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New Materials for the Marine 
and Offshore Industry
J. F. G. Conde
A d m ira lty  R esea rch  E sta b lish m en t, H o lto n  H ea th  

SYNOPSIS
The history o f  materials usage in the marine and offshore industry is surveyed briefly and the factors which 
have led to their application are indicated. The current introduction o f  new materials into structural 
applications and engineering systems is described and potential near term and longer term use o f  new 
metallic, organic and ceramic materials is discussed together with technical and economic benefits which 
may accrue.

INTRODUCTION

Portland cement is one of a select group of older established 
materials which were developed in the first instance specifically 
for use in marine applications. Developed by Smeaton in 1756 
as a jointing material for the Eddystone lighthouse, it has 
subsequently found more extensive application on land than in 
the marine industry. In contrast, other materials, such as 
copper, were produced for non-marine applications and were 
later found to have special attributes in marine use.

In this paper, new materials for the marine and offshore 
industry will be considered to comprise both classes of 
materials and to embrace not only those developed to over­
come some specific shortcomings in properties which accom­
pany or inhibit the use of existing materials but also those 
intended for land based or other uses and found to be endowed 
with attractive properties in the marine environment.
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H ISTO RICAL BACKGROUND

W ood is undoubtedly the oldest established material for 
marine applications. Employed because it occurs naturally, it 
is light and buoyant and can be shaped and fabricated with 
readily available tools and handling techniques. By the seven­
teenth and eighteenth centuries, shipyards were the largest 
manufacturing units then in existence and men-of-war were 
certainly the largest items in regular manufacture. At that time 
the hulls of British and French ships were made of oak, with 
pine for masts and yards. Spanish ships employed mahogany 
for hulls and decks since it was more resistant to dry rot and 
Spain had access to the timbers of Cuba and Honduras, many 
large Spanish ships being constructed at that time in H avana.1 
Nails to secure tim ber were of oak or mahogany, wrought iron , 
copper or bronze. Wrought iron bolts of up to nearly 2 metres 
in length were used with wrought iron or wooden nuts.

Whilst cannon used in ships were of copper alloy, bronzes or 
cast iron, the first extensive use of metal in ships was early in 
the seventeenth century, when wooden junks in eastern waters 
were sheathed with copper to provide protection from the 
large wood boring worm Teredo navalis which exists in tropical 
seas. Copper sheathing or ‘coppering’ did not spread to Europe 
until more than 100 years later, the first recorded application 
being in the British Navy in 1761 when a trial was carried out 
on the frigate HMS Alarm  as an ‘experiment of preserving it 
against the worm’.2"4

Iron ships first appeared about 1822 and iron was supplanted 
by steel in the last quarter of the nineteenth century. Warship 
designers in most maritime countries had been reluctant to 
build unarm oured ships with iron hulls because of the splinters

produced when an iron plate was hit by a solid shot. However, 
a number of iron warships were built and a few saw action but 
perhaps fortunately in warm climates, since the wrought iron 
was quite brittle under moderately cold conditions.

FIG. 1: Microstructure of wrought iron hull plating from  
HMS Warrior
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A recent study of material from the hull of HMS Warrior5 
which was the first of the line of RN iron hulled, armourclad, 
ships has proved informative and Figs 1 and 2 show the 
microstructure of the approximately 12.5 mm thick hull plating 
and a macrograph of a T  frame respectively. The mechanical 
properties of the hull plating and 100 mm thick arm our plating 
are shown in Table 1.

The importance of toughness and resistance to crack propa­
gation in steels for hulls first became clearly apparent when 
all-welded construction was widely adopted in World W ar II 
and some spectacular failures occurred. Between 1942 and 
1952, more than 200 ships had sustained serious fractures and 
at least nine T-2 tankers and seven Liberty ships had broken 
completely in two. Although such failures generally originated 
from bad design details or poor welding practice, they led to 
the development of the carbon manganese class of steels with 
improved resistance to brittle or fast fracture and better crack 
arrest properties.

The exploitation of offshore gas and oil supplies initially in 
areas such as the Gulf of Mexico led to the erection of several 
thousand steel structures. These were mainly of the welded 
tubular steel space-frame type, piled to the seabed and in 
relatively calm waters rarely deeper than 60 m etres.6 Steel used 
generally conformed to ASTM A36— a weldable steel for 
general structural purposes (tensile strength 400/500 N/mm2; 
yield point 248 N/mm2). Similar platforms were employed for 
extraction of gas from the southern area of the North Sea 
subsequent to its discovery in 1965. These dem onstrated that 
they were in certain instances under-designed to withstand the 
more onerous environm ent in the North Sea and some had to 
be strengthened. The need to exploit oil in the northern and 
deeper areas of the North Sea in the early 1970s also imposed 
the requirem ent to withstand higher wind speeds and larger 
waves than had been catered for in any previous offshore steel 
structures.

Significant requirem ents for the primary structural com­
ponents of deep water production platforms include medium 
yield strength, good weldability and resistance to fracture and 
corrosion fatigue in the seawater environment. These were

• ) 
i

FIG. 2: Macrostructure of wrought iron Tee fram e from  
HMS Warrior

Table I: Properties of w rought iron from hull of HMS W arrior5

Thickness
(mm)

0.2% 
Proof stress 

(N /m m2)

Tensile
strength
(N/mm2)

Elongation
(%)

Reduction 
ofarea 

(%)

Charpy Vee 
Notch at 
+ 75°C 

(J)

12.5 220 284 11 1 17
12.5 212 253 8 2 —

100-Surface 134 150 6 2 —

100-Centre 123 135 5 2 —

FIG. 3: Small boats w ith  ferrocement hulls8

met by weldable structural steels conforming to BS 4360, 
which embraces materials with yield strengths ranging from 
210 to 450 N/mm2. The majority of the steel used was to Grade 
50D with a minimum yield strength of 340 N/mm2 and Charpy 
Vee notch values of 41J at -20°C ; 27J at -30°C . These steels 
are carbon manganese steels, silicon killed and grain refined 
with niobium and/or vanadium or aluminium and controlled 
low carbon levels to ensure good weldability. Some limited use 
has also been made of Grades 43E and 55E (250; 415 N/mm2 
YS).

Naturally occurring rock and natural cements have been 
used extensively in fixed marine structures and sea defences. 
The high durability of concrete employing natural cements was 
instrumental in its use by the Egyptians and Romans for 
harbours and breakwaters. Following the development of 
Portland cement in the eighteenth century a Frenchman, 
Lam bot, constructed two small boats in 1848 and 1849 by 
applying a sand-cem ent m ortar mix over a framework of iron 
bars and mesh.7 These small craft were the first examples of 
ferrocement construction and established the principles still in 
use today.

The use of ferrocem ent concrete hulls was boosted in the two 
world wars by the need to save steel and to make use of 
comparatively unskilled labour. In more recent times ferro­
cement construction for hulls has been utilized in China and 
South East Asia. Figure 3 shows examples of small boats with 
ferrocement hulls. Reinforced concrete for hull construction 
was first adoped in 1897 in Italy and widely used in World W ar
I for barges and larger seagoing vessels, the largest of these 
being built in the USA (6340 t and 130 m length). W orld W ar
II saw the construction of a variety of barges and other 
seagoing structures, including floating docks and the Mulberry 
Harbour pontoons. Prestressed concrete was first used in 
Germany in 1943 for construction of 5001 barges and in general 
since World W ar II this material has been favoured for con­
crete vessels over about 2000 t deadweight.

In recent years very large oil production platforms built of 
reinforced and prestressed concrete have been constructed for 
use in the North Sea (Fig. 4). These are among the largest 
structures ever built, weighing about ten times more than a 
steel platform; they are not piled but are gravity structures 
resting on the seabed. Some 15 such structures are already in 
place in the North Sea and a further two are under construc­
tion; the largest approaches 106 tonnes in weight. In general, 
concrete platforms contain at least as much steel (as reinforce­
ment and prestressing tendons) as com parable steel plat­
forms.68

While the use of natural polymeric materials such as rubber 
has been commonplace for many years, it was not until the 
1950s that glass reinforced plastic (G R P) materials came into 
use, initially in small boat hulls. The first large scale GRP 
hulled vessel was the m inehunter HMS W ilton , built for the 
Royal Navy some 12 years ago and launched in January 1972.9
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FIG. 4: Concrete platform for the North Sea8

HMS Wilton is 46.6 m LOA x 8.5 m beam. 6.1 m deep and of 
465 tonnes displacement; the total weight of GRP is about 
132 tonnes. More recently, in December 1979, HMS Brecon, 
the first of a larger class of GRP hulled mine countermeasures 
vessels (MCMVs), was com pleted.10 These are 60 m LOA x 
10 m beam, with a mean draught of 2.5 m and a standard 
displacement of 625 tonnes. They replace a class of mine- 
hunters with double mahogany, aluminium framed hulls.

Many other materials have been employed in offshore 
engineering and in ship main propulsion and auxiliary systems, 
propellers etc. These include cast iron, steels and copper base 
alloys for valves and pumps, galvanized steel and copper alloy 
tubes for seawater systems and a range of brasses and cupro­
nickel alloys for condenser tubes and tube plates. Propellers 
have employed cast iron, high tensile brasses, various 
aluminium bronzes and stainless steels. Use has also been 
made of aluminium and aluminium alloys for superstructures 
and for the hulls of small craft. Marine gas turbines have 
employed a wide range of materials, including high strength 
stainless steels and titanium alloys for compressor blading and 
nickel base superalloys for combustion systems, nozzle guide 
vanes and turbine stator and rotor blade materials.

NEW M ATERIALS— GENERAL

The incentives to develop new materials or to use existing 
materials in radically different applications or environments 
can be motivated by a variety of driving forces. These include 
improvement of performance, cost reduction, competition, 
replacement of scarce or toxic materials, safety and environ­
mental legislation.

New materials are frequently at a disadvantage in cost terms 
when research and development costs, costs of introduction 
and routine manufacture are considered in isolation from 
performance benefits and through-life costs or cost of owner­
ship, which may be difficult to quantify precisely at the decision 
stage.

Often the need to match design and m anufacturing tech­
nology to the new material and not to make ‘Chinese copies' is 
not fully appreciated and problems may arise in design, fabri­
cation or use and incur cost penalties. Equally it is not always 
appreciated that current welding techniques for steels were 
developed to suit fabrication of steels contem porary with the 
process development. The newer steels, as will be discussed 
later, may require different welding processes or techniques in 
order to achieve the full potential design advantages of the 
materials.

FERROUS M ETALS

In the 1970s and 1980s, the exploitation of offshore energy 
resources has provided the main incentive for improvements in 
steel properties. In 1975 offshore exploitation accounted for 
15% of the world-wide primary energy production;12 this rose 
to 22% by 1980 and is predicted to reach 30% by 1990. 
Currently there are about 3600" offshore platforms world­
wide and it is anticipated that by the end of 1985 this will rise to 
nearly 4000, the vast majority being of steel. Paradoxically, the 
high cost of oil since 1973 has also prom oted attem pts in the 
steel industry to achieve efficiency and cost reduction by 
automation and energy saving. Improved steel product yields 
and reduced energy consumption have resulted. The North 
Sea now accounts for a significant proportion of sales of 
structural steel products.

During the period since 1950, water depths for offshore 
platforms have increased from about 20 m to in excess of 300 m 
and requirements are likely to increase to 500 m or more in 
future. In general terms, 1 tonne above water requires approxi­
mately 10 tonnes of underwater structure and hence there is a 
considerable incentive to use stronger materials, particularly 
in deeper waters. Similarly with pipelines, there is an increas­
ing need for larger pipelines to handle higher flows at the same 
pressure as with smaller diameters.

Up to the present time, for most fixed offshore platforms 
steel yield strengths have been limited to around 350 N/mm~ 
(e.g. BS4360, Grade 50D ).13 This is based on fatigue consider­
ations, the fatigue strength of welds being substantially unaf­
fected by yield strength. An alternative view14 is that designer 
familiarity may be the principal reason for selecting steels of 
around 350 N/mm2 yield strength, since perhaps only 20% of 
fixed structure nodes are subject to severe fatigue loading. 
Clearly any steel proposed for use in the severe offshore 
environment must have appropriate strength combined with 
toughness, low anisotropy and good through thickness proper­
ties (to avoid lamellar tearing) and possess good weldability.

Improvements in steels in the past decade have come about 
through advances in steel technology coupled with enhanced 
understanding of metallurgical structure/property relation­
ships and the interplay between alloy additions, processing and 
thermomechanical treatm ents.1̂ To obtain an appreciation of 
the properties of the newer steels, it is necessary to describe 
briefly the changes which have taken place in steel manufactur­
ing technology.

The development of the LD convertor process in Austria in 
1948, the first of the top blown basic oxygen furnace (BOF) 
processes, led to further innovations in the Federal Republic of 
Germany and subsequently in Japan1617 of a whole range of 
variants of the BOF process.1 These all have special at­
tributes. in particular, reduction of sulphur and phosphorus 
levels, but not all are equally efficient in this respect and they 
also vary in process efficiency (i.e. oxygen and ferralloy con­
sumption, yield, etc.). To reduce the load on the BOF.
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YIELD STRENGTH N/mm*

FIG. 5: Comparison of yield strength properties of conventional 
and modern steel manufacturing processes18

methods of pretreatm ent of the hot metal between the blast 
furnace and the BOF have been introduced to reduce sulphur, 
phosphorus and silicon levels. Subsequent to tapping the BOF, 
various secondary refining processes may be applied to the 
molten steel in the ladle (sometimes called ‘secondary steel- 
making'). These include vacuum degassing and ladle refining. 
The former can be used to reduce hydrogen content by up to 
70%, to deoxidize, remove oxide inclusions and, in some 
instances where very low carbon levels are required, to decar- 
burize. Additions of calcium, titanium, zirconium or rare 
earths may be made immediately before casting in order to 
achieve sulphide shape control; calcium also has the capability 
to desulphurize.

A further development which has improved productivity in 
billet and slab production is continuous casting. In Japan in the 
1970-1981 period, continuous casting increased from about 
6% to over 70% of constructional steels. The standard 
techniques for producing plate with good low tem perature 
toughness are normalizing (N), quenchingand tempering (QT) 
and controlled rolling (CR). The most recent developments 
are essentially two-stage controlled rolling techniques and are 
described as thermomechanical treatm ents. The intention of

C a -TREATED 

NOT Ca-TREATEO

•00A -008 -012 -016 -020 0 2U 

SULPHUR CONTENT %

FIG. 6: Effect of sulphur content and calcium treatm ent on 
through thickness properties14

all controlled rolling processes is to achieve fine ferrite grain 
size to improve mechanical properties and enhance toughness 
and weldability. Conventional controlled rolling may not 
achieve optimum grain size and toughness partly because of 
mixed prior austenite grain size, a feature which is most 
evident in steels containing niobium and vanadium. Non-uni- 
form structure through the plate thickness may also be related 
to tem perature differences through the thickness during slab 
heating and rolling. In two-stage controlled rolling, lower slab 
heating tem peratures are used to minimize austenite grain 
growth. Initial rough rolling is in the range 1100-950°C and the 
first controlled rolling stage between 920 and 850°C.

The second controlled rolling stage is at lower tem peratures 
finishing below the A r3 (y —> a )  transformation tem perature 
(700-730°C). These thermomechanical treatm ent procedures 
treat heating, rolling and cooling as a continuum rather than as 
discrete processes. A variety of procedures which differ in 
detail have been developed, principally by Japanese steelm ak­
ers, but all achieve broadly similar results. A disadvantage of 
low finish rolling tem peratures is that more powerful rolling 
mills are required and in some instances roll closing forces of 
up to 6000 tonnes may be necessary.

A further variant which has been introduced is accelerated 
cooling on completion of rolling. In this process, controlled 
rolling is completed above or at Ar3 and accelerated water 
cooling is applied at a rate between 3 and 12°C/second depend­
ing on the grade of steel and plate thickness. The stop or 
finishing tem perature for water cooling is about 550°C and 
subsequently air cooling is employed. The cooling rate is 
selected to transform the austenite to fine bainite without any 
martensite. The stop tem perature determ ines the volume frac­
tion of bainite and affects the hardness of the bainite by an 
autotem pering mechanism. Fracture toughness deteriorates 
with stop tem peratures below about 450°C.

These changes in the manufacturing technology of steels in 
the past 35 years, many of which have occurred in the past 
decade, have made possible steel plate materials with greatly 
improved mechanical and other properties (Fig. 5). A particu­
lar problem which has been overcome is low through thickness 
toughness and ductility in plates and flat rolled products, which 
result in lamellar tearing in highly restrained Tee-butt and 
corner welded joints and longitudinal cracking during bending. 
This has been achieved by elimination of harmful coplanar 
ribbons of manganese sulphide which may result from low 
finishing tem peratures.

Figure 6 shows the effect of reduction of sulphur level and 
calcium treatm ent on through thickness ductility of plate 
material by reducing sulphur levels, additions of Ca, Zr, Ti or 
rare earths which convert MnS into less plastic sulphides and 
also effect inclusion shape control.15 Such additions may also 
produce further desulphurization and elements such as Ti may 
act to produce grain refinement and precipitation strengthen­
ing. These latter two features are the essential objectives of 
microalloying with Nb, V and Ti which act by formation of 
carbides or nitrides. The various controlled rolling and other 
procedures are designed to suit the stability of the microalloy 
carbides and nitrides.

Conventional normalized steels have uniform microstruc­
ture and stable mechanical properties but owing to a relatively 
high carbon content, which is necessary to meet mechanical 
property levels, they have comparatively high carbon equiv­
alent or CE values, typically 0.34-0.44% . CE is defined as:

„  Mn Cr + Mo +  V Cu + Ni
CE = C + ---- 4 -----------------------+ --------------

6 5 15

where the chemical compositions are in weight per cent. 
Higher CE values represent higher hardenability and hence a 
relatively high preheat tem perature is required when welding 
to prevent cold cracking. The heat input employed in welding 
is limited to 4-5 kJ/mm to obtain good heat affected zone 
(H A Z) toughness and to reduce H A Z hardness to avoid 
danger of environmental stress corrosion cracking. Customers
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may often specify maximum H A Z hardness levels of 260 to 350 
HV for C-M n steels to be used in offshore structures and this 
may be difficult for the fabricator to meet in practice.

It has been pointed out2" that the CE value calculated as 
above cannot be used reliably as a means for predicting H A Z 
hardenability, since the formula was originally derived for 
C-M n steels in the 1960s when the steels were ‘balanced’ and 
not silicon killed. Silicon is not taken into account in the 
formula nor are the effects of increased cleanliness or the 
presence of Nb, Ti and AI in enhancing hardenability. O ther 
more complex formulae have been proposed but are not in 
general use.

Modern steelmaking techniques combined with therm o­
mechanical treatm ent allow lower CE values (by reduction of 
carbon and other hardening elements), more isotropic and 
uniform properties (Fig. 7) and improved toughness without 
loss of strength. Thermomechanical treatm ent followed by 
accelerated cooling can permit even lower CE values without 
loss of mechanical properties. These modern steels with lower 
CE values (0.30/0.38%) can be welded with higher heat inputs 
and in many instances preheating can be dispensed with for 
thicknesses up to at least 40 mm without risk of cracking 
(Fig. 8). For heavier material of 50-100 mm thickness, m oder­
ate preheating may be necessary in fabrication of restrained 
features such as node structures. The steels with very low CE 
values such as are now available (0.27/0.29%) may suffer 
softening in the H A Z if welded with high heat inputs. Their 
application is also limited by the fact that, in general, post-weld 
heat treatm ent (PW HT) is not acceptable with these low CE 
materials. Table II shows the chemical composition and 
mechanical properties of some typical BS 4360 Grade 50D 
steels produced by thermomechanical working processes in 
comparison with a normalized grade.

These thermomechanically treated steels have been 
approved by some of the major classification societies for ship 
construction and limited quantities have actually been used for 
bulk carriers, tankers, ore carriers etc. Lloyd’s Register has 
approved such steels for Grades E, A H , DH and EH ship 
plates and for plates in LT60 Grade for low tem perature 
service. They have also been employed for semisubmersible 
drilling rigs and at least one jack-up rig, as well as jacket and 
node steel pipes for platforms.

The requirem ent to construct offshore structures to operate 
in deeper waters and also in the more northerly Arctic areas 
has necessitated development of stronger steels in thicker 
sections. Exploitation of energy in the Arctic areas21 involves 
not only minimum service tem peratures of —50 to —60°C but 
also the effects of ice loading and abrasion, in addition to the 
normal wind and wave loading. Maximum plate thicknesses of 
200 mm may be required in production structures and, for ships 
such as ice breakers, 75 mm plate with 590 N/mm2 yield stress 
may be necessary in the bow. For certain applications, 100-200 
mm thick material with yield strength as high as 690-900 
N/mm2 may be required. Strengths up to around 450-500 
N/mm2 can be achieved by alloying with modest levels of Mn, 
Cu. Ni. Nb and V combined with normalizing; or up to 550 
N/mm2 by use of thermomechanical treatm ent.

For higher strengths, quenched and tempered steels with 
N i-C r-M o, N i-C r-C u-M o-B , C r-M o-Z r or other combi­
nations of elements such as C r-M o, Ni-M o etc. can be employ­
ed. Such materials may have CE values as high as 0.55-0.65% , 
requiring preheat to 125-150°C when welding, but will have 
excellent toughness and low tem perature properties down to 
—70° to —80°C in thicknesses up to in excess of 150 mm. These 
materials compare with the well established H Y series of steels 
HY80 (550 N/mm2), HY100 (690 N/mm2) and HY130 (900 
N/mm2) used for naval applications.

Steels for pipeline service, particularly under sour gas con­
ditions (the presence of hydrogen sulphide and possibly also 
C O , under wet conditions), require resistance to stress cor­
rosion cracking (SCC) and hydrogen induced cracking (HIC). 
SCC occurs normal to  the surface, whereas HIC is normally

FIG. 7: Comparative isotropy of thermomechanically treated  
steel16

FIG.

PREHEATING TEMPERATURE 
AT OVERHEAD F IL L E T  
WELD

8: Preheating conditions for normalized and therm o­
mechanically treated EH36 plate materials19

internal and parallel to the surface or it may take a step-like 
p a th .17 For protection against SCC, a maximum hardness 
value of H V 248 has been recommended for steels for sour gas 
service. Generally, steels which are to resist SCC and HIC are 
vacuum degassed, low in sulphur (<0.002% ), calcium treated 
for inclusion shape control, have low phosphorus content and 
restricted levels of manganese. HIC cracks sometimes occur in 
extremely low sulphur pearlitic steels associated with a micro- 
structural feature known as ‘anomalous structure’. This is 
believed to be a low tem perature transformation product of 
high hardness >450 HV (bainite or m artensite), and not 
ferrite-pearlite. The interface between the normal and 
anomalous structures is thought to be a plane of weakness. The 
use of thermomechanically treated steels with or without 
accelerated cooling enables even heavy wall X65 and X70 
grade steel pipe material with excellent low tem perature tough­
ness to be achieved by microalloying.

The microalloyed, ultra-clean steels may show, in plates 
finished rolled below A r?, a phenom enon known as separa­
tion .16 Intercritical rolling produces a very banded type of 
microstructure and tensile tests can show separations some­
what similar to those found in laminated plates. The effect
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Composition
Table II: Typical thermom echanically treated and normalized steels and properties'9

Chemical com position %

■fee/
Thickness

(mm) C Si Mn P S Ni Nb
Al

sol. Ti Cu N
CE
(%)

A 50 0.12 0.26 1.36 0.016 0.004 __ 0.028 0.045 0.016 0.006 0.35
B 50 0.07 0.16 1.39 0.018 0.002 0.29 0.026 0.028 0.017 — 0.0071 0.32
C 50 0.13 0.32 1.44 0.019 0.003 0.22 0.03 NA NA 0.28 NA 0.40

A Thermomechanically treated
B Thermomechanically treated + accelerated water cooling 
C Normalized

Mechanical properties

Steel D irection

Tensile properties Charpy Vee impact

YP
(N /m m2)

TS
(N /m m2)

El
(%)

RA
(%)

-40°C
(J)

-60°C
(J) FATT

A L 377 504 34 __ 214 -8 8
T 397 515 32 — 132 -7 2
Z — 511 — 75

B L 386 547 30 — 267 182 -7 9
T 415 534 28 — 191 163 -7 7
Z — 527 — 64 —

C T 393 525 — 147 -5 5

Weld properties

Charpy Vee impact 
Heat -------------------------------

Thickness Welding input Notch -60°C -40°C -20°C
Steel (mm) process (kJ mm) position (J) (J) (J)

A 50 SAW 5 Weld __ 96 134
Fusion zone — 139 231

6 Weld — 178 —

Fusion zone — 149 —

8 Weld — 31 57
Fusion zone — 88 116

HAZ — 226 265

B 50 SAW 3 Weld 50 97 —

Fusion zone 79 138 —

HAZ 237 273 —

4.5 Weld 60 70 —

Fusion zone 90 105 —

HAZ 265 282 —

6 Weld 44 66 —

Fusion zone 104 127 —

HAZ 256 294 —

C 50 3.2 Fusion zone — 49 —

becomes evident in tensile tests after maximum load when 
necking has commenced. The effect is not associated with 
non-metallic inclusions and is thought to be due to slip between 
ferrite and pearlite bands and does not represent a potential 
failure mechanism for materials in service.

A further feature of the modern steels employed in offshore 
structures is that in some instances certain local regions of the 
H A Zs of welds may show low fracture toughness as charac­
terized by crack tip opening displacement (CTO D) value.22 
The welds and parent material may show high resistance to 
fracture initiation. The significance of such local regions of low 
toughness in overall structural integrity is not established nor 
are the plate compositions, welding procedures, PWHTs etc. 
which might be selected to avoid the effect under typical 
fabrication conditions.

Innovations in welding and joining

It is essential to select the welding or joining processes which 
are to be used in fabrication to suit the material. In many 
instances the modern steels have been developed with 
improved weldability as an objective; in particular, suitability 
for higher heat input and autom ated processes with reduced 
need for preheat and, if possible, enhanced as-welded proper­
ties.

The move to automatic and also less operator-sensitive 
processes is well illustrated by experience in the construction 
of submarines for the Royal Navy in QT HY80 type material. 
A t present about 87% of welds are manual metal arc (MM A), 
3% MIG and 10% submerged arc in term s of weight of 
consumables.2. The Ministry of Defence has sponsored the 
development by The Welding Institute of autom ated pulsed 
metal inert gas (M IG) equipment which is currently under 
evaluation in the shipyard.”4 This process is expected to replace 
MMA for a wide range of welding tasks and will enable the 
welder to concentrate on positioning of the weld, since 
optimum weld param eters can be m aintained automatically. 11 
is estimated that there will be a saving of up to 40% in 
consumables. There is also interest in narrow gap processes 
possibly using pulsed MIG.

O ther narrow gap processes have been under investigation 
since the late 1960s, including electron beam (EB) and laser 
beam (LB) welding.

EB welding produces a deep, narrow weld, usually in a 
single pass with fine grain size and small HA Z. The low heat 
input and resulting low distortion, combined with the high rate 
of joint production, make EB welding attractive for joining 
thick sections. Complexity, the need for accurate edge register, 
high capital cost and the current need to weld in vacuum are 
obstacles to the use of the process for large structures. How­
ever, developments in out-of-vacuum EB welding may over­
come some of these problem s, although the hazard of X-ray 
generation could be an obstacle to industrial use of the process 
except under carefully controlled conditions. Nevertheless, 
conventional EB welding is being actively assessed for welding 
of subassemblies for submersibles and in France2̂  a full scale 
apparatus has been developed for single pass EB welding of 
pipelines up to 610 mm OD by 32 mm wall thickness. The 
intention is to employ a dynamically positioned vessel using 
the J-curve pipe laying technique.

The MOD took the lead in the development of LB welding 
in the UK in conjunction with The Welding Institute and other 
organizations. In the UK, currently available continuous C 0 2 
lasers with power levels up to about 10 kW are able to weld up 
to 12-15 mm in low alloy steels such as HY80, HY100 and 
HY130; also in the microalloyed structural steels. Owing to the 
high cooling rates in EB and LB welds, the fusion zone and 
H A Z hardnesses in the low alloy steels may exceed HV 400 
and corrosion fatigue crack growth rates in seawater may be 
unacceptable without PWHT. In addition, certain batches of 
material may show poor weld metal centreline toughness but 
there are indications that, by control of residuals and PWHT, 
this problem can be overcome. The use of a nickel alloy shim in
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FIG. 9: (left) Electron beam weld in 75 mm BS4360 50D48 and (right) Laser beam  
weld in 12.5 mm BS4360 50D48

the weld preparation has also been found to improve the weld 
metal properties in LB welds. Electron beam and laser welds 
are shown in Fig. 9.

In the 1970s considerable development took place in under­
water welding and research is still in progress, particularly in 
relation to wet welding as distinct from dry habitat or 
minihabitat welding. Objectives tend to be improvement of 
electrodes and welding procedures to enable welding in deeper 
water of more than 100 m in a wider range of situations and 
materials.

Recent developments in friction welding which appear to 
have potential in the offshore industry are radial friction 
welding for pipelines26 and underwater friction welding of 
attachment studs to platform structures.27

Steel castings

Whilst cast HYSOor its UK equivalent Q1N has been employed 
for many years in submarines for complex cast components 
such as hull valves and other steels in ships for stern frames, it 
is only recently that major cast structural components have 
been used in offshore structures.

In the past 7 years in the UK2S and FR G 2'\  cast steel node 
components and padear and other castings for lifting points 
have been developed. The UK steel was designed to be 
compatible with BS 4360 Grade 50D in terms of mechanical 
properties and weldability and is essentially a fine grained, 
pearlite reduced microalloyed steel containing small amounts 
of molybdenum (see Table III). Cast nodes show a significant 
reduction in stress concentration factor (SCF) and hence 
improved fatigue performance compared with comparable 
fabricated nodes. In one particular example, a 108 tonnes weld 
fabricated node was reduced to a 70 tonnes casting with an

almost 50% reduction in cost. Similar weight and cost benefits 
are claimed for cast lifting devices for heavy offshore lifting 
where a single lift may be up to 2000 tonnes.

Stainless steels

Since the early 1970s the manufacturing technology of stainless 
steels has made similar advances to those in the structural 
steels: in particular, the argon-oxygen decarburization (A OD) 
process and the use of vacuum induction and vacuum arc 
melting.3" The AOD process and its variants permitted control 
of carbon without excessive loss of chromium. Carbon could 
be reduced to much lower levels, the major alloying elements 
could be controlled more precisely, nitrogen could be a con­
trollable alloying element and impurity elements (e.g. S, Pb, 
Sn, Bi) detrimental to hot working could be reduced signifi­
cantly. These developments have perm itted evolution of com­
positions of austenitic, ferritic and duplex (austenitic/ferritic) 
stainless steels with higher alloy content and improved resist­
ance to pitting, crevice corrosion and stress corrosion under 
marine conditions.

Some examples of modern stainless steels are shown in 
Table IV. The principal factor contributing to the improved 
performance of stainless steels in seawater and marine con­
ditions generally has been increased molybdenum content, 
which has provided enhanced pitting and crevice resistance. 
The level of molybdenum is fairly critical and, of the austenitic 
steels, whilst steel No. 1 is much better than, say, 316 (2-3% 
Mo), it is still susceptible to crevice attack in artificial crevices 
and under biofouling. Steel No. 2 with high Mo is more 
resistant and in excess of 8 x 10h m of tubing is in service in 
seawater cooled condensers in North America. There is some 
similar experience in Europe with steel No. 3. This type of steel 
has also been used’1 for the high pressure pipe systems of 
seawater reverse osmosis plant for fresh water production. It is 
known to perform well in the brine outlet side with 30000 ppm 
chlorides. The resistance to stress corrosion of these higher 
alloyed austenitics is also believed to be better under chloride 
conditions but each use needs to be assessed carefully. Stan­
dard laboratory testing procedures using boiling, 42% MgCL 
may be unduly severe and unrepresentative of actual plant 
conditions and materials failing this test may perform quite 
adequately in service.
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Table III: Composition and properties of cast node steel28

Typical chemical com position  (%)
CE
(%)c Mn Si P S Nb o>

Ni Cu Ti Al

0.13 1.29 0.30 0.010 0.002 0.023 0.04 0.12 0.41 0.05 0.01 Present 0.43

Mechanical properties

YS TS El. R o fA Charpyat CTODat
(N m m 2) (N m m 2) (%) (%) -40°C (J) -- 10°C (mm)

Specification 320 460 20 45 35 0.25
min. values

Typical 340 360 480 510 30 70 70/100 0.8/1.2

In the ferritic grades, control of interstitial elements such as 
carbon and nitrogen has enabled greater alloying with 
chromium and molybdenum without impairing toughness and 
weldability. Steel No. 6 in Table IV has inadequate crevice 
resistance for use in seawater but if the Mo content is increased 
to above 3% resistance is greatly enhanced. Steel No. 7 has 
been used successfully in seawater condensers and more than 
2.4 x 10'’ m of condenser tubing are already in service. Tubing 
can be made by welding and is claimed to have advantages over 
90/10 CuNiFe and titanium. The ferritic stainless steels also 
show much better resistance to stress corrosion than the 
austenitics in chloride environments. Control of composition 
has enabled materials of up to 12 mm thick to be manufactured 
with adequate toughness but the problem of thicker plate with 
appropriate toughness and weldability still remains to be 
solved.

The duplex stainless steels have the advantage of greater 
strength than the austenitics (double the proof stress and 25% 
greater tensile strength) and are tougher than the ferrites but 
can match their resistance to pitting, crevice and stress cor­
rosion. Although not immune to chloride stress corrosion 
under all circumstances, the duplex materials do have good 
corrosion fatigue properties. Steels such as No. 11 have been 
used for pipes carrying wet CO :-containing gas and can elimin­
ate dehydration equipment on satellite platforms. It has also 
been used for air-cooled gas coolers, down-hole piping, deep 
sour gas well production tubulars, flowlines and gathering 
systems and there has been some limited use for riser pipes, 
particularly to resist splash zone corrosion effects. Alloys 12 
and 13 have found application in oilfield water injection 
pum ps,’1 and small cast marine propellers.

N O N -FE R R O U S  M A T E R IA L S  

C o p p e r alloys

The scale of usage of copper alloys in marine and offshore 
applications is not surprising in view of the availability, general 
fabricability and mechanical properties combined with ac­
ceptable corrosion resistance, favourable antifouling proper­
ties and useful physical properties. Recent developments in 
copper base alloys have been in improved understanding of 
design of castings together with running, gating and feeding 
systems to achieve sound castings, the use of centrifugal cast­
ing, introduction of higher strength cast cupronickel alloys and 
some novel wrought materials. Application of copper alloy 
cladding has also been exploited and this will be described later 
in the paper.

The Royal Navy has employed cast nickel aluminium bronze 
(NAB) in high integrity seawater systems for many years but, 
due to the complex microstructure of the alloy and its som e­
what low resistance to fouling, some corrosion has occurred 
locally under biofouling or other deposits or in way of weld 
repairs in the H A Z. A num ber of high strength cast cupro­
nickel alloys32 have been evaluated as potential alternatives 
over the period since the late 1960s. Although some of these 
existed in reasonably well characterized experimental form 
when the need for a high strength alloy was first identified, 
NAB was used since it could be melted in the oil and gas fired 
furnaces with which most non-ferrous foundries were equip­
ped. Cupronickel alloys, particularly those with 30% nickel 
which were considered necessary for high corrosion resistance, 
could only be melted in electric furnaces, at that time unusual 
in all but high nickel alloy and steel foundries. The position has 
changed in the past decade and electric furnace capacity is now 
fairly common since the advantages of electric melting have 
been more widely appreciated, the faster melting and cleaner 
furnace atmospheres resulting in a superior quality product. 
The two Cu-Ni casting alloys which have been evaluated most 
extensively, including trials of up to several years duration on 
prototype or ‘dem onstrator’ components such as condenser

Table IV: Some modern stainless steels30

No. Type

Nom inal chemical com position  (%)

Cr Ni Mo C N Cu W T Ti +-Nb Nb

1 Austenitic 19/23 23/28 4/5 0.02 _ 1/2 _ _ _ _
2 20/22 23.5/25.5 6/7 0.03 — — — — — —
3 19.5/20.5 17.5/18.5 6/6.5 0.02 0.18 0.22 0.5 1.0 — — — —
4 27 31 3.5 — — 1.0 — — — —
5 22/26 33/37 5/6.7 0.03 — 2/4 — — — —

6 Ferritic 25/27 — 0.7/1.5 0.01 0.015 — — — — 0.05/0.20
7 25/27 1.5 3.5 2.5/3.5 0.025 0.035 — — — (a) —
8 24.5/26 3.5/4.5 3.5/4.5 0.025 0.035 — — — (a) —
9 28/30 2/2.5 3.5/4.2 0.01 0.020 — — — — —

10 Duplex (A + F) 18/19 4.25/5.25 2.5/3.0 0.03 — — — — — —
11 21/23 4.5/6.5 2.5/3.5 0.03 0.08/0.20 — — — — —
12 24/27 4.5/6.5 2/4 0.04 0.1/2.5 1.5/2.5 — — — —
13 24/26 5.5/7.5 2.5/3.5 0.03 0.1/0.2 0.2/0.8 0.1/0.5 — — —

(a) Ti + Nb = (0.20 + 4(C + N) — 0.80)
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(A)
Table V : Composition and properties of tw o  high strength cupronickel casting alloys

Specified chemical composition  (%)

A lloy Cu Ni Fe Mn Si Cr Zr
Pb

max.
P

max.
Bi

max. Nb + Ta
S

max.
C

max.
Co

max.

Total
imp.
max.

IN 768" 
BS 1400 
HSCN1

Bal 29/33 0.4/1.0 0.4/1.0 0.2/0.4 1.5/2.0 0.05 0.15 0.005 0.005 0.002 — 0.01 0.03 0.05 0.2

C u -N i-N b -S i 
BS 1400 
HSCN2

Bal 28/32 1.0/1.4 0.4/1.0 0.2/0.4 0.005 0.005 0.002 1.2/1.4 0.01 0.03 0.05 0.2

(B)

A lloy

Mechanical properties

Tensile strength 0.2% Proof stress 
(N /m m 2) (N /m m 2)

Elongation 
in 50 mm

(%)

IN 768 480 min. 300 min. 18min.
IN 768' 514typical 336 typical 26typical

C u -N i-N b -S i 460 min. 300m in. 18 min.

’ Proprietary alloy, Inco Alloy Products.

headers and bow thruster components on MCMVs, are shown 
in Table V together with mechanical properties.

Although BNFMTC have derived casting design and foun­
dry rules for the alloys and sound castings can be produced 
without difficulty, there may be a requirement for either weld 
repair or rectification or cast/weld fabrication in future and 
hence weldability is important. In common with other copper 
base alloys the cupronickels show a ductility trough in the 
range 500-600°C, which can give rise to cracking problems in 
welding. This is believed to be related to impurity levels, grain 
boundary effects and grain size. Hence certain casts may 
require care in welding but MMA, MIG and TIG welding 
techniques have been used successfully.

Centrifugal casting is a process which has only in recent years 
been applied to high strength copper alloys for marine appli­
cations. In the past 5 years the Royal Navy has evaluated NAB 
header castings fabricated by centricasting in the UK and 
Europe. The process looks economically and technically 
attractive in comparison with traditional sand casting.

In recent years a new metallurgical strengthening 
mechanism known as ‘spinodal' decomposition has been recog­
nized and exploited in practical alloys. The first example in 
marine alloys was IN 768, discussed above. This mechanism 
can be used to develop a wide range of mechanical and physical 
properties similar to precipitation hardening. However, 
spinodal alloys tend to be more ductile at a given strength level 
than other alloys and more stable during heat treatm ent than 
precipitation hardening materials. A number of alloy systems 
show the phenomenon (the mechanism 
of which is beyond the scope of this 
paper), including Cu-N i-Sn alloys.33 
Materials are treated in a similar way to 
precipitation hardening materials, i.e. 
solution treat, water quench (WQ) and 
age; or solution treat, WQ, cold work 
and age. Solution treatm ent for the C u- 
Ni-Sn alloys is in the range 700-860°C 
and ageing is between 300 and 400°C, the 
precise tem peratures depending upon 
alloy composition. The materials can 
also be produced in cast form as sand or 
centrifugal castings. Alloy designations 
and properties are given in Table VI in 
comparison with phosphor bronze and 
beryllium copper.

The alloys are reputed to have good corrosion resistance in 
seawater, e.g. the Cu-10Ni-8Sn alloy in the solution treated 
and aged condition is reported to have a corrosion rate of 7.1 
m g/dnr/day in seawater. The alloys are also stated to have 
good fatigue properties, stress relaxation resistance and form- 
ability. The C72800 alloy has been used for high strength 
marine fasteners (1000 N/mm2 tensile strength; 689 N/mnv 
0.01% offset proof stress). Extruded and also sand and cen- 
trifugally cast parts in this alloy have been used for undersea 
cable repeater housings. The C72900 alloy has been used for 
corrosion/erosion resistant weld overlays deposited by TIG 
welding on silicon bronze pump impellers for seawater service 
and its use for cast pump bodies has been proposed, as has 
C96800 for similar duty.

Titanium

Titanium and its alloys have now been under development for 
about 30 years and usage in seawater applications in the UK 
and North Sea totals about 3000 tonnes.34 3’ In view of this 
limited use of titanium in marine and offshore applications it 
still qualifies as a relatively new material, in the sense that it is 
applied less widely than its properties indicate that it could be 
with technical and economic advantage. It is strong, light 
(density 4.50 kg/m3), has a modulus of elasticity about half that 
of steel and is non-magnetic. It has excellent corrosion resist­
ance in seawater under static or flowing conditions and can 
tolerate very much higher flow velocities in pipe systems than 
the established copper base alloys such as 90/10 CuNiFe and 
70/30 CuNiFe.

The high strength titanium alloys do not stress corrode in the 
conventional sense since they require an initiating feature such 
as a surface precrack, although they do appear to suffer crack 
propagation when precracked specimens are loaded in sea­
water. The phenomenon has sometimes been referred to as 
sustained load cracking. However, the use of material with 
extra low interstitial levels (ELI) (i.e. carbon, oxygen, hydro­
gen and nitrogen) can render sustained load cracking less 
sensitive to processing and heat treatm ent variations.

Table VI: Mechanical properties of copper-nickel-tin alloys in strip form 33

A lloy
designation Type Condition

TS
(N /m m 2)

Proof stress 
(N /m m 2)

Elongation
(%)

C72600 C u-4N i-4S n AH + A 620 min. 517 (0.05%) 12
ST + A 703 min. 586 (0.05%) 7

C72700 C u-9N i-6S n 78%CW + A 1103 931 (0.05%) 2.5
C72800 C u-10N i-8S n  +  Nb •IH + A 1172 min. 1000 (0.2%) 7
C72900 C u-15N i-8S n 78%CW + A 1124 min. 1069 (0.05%) 2

1379 max. 1172 (0.05%)
C51000 Phosphor bronze CW 738 552 (0.5%) 3
C 17200 Cu-Be ST + A 1310 min. 1138 (0.2%) 1

1517 max.

C96800 for castings
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FIG. 10: F ab rica te d  tita n iu m  h e a d e r

In  p ractice , a llo ys such as T i - 6 A l - 4 V  have been used quite 
successfu lly  in  a w ide range o f a p p lica tio n s as a lso  has co m m er­
c ia lly  pure ( C P )  t ita n iu m . T ita n iu m  is not in tr in s ic a lly  a n tifo u l- 
ing and  hence m arin e  fo u lin g  can o ccu r but no crevice  o r  other 
enhancem ent o f co rro sio n  is found beneath deposits. It is also 
resistant to su lp h id e  p o lluted  seaw ater. T h e  resistance of 
tita n iu m  to h yp o ch lo rite  enables ch lo rin a tio n  o r hyp o chlo rite  
to be used to prevent b io fo u lin g .

M a rin e  e n g in e e rin g  system s (e .g . seaw ater system s) g ener­
a lly  in v o lv e  d iss im ila r  m etals and since tita n iu m  is m ore noble 
than m ost estab lish ed  m a rin e  m ate ria ls  it is cath o d ic  in most 
b im e ta llic  couples and the co rro sio n o f the a n o d ic  m em ber(s) 
m ay be accelerated . T h e  rate o f co rro sio n  o f a p a rticu la r 
m etal3*’ w ill depend on the curren t flow ing between the d iss im i­
la r m etals in re lation  to th e ir surface areas. T h is  depends upon 
the p o la riza tio n  ch aracteristics o f the m etals, the resistance o f 
the m e ta llic  and e le ctro lytic  paths and respective areas o f the 
anode and  cathode com ponents and is freq u en tly  not related 
d ire ctly  to the un co up led  e lectrode p otential d ifference. P ra c ­
tical system s often have com p lex geom etries and the effective 
surface area ra tio  d iffers from  the p h ysica l area ra tio , ow ing to 
the resistive  losses in the e lectro lyte . R e c e n t ly ,36 m athem atica l 
m odels have been developed  so that the m agn itud e and d istri­
b ution o f co rro sio n  rates in such system s can be calcu lated  
using  co m p uter techniques. C le a r ly  the m ost co m p atib le  a llo y  
co m b in atio n s should  be selected and a range of techniques can 
be used to overcom e b im e ta llic  co rro sio n  in c lu d in g  in su la tio n , 
coating  o f the tita n iu m  o r cath o d ic protection.

T h e  p o ss ib ility  o f hydrogen abso rp tion by tita n iu m  with 
consequent em brittlem ent due to h y d rid e  form atio n has been 
d iscussed and  researched  a great d eal. E s s e n t ia lly  it has been 
suggested that although a surface la y e r o f h y d rid e  m ay form  
un d er certain  co n d itio n s, d iffu sio n  into  the b u lk  m ateria l is not 
sign ifican t below  about 8 0 °C . Sho rt term  data are not a re lia b le  
in d ica tio n  and o n ly  isolated  instances have o ccu rred  in  service. 
U n d e rsta n d in g  o f the ph enom en on is now  su fficien tly  broad  to 
enable  a void an ce in  m ost ap p lica tio n s.

T ita n iu m  and tita n iu m  a llo ys  are b e ing co nsid ered  fo r use in 
h igh p ressu re, h igh in teg rity  seaw ater system s in R N  sub­
m a rin e s,24 since they offer a ttractive strength and other p ro p e r­
ties com p ared  w ith tra d it io n a l w rought and cast co p p er base 
a llo ys. B o th  cast and w rought m ate ria ls  are being assessed and 
a C P  tita n iu m  co nden ser header fab ricated  from  forged co m ­
ponents is show n in F ig . 10 . Successful ap p lica tio n s o f t itan ium  
in R N  w arship s in c lu d e  tub ing in  d ra in  coolers w here 70/30 
C u N iF e  suffered ‘h o t-sp o t’ co rro s io n , d iesel exhaust scrubb er

system s and h u ll bolts on m in e co unterm easu res vessels, co m ­
pressor b la d in g  and d iscs in m arin e  gas tu rb in e s, b a lls  in 
seaw ater b a ll va lves and a v a rie ty  of o ther com p onents w here 
prob lem s w ere experienced  o r an tic ip ated  w ith m ore tra ­
d it io n a l m ateria ls.

S m a ll deep sub m ersib les have been fab ricated  in the U S A  
and  F ra n ce  from  tita n iu m  a llo y  and  the T i - 6 A 1 - 4 V  a llo y  has 
been used in h yd ro fo il com p onents such as struts, fo ils and 
w ater je t  p ro p u ls io n  u n its .34 3' P ro p e lle r shafts for hovercraft 
have also been m ade in tita n iu m  a llo y . O th e r a p p lica tio n s of 
tita n iu m  in c lu d e  an ch o r lugs fo r cath o d ic protection anodes, 
h yp o ch lo rite  w ater treatm ent plants and e le ctro ly tic  h y p o ch lo ­
rite generators, fo r treatin g  w ater fo r re in je ctio n  into o il w ells 
or fo r preventio n o f b io fo u lin g  in flooded steel structures. T h e  
most extensive use o f t ita n iu m  so far in the N o rth  Sea has been 
in heat exchangers for p rod u ct and g lyco l co olin g.

NICKEL ALLOYS

M a n y  estab lish ed  n ick e l base a llo y s  d evelo p ed  fo r general 
en g in eerin g  and process plant a p p lica tio n s have been found  to 
have sp ecial attribu tes in the m a rin e  en v iro n m e n t and in 
seaw ater and have been ap p lied  in cre a s in g ly  in recent ye ars in 
m arin e  ap p lica tio n s. O th e r a llo ys  have been d evelo ped  sp e cifi­
c a lly  to overcom e p rob lem s enco un tered , fo r e x am p le , in 
m arin e  gas turb in es at elevated  tem peratures.

A  w idespread  use o f high n ick e l a llo ys  d evelo ped  in the 
1970s fo r scru b b er system s in  inert gas system s in o il ta n k e rs .37 
B o ile r  exhaust gas is scrubb ed to rem ove soot and su lp h u r 
oxid es and  the resu ltin g  in ert gas is forced into  the airsp ace 
above the o il cargo , flu sh ing out the vo la tile  (and  p o te n tia lly  
exp lo sive) h yd ro ca rb o n s w hich w ould  n o rm a lly  be present. 
T h e  in ert gas consists o f nitrogen w ith  carbon d io x id e  and 
about 4 %  o f oxygen. T o  support co m b ustio n o f h yd ro ca rb o n / 
a ir  m ixtures about 1 2 %  o r m ore oxygen is re q u ire d . Seaw ater 
is used fo r scrub b in g. A  v a rie ty  o f d ifferent in ert gas system s 
are in  op eratio n  and in  som e In co lo y  825 (see T a b le  V I I )  has 
proved  satisfactory w hile  in  others use has been m ade of 
In co n e l 625, a low er iro n , h ig h er n ic k e l, h ig h e r m o lyb d e n u m , 
but stronger and m ore expensive a llo y . T h e se  m ate ria ls  have 
also been used fo r bellow s. T h e  e n viro n m en t in  scrubbers 
co ntains ch lo rid e s in the presence o f acid  seaw ater (due to 
d isso lu tio n  o f su lp h u r o xid es) and p H  va lu es can be as low  as 
1—1 .5  w ith tem peratures up to 5 0 °C . T h e  n ic k e l a llo ys have 
good p ittin g  resistance in ch lo rid e  e n viro n m en ts and crevice  
co rro sio n resistance im p ro ves w ith in cre asin g  m o lyb d e n u m  
content, In co n e l 625 ( 8 - 1 0 %  M o) b e ing  v irtu a lly  im m u n e  to 
crevice  attack in seaw ater. In cre a sin g  n ick e l content also 
im p ro ves ch lo rid e  stress co rro sio n  resistance and  a llo y s  w ith 
m ore than about 5 0 %  n ic k e l are su b sta n tia lly  im m u n e.

A  som ew hat s im ila r  a p p lica tio n  o f high n ick e l a llo y s  has 
been proposed in the com p ressor section o f certain  m arin e  gas 
tu rb in e s, w here p ittin g  o f b lad in g  due to seasalt in the presence 
o f acid  condensate un d er shutdow n co n d itio n s led to fatigue 
fa ilu re  o f p re cip itatio n  h ard ened  stain less steels. T h e  acid  
condensate arises from  in gestion o f fu n n el gas co n tain in g  
su lp h u r oxides from  o il b u rn in g  b o ilers in  the sh ip  o r from  
o ther ships a lo ngsid e in  po rt. A  change to t ita n iu m  b lad in g  was 
one effective so lu tio n  but w ould  have en ta ile d  redesign o f the 
com p ressor discs. A  m ore sim p le  so lu tio n  was to change to IN  
7 1 8 , w hich was show n in  la b o ra to ry  in vestig a tio n s to be m uch 
m ore resistant to p ittin g  by seasalt/acid  condensate and to have 
m uch enhanced  ‘co rro sio n  in d u ce d ’ fatigue resistance (the 
ph enom en on was not co nsid ered  as stan dard  co rro sio n  
fatigue). IN  7 18  also appears to have p o ten tia l as a high 
strength co rro sio n resistant sp rin g  m a te ria l in  m arin e  e n v iro n ­
m ents.

Ingestion o f seasalt and su lp h u r fro m  fuel can lead  to 
aggressive en viro n m en ts in gas turb in es o p eratin g  in  m arin e  
co n d itio n s, resu ltin g  in  co rro sio n  dam age to h o t-e n d  co m ­
ponents, even in w ell filtered  e n g in e s.38 D is t illa te  fuels such as
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Table VII: Some nickel base alloys w ith  new marine applications

A lloy  chemical com position  (%)

A lloy C Mn Fe Cu Ni Cr AI Ti Mo Nb + Ta Co Si S Other

Incoloy 825 0.03 0.5 30.0 2.2 42.0 21.5 0.1 0.9 3.0 _ _ 0.2 0.02 _
Inconel 625 0.05 0.2 2.5 — Bal 21.5 0.2 0.2 9.0 3.6 — 0.2 0.008 —

901 0.05 0.08 Bal 0.05 41.7 12.55 0.24 2.96 5.76 — 0.12 0.21 0.004 B 0.014
IN 718 0.47 0.10 18.5 0.25 Bal 18.5 0.57 1.2 3.1 5.0 0.03 0.24 0.004 B 0.0054
INC0 738 0.17 0.2 0.5 — Bal 16.0 3.5 3.4 1.7 Nb 0.9 8.5 0.5 B 0.01 

Zr 0.10
W 2.6 
Ta 1.7

IN 939 0.15 Bal 22.5 1.9 3.7 Nb 1.0 
Ta 1.4

19.0 W 2.0 
Hf 1.0 
Zr 0.1 
B 0.01

IN 6201 0.025 Bal 20.0 2.5 3.6 0.5 Nb 1.0 
Ta 1.5

20.0 W 2.3 
Zr 0.05 
B 0.8

UK Patent 1544720.

gas o il n o rm a lly  contain  about 1 %  o f su lp h u r and su lp h u r 
oxid es in the com b ustion gases in co n ju n ctio n  w ith seasalt can 
lead to hot co rrosion dam age at tem peratures above about 
6 5 0 °C . P a ra d o x ic a lly , the most severe dam age m ay o ccu r at 
a ro und  7 0 0 °C  with most su p erallo ys and protective coatings. 
T h e  phenom enon is, in general, s im ila r  to b o ile r fireside 
co rrosion and was first id entified  in e a rly  generation gas tu r­
bines in R o y a l N a v y  w arship s in the 1960s and was associated 
w ith turb in e first-stage blade tem peratures in the range 6 5 0 - 
7 5 0 °C  (see F ig . I I ) .  P ro p u ls io n  engines in w arships m ay spend 
a high p rop ortio n  o f life  at low tem peratures w ith o n ly  5 %  of 
life  at fu ll pow er and the m a jo r operatin g  tim e at p art-lo ad  
co n d itio n s. H e n ce , even engines designed with first-stage tu r­
b ine blad e tem peratures in the 8 5 0 -9 5 0 °C  range m ay operate 
m a in ly  in the region aro un d  7 0 0 -7 5 0 °C . In  a d d itio n , m any 
engine types are designed w ith first-stage blade co olin g , w hich 
in e v ita b ly  results in som e area ad jacen t to the blad e root or 
p latform  o p eratin g  in this tem perature range. In  cooled blades 
this low tem perature region extends further up the m id -ch o rd  
o f the blad e as pow er is reduced. T h e  phenom enon is not 
p e cu lia r to p rop u lsio n  engines in ships but is a lso  found in 
engines on offshore p latfo rm s w hen operatin g  on com m ercial 
gas o il,  as d istinct from  low su lp h u r gas w hich m ay be the case 
w hen gas is not flared.

T h e  high strength n ic k e l base su p erallo ys em ployed  in aero 
gas tu rb in es tend to have re la tiv e ly  low  ch ro m iu m  content and 
special h ig h e r ch ro m iu m  a llo ys have been d eveloped (such as 
IN  738, IN  939 and IN  6 2 0 1, see T a b le  V I I )  in  recent years to 
com bat hot co rro sio n  in m arin e gas turb in es. T h e  R o y a l N a v y  
has p layed  a p rom in en t role in enco uragin g  an d /o r sponsoring 
these developm ents. E q u a lly ,  pack a lu m in ize d  coatings are 
un satisfacto ry for resisting hot co rro sio n on first-stage b lad in g  
in m arin e gas tu rb in es and the R o ya l N a v y  has c a rrie d  out a 
large research and  developm ent program m e to id en tify  
im p ro ved  coating m ate ria ls  and a p p licatio n  techniq ues, as 
described  later. T h e  co m p o sition s of some o f the new er a llo ys 
are show n in  T a b le  V I I  and th e ir co rrosion prop erties in 
com p arison w ith established n icke l base su p erallo ys are shown 
in F ig . 12 , the data being d erived  from  extensive com bustion 
rig  tests.

In  the offshore in d u stry, 825 and 625 a llo ys have been 
e m p loyed  in plate heat exchangers and expansion bellow s in 
d e ck lin e s and steam lines. T h e re  has also been interest in  high 
n icke l a llo y s fo r deep sour gas w ell prod uctio n  tu b u lars. U se  
has been m ade o f 825 in gas com p ressor interm ed iate  coolers 
w here H 2S , C 0 2 and salt w ater are encountered  in the product 
and resistance to stress co rrosion is re q u ire d .11 C o rro s io n  of 
carbon steel hot o il r ise r pipes in the splash  zone (up to 2 .5  
m m /year) has been encountered  in the N o rth  Sea and else­
where and 625 has been em p loyed  as a satisfactory a ltern ative .

FIG. 11: C o rro d ed  g a s  tu rb in e  ro to r  b lad e

CLAD M ATERIALS AND M ETALLIC COATINGS

C la d  m ateria ls  and coated m ate ria ls  w ith coatings ap p lied  by 
therm al sp ra y, p lasm a and o ther m ore advanced  techniques 
p o ten tially  co m b in e the attrib u tes, eco n o m ic an d /o r te ch n ica l, 
o f two o r m ore m ate ria ls  in a sing le  product. T r a d it io n a lly , the 
role o f m e ta llic  coatings and clad d in gs has been to endow  low 
cost m ate ria ls  w ith a m ore co rro sio n  resistant surface in  o rd er 
to a rriv e  at a m ore eco n o m ic o r stronger structure than could  
be a ch ieved  by the use o f m o n o lith ic , co rro sio n  resistant, high 
cost m ate ria ls . In  a d d it io n , coatings have been em p loyed  to 
p rovid e som e sp ecial attribute such as hard ness, w ear resist­
ance, ero sio n  resistance, trib o lo g ica l c o m p a tib ility , n o n -s lip  
p rop erties, resistance to h igh tem perature o xid ation  etc. on 
c ritic a l areas o f surfaces. In cre asin g  use has been m ade of

12 Trans IM arE (TM ), Vol. 97, Paper 24



F
IG

. 12: 
H

ot 
c

o
rro

sio
n

 
p

ro
p

e
rtie

s 
of 

so
m

e 
n

ick
el b

ase 
s

u
p

e
ra

llo
y

s

IN 
939 

IN 
6201

CORROSION (ym)

NIM
ONIC 

105 
IN 

738C



€ f f
FIG. 13: 9 0 / 1 0  C upronickel plug w e ld  clad se a  tu b e  an d  7 0 / 3 0  

fu sio n  w e ld  clad tu b e  p la te

therm al sp ray coating  and w eld c lad d in g  processes fo r re c la ­
m ation and  re p a ir  o f w orn o r corroded com ponents with 
savings in cost an d /o r tim e. N o n -m e ta llic  p o lym e ric  coatings 
have been em ployed  to protect com ponents from  cavitatio n 
dam age in fast flow ing turb ulen t liq u id s.

M e ta llic  c la d d in g  m ay be a ch ieved  by a w ide va rie ty  of 
processes, in c lu d in g  fusion w eld in g  by m an ual m etal a rc , T I G  
or M I G  w eld in g, in ert gas plug w eld in g to attach th in  layers of 
co rro sio n  resistant sheet to steel, explosion and ro ll bond 
cladd in g. D iffu s io n  bond ing offers a further p o ssib ility  in 
special instances. R ecent research at T h e  W e ld in g  In stitute has 
dem onstrated that the high pow er C 0 2 la ser m ay be used to 
deposit c la d d in g  m etals, using  w ire  as in  T I G  w eld in g but w ith

m uch low er d ilu tio n  from  the substrate steel. F r ic t io n  su rfa cin g  
has also  been shown to be an effective w ay o f a p p ly in g  thin 
f l m m ) surface layers.

T h e rm a l sp ray coatings m ay be deposited by the flam e, arc 
and p lasm a arc processes and recent d evelo p m en ts in the fie ld  
o f high v e lo c ity , low p ressu re, inert gas, p lasm a  spray 
techniques have led to very high in teg rity  coatings. T h e  use of 
co n tro lled  laser fusion in  co m b in atio n  w ith tra d it io n a l flam e or 
p lasm a coatings offers a fu rth er p o ss ib ility  o f high in te g rity  and 
sp ecialized  coatings. F o r  sp ecial a p p lica tio n s, e lectron beam  
evaporated coatings, high rate spu ttering  or o ther m ore co m ­
plex P V D  processes such as ion  p latin g  m ay be em ployed . 
C h e m ic a l va p o u r d eposition ( C V D )  m ay also be ap p ro p riate .

In  the past d ecade, extensive e va lu a tio n  has been c a rrie d  out 
by the R o y a l N a v y  o f a w ide range o f c la d d in g  techniques 
ap p lied  to tr ia l com ponents, m an y o f w hich  have been used in 
service w ith e n tire ly  satisfactory results. S h e ath in g  w ith 90/10 
cu p ro n ick e l sheet em p lo yin g  M I G  plug w eld in g  and T I G  scam  
w eld in g  p rovid es a successful technique for a p p lica tio n s w here 
service stresses and fatigue levels are low . F o r  m ore d em and in g 
co n d itio n s, m e ta llu rg ica lly  bonded c la d d in g  m ust be used. 
F ig u re  13  shows a plug w eld c lad  sea tube and a fusion clad  o il 
co o ler tube plate. C o n d e n se r headers have been fab ricated  
from  steel c lad  w ith cu p ro n ick e l by fusion w eld d ep o sitio n , ro ll 
bond and explosion c la d d in g . In  certain  foreign n a vies and also 
in some m erchant sh ips, explosion bonded ste e l/a lu m in iu m  
transitio n  pieces have been e m p loyed  to enable  w eld  attach­
ment o f a lu m in iu m  sup erstructure to steel d eck in g .

S in ce  19 73, sharp increases in fuel costs have focused atten­
tion on red ucin g  the h u ll roughness o f ships to reduce frictio n a l 
drag and enhance operatin g  effic ien cy. E v e ry  10 / im  increase 
in h u ll roughness is estim ated to reduce fu e l effic ien cy by 1 % .  
T h is  has led to interest in  the use o f c u p ro n ick e l c la d d in g  on the 
hu lls o f m erchant ships and w arship s4 '12 based on the proven 
p erform ance of sm a lle r vessels up to about 23  m L O A  with 
m o n o lith ic  cu p ro n ick e l plate h u lls . It is c la im e d  and 
dem onstrated that cu p ro n ick e l h u lls  o r c la d d in g  have inherent 
resistance to m arin e fo u lin g , w hich results in fuel sav in g , m ore 
constant perfo rm ance and savings in m ain ten an ce. P o ten tia l 
prob lem s o f b im e ta llic  co rro sio n , su lp h id e  film in g  in  polluted  
w aters and others related  to fab rica tio n  have been consid ered  
and eco no m ic assessm ents have been m ade. H o w e v e r, in the 
recent p erio d  of recession no clad  steel h u ll o f s ign ificant size 
has yet been b u ilt , although pilo t experim ents e m p lo y in g  clad 
rudd ers and ‘patches’ have been m ade.

F a ir ly  extensive use o f c la d d in g  has been m ade in  the m arin e  
and offshore in d u stry for the protection o f the in te rm itte n tly  
wetted t id a l and splash zones o f fixed steel structures in the se a . 
T h e se  areas cannot be effectively  protected by e ith e r p ro ­
tective coatings or catho d ic p rotection. 70/30 n ic k e l copper 
sheathing has been used for m an y years for protection o f p ilin g  
and platform s in  the G u lf  o f M ex ico . In  the N o rth  Sea w here 
p latform s are, in  g en era l, la rg er and in d eep er w ater, sheath in g 
has not been em p loyed . In  the gas field in M o recam b e B a y  
w here the p latform s are in  sh allo w  w ater (about 30 m ) but the 
tid al range is la rg e, the ja c k e t structures have been sheathed in 
90 /10 cu p ro n ic k e l.4 T h e  sheath in g is 4 m m  th ick  and extends 
from  4 m  below  the low  w ater level to 13 m above. T u b u la rs  up 
to 1 .6 7  m d iam eter have been sheathed. T h e  sheath in g  is 
attached to the steel structure by w eld in g , w h ich  w ill result in 
som e loss o f an tifo u lin g  prop erties since it w ill be protected by 
the sacrific ia l anode system attached to the steel structure. A n  
altern ative  sheathing system , w here the cla d d in g  w ould  be 
insulated  from  the steel, was not co nsid ered  practicable 
because o f weight lim ita tio n s. Sheath in g  or c lad d in g  w ith 70/30 
n ick e l copper o r 625 has also been used in the tid al and splash 
zones o f hot o il r ise r pipes. Som e use has been m ade of 
com posite tubes fo r so ur product lines e m p loyin g  a resistant 
stainless steel lin e r o f up to 150 mm in te rn a l d ia m eter fitted 
insid e a carb o n steel outer tube. A p a rt  from  w eld fab rica tio n  
p rob lem s, there seem s no reason in  p rin c ip le  w hy coextruded 
tubes should  not be used for this and s im ila r  ap p lica tio n s.
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O th e r po tential novel uses o f therm al sp ra y  co atin g s4 in c lu d c 
co p p er o r 90 /10  cu p ro n ick e l coatings on co n cre te , G R P  or 
w ood and  o ther n o n -m e ta llic  substrates to co n fe r a n tifo u lin g  
p rop erties.

H o t co rro sio n  in m arin e  gas turb in es has prom oted  the 
d evelo p m ent by the R o y a l N a v y  o f coatings possessing 
adequate resistance to both low  and h ig h er tem perature c o rro ­
s io n .38 M a n y  o f these are o f the M - C r - A l - X  type, w here M  is 
u su a lly  cobalt fo r p referen ce but can be n ic k e l, and X  is an 
e lem ent such as yttriu m  o r z irco n iu m . C o - C r - A l - Y  coatings 
d eveloped  in the U S A  w ere show n fo r the first tim e in  rig  tests 
at one o f the U K  n a va l research estab lish m en ts in 1974 to have 
po o r co rro sio n resistance at low tem p eratures, a lthough they 
perform ed  ex ce lle n tly  above 8 0 0 °C  (F ig . 15 ). T h is  was later 
confirm ed  in engines at sea. Sub seq uent research has estab­
lish ed  the m erits of high ch ro m iu m  coatings w ith m oderate 
leve ls o f a lu m in iu m  and an oxid e sta b iliz in g  elem ent such as 
z irco n iu m  w hich also appears to co n fe r added resistance to 
su lp h id a tio n  in preference to yttriu m  w h ich , a ltho ugh effective 
as an oxide sta b iliz e r, appears neu tral in its effects on su l­
p h id atio n .

M ISCELLANEO U S M ETALLIC M ATERIALS

C e rta in  novel m ate ria ls  have been d evelo p ed  in recent years 
w hich  have fo und  ready a p p lica tio n  in  m arin e  and  offshore 
e n g in eerin g . T h e se  in c lu d e  sh a p e -m e m o ry  a llo ys  and m ate ria ls  
for im p ressed cu rren t cath o d ic protection anodes.

FIG. 14: T ailsh afts: (to p ) Arc sp ra y e d  w ith  c o p p e r- tin  alloy an d  
(b o tto m ) F lam e sp ra y e d  w ith  c h ro m iu m  o xide

T h e rm a l sp ray coatings o r w eld c la d d in g  have been 
em p loyed  by the R o y a l N a v y  fo r re c la m atio n  and re p a ir  and 
fo r trib o lo g ica l a p p lica tio n s. E x a m p le s  are given in  F ig . 14 , 
w hich  show s a 3 .5  m lo ng by 540 m m  d ia m e te r tailshaft 
re c la im e d  by the arc sp ra y  p rocess using  a co p p er tin  a llo y , and 
a K 400 n ick e l co p p er ta ilsh aft from  a fast p atro l craft coated 
w ith ch ro m iu m  oxid e  deposited by a gas w ire  sp ra y in g  pistol 
usin g  ce ra m ic  co rd. T h e  latter was to o verco m e w ear in w ay of 
a m in e ra l re in fo rced  p lastic bush in the ‘A ’ b racke t b earing  
area. S ta b iliz e r  fin shafts o f E n 2 6  have been coated w ith 70/30 
n ic k e l co pper by arc sp ray o r w ith 625 by M I G  w eld ing.

Shape-m em ory alloys

S h a p e -m e m o ry  a llo y s  o r heat s h rin k a b le  m etals are found  in a 
n u m b e r o f a llo y  system s in c lu d in g  N i - T i ,  C u - Z n - A l  and  m an y 
others. D isc u ss io n  o f the m ech an ism  o f the sh a p e -m e m o ry  
effect is beyond the scope o f this p ap er but e sse n tia lly  these 
m ate ria ls  can be deform ed  e a sily  at one tem perature and then 
seek to resum e th e ir  o rig in a l form  at h ig h e r tem peratures, 
w here they also becom e strong e n g in e e rin g  m a te ria ls .w-4"

A  p a rticu la r a p p lica tio n  in  the R o y a l N a v y  and also in the 
offshore in d u stry  has been in in it ia l jo in in g  o f sm all d ia m e te r 
p ip ew o rk w here access fo r w eld in g  is lim ite d  o r for rep airs on 
pipes in  confined  or hostile  en v iro n m e n ts. P ip e  co u p lin g s can 
be m o n o lith ic  o r can have a lin e r  (F ig . 16 ) , fo r exam p le a 
cu p ro n ick e l a llo y , fo r jo in in g  c u p ro n ic k e l p ip es to m in im ize  
cre vice  and b im e ta llic  effects. T o  prevent co rro sio n  in som e 
p a rt icu la r ly  hostile  e n viro n m en ts the co u p lin g s can be pro­
tected by heat sh rin k a b le  p lastic  sleeves, w hich  can be s lip p ed  
on to the p ip e before in sta llin g  the co u p lin g  and sub seq uently  
located o ve r the sh ru n k -o n  co u p lin g  and s h rin k  fitted. F o r

FIG. 15: C o-C r-A I-Y  PVD c o a tin g s  rig te s te d  a t  (left) 7 5 0  a n d  (rig h t) 8 3 0  C
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FIG. 16: S h a p e -m e m o ry  alloy pipe co u p lin g s

in stalled  co u p lin g s w here the plastic sleeves cannot be fitted, 
w rap a ro u n d , ‘z ip -u p ’ sleeves are a v aila b le .

Anodes for impressed current cathodic protection

In  recent years there have been sign ificant advances in anode 
m ateria ls  for im p ressed  curren t system s. P la tin ize d  titan ium  or 
n io b iu m  anodes have been used fo r about 25 years as high 
current d ensity (about 500 A /m 2) inert anodes. T o  im p ro ve life 
and p erform ance un der aggressive con d itio n s (e.g. acid  con­
d itio n s, abrasio n or m u d ), single o r m u ltip le  precious m etal 
o xide coating system s have been d e ve lo p e d .41 Th ese  consist of 
ir id iu m  and ru th eniu m  oxides w hich m ay be deposited d irectly  
on to titan ium  o r n io b iu m  o r on to tantalum  sheathed titan ium  
o r n io b iu m . F o r  p a rt icu la rly  ab rasive co n d itio n s, a porous 
e le ctrica lly  condu ctive tita n iu m  oxid e based cera m ic is used as 
coating and this is im p regnated  w ith the precio us m etal coat­
ing. A  w hole fa m ily  of such m ate ria ls  exist and show p a rticu la r

attributes, hence selectio n must depend on p re v a ilin g  c ir ­
cum stances and eco n o m ic factors.

CO NCRETE

W h ilst concrete has been used ex te n sive ly  fo r fixed in sta l­
la tio n s, some offshore p latfo rm s, b oats, barges fo r tow able 
process plant (e.g. d esalin atio n  p lan ts) and  a w h o le  v a rie ty  o f 
other m arin e  a p p lica tio n s, the in tro d u ctio n  o f p o te n tia lly  
su p e rio r, but m ore expensive, m ate ria ls  tends to be e co n o m i­
ca lly  un attractive ow ing to the sheer vo lu m e  o f m ate ria l in 
m any ap p lica tio n s. T h e re  is interest in  S ca n d in a v ia , the U S A  
and elsew here in lightw eight concrete w hich  uses p u lverized  
fuel ash ( P F A )  w hich is ground o r s intered  to produce lig h t­
w eight aggregate. Strength e q u iva le n t to n o rm a l m arin e  grades 
o f concrete can be a ch ieved  w ith o n ly  8 0 %  o f the d ensity. 
T h e re  is som e interest in its use as an im p act resistant m ateria l 
to absorb dam age from  dropped  o b jects. It a lso has better 
therm al in su la tin g  p rop erties than n o rm a l concrete. In  the 
event that natural aggregate increases in  cost then P F A  co uld  
becom e o f g reater interest.42

T h e  use o f a lk a li resistant glass or p o lyp ro p yle n e  fibre 
re in fo rced  concrete and steel w ire  re in fo rced  m ate ria ls  is of 
interest fo r m an hole covers but cost p ro h ib its  m ore w idespread 
use. T h e  recently  developed  m acro -d e fe ct-fre e  ( M D F )  
cem ents, with com p ressive strengths greater than 200 N /m m : 
and flexural strengths o f aro und  6 0 -7 0  N /m m 2, are attractive 
m ateria ls  and m ay have som e sp ecialized  a p p lica tio n s but 
again cost, as w ell as possib le d ifficu lty  in  atta in in g  a good bond 
between successive p ours, m ay preclud e q u an tity  use.

CO M PO SITES

C o n sid e ra b le  use has been m ade o f G R P  in m arin e  a p p li­
cations and glass fibre rem ains the p referred  re in fo rcem en t in 
m ost co m m ercial ap p lica tio n s. A  few racin g  craft have been 
constructed em p lo yin g  carbon fibre re info rcem en t but this is 
too expensive for o ther than sp ecialized  use. K e v la r  fibre is of 
greater interest but adds about 1 4 %  to the costs in co m p ariso n 
w ith G R P  and is reputed to be m ore d ifficu lt to w ork w ith than 
glass. H o w e v e r, it is c la im e d  to p rovid e  better fuel econom y. 
H y b r id  m ateria ls  w ith m ixed  g la ss /K e v la r  o r g lass/carb on fibre 
re info rcem en t are o f som e interest fo r sp e cia lize d  a p p lica tio n s 
w here greater lightness o r stiffness is e ssentia l. T h e re  have also 
been developm ents in the therm osetting m atrix  resins to 
a ch ieve faster cure and other ch a racte ristics. A  fu rth er s ig n ifi­
cant d evelopm ent has been polyester resin  w ith p h o to in itia to rs  
w hich  enable rapid  cu rin g  by light and w hich  can be used to 
preim pregn ate re info rcem en t. In  a d d itio n  to these d evelo p ­
m ents there have been others in th erm o p lastics m atrix  
m ate ria ls , together w ith fibre m ats, w oven fab rics and tria x ia l 
m ate ria ls , and other fibre form s. Som e o f these im p rovem ents 
w ill find ap p lica tio n  in  m arin e  com posites.

A  novel ap p lica tio n  o f carbon fibre re in fo rced  p lastics is in 
a lu m in iu m  a llo y  structures to arrest fatigue cra ck  grow th by 
use o f an adhesive patchin g technique to spread the lo a d in g .4’ 
S im ila r  techniques are possib le for m arin e  a lu m in iu m  a llo y s, 
w here w eld re p a ir  o f fatigue cra ck s m ay not be effective and 
prom pt re in it ia tio n  m ay occu r. C le a r ly  in the m arin e  e n v iro n ­
m ent care has to be taken to a void  g a lv a n ic  co rro sio n  due to 
exposure o f the carbon fibres, and coatings to ensure in su lation  
and protection from  m ech an ica l dam age are essential. O th e r 
inert fibres are p o ten tially  m ore su itab le  for use in m arin e  
structura l patching.

A  great d eal o f research is in progress in the U S A ,  E u ro p e  
and elsew here on m etal m atrix  com p osites fo r lightw eight stiff 
structura l a p p lica tio n s. C e rta in  o f these m ateria ls  m ay be of 
interest fo r high techno lo gy m arin e  a p p lica tio n s. F ib re s  for 
re inforcem en t w hich are u n d e r investigatio n in c lu d e  carbon 
fib re , a lu m in a  and s ilico n  c a rb id e , and  also w h iskers o f v a rio u s
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types. C u rre n t ly  research is concerned  la rg e ly  w ith a lu m in iu m  
a llo y  m atrices but other m atrices are p o te n tia lly  possib le  in the 
longer term .

ORGANIC M ATERIALS

C o n sid e ra b le  developm ent in  paint techno lo gy has taken place 
in  the last decade. L e a d  based paints have been rep laced , 
in c lu d in g  red lead p rim e r w hich had been one o f the m ain 
an tico rro sive  p rim ers used on ship h u lls  for most of this 
century. T h is  has been d ictated by en v iro n m e n ta l and health 
and safety req uirem ents and z in c  phosphate has been used as a 
rep lacem ent. E ffo rts  have also  been m ade to im p ro ve the life  
o f o rganic coatings to reduce the m aintenance lo ad . In  the 
R o y a l N a v y , s ilico n e  a lk y d  w eath erw ork paints are being 
evaluated  on ships in the fleet in o rd e r to select a coating with 
im p ro ved  gloss retention p ro p e rtie s, thereby d isco uragin g  
re p ain tin g  o f large areas w here to u ch -u p  w ould  suffice.

U n d o u b te d ly  one o f the m ost sign ificant developm ents in 
paint coatings in  the past decade has been the in tro d u ctio n  of 
the co m m e rcia l ero d a b le  o r ‘se lf p o lish in g ’ a n tifo u lin g  p a in ts.44 
T h e  most com m on b io c id e  used is trib u ty ltin  oxid e  attached to 
an a c ry lic  p o ly m e r as T B T  carb o x y la te , w hich was the m ain  
b io cid e  in the o rig in a l paints o f this type. M o re  recent fo rm u la ­
tions have in cre asin g  levels o f cup rou s oxide o r cuprou s 
th io cya n ate  as a d d itio n a l b io cid es. T h e se  m odern types o f 
a n tifo u lin g  paint are c la im e d  to be in h e re n tly  m uch safer to 
handle and are less toxic than tra d itio n a l a n tifo u lin g  fo rm u ­
latio ns. T h e y  p ro v id e  a co n tro lle d  release of b io cid e  into the 
su rro u n d in g  seaw ater fo r as lo ng as the coating  rem ain s.

T h e  ch e m istry  o f these m ate ria ls  is beyond the scope o f this 
d iscussio n but on release o f the toxin into the w ater the 
p o ly m e r itse lf becom es w ater so lub le  and  d isso lves, exposing 
fresh b io c id a l p o lym e r. T h e  m ost recent d evelopm ents in clu d e 
h ig h er so lid s coatings w hich p erm it th ick e r film s to be ap p lied  
in a single coat, i.e . high b u ild  coatings. In  a d d itio n , p o lish in g ' 
rate can be ad justed  to suit the type o f sh ip  o p e ra tio n ; e.g. 
faster p o lish in g , h ig h e r b io c id a l, system s are a p p ro p riate  for 
low  a ctiv ity  ships w ith long statio n ary  p e rio d s, w hilst slow er 
acting coatings are su itab le  fo r q u ic k  tu rn -ro u n d  vessels. Th e se  
ero dable  a n tifo u lin g  paints a lso o verco m e the prob lem  of 
‘d ry in g  o u t’ due to ja m m in g  o f the ske le to n , w hich  is com m on 
to co n ve n tio n al a n tifo u lin g  paints w hen they have been in use 
fo r som e tim e and are allow ed  to d ry  out. T h e  ‘s e lf-p o lish in g ’ 
m ate ria ls  also have pred ictab le  life  w'ith g iven o p eratin g  co n ­
d itio n s. In  w arsh ip  a p p lica tio n s, lives in excess o f 4 years have 
a lre a d y  been a ch ie ve d . T h e y  have p ro v id e d  one approach to 
im p ro v in g  sh ip  o p e ra tin g  efficiency in a decade w hen fuel costs 
have escalated  ra p id ly .

A n  a lte rn a tive  co m m e rc ia l d evelopm ent in  the a n tifo u lin g  
fie ld  has been the d isco ve ry  o f coatings based on ru b b ers, 
w here the surface p rop erties in h ib it  fo u lin g  w ithout recourse 
to toxins. R a ft tria ls  o f these m o dified  s ilico n  rubbers indicate 
a useful life  o f at least 10 y e a rs .45

O th e r a n tifo u lin g  rubbers have been e vo lved  co n tain in g  
T B T  co m p o und s and o ther toxins, w hich all have som e so lu ­
b ility  in the ru b b e r and can d iffuse through the ru b b er m atrix  
to reach the ru b b er/w ater interface. T h e  ru b b er structure is not 
affected s ig n ifican tly  by release o f the toxins into the w ater and 
m ain ta in s a sm ooth surface. T h e se  coatings have the advantage 
that they can be re la tiv e ly  th ick  co m p ared  w ith paints and 
hence the effective life  o f c o m m e rc ia lly  a va ila b le  m ateria ls  
sh o u ld  be greater than that o f a p aint syste m .^

P o ly m e ric  coatings have also been developed  in the past few 
ye ars for im p act, abrasion and erosion resistance as w ell as 
p ro v id in g  co rro sio n  p rotection. T h e se  can be o f a nu m b er of 
d ifferent types46 in c lu d in g  th in  film  so lvented  epoxy system s, 
so lve n t-fre e  epoxy system s, glass flake fille d  epoxies and 
polyesters and  e lastom eric  coatings such as p o lyu reth an e. In 
g e n e ra l, the so lve n tcd  and so lven t-free  epoxies show  reduced 
im pact resistance as film  th ickness increases; glass flake 
m ate ria ls  show  little  th ickn ess depend ence, and elastom eric

m ateria ls  show  increased  im pact resistance w ith greater th ic k ­
ness. T h ick n e sse s  are u su a lly  0 .3  m m  for so lvented  ep oxies,
0.5 mm  fo r so lven t-free  ep o x ies, 0 .5 -1 .0  mm  fo r glass flake 
m ate ria ls  and 1 .0 -3 .0  m m  fo r e la sto m e ric  coatings. If re q u ire d , 
e la sto m eric  coatings can be a p p lie d  up to 50 m m  th ick  and in 
general offer exce llen t resistance to ab ra sio n  and im p act and 
are ve ry  effective b a rrie rs  to w ater.

A p p lic a tio n s  o f so lven t-free  epoxies in c lu d e  h u lls  o f ice ­
b reakers and o ther vessels o p eratin g  in  ice , w hilst glass flake 
m ateria ls  are used on the splash zones o f o il rigs and  p latfo rm s. 
T h e  e lastom erics have been used on ho vercraft p ro p e lle r 
b lad es, protection o f cond en ser boxes fo r m arin e  steam  tu r­
b ines and d e sa lin a tio n  p la n t, w ear resistant coatings fo r co n ­
crete d e ck in g  and  im p act resistant coatings fo r the sides o f 
barges. R e la t iv e  costs are: so lvented  epoxies 100, so lven t-free  
epoxies 170 . glass flake m ate ria ls  150, e lastom erics 600. H o w ­
e ver. in term s of re lative  cost for eq u iva le n t lifetim e against 
erosive w ear these becom e: 10 0 /16 0 /20 0 -4 0 0 /20  based on dry 
film  th icknesses o f 0 .3 /0 .5 /0 .5 /3 .0  m m  respective ly.

A  novel a p p lica tio n  o f a dhesives has been d evelo p m ent o f 
techniques for re p a ir  o f w ater and  o il co n tam in a ted  structures 
w hich has en ta ile d  d evelo p m ent o f su itab le  u n d erw ater ad ­
hesives and surface co n d itio n in g  p ro ce d u re s.4' T h e  surface 
c le a n in g /p re p ara tio n  m ethod in vo lve s the d ep o sition  o f a so- 
called  ‘p referred  co n tam in an t' w hich endow s the surface with 
a tem p o ra ry  w ater rep ellent q u a lity  but w h ich  is receptive to 
the ad h esive. T h e  technique can be a p p lie d  to steel, G R P  and 
po ssib ly  other m ateria ls, i.e . steel to steel. G R P  to G R P .

CERAM ICS

M a n y  m a rin e  en g in eerin g  p rob lem s arise  o w in g to b im e ta llic  
co rro sio n  effects in seals and bearings o p eratin g  in  seaw ater or 
m arin e  e n viro n m e n ts. F re q u e n tly  p rob lem s are in co rre ctly  
attribu ted  to shortcom ings in  trib o lo g ica l perfo rm ance when 
the root p rob lem  is co rro sio n  o r co rro sio n  d ebris. In  a d d itio n , 
in m arin e  en viro n m en ts seals and w a te r-lu b rica te d  bearings 
m ay  need to resist erosion by sand and  other a b ra sive  
m ateria ls. C e rta in  o f the cobalt bonded carb id e s m ay be 
sub ject to leach in g  o f the cobalt in seaw ater and  loss o f strength 
and  perfo rm ance. A  v a rie ty  o f strong ce ra m ic  m ate ria ls  w hich 
are inert in seaw ater and do not indu ce g a lv a n ic  co rro sio n  
effects in m ating o r h o using  m ate ria ls  are a v a ila b le  fo r ardu ou s 
a p p lica tio n s. S in tered  a lp h a s ilico n  carb id e  is one such m ateria l 
and there is a w hole fa m ily  o f s ilico n  based ce ra m ics, a ll o f 
w hich have p a rt icu la r attributes o f strength and re lative  cost as 
w ell as v a ry in g  in trib o lo g ica l p rop erties. T h e se  in c lu d e  the 
va rio u s form s o f s ilico n  n itrid e  (reactio n b o n d ed , s in te re d , hot 
pressed) and sia lo n s as w ell as the s ilico n  ca rb id e  va ria n ts  of 
w hich there are m an y. In  a d d itio n  there are the v a rio u s  form s 
of carb o n and g ra p h ite , m an y o f w hich have been u tilize d  in 
m arin e  seals but w h ich  are m ore noble in seaw ater than most 
en g in eerin g  m ateria ls  and m ay induce g a lva n ic  co rro sio n .

T h e  use o f therm al sp ray c e ra m ic  co atings, such as c h ro m iu m  
oxide for trib o lo g ica l a p p lica tio n s in seaw ater, has been d is ­
cussed e a rlie r  and it has been found that by d ep o siting  the 
coating on a cre vice  co rro sio n  resistant interm ed iate  coating 
such as 625 good perfo rm ance can be ob ta in ed .

A  great d eal o f research and d evelo p m ent w o rld -w id e  is 
devoted to the use o f m o n o lith ic  cera m ics o r ce ra m ic  coatings 
in engines o f a ll k in d s w ith a view  to e n h a n cin g  e ffic ie n cy, 
o verco m in g  co rro sio n  and ero sio n  p rob lem s and  g e n e ra lly  
im p ro v in g  re lia b ility  un d er o nero us co n d itio n s. A  p rop ortio n  
of the effort is devoted to refracto ry  fibre re in fo rce d  ceram ics 
w hich have enhanced  toughness co m p ared  w ith m o n o lith ic  
ceram ics and this m ay help  to o verco m e som e o f the n atu ral 
re luctance o f engineers to em p lo y in d u ctile  but strong 
ceram ics. U n d o u b te d ly  in  the future m ore a p p lica tio n s for 
ceram ics w ill evo lve in m arin e  and offshore e n g in e e rin g , since 
the raw m ateria ls  are cheap and re a d ily  a v a ila b le  and are not 
lik e ly  to be sub ject to resource p o litics. C e ra m ic s  also have the 
advantage o f low  d ensity  a n d , in the long term , low  cost.
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DISCUSSION AND CONCLUSION

In  spite o f the w ide range o f new m ateria ls and new ap p licatio ns 
for estab lish ed  m ate ria ls  in the m arin e and offshore in d u stry, 
there are st ill som e areas of o p p o rtu n ity  w here no fu lly  satisfac­
tory m ate ria ls  have yet been found. T w o  specific exam ples 
have arisen because o f e n v iro n m e n ta l and health and safety 
req uirem en ts. T h e se  are adequate substitutes for cad m iu m  
plate fo r fasteners and fo r chrom ate in h ib itin g  p rim e rs for 
a lu m in iu m  a llo ys. A  great d eal o f research and d evelopm ent in 
the past few years has fa ile d  to produce a fu lly  satisfactory 
protective coating  w ith a ll the m any attributes o f ca d m iu m , 
p a rticu la rly  fo r e le ctro n ic  com ponents and fasteners. W h ilst 
in h ib ito rs  have been identified  (e.g. g lycollates) w hich  appear 
as effective as ch ro m ate, they are un fo rtu nately  in com p atib le  
w ith certain  p rim e rs such as epoxies.

H o w e v e r, isolated  but im p ortant instances o f this k in d  
apart, g iven the req uirem en t and incentive  it is c le a r that v iab le

solutio ns can be found to m ate ria ls  p rob lem s in the stru ctu ral 
and en g in eerin g  areas o f the m arin e  and offsh ore in d u stry. T h e  
fin al a rb ite r in  selection o f new m ate ria ls  is p e rfo rm a n ce  and 
econom ics. In general the costs o f re p a ir  o f a d ve n titio u s 
fa ilu re s and the pen alties o f co nsequen tia l d am age m ust be 
added to the loss o f a v a ila b ility  o r p rod uct and  new and 
im p ro ved  m ate ria ls , although show ing h ig h e r first costs, m ay 
u ltim a te ly  ensure lowest through life  costs o r costs o f o w ner­
ship. C le a r ly ,  choice o f new m ate ria ls  m ust be based on sound 
tech n ica l and eco n o m ic assessm ent as w ell as good e n g in e e rin g  
jud gem ent.
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Discussion

V. A. C A L L C U T  (C o p p e r D e ve lo p m e n ts A sso c ia tio n ): C a n  
you recom m end a su itab le  adhesive for fix in g  cu p ro n ick e l fo il 
to G R P  h u lls ?

T . J .  G L O V E R  (I nco E u ro p e  A llo y  Products L td ): T h re e  
fireboats have been b u ilt in  Ita ly  fo r the D e p artm e n t o f the 
In te rio r using  cu p ro n ick e l c la d  plate. T h e y  w ere the first such 
vessels to be bu ilt on a p u re ly  co m m e rc ia l basis. I f  successfu l, a 
fu rth e r 8 w ill be b u ilt . T h e  use o f c lad  plate is the most 
eco no m ic and te c h n ica lly  sound  technique fo r a p p ly in g  cu p ro ­
n ick e l to the outsid e o f a craft.

B. T O D D  (I nco E u ro p e  A l lo y  Pro d u cts L td ) : In  his presen­
tatio n , the auth o r stated that the fe rrit ic  stainless steels 
developed  crevice  co rro sio n  resistance eq u iva le n t to the 
austenitics but at a low er m o lyb d e n u m  content. C o u ld  he 
c la r ify  th is? D o e s he m ean that the fe rritics  have this inherent 
prop erty or does he m ean that the h ig h e r ch ro m iu m  content of 
the fe rritics  com p ared  to the austenitics ( 2 6 %  cf. 2 0 % )  a llow s 
a low er m o lyb d en u m  content to be used.

T h e  au th o r states that w eldm ents o f n ick e l a lu m in iu m  
bronze are pron e to selective phase co rro sio n  in  the heat- 
affected zone. Is there any w ay o f a vo id in g  or e lim in a tin g  this 
on w eldm ents in this a llo y ?

H . C A P P E R  (C o n su lta n t): M r C o n d e  has dealt with a very 
w ide range of m ate ria ls  fo r use in  a m arin e  e n viro n m en t and 
a lthough m ate ria ls  fo r use in  cath o d ic  protection system s have 
been m en tion ed , the effect o f such system s on the choice of 
stru ctu ra l m ate ria ls  in a co rro sive  e n viro n m en t has not. I 
w ould  lik e  p a rt icu la rly  to draw  attention to the a m e lio ra tin g  
effect o f catho d ic  protection on dam age by co rro sio n  fatigue. 
It is true to say that w herever fluctuating stresses are at w o rk in 
a m arin e  e n v iro n m e n t, any resultant cra ck in g  is due to a 
co rro sio n  fatigue process. T h e  a p p lica tio n  o f catho d ic  p rotec­
tion in  such co n d itio n s prevents, o r at worst d e lays, the 
ro ug h en in g  o f the m etal surface due to co rro sio n  from  w hich 
such cracks are in itia te d . T h a t  this w ill be the case where 
stresses are low  and the tim e factor long is fa ir ly  o b v io u s, but I 
have ex perience of severe cra ck in g  in  a sh ip ’s plate being 
acceptably d e laye d  in  b a llast tan ks w here cra ck n g  was e x p e ri­
enced in m onths due to high a p p lie d  stresses in service before 
cath o d ic  protectio n was fitted. T h is  leads one to the conclusio n 
that h ig h e r strength steels co u ld  be used in  sh ip b u ild in g  with 
co nseq uen tly  h ig h e r service stresses and  w eight saving. 
F u rth e rm o re , in te rn a l stress due to w eld in g  m ay not be so 
d am aging p ro v id e d  cath o d ic  p rotection is e ffic ie n tly  p rovid ed .

I w o uld  also lik e  to add som ething on the v irtu es o f t ita n iu m  
a llo y s  in co rro sive  co n d itio n s. T w o  exam ples are w orth m en­
tio n in g . In  a dust co lle cto r in the up take from  a m arin e b o ile r 
the co n d itio n s co m p rised  hot su lp h u ro u s gases at about 160 ° C  
in  a salt-w ater sp ra y; co m m e rc ia l grade titan ium  sheet was 
o n ly  tarn ish ed  after 3 years. In  a ro tary  a ir  preheater w here 
m etal sheets are a lte rn a te ly  sub jected  to sa lt-lad e n  co ld  a ir  and 
hot furnace gases, t ita n iu m  sheet was unaffected but a va riety  
o f o ther m ate ria ls  w ere severe ly  corroded .

M ore in fo rm atio n  on the surface treatm ents w hich can be 
o b ta ined  by ion im p la n tatio n  w ould  be interesting. I believe 
this process w ill y ie ld  sign ificant changes in co rro sio n  resis­
tan ce, trib o lo g y  and m an y other useful a p p lica tio n s in the near 
future.

T h a n k s  are due to the author for a most interesting  paper.

J .  L . C L A R K E  (C e m e n t and C o n cre te  A sso c ia tio n ): M r 
C o n d e 's  p aper touches b rie fly  on the use o f concrete for m arin e 
structures. It should  be stressed that concrete, u n lik e  steel, is 
la rg e ly  m aintenance free if  co rre ctly  m ade in  the first p lace.

T h is  co u ld  be a sign ificant factor w hen choosing  the m ate ria l 
fo r a fixed or floating  structure in  hostile  w aters, such as the 
N o rth  Sea o r the A rc t ic . A s  an e x am p le, the concrete base o f 
the N ab  T o w e r, in sta lle d  in the w aters o f the Is le  o f W ig h t in 
19 19 , was surveyed  recen tly  and found  to be in alm ost perfect 
c o n d itio n . T u rn in g  to the fu tu re , there is indeed  grow ing 
interest in the use o f lightw eight aggregate concretes, p a rticu ­
la r ly  fo r m arin e  structures fo r the A r c t ic . T h e re  are in  fact a 
nu m b er o f su itab le  lightw eight aggregates, those m ade from  
p u lve rize d  fuel ash ( P F A )  being o n ly  one type. T h e  statem ent 
that ‘ . . . if  n a tu ra l aggregate increases in cost then P F A  co uld  
becom e o f greater interest’ is s lig h tly  m isle ad in g . P F A  is also 
used, in its o rig in a l fo rm , as a cem ent rep lacem en t, but this w ill 
lead to a concrete o f n o rm al d ensity.

Author's Reply___________________

In  rep ly  to M r C a lic u t ’s question about the attachm ent o f 
cu p ro n ick e l fo il to G R P  h u lls  to p rovid e  a n tifo u lin g  ch a ra c ­
teristics , there are a nu m b er o f p ro b le m s in c lu d in g  the fact that 
co p p er in h ib its  certain  o rg an ic  adhesive system s and hence the 
choice o f adhesive  is restricted . T h e  adhesive  also has to be 
‘gap f illin g ’ so it needs to be of the therm osetting type; these 
m ate ria ls  re q u ire  tim e to set and hence the cla d d in g /re sin  
system  has to be h e ld  in p lace w hilst the resin  cures. A  fu rth e r 
im p ortant factor is  the d u ra b ility  o f the ad h esive/m etal in te r­
face in  fresh o r sea w ater.

T h e  m ost attractive approach w ould  be to a p p ly  a c o ld -c u r­
ing epoxy resin  system  in c o n ju n ctio n  w ith the use o f a p ro p rie t­
a ry  ‘p r im e r’ ap p lied  to the bond ing surface o f the cu p ro n ick e l 
fo il. Such p rim e rs m ay need to be a p p lie d  un d er w orksho p  
co n d itio n s since th ey n o rm a lly  req u ire  heatin g  at 100 ° C  o r 
s lig h tly  h igher. A  nu m b er o f u n derw ater adhesive  system s 
such as U W 4 3  and U W 4 5  have been d evelo ped  at A R E ,  
H o lto n  H e a th  w hich w ould  be su itab le  fo r b ond ing to G R P .  
S uctio n pad devices co uld  be e m p loyed  to hold  the fo il in  place 
w hile  cure takes p lace.

A n  a ltern a tive  approach to using  c u p ro n ick e l is a p ro p rieta ry  
p o lym e ric  tile  o r sheet w hich co ntains ch ips o f a n tifo u lin g  
m ate ria l in  a ru b b er m atrix . T h is  tile or sheet m ate ria l can be 
re a d ily  bond ed  to G R P .

T h e  question o f the re lative  crevice  co rro sio n  resistance of 
the austenitic  and fe rrit ic  stain less steels u n d e r sea w ater and 
o ther h igh ch lo rid e  aqueous exposure co n d itio n s is com p lex 
and d epends, as M r  T o d d  suggests, on not o n ly  m o lyb d en u m  
content but a lso  ch ro m iu m  and n itrogen levels. R esista n ce  to 
p ittin g  and crevice  co rro sio n  is m a in ly  a function o f the co m ­
b ined  ch ro m iu m  and m o lyb d en u m  contents but n itrogen also 
has a ben efic ia l effect. H o w e v e r, in  the fe rrit ic  stain less steels 
n itrogen has d etrim ental effects on toughness and w eld se n siti­
zation and hence resistance is co nferred  by a high leve l of 
ch ro m iu m  and a level o f m o lyb d en u m  com m ensu rate w ith 
freedom  from  u n d e sirab le  a d d it io n a l phases in  the m icro stru c­
ture.

In  the au sten itic  stainless steels h igh ch ro m iu m  and m o lyb ­
denum  leve ls increase the tendency to form  the u n d esirab le  
sigm a phase and ra is in g  the n ick e l content in an attem pt to 
o vercom e the prob lem  m ay not be a satisfacto ry tech n ica l 
so lutio n and m ay in crease costs. T h u s  in  m an y crevice  co rro ­
sion resistant stainless steels perfo rm ance is a ch ieved  by m a in ­
ta in in g  the ch ro m iu m  leve l at about 1 8 - 2 2 %  and e m p lo y in g  a 
h igher m o lyb d en u m  content com p ared  with the fe rritics. P e r­
form ance is fu rth er enhanced  by the presence o f 0 . 1 - 0 . 2 %
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n itrogen, w hich serves to enhance not o n ly  co rro sio n  resistance 
but also m ech an ica l p rop erties and the a b ility  to m ake w elds in 
heavy sections o f up to 50 mm  w ithout sign ificant degradation 
due to sigm a-p hase fo rm ation.

T h e re  are at present no know n fu lly  p ractica l w ays of 
avo id in g  the prob lem  o f selective phase co rrosion of the 
heat-affected zone ( H A Z )  in w eldm ents in cast n icke l 
a lu m in iu m  bronze sub jected  to lo ng-term  exposure to sea 
w ater. T h e  prob lem  is not p e c u lia r to w eldm ents and can occur 
in cast parent m ateria l since it is related to selective phase 
co rro sio n  o f the kap p a I I I  phase un der crevice  co nditio ns. 
H o w e v e r, the co rro sio n m ay be m ore sign ificant in a w eldm ent 
since the H A Z  m ay be co ntinu o us through the w all th ickness 
and lead to pen etration and leakage.

T h e  kapp a I I I  phase occurs as a co ntinu o us la m e lla r or 
ro d -lik e  phase w hich can be sp herio d ized  by heat treatm ent at 
about 900 ° C  o r h igher. H o w e v e r, such treatm ents are not 
p ractica l on large cast shapes o r m achined com ponents because 
o f d isto rtio n . If  a p p lied  they w ould need to be carrie d  out at the 
p re - o r p a rt-m ach in e d  stage o f m anufacture. L o w e r tem pera­
ture treatm ent is not effective. U se o f laser heating to lo ca lly  
treat the sea w ater wetted surfaces of parent m ateria l and 
H A Z s  is being exam ined  in an attem pt to m odify the kapp a I I I  
phase in  the near surface region. T h is  m ay p rovid e a possible 
so lutio n but even if  successful its p ractica lity  in a rea listic  
m an ufacturin g  en viro n m en t w ould  need to be established.

M r C a p p e r’s com m ents on the influence o f cathod ic protec­
tion on co rro sio n  fatigue resistance p a rt icu la rly  o f steels is of 
consid erab le  interest and , as he suggests, the technique has 
been used successfu lly  in a va riety  of c ircum stances. H o w ever, 
it is o n ly  lik e ly  to be fu lly  effective w hen the w hole structure is

wetted by the sea w ater e lectro lyte  and w here the p o ten tial can 
be m ain ta in ed  u n ifo rm ly . T h is  latter co n d itio n  m ay be d ifficu lt 
to a ch ieve due to the geom etry o f the structure and throw ing 
pow er effects w hich are sensitive to geom etry. If  lo cal h ig h - 
stress regions happen to co in cid e  w ith areas o f o ve r protection 
then fatigue cra ck  growth rates m ay be enhanced .

Research on low a llo y  steels such as H Y 8 0  has show n that at 
—700 m V  (vs S C E )  e n v iro n m e n ta l co n trib u tio n s to crack 
growth arc attributab le  to d isso lutio n processes w hereas at 
-9 5 0  m V  (vs S C E )  increased crack grow th rates can o n ly  be 
a ttributed  to hydrogen em brittlem ent. O th e r studies else­
w h e re 1 on B S  4360 G ra d e  5 0 D  have show n that on tu b u la r 
jo in ts  in w hich crack in itia tio n  and prop agation were m ea­
sured , sea w ater and sea w ater w ith catho d ic protection show ed 
d ifferent effects in spite o f the fatigue lives being eq u al. T h u s  it 
is not a safe assum p tion that h ig h er strength steels can be used 
in ship co nstruction and protected from  co rro sio n  fatigue by 
cathod ic protection.

R e g a rd in g  the use o f tita n iu m  in uptakes and other co rrosive 
enviro nm ents anoth er successful a p p lica tio n  has been for 
diesel exhaust uptakes in G R P  m ine co unterm easu res vessels.

Ion im p lan tatio n  is cu rre n tly  a ra p id ly  d e ve lo p in g  tech­
nology and in the m arin e  en viro n m en t an attractive p o ssib ility  
is the use of im p la n tatio n  o f stainless steels w ith m o lyb d enum  
to im p ro ve the local crevice co rro sio n resistance o f item s such 
as fasteners. Im p la n tatio n  with nitrogen to im p ro ve the co rro ­
sion resistance and trib o lo g ica l perfo rm ance o f high duty 
ro llin g  bearings is a further area offerin g  po tential benefits.

1. T. W. Thorpe el a l., 'Corrosion fatigue of BS 4360: 50D structural 
steel in sea water'. Int. J. Fatigue, Vol. 5. No. 3 (July 1983).
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