 22.0 min 1.0 max 25-35
N06686 Alloy 686 - 0.01 max 19.0- 23.0 - 1.0 max 0.75max | 15.0-17.0
N08926 1925hMo - 0.02 max 20.0-21.0 0.8-1.0 0.40 max 1.0 max 6.0-6.8
N10276 C-276 - 0.01 max 2.5 max 14.5-16.5 - 40-7.0 1.0 max 15.0-17.0
R20033 Alloy 33 - 0.02 max 31.0-35.0 03-1.2 balance 2.0 max 0.50-2.0

Designation Composition

UNS Industry Ni% P% S% Si% Ti W% % Other
N04400 Monel 400 balance - 0.03 max 0.50 max - - -
N04405 Monel 405 balance - 0.02 - 0.06 0.50 max - - -
N05500 Monel K-500 balance - 0.10 max 0.50 max 0.35 - 0.85 -
N06022 C-22 balance 0.02 max 0.02 max 0.08 max - 25-35 V 0.35 max
N06030 G-30 balance 0.04 max 0.02 max 0.8 max - 15-4.0 Cb+Ta 0.3-1.5
N06059 Alloy 59 balance 0.02 max - 0.10 max - - -
N06200 C-2000 balance 0.03 max 0.01 max 0.08 max - - -
N06625 Alloy 625 balance 0.02 max 0.02 max 0.50 max 0.40 max - Nb+Ta 4.15
NO7718 Alloy 718 50.0 - 55.0 0.02 max 0.02 max 0.35max | 0.65-1.15 - Nb 4.7 -5.7
N09925 Alloy 925 balance - 0.03 max 0.5 max 19-24 - Nb 0.5 max
N06686 Alloy 686 balance 0.04 max 0.02 max 0.08 max 0.02-0.25 3.0-44 -
N08926 1925hMo balance 0.03 max 0.01 max 0.50 max - - N 0.18 - 0.20
N10276 C-276 balance 0.04 max 0.03 max 0.08 max - 3.0-45 -
R20033 Alloy 33 30.0-33.0 0.02 max 0.01 max 0.50 max - - N 0.35 - 0.60
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Table A12: Composition of Candidate Copper Alloys

Designation Composition

UNS Industry Al% C% Cr% Cu% Fe% Mn%
C61400 Al Bronze 6.0-8.0 - - balance | 1.5-35 1.0 max
C63000 NiAl Bronze 9.0-11.0 - - balance | 2.0-4.0 1.5 max
C70600 | 90-10 CuproNi - - - balance | 1.0-1.8 1.0 max
C71500 | 70-30 CuproNi - - - balance | 0.40-1.0 1.0 max
C72200 | CuproNiw/ Cr - 0.03max | 0.30-0.7 | balance | 0.5-1.0 1.0 max
C83600 85-5-5-5 0.01 max - - balance | 0.30 max -
C86500 Mn Bronze 05-15 - - balance | 0.40-2.0 | 0.10-1.5
C95500 | AlBronze9D | 10.0-11.5 - - balance | 3.0-5.0 3.5 max
C95700 | MnAl Bronze 7.0-85 - - balance | 2.0-4.0 | 11.0-14.0
C95800 | Alpha NiAl Brnz 8.5-9.5 - - balance | 3.5-4.5 0.8-15
C96200 90 Cu-10 Ni - 0.10 max - balance | 1.0-1.8 1.5 max
C96400 70-30 CuNi - 0.20 max - balance | 0.25-1.5 1.5 max

Designation Composition

UNS Industry Ni% Pb% Si% Sn% Zn% % Other
C61400 Al Bronze - 0.01 max - - 0.20 max -
C63000 NiAl Bronze 4.0-5.5 - 0.25 max | 0.2 max -
C70600 90-10 CuproNi 9.0-11.0 0.05 max - - 1.0 max -
C71500 70-30 CuproNi 29.0-33.0 0.05 max - - 1.0 max -
C72200 CuproNi w/ Cr 15.0-18.0 | 0.05max | 0.03 max - 1.0 max Ti 0.03 max
C83600 85-5-5-5 1.0 max 4.0-6.0 0.0l max | 4.0-6.0 4.0-6.0 -
C86500 Mn Bronze 1.0 max 0.40 max - 1.0 max 36.0-42.0 -
C95500 Al Bronze 9D 3.0-55 - - - - -
C95700 MnAl Bronze 15-3.0 - 0.10 max - - -
C95800 Alpha NiAl Brnz 4.0-5.0 0.03 max | 0.10 max - - -
C96200 90 Cu-10 Ni 9.0-11.0 0.01 max 0.50 max - - Nb 0.40, S 0.02
C96400 70-30 CuNi 28.0 - 32.0 0.03 max 0.50 max - - -
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Appendix B

Fuzzy Logic Simplifying Rulesand Evaluation Results
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TableB1: Simplifying Rulesfor PressureVessel Material Selection with Price

T: terrible, B: bad, A: average G: good, E: excellent, N: none, () : all conditions except
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Table B2: Simplifying Rulesfor Pressure Vessel Material Selection without Price

T: terrible, B: bad, A: average G: good, E: excellent, N: none, () : all conditions except
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Table B3: Simplifying Rulesfor Turbine Blade Material Selection

T: terrible, B: bad, A: average G: good, E: excellent, N: none, () : all conditions except
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Table B4: Simplifying Rulesfor Drive Shaft Material Selection

T: terrible, B: bad, A: average G: good, E: excellent, N: none, () : all conditions except
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Table B5: Simplifying Rulesfor Mooring Connection

T: terrible, B: bad, A: average G: good, E: excellent, N: none, () : all conditions except
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Table B6: Fuzzy Logic Material Selection Performance I ndices

Candidate Alloys

Fuzzy Logic Performance Indices

Industry PV w/ cost | PV w/o cost | Turbine Blades | Drive Shaft | Mooring Connection
304 42.95 16.66 30.63 39.74 2.15
316 50.51 35.39 38.32 46.44 36.78
316L 50.51 35.39 38.02 39.73 40.08
317L 65.13 53.38 48.10 31.94 56.35

317LM 71.36 54.29 47.28 31.94 54.64

254 SMO 59.07 45.18 46.09 29.36 45.14
AL-6XN 79.45 80.33 50.35 47.45 79.80
Alloy 825 52.99 54.84 46.55 10.78 44.65
904L 75.67 75.33 53.67 1.44 55.85
1925hMo 67.12 55.33 47.43 10.78 52.24
2205 78.51 54.44 37.44 41.40 57.70
2304 35.16 17.14 23.81 40.40 30.36
Ferralium 255 84.97 67.99 37.62 53.54 58.86
SAF 2507 86.86 68.52 37.79 59.10 73.09
Zeron 100 86.86 68.50 37.09 53.66 56.70
7-Mo PLUS 73.46 50.41 38.55 42.30 52.95
430 35.35 1.44 16.66 22.59 2.15
E-Brite 21.29 20.30 11.55 16.93 5.98
Monit 26.64 22.39 11.21 29.56 4.93
Sea-Cure 22.03 22.39 10.76 25.38 3.06
29-4C 26.48 22.28 10.64 22.48 4.93
29-4-2 24.17 22.28 10.76 22.48 3.68
Monel 400 60.41 51.43 15.85 1.44 44.72
Monel R-405 60.41 47.18 15.85 1.44 44.00
Monel K-500 46.52 42.16 36.62 50.00 47.06
C-22 46.60 81.41 30.35 48.19 83.21
G-30 61.61 80.56 44.94 1.44 59.58
Alloy 59 67.32 83.34 33.53 63.77 96.20
C-2000 41.04 57.23 29.57 10.28 25.29
Alloy 625 51.90 59.39 37.44 45.79 58.46
Alloy 718 54.42 44.56 41.79 50.00 56.05
Alloy 925 53.24 54.92 46.93 50.00 54.85
Alloy 686 79.38 97.22 28.89 49.28 90.89
C-276 78.04 98.56 19.74 31.94 89.48
Alloy 33 81.00 78.00 55.62 50.00 87.97
2014 O 24.43
Alcad 3003 H14 25.75
3004 H32 35.00
4043 H16 36.88
5052 H34 42.66
5083 O 31.03
5086 H34 47.63

6061 T6 49.20

6063 T4 23.99
7072 24.37

7075 0 25.39
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TableB7: Fuzzy Logic Material Selection Performance I ndices Normalized to Cost

Candidate Alloys Fuzzy Logic Performance Indices Normalized to Price
Industry PV w/o cost | Turbine Blades | Drive Shaft | Mooring Connection
304 17.00 31.26 40.55 2.20
316 27.44 29.71 36.00 28.51
316L 27.44 29.47 30.80 31.07
317L 36.56 32.94 21.87 38.59
317LM 32.90 28.65 19.36 33.12
254 SMO 23.05 23.52 14.98 23.03
AL-6XN 34.18 21.43 20.19 33.96
Alloy 825 21.17 17.97 4.16 17.24
904L 33.78 24.07 0.65 25.04
1925hMo 23.85 20.45 4.65 22.52
2205 49.49 34.04 37.64 52.46
2304 19.25 26.76 45.39 34.11
Ferralium 255 55.73 30.83 43.88 48.25
SAF 2507 52.70 29.07 45.46 56.22
Zeron 100 53.94 29.20 42.25 44.64
7-Mo PLUS 47.56 36.37 39.91 49.96
430 1.78 20.57 27.89 2.66
E-Brite 21.37 12.16 17.82 6.29
Monit 19.47 9.75 25.71 4.28
Sea-Cure 21.12 10.15 23.94 2.88
29-4C 21.02 10.04 21.21 4.65
29-4-2 20.25 9.78 20.44 3.34
Monel 400 13.05 4.02 0.37 11.35
Monel R-405 11.98 4.02 0.37 11.17
Monel K-500 10.39 9.02 12.32 11.59
C-22 15.96 5.95 9.45 16.32
G-30 19.18 10.70 0.34 14.19
Alloy 59 17.77 7.15 13.60 20.51
C-2000 12.10 6.25 2.17 5.35
Alloy 625 12.85 8.10 9.91 12.65
Alloy 718 13.14 12.33 14.75 16.53
Alloy 925 16.49 14.09 15.02 16.47
Alloy 686 19.72 5.86 10.00 18.44
C-276 17.85 3.58 5.79 16.21
Alloy 33 31.84 22.70 20.41 35.91
2014 0 29.44
Alcad 3003 H14 34.80
3004 H32 44.88
4043 H16 45.53
5052 H34 52.67
5083 O 34.47
5086 H34 54.12
6061 T6 64.74
6063 T4 32.42
7072 32.50
7075 0 23.73
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Appendix C

Weighted Properties Method Material Selections
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Table C1: Calculation of Weighting Factorsfor Pressure Vessel Including Price

Material Yield Impact Positive | Weighting
Properties Price PREN Strength  Weldability  Strength | Decisions Factor
Price 1 2 3 2 2 10 0.38
PREN 0 1 2 2 2 7 0.27
Yield Strength 0 0 1 0 1 2 0.08
Weldability 0 0 2 1 1 4 0.15
Impact Strength 0 0 1 1 1 3 0.12
Total Number of Positive Decisions 26

Table C2: Calculation of Weighting Factorsfor PressureVessal Not Including Price

Material Yield Impact Positive | Weighting
Properties Corrosion  Strength  Weldability ~ Strength | Decisions Factor
Corrosion 1 3 2 2 8 0.47

Yield Strength 0 1 0 1 2 0.12

Weldability 0 2 1 1 4 0.24

Impact Strength 0 1 1 1 3 0.17
Total Number of Positive Decisions 17

Table C3: Calculation of Weighting Factorsfor Turbine Blades

Material Impact Positive | Weighting
Properties Density  Strength  Corrosion  Weldability Strength | Decisions Factor
Density 1 3 2 1 2 9 0.36
Strength 0 1 0 0 0 1 0.04
Corrosion 0 2 1 0 1 4 0.16
Weldability 1 2 2 1 1 7 0.28
Impact Strength 0 2 1 0 1 4 0.16
Total Number of Positive Decisions 25
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Table C4: Calculation of Weighting Factorsfor Drive Shaft

Material Impact Positive | Weighting
Properties Hardness Strength Machinability  Strength | Decisions Factor
Hardness 1 1 2 2 6 0.35
Strength 1 1 2 2 6 0.35

Machinability 0 1 1 1 3 0.18
Impact Strength 0 0 1 1 2 0.12
Total Number of Positive Decisions 17

Table C5: Calculation of Weighting Factorsfor Mooring Connection Points

Material Yield Impact Positive | Weighting
Properties Hardness PREN Strength  Weldability Strength | Decisions Factor
Hardness 1 0 0 1 0 2 0.08

PREN 2 1 1 2 2 8 0.32

Yield Strength 2 1 1 2 2 8 0.32

Weldability 1 0 0 1 0 2 0.08

Impact Strength 2 0 0 2 1 5 0.20
Total Number of Positive Decisions 25
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Table C6: Weighted Performance Indicesfor Pressure Vessal Including Cost

Scaled Scaled
Scaled Scaled Yield Scaled Impact

Candidate Cost PREN Strength Weldability Strength Performance
Alloy *0.39 *0.27 *0.08 *0.15 *0.12 Index
304 314 6.8 1.6 12.0 6.0 57.8
316 23.9 8.9 1.6 12.0 5.9 52.2
316L 23.9 8.9 1.4 12.0 5.9 52.0
317L 21.1 10.7 1.9 12.0 5.9 51.5
317LM 18.7 12.1 1.6 12.0 5.9 50.2
254 SMO 15.7 15.3 24 12.0 3.3 48.7
AL-6XN 13.1 17.1 2.9 15.0 5.7 53.8
Alloy 825 11.9 11.4 2.4 15.0 3.3 44.0
904L 13.8 12.8 2.2 15.0 5.7 49.5
1925hMo 13.3 14.9 24 12.0 4.5 47.1
2205 28.0 12.8 3.6 9.0 7.5 60.9
2304 34.6 8.5 3.2 9.0 3.5 58.8
Ferralium 255 25.2 13.9 4.4 9.0 5.7 58.2
SAF 2507 23.7 14.6 4.4 9.0 6.6 58.2
Zeron 100 24.2 14.2 4.4 9.0 6.8 58.6
7-Mo PLUS 29.0 13.1 3.8 9.0 4.7 59.7
430 38.0 6.0 1.6 6.0 6.5 58.2
E-Brite 32.4 10.7 2.2 3.0 2.3 50.5
Monit 26.8 15.3 4.1 3.0 2.1 51.3
Sea-Cure 29.0 13.9 3.6 3.0 2.1 51.6
29-4C 29.0 15.3 3.3 3.0 2.1 52.7
29-4-2 28.0 14.9 3.3 3.0 2.1 51.3
Monel 400 7.8 10.7 1.9 9.0 8.1 375
Monel R-405 7.8 10.7 1.9 9.0 7.6 37.0
Monel K-500 7.6 12.4 6.3 12.0 3.0 41.3
C-22 6.0 17.1 3.0 12.0 10.5 48.5
G-30 7.3 16.7 2.5 12.0 10.5 49.0
Alloy 59 6.6 27.0 3.0 12.0 9.0 57.6
C-2000 6.5 27.0 0.9 12.0 10.7 57.1
Alloy 625 6.7 18.5 4.1 12.0 4.0 45.3
Alloy 718 9.1 11.7 8.0 12.0 3.3 44.1
Alloy 925 9.2 12.1 6.5 15.0 3.0 45.8
Alloy 686 6.2 26.3 5.6 12.0 12.0 62.1
C-276 5.6 24.5 2.8 15.0 10.1 58.0
Alloy 33 12.6 13.5 3.0 15.0 9.0 53.1
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Table C7: Weighted Performance Indices for Pressure Vessel Not I ncluding Cost

Scaled Scaled
Scaled Yield Scaled Impact

Candidate PREN Strength | Weldability Strength Performance
Alloy *0.47 *0.12 *0.23 *0.18 Index
304 11.8 2.5 18.4 9.0 41.6
316 155 2.5 18.4 8.8 45.1
316L 155 2.0 18.4 8.8 44.7
317L 18.6 2.9 18.4 8.8 48.6
317LM 21.0 2.5 18.4 8.8 50.7
254 SMO 26.6 3.6 18.4 5.0 53.5
AL-6XN 29.7 4.4 23.0 8.6 65.6
Alloy 825 19.8 3.6 23.0 5.0 51.3
904L 22.3 3.2 23.0 8.6 57.1
1925hMo 26.0 3.6 18.4 6.8 54.7
2205 22.3 5.4 13.8 11.3 52.7
2304 14.8 4.8 13.8 5.3 38.7
Ferralium 255 24.1 6.6 13.8 8.6 53.1
SAF 2507 254 6.6 13.8 9.9 55.7
Zeron 100 24.7 6.6 13.8 10.1 55.3
7-Mo PLUS 22.9 5.8 13.8 7.1 49.5
430 10.5 25 9.2 9.8 31.9
E-Brite 18.6 3.3 4.6 3.4 29.8
Monit 26.6 6.2 4.6 3.2 40.5
Sea-Cure 24.1 5.4 4.6 3.2 37.3
29-4C 26.6 5.0 4.6 3.2 39.3
29-4-2 26.0 5.0 4.6 3.2 38.7
Monel 400 18.6 2.9 13.8 12.2 47.4
Monel R-405 18.6 2.9 13.8 11.4 46.6
Monel K-500 21.6 9.5 18.4 4.5 54.0
C-22 29.7 4.4 18.4 15.8 68.3
G-30 29.1 3.7 18.4 15.8 66.9
Alloy 59 47.0 4.6 18.4 13.5 83.5
C-2000 47.0 1.3 184 16.1 82.8
Alloy 625 32.2 6.2 18.4 6.0 62.7
Alloy 718 20.4 12.0 18.4 5.0 55.8
Alloy 925 21.0 9.8 23.0 4.5 58.3
Alloy 686 45.8 8.4 18.4 18.0 90.6
C-276 42.7 4.3 23.0 15.2 85.1
Alloy 33 23.5 4.6 23.0 13.5 64.6

106



Table C8: Weighted Performance Indicesfor Turbine Blades

Scaled Scaled
Scaled Yield Scaled Scaled Impact
Density Strength PREN Weldability | Strength Performance

Candidate Alloy *0.38 *0.08 *0.08 *0.29 *0.17 Index
304 12.6 1.6 2.0 23.2 8.5 48.0
316 12.6 1.6 2.6 23.2 8.3 48.4
316L 12.6 14 2.6 23.2 8.3 48.1
317L 12.6 1.9 3.2 23.2 8.3 49.2
317LM 12.6 1.6 3.6 23.2 8.3 49.3
254 SMO 12.6 2.4 4.5 23.2 4.7 47.4
AL-6XN 12.5 2.9 5.1 29.0 8.1 57.6
Alloy 825 12.4 2.4 34 29.0 4.7 51.9
904L 12.7 2.2 3.8 29.0 8.1 55.7
1925hMo 12.5 2.4 4.4 23.2 6.4 48.9
2205 12.9 3.6 3.8 174 10.6 48.3
2304 13.0 3.2 25 174 5.0 41.1
Ferralium 255 12.9 4.4 4.1 174 8.1 46.9
SAF 2507 13.0 4.4 4.3 174 9.4 48.4
Zeron 100 12.9 4.4 4.2 174 9.6 48.5
7-Mo PLUS 13.1 3.8 3.9 174 6.7 44.9
430 13.0 1.6 1.8 11.6 9.2 37.2
E-Brite 13.2 2.2 3.2 5.8 3.2 27.5
Monit 13.0 4.1 4.5 5.8 3.0 30.4
Sea-Cure 13.1 3.6 4.1 5.8 3.0 29.6
29-4C 13.2 3.3 4.5 5.8 3.0 29.8
29-4-2 13.1 3.3 4.4 5.8 3.0 29.6
Monel 400 115 1.9 3.2 174 115 45.4
Monel R-405 115 1.9 3.2 17.4 10.8 44.7
Monel K-500 12.0 6.3 3.7 23.2 4.3 49.4
C-22 11.6 3.0 5.1 23.2 14.9 57.7
G-30 12.3 25 4.9 23.2 14.9 57.8
Alloy 59 11.8 3.0 8.0 23.2 12.8 58.7
C-2000 11.9 0.9 8.0 23.2 15.2 59.1
Alloy 625 12.0 4.1 5.5 23.2 5.7 50.4
Alloy 718 12.3 8.0 3.5 23.2 4.7 51.7
Alloy 925 12.4 6.5 3.6 29.0 4.3 55.8
Alloy 686 11.6 5.6 7.8 23.2 17.0 65.2
C-276 11.4 2.8 7.3 29.0 14.3 64.8
Alloy 33 12.8 3.0 4.0 29.0 12.8 61.6
2014 0 36.1 0.8 21 29.0 1.1 69.0
Alcad 3003 H14 37.0 0.9 21 29.0 0.9 69.9
3004 H32 37.2 14 21 29.0 1.1 70.7
4043 H16 37.7 14 21 29.0 0.6 70.9
5052 H34 37.7 1.7 21 29.0 1.1 71.6
5083 O 38.0 1.2 2.1 29.0 1.3 71.5
5086 H34 38.0 2.0 2.1 29.0 0.9 72.1
6061 T6 37.4 2.2 2.1 29.0 1.0 71.8
6063 T4 37.6 0.7 2.1 29.0 1.1 70.5
7072 37.2 0.8 2.1 29.0 0.9 69.9
70750 36.1 0.8 2.1 29.0 1.3 69.3
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Table C9: Weighted Performance Indices for Drive Shaft

Scaled Scaled
Scaled Yield Scaled Impact

Candidate Hardness | Strength | Machinability Strength Performance
Alloy *0.35 *0.35 *0.18 *0.12 Index
304 16.8 7.2 13.5 6.0 43.5
316 18.1 7.2 13.5 5.9 44.6
316L 18.1 6.0 13.5 5.9 43.4
317L 16.0 8.4 13.5 5.9 43.8
317LM 16.0 7.2 135 5.9 42.5
254 SMO 18.1 10.5 13.5 3.3 45.4
AL-6XN 18.1 12.8 13.5 5.7 50.1
Alloy 825 14.3 10.5 13.5 3.3 41.6
904L 12.8 9.5 13.5 5.7 41.4
1925hMo 14.3 10.5 135 4.5 42.8
2205 23.5 15.8 9.0 7.5 55.8
2304 24.9 14.0 9.0 3.5 51.4
Ferralium 255 24.2 19.3 9.0 5.7 58.2
SAF 2507 27.1 19.3 9.0 6.6 62.0
Zeron 100 23.6 19.3 9.0 6.8 58.6
7-Mo PLUS 24.2 16.8 9.0 4.7 54.7
430 15.2 7.2 13.5 6.5 42.4
E-Brite 16.0 9.6 13.5 2.3 41.4
Monit 16.0 18.0 135 2.1 49.6
Sea-Cure 21.1 15.8 135 2.1 52.4
29-4C 18.1 14.5 13.5 2.1 48.2
29-4-2 18.1 14.5 13.5 2.1 48.2
Monel 400 11.4 8.4 18.0 8.1 45.9
Monel R-405 10.9 8.4 18.0 7.6 44.9
Monel K-500 26.3 27.7 9.0 3.0 65.9
C-22 18.3 13.0 13.5 10.5 55.2
G-30 12,5 10.9 18.0 10.5 51.9
Alloy 59 28.5 13.3 9.0 9.0 59.8
C-2000 14.3 3.9 135 10.7 42.3
Alloy 625 16.6 18.1 13.5 4.0 52.2
Alloy 718 29.0 35.0 9.0 3.3 76.3
Alloy 925 29.4 28.5 9.0 3.0 69.9
Alloy 686 16.0 24.5 13.5 12.0 66.0
C-276 16.0 12.4 135 10.1 52.0
Alloy 33 21.0 13.3 13.5 9.0 56.8
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Table C10: Weighted Performance I ndicesfor M ooring Connection

Scaled Scaled
Scaled Scaled Yield Scaled Impact

Candidate Hardness PREN Strength Weldability Strength Performance
Alloy *0.08 *0.32 *0.32 *0.08 *0.20 Index
304 3.8 8.0 6.6 6.4 10.0 34.8
316 4.1 10.5 6.6 6.4 9.8 374
316L 4.1 10.5 5.4 6.4 9.8 36.3
317L 3.7 12.6 7.7 6.4 9.8 40.1
317LM 3.7 14.3 6.6 6.4 9.8 40.7
254 SMO 4.1 18.1 9.6 6.4 55 43.7
AL-6XN 4.1 20.2 11.7 8.0 9.5 53.5
Alloy 825 3.3 13.5 9.6 8.0 5.5 39.8
904L 2.9 15.2 8.6 8.0 9.5 44.2
1925hMo 3.3 17.7 9.6 6.4 7.5 44.4
2205 54 15.2 14.4 4.8 12.5 52.2
2304 5.7 10.1 12.8 4.8 5.9 39.3
Ferralium 255 5.5 16.4 17.6 4.8 9.5 53.9
SAF 2507 6.2 17.3 17.6 4.8 11.0 56.9
Zeron 100 54 16.8 17.6 4.8 11.3 55.9
7-Mo PLUS 55 15.6 154 4.8 7.9 49.1
430 35 7.2 6.6 3.2 10.9 31.2
E-Brite 3.7 12.6 8.8 1.6 3.8 30.4
Monit 3.7 18.1 16.5 1.6 3.5 43.3
Sea-Cure 4.8 16.4 14.4 1.6 3.5 40.7
29-4C 4.1 18.1 13.3 1.6 3.5 40.6
29-4-2 4.1 17.7 13.3 1.6 3.5 40.2
Monel 400 2.6 12.6 7.7 4.8 13.5 41.2
Monel R-405 2.5 12.6 7.7 4.8 12.7 40.3
Monel K-500 6.0 14.7 25.3 6.4 5.0 57.4
C-22 4.2 20.2 11.8 6.4 17.5 60.1
G-30 2.9 19.8 9.9 6.4 17.5 56.5
Alloy 59 6.5 32.0 12.2 6.4 15.0 72.1
C-2000 3.3 32.0 35 6.4 17.9 63.0
Alloy 625 3.8 21.9 16.5 6.4 6.7 55.3
Alloy 718 6.6 13.9 32.0 6.4 5.5 64.4
Alloy 925 6.7 14.3 26.1 8.0 5.0 60.1
Alloy 686 3.7 31.2 22.4 6.4 20.0 83.6
C-276 3.7 29.1 11.4 8.0 16.9 68.9
Alloy 33 4.8 16.0 12.2 8.0 15.0 56.0
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Appendix D

Literature Review of Performance of Alloysin Ocean Environment
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“Corrosion in Slow Flowing Ocean Thermal Energy Cersion Seawater”
(Park and Larsen-Basse 1989)

Larsen-Basse and Park studied the corrosion rdgesamber of common alloys

in parallel exposure in slowly flowing Hawaiian fage seawater and 590-m deep cold
seawater. A brief summary is as follows:

This study grew out of involvement with the ocelaertnal energy conversion
development and the Hawaii deep water cable progBah programs were
interested in determining corrosion rates of commaldoys in cold deep seawater
compared to those in warmer surface waters.

Various steel, copper, aluminum, zinc and leadyallwere immersed in both
warm surface seawater and cold deep seawater fosaxe periods of 1, 3, 6, and
10 months and the corrosion effects were compared.

For the Copper and Cu-30Ni alloys corrosion ocaumere rapidly in the colder
deep-sea water but leveled off quickly, so tharadhe year little difference
existed between the two waters. Copper corrodetbappately 60% faster than
Cu-Ni and showed some shallow pitting.

Stainless steel 304 corroded about 5 times fastirel warm water than in the
cold. However the results for 316 showed substbstatter and no clear trend
was indicated.

Aluminum 6016-T6 showed intense pitting and raptdck in the cold water, due
to its low pH, and minor pitting in the warm water.

“Cathodic Protection of Aluminum in Seawater” (Gensen and
Nisancioglu 1990)

Gundersen and Nisancioglu performed potentiostesits on three different

aluminum alloys in order to determine the cathdmtibavior in natural seawater.

Tests were performed by immersing specimens ofiairsize in a 60-L polyvinyl
chloride container in which seawater was repla@edicuously, maintaining a
temperature of 9° C.

To ascertain information about the transient phestarbetween states
potentiostatic tests were performed at selecteenpi@ls between the pitting
potential (-0.75 ¥cg and the cathodic breakdown potential (-1&g. Inside
this range cathodic protection of aluminum is plalssi

111



» At flow rates of both 2.5 and 8 cm/s specimens \petarized potentiostatically
at-0.8,-0.9,-1.0,-1.1, -1.2, and -1.3c¥ Control specimens exposed under
open circuit conditions were also included in afs. Cathodic behavior was
determined using conventional current-sweep results

* Low current densities required for the cathodiag@cbon of aluminum alloys
result from an etching process, which removes robtte intermetallic particles
from the surface without exposing fresh partictesf the underlying matrix.
Formation of a more continuous insulating oxidelgetb an improved passivity
and low current densities.

“Aspects of Testing and Selecting Stainless Stebtawater Applications”
(Steinsmo, Rogne and Drugli)

Steinsmo, Rogne and Drugli reviewed three aspddtsting and selecting
stainless steels; electrochemical test methodshendability to generate data reflecting
true corrosion susceptibility, quality control systs, and importance of the repassivation
properties.

» Critical crevice indices and critical pitting inéis can be used to rank similar
materials such as rolled stainless steels. Withereso pitting corrosion, the
same index can be used for duplex and austerdiiclass steels. With respect to
crevice corrosion different indices must be used.

» Crevice corrosion of highly alloyed stainless stes{posed to natural seawater
can propagate at temperatures far lower than ttiation temperature.
Repassivation properties of a material are impoftammaterial selection and
corrosion control.

» Often the stochastic nature of the pitting and icee¢orrosion processes in
stainless steels are neglected. More specimenstodedtested and at a greater
range of temperatures when determining the comassistant properties of
stainless steels.

» The differences in heat treatment and product fcambe far greater than minor
variations in chemical composition. Cast materiageneral, showed less
corrosion resistance than forged or rolled material

» To determine the rate of crevice corrosion foregicrevice geometry the period
of active corrosion should be determined along withweight loss and depth of
corrosion attack.
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“Corrosion and Galvanic Compatibility Studies dfligh-Strength Copper-
Nickel Alloy” (Campbell, Radford, Tuck and Barked@2)

Campbell, Radford, Tuck and Barker compared theswmn and galvanic

compatibility of a high-strength copper-nickel gliwith that of types 316 and 416
stainless steels in natural seawater.

The first stages of the copper-nickel alloy comosiesults in film formation
containing a high percentage of nickel compoundastiGued exposure leads to
the precipitation of GO with a decreasing nickel content. This resulsamtace
increases corrosion resistance.

Continued film dissolution ultimately leads to ‘asids” of green, non-adherent
corrosion products and observable pitting. Thislltsesn a par-linear corrosion
rate.

Films formed under static electrolyte conditions significantly different from
those under enhanced flow. Films formed within flogvelectrolyte are more
protective.

The copper nickel-nickel and the superduplex stambkteel were protected when
coupled to type 316 or type 416 stainless stedl thi¢ later exhibiting localized
corrosion in response to passive film breakdown.

The effects of coupling austenitic stainless steeluperduplex stainless steels or
copper-nickel alloys has shown to be very unpretiiet A number of factors

such as ennoblement of the stainless steel anéddowa of the oxide layers
present of the copper-nickel alloy determine thieixof galvanically induced
corrosion. Polarity of the couple may vary with ém

“Gasket Selection for Stainless Steels in Seawdkeegncis and Byrne

2007)

Francis and Byrne review published data and recamdeembinations to be

avoided and the best choice of suitable gaskets.

For high-alloy stainless steels in seawater uskegasnade of synthetic rubber,
rubber bonded aramid, or synthetic fiber for lovegsure systems. Avoid the use
of PTFE or graphite-loaded gaskets. For high pressystems up to 100 bar
graphite-containing gaskets are acceptable proigedraphite is sealed from
the seawater and is never wetted.
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* Only metals compatible with high-alloy stainlessed$ should be used for spiral-
wound gaskets, such as superduplex, 6% Mo austeNitCr-Mo alloys where
Mo > 7%, and titanium.

“Comparative Studies of the Seawater Corrosion Bielba of a Range of
Materials” (Al-Malahy and Hodgkiess 2003)

Al-Malahy and Hodgkiess perform a laboratory irtigegion to compare the
corrosion behavior of commercially pure Grade &nitim, type 430 ferritic stainless
steel, type 316L austenitic stainless steel, typESMO superaustenitic stainless steel,
and nickel base alloy C-276 in a range of enviromiaeconditions relevant to
desalination plant operation.

» The experiments consisted of determining the breakdootentials of the five
metals in varying salinities (35,000 and 55,000Intg4l dissolved solids),
temperature (25° and 45° C), and flow rates (statitd and severe jet
impingement).

» The superior corrosion resistance of titanium wadiomed as was the
vulnerability of the lower-alloyed steels.

» Although the superaustenitic stainless steel 254%alloy C-276 exhibited
similar resistances to the breakdown of passithity,nature of the corrosion
indicates that the nickel-base alloy is less su#ialepto localized corrosion than
the superaustenitic stainless steel.

* The corrosion behavior of all the materials tested relatively insensitive to
mildly flowing seawater but severe jet impingemesttuced the corrosion
resistance drastically for the 316 L and 430 alloys

» The study indicated that the corrosion behaviditahium, the super austenitic
stainless steel and the nickel base alloy was eo¢ wot sensitive to an increase
in salinity. In contrast the higher salinity wateas more aggressive towards the
lower alloyed materials.

“Performance of High Chromium Stainless Steels Gtghium Alloys in
Arabian Gulf Seawater” (Odwani, Al-Tabtabaei anddAbNabi 1998)

Odwani, Al-Tabtabaei and Nabi discuss a study Wwiias performed to assess
the sustainability of certain alloys for seawaf@plecations. Electrochemical impedance
spectroscopy was employed to evaluate the corrggdiormance of four high
chromium stainless steels and grade 2 titaniunataral flowing Arabian seawater.
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The test specimens were exposed to the filteredageafeed at the Desalination
Research Plant Doha in Kuwait for 3,000 hours. Tenaipires ranged between
20°C and 30°C with a pH of 6.5-7, and a flow ratd&@0 L/min.

The study demonstrated the beneficial effectsisfrrg Cr, Mo and N contents on
the localized corrosion resistance of stainlesslsia seawater at ambient
conditions.

Stainless steels 316 L and 317 L performed poanypared to the other
materials studied. Stainless steels 317 LMNO arBREO and Ti(2) performed
well and gave no signs of corrosion attack.

“Copper Nickel Alloys for Marine Applications” (Pa@ill and Jenkins 2000)

Powell and Jenkins review and summarize the hisibthe use of copper and

copper-nickel alloys in marine applications.

Copper and copper-nickel alloys have been usednmenous marine applications
throughout history. Some of the main applicatiohsapper and copper-nickel
alloys include sheathing and hull constructiontdasrs and hardware, piping
systems, and heat exchangers.

Offshore structures have been clad in highly caveogones using nickel-copper
alloy 400 and copper-nickel alloy C70600. Thersigmificantly less fouling of
the cladding than of bare or coated steel andahknig can be removed much
more easily.

The corrosion resistance, bio-fouling resistaneat lsonductivity, and ease of
fabrication of these alloys make them a viableaptn traditional and innovative
marine applications.

“Corrosion Behavior of High-Nickel and Chromium @8yis in Natural Baltic
Seawater” (Birn, Janik-Czachor, Wolowik and Szumd#99)

Birn, Janik-Czachor, Wolowik and Szummer invedtgae effects of Cion

concentration and temperature on the stabilithefgassive state of high nickel and
chromium alloys in both neutral and acidic elegtres.

The corrosion resistance, bio-fouling resistaneat lsonductivity, and ease of
fabrication of these alloys make them a viableaptn traditional and innovative
marine applications.

Seawater experiments were conducted in a Poliglarels station at the Baltic
Sea. Samples were mounted in a tube where sedleated at a rate of 0.062
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m/s. Free corrosion potential was measured andtorediduring exposure.
Samples were then removed from the water, cleangéd@bmitted to surface
analytical investigations.

The anodic behavior of the alloys tested appeare@pend mostly upon Mo
content.

All alloys tested were highly resistant, undergaoniiging corrosion only at
elevated temperatures, at high anodic potentiatsaachloride concentrations
higher than 1 M. No tendency to pitting was obseérwethe natural Baltic
seawater. The alloys may have undergone crevigesion after prolonged
exposure.

Microscopic and surface analytical tests were peréal to correlate the anodic
and corrosion behavior of the materials with tleeimposition and structure.
Auger electron spectroscopy revealed that Mo watetied within the passivating
film formed on the alloys in the Baltic Sea. Thaings to the fact that Mo is not
just like that of a passivity promoter, but ratiiencreases stability of the passive
state as a dissolution moderator.

“Fatigue Crack Propogation in High Strength StéaidJse Offshore”
(Billingham and Laws 1994)

Billingham and Laws examined the influence of mlbmmposition and

microstructure on fatigue crack growth behavioa@fumber of welded high strength
microalloyed steels intended to cover both exiséing likely developments in offshore
structures.

The influence of applied cathodic protection levatsthe corrosion fatigue crack
propagation behavior of the selected steels wasméeted. The fatigue properties
of welded high strength steels in synthetic seawaése found to decrease as the
applied cathodic potential is decreased. Potential®e negative than 950 mV
should be avoided.

At high negative overpotentials all steels showgdificantly greater corrosion
fatigue crack propagation rates compared to spretected at -800 mV. Growth
rates an order of magnitude faster were measursonme cases.

Although there were differences in performance leetwthe various steels tested,
no direct relation was identified between speciarastructure or compositional
features and improved fatigue performance. Eveh thi¢ care taken in welding
the samples, the crack tip often sampled a vaoktyicrostructures throughout
the duration of the fatigue test.
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“Materials Selection for Pitting and Crevice Coraos (Ylasaari, Forsen,
Aromaa, and Virtanen 1997)

Ylasaari, Forsen, Aromaa, and Virtanen reviewl sekection methods for the

process industry. Experiments were performed terdehe the effects of alloying
elements and microstructure on pitting and cregameosion.

PRE-values calculated from the composition of staalbe used as a first
estimate on the corrosion resistance but no genaedionship exists between
solution corrosivity and material corrosion exigts. accurate method for
determining corrosion resistance could be the ctatipn of pass-fail charts in
log[X']-T domain based on cyclic polarization curves; we&] is the
concentration of an aggressive anion.

Cyclic polarization experiments were performed lmeé austenitic and three
duplex stainless steels chosen for their corroseistance. The tests solutions
were simple ammonium chloride and DIN 50900 seawate

The results of polarization tests were used to tcocispass-fail charts for the
tested materials at different temperatures andricl@d@ontents. The criteria for a
“pass” result was no hysteresis loop and no vigiltkeng or crevice corrosion.

Stainless steels S31254 and S32750 exhibited gteplitng corrosion resistance
followed by S31726.

“Overview of Metallic Materials for Heat Exchangdos Ocean Thermal
Energy Conversions” (Kapranos and Priestner 1987)

Kapranos and Priestner review candidate matdoalsse in ocean thermal

energy conversion heat exchangers, including alumjrcopper-nickel, stainless steel
and titanium alloys.

The power system of an ocean thermal energy coiovesgstem must be
designed for a long life, up to thirty years, witinimal maintenance. Material
selection must be based on corrosion and durapditformance for the life of the
project.

Aluminum is attractive because of its low cost isicorrosion resistance in
seawater is poor. Protective measures and fregqou@intenance is required. An
OTEC plant built from aluminum alloys would haveetpected life of 10 to 15
years. Prime candidates for OTECS applicationsiogs 5050, 5052, 6061 and
6063.

117



Copper-nickel alloys are commonly used in powentd@and perform well in
seawater condensers. For OTEC applications theeprandidate is alloy CA 706.

This alloy has maintained design heat transfeciefiicy for long periods with out
water treatment or mechanical cleaning. CA 706dxasgllent antifouling
properties.

Alloy AL-6X (2Cr-25Ni-6Mo) is the only alloy thatds been qualified for OTEC
heat exchangers. It is used in numerous powergpfanseawater cooling and has
comparable performance with titanium alloys. Augterstainless steels perform
well in seawater as long as their surfaces arenclaa once crevices form, attack
is very rapid. Ferritic stainless steels are stipossibilities due to their excellent
resistance to pitting and crevice corrosion. Legaiandidates include Fe-29Cr-
4Mo and 26Cr-3Mo-2Ni.

Although the initial cost of titanium is high, mémance and replacement costs
are minimized. Most titanium alloys being considkeage commercially pure such
as Ti-50, ASTM Grade 2. Ti-Pd alloy (Grade 7) amCode-12 alloy (Grade 12)
are alternative alloys offering better corrosiosistance.

“Performance of OTEC Heat Exchanger Materials ioplcal Seawaters”
(Larsen-Basse 1985)

Larsen-Basse discusses the results of a threesygehyr of corrosion involving

several aluminum alloys in flowing surface seawateat 600 meter deep cold seawater.

The closed cycle OTEC concept consists of a worlind which evaporates in a
heat exchanger by warm surface water at 25-300Qlaves a turbine to produce
power, and then is condensed in another heat egeh&ry deep ocean water at 5-
8° C.

A more cost effective alternative to titanium anghhalloy stainless steels, while
maintaining immunity to corrosion, is desired fofFEX projects. Copper-nickel
alloys would probably be ruled out due to theirceymibility to attack by the
ammonia working fluid.

Alloys 5052 and Alcad (7072) 3003 were chosen, thaseevaluation of the
available corrosion data, for testing in the waurface water and cold deep
water in Hawaii. In the warm water corrosion wasidaduring a short initial
period and then leveled off to a rate of abouh8year. This low rate is due to a
thin inorganic scale film forming on the surfacé&eTiilm consists of scale
minerals precipitated from the seawater and alumioarrosion products. In the
cold, deep ocean water, all the alloys testeddyisithough they did not penetrate
the cladding. The pitting tendency increased gyeslflow rate decreased.
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“Ocean Thermal Energy Conversion — Materials Iss([2arby 1984)

Darby reviews biofouling and corrosion studiesafdidate alloys for OTEC

heat exchangers. The biofouling experiments catsist two parts, one to measure the
rates of increase of the thermal resistance iricedloys due to microfouling in
seawater at possible OTEC sites, and the otheralo&e chemical and mechanical
methods to minimize or eliminate the effects oflifogt

The initial biofouling tests were carried out in ightsville Beach, N.C. at the
LaQue Center for Corrosion Technology with furttests being carried out at the
Seacoast Test Facility, Keahole Point, Island ofréla The experiments showed
that chemical cleaning by chlorination is the nfmsimising for OTEC
applications.

Results showed that titanium and stainless allbggican be kept fouling free
with a minimum of 70 ppb level of chlorination fone hour per day. For
aluminum alloys 5052, Alcad 3003, Alcad 3004, aaceB003 required
chlorination levels were slightly higher at abo00Ippb for one hour per day.

Copper-base alloys were eliminated from furthersteration as heat exchanger
materials due to their susceptibility to erosiciaekt when exposed to ammonia,
which is the best working fluid for a closed cy@&EC plant.

Of the stainless steels tested alloys 29-4C andit\appeared to be the most
resistant. Al-6X and SC-1 also appeared to havguete resistance to crevice
corrosion in an OTEC plant.

Titanium has consistently shown no substantialasion in seawater, commercial
heat exchanger practice, in the presence of ammantander the influence of
abrasive cleaning.

Aluminum alloys tested showed no pitting in warmface water. Initial
corrosion in warm surface water is rapid after wahadow rate of 3im/year was
observed for all alloys tested. Results in coldvsgar are inconclusive.

“Corrosion of Ferrous Alloys in Deep Sea EnvirontséijVenkatesan,
Venkatasamy, Bhaskaran, Dwarakadasa and Ravin0ft) 2

Venkatesan, Venkatasamy, Bhaskaran, Dwarakadds@anndran study the

corrosion of ferrous alloys at a variety of degththe Indian Ocean.

Five low alloy steels were chosen and exposedthglahg to a deep sea mooring
at depths of 500, 1200, 3500 and 5100 m for 174.dagecimens were also
exposed off the coast of Gujarat at a depth offBme8 days. After removal the
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specimens were chemically cleaned and the corroates were calculated. The
surface morphology of the specimens was then obderv

* The corrosion rate of the 500 m deep specimengheasost severe followed by
a large drop off for the 1200 m deep specimensaagwdual increase of
corrosion rate to 5100 m depth. The increasingosoon rate from 500 m to 5100
m depth correlates with the linear increasing dissboxygen between these
depths due to the fact that oxygen is an effeactatbode depolarizer.

* Atomic absorption spectroscopy of the materialsashtihat the corrosion product
present on the mild steel was FeOOH. The morphoddglye corrosion product
revealed no protective film and the surface ofdbeosion product was
sufficiently porous for corrosion to proceed untared.

» In shallow water micro and macrobiological growpitagyed a significant role in
the corrosion of the ferrous materials. In deepewabrrosion was not related to
any biological product but mainly to the electrocheal reaction of these alloys
with sea water. The corrosion rates of all five laNoy steels tested was about
four times less in deep water than in shallow water

“Nickel Base Alloys and Newer 6Mo Stainless Stdééet Corrosion
Challenges of the Modern Day Chemical Process tngugarwal 2001)

Agarwal reviews the various nickel alloys develdpethe last 100 years and
comments on future uses for the alloys developédenast 20 years.

* Nickel and nickel alloys have useful resistances tade variety of corrosive
environments that are often to severe for othermaerially available materials.

* Nickel is very resistant to chloride stress comwasiracking but can be susceptible
to caustic cracking in aerated solutions in seyestrbss conditions. Under
stagnant or crevice conditions severe pitting aaun Nickel has a high thermal
and electrical conductivity and a low vapor pressur

» Alloy 400 has many advantages to commercially pickel; the addition of iron
significantly improves the resistance to cavitation erosion. Alloy 400 is used
in conditions of high flow and erosion as in prdeed, shafts, casings, condenser
tubes and heat exchangers. Its corrosion ratewiri seawater is generally less
than 0.025 mm/year. Alloy 400 is generally immmunetress corrosion cracking.

* Alloy K-500 is the age hardened version of alloY 4@th benefits such as
improved strength and hardness. This alloy is piiignased in marine and oil and
gas applications.

» Alloy 825 is a modification of alloy 800 with theldition of molybdenum, copper
and titanium for providing improved aqueous comasiesistance.
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* The 6Mo nickel alloys have increased molybdenunterdrand the addition of
nitrogen to improve localized corrosion resistandé® 6Mo alloys have
extensive uses in marine and offshore applications.

* Out of the “C” family alloy 59 has the highest chmom plus molybdenum
content and the lowest iron content. It has ont@highest allowable stresses
and great corrosion resistance. Alloy C-276 remtiasnost used and
commercially available of the “C” family. The “Céammily is used in a variety of
marine applications.

“Deep Water Corrosion Fundamentals” (Jenkins anshkéi 1999)

Jenkins and Mishra review the differences betwberdeep water and sea-level
environments and the influence of these environmentthe behavior of materials.

» The characteristics of the marine environment daabage materials can be
grouped into three broad categories, physical, atednand biological.

» The high electrical conductivity of seawater proesothe electrochemical
reactions that are responsible for all types ofagion. The temperature of the
environment has several effects on corrosion ak imeteasing the temperature
increases the conductivity of seawater. Also, goenature increase of 10° C
commonly doubles the rate of diffusion, which iénaiting factor in many
corrosion reactions. Temperature also increasedisiselved oxygen content of
seawater, which has different effects on the carrosate of different materials.

» Ocean currents affect the corrosion rate of meliaéstly through the effects of
velocity and indirectly by bringing ocean massetwarying chemical
characteristics.

* Ocean structures extending through the tidal zdhestrate the effects of the
environment on corrosion and the interaction behweaterials exposed to
different environments. In the splash and sprasgpthe distribution of sea salt
and the high availability of oxygen can cause tagtrosion rates. In the intertidal
zone, corrosion rates are often low due to the emygpncentration cell between
the intertidal zone and the fully immersed zonehdf structure is steel the
intertidal zone will be cathodic to the steel ie fally submerged zone.

» Biological organisms can affect materials physigathe film of organisms that
attach to surfaces in marine environments inhitfiision and can damage
protective coatings. Barnacles can create diffeakoells that cause crevice
corrosion. Sea urchins “graze” metal surfaces rengpoeorrosion products that
normally inhibit corrosion.
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Oxygen content is an important factor in the stabdf passive oxide films that
are important in the performance of materials saghtainless steels and
aluminum alloys. The solubility of oxygen variesénsely with temperature.

There is no standard set for the depth at whicluéep ocean environment starts.
Jenkins has suggested that due to the dramatigebkam the accumulation of
fouling organisms in the disphotic zone, the ocgravironment should begin
there, at 80 m depth.

Oxygen content varies with depth. Typically the gely content is at a maximum
at the surface and then decreases to a minimuboat Z00 m depth. However,
at warm sites, the surface oxygen is lower andvb#h@ oxygen minimum zone
can actually increase above levels at the surface.

If the oxygen content is known, the corrosion bébtravan be predicted, even
without a thorough understanding of the processesved.

The number and types of organisms found in deeprveaie very different from
those found in near-surface waters. There aresfaef macro-organisms in deep
water and most of these live near the bottom seusrfeeding on accumulated
detritus.

The possibility of corrosion is controlled by therdynamics and the rate of
corrosion is controlled by kinetics. The thermodynzs of a reaction are dictated
by the half-cell reactions. The standard half-peliential is a constant for an
electrochemical reaction at a given temperaturesé&hactors do not change in
deep-water conditions.

Under deep-water conditions, ionic concentratiaesexpected to be very low
due to the enormous solvent volume. Such a decrelismuse regions of
passivity to shrink on the Pourbaix’s Diagram, #mas corrosion is more likely.
However, a decrease in temperature will causedtiems of passivity to expand.
Also water stability regions on the Pourbaix’s Deg expand with increasing
depth.

There are three ways to combat corrosion in the-dea environment; material
selection, cathodic protection, and non-metallgaoic coatings. Three sacrificial
anodes are used in marine cathodic protectionAZrand Mg. However,
impressed current cathodic protection is more comynased in the deep-sea
environment. Organic coatings are the most commosgyl form of corrosion
protection with the other two methods being usebaak up.

5 mA/ft® current-density is required to protect bare stequiet seawater. A 12
Ibs zinc anode can protect 100 steel for 14 months. A good vinyl paint can
reduce the current requirements five-folds.
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It is all but impossible to maintain 100% integriityany organic coating. Metals
that have noble solution potentials cause intezgidittack of active unalloyed
steel or aluminum.

Anti-fouling coatings work by continuously releagitoxins at a low rate. Typical
toxins used for deep-water protection are cuproteoand tributyl tin oxide.
Coating thickness for deep ocean structures isllysaraund 0.015 in.

High strength welded structures are very susceptibhydrogen damage. The use
of cathodic polarization to prevent corrosion @&edtin underwater service
influences the hydrogen ion discharge on the nsetdhce. Hydrogen damage
depends on the type and severity of loading. Acstansile load is typically
required for hydrogen cracking of steel.

Aluminum alloys depend on an oxide film for cormsiresistance; their rate of
pitting depth increases as oxygen and pH decr€&mper alloys have a low
corrosion rate which varies little with depth. Netlalloys are also unaffected by
depth; alloys that are susceptible to crevice @ororemain susceptible at any
depth. Steels have a dramatic reaction to incrgatepth in that their
performance decreases with increasing oxygen cor&minless steels show a
minimal effect of depth on corrosion. Some allogews a reduction in
propagation rate. Titanium alloys show no corrosibany depth.

Non-metallic materials are also affected by expe@sarboth shallow and deep-
water ocean environments with biological activigirg the primary cause for
deterioration. Ceramics are resistant to corroatamearly neutral pH and may be
used in deep-water if loaded in compression.

“Biofilm Effect on the Cathodic and Anodic Processm Stainless Steel in
Seawater Near the Corrosion Potential: Part 1 +dSmm Potential”
(Salvago and Magagnin 2001)

Salvago and Magagnin investigate the effect ofidoiing on the corrosion

potential during exposure to seawater and usdiatgtal approach to characterize the
enoblement of the corrosion potential.

Ennoblement of the corrosion potential for passiallic materials takes place
during exposure to natural biotic seawater belov@G0Biofilms formed on
stainless steels after immersion in natural watere abence of localized
corrosion, raise the corrosion potential from alitialues below 0 mV to values
from 300 mV to 500 mV.

The corrosion potential evolves with time andisrease raises the likelihood of
localized corrosion. The depolarization of the odih process, caused by the
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development of the biofilm, is the cause of theatgeaggressiveness of biotic
waters compared to abiotic ones.

UNS S30400 and S31600 coupons were exposed tcacomhstbulent seawater
for one month. Each coupon’s corrosion potentiad weasured and recorded
every six hours. At the end of the month the speasnwere cleaned and
microscopically examined.

Of the S30400 coupons 37 of the 48 showed sigosevice corrosion. The
corroded coupons also showed large amounts ofudiofp

Localized corrosion manifests itself through stepmitiation, repassivation and
propagation phenomena. The corrosion potential naelre of the corroded
specimens was lower than the corrosion potentiamvalue of the uncorroded
ones.

Much experimental evidence considered to be cabigdlde microbial activity at
the passive metal surface can be justified witlemitancement of the cathodic
process. Small shifts in the theoretical polar@atiurves could be enough to
cause large variations of the corrosion potentigdassive conditions and could
justify the ennoblement of the corrosion potential.

“Long-Term Ennoblement Studies On Ni-Cr-Mo Alloy@artin, Lemieux,
and Natishan 2006)

Martin, Lemieux, and Natishan present work thahdestrates how corrosion

potential ennoblement can persist during long-teeawater exposures for several Ni-Cr-
Mo alloys. The implications of this ennoblement digcussed.

Seawater corrosion potential ennoblement can aoquaissive alloys that are
resistant to seawater pitting but are poor oxy@elction surfaces. This
manifestation can cause corrosion potentials iegxof 300 mV. The biofilm-
derived electrochemistry provides an alternate erygduction pathway on
passive film surfaces and is linked to increasedllped corrosion in passive
metals.

It was found that ennoblement biofilms can adapteaehat to cathodic demand.
The time required for this adaption is similarhe time required for development
of ennoblement.

Ennoblement-driven corrosion potentials were shtwlast the two year duration
of the test. Open circuit potentials dropped eweoyning at sunrise, confirming
that sunlight has a mitigating effect on ennoblemen
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* Alllong-term ennoblement exposures showed at lastubling in cathodic
current capacity when galvanically connected.

* Ennoblement creates an increased capacity to daklenic or localized
corrosion at potentials above -400 mV but a dee@aspacity to support such
corrosion at potentials below this.

* |t was shown that ennoblement-derived corrosioemitdls are similar to crevice
corrosion initiation temperatures in alloy 625.

“The Behaviour of Corrosion-Resistant Steels Invigdgar” (Bardal, Drugli
and Gartland 1993)

Bardal, Drugli and Gartland review research oraliaed corrosion occurring on
stainless steels in seawater.

* When temperatures are less than 40° C, stainleskestposed to natural seawater
develops a biofilm which stimulates the cathodexct®n. This causes the
potential to rise to 300 to 400 mV in just a fewsland acts to raise the risk of
localized corrosion initiation; in some cases dcadiy.

» The cathodic current density of stainless steednmed to -100 to +100 mV is a
very sensitive indicator of the bioactivity occugion the surface.

* In chlorinated seawater the potential of non-cangdtainless steel rises even
higher than in natural seawater, around 500 tor680 Therefore the risk of
localized corrosion is increased. However, the adithefficiency is much lower
in chlorinated seawater. Thus, the propagatiorsnatk be under cathodic control
unless there is a very large cathode to anoderatiea

* During the period where the open circuit poteriaising, susceptibility to
localized corrosion is at a maximum. After a loxg@sure time in chlorinated
seawater stainless steels become more resistidalized corrosion.

» A potentiostatically controlled critical temperaguest is suggested to establish a
design curve for maximum operating temperatures fgiven stainless steel in
seawater-like solutions.

* There is a critical temperature at which creviceasion begins to initiate and a
lower critical repassivation temperature.

“A High Strength, Corrosion-Resistant Alloy Solvégstener Problems in
the Marine Industry” (Hibner and Shoemaker 2004)
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Hibner and Shoemaker discuss the use of Incologl @86 as a high strength,
highly corrosion resistant fastener in the marimdustry.

* Because of the size and working environment of meafiasteners, they must be
very corrosion resistant in order to resist the@# of galvanic and crevice
corrosion, and because they are often anodic teutreunding structure. Thus,
corrosion-resistant nickel based alloys have baed extensively in the marine
environment.

* Monel K-500 alloy fasteners are commonly used sitel in seawater
environments, but the resulting galvanic coupliag mxduce hydrogen charging
and cause embrittlement of the fasteners.

* Inconel alloy 686 is a nickel-base alloy that exisibigh tensile strength and
fracture toughness, as well as excellent corrossistance in the marine
environment. It achieves this excellent performamgeontaining a unique
combination of chromium, molybdenum and tungsten.

» Alloy 686 exhibits excellent high cycle fatigue lawior in seawater. Its critical
crevice temperature was found to be greater th&ai€8b an acidified 6% ferric
chloride solution (ASTM G48 C & D). It outperfornmgckel alloys C-276, 725
and 625 in localized corrosion resistance. Alsloya$86 was found to be
galvanically compatible to alloys 625, 400 and K358Iloy 686 is highly
resistant to hydrogen embrittlement.

» Alloy 686 is a solid solution strengthened, si se, austenitic alloy. It
exhibits a fracture toughness of over 350 MP&jrand an impact strength of 133
N-m. It is cold workable to a yield strength of oM®00 MPa.

“Predicting Localized Corrosion in Seawater” (Shad, Brossia, Dunn and
Anderko 2004)

Srindhar, Brossia, Dunn and Andertevelop a model based for the calculation
of repassivation and corrosion potentials.

* A methodology was developed to predict the longateccurrence of localized
corrosion in seawater by comparing values of pasisin and corrosion potentials
for several different alloys. A mechanistic modatHtbeen established to
determine corrosion potentials and an empirical éhbds been established to
determine repassivation potentials.

* The model and experimental results show that the@sion potential of Type
316L stainless steel is typically more positivertlita repassivation potential in
seawater. This results in localized corrosion efahoy. Chlorination further
increases the corrosion potential and exacerblagesarrosion.
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» Conversely, the corrosion potential of alloy 254SMatural seawater is more
negative than its repassivation potential. Thus éxpected to be resistant to
localized corrosion.

» Like alloy 316L, the corrosion potential of Al 11@0natural seawater is more
positive than its repassivation potential and cqusatly aluminum would be
expected to suffer localized corrosion.

“Corrosion of Weathering Steels” (Fletcher 2005)
Fletcher reviews the types, uses and performaheeathering steels.

» Weathering Steels contain specific additions afyaig elements to increase their
resistance to atmospheric corrosion. The essdastlre of weathering steels is
the development of a hard, dense, tightly adhepeatective rust coating on the
steel when it is exposed to the atmosphere. Waathsteels have significantly
reduced corrosion rates in the atmosphere compareatbon steels.

* Weathering steels came into being in the early E9@@en it was discovered that
copper-bearing steels with more than 0.15% Cu deogi 50% improvement in
service life. The formation of a protective rustfiresults in deceleration, but not
cessation, of corrosion.

* The atmospheric corrosion of iron and steels isnation of the composition of
the steel, environmental conditions, charactesstitcthe rust layers, cyclic
wetting and drying periods and contamination byipalates. Elements that
promote atmospheric corrosion resistance incluasiorus, silicon, chromium,
copper and nickel and to a lesser degree carbaypdenum and tin.

» If goethite formation is inhibited by excessiveipds of wetness, weathering
steel does not develop a protective rust, and desoapidly. Weathering steels
should only be used when yearly average time ohegst is less than 60% and
when chloride levels are less than 0.5mg/100tday.

“New Technology Stainless Steels and Nickel AllegisMarine
Applications in the Year 2000 and Beyond” (Ross®00

Ross reviews new developments in nickel and stssnsteel alloys in the marine
industry.

» There are five main types of stainless steelstiermartensitic, austenitic,
precipitation hardening, and duplex. Most ferréitd martensitic stainless steels
have limited corrosion resistance in seawater, gxoe some of the new super
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ferritics. Austenitic stainless steels are ironechium-nickel alloys. Through
additions of molybdenum and nitrogen they can aehexcellent corrosion
resistances. The precipitation hardening stairdesss are nickel-chromium-iron
alloys that have higher strength than the austeniitut have less ductility and are
more susceptible to corrosion. The duplex stairdéssls are iron-chromium-
nickel alloys that contain a 50-50 mix of ferriiad ausenitic crystal structures.
The strength of duplex stainless steels is routshige that of common austenitic
stainless steel. Many duples stainless steels évenadlent resistance to corrosion
in the marine environment.

In the 1940’s nickel chromium alloys entered thekatplace. Around the same
time additions of iron and molybdenum were beingeginented with. The
resulting alloys were used in a variety of chempdahts. Additions of Ti, Al, W,
and Nb to the nickel alloys yielded high strendtbys, the first of which was K-
500. In recent years several high strength nickeys.have been developed for
marine use, including 718, 625, 725, and 925. Thstroorrosion resistance
family in the marine environment is the C familyhish have 16-24% Cr and 14-
16% Mo. Alloys C-4, C-276, C-22, 686 and 59 comgtiss group.

Corrosion is a surface phenomenon and the condbfitime surface of the
stainless steel or nickel alloys may have a sigaifi effect on its performance.
The corrosion resistance of the alloys is providgé thin, invisible, passive film
on the surface. If the passive film is continuond eemains stable, the alloy will
resist corrosion. If the film is not continuousadtized corrosion in the form of
pitting or crevice corrosion may initiate and prgate rapidly. Embedded iron
and heat tinting are two common surface defectscdmaresult in reduced
corrosion resistance. Care must be taken to prekiemtformation.

Types 304 and 316 stainless steels have adequatsion resistance for many
mildly corrosive marine applications. However soapplications require more

corrosion resistance. Stainless steels with a Pgiehiter than 40 are generally
considered to be very corrosion resistant in masima applications.

Crevice corrosion resistance is frequently thetlimgifactor for stainless steels in
marine service. Duplex alloys with a PREN over #®laghly resistant to crevice
corrosion. They are also more resistant to chlaodestress corrosion cracking
than austenitics.

The cost of stainless steels is roughly proportitm#heir corrosion resistance. It
is important to select an alloy with sufficient mdt excessive corrosion
resistance for this reason.

Nickel alloy 400 has excellent corrosion resistaasdéong as the seawater is not
stagnant. In cases where more corrosion resistamegquired, nickel alloys with
a PREN greater than 50 show excellent resistancestace corrosion. Nickel
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alloys are highly resistant to hydrogen embrittlatrend stress corrosion
cracking. They also show much better corrosiomytetiresistance than the
austenitic stainless steels.

“Understanding Material Interactions in Marine Enaviments to Promote
Extended Structural Life” (Shifler 2005)

Shifler discusses parameters that affect mateedbrmance in marine
environments and suggests way to protect certhlogsal

» There are two processes operating simultaneousheiseawater environment:
formation and repair of passive films on alloy sids due to the presences of
dissolved oxygen, and breakdown of passive films tduchloride ion activity.

» The performance of a material in a marine enviramndepends on the service
parameters, choice of materials, corrosion com@thods, the type of
environment and design configurations.

* The main factor controlling the corrosion rate ofaloy is the passive film.
There are four ways a metal may passivate in aguealutions: the air-formed
film, a salt film, chemisorption of the solvent,caan oxide formation. The
formation of passive films reduces ionic transmpdnteactive species causing
corrosion. The breakdown of passivity is associatid a critical potential, the
presences of aggressive species and discretecdratiack.

» Physical and mechanical properties of materialsiémice the way passive films
resist corrosion. Thermal expansion can causecifilms to tear. Hydrogen can
enter many ferrous alloys and promote degradaliba.susceptibility of high
strength steels to hydrogen is related to thesitestrength and the binding
energies of specific trapping sites.

» Failure of fasteners can occur due to environmbréakisted cracking resulting
from applied stresses and hydrogen embrittiemeetd\sints have three
different zones: the cast weld zone, the heat ttezone, and the parent metal.
Welding defects can have a dynamic effect on tmeosmn resistance of welded
joints.

» Corrosion rate in seawater is dependent upon teathyrer oxygen content,
salinity, water chemistry, pH, biofouling, pollutipgalvanic interactions, fluid
velocity, alloy composition, alloy surface films@netry, surface roughness, and
heat transfer.

* Generally, corrosion increases as temperatureasege The degree by which
dissolved oxygen influences corrosion is dependarihe alloy. Oxygen is
favorable for passive film forming alloys, however fully aerated water, surface
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deposits on passive film-forming alloys can creatggen concentration cells,
which can cause pitting or crevice corrosion. Foniand steel corrosion
increases with increasing oxygen content. Dissobveajen increases corrosion
rates in copper alloys under fast flowing condision

Biofilms can form environments on the surface ofaisethat are very different
form the bulk fluid and may cause reactions notljgted thermodynamically.
Biofilms cause a noble shift in open circuit potahof stainless steels, nickel,
and titanium alloys. Biofilms are capable of in@ieg or decreasing corrosion
rates.

Fluid flow may increase corrosion rates by remopngtective films or decrease
corrosion by removing the build-up of aggressivesicdGeometry can have a
significant effect on flow-assisted corrosion radésnetals. As pipe bend radii are
reduced the corrosion rate will increase. Theaaitvelocity at which corrosion
becomes a problem in 90/10 Cu-Ni is 3.6 m/s faydgripe sizes and as low as
34% of this value for very small pipe diameters.

Polluted waters contain hydrogen-sulfide and selé@ntaining compounds, both
of which are known to adversely affect the corrnsib some metals. Sulfide
corrosion has been found to occur on a numberffd@rdnt copper-base alloys.

The most common form of corrosion control is the akcoatings. The function
of a coating is to provide an environmental barethe underlying material,
preventing corrosion. Both organic and metallictcwss require good surface
preparation in order to function properly.

Corrosion is an electrochemical process and theredfiectrode potential can be
used to control the reaction rate. Cathodic prageas the most efficient and
effective way to control corrosion for submergedyd. Cathodic protection
either employs a sacrificial anode, usually zinaloiminum, or utilizes an
impressed current to protect a structure. The r@lelseémical behavior of the
cathode and anode are influenced by water deboldied oxygen, temperature,
salinity, pH, sea current, pressure and foulingat®dgs tend to distribute cathodic
currents more uniformly. Cathodic protection caubesbuild-up of protective
calcareous deposits which can lower current denrandtural seawater.

Corrosion control involves preventing or delayihg bnset of corrosion and
minimizing its effects when it does occur. Matesiaélected should be
compatible and be a part of an integrated planabaids compatibility problems.
In some cases a compromise between mechanicalrpespend corrosion
resistance may be required.
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“Duplex Stainless Steels: Brief History and Somedg Alloys” (Alvarez-
Armas 2008)

Alvarez-Armas gives a brief history and some recEvielopments of duplex
stainless steel grades.

* The mechanical strength of duplex stainless steelsry high. They may be used
in many corrosive environments within the tempamtange of -50 to 300 °C.
Duplex stainless steels are far less susceptitdgdss corrosion cracking as the
austenitic 300 series. Duplex alloys are as registapitting corrosion as
austenitic alloys with similar PREN numbers.

» SAF 2507 has almost the same resistance to pétidgerevice corrosion
resistance as 254 SMO, has twice the strengthhasié far lower cost.

» Austenitic stainless steels have good weldabiliy good toughness, but their
stress corrosion cracking resistance and stremgtbamnparatively poor. Ferritic
stainless steels have good resistance to stresssimor cracking but have poor
toughness. Therefore a duplex stainless steehané a proportional combination
of these properties depending on the ratio ofuttenite to ferrite structure.

* Recently the development of lean grade duplexe$omased cost while retaining
performance quality.

“Corrosion Resistances of Iron-Based Amorphous Metéh Yttrium and
Tungsten Additions in Hot Calcium Chloride BrineydMo,4Cri5Y ,C15Bg

and W-Containing Variants” (Farmer, Haslam, Dawr.,iSaw, Hailey,

Choi, Yang, Blue, Peter, Payer, Perepezko, HiBednagan, Beardsley, and
Aprigliano 2006)

Farmer, Haslam, Day, Lian, Saw, Hailey, Choi, Y,@Blge, Peter, Payer,
Perepezko, Hildal, Branagan, Beardsley, and Aaglistudy the corrosion resistance of
an iron based amorphous metal coating and the ggesaecessary to optimize
pneumatic conveyance of the coating.

* In the metallic glass coating chromium, molybderamd tungsten provide the
corrosion resistance while boron enables the dtassation and rare earth metals
such as yttrium lower the critical cooling rateloAv critical cooling rate enables
the material to be rendered completely amorphoysantical materials
processes. Rare earth metals do have the side effe@king pneumatic
conveyance during thermal spraying difficult du¢hte powders having an
irregular shape.
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SAM1651, also known as SAM7, has a critical cooliatg of approximately 80
Kelvin per second. SAM1651 has similar corrosicsis&ance to that nickel-based
alloy C-22.

Iron based amorphous metal coatings are very Ba#&iM1651’s hardness ranges
from 1100-1300 VHN while the hardness of type 3%€dinless steel is
approximately 150 VHN and the hardness of alloyXds2approximately 250
VHN.

Earlier developments of iron based amorphous nietadulations had non-
optimal elemental compositions, were produced with-optimal thermal spray
parameters and exhibited rust after 13 cycleserstandardized salt fog tests.
However SAM1651 is a pore-free thermal spray cggpiroduced with improved
amorphous metal formulations and shows no corraaitan more than 30 cycles
in the salt fog test.

It has been proved that iron based amorphous negialbe produced as either
bulk alloys or coatings. The materials can be regdias bulk alloys by using
HVOF to form large plates on a flat mandrel.

“Corrosion-Resistant Metallic Coatings” (Presuel+loo, Jakab, Tailleart,
Goldman, and Scully 2008)

Presuel-Moreno, Jakab, Tailleart, Goldman, andlysdaescribe recent studies on

the corrosion properties of metallic coatings axanagine the corrosion resistance of an
amorphous Al-based coating.

The attributes of metallic coatings can be tunedeioser corrosion inhibiting
functions by a selection of alloy compositions aatostructures. Coatings can
be made to function as a local corrosion barreweas a sacrificial anode, and
supply soluble ions used as corrosion inhibitors.

In a coating containing active corrosion inhibitdefects may be protected over
long distances by concentration gradient-driveroam transport from inhibitor-
rich regions. This distance is a function of thecélochemical properties of the
sacrificial anode and the unprotected region. Teetic field created by the
galvanic couple between the coating and the substean be magnified in order
to transport inhibitors large distances.

By using metallic glass, elements can be mixeddalable liquid solution and
then solidified at the transition temperature thi@age chemically homogenous
solid solutions. Transition metals such as Co,idi Be improve resistance to
local corrosion while rare earth metals such asYCand serve as corrosion
inhibitors when added as a salt in aqueous solution
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Cathodic protection can be optimized by lowering ¢ipen circuit potential of the
coating relative to the underlying substrate. Iswhown that the Al-Co-Ce could
be lowered as much as 750 mV below that of alld34203 by altering the alloy
composition and solution pH.

Pulse thermal spray is one means of applying thérapsystem. It utilizes large
guenching rates and results in a controlled parsde of 0.5 to 20 um. Cold
spray is another method of conveyance which uslibe platic deformation of
particles upon impact to achieve a uniform coatigCo-Ce alloy coatings have
been produced with thicknesses ranging from 7®@6m with good adhesion
and low porosity.

A coating that can polarize an exposed substraterraba few hundred mV
below its open circuit potential can lower its @mion rate by a factor of 100 or
more. This is accomplished by creating a galvaaigte potential below the
localized corrosion threshold potential.

133



Appendix E

Literature Review of Optimization in Material Setiet
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“A Simplified Fuzzy Logic Approach for Materials Betion in Mechanical
Engineering Design” (Sarfaraz Khabbaz, Dehghan Maais Abedian and
Mahmudi 2008)

Sarfaraz Khabbaz, Dehghan Manshadi, Abedian artdriMéi introduce a

simplified fuzzy logic approach to easily deal wiphalitative properties of materials and
the inherent fuzzy space. This enables a quickelable material selection to be made
for engineering design.

Material selection is a multi-criteria decision-nrak problem that involves trade-
offs amongst decisive factors of material propsrtireanufacturing aspects,
material cost, impact on the environment and alditp.

In this study fuzzy logic theory was used to setbetoptimum material for a
function from a pre-ranked group of materials basedelevant properties. This
pre-ranking of materials was done based on expéttiswledge.

Fuzzy logic is a multi-valued logic which allowseoto evaluate a set of variables
by defining intermediate values between the conerat evaluation schemes
such as true and false. It essentially enables atergpa more human-like way of
thinking. It requires the definition of fuzzy vabias sets extracted from the
physical problem.

A fuzzy set is an expansion of the classical véeiaglkt between and including 0
and 1. A membership function is a function thatrmes how each element of the
input space is assigned a value between 0 anduzzy inference system is a
framework that simulates the behavior of a givesteay using IF-THEN rules
and is based off of expert knowledge or availalalia dn the system.

Rules are statements of knowledge that relatedhwatibility of fuzzy premise
propositions to one or more fuzzy spaces. In tise cda material selection the
total number of rules is equal to the number okfuzets raised to the number of
material properties being considered.

The weighted properties method (WPM) is a numernuwethod which ranks
candidate materials on the basis of their perfonmeandices. The Manshadi
method is a numerical method used for materiakcsele which combines non-
linear normalization with a modified digital lognethod. Both of these are
compared to the fuzzy logic method of material &&@, using the fuzzy toolbox
of MATLAB, in three example material selections.

The first case study was a material selection iaguad nitrogen storage tank.
Young's modulus, density, thermal expansion, théeoaductivity, toughness,
yield strength and specific heat were all deemdaktonportant material
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properties. Using three fuzzy sets yields a tot&187 rules. Using the limiting
logics simplification procedure a total of 14 logwere considered.

» Comparing the calculated material performance gslfor case study 1, it is
immediately evident that the fuzzy logic methoduperior to the WPM method
and very similar to the Manshadi method. The feaant is that the three
materials rejected by the Manshadi method havepeence indices more than
half the value of the highest ranked material usheggWWPM method. The fuzzy
logic method ranks the three worst performing maletess than one third the
value of the best performing material.

» Similar results are obtained for case study twagenm selection for a spar on an
aircraft wing, and case study three, material $eledor a cylinder mast on a sail-
boat. In both of these cases the fuzzy logic methdgerforms the WPM
method and compares well with the Manshadi method.

» The amazing thing about the fuzzy logic methodh# ts performs very similarly
to the Manshadi method despite all its simplificas.

“A Web-Based Advisory System for Process and Mat&election in
Concurrent Product Design for a Manufacturing Emwment” (Zha 2004)

Zha reports on a method for selecting suitableufaaturing processes and
material in concurrent design for the manufactugngironment. A fuzzy knowledge
based decision method is proposed for multi-catesialuation and selection of possible
manufacturing process/material combinations atdivest total cost.

* Inthe development of a product designers will mitenceive parts using
processes and materials with which they are familihis often leads to the
exclusion of more economic process material contions.

* A manufacturing consulting service system usesrtagnet to bring together
engineering reference material and acts as anmnaftive educational tool. It
includes basic process descriptions, special esilisimple design rules, and
links to fabrication websites. Its focus is on treele-offs between the functional
requirements of the part and that of manufactuttiregpart.

» The first step in selecting the best process arténmahcombination is to assign a
ranking method. The user enters design specifieatior the requirements and
then all process/materials are assigned a requireraek, based upon the
requirements value. These requirement ranks cadrito a weighting function.

* The kernel of the knowledge based decision sugobieme is a fuzzy ranking
algorithm. The fuzzy evaluation method works weledo the uncertainty of
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design specifications and technical requirementseaearly conceptual design
stage.

* A set of alternatives is defined as a fuzzy setfgiven criteria to be evaluated.
Then fuzzy ratings to the alternatives are def@m&diembership functions. The
weights become fuzzy linguistic variables. The ffilnazy rating of an alternative
can be characterized can be characterized by #sharship function. An
alternative with the highest membership functiothies best option.

* Fuzzy ranking for evaluation and selection is nfeible and presents
uncertainty better than more conventional methdts. designer can use
linguistic ratings and weights such as “good”, ffatimportant”, etc., for an
alternatives evaluation and selection.

“A Decision Making Methodology for Material Selemti Using an
Improved Compromise Ranking Method” (Venkata Rad&0

Venkata Rao presents a logical procedure forehexrgon of materials for an
engineering application. The procedure is baseanomproved compromise ranking
method that takes into account the material attedkand their importance to the
application.

* The selection of an optimal material for an engiimgedesign from two or more
materials is a multiple attribute decision makimglgem.

* By utilizing fuzzy set theory the value of an ditrie can first be described in
linguistic terms, then converted into fuzzy numbend finally to a score. An 11
point fuzzy numerical approximation system is pnésé in this work.

* The first step in the presented methodology islémiify the material selection
attributes for the given engineering applicatiofteAdeciding upon candidate
alloys determine the best {mhy) and worst (mmin) values of all considered
attributes.

* Next the attributes are weighted according to tredative importance using an
analytic hierarchy process method. To accomplig) ghcomparison matrix using
a scale of relative importance is utilized.

* Assuming M attributes, the pair-wise comparisomttrfibutes yields a square
matrix Avixm -

* The judgements are entered using a scale whersitvpanteger greater than one
denotes a material attribute being more importaau the one it is being
compared with. The numbers 3, 5,7 and 9 correspotite verbal judgements
‘moderate importance’, ‘strong importance’, ‘vetyosg importance’, and
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‘absolute importance’. The numbers 2, 4, 6, ande8iaed for compromise
between the previous values.

In the reverse case, where a material attribueésned less important than the
one it is being compared to, a reciprocal of onthefprevious numerical
judgments is assigned. The main diagonal of theixn@énotes each material
attribute being compared with itself, and thusballassigned values of unity.

By doing this, in the matrix each material atttdis compared to each other
material attribute twice, and the two numericalgoménts assigned are reciprocals
of one another. The row of the most important maitattribute will be assigned
judgments greater than or equal to 1, while the obthe least important material
attribute will be assigned judgments less thangoiaéto 1.

The normalized weight of each attribute is founct@leulating the geometric
mean of each row and then dividing these by theesoihall the geometric means.

A consistency ratio of less than 0.1 is consideéoeflect an informed judgment
that could be attributed to the knowledge of thalyst. The consistency ratio is
found by dividing the consistency index by the @mdndex.

A performance index for each material is found hytiplying the difference
between each material property value angndn(or oppositely, the difference
between each material property angnif a lower value denotes higher
desirability for a given application) with its ecesponding weighting, then
dividing by mj min subtracted fronmj max, and then summing all the values
obtained from each material property.

“An Intergraded Approach to Product Design, Matsrizelection and Cost
Estimation” (Farag and EI-Magd 1992)

Farag and EI-Magd propose an integrated appraaptotiuct design, material

selection and cost estimation.

As pressure to reduce product development timecastlincreases, the need for
an integrated approach of product design, matesedbction and economic
analysis also increases.

Suggested is a step by step method to design ¢éext seaterials for a project: 1)
Perform the conceptual design and set the desigetokes, 2) Identify the design
limitations and failure criteria so that an optimdesign range can be established,
3) Identify the material performance requiremedjsSelect candidate materials
from a material database using performance regeinesn5) Generate optimum
designs for each candidate materials, 6) Compats t@tween each design-
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material combination, 7) Select the optimum desigaterial combination, 8)
Commence detailed design.

“Data Systems for Optimal Material Selection” (Celand Ashby 2003)

Cebon and Ashby suggest a structured approadathteve optimal material
selections using data systems.

» Structured materials information is generated hyistcally comparing the
results of individual test records to determineimum values of properties
which can be reliably used for design purposes.ades property values may
then be combined to provide functional data, siscktieength v.s. temperature.

» Optimal material selection requires two types @bimation; screening and
ranking information and supporting information. T8weening and ranking step
requires a database of structured information thlteeed based on design
requirements to yield a list of candidate materialge supporting information
step consists of searching through unstructureald#ah the purpose of
narrowing the list of candidates to a few primeicés.

* The screening and ranking step is usually quamn#and consists of shifting
through the database based on the technical ambedo requirements of the
design. The two types of selection criteria arest@mnts and objectives.
Constrains are design requirements that must &fiedt such as a minimum
strength. Objectives are design criteria that rhestnaximized or minimized to
optimize the performance of the component.

» The supporting information step is typically noragtitative and is likely to
contain specialist information. This may be infotima about the microstructure,
details about joining characteristics, or corrogiesistance in a specific
environment. Large quantities of information mayavailable and may be very
detailed. This information should be found easiyebtering keyword searches of
candidate materials.

“Optimal Selection of Composite Materials in Mecltah Engineering
Design” (Edwards, Abel and Ashby 1994)

Edwards, Abel and Ashby present a method for pgienal selection of
composite materials based on performance indicaterals selection charts, and the use
of bounds to define the envelope of properties ssibke to a material.

* The performance of a structural component is atfon®f the functional
requirements, geometry, and material propertiessé&lparameters can usually be
separated which makes the material selection inakgre from the details of the
design.
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» Typically performance depends upon two or more ratproperties which can
be evaluated by plotting one material property acheaxis of a materials
selection chart. By superimposing the performandex on the chart an optimum
choice of material can be made. Weighting factarstwe applied as a means of
compensating for the relative effect and importaofggerformance index groups.

» Material selection relies on a unique synergy ebtly and practical experience.

“Multi-Objective Optimization in Material Design drSelection” (Ashby
2000)

Ashby explores the ways in which multi-objectiy@imization methods can be
used to make optimal material selections.

* When choosing a material the goal is to optimizerttetrics of performance in
the product in which it is used. The difficultytigat the choice that optimizes one
metric will not, in general, do the same for thieess. It then becomes a
compromise, trying to push all metrics as closth&r maxima as their
interdependence allows.

* The performance of a component is measured by peafoce metrics, which
depend upon control variables that represent apjgnties of a material. Multi-
objective optimization is a procedure for simultame optimization of several
independent metrics.

* When there are two or more objectives they arellysmeasured in different
units and in conflict with each other. If two objiwes are plotted against one
another there exists several points on the grapnesenting materials, that have
characteristics that no other solution exists Wilter values of both performance
indices. These solutions are connected by a lirsuidace called an optimal trade-
off surface.

» The trade-off surface identifies the materials thate the best compromise
between the objectives, but it does not distingbettwveen them. One can either
choose a solution using intuition or by formulatengalue function. A value
function is formulated by multiplying each objedilsy an exchange constant and
then adding them all together. An exchange consedaites a performance metric
to value measured in currency, that is they meabarehange in cost for a unit
change in a given performance metric.
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